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EXECUTIVE SUMMARY

As part of their responsibilities in DOD real property disposal,

USAIHAMA must identify, contain and eliminate toxic and hazardous materials

where facilities, potentially available for alternate government or private

use, have been declared excess or are candidates for excessing. With this

mandate USATHAMA must provide not only the technical basis to implement

decontamination but also the standards to insure decontamination has been

effective. Battelle's Novel Processing Technology Program supported USATHAMA

through identification, development, and recommendation of decontamination

methods for Army facilities which have been contaminated with chemical warfare

agents.

In a first phase study about 65 decontamination concepts were

-_generated, described in detail, and rank/ordered. The most promising concepts

were recommended for further evaluation - hot gases, FREON'S vapor circulation,

flashblast, monoethanolamine, steam, ammonia, ammonia/steam, and an aqueous

solution of n-octylpyridinium 4-aldoxime bromide (OPAB).

In this second phase study, the selected concepts were

experimentally evaluated for their effectiveness in decontaminating HD,

GB and VX. Emphasis was placed on the concepts ability to decontaminate

"these agents spiked onto painted and unpainted mild and stainless steels

and unpainted porous materials. The experimental data demonstrated that

. the hot gas, steam and OPAB concepts were effective decontaminants for each

-agent/material combination investigated. Each of the other techniques (i.e.,

flashblast, ammonia, etc.) was effective to some extent, but either the

effectiveness was limited to specific agent/material combinations or the

concept appeared less promising.

An engineering/economic analysis suggested that either hot gas

or steam decontamination of field structures contaminated throughout with

agent is feasible. In terms of cost, the hot gas concept is preferred over

the steam concept. As such, the hot gas concept was recommended as the

primary decontamination concept for field evaluations in Phase 3 of the

program. The steam and OPAB concepts were also recommended for Phase 3

* evaluations. That is, OPAB is recommended for use as a protective coating
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and as a non-corrosive decontaminant for inside of pipes, sumps, and other

equipment; steam should be retained as a back-up to the hot gas concept.

Analytical method development activities indicated that HD, GB

and VX interact with concrete. The interaction, possibly a chemical reaction,

(i.e., hydrolysis) may obviate the need to decontaminate unpainted concrete

in the field, especially in the case of the nerve agents GB and VX. The

need for agent impermeable paint on concrete in future agent demilitarization

facilities should also be reconsidered because of this apparent reaction

(i.e., paint may not be necessary).

Id
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TASK 3

on

DEVELOPMENT OF NOVEL DECONTAMINATION TECHNIQUES
FOR CHEMICAL AGENT (GB, VX, HD),

CONTAMINATED FACILITIES - PHASE 2

to

UNITED STATES ARMY
TOXIC AND HAZARDOUS MATERIALS AGENCY

from

BATTELLE
Columbus Laboratories

June 21, 1985

1.0 INTRODUCTION

As part of their responsibilities in DOD real property disposal, the

"U.S. Army Toxic and Hazardous Materials Agency (USATHAMA) must identify, contain,

and eliminate toxic and hazardous materials and related contamination where

lands and facilities, potentially available for alternate government or private

use, have been declared excess or are candidates for excessing. With this

mandate USATHAMA is to provide the technical basis to implement the decontamin-

ation and also provide the standards to insure decontamination has been

effective. Facilities which might require such decontamination are located at

Tooele Army Depot, Rocky Mountain Arsenal, and Edgewood Area of Aberdeen

SProving Ground. Of concern are contaminated building structures, underground

and above ground storage tanks, reaction vessels, sumps, waste stream

-. conduits, and pipes. Both the exposed surfaces of the materials as

well as the interior areas into which chemical warfare agents have

penetrated (i.e., through cracks, pores, or other openings) may require

decontamination.

1!
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"g4 USATHAMA envisions that new, improved procedures for the decontami-

nation of facilities previously utilized for chemical agent manufacture

or testing will be required. The only currently approved method of decontami-

nating materials involves incineration at a temperature of 1000 F for a

period of 15 minutes. Materials exposed to such conditions are described

as having attained the 5X status and are defined as suitable for unrestricted

use. Unfortunately, the time and expense required to accomplish such

decontamination is immense. Successful development of an alternative decon-

tamination technique which would not require the dismantling of a facility

and which would result in a 5X decontamination status rating (or its equivalent)

without incineration represents a potentially large cost savings to the

Government.

USATHAMA tasked Battelle Columbus Laboratories in the Novel

Processing Technology Program to identify and develop treatment methods

and to recommend plans for carrying out the decontamination. The

ideal concept would be a single method that is both universally applicable

and most cost effective. Decontamination of structures and equipment

contaminated with chemical agents to a level that does not pose a

hazard during unrestricted use, represents an extremely difficult

problem in any excessing action. This document details the efforts

of Phase 2 of USATHAMAs three phase research and development program

for the restoration of chemical warfare agent installations. A description

of the program which leads to site implementation of one decontamination

concept is given in Figure I.

1.1 Phase 1 Results

In the first phase study, about 65 concepts (See Table 1)

were generated and described in sufficient detail to permit their

evaluation against the criteria of mass transfer, destruction efficiency,

safety, damage to structures, penetration depth, applicability to

complex structures, operating costs, capital costs, and waste treatment

costs.(1) This evaluation was the basis for the selection of the

most promising concepts for experimental evaluation in the second

2

............ . . . . ..
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PHASE I (TASK 1)*

Identification and Evaluation of
Novel Agent Decontamination Concepts

-65 Decontamination Concepts

I PHASE 2_(TASK 3)*

Laboratory Evaluation of
Novel Agent Decontamination Concepts-8 Decontamination Concepts

PHASE 3

Field Evaluation and Advanced
Development of Novel Agent
Decontamination Concepts

-1 to 3 Decontamination Concepts

One Concept for
Site Implementation

* Task 2 and 4 were parallel efforts focusing on explosive decontamination
concepts.

FIGURE 1. DESCRIPTION OF RESEARCH AND DEVELOPMENT PROGRAM
FOR AGENT INSTALLATION RESTORATION

3
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TABLE 1. AGENT DECONTAMINATION CONCEPTS
EVALUATED DURING PHASE I

CHEMICAL PHYSICAL/EXTRACTION

OCTYL PYRIDINIUM 4-ALDOXIME BROMIDE (OPAB) SURFACTANTS
S2 (A) STRIPPABLE COATING

CD-i (B) VAPOR CIRCULATION
SUPERTROPICAL BLEACH (STB) SOLVENT CIRCULATION
ALL PURPOFc DECONTAMINANT (APO) (C) SUPERCRITICAL FLUIDS
M)NOETHANW 'MINE ULTRASONIC EXTRACTION
GAMMA RAD• ION
NITRIC AC
A;4MONIUM JROXIDE PHYSICAL/ABRASIVE
HYPOCHLORITES
DANC HYDROBLASTING
GASEOUS AMINES ACID ETCH
CHLORINE SANDBLAST ING
STEAM DEMOLITION
AMMONIA/STEAM VACU-BLASTING
PERCHLORYL FLUORIDE CRYOGENICS
GERMAN EMULSION SCARIFICATION
HYDROXAMIC ACIDS ELECTROPOLISHING
SODIUM HYDROXIDE SOLUTION DRILL AND SPALL
DIMETHYLSULFOXIDE
MACROCYCLIC ETHERS
PROPIONYL FLUOR IDE THERMAL
PHENOLSiCATECHOLS
CARBONATE/BICARBONATE SOLUTIONS FLASHBLASTING
CHLORITE SOLUTIONS HOT PLASMA
CHLORINE DIOXIDE MICROWAVE HEATING

.NITROGEN TETROXIDE FLAMING
BORON TRIFLUORIDE HOT GASES
OZONE SOLVENT SOAK/BURN
SULFUR DICHLORIDE INFRARED HEATING
UV/OZONE CARBON DIOXIDE LASER
ULTRASONIC DECOMPOSITION ELECTRICAL RESISTANCE CONTACT HEATING
COPPER LIGANDS
VANADIUM CATALYZED HYDROLYSIS
ANTHRANILIC ACID-SILVER COMPLEXATION
MAGNESIUM HYDROXIDE IMPREGNATED ALUMINA
COMPLEXATION WITH MOLYBDENUM LIGAND
PERBORATES
MICROBIAL DEGRADATION
PERM.ANGANATE SOLUTIONS
ENZYME PROTEINS
SODIUM SULFIDE

A) Mixture of 70 weight percent diethylenetriamine, 28 weight percent
methyl cellosolve and 2 weight percent sodium hydroxide.

B) Mixture of 55 volume percent monoethanolamine, 45 volume percent propylene
glyccl and 2.5 weight percent lithium hydroxide.

C) Mixture of 54 weight percent monoethanolamnine, 44 weight percent
isopropanolamine and 2.5 weight percent lithium hydroxide.

4
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phase laboratory studies. The most promising concepts recommended

for further evaluation in Phase 2 were the use of:

a Hot gases

s Steam

* N-Octyl-pyridinium 4-aidoxime bromide (OPAB)

* Monoethanolamine (MEA)

a FREON 1l3 ® Vapor Circulation

* Ammonia Gas or Ammonia/Steam

* Flashblast

These suggested decontamination methods are briefly described as follows.

Hot Gases. The interior of a building is heated by hot exhaust

gases from a combustion device located outside the building. As the material

temperature increases, agents will decompose by pyrolysis and/or volatilize

from the surface. The interior of the building will be heated by conduction.

If agent volatilization occurs, provision to treat the building exhaust

gas to remove/destroy the intact agent would be required.

Steam. A boiler is provided outside the building and steam is

"piped into the structure, decontaminating the entire building at once.

The elevated temperature will promote aoent hydrolysis reactions and cause

volatilization of agents from subsurfaces. The steam itself should penetrate

concrete, perhaps more readily than might be expected for liquid reactants.

The condensate must be considered hazardous until proven otherwise.

OPAB. OPAB is a dilute aqueous solution of 1-octylpyridinium

4-aldoxime bromide. The reaction of oximes with the nerve agents is well

documented, but this reagent appears to be especially effective with VX.

Its safety has been validated and, in fact, it is closely related in

- structure to the nerve agent antidotes, PAM and toxogonin. The products

S..produced with OPAB and nerve agents are the same as those produced on

hydrolysis, but this reagent is especially appealing because of its speed

and safety.

5
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MEA. MEA is known to be a very active reagent for HD. It is

good solvent for HD and is rapidly alkylated by HD. Unlike HD, the products

of HD decomposition by this reagent are all water soluble (as is MEA),

thus facilitating removal of products via a water wash. Once reaction

with HD has taken place, it should not be reversible.

FREON 113 Vapor Circulation. FREON 113 is heated to its boiling

point and the vapors allowed to circulate in a building. The vapors per-

meate porous building materials where they condense, solubilize the agent,

and aid diffusion. The condensed FREON, laden with contaminant, is collected

in a sump and treated to permit recycle.

Ammonia Gas. The appeal of gaseous decomposition systems is

their ability to permeate throughout a building including subsurfaces.

Ammonia should react with HD to produce thiomorpholines. Ammonia alone

is not expected to effectively decontaminate nerve agents, but, in the

presence of water (perhaps as steam), will raise the pH and promote hydrolytic

decomposition. Because ammonia is moderately toxic, it can be introduced

into a sealed building and exhausted through an absorber. This approach

is thus similar to steam treatment, but provides a reagent specific for

HD which will at the same time promote base catalyzed GB and VX hydrolysis

in the presence of moisture.

Flashblast. The flashblast device consists of a high intensity

Xenon-quartz strobe light which can be focused onto a contaminated surface.

The high enerqy light pulse produces enough heat to remove paint and rust films

and to thermally decompose surface contaminants.

1.2 Background of Phase 2 - Laboratory Evaluation

The second phase effort was designed to experimentally evaluate

the concepts selected from Phase I and to recommend one to three of the

most promising concepts for field evaluation in Phase 3. The ideal case

was'development of a single decontamination method which is both cost effective

6
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and universally applicable to all types of agent-contaminated materials.
. However, the development of a single decontamination method specific to

one agent would also be considered in the event that a "universal" concept
was infeasible. Materials of concern identified from Phase 1 site surveys

- for which decontamination methods were to be developed in Phase 2 included:
a Stainless steel - painted and unpainted
e Mild steel - painted and unpainted

s Concrete - painted and unpainted

The approach used to develop the decontamination concepts through

experimental evaluation focused on subjecting the concepts to conditions/
materials progressively more difficult to decontaminate. At each stage

of the process, attempts were made to make the concept work by either altering
-_process parameters or the use of additives. A logic plan detailing the

stages of the concept development process is illustrated in Figure 2 and
_ •discussed as follows.
* .In the first stage of the evaluation, the decontamination effective-
* ness of each chemical concept (i.e., MEA, OPAB, Steam, and Ammonia) against

H•D, GB, and VX was determined in laboratory glassware (i.e., no matrix

- present). Based on these experiments the most promising concepts were

'- selected for further evaluations. If in these tests, conditions could not

* -be found in which an agent(s) was effectively decomposed by any one chemical
concept, then an alternative replacement concept would be selected from

- the Phase 1 concept list and its effectiveness determined in the same manner.
In the second stage of the evaluation process, the selected chemical

S- concepts as well as the hot gas, flashblast and vapor circulation concepts
were evaluated in a test chamber. Unpainted stainless steel spiked with

S" HD, GB, or VX was selected as the substrate for the second screening of

the concepts. Unpainted stainless steel allowed the highest recovery of

agent and therefore yielded the most accurate measure of decontamination

effectiveness. Based on the experimental data, the three most promising

concepts were then selected.
The third stage of the evaluations focused on the decontamination

of painted and unpainted mild steel, painted stainless stvel and concrete

7
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in the test chamber. The materials provided places into which agent can

- be absorbed (i.e., paint and concrete pores). Two concepts were then

selected for evaluation in the engineering/economic analyses from which a

. concept applicable to all three agents was recommended.

2.0 OBJECTIVES

The purpose of Phase 2 was to validate novel cost effective

- decontamination concepts selected in Phase I for the decontamination of

"agent contaminated facilities. The objective was to demonstrate the

applicability of the selected concepts for decontamination of building

materials to concentrations below the detection limit using samples that

have been contaminated in a controlled manner in a laboratory environment.

Data on their effectiveness, reliability, waste product characteristics,

possible hazards and approximate cost were used to make a selection of the

most cost-effective method for pilot testing in the subsequent phase and

for detailed concept design for field trials.

3.0 SYNOPSIS OF PHASE 2 RESULTS

The Phase 2 experimental program was divided into subtasks as

follows (See the Design Plan in Appendix I).

Subtask 1. Regulatory/Agency Visits

Subtask 2. Test Preparations

Subtask 3. Chemical Concept Prescreening

Subtask 4. Diffusion Studies

Subtask 5. Stainless Steel Surface Screening

Subtask 6. Steel/Concrete Tests

Subtask 7. Engineering/Economic Analysis

"Subtask 8. Preparation of Final Report and Field Test Plan

Subtask 9. Fate of Agent in Concrete*

Subtask 10. JACADS Decontaminations Evaluation*

S-- Analytical Summary Report*

* Additional efforts requested by USATHAMA in contract modifications.

9
"'- ,•,



10

The subtasks are summarized as follows. Detailed descriptions of

the experimental and engineering efforts are given in the appendices.

3.1 Regulatory/Agency Visits

Program overviews were given and issues (e.g., 5X decontamination

versus decontamination to below the detectable limit) were raised at

presentations to various safety and regulatory groups. The presentations

served to acquaint the DOD safety community of near-term future plans for

facility decontamination methods. An initial safety agency presentation was

conducted at U.S. Army Toxic and Hazardous Materials Agency (USATHAMA)

on November 2, 1983, to brief the USATHAMA Safety Group. Other briefings

were given at the U.S. Army Pollution Abatement Symposium (November 6-8, 1984)

held at Blacksburg, Virginia and the 21st DOD Explosives Safety Seminar

(August 28-30, 1984) held at Houston, Texas.(2)

3.2 Test Preparations

A test chamber was designed and constructed such that application

of a decontamination concept could be performed in a controlled environ-

ment. Design criteria for the test chamber include

* access ports to allow introduction of coupons and removal

of effluents,
_ allow decontamination of coupons by liquid decontaminants/

solvents, by gaseous decontaminants/solvents, and by thermal

methods,

I be sized to fit within a toxic materials laboratory hood.

A detailed description of the test chamber is given in the Subtask 5 test

report (See Appendix IV).

3.3 Chemical Decontamination Concept Prescreening

A preliminary evaluati~n of the five chemical decontamination

concepts identified in Phase 1 of the Novel Processing Program was performed

10
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. in Subtask 3. The concepts which were evaluated in laboratory scale glassware

included monoethanolamine (neat and 50 percent aqueous solution), aqueous

solution of 1-octylpyridinium 4-aldoxime bromide (OPAB), anhydrous ammonia,

*-i steam, and steam/ammonia.

The results indicated that all of the chemical decontaminants were

effective on specific chemical agents. The most promising concepts, involving

the use of either steam or OPAB, achieved high destruction efficiencies

(i.e. 99.5 to the detection limit of 99.8 percent destruction) for all three

agents (HD, GB, and VX). Product identification results indicated that both

OPAB and steam caused hydrolysis of the agent molecule whereby key bonds on the

molecule (e.g., P-F on GB, P-S on VX, and C-Cl on HD) were broken. As such,

Battelle and USATHAMA selected the steam and the OPAB concepts for further

evaluation in subsequent subtasks involving decontamination of steel and concrete

matrices. Because of the effectiveness of the other chemical decontaminants,

no concept was eliminated but rather, all remaining concepts were retained in

the event that an alternative decontaminant would be required in the subsequent

efforts.

Detailed experimental results and mass spectra obtained from the

chemical concept prescreening studies are given in Appendix II.

3.4 Diffusion Studies

Because facility decontamination includes decontamination of trace

quantitites of agents which have penetrated into porous materials such as

concrete, an evaluation criterion was incorporated in Phase I evaluations

which focused on the anticipated depth of penetration of the decontaminant

into porous materials. It was assumed that the depth of penetration of

chemical decontaminants would be less than 1/8 inch for liquids and more

than 1/8 inch (but less than complete penetration) for gases. It was

- recognized that an experimental effort would be required to substantiate

these assumed penetration depths.

The ability for liquid and gaseous decontaminants to penetrate

mortar was investigated in Subtask 4. Aqueous solutions and FREON®1)13

• * were applied to mortar coupons by spraying and by a constant contact method.

L1
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The diffusion rate of gaseous ammonia (a candidate agent decontaminant)

through mortar was determined.

Experimental results indicated spraying is the preferred method

for application of aqueous based decontaminants to concrete. However,

application of FREON ®113 to concrete does not appear feasible. Penetration

depths of 1/4 to I inch were achieved by aqueous solutions applied with the

spraying method. Operating parameters were determined for further evaluation

of the spraying method in subsequent subtasks (5, 6 and 7) of both Task 3

(agents) and in a related effort focusing on explosive decontamination.

Gaseous ammonia was demonstrated to readily penetrate one 'inch

thick mortar coupons. Detailed experimental results from the diffusion studies

are given in Appendix III.

3.5 Stainless Steel Surface Decontamination Screening

Five decontamination concepts (steam, OPAB, hot gases, vapor,

circulation, and flashblasting) were evaluated for their decontamination

effectiveness of agent contaminated unpainted stainless steel surfaces.

The results indicated that steam, hot gases, and OPAB are the most promising

concepts. The steam and hot gases concepts decontaminated the stainless steel

contaminated with HD, GB, or VX to below the detectable limit. The detectable

limit for the stainless steel decontamination tests was equivalent to a 99.9

percent agent decontamination efficiency for an initial spike level of 1.2 mg

agent/mi2 of surface area. Mass spectral analyses confirmed that neither

agents nor agent decomposition products remained on the stainless steel

surfaces following application of the hot gas decontamination concept.

The OPAB concept decontaminated stainless steel to below the

detectable limit when GB was the contaminant. Results suggested that a similar

decontamination effectiveness could be achieved with OPAB when either HD or

VX is the contaminant. As such, Battelle and USATHAMA selected the steam,

OPAB, and hot gases concepts for further evaluations in Subtask 6. Detailed

experimental results from the stainless steel screening tests are given in

Appendix IV.

12
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3.6 Steel/Concrete Decontamination Tests

The steam, hot gas, and OPAB decontamination concepts were evalu-

.- ated for-their effectiveness in decontaminating painted mild steel, unpainted
*' mild steel, painted stainless steel, concrete, and unglazed porcelain*

coupons contaminated with HD, GB, or VX. The detectable limit for the Sub-

task 6 steel tests was equivalent to a 99.9 to 99.999 percent agent decontam-
2ination efficiency for an initial dose level of 1.2 mg agent/m . A similar

decontamination efficiency was observable in the concrete and unglazed
porcelain tests for an initial dose level of 1.8 mg agent/g of material.

Results of the hot gas experiments indicated thdt painted and
unpainted mild and stainless steels, unpa'nted concrete and unglazed porcelain

can be decontaminated to below the detectaLle limit by maintaining the
material at a temperature of 150 C for 60 minutes when either HD, GB, or VX

are the contaminant. Because undecomposed agent was volatilized from the

coupons during the process, a method to remove or to decompose agent contained
* in the exhausted gas from a building must be defined.

Results of the steam experiments indicated that painted and unpainted
mild and stainless steels, unpainted concrete and unglazed porcelain can be

* decontaminated to below the detectable limit by maintaining the material at a

temperature near the boiling point of water for either 60 minutes when either
HD or GB are the contaminants or for 240 minutes when VX is the contaminant.

* Because undecomposed agent was volatilized from the coupons during the process,
a method to remove or to decompose agent contained in the exhausted steam and

S " condensate from a building must be defined. One such method is to recycle
the condensate through the steam generator. Experimental data indicated that
boiling of contaminated condensate from the process resulted in the destruction

of the residual agent.

Results of the OPAB experiments indicated that painted and unpainted
* mild and stainless steel can be decontaminated by applying about 15 to 30

liters/m OPAB solution when HD is the contaminant and about 25 to 45 liters/

* Unglazed parcelair, was selected as an inert alternative to concrete for
"GB and VX tests (See Appendix V and VII).
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m2of OPAB solution when either GB or VX is the contaminant. Results of the

concrete and unglazed porcelain tests indicated that VX contaminated unglazed

porcelain can be decontaminated to below the detectable limit by spraying with

OPAB solution. Decontamination of either HD contaminated concrete or GB

contaminated unglazed porcelain to near the detectable limit by spraying with

OPAB solution was also achieved. The data from these decontamination tests

and the diffusion studies (See Section 3.4) indicate that the effectiveness of

OPAB for decontamination of porous materials such as concrete is limited to a

penetration depth of about 1/8 to 1/4 inch.

Based on the experimental evaluations, Battelle and USATHAMA

selected the steam and the hot gas concepts for further evaluations in the

subsequent engineering/economic analysis subtask (Subtask 7). OPAB was not

selected for the engineering analyses because of its limited ability to

penetrate porous materials. However, specific applications for OPAB were

identified including use as a decontaminant for pipes, pumps, tanks, and other

equipment and as a protective coating for external building surfaces during

either hot gas or steam decontamination.

In conjunction with the decontamination tests, an air sampling

method employing heated air for extraction (i.e., volatilization) of residual

agent from decontaminated coupons was evaluated. Results from the heated air

extractions were compared wi'- 'prtults obtained usir7 a solvent (e.g., hexane

or methylene chloride) extraction method on similar samples. The results

indicated that the solvent extraction method is more reliable in terms of

specificity to the agents and more effective at extracting agent than the

air sampling method.

Detailed experimental results from the steel/concrete tests are

given in Appendix V.

3.7 Engineering/Economic Analyses

An engineering/economic analysis was performed on the hot gas and

steam decontamination concepts selected from the experimental evaluations in

Subtask 6. Equipment was specified and costs were estimated for application

of the concepts to a model facility representative of structures observed

14
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-- during the Phase 1 site surveys. Results of the analyses suggest that it

is feasible to apply the hot gas and steam contamination concepts for decon-

tamination of field structures. In terms of cost, the hot gas concept is

slightly preferred over the steam concept for the assumption that the entire

" building is contaminated throughout. In the hot gas concept, flue gases from

the combustion of oil or natural gas are directed into a sealed and insulated

building. Gas exhausted from the building is treated in an afterburner to

destroy traces of volatilized agent, cooled by quenching with water, directed

through an induced draft fan, and exhausted to the outside from a stack. The

induced draft fan maintains both a flow through the system and a slight negative

pressure within the building to minimize leakage of air potentially contam-

"inated with agent to the outside. A detailed discussuion of the results of

the analyses is given in Appendix VI.

3.8 Fate of Agent in Concrete

Suitable analytical methods for the agent decontamination studies

were upavailable when laboratory experiments were being initiated. Consequently,

analytical method development was undertaken for the agents GB, HD, and VX

* on selected building materials. Building materials examined included

painted and unpainted mild steel, stainless steel, and concrete. Attempts

* " to recover agents by solvent extraction from the painted and unpainted

steels were successful and produced no unanticipated results. Use of the

solvent extraction method proved significantly less successful for agents

added to concrete than was observed for agents on metal. Assorted modifi-

cations to this basic method were tried but the results were disappointing,

in that GB could not be extracted by any technique attempted at levels

significantly above the method detection limit. Although HD and VX could

be partially recoved from unpainted concrete, the precision (repeatability)

observed was extremely poor. These results suggested that all or part of

* the agent applied to the concrete specimen was not available to be

, •extracted due to interaction with the concrete. Results of the analyses

suggest that the interaction of the nerve agents with concrete is a chemical

15
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reaction which causes agent hydrolysis. The interaction of concrete with HD

appears to be incomplete or reversible in that substartial amounts of HO are

extractable even after a 24 hour exposure period.

A detailed discussion of the results on the fate of agent in

concrete studies is given in Appendix VII.

3.9 JACADS Decontaminants Evaluation

In support of routine decontamination anticipated during operations

at the JACADS facility, the JACADS experimental study evaluated the ability

of three candidate chemical decontaminants to decontaminate specific unpainted

and painted steel surfaces representative of construction materials selected

for the JACADS design. Solutions of 10 percent Na2 CO3 and 1 percent NaOH

were separately tested to decontaminate steel coupons spiked with GB. A

5 percent commercial NaOCl solution was tested to decontaminate VX and HO.

Following decontamination, the coupons, spent decontamination solution and

chamber rinses were analyzed for residual agent. Results suggested that the

JACADS decontaminants are effective in that the coupons were decontaminated

to either below the detectable limit or to low levels of residual agent.

A detailed discussion of the results on the JACADS study is given

in Appendix VIII.

"3.10 Summary of Analytical Methodelogy in Support of Task 3

At the request of USATHAMA, a summary report detailing the analyti-

cal methodology used in support of Task 3 was prepared and is given in

. Appendix IX. The analytical method developments indicate the utility of

the extraction/GC-FPD method of analysis for determining residual HD, GB, or

VX in or on matrices found in agent contaminated structures. It has been

* used instead of the air sampling-impinger method accepted by the Army. The

extraction procedure proved to be rapid and was reliable enough to demonstrate

the effectiveness of various substrate decontamination concepts.

16
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4.0 CONCLUSIONS/RECOMMENDATIONS

"The concept selection results from the Phase 2 experimental and

engineering subtasks are illustrated in Figure 3. The experimental evaluations

(Subtasks 3, 4, 5 and 6) demonstrated that the hot gas, steam and OPAB concepts

were effective decontaminants for each agent/material combination investi-

gated. Each of the other decontaminants (e.g., flashblast, ammonia, etc.) was

effective to some extent, but either the effectiveness was limited to specific

* agent/material combinations or the concept appeared less promising.

The engineering evaluations indicated that it is feasible to apply

either the hot gases or the steam decontamination concept to structures
representative of Army installations. Because of the limited depth of pene-

tration into porous materials, the use of OPAB as a general decontaminant is

not feasible. However, OPAB is recommended for use as a protective coating

during application of the hot gas or steam concept and as a non-corrosive
decontaminant for specific applications such as decontamination of the inside

-- of pipes, sumps, and other equipment.

Results of the economic analyses indicated that the hot gas concept
is preferred over the steam concept. As such, the hot gas concept is recom-

mended as the primary decontamination concept for field evaluation in Phase 3

of the program. Steam should be retained as a back-up concept to the hot gas

concept.
Analytical method development activities demonstrated the utility

of the solvent extraction/gas chromatography technique for the quantification

of agent on building materials such as painted and unpainted steels. Attempts

to quantitatively recover HD, GB or VX when spiked onto concrete were
unsuccessful. Investigations as to the fate of agent on concrete indicated

that an agent/concrete interaction, possibly a chemical reaction such as

hydrolysis, is responsible for the inability to recover the spiked agents.
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TASK 3

DEVELOPMENT OF NOVEL DECONTAMINATION
TECHNIQUES FOR AGENT-CONTAMINATED FACILITIES

1.0 SUMMARY

The development of novel concepts for the decontamination of chemi-

cal agent-contaminated buildings is being carried out by Battelle Columbus

Laboratories (Battelle) for the U.S. Army Toxic and Hazardous Materials Agency

(USATHAMA) under Contract No. DAAKll-81-C-OlOl. In the previous phase (Task 1),

ideas were systematically developed into concepts for decontaminating buildings

and equipment. These concepts were evaluated and ranked with respect to tech-

nical and economic factors. Also, knowledge gaps relating to application of the

concepts were selected for laboratory evaluation in Task 3 including five chemi-

cal concepts (OPAB, MEA, Steam, NH3, NH3/Steamn, two thermal concepts (hot gases,

- flashblast) and one physical concept (RADKLEE/vapor circulation). Task 3 has

the objectives of resolving the technical uncertainties identified in Task 1

through bench-scale experiments and refining the technical/economic analyses of

the most promising concepts.

Task 3 is b-oken into eight technical subtasks covering (1) a resource/

work plan, (2) test preparations, (3) chemical concept prescreening, (4) diffu-

sion studies, (5) surface decontamination, (6) surface/subsurface decontami-

nation, (7) engineering/economic analyses, and (8) report/field test plan.

2.0 BACKGROUND

Decontamination of previously utilized chemical agent manufacturing

and testing facilities is necessary to allow the Department of the Army to

"restore the facilities for alternate use or to dispose of them in excessing

actions. Included in the facilities are the building structures, sumps,

processing equipment, underground and above-ground storage tanks, and associated

transfer systems. Facility decontamination involves not only the decontami-

nation of exposed surfaces but also the decontamination of trace quantities of

23
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agents which may have penetrated into the material through pores, cracks, or

other openings.

Materials of concern identified from Task 1 site surveys for which

decontamination methods are to be developed in Task 3 include:

* stainless steel - painted and unpainted

* mild steel - painted and unpainted

a concrete - painted and unpainted

3.0 OBJECTIVES

The objectives of this task are to:

a experimentally evaluate the concepts selected in Task 1

for decontamination effectiveness on various materials,

* perform an engineering/economic analysis on the most

promising concepts selected from the experimental effort,

a identify remaining knowledge gaps associated with the most

viable concept(s) and prepare a test plan to resolve the

knowledge gaps through implementation of the concept at a

field site.

4.0 TECHNICAL APPROACH

Task 3 efforts are divided into eight technical subtasks as shown

in the work breakdown structure (WBS) illustrated in Figure 1. The objectives

and technical approaches to be used in each subtask are described below.

4.1 Subtask 1. Resource/Work Plan

The objectives of this subtask are to (1) provide an overall plan

for the task (this document) and to (2) review government regulatory and

safety requirements relating to agents and agent decontamination.

24
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Safety regulations which will be reviewed include DARCOM Safety

Regulation 385-31 (HD) and DARCOM-R 385-102 (GB and VX). Information from

these and other pertinent documents will be used to prepare a regulatory/safety

"agency review plan which consists of a letter recommending the agencies to be

visited and the topics to be discussed. Tentatively scheduled for visits are

agencies such as Department of Defense Explosion Safety Board and safety

offices at agent manufacturing/demilitarization sites such as Rocky Mountain

Arsenal and Tooele Army Depot. Included in the discussion topics will be the

question of "5X" decontamination, defined as thermal treatment at 1000 F for

415 minutes, versus decontamination to below the detectable limit by chemical,

physical, or milder thermal methods.
L

4.2 Subtask 2. TestPreparations

The objectives of this subtask are to (1) design, construct, and

evaluate a test chamber, (2) develop a Quality Assurance and Quality Control

(QA/QC) Plan, and (3) prepare coupons of the materials used in the chamber

tests.

The test chamber will be designed and constructed such that appli-

cation of a decontamination concept may be performed in a controlled environ-

ment. A chamber operation test plan which will include design drawings of

the chamber and operating scenarios will be submitted for USATHAMA approval.

Desiqn criteria for the test chamber will include:

9 access ports to allow introduction of coupons and removal

of effluents,

* allow decontamination of coupons by liquid decontaminants/

solvents, by gaseous decontaminants/solvents, and by thermal

methods,

a be sized to fit within a toxic materials laboratory hood.

27
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A QA/QC plan will be prepared based on guidance to be received from

USATHAMA. The plan will be submitted for USATHAMA approval.

Painted and unpainted coupons of stainless steel, concrete, and

carbon steel will be prepared in this subtask for subsequent use in diffusion

and chamber decontamination experiments. The coupons will be uniformly sized

to allow direct comparison of results obtained from the experiments.

4.3 Subtask 3. Chemical Concept Prescreening

The objective of this subtask is to experimentally evaluate the five

chemical concepts in terms of reaction kinetics and decontamination effective-

ness. The five chemical concepts include:

a OPAB (l-Octylpyridinium-4-aldoxime bromide) in an aqueous

solution containing a surfactant

e MEA (monoethanolamine) in an aqueous solution or undiluted

e Steam

e NH3 (anhydrous)

@ Steam/NH3

Each concept will be evaluated under a variety of conditions in an

attempt to determine the optimum operating conditions that will sufficiently

decompose each of the three agents (GB, HD, and VX). A letter test plan

detailing the methodology, parameters to be investigated (e.g., time, tempera-

ture, decontaminant concentration), and analytical techniques will be sub-

mitted for USATHAMA approval.

The experiments will be performed in laboratory glassware in which

known quantities of neat agent will be contacted with an excess of decontami-

nant. The mixture will then be periodically sampled and analyzed for residual

agent. Analytical techniques will be refined, as required, to permit quanti-

tative detection of agent in the presence of the decontaminants and the decom-

position products. If conditions cannot be found in which an agent(s) is

effectively decomposed by any one chemical concept, then an alternative replace-

ment concept will be selected with USATHAMA approval and its effectiveness

determined in the same manner.

28
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Based on the experimental results, a maximum of three chemical

concepts will be selected for further evaluation in Subtask 5. A test

report detailing the test results and the selected concepts will be sub-

mitted for USATHAMA approval.

4.4 Subtask 4. Diffusion Studies

The overall effectiveness of a chemical or solvent decontamination

K concept is dependent upon the ability of the decontaminant to penetrate into

(and in the case of a solvent, out of) porous materials into which agents may

have penetrated. The objective of Subtask 4 is to determine the condi-

tions which will allow optimum penetration of chemical or solvent decontaminant

into a porous material, i.e., concrete.

The decontaminants to be investigated in this subtask include:

e Aqueous solutions containing surfactants

* MEA

* Gaseous NH3 (anhydrous)

e FreorP solvent

Since these decontaminants/solvents are representative of the chemical and

physical decontamination concepts for both agents and explosives, the results

* of this subtask will be utilized in both Task 3 (agents) and Task 4 (explosives).

Aqueous solutions, MEA, FreorF, and similar liquids will be applied

to concrete coupons by spraying. Spray pressure, the time the spray is main-

* tained on the coupon, and the number of spray applications will be varied to

determine optimum application times to be used for subsequent chamber tests.

Surfactants (e.g., Triton X-lO00- will also be added, if necessary, to enhance

the penetration of aqueous solutions into concrete.

The diffusion rate of gaseous NH3 through concrete coupons will be

determined experimentally by exposing one side of a concrete coupon to NH3 and

measuring the concentration of NH3 with time on the opposite side of the coupon.

29
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ri A letter test plan detailing the planned liquid and gas diffusion

experiments will be submitted to USATHAMA for approval. During the two-

to three-week period required for approval, calculations will be performed

to estimate the depths the various decontaminants will penetrate into

concrete. A literature search will also be performed to determine a range

of values for various physical properties of concrete, i.e., porosity, pore

sizes, etc., which will be used in these calculations. The calculations

will be used to determine initial operating parameters for the diffusion

experiments and may allow correlations to be developed indicating the

effective penetration of decontaminants in various types of concrete.

A test report summarizing the diffusion test results, calculations,

and proposed operating conditions for decontaminant application to concrete

will be submitted for USATHAMA approval.

4.5 Subtask 5. Stainless Steel Surface Screenin*

In this subtask, the most promising chemical concepts from Subtask 3

(maximum of three concepts), as well as hot gases, flashblast, and vapor
R

circulation/RADKLEEN concepts will be evaluated in a test chamber. Unpainted

stainless steel (S.S.) coupons spiked with HD, GB, or VX will be used as

the test substrate. S.S. coupons were selected as the first test substrate

since it is the substrate from which analytical techniques achieve the highest

recoveries of agent and therefore yield the most accurate measure of decontami-

nation effectiveness. Also in this subtask, waste products from the treatment

will be characterized, reaction kinetics determined, and analytical performance

veri fied.

Two test plans covering this subtask will be submitted for USATHAMA

approval. One test plan covering the hot gases, flashblast, and vapor/circu-

lation concepts which will not be prescreened will be submitted. Following

selection of the most promising chemical concepts from Subtask 3, a second

test plan (chemical concepts) will be submitted. By submitting two test

plans, work may proceed while the Subtask 3 test results are being evaluated.
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The experimental data will be analyzed and the three (maximum)

most promising concepts selected for further evaluation in Subtask 6. If,

however, the data indicate that none of the concepts effectively deconta-

minates stainless steel coupons spiked with a particular agent(s), a replace-

ment concept will be selected with the concurrence of USATHAMA and its

effectiveness determined in the same manner. A test report summarizing the

results of Subtask 5 will be submitted for USATHAMA approval.

4.6 Subtask 6. Steel/Concrete Tests

Subtask 6 represents the final test series in Task 3. In this sub-

* task, the three most promising concepts from Subtask 5 will be thoroughly

evaluated based on decontamination effectiveness, reaction kinetics, analytical

performance, and waste product formation. Substrates to be investigated will

"include coupons of stainless steel (painted and unpainted), carbon steel

(painted and unpainted), and concrete (painted and unpainted) spiked with HD,

GB, or VX. Results from the diffusion studies (Subtask 4) will be used to

specify initial conditions for application of liquid and/or gaseous decon-

taminants to the concrete coupons. Decontamination versus depth of penetra-

tion into this porous substrate will be investigated. A letter test plan

detailing this experimental effort will be submitted for USATHAMA approval.

Experimental results will be analyzed and the best one to three

concepts will be selected for evaluation in Subtask 7. A Subtask 6 tist report

will be submitted for USATHAMA approval.

4.7 Subtask 7. Engineering/Economic Analysis

"A detailed engineering/economic analysis will be performed on the

* _concepts selected in Subtask 6. The engineering analysis will utilize experi-

mental data obtained in the previous subtasks to specify a decontamination

process. The process will then be costed based on decontamination uf the model

facility defined in Task 1.
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The experimental data which will serve as the basis for the analyses
includes:

@ Reaction kinetics

* Heat requirements

e Solvent/decontaminant requirements

e Waste product characterization

* Application methods, e.g., spraying times, number

of applications, etc.

From these data, the following will be specified:

a Process flowsheets

* Process equipment

* Waste disposal requirements

a Building preparation/clean-up requirements

* Operation schedule (set-up, application, and equipment

tear-down times)
a Safety requirements (potential hazards and protective

methods)

Knowledge gaps that remain following the above analysis will then be identified.

Next, an economic analysis will be performed. The process(es)
identified above will be costed based on building damage/repair costs, material/

utility costs. equipment cost and manpower cost. Following this analysis,
decontamination procedures which are applicable to all three agents will be
recommended. USATHAMA will participate in the selection of the final concept(s).
Results of the analyses will then be summarized in a final subtask report which

will be submitted for USATHAMA approval.

4.8 Subtask 8. Field Test Plan/Task 3 Report

A field test plan will be prepared in Subtask 8 for (1) applying the
decontamination procedure(s) identified in Subtask 7 to decontaminate Army
concrete/steel structures, (2) sampling the structures for residual agent,
i.e., sampling methods and types of samples, and (3) resolving the knowledge
gaps identified in Subtask 7. The field test plan will be submitted for USATHAMA >1

approval.
32
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Included in Subtask 8 will be the submission of the Task 3 report

which will summarize test results, agency discussions, and technical analyses

performed in Task 3. The report will be submitted for USATHAMA approval.

4.9 Contingency Plans

As indicated in the Task 3 logic diagram illustrated in Figure 2,

it may be necessary to select alternative replacement concepts during the

course of the Task 3 experimental effort. Alternatives will be selected if

the concept(s) remaining following the selection procedures are not applicable

to all three agents and if attempts to make the concept(s) work have failed.

In this case, concepts from previous subtasks will be re-examined and, if

"necessary, alternative concepts identified in the Task 1 efforts may be

utilized. The selection of a replacement concept will be performed with

USATHAMA participation.

5.0 DEVIATIONS/ADDITIONS

• This design plan generally follows the government tasking document

and all 32 work units have been incorporated into the eight subtasks. Devia-

tions from the tasking document include:

e The chemical concepts will be prescreened in laboratory

glassware rather than in the test chamber.

e Diffusion studies will focus on the penetration of decon-

taminants (not agents or simulants) into concrete.

6.0 INTERFACING

Task 3 will interface with the Task 4 efforts involving explosive

decontamination. Parallel efforts in both tasks will provide in economies in

chamber design, construction, and performance tests; coupon preparation; and
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- engineering/economic analyses. Also, the results from the diffusion studies

* (Subtask 4) will be utilized by both Tasks 3 and 4 for designation of liquid/

solvent application methods.

7.0 FACILITIES

Experiments involving surety levels of agent will be performed in
the Hazardous Materials Laboratory. Experiments with non-surety levels of
agent will be performed in the Toxic Substances Laboratory. A brief descrip-

tion of these laboratories is given in Appendix B. A more complete descrip-
tion of the Hazardous Materials Laboratory is in the Facility Security Plan
provided to USATHAMA during Task 1 efforts.

8.0 GOVERNMENT-FURNISHED PROPERTY/ASSISTANCE

The following supply of agents, in storage at the Hazardous Materials

Laboratory, is currently available for Task 3 use:

HD - 13.9 ml (includes 5 ml of SARM)

S.GB - 13.6 ml (includes 5 ml of SARM)

VX - 18.9 ml (includes 10 ml of SARM)

It is anticipated that the above supply is sufficient to complete Task 3

experimental work.

The government will make arrangements for meetings with government
regulatory/safety agencies (Subtask 1).
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uuMNUfflAMNO SHEET DAAK1 1-81-C-Cl1t /P00007

Novei Processing Technology

A. Task Crder Nlumber: 3

S. Task Urcer Title_: Developmnent of -Novel Oacontarninazion Tecriniques for
Chernicat Agent (G6, UI, HO) Contaminated Facilities - Phase 11

C. Contract, 'lumber: DAAKll-8l-%C-OIOl

0. 3ackaround:

1. Oecontamination of facilities praviously utilizac for chemical agent
mauf~~ue rzet io s anticipated to permiz vie De:,arrnenr of the Arm~ to

restore sucn facilities far alternate use or to dispose of them in excessina
actions. included are not only the structures themselves but ilso lnaernrouna
and above surface storage tanks, processing equiprnent. surnos and associated
transfer syszaems. Requi~red decontamination involves exposed surfacas of the
inater,.ais as *.qeil is ':e decontamination of trace a 'uantities of agencs .,iich
have penetratea inzo:ý e naterilals, cracxs, or other openirnas.

2. iazarials of concer-n wbich shall reur eocrir:a n nc nidl

be inciudec in cni .s studcy are:4

a. iioniess steel - paintod and un~painted'.

b. Mild szeel - oain-tad and''unpainted.-

c. C;;ncreza - painted and unpainted.

3. Tis szucv. -oi lows Tas:, 1 of this contract -anerein -:ae:n: c:
identified potential d1contaminarion rclhnoloci es, applied select:,1 'CcnU:7:1C ",I(

*technical evaiuat"ion criteria to those tec'.noiogies, ~:-nk or':-2rf! !'n
candidates, and in ccnjunczlon with USATUMrA recommericeo vhose wor,.nv r r::nn0r
laboratory evaluation in Phase I! (t6-his tasKl. It is antic-. drOCI Z1,11 :t -n
comoletion of tnis task order etffort, decontaminazion conceos.vl

* vaiuatad sufficiently such tnat reco-menclat~cons can te ..ace t" pi .:
the selected concaor(s).

E. ?hase II %rncse -ind 2t":czv.ýs: `-a :urcose xi '71 r.

ueccnz.:minaticn or acan: zcnz,:7in~iaZ& 71ýC' 1 lte 1 : 01 !et_~w - ,pjeoa
suk"Iic~ent infor-iation so :nalt :.-, nil~ _'eiaczad Con1C-20C(S) ~: eznnne
for suosecuent pijoc :ocstng.

F. S-tateme'iet of '.or,ý:

.:or -2 1 r 17.0 iinerz it'cn. s iS efu, o'li r i i 2fl )iT..r2 I.
,ornv :o be perr~ormeo on :nis talsk ;is taSe2J 0n 77i 7.SrK iiarna generaily
;31 tws thne recc:nmencation or ,ne ore~ !:i, .-lr*! - lst.' t: suz;-izttd unuer
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2. The firs; worK unit aft.r task initiation shall be preparation of ;,e
overall work plan/resource nlan. This plan shall include a detailed scnecule. i
aetailed work :reakcown struccur. (WBS) and a resource utilization plan Iee,y to
the WBS.

"3. --orK units 3 and 4 entail a review of regulatory and safety reauirements
and snail be perfomed to deternine the most recent developments in these areas
in oroer to better define decontnininatron levels. Germane organizations such Lis
EPA, Deoartment of Oefense Explosives Safety Board, Oepartment of Transportation

iand he 0ARCG4 Field Safety Office snail be included. A report summarizing te

finoinqs of :his study shall be priDar-d and submitted.

4. A"Iso early (-.,or,. unit 5) in this task order. a chamber for conductina
acent testing or .dricus cznceots snail ze uesigned, constructed ana evaiuatec.
This camoer snail be small enougn :o fit into a conventional fume hood. fitted
with encry/exit ports for introduction ano removal of samples and exnaust port:

b to permit samoling of out-nassed :)rnauc:s.

5. ",:ork units 5-10 are :,e r2rliminary screening tests of chemical conc:.T.
carnjdaZes de.erineo in ,asK I. These concepts include: .EA, OPAB, :H-7, teain
VHT/szeam ano flasnoiast. A e1iter rest pian snail be submitted for USAt AMA-, .; .
concurrence berore tzestin is tacun ano a letter test report shall be suomltze3

* detailiro test resuics wnen ccncluced. Chaanoer tests of each concept shall be -
nonmucze• ana waS.'- :.rooucts ano anaiytical •;erformance snail be charact~rizu.

From these tests, a maximum of three corce:ots snalT be reccmnmended for fur:,er
evaiuati on.

6. .iork units !l-15 are for .2iusion stuoies to evaluate oenetnation of

agents into concrete (worst case). Acents anar/or simulants shalibe allowed Lo
penetrace concreted samip es ,nicn mah_.,llSiuseauently be sectioned. pulverizea,
extracted, ana analyzec. These data LibCused t.o oodain aiffusion data ,,micn

shall allow assessment of penecra ion otr 2encs ana deconcaininantS into concrete
over a perico of :-.,e ana the i.fects a) 'aroaoles sucn as tanoerature.
concentration ano exposure uuration. These studies shailin~icate appropriate
application times for decont-!ninants. A diffusion letter test report shall be
submit•ea detailing results of these easts.

7. '.ork units 16-ZO are for stainless steel surface screening easts,
inciucing a letter test plan and lt:ear -est rloor:. This test series shall
incduce cnamoer teszs Hf tne tchre -n_.ic-l .ncects (fro.1 the preliminary
scnreening-).) ius hl6t g s. v;oor c rji;a .n•n n aa -:.I en concepts; on 1i niess
s~eei coucons. :.aste proouc: snail 7:e as w.ell as anaiyticai
.;r7cr-.ance. These :aszs snail .:ruvice -;a:- 0 salecz the best three concepts
tar evaiua-:an in :ne next Prnase. "he :ist retort snail detall test resuits and
:ne ocio -r :icr-:on of -e , reccm:',encec ccncepts.

3. .r : s 'i-. ,; e:-ii . .,i21 -vdJia-: n a?-n . -.-acn or ".he tnreq
"2C"t C-1c at nrr . i ns 2 t! i &rcea ;r 9enmno i taZ2S s Z I e

r, ucn yv c'.'- - , r; :sater; ,, or concern - .ilI(
' m- ... a -d inua i mnt2d) cncre-e

Pa~in:au ana n e: ar7 c:l'EnLIsS. Wd.SZ2occd
. ;no nalyrticlCi :er.crnance snail :)a catermineo. hese uaca shall
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-be anaiyzea ana Snal I form, the basis for selection of the one (minimum) 0o L.~
(maximnum) final recommended deccontamination met-hoos. rDetails of this
recommenoation snall be includae in the ietter tast report.

9. I4ork units 26-23 include an anaineering/economic anallysis uf the ia
1-3 conceots chosen above. ,uxiliary ccons'derations (to t2Cnlnicai pr-1,crranca)
shall be ccinsidereo sucn as building repair costs, de',eioopient c:osts, uti lit', innfuel costs, equioment costs, material costs and lanor costs. The eccncrnic

* anaysisshall bem utilie as ti bas- -or raaKing -1he selecti;on oft che fina I
*sincle best conceot (if inorte than one was considered) r~o be ftied/pilot testcc.

USATHJAMA snail participate in ana approve che selection in writinc.

10. '.4or-< unil: 9-2 are 'or ýrer.aration of a ~co~oronensive ý-%il rnýnr
(Contric: 3ata Itaem 9002). 0ll ermlnent in-ior-naticn devewuoec cur*nq.2 r o r7

* on :1is task order shall be compilec into a drart flnai report and su!)itt:a for
revie ano ~prov1 . he final r~port- snail be suo-mittec wai!hin 20 d~ys te~ovrnr~ntaoprovai of the arat:.

11. w;ork unit 2.2 is the or.2oaration of a ret mmendec -.2Et in or :,I~
avaluation of :he decontamination conca~c selected in tziis ýZs,: orc~er.

'12. -.ecnnical revie..s shall be heWd is de!inearaul in .ior--, unit Z2. 7W.,r~
these re-views shall 1 e held at the contrmczor'i 71.C' ii 3nrro mur sn a 1 1e rie i t
--t IATHiAMIA. `ddi ti ona i neeti nos shall ýe sc:neculoq on In .SrF~cuir:!j_ bas

13. .nalyt/r-cai methooaevi etr.r~c'~: c na Thi i o L
*-er~o-mec as recuired to suoport hr- :s~

iesz=nr Reuirenments: *.A'nahvticai metnous ;n ;=;~r~ance eoith' -,
J$AT~~1~7Tdn snaa i *22 uc 11 i Zo 3cIf avd a~i~ I ~'tr I a tai2t.

levei snail be specifi*ed by :mie CO R.

Letter test P a ns and I etter test rseoor-_5 :i 2 i i.-ýn t z:ea for -a cn Ct he fIour -.as: sequences outlined in Chart o. ('r.. '1n: ,1 , 14, 15, t9,2 1 and 2i) Ten copies of eacn snail te suoriitt~.ýl

2. Adraft. tacnnicail -eoort '1 C caoies) cý~t~ inninn- ind
,ecý,-nnenaations of: tniis stucy snail 'be roi :~o_:0 _P w'r~t~ eeys a~ter.

~am :~crovioea to !,ne ''ver-n::ntnr -.j:,i n -~ 0'' _ara S2ra tedrart.

-jv r- en_ -rn s Prac -'-zj i.nc,',r *ssi......a 7,- ;1~ na i ..
rr 1 e7en-_s -Ior "dt nus vim:n - o~~a. .ern .*'ýenc-.zOs o:eg

-. :.ur::ose tZnuc~ta- .~~itr:: e ry aev~ z i )

*over-' er-'cc jr _a~r7a _ is ;.j
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Hazardous Materials Laboratory (HML)

Battelle has available a remote site hazardous materials laboratory

at its West Jefferson facility. The laboratory is designed to provide all of

Battelle's sponsors with a facility in which to conduct research projects

using toxic and hazardous materials in a controlled, acceptable manner. A

more detailed description of HML can be found in the Facility Security Plan

submitted under Task 1.

The laboratory functions as both a research laboratory and as a

technology development laboratory. Scientists in this laboratory are experi-

enced in the specific needs of hazardous rmaterials handling including decon-

tamination, detection, alarms technology, general analysis, and evaluation of

new materials. Newer technologies such as improved processes, improved analy-

tical methods, test methods development, etc., also fall under this laboratory's

activities. It is a 1,250-square foot facility, located within an existing

laboratory building.

The hazardous materials laboratory has the following characteristics.

The walls are 8-inch cement block; the floor and ceiling are reinforced concrete.

All surfaces are painted with two coats of epoxy to create an impermeable,

easy-to-wash surface.

The perimeter doors are heavy-duty hollow metal units with locks

and hardware as required by security regulations with all doors except the

controlled access door security-sealed. All perimeter doors are equipped with

crash hardware. Door glass, windows, and perimeter openings greater than 92

square inches are security-screened with No. 9 expanded metal. A Honeywell

security system, including door alarm switches and an area motion detection

device, gives alarm annunciation at the site guardhouse, as does the area fire

alarm system.

Stainless steel-lined fume hoods with dished work surfaces are used

to keep any spills contained and to simplify clean-up. The hoods have been

modified with the addition of interconnecting passthroughs. One hood has a

pair of lockable storage cylinders that offers secure containment of materials

in the event of a tornado.
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Airflow through the laboratory comes from a separate mechanical

system which supplies ventilation. The work areas are kept at negative

pressure with respect to the clean areas by a pneumatic control system. All

laboratory air exhausts through the hoods at 150 fpm average face velocity.

A modulating damper in the exhaust ductwork compensates for changes in system

static pressure and maintains constant flow. Each hood is equipped with a

velocity alarm that gives an audible and visual alarm.

All exhaust air passes through a filter system consisting of a

prefilter, a primary absolute, a primary charcoal, a redundant charcoal, and

a final absolute filter. The filters are installed in a welded steel, bagout-

type housing with sampling ports, static pressure ports, and isolation dampers

to allow filter changes without system shutdown.

Primary and redundant blowers are installed on each filter system

with automatic changeover controls. Exhaust stacks rise about 10 meters

above-ground. Both the blowers and the filters are outside the laboratory.

All laboratory drains connect to a pair of 6,000-gallon underground

fiberglass tanks. There the liquid waste is sampled, treated as necessary,

and disposed. The tanks are equipped with a remote level indicator with high

and low alarm points.

An emergency generator provides backup power to the blowers, security

and system alarms to allow the laboratory to make an orderly shutdown if

required.

The HML is surrounded by approximately 1,000 acres of Battelle-

owned property. The area is also available for outdoor testing and research

programs.

Toxic Substance Laboratory_(TSL)

All activities involving the storage or handling of toxic substances

at the Columbus site are conducted in the Toxic Substances Laboratory. This
"facility is separated from adjacent Battelle facilities by concrete block walls.

"There are three doors to this facility located on the same corridor. Two

access doors provide entry into the laboratory. A third door is an emergency

exit door with no access. All three doors are metal and the two access doors

are locked to prevent unauthorized access.
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-. Four laboratory hoods have been provided with face velocities of

150 + 30 fpm. An alarm has been incorporated into the ventilation system

in case of failure. A glovebox has been provided for use in weighing toxic

substances. The exhausts from both the hoods and the glovebox have been
equipped with HEPA filtering systems to prevent discharge of toxic agents

into the atmosphere. The filter systemn is checked each time a filter is

changed. Three doors providing exits from all areas of the laboratory have

been installed.

The HEPA filters on the hood exhausts are changed periodically as

required. The hoods are equipped with automatic monitoring devices which

indicate reduced air flow due to filter clogging. Protective clothing is

worn when the filters are changed and the used filters, assumed to be contam-

inated with toxic substances, are stored for future decontamination and

disposal.

The laboratory has also been equipped with shower facilities and
eyewash fountains. In addition, all laboratory benches have been equipped

with stainless steel pans to contain spills for each of cleanup and detoxifi-

cation.

Personnel protective gear is provided including disposal laboratory

overalls, safety glasses and goggles, and gloves.
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EXECUTIVE SUMMARY

A Prr•liminary evaluation of the five chemical decontamination

concepts identified in Phase 1 of the Novel Processing Program was per-

formed. The concepts which were evaluated in laboratory scale glassware

"included monoethanolaminc (neat and 50 percent aqueous solution), aqueous

solution of 1-octylpyridinium 4-aldoxime bromide (OPAB), anhydrous ammo-

nia, steam and steam/ammonia.

The results indicate that all of the chemical decontaminants
were effective on specific chemical agents. The most promising concepts,

involving the use of either steam or OPAB, achieved high destruction

efficiencies for all three agents (HD, GB and VX). As such the steam and

"the OPAB concepts were selected for further evaluation in subsequent sub-

tasks involving decontamination of steel and concrete matrices. Because

of the effectiveness of the other chemical decontaminants, no concept will
"be eliminated at this time. Rather, all remaining concepts will be re-

tained in the event that an alternative decontaminant is required in the
subsequent efforts.
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APPENDIX II

TASK 3 SUBTASK 3

CHEMICAL CONCEPTS PRELIMINARY SCREENING

CONTRACT DAAK11-81-C-O1O1

to

UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

- 1.0 INTRODUCTION

In the previous phase (Task 1), ideas were systematically developed

into concepts for decontaminating buildings and equipment. These concepts

were evaluated and ranked with respect to technical and economic factors.
Knowledge gaps relating to application of the concepts were selected for
laboratory evaluation in Task 3 including five concepts utilizing chemical

reactions as the decontamination technique (OPAB, MEA, Steam, NH 3 , NH3 /Steam).
This report details the results of the preliminary laboratory evaluation

of these five chemical decontamination concepts using neat agents.

2.0 OBJECTIVES

The objective of this study was to provide preliminary evalua-

tion of the five proposed chemical decontamination concepts so that the
list of promising candidates is narrowed to three or less with the minimum

experimental effort. The chemical concepts evaluated were:

0 Monoethanolamine (MEA) - neat and 50% aqueous solution
a Aqueous solution containing a surfactant and 1-octyl

pyridinium 4-aldoxime bromide (OPAB)

a Anhydrous NH3

- Steam

* Steam/NH3
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The primary criterion for evaluation was destruction of agent so that the

minimum amount of agent remained unaltered following the chemical treat-

ment. Secondarily, rate of agent destruction was considered. Toxicity of

by-products was also taken into account by attempts at by-product iden-

tification through GC-MS.

3.0 FACILITIES AND EQUIPMENT

Since neat munition grade agents (HD, GB, VX) were used in the

tests, the experiments were performed in hoods located at Battelle's

Hazardous Materials Laboratory (HML).

Analyses were done by gas chromatography (GC) or gas chromatog-

. raphy coupled with a mass spectrometer (GC-MS). A Varian Model 3700 GC
equipped with a Varian Flame Photometric Detector (FPD) was used. This

- detector has two modes of use, the P mode (phosphorus), and the S mode

(sulfur). The P mode was used when analyzing for the phosphorus-
containing agents, GB and VX. The S mode was used when analyzing for one
of the sulfur-containing agents, HO. The column used in the GC was a 3

percent SP 2100-DBon 100/120 Supelcoport (6 feet long, 0.25 inches O.D., 4
mm 1.D.).

The GC-MS used for analysis was a Finnagan Model A 1020 using

electron impact as the mode of ionization. The scan range and cycle time
was 40-450 amu/second. A fused silica capillary column coated with DB5

(30 meters x 0.025 mm) was used for GC separation.

Each of the five proposed chemical decontaminants has its own

characteristics and therefore was treated individually. For the gaseous
systems (steam, ammonia, and steam and ammonia combined), the gaseous reactant

* apparatus illustrated in Figure 1 was designed. The apparatus allowed

only vapor, not condensed liquid, to contact the agent.
"The reagent (water, anhydrous ammonia, or aqueous ammonia) was

• contained in a boiling flask. Connected to the neck of the flask was an
extension tube into which an inert Teflon* plug was inserted for the purpose
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of retaining the agent under examination. A reflux condenser, located
above the extension tube, served to return decontaminant to the boiling
flask. Water ice was used in the condenser when operating with either
steam or NH3 /steam, while dry ice (mp = -78.5 C) was used when operating

with NH3 . When operating with liquid ammonia (boiling point = -33 C), the
sorbent plug was maintained at room temperature.

More flexibility was available for the two liquid systems. Un-
diluted (neat) agent was placed in a 100 ml beaker containing a magnetic
stirrer. Liquid reactant (OPAB solution or MEA) was added and the mixture
stirred. Reaction kinetics in terms of residual agent were observed by
withdrawing aliquots at specified intervals.

4.0 EXPERIMENTAL PROCEDURES

A USATHAMA approved test plan was used as the basis for conducting
the experiments. Actual laboratory and analytical data are given in Battelle
Laboratory Record Book No. 39064 and 39108.

For each of the five chemical concepts, a baseline experiment
was performed to determine recovery efficiency. For OPAB and 50 percent
MEA and neat MEA, this involved spiking the decontaminating solution with
each agent, stirring a few seconds, and removing an aliquot for GC analy-
sis. For steam and amnmnium hydroxide (NH3/steam), this involved
spiking water or ammonium hydroxide with each agent, stirring a few sec-
onds, and removing an aliquot for GC analysis. A similar experiment was
not done for anhydrous ammonia since there was no liquid remaining in the
pot to be extracted. Instead, the recovery data from the baseline exper-
iment with VX and the gaseous application apparatus described above were

used.

Recovery efficiencies of agent from solution of decontaminant are
given in Table 1. The baseline experiments indicated that extraction of
either HD or GB from MEA required acidification to pH 3 with acetic acid in

order to achieve desirable recovery efficiencies. However, in the case of VX,
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extraction from MEA was performed without acidification. The recovery

efficiency of VX from a 50 percent solution of MEA using methylene chloride
was 109 percent without acidification while only 5.3 percent of the VX spiked

was recovered upon acidification.

In addition to the decontaminant extraction experiments, several
baseline tests were performed with the gaseous reactant apparatus. A hexane

wash of the apparatus containing the Teflon* wool plug (no agent) was per-

formed to determine if interferences were present. Analysis of the hexane by

gas chromatography indicated the sample was clean (i.e., no observable

peaks). The apparatus was reassembled and 10 mg of neat VX was applied to the

Teflon* wool plug. The apparatus, including the plug, was then extracted with
30 ml of hexane. Analysis of the hexane indicated that 10.8 mg of VX was

extracted (108 percent recovery efficiency). A second extraction of the
apparatus with 30 ml of hexane indicated that 0.042 mg (0.42 percent of
original spike) was extracted. The Teflon* wool was then removed from the
apparatus and separately extracted. No agent was detectable in this extract.

Munition grade agents used in these experiments were com-

pared to SARMs (PA796, PA1126, and PA1128) by GC to determine if adjust-
ments were needed in amounts of agent delivered to the reaction vessels.

Munition grade rather than high purity agent was selected for use in these
studies because buildings used to manufacture and handle agent will most
likely be contaminated with munition grade rather than high purity agent.
Also, munition grade agent may be considered as being the worst case since

it may contain stabilizers which either inhibit decomposition reactions or
lead to agent reformation. Agents were delivered with Eppendorf pipettes;

and the density of each was taken into account in calculations.

Table 2 outlines the experimental procedures and analysis con-

ditions for the evaluation of the chemical decontamination concepts.

Sections 4.1 to 4.6 describe these procedures in more detail. All exper-
iments were run in duplicate and each experiment had two aliquots with-

drawn at each interval for GC analysis.

GC-FPD analyses were all performed on the same column (SP2100 -
see Section 3.0) using different temperature programs. For all HD analy-
ses, the program was 135 C isothermal. For all VX analyses, the program

60
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was 190 C (with 4-minute hold) to 240 C at 35 C/mInute (with 4-minute

hold). For all GB analyses run on GC-FPD, the program was 100 C (with

1-minute hold) to 240 C at 90 C/minute. For all GB analyses run on GC-MS,

the program (on a DB5 column) was 35 C (with 1-minute hold) to 250 C at 12
C/minute (with 2-minute hold).

The detection limit of the standard curve for each of the agents

(GB, VX, and HD) was 2 ug/ml. Quantification of the peaks was possible at

a concentration of 5 wg/ml. These detection limits apply to agent in the

final solution being analyzed.

4.1 Experiments with 50 Percent Monoethanolamine (MEA)

4.1.1 50 Percent MEA/VX

Eighty ml of a 50 percent solution of monoethanolamine and dis-

tilled water (by weight) were placed in a 150-ml beaker and stirred at
room temperature for five minutes. VX, in the amount of 322.7 mg, was

then added and stirring continued. At intervals of 10, 20, 40, 60, 120,

240, 1440 minutes, 5-ml aliquots of the mixture were removed and extracted

once with 5 ml of methylene chloride. The extract was then analyzed by

GC-FPD for VX.

4.1.2 50 Percent MEA/GB

These experiments were performed as above with VX except that

287.0 mg of GB were spiked into the beaker and each 5-ml aliquot removed

was brought to pH 3 by addition of 40 ml of 63 percent acetic acid prior

to extraction with methylene chloride. GC analyses showed no change in

the amount of GB present over time. Since literature reports noted fast -

reaction of MEA and GB, the experiment was repeated using GC-MS as the

detector for GB. The second experiment was similar to the first except

for the intervals at which aliquots were drawn, 1 and 20 minutes. GC-MS

analyses showed that GB was reacting with MEA to form a decomposition

product that had an identical retention time on GC as GB, thus no change

in the GB peak on GC was observed in the first experiment.
62
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- 4.1.3 50 Percent MEA/HD

These experiments were performed in a manner similar to 50 per-

"cent MEA and VX. HD, in the amount of 317.0 mg, was spiked. The inter-
- vals for removing aliquots were the same except no 1440-minute aliquot was

taken. Again, each aliquot removed was brought to pH 3 by addition of 40
ml of 63 percent acetic acid prior to extraction and analysis by GC-FPD.

The reaction mixture in the beaker in this case, however, was
not always a single phase. Yellow beads of HD were initially observed,
but as the reaction approached completion, the reaction mixture became
homogeneous, indicating the decontamination product(s) are more soluble in

50 percent MEA than HD.

4.2 Steam

4.2.1 Steam/HO

This experiment was performed using the gaseous-reactant appli-

cation apparatus described in Section 3.0. HD, in the amount of 101.5 mg,
was spiked on the Teflon wool plug. Distilled water, in the amount of 50
ml, was placed in a 100-ml round bottom flask and refluxed for 5, 20, or
60 minutes. The apparatus was allowed to cool after each reflux period,
the flask was removed, and a 5 ml aliquot from the flask was extracted
with 5 ml of methylene chloride. Hexane, in the amount of 30 ml, was then
placed in a new 100-ml round bottom flask and placed under the apparatus.
The condenser was moved to the access port (see Figure 1), and the hexane
left to reflux for one hour. The Teflon plug was then removed and ex-
tracted in 5 ml of methylene chloride. The extracts from the condensate,
the hexane rinse, and the plug rinse were all analyzed by GC-FPD.

.- 4.2.2 Steam/GB

This experiment was performed in a manner similar to Steam/HD
except 97.9 mg of GB were spiked onto the Teflon wool. The boiling water

* - 63
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was refluxed for periods of 20, 60, or 120 minutes. Each of the three
extracts were analyzed by GC-FPD.

4.2.3 Steam/VX

This experiment was performed in a manner similar to Steam/GB
except 100.9 mg of VX were spiked onto the Teflon wool. Each of the three
extracts were analyzed by GC-FPD.

4.3 Experiments with Anhydrous Ammonia

4.3.1 Anhydrous Ammonia/GB

This experiment was performed in a manner similar to the Steam
GB experiment except a dry ice condenser was used in place of the water
condenser. GB, in the amount of 59.9 mg, was spiked on the Teflon wool

plug. After refluxing for 20, 60 or 120 minutes, the dry ice condenser
was removed and the ammonia evaporated. The 100-ml round bottom flask
contained some water condensed from the air, but no ammonia. The flask
was extracted with methylene chloride as in the steam experiments. The

three extracts were analyzed by GC-FPO.

4.3.2 Anhydrous Ammonia/HD

This experiment was performed in a manner similar to the
Anhydrous Ammonia/GB experiment, except 63.4 mg of HD were spiked on the
Teflon wool plug. Only a 60-minute reflux experiment was performed. Each

of the three extracts from this experiment were analyzed by GC-FPD.

4.3.3 Anhydrous Ammonia/VX

This experiment was performed in a manner similar to the
Anhydrous Ammonia/GB experiment except 60.5 mg of VX were spiked on the

Teflon wool. Each of the three extracts were analyzed by GC-FPD.
64
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4.4 Experiments with Ammonium Hydroxide (NH3/Steam)

4.4.1 Ammonium Hydroxide/GB

"This experiment was performed in a manner similar to Steam/GB

except 98.0 mg of GB were spiked on the Teflon wool plug and only a single

60-minute reflux experiment was performed. Each of the three extracts

were analyzed by GC-FPD.

4.4.2 Ammonium Hydroxide/HD

This experiment was performed in a manner similar to Ammonium

Hydroxide/GB except 101.5 mg of HD were spiked on the Teflon wool. Each

of the three extracts were analyzed by GC-FPD.

4.4.3 Ammonium Hydroxide/VX

This experiment was performed in a manner similar to Ammonium

Hydroxide/GB except 55.5 mg of VX were spike on the Teflon wool plug.

S..Each of the three extracts were analyzed by GC-FPD.

4.5 Experiments with OPAB

Two OPAB formulations were evaluated. The BF-OPAB formulation

furnished by Battelle-Frankfurt, was composed of 5 weight percent 1-octyl-

oyridimium 4-aldoxime bromide sodium salt, 1 percent foam stabilizers,

5 percent polyethyleneglycol and 89 percent water. The BCL-OPAB formula-

tion, synthesized in-house*, was composed of 5 weight percent 1-octylpyri-

dinium 4-aldoxime bromide and 95 percent water. The experimental proce-

dures, which were identical for each OPAB formulation, are described as

follows.

* Synthesized under ARO-STAS TCN-84-273.

65
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4.5.1 0PAB/GB

GB, in the amount of 283.1 mg, was spiked into 140 ml of OPAB

in a 150-mi beaker. While the solution was being stirred at room tempera-

ture, 10-ml aliquots were removed at intervals of 0, 20, and 40 minutes.

The aliquots were extracted once with 10 ml of methylene chloride. These

extracts were analyzed by GC-MS and GC-FPD.

4.5.2 OPAB/HD

This experiment was performed in a manner similar to OPAB/GB

except 279.0 mg of HD were spiked into the OPAB solution. The aliquots

were removed at 20, 40, 60, 180, 240, and 360 minutes. The methylene

chloride extracts of these aliquots were analyzed by GC-FPD.

4.5.3 OPAB/VX

This experiment was performed in a manner similar to OPAB/GB

except 283.0 mg VX were spiked into the OPAB solution. The aliquots were
removed at 20, 40, 60, 180, 240, 360, and 1440 minutes. The methylene

chloride extracts were analyzed by GC-FPD.

4.6 Experiments with 100 Percent MEA

4.6.1 MEA/GB

This experiment was performed in a manner similar to 50 percent

MEA/GB. The 5-ml aliquots were removed from the spiked mixture at inter-

vals of 0 and 20 minutes. Acidification of those aliquots was accom-

plished with 40 ml of 63 percent acetic acid. The aliquots were extracted

with 5 ml methylene chloride and the extracts were analyzed by GC-MS.

4.6.2 MEA/HD

This experiment was performed in a manner similar to MEA/GB except

317 mg of HD were spiked into the MEA. The 5-ml aliquots were removed at
66
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intervals of 1, 30, and 60 minutes. After acidification as in the case of

MEA/GB, the aliquots were extracted with 5 ml methylene chloride and the

extracts were analyzed by GC-FPD.

This experiment was performed in a manner similar to r4EA/GB ex-

cept 317 mg of HD were spiked into the MEA. The 5-ml aliquots were re-

moved at intervals of 1, 30, and 60 minutes. After acidification as in

the case of MEA/GB, the aliquots were extracted with 5 ml methylene

chloride and the extracts were analyzed by GC-FPD.

4.6.3 MEA/VX

This experiment was perfurmed in a manner similar to the other

MEA experiments except 322.7 mg of VX were spiked into the MEA. The

CH2CI2 extracts were analyzed by GC-FPD.

5.0 ANALYTICAL RESULTS

Tables 3 and 4 summarize the analytical results of the text experi-

ments. (See Appendix A for the detailed results of all experiments.)*
Table 3 lists the time in each reaction that no detectable agent is pres-

* ent if that point occurred. If not, the highest destruction efficiency

* observed is described. "Time" indicates reaction time, "Resid" indicates

"milligram amount of agent still present, and "% V" indicates percentage

* destruction efficiency, which was calculated by the following equation:

[agent] initial - [agent) time x 1
% Decon Effectiveness [xan get initial100

It can be seen from Table 3 that the decontaminants selected in

Task 1 are effective decontaminants for each agent and that, as antici-

pated, VX is the most resistant to destruction. Displaying an unexpected

efficiency in destroying HO as well the expected GB and VX destruction,

• Sample chromatograms are given in Appendix B and sample mass spectra and
given in Appendix C.
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OPAB appears to be the single reagent of greatest promise. Steam is also

seen to show excellent results in decontaminating all three agents.
A comparison of the results from the OPAB beaker experiments

utilizing the two different OPAB formulations are shown in Table 4. The
results suggest that the BCL-OPAB formulation (neat OPAB dissolved in water)
was more effective in destroying HD and VX and less effective in destroying

GB than the BF-OPAB formulation (sodium salt of OPAB and additives dissolved
in water). It is important to note that the residual GB detected in the

experiments using the BCL-OPAB formulation may be a decomposition product(s)
which interferes with the GC/FPD analyses for GB. Previous work in Subtask 3
involving the BF-OPAB formulation required the use of GC/MS to quantita-

tively analyze for GB because of interferences which resulted when GC/FPD

was used.

The activity of OPAB for destruction of HD appears to be related
to the solution formulation. The BCL-OPAB formulation (neat OPAB dissolved
in water) is slightly acidic (pH 4 to 5) whereas the BF-OPAB formulation

(sodium salt of OPAB and additives dissolved in water) is basic (pH 9 to
10). The slightly acidic OPAB formulation appears to be more reactive
with HD than the basic OPAB formulation. However, the basic OPAB formulation

may still be preferred for nerve agent decontamination.

Although not specifically investigated, information on the

degree of agent refoniiation in reaction solution was obtained from the
kinetic data. In most experiments where kinetic data was obtained, the
destruction of agent increased with time thereby indicating that agent
reformation did not occur. One exception is for anhydrous ammonia and VX.

Results (see Appendix A) indicate a lower destruction for the 120 minute
experiments than for the 60 minute experiments. The lower destruction may

"be due to either reformation of VX or ice formation on the neck of the
reaction vessel which occurred during the 120-minute experiments but not

the 60 minute experiments (the ice may have lowered the reaction tempera-
"ture at the Teflon plug).

• .Mass spectral data was obtained on several selected reactions,

namely Steam/HD, GB, VX; OPAB/HD, GB, VX; 50% MEA/GB; 100% MEA; NH3 -Steam/GB,

VX and VX/NH3. Table 5 surinarizes the interpretation of the mass spectral
data. The table includes comments pertaining to the confidence of the

"70
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identification indicated, as well as the implication of the presence of
tne compound identified. Where possible the table also lists the source

"of an identified compound. The compounds derive from. either chemical reaction

of the decontaminant, agent with the reaction of impurities such as solvents

and stabilizers added to the agents prior to use, or the presence of other
impurities. The stabilizers include diisopropylcarbodiimide and dicyclo-

hexylcarbodiimide found in all the agents and dibutylamine found in GB

only.

In addition to product identification attempts, GC/MS data was

generated to confirm decontamination on selected experiments. For example, 0

the mass spectra for the NH3 -steam decontamination of GB and VX were ob-

tained to verify that the apparently low decontamination effectiveness
observed in initial tests was caused by interferences. GC/MS results from
the GB/NH 3-steam experiments indicate that the compound with the largest
peak area in the chromatogram of the extract (see Appendix B) is diisopro-

pylmethylpi',-phonate, a transesterification product of GB hydrolysis.

GB was not detezted by GC/MS in the extract. With an estimated detection
- limit of 25 pg GB/ml x 30 ml = 0.75 Vg GB, approximately 98 percent of

the GB was destroyed by the NH3 -steam treatment in 60 minutes. This is
comparable to the destruction efficiency achie,,ed using either anhydrous

ammonia alone or steam alone. Therefore, the initially reported low GB
destruction efficiency by NH3 -steam was due to an interference in the GC/FPD
analysis method. GC/MS analysis of the VX/NH 3 -steam extract did, however,
indicate residual VX r2mained following 60 minutes of the NH -steam treat-
ment (See Figure Cl7 in Appendix C). Although the VX peak size was not

* quantified, it is likely that sufficient VX was present to account for E

the relatively low destruction efficiency previously observed (i.e., 80.7 percent
of VX was decontaminated after being in contact with NH3 -steam for 60 minutes).

6.0 COMPARISON OF RESULTS WITH SOME LITERATURE REPORTS

It is interesting to observe the correlation (or contrast) be-

tween results obtained in this subtask and som2 of those reported in the

literature.
77
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Rossmann(l) reports a halflife of 8.6 minutes at 20 C for VX in
OPAB (OPAB, foam stabilizer, polyethylene glycol and water) and 1.8 min-

"utes for DFP (diisopropyl fluorophosphonate) under the same conditions.
The results from the current experiments indicate destruction of VX to be

below the detection limit (99.8 percent destruction) between 60 and 180

minutes (intermediate Intervals were not explored) which is In good
agreement with the 78 minutes (9 halflives) required by Rossmann's value

for 99.8 percent destruction. There appears to be no literature data for

the destruction of GB and HD by OPAB.

Monoethanolamine (MEA) is reported to destroy HD. At 25 C HD

was observed( 2 ) to have a halflife of 321 minutes in neat MEA. More
rapid results were observed in the current experiments where 50 percent

aqueous MEA achieved 99.9 percent destruction of HD in 240 minutes. It
has been rationalized(3) that GB and MEA (aqueous or anhydrous) should

react rapidly and th:'; was observed to be the case (see Appendix A). Ad-
ditional information is available concerning MEA in combination with other

components (e.g. solvents, caustic) but direct comparison with the current
results is not applicable.

Attempts to decontaminate HD contaminated clothing with 10 per-
cent anhydrous NH3 were reported to be unsuccessful( 4 ). This confirms

the low decontamination efficiency of 9.7 percent obtained from our ex-
periments. No unclassified reports were located which report tests on the
decontamination efficiency of GB or VX with anhydrous NH3 .

While good results were observed with aqueous ammonia in the
vapor phase (i.e. NH3/steam) against HD, results with the VX were

less favorable. It has been reported that ammonium hydroxide at 100 C
hydrolyzes VX rather slowly(5) and this appears to confirm the current

.- observations.

Steam alone has been reported to decontaminate HD to very low
residue (99.95 percent removal) levels in as little as 10 minutes if the

* contaminated surface, in this case painted steel, is not preheated.(6)

Current experimental results indicate the disappearance of 99.8 percent HD
in 20 minutes under somewhat different conditions.
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In general, then, where the literature contains data obtained

under conditions close enough to those employed in this subtask to permit

at least rough comparisons to be made, there are no major discrepancies
between this work and that of others.

In terms of the results obtained by MS analysis of selected re-
actions, some correspondence with literature was found. Rossmann(1)

predicted that the reaction between OPAB and GB would be a nucleophilic
displacement of the fluorine to produce HF and the phosphoric acid of GB.

While the phosphoric acid was not directly observed, the P-F bond was
broken. It has been reported( 7 ) that phosphorus-containing agents form

polymers called "pyro" agents upon reaction at the phosphorus-fluorine or
phosphorus-sulfur bond. MS data reveal a product which could result from
hydrolysis of this polymer followed by attack by the displaced ligand,

"OCHCH 3 . Reaction of steam with VX show a reaction similar to the
OPAB/GB reaction except that the attacking ligand is -OCH(CH 3 )2 .

Domjan(4) shows the mechanism for the reaction of VX+NH 3 as

follows.

CH3  0 + NH3 + H20 --. CH3 0 + HSCH=CH-N(CH(CH3) 2 )2

(II)
P P

/A
oC2H5  S C2H (I) ONH4

S" CH2CH2N(CH(CH 3 )2 )2

The thiol (II) was observed in the reaction product analysis by MS, but
not the ammonium phosphinate (I). It is inlikely that such a phosphinate

would form a polymer, hydrolyze, and be attacked by a displaced ligand, as
discussed above for OPAB/GB and S-team/VX. However, "pyro-VX" was observed

by MS, indicating that perhaps the phosphinate does not form or that the
"pyro-VX" observed by MS was generated by a different nechanism.

The reaction of MEA and GB in chloroform with triethylamine as
proton acceptor is thought( 3 ) to occur as follows:
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0 0N N
CH3 -P-F + HOCH2CH 2 NH2 - CH3 -P-OCH2CH2NH2 + HF

OCH(CH 3 ) 2  OCH(CH3)2
HF + Et 3 N - Et 3 N.HF

The author warns, however, that these results may not be used to forecast

the reactivity of aqueous MEA with GB, since MEA and water have high di-

electric constants which would favor reaction between these materials as

opposed to the poor, low dielectric of chloroform. On the basis of the MS

results From this study it is difficult to determine whether the phosphate

moiety h.as reacted to form a phosphate amide alcohol or a phosphate ester

amine or something else.

7.0 EVALUATION AND RECOMMENDATION

The results of this subtask indicate that all of the decontami-

nants investigated (50% MEA, Steam, NH3 , NH3/Steam, OPAB and 100% -

MEA) were effective to some extent. As such, no concept will be elimi-

nated although a selection of the most promising concepts will still be

performed. The less promising concepts will be retained for consideration
in the event that an alternative concept(s) is required in subsequent

efforts.

Although it is not a requirement of this program that a decon-
tamination system be developed which is applicable to all three agents

under consideration, there is a certain logistical advantage to identify-

ing such a universal reagent. With this in mind, the candidate reagents

can be sunmmarized as follows.

MEA - Although MEA (50 percent aqueous and undiluted) is

rapidly effective against GB and reacts slowly yet

completely (i.e. below detection limit) with HD, it is
less effective in decontaminating VX. As such, the
performance of MEA is less promising as compared with

other systems evaluated.
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NH3 - Anhydrous ammonia was evaluated in spite of its

potential hazards (relatively toxic, gas with explosion
limits) because of the advantages arising from the

ability of a gaseous reagent to distribute itself

throughout a structure and to penetrate inaccessible

- spaces and surfaces. It was found to have less

effective decontaminating properties especially for HD

as compared with other decontaminants.

9 NH3 /Steam -. A mixture of ammonia and steam, i.e.

boiling aqueous ammonia, produced somewhat ambiguous

resul's. Because there is no direct evidence that this

system is superior to steam alone, the NH3/steam

concept merits no further study at this time.

9 Steam - Steam has many obvious advantages for use as a

decontaminant. It is inexpensive, non-toxic and easily

applied to complex configurations. The principal hazard

expected to be associated with its use is the possible

risks ýor burns to operating personnel. Steam is an

.. effective decontaminant: nerve agents are reduced to I

percent or less residue within two hours and mustard is

decomposed in even less time. In field application

longer exposure times can be achieved if required. The

degradation products of Steam/VX seem innocuous. Steam

is an obvious candidate for more extensive evaluat*on.

* PAB - The OPAB formulation was specifically developed

for and evaluated against VX. The very effective
results reported by the Battelle-Frankfurt research

group were confirmed in this subtask. In addition,

OPAB was demonstrated to be effective against GB as

anticipated and against HD which was not expected.
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OPAB is a safe material to apply since it is not toxic

and can be applied at ambient temperature. OPAB is a

relatively low viscosity liquid and the presence of a

surface active chemical should enhance spreading. The

surface active chemical may be removed to enhance

penetration of concrete, if necessary. The degradation

products of OPAB/GB seem innocuous. The OPAB system is

one of the most effective decontaminants for all three

agents examined. One apparent negative attribute of

OPAB is the cost, although commercial production of OPAB

might reduce its cost significantly.

We recommend that further evaluations be made of the steam and

OPAB decontamination methods.
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APPENDIX B

GAS CHROMATOGRAMS

The following sample chromatograms of extracts (i.e.CH2Cl 2, hexane)

obtained after decontamination are given in Appendix B.

Agent Decontaminant Figure No.

HD Steam Bi

HD OPAB B2

GB Steam B3

GB NH3/Steam B4

VX NH3 /Steam B5

VX 100 percent MEA B6

VX OPAB B7
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APPENDIX C

MASS SPECTRA

The following mass spectra were used in either identification of

agent decomposition products or confirmation for the presence of intact

agent.

Agent Decontaminant Figure No.

HD Steam Cl-C3

GB Steam C4

VX Steam C5

HO OPAB* C6

GB OPAB** C7-8

VX OPAB* C9-C1O

GB 50% MEA C11-C12

VX 100% MEA C13

GB NH3/Steam C14

Vx NH3/Steam C15-C17

VX NH3  C18-C21

ii

"* BCL-OPAB (neat OPAB dissolved in water)

• * BF-OPAB (sodium salt of OPAB and additives dissolved in water)
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EXECUTIVE SUMMARY

The ability for liquid and gaseous decontaminants to penetrate

mortar was investigated in this subtask. Aqueous solutions and FREON* 113

were applied to mortar coupons by spraying and by a constant contact method.

The diffusion rate of gaseous NH3 (a candidate CW agent decontaminant) through

mortar was determined.

Experimental results indicate spraying is the preferred method for

application of aqueous based decontaminants to concrete. Penetration depths -

of ¼ to 1 inch were achieved with the spraying method. Operating parameters

were determined for further evaluation of the spraying method in subsequent

subtasks (5, 6 and 7) of both Task 3 (agents) and Task 4 (explosives).

Gaseous NH3 has been demonstrated to readily penetrate one inch

thick mortar coupons. Further evaluation of the NH3 decontamination concept

will be performed if a replacement concept is required in subsequent subtasks

of Task 3.
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TASK 3, SUBTASK 4

TEST REPORT FOR

DIFFUSION STUDIES

Contract DAAK11-81-C-OlOl

"to
-, UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

1.0 INTRODUCTION

In the previous phase [Task I (agents) and Task 2 (explosives)],

ideas were systematically developed into concepts for decontaminating

"buildings and equipment. These concepts were evaluated and ranked with respect

to technical and economic factors. Because facility decontamination includes

decontamination of trace quantities of agents or explosives which have

penetrated into porous materials such as concrete, a criterion was incor-

porated in these evaluations which focused on the anticipated depth of penetration
of the decontaminant into porous materials. It was assumed that the depth of
penetration of chemical decontaminants would be less than 1/8 inch for liquids

and more than 1/8 inch (but less than complete penetration) for gases. It was

recognized that an experimental effort would be required to substantiate these

penetration depths. Furthermore, knowledge gaps relating to the application
of the decontaminant on to concrete (e.g., application rates, application times

and equipment selection) were identified for experimental evaluation.

2.0 OBJECTIVE/SCOPE OF STUDY

The objectives of this subtask were to determine

. the feasibility of application of liquid decontami-

nants to concrete by spraying;
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e the liquid and recycle requirements, application

times, and preliminary equipment requirements for a

subsequent engineering/economic analysis;

# the feasibility of a sustained application method for

liquids such as the use of gels or foams;

9 exposure times for the application of NH3 gas to

agent-contaminated concrete structures;

The potential decontaminants investigated in this subtask included:

* Aqueous solutions - with and without surfactants or

co-solvents

* Monoethanolamine (MEA) - aqueous solution

* Gaseous NH3 (anhydrous)

e FREON 113 solvent

Since these decontaminants/solvents are representative of the chemical and

physical decontamination fluids to be used for both agents and explosives, the

results of this subtask will be utilized in both Task 3 (aqueous solutions,

MEA, NH3 , and FREON 113) and Task 4* (aqueous solutions and FREON 113).

The three application methods investigated included:

- Spraying

# Constant contact

e Gaseous diffusion

3.0 TEST COUPONS

3.1 Description

Concrete is composed of mortar (sand, cement, and water) and

aggregates. In this subtask, 5 inch by 5 inch square by 1/4, 1/2 or I inch

thick mortar coupons (no aggregate) were used for all experiments. Aggregates

were not added to the mortar mix because typical aggregates used in commercial

* A related effort focusing on decontamination cf explosives.
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concrete preparations were too large to be used in the coupons. The maximum

"size of suitable aggregate is determined by taking one-third the size of the

smallest dimension of the mold. Because one-fourth inch thick coupons were

used in most of the tests, the largest aggregate should be no larger than one-

twelfth inch in size (equivalent to sand). Typical commercial aggregate is a

minimum of one-fourth inch in size. Also, a material such as basaltic aggregate

(typically used as aggregate portion of concrete) has a low permeability and a

low porosity. As such, there are relatively few pores into which liquids or

gases (i.e., water, decontaminants, agents, explosives, etc.) can penetrate.

Limestone, another typical aggregate, is relatively permeable as compared with

basalt but has a permeability comparable to mortar.

High porosity .nd low porosity mortar coupons were prepared for use

in all tests. The literature search, states that the water-to-cement ratio

(W/C) has the greatest effect on the porosity of the mortar (see Appcndix A).

As such, the mortar test coupons were cast using two different water-to-cement

ratios in order to achieve the two different porosities. The amount of sand

added for each type was determined from the preparation of trial batches

described in Appendix B.

Most of the cast coupons were allowed to cure for at least 14 days*

in a room maintained at 100 percent relative humidity. The coupons were then

allowed to equilibrate to ambient humidity (see Appendix B). A slightly

longer cure time is usually recommended to increase the long-term strength and

durability of mortar. However, the porosity of mortar does not markedly charge

after a 7-day cure and it was found that nearly all of the 14-Cay cured coupons

were durable enough to withstand testing.

3.2 Coupon Porosities

A breakdown of the average, hi'lhest, and lowest porosities, are

included in Table 1 for each type of coupon cast. As shown in Table 1, the

low porosity, 1/4-inch thick coupons that were cured for 14 days had an

"* Ten low porosity coupons were allowed to cure for only 7 days in order to

initiate the spray experiments sooner.
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average porosity of 11.6 percent; the highest being 11.7 percent, and the

lowest, 11.5 percent. This variation in porosity was considered small enough

that the porosity of every low porosity, 1/4-inch thick coupon cured for

14 days was not experimentally determined. However, a large variation in the

porosity for the other coupons was observed, thereby requiring that a porosity

determination be made on each coupon used in a test. The experimental tech-

nique used to determine porosity is described in Appendix C.

h TABLE 1. COUPON POROSITIES

Cure Time Water:Cement Thickness Lowest Average Highest
(days) ratio* (in) porosity porosity porosity

(Vol %) (Vol %) (Vol %)

7 0.4 4 12.7 13.1 13.5

"14 0.4 4 11.5 11.6 11.7

14 0.6 4 15.3 17.0 18.6

14 0.4 ½ 9.7 11.5 13.0

14 0.6 ½ 10.5 13.6 15.9

14 0.4 1 6.8 7.3 8.3

14 0.6 1 11.4 12.2 13.2

* In this report, all coupons prepared with a 0.4 water /cement ratio are referred as low

porosity coupons. All coupons prepared with a 0.6 water/cement ratio are referred as high

porosity coupons.

4,0 SPRAYING EXPERIMENTS

The spraying experiments identified trends in conditions for the

application of aqueous solutions and FREON® to mortar by spray application.

The spraying variables which were experimentally evaluated included:

* Nozzle type

* Supply pressure
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a Coverage

e Interval

For each variable, two or three conditions were selected such that the _ffect

of the variable (i.e., trends) on the penetration rate of liquid into mortar

- could be determined. The range of values selected for each variable and the

rational for their selection are given in Table 2. In addition to these

spraying variables, solution and mortar properties were varied. The solutions

and mortar types which were experimentally evaluated ircluded:

Solutions

e Water

a Water/Sol vent

-5 percent acetone/water**

-50 percent acetone/water**

-10 percent DMSO/water**

-40 percent DMSO/water**

s Water/Surfactant

-0.1 percent Triton X-lO0

-1.0 percent Triton® X100

e 50 percent MEA/water

# FREON' 113

Mortars

- *e 1/4-inch thick low and high porosity

* 1/2-inch thick low and high porosity

* 1-inch thick low and high porosity

Because of the large number of experiments required to evaluate all possible

combination of variables,* the number of experiments were reduced. The logic

used to reduce the number of experiments is shown in Figure 1.

* Two nozzle types x 2 pressures x 3 coverages x 3 intervals x 9 solutions
x 6 mortars - 1944 experiments

** Investigated as a solvent for either explosives or C.W. agents.
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TABLE 2. SELECTED VALUES FOR SPRAYING VARIABLES AND
RATIONALE FOR THEIR SELECTION

Selected
Test Variable Valves Reason for Selection of Valves

Pressure 40 and 100 psig Typical operating pressures for many commercial
spraying units.

Sufficiently different pressures such that the
effect of pressure on liquid penetration can be
determined.

Higher pressures (e.g., 400 psig) were not selected
because abrasion of the mortar would occur.
Abrasion would cause building damage and the need
to process solid residue, both of which are not
desirable.

Nozzle type Fine particle Sufficiently different particle sizes such that
(l00-300u) the effect of particle size on liquid penetration
and coarse can be determined.
particle Trends in the data will determine whether or not
(500-10001) smaller particles (less than lCOu) would be ore- .

ferred. Smaller particles would require the use
of nebulizers or atomizers and affect the physical
removal/decontamination process.

Commercial spray nozzles which emit longer particle
sizes are available. However, these nozzles re-
quire much larger flow rates (e.g., 10 to 30 gpm)
which are not desirable because of (1) large
material requirements and (2) the need to process
large quantities of waste solution for recycle
and disposal.

Coverage 0.05, 0.1 and Sufficiently different coverages such that the
0.5 gal/ft 2/ effect of coverage on liquid penetration can be
soray determined.

Higher coverages (e.g., greater than 1.0 gal/ft2! -2
spray) are not desirable because of large material/
recycle requirements.

Trends in the data will determine whether or rot
lower coverages would be preferred.

Interval 1, 5, and 10 Sufficiently different intervals such that the
minute effect of internal on liquid penetration into

mortar/evaporation from the mortar surface can be
determined.

Trends in the data would suggest the time requireo"
for the film on the mortar surface to be deoletec
by adsorption into the mortar/evaporation from the
mortar.
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4.1 Description of Spraying Experiments

4.1.1 Spraying Apparatus

The spraying apparatus, shown in Figure 2, consisted of a pressure
vessel, a hose, a spray gun, spray nozzles and a shield assembly. A pressure

vessel was used to supply pressurized liquid at 40 psig and 100 psig. The
liquid, at room temperature, was sprayed on the coupons which were installed

in the shield shown in Figures 2 and 3. The spray gun was calibrated at
various operating pressures to deliver specified flow rates.

The 5-inch square test coupon was clamped behind a 4-inch square

opening in a framed shield. The shield was supported in such a way that the
face of the test coupon was vertical as shown in Figure 2. This shield served

as a support for the coupon and insured that only the surface of the coupon

was exposed to the decontaminant spray solution or solvent. The spray shield

was modified from that described in the test plan by adding three 1 ft x 2 ft
M

x 1/4" pieces of PLEXIGLAS perpendicular to the front face of the shield to

contain the overspray.
A rubber gasket was placed around the perimeter of the opening,

between the spray shield and the coupon, to prevent moisture from seeping

around the coupon. The test coupon, shield, and support were placed in a
basin to collect all the runi-off decontaminant solution or solvent.

4.1.2 Test Variables/Data

The following is a list of parameters identified for each spraying

experiment:

0 Original Weight (Wo) - weight of coupon equilibriated
to ambient humidity (grams)

. Weight Change (Wi) - difference between the weight of

a coupon after a number of intervals, and the

original weight of the coupon (grams)
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e Interval - corresponds to one spray cycle

* Weight of Saturated Coupon (WSAT) - Weight of coupon

completely saturated with water (grams)

• AW = Dimensionless coupon weight gain = Wt/(WSAT - WO) =

coupon weight gain by absorption of liquid divided by weight

"of liquid absorbed by a saturated coupon.

* Interval Time (Ti) the time between the start of

each spraying (min) sum of spray time and idle time

* Spray Time (T) - the time required to spray a given

amount of liquid on the surface of the coupon during

one interval (min)

* Total Spray Time (AT) - the summation of the spray

times over given number of intervals (min)

* Idle Time - the time the coupon was not subjected to a

spray within a given interval (min)

* Total Idle Time - the summation of the idle time over

a given number of intervals (min)

0 Coverage - the amount of liquid sprayed in each

interval per unit area covered (gal/ft 2 of coupon

area/spray)
. Pressure - liquid supply pressure

a Nozzle Type - based on the average particle size of

the spray (Nozzle manufacturer's

data)
0 Porosity - relative measure of the void space

available in the coupon

The relationships between spray time, idle time, and the spray cycle interval

are illustrated in Figure 4.

4.1.3 Test Procedure

The following procedure was used in conducting the spraying experi-

ments:

1. Select and record nozzle, pressure, coverage,

"interval, and solution.
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2. Calculate spray time.

"3. Record startinq time, temperature, relative

humidity, initial amount of solution charged in
pressure vessel, coupon number, coupon thickness

(1/4, 1/2 or 1 inch) porosity of coupon (high or

low), and initial weight of coupon.

4. Install coupon in shield.

5. Start clock and spray for calculated spray time

6. Record time first interval began.
7. Repeat spraying for the calculated spray time at the

beginning of each interval.

8. After every fifth interval (beginning of sixth

interval), wipe coupon with a damp cloth and remove

from the shield.

9. Weigh coupon on a balance accurate to + 0.01 grams

10. Record time, weight, weight change, and if penetra-

tion had occurred.

11. Re-install coupon in shield, spray, and record time

and interval.

12. Repeat steps 7 through 11 until either the fortieth

interval is reached for 1/4-inch coupons or the

eightieth interval for 1/2-inch and 1-inch coupons.
13. Save coupon for porosity determination (as required).

"14. Add liquid to pressure vessel when needed.

15. Collect and record amount of run-off liquid from

spray shield.

16. Determine final amount of liquid in pressure vessel.

Several steps of the procedure are further described below.

4.1.3.1 Spray Time Calculation. Prior to performing the experi-

"ments, the flow rate from each nozzle was calibrated by measuring the delivery
rate of liquid from the nozzle for a 40 and a 100 psig supply pressure. Once
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the flow rate was calibrated, the time the spray must be maintained for each

spraying (spray time) was calculated as follows:

22
Spray Time (min) Coverage (al/ft) x Coupon Area (ft 2 )

Flow Rate (gal/min)

4.1.3.2 Coupon Wiping/Weighing. Before weighing, the coupon was

wiped with a damp towel to keep the liquid from seeping around to the back of

the coupon. Wiping removed water drops and the thin film of liquid from the

surface of the coupon. The weight recorded was the weight of the coupon and

the liquid that had permeated into the coupon. Because the weight did not

include the weight of the residual surface drops and film, a more representa-

tive weight gain due to fluid penetration was obtained. The method of wiping

with a damp towel is recommended by ASTM Method C-20.

For most of the tests, the weight change was measured every fifth

interval rather than every interval.

4.1.3.3 Nozzle Distance. The distance the nozzle was held from the

coupon was unique to each nozzle and supply pressure. The distance was

determined by holding the nozzle at the farthest distance from the coupon such

that the largest dimension of the spray pattern would spredd 4 inches (the

surface to be sprayed was 4 inches square). Care was taken to assure that the

coupon was sprayed uniformly and that all spray impinged on the coupon.

4.1.3.4 Number of Intervals. The 1/4-inch thick coupons were

sprayed for 40 intervals before each experiment was terminated. The majority

of the 1/4-inch coupons reached an approximate constant weight gain

(+ 0.1 g/spray) after 35 intervals.

The 1/2-inch and 1-inch coupons were sprayed for 80 intervals

before each experiment was terminated. Although fluid penetration through

the back of the coupon was not observed after spraying some of the 1/2-inch

and most of 1-inch coupons after 80 intervals, a comparison between experi-

ments was still possible.
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4.1.3.5 Penetration Time. The time for penetration of liquid through

the coupon was determined by noting a wet spot on the back of the coupon

(usually near the center of the coupon) away from any areas potentially wetted

* by seepage around the coupon (usually only observed near the bottom of the

coupon).

4.1.3.6 Material Balances. Attempts were made to perform material
balances by a comparison of amount of liquid applied with that recovered

during each experiment. That which could not be accounted for was attributed

to the following reasons. The first was due to absorption of liquid into the

concrete coupon which accounts for approximately 1 percent of all losses. The

second was from unrecoverable residual liquid in the catch basin, liquid

droplets on the-shield, and errors in volume measurement which accounted for

• .approximately 10 percent of all losses. The other losses were overspray and

evaporation with overspray accounting for the majority of liquid loss.

Because of the losses, the total amount of liquid applied during an experi-

ment was measured as the difference between the initial and final amount of
liquid in the pressure vessel. In some experiments, the liquid supply in the

pressure vessel was depleted before the end of the experiment. In such cases,

the pressure vessel was vented to ambient pressure, filled with a measured

quantity of liquid, and repressurized.

4.1.3.7 Temperature/Relative Humidity. During the spray exper-
• .iments and evaporation tests, the relative humidity was found to vary between

30 and 40 percent RH. The room temperature was also continuously monitored

and found to vary from 66 to 76 F. The room air velocity was neither
measured nor controlled. However, similar laboratory conditions were

maintained for all tests (e.g., door to laboratory open at all times, fume

hoods on at all times, etc.) such that the air movement velocity at the

bench top was nearly the same for all tests.

4.2 Discussion of Spraying Experiments Results

The results of the spraying experiements are discussed in the

following sections. Actual data obtained from the experiments identified
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in Table 3 are given in Battelle Laboratory Record Books Nos. 39109 and

39265.

4.2.1 Data Analysis Method

During the spraying experiments, the weight change of the coupon

and spray time were monitored. The weight change of the coupon, as a result

of spraying, is directly related to the degree of penetration of the liquid

and is also related to the saturated weight of the coupon. To lessen the

effect of a varying saturated weight (due to variations in the porosity of the

coupons) and to give a more accurate representation of the data, the weight

gain after a given interval (Wi) was divided by the saturated weight (W

minus the original weight (W0).T

Therefore A i
(WsAT-Wo)

The weight change (AW) was then plotted versus the total spray time AT. It is

desired to maximize the weight change (AW) while minimizing the total spray

time (AT) since the total spray time is directly proportional to material

requirements (amount of liquid applied and amount of liquid requiring

recycle/disposal) and operating requirements (manhours). As such, curves

with steep slopes (i.e., nearly vertical) represent more optimum application

conditions than curves which slope only slightly (i.e. nearly horizontal).

It is important to note that WSAT is the weight of the coupon

entirely saturated with water. Since only a 4 by 4 inch section of the 5 by 5

inch coupon was sprayed, a AW equal to (4x4)/(5x5) = 0.64 represents complete

saturation of a 4 by 4 inch section of the coupon. A AW qreater than 0.64

indicates that the liquid diffused in the direction of the sides of the coupon

(i.e., perpendicular to the spray plane).

4.2.2 Selection of Operating Parameters

The following sections discuss results used to select the supply

pressure, the nozzle type, the coverage, and the spray cycle interval.
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TABLE 3. PARAMETERS VARIED DURING SPRAYING EXPERIMENTS

-Eprmn ou Coupon .b oupon Interval Covejage Nozzle(C) Pressure
Number us e~ Porosity Thickness (minl) (gal/ft /spray) Type (Psig)

I W~ater 7 day-L ~u10.1 C 40
2 C 100
3 IIF 40

7 I C 100
8F 40

9 100
10 L 0.1 100
11 I0.1 C 40
16 0.5
17 H 0.1 0

1 8 0.1 ý
19 0.5 40
20 1100
21 100o
22 F 00
23 0! 1 40
Z4 0' 100
25 L 0.05 C40
26 H 40
27 L 100
28 H 10
29 L F 100
30 H i40
31 L j100
32 H 1
33 L .
34 H 10
35 L 5
36 1 0 TRITON H

38 X-100 H

39 0.1% L-0
40 4-10 H
41 4mrso(d) L
42 1.H
43 IN1 O4S0 L
44 1.H
45 531 ACETONE L
46 H
47 E% ACETONE L
48 H
49 50% ACETONE L
50H
51 Water L
52 H
53 40% DMSO L
54 IH

55 L

57 Water L
58 H
59 50% ACETONE L
60 H
61 FREON 113 L
62H
63 H
64 50%MEA L

65 H
66 L

67 1 H
68 L I 1
69 1H 1 I

'a) All solutions are acuecus based except Experiments 61 through 63 where neat
FREON 113 Was evaluated.

(b) H - HiqK Porosity, L. Low P'orosity all 14 day cure except as noted.

(C) C -Coarse Spray, F *Fine Spray

id) DMSO (Jimethyl Sulfoxide
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4.2.2.1 Selection of Supply Pressu-re and Nozzle Type. The first
parameters to be considered were the liquid supply pressure and the nozzle
type. It was originally believed that the liquid supply pressure and nozzle

type, which affect spray particle size and force of spray, would act inter-
dependently and would have a large effect on the penetration of different
decontaminating solutions. After completion of several experiments, these
parameters were found to have a much less effect than had been anticipated.

Figure 5, which is a plot of AW versus AT for Experiments 25, 27,

29, and 31, illustrates the effect of the nozzle type and the liquid supply
pressure by comparing experiments that have identical parameters except for

nozzle type and liquid supply pressure. The constant parameters for this set

of experiments were:

0 low porosity coupons

* 1/4-inch thick coupons

0 spray solution of water

"" one-minute interval
• coverage of 0.05 gal/ft 2 /spray = 0.006 gallons/spray*

A similar set of data obtained from Experiments 17, 18, 23, and 24, is

given in Figure 6. This data which also illustrates the effect of nozzle

type and liquid supply pressure involved a slightly different set of
constant parameters (high porosity coupons, 0.1 gal/ft /spray coverage).

Based on the data given in Figures 5 and 6, the coarse spray
nozzle operating at the high pressure is preferred because the coupons
achieved a more rapid weight gain as compared with coupons sprayed with

other nozzle type/supply pressure combinations. As a result of the
increased rate of weight gain the total spray time is minimized which,

in turn, minimizes the total material and operating requirements.

The time the spray is maintained on the coupon surface during

one spray cycle (i.e., spray time) is also minimum for the coarse spray/
high pressure combination. For example, 0.006 gallons were applied in about

one second using the coarse spray/high pressure combination which operated at

0.242 gpm. The same amount of liquid was applied in about 3 seconds using

the coarse spray low pressure combination which operated at 0.113 gpm.**

* 0.05 gal/ft2/spray x (4x4/144) ft2 = 0.006 gallons/spray.

** (0.006 gallons/0.113 gpm) x 60 3 seconds.

154



111-19

a ~CL - -__.__ _

C Cý ac

Ci .c- $.S %
- n LM __ ___

aa a n
LA CA,'

C- OC Cj m >-

C C 4)

4L.CL-.. 06

EE E La -i V) 4

.~~~- Li. I- L.

Li-

"Go

- CD

* ~ LO

*K v

C)

155



111-20

a

I .r

* Ien

49 0

- AL

4sJJ

C4

0-- L/

* *~-4 ..-

Ch

vi- . A 4 LA

'19- .

0 (0
N C,4

x. 0 x. . M~( j
L.J W LU L

156



"111-21

Because of spray time, the total spray cycle interval and the

total liquid applied are minimized, the coarse nozzle and high pressure

were selected as preferred operating paramters. A coarse spray nozzle and

100 psig supply pressure were used for all subsequent experiments.

It is also important to note that upon comparison of Figure 5

with Figure 6, the same general trends are apparent irregardless of the

porosity of the coupon.

4.2.2.2 Selection of Coverage. A coverage is a measure of the

amount of liquid applied to a specific area during one spraying. Coverages

of 0.05 and 0.1 and 0.5 gal/ft 2/spray were evaluated. Figure 7 illustrates

the effect of coverage by plotting experiments that have identical para-

meters except for the coverage. The constant parameters for this set of

experiments were:

. low porosity coupons

i 1/4-inch thick coupons

e spray solution of water

* one-minute interval

. low pressure

s coarse nozzle

rTle results given in Figure 8, also illustrate the effect of coverage using

a slightly different set of constant parameters (high porosity coupons,
" ~high pressure).

From Figures 7 and 8, the lowest coverage of 0.05 gal/ft 2 /spray appears to be

far better than the highest coverage of 0.5 gal/ft 2 /spray but only marginally

better than a coverage of 0.1 gal/ft2/spray. These results indicate that a

lower coverage gives the best results and also reflect the fact that there is

a limit below which a reduction of coverage would not enhance penetration.
The lower 'limit is probably dependent upon the evaporation rate of the liquid

• from the coupon.

4.2.2.3 Selection of Spray Cycle Interval. When selecting the

spray cycle interval, the mechanism Df liquid penetration into mortar must be
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considered. The penetration of a sprayed liquid into the mortar coupons

occurs during two different periods. The first and most obvious is while the

coupon is being sprayed. While the spray is impinging upon the coupon, the

surface of the coupon is completely saturated with liquid which can then

penetrate into the coupon. The second penetration period occurs between

sprayings. During this period (referred to as idle time), a liquid film is

still present on the surface, so the penetration of the liquid into the mortar

continues. Penetration of the liquid can continue until the film is either

completely absorbed and/or evaporated.

At the end of spray-cycle intervals of one minute, the surface

liquid film is still relatively thick. Spraying over this film does not

enhance penetration and is a waste of material and manpower. At the end of

10-minute spray cycle intervals, the surface liquid film has been completely

absorbed and/or evaporated. Consequently, the preferred interval would be

one in which the next spray cycle interval starts as soon as the surface

film disappears. Based on these observations, the most desirable interval

would be somewhere between a one-minute and ten-minute interval.

The results given in Figures 9 and lO support the above argument by

isolating the effects of interval duration (i.e., all parameters constant

except in the spray cycle interval). Figure 9 is a plot of Experiments 27,

33, and 35 where the following parameters were held constant:

* 1/4-inch thick coupon
* low porosity coupon

* water solution

* 0.05 gal/ft 2 /spray coverage

* coarse nozzle

1 100 psig liquid supply pressure

The results given in Figure l0,are for Experiments 28, 34, and 36, where the

same parameters listed above were used except that high porosity coupons were

tested. In both Figures q and l0,the five-minute interval was shown to be

better than either the one-minute or ten-minute interval. As such, a 5 minute

interval was used for subsequent experiments. However, it is important to

note that the optimum interval is believed to be unique to the type of

solution and the porous medium (e.g shorter intervals may be required for

volatile solutions)..
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4.2.2.4 Summary of Preferred Operating Parameters. The preferred

operating parameters for water-like fluids appear to be:

Nozzle Type - Coarse spray

Supply Pressure- 100 psig (6.8 atm)

Coverage - 0.05 gal/ft2/spray (2.0 Iiter/m2/spray)
Interval - ~ 5 minutes

With all the operating parameters selected, the different water-based decon-

tamination solutions were tested using these parameters.

4.2.3 Selection of Most Effective Aqueous Solutions

Seven different aqueous solutions from three groups (water alone,

water-solvent system and water-surfactant system) were experimentally

evaluated for their ability to penetrate concrete. The most promising of

these solutions were then selected. The seven candidate aqueous solutions were:
* Water
* Water-solvent system -5 percent acetone in water

- 50 percent acetone in water

"-10 percent DMSO* in water

- 40 percent DMSO in water
* Water-surfactant system - 0.1 percent Triton X-1O0** non-ionic

surfactant in water

- 1.0 percent Triton X-100 non-ionic

surfactant in water

Results of these spraying experiments are shown in Figures Yi and 12.

Figure 11 illustrates experiments which evaluated the aqueous

solutions using the best operating parameters described in Section 4.2.2.4

and 1/4-inch low porosity coupons. The results indicate that the Triton

X-1O0 solutions gave the poorest penetration and that the three best aqueous

solutions were water, 5 percent acetone and 10 percent DMSO. These were

* Dimethyl Sulfoxide
•* Alkyl Phenoxy polyethoxy ethanol.
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followed by 50 percent acetone and 40 percent DMSO. Figure 12 illustrates
experiments identical to the ones given in Figure 11, except high porosity

coupons were used. In this case the best results for high porosity coupons

were achieved with 10 percent OMSO followed by 5 percent acetone, 40 percent

DMSO, water, and 50 percent acetone, respectively. Considering the results

in both Figures 11 and 12, the three solutions that gave the best penetration

results were water, 5 percent acetone, and 10 percent DMSO. The rankings

of all solutions are shown in Table 4 along with their corresponding surface

tension and viscosities. An interesting trend shown in Table 4 is the effect

of surface tension on the rate of penetration of liquid into mortar. It

appears that the higher the surface tension, the higher the rate and degree

of penetration. As such, aqueous solutions with high surface tensions are

favored over aqueous solutions containing additives which lower surface

tension (i.e., organic solvents or surfactants). In cotitrast to the effect

of surface tension on penetration rate, a similar relationship to viscosity

was not observed.
A factor which must be considered before the most effective

solutions can be selected is their ultimate use. Task 4, Subtask 3 efforts*

have focused on solubilizing explosives with aqueous solutions (i.e., water/

surfactant, water/DMSO, water/acetone). Results from these efforts indicate

1) surfactants do not markedly affect the solubility (rate and degree) and

2) organic co-solvents such as DMSO or acetone increase the solubility if

. present in water in relatively high concentrations (about 50 percent). Thus,

because surfactants neither increased the penetration rate into mortar nor

caused a marked increase in the solubility of explosives; aqueous solution

containing surfactants were eliminated from further consideration. Because

low concentrations of organic co-solvents do not markedly increase the solu-

bility of explosives in water, the 10 percent DMSO and 5 percent acetone

aqueous solutions were eliminated from further consideration. Although the

penetration rate into mortar is compromised, high concentrations of DMSO or

acetone in water are required for improved explosive solubility. Further

* A related program focusing on explosive decontamination.
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testing of solutions related to explosive decontamination was limited to the

following aqueous solutions:

e Water

0 50 percent acetone/water

• 40 percent DMSO/water

4.2.4 Effect of Coupon Thickness on Penetration Rates

Three coupon thicknesses (¼, ½ and 1 inch) were used to investigate

the effect of coupon thickness on penetration rates. The following solutions

were evaluated:

* Aqueous Solutions - water alone

- 50 percent acetone/water

- 40 percent DMSO/water

* FREON 113

. 50 percent MEA in water*

4.2.4.1 Aqueous Solutions. The results from experiments

using water are given in Figure 13. The effect of coupon thickness on

penetration rate was determined in these experiments by using the best

operating parameters, all three ccupon thicknesses, 40 percent DMSO/water

experiments and the 50 percent aceton/water experiments in Figures 14 and

15, respectively.

If all three figures are considered simultaneously, it is obvious
that the rate of penetration is the fastest for the 1/4-inch coupons followed

by 1/2-inch, then 1-inch coupons. In general, the rate of penetration is also

more rapid for high porosity coupons than for low porosity coupons of the' same

thickness.

A possible explanation for the effect of coupon thickness on the

penetration rate is as follows. As the thickness of a porous material
increases, the path through which a fluid travels from one side of the

* MEA = Monoethanolamine - a candidate CW agent decontamination solution.
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material to the other becomes more tortuous due to an increased path length.
In a heterogeneous material such as concrete, paths through the pore Structure

may also be blocked such that the number of paths which allow travel com-

pletely through the material are reduced. An increased path length which is

more tortuous and contains blocked pores would tend to decrease the pene-
tration rate as was shown experimentally. It is important to note that pores -

inaccessible to the decontaminating solution as a result of blockage would

also be inaccessible to the agent or explosive containment.

4.2.4.2 FREON 113. Attempts made to spray FREON 113 on 1/4-inch

high and low porosity mortar coupons failed. The weight gain from FREON

adsorption was impossible to measure because the FREON 113 would evaporate

from the coupon before the coupon could be weighed. The application of FREON
113 by the spraying method does not appear feasible and, az such, further

experiments involving spraying FREON 113 were not performed.

4.2.4.3 MEA Solution. Spraying tests were conducted using a

50 percent aqueous solution of MEA, a candidate CW agent decontaminant. The

results of the Experiments 64 through 69 using high and low porosity coupons

of 1/4-inch, 1/2-inch, and 1-inch thickness are shown in Figure 16.

Comparison of Figure 16 with Figures 13, 14 and 15 indicates the same general

trends prevail for the aqueous MEA soiution as for the other water-organic

solutions.

4.2.5 Comparison of Experimental Data with Capillary Flow Theories

The experimental data was compared with theoretical equations which

predict the rate of movement of fluids through porous media to determine if a

correlation exists. One such equation is the Washburn equation(). This
equation considers capillary action as the driving force in penetrating a

L% horizontal, cylindrical capillary (simulating the pores within mortar). The

depth of penetration is given as:

L= Tt _ ' cose g-
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where

L = depth of penetration (cm)

T = tortuosity of the porous material = 1/i for many porous

materials (C = porosity) (Reference 2)

t time (sec)

""T = surface tension of liquid decontaminant (dyne/cm)

6 = contact angle (the angle of contact is small for most

liquids. Therefore, it is assumed that COSe= 1.)

17 viscosity of the liquid (cp)

Lc I gm cm/dyne sec2

The above equation can be used to calculate a theoretical time of penetration

of a 1/4 inch (0.635 cm) mortar coupon by water as follows:

(0.635)'2 = 5.4* x t x '2 x I x 1

1.0

t 0.001 seconds

Because this calculated time is much less than the experimental

time (about 15 minutes for penetration in Experiment 18), the Washburn

equation is not applicable to such a complex material such as mortar.
Another theory which repurtedly predicts the rate of moisture move-

ment in a porous medium is the water absorption lawt )

AW = AA Tý

where AW = mass of water absorbed
A = constant

AT = time

Because this equation is used to predict unsaturated flow, only the experi-
mental absorption rates of the 1-inch coupons ana the first few sprayings of

the 1/2-inch and 1/4-inch tests can be compared. A plot of AW versus AT½

using experimental data obtained in spraying of 1 inch mortar coupons with

Porosity of coupon used in experiment 18 i: 18.6 percent. Thus, =
1/0.186 = 5.4.

174



111-39

water is presented in Figure 17. As shown, the relationships are initially

linear but diverge from linearily as the mortar becomes more saturated.

Figure 17 also shows a dependence of the penetration rate on the coupon

porosity since the data does not fall on a single curve. Porosity is not

taken into account in the water absorption law.

Anotner variable which affects the penetration rate but is also not included

in the water absorption law is the surface tension. Thus a correlation repre-

senting the rate of penetration of a liquid into mortar should include terms

for AT½, the surface tension ( T ) and the coupon porosity CE) as follows:

AW = AAT + B- + CE

where A, B and C are constants.

Further efforts are required to determine the constants A, B and C such that

the experimental dat. vbtained from spraying various liquids on mortar can be

integrated into one correlation.

4.3 Spraying Application Conclusions

Results from the spraying experiments indicate that:

* the penetration rate of liquid into mortar increases

with an increase in porosity;

* the penetration rate of liquid into mortar increases

with an increase in the surface tpa•sion of the

liquid. As such, surfactants which lower the surface

tension (e.g., Triton X-100) should not be used when

decontaminating concrete;

. trends are independent of the porosity of the coupon;

* an increase in the coupon thickness caused a decrease

in the penetration rate, presumably because of an

increase in path length through the coupon and an

"increase in blocked pores inaccessible to the

solution;
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0 application of aqueous solutions (e.g., water,

water/co-solvents (e.g., DMSO, acetone) and water/

MEA) by spraying is feasible if the depth of contami-

nation is less than 1/2 to 1 inch;

* application of liquid FREON 113 by spraying does not

appear feasible.

Si The following parameters are preferred for application of a liouid to

concrete.

* Spray nozzle type - coarse sized water particles

* Supply pressure - 100 psig (6.8 atm)

* Coverage - 0.05 gal/ft 2/spray (2.0 liter/m2 /spray)

e Spray cycle interval - about 5 minutes (lower times

may be required for solutions of volatile solvents).

The above parameters will be used for subsequent decontamination experiments

involving liquid decontaminants in both Tasks 3 and 4. The parameters will

also be used as the bc.sis for engineering/economic analyses if a liquid

decontaminant concept survives the exf. rimental screening procedures.

5.0 NH3 DIFFUSION EXPERIMENTS

The NH3 gaseous diffusion experiments were undertaken to determine

the rate of diffusion of NH3 gas (candidate decontaminant for GB, VX and HD)

through mortar coupons.

5.1 Description of Diffusion Experiments

S5.1.1 Diffusion Apparatus

The NH3 diffusion apparatus is illustrated in Figure 18. The

apparatus consisted of two chamber halves, between which a mortar coupon was

placed. 0-rings and bolts between the chamber halves served to seat the

coupon firmly in place. The NH3 side of the chamber, through which a flow of

NH3 gas was maintained, included a propeller which enhanced mass transfer of

NH3 from the bulk gas phase to the coupon surface. A nitrogen flov' was
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maintained through the N2 side of the chamber. The nitrogen flow from the

chamber was passed through an acidic solution containing phenolphthalein

indicator. The acid solution served to absorb any NH3 that had diffused

through the coupon. A fritted glass sparger and magnetic stirrer were used tj

disperse the nitrogen stream into small bubbles to aid absorption of the NH
3

- into the solution. On the NH3 side, a H2 SO4 solution absorbed any excess NH3

flow to prevent venting of NH3 up the hood.

A mercury manometer was used to measure the pressure differential

across the coupon. Rotameters were used to measure the NH3 and N2 flow rates.

5.1.2 Test Variables/Data

In the gaseous diffusion tests, only the coupon thickness (1/4, 1/2

or 1 inch) and mortar type (high or low porosity) were varied. All other

parameters such as the N2 flow rate and supply pressure, the NH3 flow rate and

supply pressure; and the propeller speed were maintained relatively constant

throughout the experiments.

5.1.3 Test Procedure

' In the gaseous diffusion experiments, a concentration of NH3 near

100 percent was maintained on the NH3 side of a mortar coupon by continuously

flowing NH3 through one side of the chamber. NH3 which had diffused through

the coupon was continuously removed by a nitrogen purge stream thereby main-

taining the NH3 concentration on the N2 side of the mortar coupon near zero

percent. The nitrogen purge was passed through water containing pheno-

lphthalein. The water was acidified with a known amount of H2S04. The rate

and total amount of NH.3 diffusing through the coupon were determined by noting

the time required to neutralize the acid solution containing the known amount

of acid. Thus, the NH3 which had diffused through the coupon was used to

directly titrate the acid solution.

"The following procedure was used in conducting the NH3 diffusion
experiments:

"1. Select and record coupon number, thickness (•, ½ or 1
inch) and porosity (high or low)
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2. Place coupon between chamber halves and bolt chamber

halves together

3. Prepare absorber solutions as follows:

- NH3 side: add about 100 to 150 ml of concen-

trated H2 S0 4 to about 900 ml of tap water

- N2 side: add several drops of phenolphthalein

solution to 400 ml of de-ionized water

4. Start N2 flow at about 2 scfh at a supply pressure of

about 5 to 10 psig

5. Start propeller

6. Start NH3 flow at a flow of about 1.3 scfh.

7. Note time when N2 side absorption solution turns a

faint pink in color (initial breakthrough of NH3 )

8. Replace N2  side absorption solution with fresh

solution containing about 400 ml of de-ionized water,

several drops of phenolphthalein solution and

1.000 ml of 0.100 N H2SO4 solution (H2 SO4 solution

measured by pipet)

9. Repeat steps 7 and 8 increasing the amount of spiked

H2 SO4 as required

10. Terminate experiment when two to three consecutive

solutions containing the same quantity of 0.1 N H2S04

require the same time period to turn a faint pink in

color

11. Monitor pressure differential across chamber halves,

NH3 flow rate, N2 flow rate and time throughout the

experiment

12. At completion of experiment turn off NH3 flow and

purge NH3 side of chamber with dry nitrogen.

A variation in the above procedure was required in Experiment 9

involving the one inch thick, lw porosity coupon. It was necessary to stop

the ammonia and nitrogen flows several times during the experiment because of

the duration of the experiment (i.e., Experiment 9 required about 75 hours to

reach approximate steady-state conditions). When the experiment was stopped
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and the system allowed to stand over-night, the gas flows were stopped, inlet

and outlet valves on both the ammonia side and the nitrogen side were closed.

On the following morning, the flows were re-started and sampling was initiated

after the nitrogen side was purged (about 15 minutes).

5.2 Discussion of NH3 Diffusion Results

The results of the NH3 diffusion experiments are discussed in the

following sections. Actual data obtained from the experiments are given in

Battelle Laboratory Recordbooks Nos. 39109 and 39265.

Eleven ammoria diffusion experiments were conducted in the test

apparatus shown in Figure 18. Penetration of the coupons by ammonia was

achieved in all of the experiments. Times for the ammonia gas to penetrate

mortar coupons (1/4, 1/2 and 1 inch thick of low and high porosity), times

to reach approximate steady-state conditions and effusion rates* were

obtained.

5.2.1 Data Analysis Method

"During the diffusion experiments, the rate of which ammonia gas

effused from one side of a mortar coupon was determined- The effusion rate

was calculated from the time required for a known amount of acid to be

neutralized by the effused ammonia. For examWe, in Experiment 4 , eight

minutes were required for a solution containing one mL of 0-1 N sulfuric acid

to be neutralized (solution turned a faint pim# in the presence of phenol-

phthalein indicator). The efFusion rate was then calculated as follows.

The effusion rate is the rate by which the ammmia gas wes emitted

from the coupon on the side opposite to that suzhjected tr 100 mer-ceert
ammonia gas. At steady-stat- conditions, the effusion rianp- of M4
from the caopon equals the rate •f diffusion c=f NH 3 throum t.c•pu•on.
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NH3 in sample (millimoles) Nonriality of sulfuric acid x
mL spiked

- 0.1 x 1 = 0.1 millimoles

Effusion rate (millimoles/min) a millimoles NH3 /sample time
= 0.1/8 0.0013

The time required to reach approximate steady-state conditions was determined

by comparison of the effusion rates from two to three consecutive samples.

Steady state was assumed when the effusion rates for the two consecutive

samples were essentially the same.

The effusion rate was determined over a particular sampling period

during an experiment. Hence, a knowledge of the total amount of ammonia which

had effused from the coupon up to the start of the particular sampling period

is not required. As such, incomplete data obtained from experiments which ran

overnight were still applicable.

5.2.2 Diffusion Results

Results of the diffusion experiments are illustrated in Figure 19

(1/4 inch coupons), Figure 20 (1/2 inch coupons) and Figure 21 (1 inch

coupons). Analysis of the plots indicate that the time to penetration, the

effusion rate, and the time to reach steady-state increased with either an

increase in coupon thickness and/or a decrease in coupon porosity. This trend

is further illustrated by ranking of the various coupons in relation to the

steady-state effusion rate. The ranking, in order of highest to lowes,

effusion rate, is as follows.

1/4" - high* >1/2" - high >1/4" -low >1" -high >1/2" - low> 1" - low

* Denotes porosity as determined by the water/cement ratio used to prepare
the coupons (see Section 3.2).

182

...... . ...... ....... •. .. . .•--.. " ,...J..-.-*- .- . .'-



111-47

0.46!___

0.344

0.38-

0.30-
- I Experiment 4 (High Porosity)

S0.28- Experiment 7 (High Porosity)
- f0 Experiment 1 (Low Porosity) ___

0.261 Experiment 2 (High Porosity) ____

0.22

-0.20

0.18

S0.15

S0.14 -

0.12

0.06!

0.04-

40 d0 120 16,0 200 240 280

Time (Minutes)

FIGURE 19. NH3 DIFFUSION RESULTS -1/4-INCH COUPONS

183 *



111-48

-0n

CL CL L C L.
__ __ __ __ WG S C __ _ __ __ __

~-;W
W_ 0A

x CD

2!!N qK C

V0

LD.

C-j

0 0C- \ 0' CD

(3±flNIW/EHN S3lOWIllIWd) JIn N~lSfljfl

184



111-49

010

40 "A

__________c _ o hU

4u

CL C0

x___ x m

w L-I

0 0 0 0 0

185

LLS



111-50

A summary of the results abstracted from Figures 19 through 21 is

given in Table 5. Also shown in Table 5 are experimentally determined

porosities of the coupons used in each test and the average pressure differential

between the amnmonia and nitrogen sides of the chamber recorded during each

test. The pressure differential values indicate that the ammonia gas was

diffusing against a pressure gradient in most of the experiments.* As such,

the results obtained in these experiments may have yielded sliglitly censer-

vative effusion rates and penetration times.

Experimental results from the spraying experiments indicate that

the complexity of the pore structure in mortar appears to be dependent on the

thickness of the coupon tested (see Section 4.2.4.1). The pore matrix appears

to become more complex as the thickness of the coupon is increased. This

trend is also apparent on analysis of the data obtained from the ammonia

diffusion tests. Figure 22, a plot of the steady-state effusion rate versus

coupon thickness, indicates that the steady-state effusion decreases in pro-

portion to coupon thickness. If complexity of the pore matrix is not a

factor, then similar steady-state effusion rates should be observed for

coupons of similar porosity and plots of the effusion rate versus coupon

thickness should yield nearly horizontal curves. This is in contrast to the

experimental curves shown in Figure 22.

Thus, when extrapolating the results obtained during these experi-

ments to field concrete matrices, it is important to consider not only the

porosity of the concrete but also the water/cement ratio used to prepare the

concrete and the thickness of the concrete.

5.2.3 Comparison of Experimental Data with Diffusion Theories

Two approaches may be used to calculate the steady-state diffusion

rate of ammonia through concrete. In the first method, the mean free path of

• A positive pressure gradient (i.e. pressure higher on the ammonia side
than on the nitrogen side) was observed in the first half of Experiment
1 due to the back pressure caused by the sparger on the ammonia side
NH absorption flask. Removal of the sparger, which did not affect
thi results, allowed the use of a decreased NH3 supply pressure. This
in turn, reduced the pressure differential.
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the gaseous molecule and the average pore size of the solid are considered.

In the second method an effective diffusivity is estimated using the porosity

of the solid

- 5.2.3.1 Steady-State Diffusion-Method 1 The diffusion of gases

through solids is dependent upon the diameter of pores or capillaries in the

- solid. The average pore diameter will determine the type of diffusion process

occurring (i.e. Knudsen, molecular or transition Region diffusion) as

follows.

The type of diffusion process can be determined by comparing the

mean free path (X) of the gas molecules with the average pore diameter (d) of

- the solid. If X/d >10, then the diffusion is in the Knudsen regime. If

" X/d<0.01, then the diffusion is in the molecular regime. Values of X/d

between 0.01 and 10 indicate the diffusion process is in the transition

regions.

The mean free path, which is the average distance a molecule travels

* before it collides with another molecule, is given by:

* x = L3.2.. RT
p 27Tgc M

Where, for NH3,:

M = 17 gm/gm-mole

R = 84,780 gm-force cm/ gm-mole K
gc = 980 gm cm/gm force sec2

P = 1 atm = 1033.2 gm force/cm2

T = 25c = 298 K

v = 1,006 x 10-4 poise

Solving gives X= 4.84 x 10- 6 cm.

Well-cured concrete specimens have been reported to contain gel

pores having a mean diameter about 0.4 x 10-6 inch connecting larger capillary
189
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Spores. It is assumed that the mortar specimen used in the diffusion tests

have an average pore diameter of about 1 x 10-6 cm. Thus, X/d = 4.8

indicating the diffusion process is in the transition regime. It can be shown

that the following equation applies for transition regime equimolar counter

diffusion:

N PA(XA2 - XA1) 1
Na RT (Z2 - Z1 ) X (i/DAB + 1/OKA)

Where

Na = diffusion rate of NH3 (gm-mole/sec)

P = I atm

XA2 = 1 (100 percent NH3 on ammonia side of the coupon)

XA1 = 0 (0 percent NH3 on nitrogen side of the coupon)

A = Area of coupon exposed to ammonia

= 81.07 cm2 (4 inch diameter circle)

R 82.057 cm3 atm/gm-mole K

T = 298 K

SZ-Z1= 0.635 cm (1/4 inch)
DAB = 0.230 cm2 /sec (Reference 4)

D = 9.7 x 103 (d/2) . K/MT

0.020 cm2 /sec

Solving gives N = 9.6 x 105 gm-mole/sec. Experimental steady-state

diffusion rates ranged from 7.6 x 10-6 gm-moles/sec (Experiment 4) to 2.2 x

10- gm-moles/sec (Experiment 9). Thus, the theoretical diffusion rate is one

to two orders of magnitude larger than the experimentally determined

diffusion rate.

5.2.3.2 Steady-State Diffusion - Method 2. A second approach which

can be used to calculate a diffusion rate for ammonia through concrete

molcules is the use of Ficks law and an effective diffusivity as follows.

190
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Ficks Law Na ADeffd- AD dZ
eff RT dZ

Where

PA = partial pressure of ammonia (atm)

Deff = effective diffusivity

"Ficks law can be integrated to give

Na = APA Doff
RT (Z2 -ZI)

Where PA = difference in partial pressure of ammonia across the coupon =

(1 atm-0) = 1 atm

D eff can be expressed as follows:

D E

Deff = T

Where c = Porosity

T = Tortuosity 1/i (Reference 2)

The data from Experiment 1 inserted into the above equations yields:

N a 81.07 cm2 x 1 atm x 3.1 x 10 3 cm2 /sec

82.057 cm atm/gm-mole K x 298 K x 0.635 cm

N 1.6 x 10- gm-mole/sec
191a191
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This compares with an experimental value of 0.136 milligram moles/min 2.3 x

10-6 gm mole/sec. Thus, the theoretical equation yields diffusion rates one

order of magnitude higher than experimentally determined. Ficks law may be

modified to represent experimental data if a factor of 0.1 is applied. The

resulting equation, assuming PA = I and T = 298K, is as follows:

22 x 10-6

Na (gmmoles NH3/cm sec)
Sample thickness (cm)

If the use of ammonia gas is selected as a candidate method for CW decon-

tamination field testing, then this equation may be used as a first approxi-

mation of the steady-state diffusion rate of ammonia into concrete.

5.3 NH3 Application Conclusions

Results from the ammonia diffusion experiments indicate that:

0 application of ammonia gas, a candidate CW agent

decontaminant,to concrete matrices greater than one

inch deep appears feasible;

0 the magnitude of the diffusion rate is dependent upon

the porosity and thickness of the sample (i.e., the

diffusion rate increases with an increase in the

porosity but decreases with depth;

0 the steady-state diffusion rate of ammonia through

mortar can be approximated with a correlation con-

taining factors for porosity and thickness of the

sample.

Data obtained from the ammonia diffusion experiments will be used

in subsequent subtasks in Task 3 if further testing (beyond the prescreening

performed in Subtask 3) of the decontamination effectiveness of ammonia gas

is required.
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6.0 CONSTANT CONTACT EXPERIMENTS

The constant contact experiments investigated the rate of penetra-

tion of a liquid into mortar under conditions of method of fluid application

different from the spraying method. The constant contact method continuously

subjected the surface of the mortar coupon to the decontaminating solution.
As such, the application of a decontaminant in the form of a foam or gel can be

simulated by the constant contact method. The knowledge gained from the

constant contact experiments will help to determine the conditions needed to

decontaminate concrete sumps using liquid decontaminants.

6.1 Description of Constant Contact Experiments

6.1.1 Constant Contact Apparatus

"The constant contact apparatus, shown in Figure 23, was designed to

maintain a constant liquid - solid interface on one side of the test coupon

while leaving the other side open for monitoring the appearance of moisture.

Other design considerations were

* keeping the hydrostatic head as small as possible,

* closely monitoring the level of liquid with the level

indicator,

* accurately measuring the amount of liquid added by

using a buret to add liquid,

4 keeping losses due to evaporation from the chamber to

a minimum by making all openings in the chamber as

small as possible

* utilizing a coupon holder configuration similar to

the one used for the gaseous diffusiun experiments.

6.1.2 Test Variables/Data

In the constant contact experiments, only the coupon thickness

(1/4, 1/2 or 1 inch), mortar type (high or low porosity) and test solutions/
193
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solvents were varied. All other parameters conditions such as level of liquid

in the chamber were maintained relatively constant for all experiments (e.g.

ambient room temperature and humidity).

6.1.3 Test Procedure

A mortar coupon, fully cured and equilibrated to ambient room condi-

tions, was placed in the experimental apparatus. The chamber was then filled

with solution or solvent and the time recorded. As liquid from the housing

was absorbed into the mortar, make-up liquid was added to the housing through

a buret to maintain a constant liquid level in the housing. The time when

solution or solvent was first detected on the dry side of the test coupon was

recorded. The experiment was continued until approximatly by a steady-state

flow through the mortar coupon was achieved.

The following are more detailed steps in the procedure used when

conducting the constant contact experiments:

1. Select and record solution, coupon thickness (4, ½ or

1") and coupon porosity (high or low)

2. Record initial coupon weight
"3. Install coupon in apparatus
4. Fill apparatus and buret with selected solution

5. Record starting time and buret readinq

6. When liquid level falls below the mark on the liquid

level indicator attached on the side of the chamber,

refill to the mark and record the time and the buret

reading
7. Record time from start of the experiment to the time

of the latest addition of solution and amount of

solution added
8. Repeat the steps 6 and 7 until the rate of liquid

added is constant

9. Note when breakthrough occurs and the approximate

percent coverage of wet surface.
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6.2 Discussion of Constant Contact Results

The results of the constant contact experiments are discussed in

the following sections. Actual data obtained from the experiments are given

in Appendix D and Battelle Laboratory Recordbooks Nos. 39109 and 39265.

The constant contact experiments involved continuous exposure of

one surface of mortar coupons to a decontaminating solution. There is a

significance difference between the spraying and constant contact methods.

In spraying, a film of liquid is formed on the surface from which liquid is

drawn into the pores of concrete through, primarily, capillary action. In

contrast, liquid in the constant contact method is also forced into the

pores by a hydrostatic pressure gradient and Darcy's Law becomes the primary

mechanism by which liquid enters the pores.

6.2.1 Data Analysis Method

The primary data recorded during the constant contact experiments

was the volume of solution added to the apparatus (AV) over a

period of time (AT). AV represents the quantity of solution that penetrated

into the coupon, evaporated from the filling port of the test apparatus (minor

amount) and/or evaporated from the coupon after complete penetration was

achieved. A direct measurement of the coupon weight change versus time as was

done in the spraying tests was not possible because of the configuration of

the constant contact apparatus. When the data was analyzed to determine

penetration rates, evaporation was neglected when the rate data (AV versus AT)

limited to the initial stages of the experiment (i.e., prior to complete

penetration of the coupon). After complete penetration was achieved,

analysis of the data to determine a steady-state rate becomes difficult

because evaporation was assumed to affect the penetration rate.

6.2.2 Constant Contact Results

Sample curves of AV versus AT for the experiments involving

1/4 inch low and high porosity coupons are shown in Figure 24 and 25,

"196



p -~~~~. - - - - - - - -. - -. - - -

_ _ _ - ---- ~--- -----

L. a.L 9 .- a) __ _

uj U4j L4J wI I~Zi I

___ ___ ______

A LWAV

197



111-62

R .I

w ~ - ~
Cu*

4) 41 41 43 =

m Q. 0 U

I-

13)

cCD

wO

e~.j 0 ~ ~ . ~ 0 ~ ~ ~ .C'J

198



111-63

respectively. Similar curves (see Appendix D) were obtained for the other

types of coupons (1/2 and 1 inch low and high porosity). Figures 24 and 25

indicate that the initial rate of penetration is approximately the same for

all solutions after which time the rates tend to diverge. It appears that the

divergence of the rates may be caused by evaporation effects. For example,

the divergence of the FREON and 50 percent acetone rates from the water,

40 percent DMSO and 50 percent MEA curves may be due to the high evaporation

rates of 'REON and acetone from the coupons. Evaporation test results (see

Section 7.2) indicate that for high porosity coupons, FREON and 50 percent

acetone have the highest evaporation rates of the solutions tested.

A summary of the penetration rates during the initial stages of each

experiment and the time required for the liquid to completely penetrate the

coupon are shown in Table 6. It was initially anticipated that more rapid

penetration times and higher rates would be observed for the constant contact

experiments than for the spraying experiments. However, an analysis of the

data indicates that similar results were obtained. A comparison of the data

from the spraying and constant contact experiments involving water 40 percent

DMSO, and 50 percent acetone solutions using 1/4 inch coupons is given in

Table 7. The data indicates that the time required for the liquid to

penetrate mortar coupons was less in the constant contact experiments than in

the spraying experiments. However, the weight gained by the coupons was

nearly identical over the same time period for the two application methods.

As such, the constant contact method offers no distinct advantages over the

spraying method. Moreover, the use of a gel or foam to hold the liquid in

place may reduce the penetration rate below that observed in the constant

contact experiments because of additional diffusional limitations imposed on

the liquid by the gel or foam matrix.

A possible reason for the unexpectedly low effectiveness of the

constant contact experiments is as follows. Several tests were performed in

which coupons were totally immersed in water. Upon immersion, bubbles began

forming at the pore openings at the surface of the coupon. The bubbles may

have created an air interface at the pore openings which prevented and/or
limited the penetration cf liquid. Although bubble formation during the

199
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spraying experiments may also occur, any bubbles which may have formed would

have been displaced from the surface by the force of the spray.

In gel or foam applications, such bubble formation would reduce the
effectiveness below that observed for the constant contact method due to the
need for displacement of the bubbles not only from the concrete pores but also
from the gel or foam. Because the constant contact method offers no distinct

advantages over the spraying method, gel or foam application of liquid decon-
taminants to concrete materials is not recommended for further evaluation.
However, decontamination of concrete sumps or pipes may be accomplished by the

constant contact method. In this case, agitation would be beneficial, since it
would cause displacement of the bubbles which impede the penetration of liquid

into the pores.

6.2.3 Comparison of Experimental Data with Pressure Gradient Theory

The results from the constant contact experiments may be correlated
with Darcy's law given as:

.Q KA (H/L)

where Q = flow rate of liquid through porous media
K = coefficient of permeability for each media-

A = cross-sectional area

L = length of diffusion

H head of the liquid

From the recorded data, the flow rate of liquid through the coupon,

cross-sectional area, and the length of diffusion were calculated. The head
of liquid was taken as the average head of liquid on the coupon (about

6.35 cm).
The experimental permeabililty coefficients (K), determined for the

1/4 inch coupons, are given in Table 8. The literature review indicated that

the permeability coefficient for water ranges from 3 x 10-11 cm/sec to

3 x 10-6 cm/sec(5). The experimental values for the aqueous solutions shown

in Table 8 fall within this range, although towards the upper limit.
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6.3 Constant Contact Application Conclusions

Results from the constant contact experiments indicate that:

, Application of a liquid decontaminant to porous

materials by the use of gels or foams does not appear
as preferable as a spray application because of mass

transfer limitations created by displacement of air

within the pore matrix by the liquia decontaminant;

* decontamination of concrete sumps by the constant

contact method will be enhanced by the use of

agitation.

Further efforts on the constant contact method are not required.

7.0 EVAPORATION EXPERIMENTS

Facility decontamination involving a liquid based decontaminant

must consider the evaporation rate of the liquid from concrete following the

"treatment. It is necessary to determine whether or not supplemental
procedures are required during decontamination (e.g., ventilation or a

secondary treatment to remove the excess decontaminant).

7.1 Description of Evaporation Experiments

The evaporation rate was determined as follows. The evaporation --

tests were carried out by simulating single surface evaporation such as would

be present when treating concrete walls and floors in the field. To further

simulate in-field application, the coupons used in the tests were ones that
had previously been used in the spraying experiments.

The procedure used is as follows:

e Record weight of sprayed coupon

o Place coupon, sprayed side up, on a neoprene rubber

sheet and record time
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8 Record weight and time at intervals between one hour

and one day*
0 Stop experiment when coupon is near original weight.

7.2 Discussion of Evaporation Results

Evaporation rates were obtained for 40 percent DMSO/water,

50 percent acetone/water, FREON 113, and 50 percent MEA water. Both low and
high porosity mortar coupons were used in the tests. Figures 26 and 27 show

the weight loss due to evaporation for low and high porosity coupons,

respectively. In these figures, AW represents a normalized weignt given by

the expression:

= (Wt-Wo )/(WSAT-W)o
where W weight of coupon at each weighing period

Wo dry weight of the coupon
WSAT= saturated weight of the coupon

The curves indicate that the evaporation rate of all of the aqueous solutions

was low enough such that evaporation will have little effect on the appli-

cation of liquid by the spraying method. FREON 113, however, evaporated
rapidly from the coupon. The high evaporation rate was confirmed in the
spraying experiments involving FREON 113. In these experiments, the coupons

achieved substantially no weight gain from absorption of the FREON 113 even
after repeated sprayings. Thus, in depth decontamination of concrete by the
spray application does not appear feasible. It may become feasible if a high
vapor partial pressure of FREON 113 is maintained in the building being decon-
taminated. This would necessitate the use of either remotely operated
sprayers or self-contained breathing apparatuses; both of which are dis-

advantages.

* The interval depended on the solution tested.
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After decontamination is complete, it appears that the evapora-
tion rate of most aqueous based decontaminants is sufficiently rapid such

that supplemental procedures to remove the decontaminant may not be required.

8.0 CONCLUSIONS/RECOMMENDATIONS

General conclusions drawn from an analysis of the experimental

data obtained during this study are as follows:
* The application of liquid decontaminants to concrete

by spraying appears feasible if the depth of pene-

tration of the contaminant does not exceed 1/2

to 1 inch;

a sufficient experimental data was generated such

that liquid and recycle requirements, application

times, and Prel iminary equipment requirements necessary

for an economic analysis can be determined;

e application times and steady-state rates for the

constant-contact method were obtained;

* The penetration rate is not increased by maintaining a
standing liquid decontaminant on a porous surface as

compared with periodic spraying of the same decontami-

nant.

a application times for decontamination of CW agent-

contaminated concrete structure with ammonia gas

were determined;

* preliminary experimental data was generated to aid

specification of Phase III pilot scale starting

conditions for the most promising chemical decon-
tamination concepts if an aqueous solution is

selected from Phase II studies;

* experience gained on the application of candidate

decontaminants to mortar will facilitate analysis
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of subsequent mortar coupon decontamination experi-

ments in both Tasks 3 and 4 as well as future field

experiments.

8.1 Extension of Results to Field Decontamination

The primary concern in extending the experimental results obtained

in this subtask to field decontamination efforts is the representativeness

of mortar coupons used in this study in relation to real world concrete

structures. Factors which must be considered to determine this relation-

ship include 1) the coupon porosity, 2) the presence of aggregates and

3) the chemical composition. These factors are discussed as follows.

Coupons of both a high and a low porosity were selected for experi-

* mental evaluation. The porosities were selected to be within the range

of reported values for commercial concrete. The high porosity was near

"the upper range of reported values and the low porosity was near the lower

range. Analysis of the experimental data indicates that similar results

(i.e., trends in the data) were observed for coupons of the two different

porosities evaluated under the same set of conditions. The only apparent

difference between the results obtained for each of the two porosity 'levels

is that penetration rates increased and penetration times decreased when

the porosity increased. Also, data was generated to determine the magni-

tude of this effect of porosity on liquid and gas penetration. Thus, based

"* on the experimental data and the use of coupon porosities which are within

the range of commercial values, it appears that extension of the results

to field concrete structures can be performed in so far as the porosity

is concerned.

A primary difference between the coupons used in this subtask

and commercial concrete is the lack of aggregate in the mortar coupons.

Aggregate, typically used to add bulk and strength to mortar, was not used

in the coupons because of size limitations discussed in Section 3.1. Factors

which must be considered when determining the effect of the presence of

aggregate on the results obtained with mortar coupons include:
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e Typical aggregate (e.g., granite) is relatively

impermeable (to both contaminent and decontaminent);

* limestone aggregate (less typical) has a porosity

similar to the mortar used in the experiments,

* aggregate pores which form between the aggregate and

cement matrix are of comparable size to air pores in

mortar (see Appendix A).

Thus, although the presence of aggregates may affect the overall porosity of

r the material, it is anticipated that similar trends wilt be observed in field

tests on commercial concrete as were observed in the laboratory tests with

mortar.

The chemical composition and method used to prepare the coupons was

similar to that of commercial mortar. Commercial grade sand, cement and water

were used and established mortar preparation, casting and curing procedures

were followed as closely as possible. Although the exact chemical composition

and preparation method can vary from site to site, it is anticipated that the

effect of composition on the trends observed in this study will be nominal.

Thus, the mortar coupons used in this experimental study appear

representative of commercial concrete and, as such, similar trends should be

observed when field concrete decontamination tests are performed.
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APPENDIX A

CONCRETE PROPERTIES*

The ability of a porous material such as concrete to be penetrated
by a chemical decontaminant is related to the material properties of the

concrete, including the porosity and the pore matrix. The pore matrix (i.e.,

pore size distribution and pore type) will determine the physical method by

which the chemical decontaminant penetrates concrete (e.g., Knudsen gas

diffusion versus bulk gas diffusion). The porosity (i.e., volume fraction of

voids) is a determining factor of the rate by which the chemical decon-

taminants penetrate into concrete. More rapid penetration by the chemical

occurs as the porosity of concrete increases. Because the porosity of commer-

cial concrete can vary from about 5 to 20 volume percent, a wide range of

penetration rates is possible for a given decontaminant.

Concrete consists of aggregate, cement and water. Aggregate can be

further classified as fine particles less than one-quarter inch and coarse

particles larger than one-quarter inch. Aggregate, the inert portion of

concrete, is generally impermeable. Its primary contribution is to add bulk

and strength to concrete. In contrast to aggregate, the cement and water

affect the porosity and ultimate pore matrix of concrete. The mechanism by

which the cement and water affect the porosity of concrete can be determined

by analyzing the concrete preparation process as follows.

When concrete is poured, it consists of aggregate, cement, water

and entrained air. During curing, the cement reacts with water to form a

hydrated gel. As the gel forms, it expands and fills the voids created from

reaction of the water. Because the hydrated gel has a larger bulk volume than

the unhydrated cement and the water, essentially all of the bulk volume can be

filled with the hydration products when the water to cement (W/C) ratio is

favorable (i.e., about a 0.4 W/C ratio). When the water to cement ratio is

* From "Significance of Tests and Properties of Concrete and Concrete
Aggregates", ASTM Special Technical Publication No. 169, 1956.
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high, all of the water does not react and, as such, the bulk volume is

incompletely filled by the hydrated gel. The remaining water is readily

evaporated from the interconnected pores at relative humidities below about

40 percent.

The interconnected pores formed by evaporation of excess water are

termed capillary pores. The hydration gel, which expands into the capillary

pores, is also capable of holding evaporable water. This water, when

evaporated, leaves pores termed as gel pores. The gel pores constitute

approximately 25 percent of the bulk volume of the hydration products. As the

W/C ratio decreases, the volume of gel pores increases while the volume of

capillary pores decreases.

Another factor which contributes to increasing the formation of gel

pores while decreasing the amount of capillary pores is the curing time. As

curing time increases more gel pores are formed. The gel pores, which inter-

connect the capillary pores, restrict the movement of water because of their

smaller size. As such, water is retained longer allowing an increase in the

time to react. Restricted movement of water is illustrated by reports that

drying time increases with an increase in cure time*.

The remaining types of pores include air voids and aggregate pores.

Air voids are caused by air entrained in the initial poured mixture.

Aggregate pores are formed by voids formed between the hydrated gel and the

aggregate.

A summary of the various pore types follows:

a Capillary pores - 5x10-5 to 5xi0-4 inches in diameter

(I to 10 pm) - a total of 1 to 5 percent of total

volume of concrete

e Gel pores -about 10- inch (about 0.01 tia) - a total

of about 4 to 8 percent of total volume of concrete

e Air voids - about 5xlO 7 to 0.1 inch (about 0.01 to

2500 um) - a total of about one to 10 percent of

total volume of concrete.

* Aggregate pores - about 5x0"4 to 5x10- 2 inches (10

to 1000 Jm).

* HLghes, B.P., Lowe, I.R.G. and Walker, J. Brit. J. Appl. Phys. 17, 1545-52

(D62). 214
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APPENDIX B

COUPON PREPARATION

The spraying, diffusion and constant contact experiments

utilized 5 inch by 5 inch test coupons composed of a mixture of water,

cement and sand (i.e. mortar). Both low porosity and high porosity mortar

coupons were prepared in order to more closely simulate the variety of

concretes which can be found in the field. Three coupon thicknesses (1/4

inch, 1/2 inch and 1 inch) were fabricated of each the low porosity and

high porosity mortar. The thicknesses were specified to allow acquisition

of data in a realistic time frame and to allow the effect of mortar

thickness on the application method to be determined.

The preparation method for the mortar roupons considered the

type of mold used to cast the coupons, the formulation of the mortar

mixture, and the curing procedure.

B.1 Mold Type

The casting molds were specified with the following considera-

tions:

* A mold with a very smooth surface was required to which the

cast coupons would not adhere. The use of a parting compound

such as oil was not used because of probable contamination of

the coupon surface. As such, the molds were made from

PLEXIGLAS.
@ Reusable molds were required because of the requirement of a

large quantity of coupons for the tested (over 100).

PLEXIGLAS molds fulfilled this requirement.

# Warpage of the coupon was miniminzed by casting the coupons in

a vertical orientation.

The molds, shown in Figure B-I, were assembled by the following procedure.

Each divider was stood on end and the spacers were placed in such a way

that the holes through the dividers and spacers lined up. The bolts were
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PLEXIGLAS SPACER

FIGURE B-i. MOLD USED TO CAST MORTAR COUPONS
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"* inserted and the wing nuts were tightened so contact was made with the

dividers. Five dummy coupons were inserted along the first row of spacers

and the adjacent bolts tightened. This process was repeated until there

was a 5-inch gap between each spacer. The bottom piece was then attached

by tightening the six screws into pretapped holes in the dividers on the

ends (three holes in each divider). Modeling clay was then placed in the

crack between the bottom piece and the dividers to prevent water from

leaking from the bottom of the mold.

After the molds were completely assembled, lines were drawn

using a permanent ink marker on the top edge of the mold through the

dividers and spacers. These lines were used to ensure each piece could be

placed in its original position after the molds were taken apart.

B.2 Mortar Mixture

Concrete is composed of a mixture of mortar (water, cement and

sand) and aggregate. The ratios of each of these components is dependent

-. on the desired consistency and quality of the concrete as well as the

quality of the ingredients. It is important to note that the quality of

the cement, sand and aggregate varies from location to location.

The standard procedure used to specify the ratio of components

in concrete is to first determine the desired quality of the concrete, for

example 2500 pound concrete, 3000 pound concrete, etc. The quality along

-. with the unique properties of the aggregate, sand and cement, fix the

aggregate to sand to cement ratio. Water is added to the mixture to obtain

the desired workability (related to the ultimate use of the concrete). In

this study, deviations from this standard procedure were made by first

specifying the water to cement ratio and then specifying the amount of sand

added. The reasons for these deviations are as follows.

It was anticipated that the porosity of the coupon would affect

the results of the application methods (i.e., spraying, NH3 diffusion, and

constant contact). Because the porosity of concrete used in the field can

vary substantially, both high porosity and low porosity coupons were pre-

* pared. The exposure of coupons of different porosities to identical test
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conditions would allow the effect of porosity on the application method to

be determined. As such, the feasibility of the method as applied to a wide

range of concrete types can be established.

The water to cement (W/C) ratio has been shown to have the

greatest effect on determining the porosity of concrete. Two W/C ratios

were selected - 1) a 0.4 W/C for a low porosity material and 2) a 0.6 W/C

for a high porosity material. Once the W/C ratio was fixed the proportion

of sand was determined experimentally by preparation of trial batches. The

proportion of sand determined the workability of the mixture and subse-

quent properties of the coupon. If the cement to sand ratio is too high

the mixture will be too wet and segregation will occur. If the cement to

sand ratio is too low the mixture will be too dry and the sample will have

an excess of air voids. The water to cement to sand ratio for the low

porosity mortar was determined to be 0.4:1 :1.6 respectively, and for the

higher porosity mortar was 0.6:1:3, respectively.

No aggregate was used in the coupons. This should not affect the

representativeness of the coupon in relation to commercial concrete

because aggregate is typically either impermeable or as permeable as the

mortar (mixture of cement, water and sand). Moreover, when casting

concrete, the largest size particle must be less than one-third the size of

the smallest dimension of the mold. If aggregates larger than this are

used, the aggregate particles will clump together resulting in the

formation of large voids in the mold. The smallest dimension of the

coupons is 1/4 inch. Thus, aggregate of (1/4) x (1/3) = 1/12 inch should

be used (equivalent to sand).

The procedure used to prepare the mortar coupons was as follows.

Each high porosity batch contained the following:

0 750 grams water - tap water

* 1250 grams cement - Portland Type I

e 3750 grams sand - minus 10 sieve size fraction, Fidley -400

concrete sand
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S•mEach low porosity batch contained the following:

0 700 grams water

* 1750 grams cement

* 2800 grams sand

The mixing procedure was as follows:

- Water, sand, and cement were weighed to the nearest gram.
- The water was poured in a mixing bowl.
- The cement was added and was immersed in the water.
- The mixture was allowed to stand for one minute to allow the

water to wet the cement.

- The mixture was mixed on low speed for one-half minute

(Hobart Model A-120 mixer).

- The sand was added over a period one-half minute, while
leaving the mixer on.

-- Mixing was continued for one-half minute.

- The mixer was turned off and the mixture was allowed to stand

for one and a half minutes.

- The mixture was then mixed on medium speed for one and a half

minutes.

At this point, the mortar was ready to be cast in the mold. The mixing
paddle was removed and the mortar was quickly poured into the molds located

on a laboratory vibrating table. The vibration of the table assured that
all the cavities of the mold were completely filled. When the mold was

filled, the table was turned off and the excess mortar was scraped off the
- *top of the mold ensuring the tops of the coupon were not disturbed. The

vibrating table was turned back on for approximately 10 seconds and to
completely fill all the cavities in the mold. Overflow mortar was wiped

from the sides of the mold with a damp cloth and the mold was loosely

covered with aluminum foil. The entire mold was then placed in a foq room

22!



111-B-6

(72 F, 100 percent relative humidity. After 24 hours in the fog room, the

mold was removed and disassembled. The individual coupons were then placed

back in the fog room to cure. The coupons were laid flat on screens in the

fog room to allow exposure of most of the surfaces to 100 percent relative

humidity.

B.3 Curing

Curing is the reaction of cement with water to form a hydrated

gel. The recommended curing period is 28 days; however, due to time
limitations and because properties of mortar (e.g. porosity) do not sub-

stantially change after a 14 cure, a 14 day cure was used for most of the

coupons.

After curing, the coupons were removed from the fog room and all

excess moisture was removed from the coupon surfaces by wiping with a damp

cloth. Each coupon was numbered, weighed and placed in a constant tempera-

ture/humidity room (72 F and 50 percent + 2 percent relative humidity) for

equilibriation. The coupons were stood on their edge in the room to expose
the most surface area possible. Every two days, the weights of the even-.

numbered coupons were recorded. When the weight loss was less than 0.1 g,

the coupons were considered dry and ready for use. Typically, 5 to 7 days

were required to reach a constant weight.
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APPENDIX C

POROSITY TEST METHODS

The procedure used to perform the porosity tests was taken from ASTM

Method C 642, "Standard Test Method for Specific Gravity, Absorption, and

Voids in Hardened Concrete". Three measurements are

required to determine the percent voids (i.e., porosity) in concrete:

0 Oven-Dry Weight (A) - Oven-dry for 24 hours at

212-230 F.

I Immersed Weight (B) - Weigh suspended in water after

boiling and cooling submersed in water.

0 Saturated Weight After Boiling (C) - boil submersed

specimen for five hours, allow to cool to room

temperature, remove surface moisture, and weigh in

air.

* • These three weights are used to determine percent volume of permeable pore

space (void percent) by the following equation

Void, % (C-A) x 100
(C-B)

This ASTh procedure was designed for concrete cylinders, cores, or

beams which weigh over 800 grams. Since the samples used in this Subtask were

smaller and had a geometry of a rectangular solid with a much higher surface-

*• to-volume ratio, it was believed that boiling for a period less than five

hours would suffice. This was tested by boiling three samples for two hours,

cooling, wiping residual surface moisture, weighing and taking an immersed

weight. Then, the same three samples were reboiled for five hours, allowed to

cool,surface moisture wiped off, the coupon weighed and an immersed weight

taken. The average difference between the immersed weights of the same coupon

was 0.08 percent and the average difference between the saturated weights of

the same coupon was 0.08 percent. Based on these results, the porosity tests

were conducted by boiling coupons for two hours. It was also felt that taking
225

.



III-C-2

an oven-dried weight was not necessary because an oven-dry weight would give

the total void space of a coupon which is completely dry and not typical of

what would be found in field applications. Since a value for the voids

available for moisture penetration in a sample equilibrated to ambient

humidity was more typical of this program's needs, the oven-dry weight was

replaced with the equilibrium weight.

The modified ASTM procedure is as follows:
0 Record equilibrium weight (A)

* Boil submersed coupons for two hours and allow to

cool to room temperature while submersed - about 72-

77 F

• Suspend in water and record immersed weight (B)

0 Surface-dry boiled samples with damp towel and record

saturated weight (C).

Use following ASTM equation as a measure of porosity.

Percent Voids C-A x 100 %
C-B
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APPENDIX D

CONSTANT CONTACT DAIA

Results from constant contact experiments involving 1/2 and 1 inch,

"low and high porosity coupons are shown in Figures D-1 through D-4. Constant

contact data are shown in the following pages.
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EXECUTIVE SUMMARY

r-i

Five decontamination concepts (Steam, OPAB, Hot Gases, Vapor

Circulation, and Flashflasting) were evaluated for their decontamination

effectiveness of agent contaminated stainless steel surfaces. The results

indicate that Steam, Hot Gases and OPAB are the most promising concepts for

further study. The Steam and Hot Gases concepts decontaminated stainless

steel contaminated with HD, GB or VX to below the detectable limit. The OPAB

concept decontaminated stainless steel to below the detectable limit when GB

was the contaminant. Results suggest that a similar decontamination

effectiveness can be achieved with OPAB when either HD or VX is the contami-

nant. As such, BCL suggest that the Steam, OPAB and Hot Gases concepts be

further evaluated in the subsequent subtask (Subtask 6) for decontamination

effectiveness of painted mild steel, unpainted mild steel and painted stain-

less steel matrices. The decontamination of concrete will be a subject of a

separate subtask.
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TASK 3, SUBTASK 5

TEST REPORT

FOR

STAINLESS STEEL SURFACE DECONTAMINATION SCREENING

CONTRACT DAAK11-81-C-0101

to

UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

1.0 INTRODUCTION

The development of novel concepts for the decontamination of

chemical agent-contaminated buildings is being carried out by Battelle

Columbus Laboratories (BCL) for the U.S. Army Toxic and Hazardous Materials

Agency (USATHAMA) under Contract No. DAAK11-81-C-0101. In the previous phase

(Task 1), ideas were systematically developed into concepts for decon-

taminating buildings and equipment. These concepts were evaluated and ranked

with respect to technical and economic factors. Also, knowledge gaps relating

to application of the most promising concepts were identified. These

knowledge gaps are being addressed through laboratory evaluation of the

"concepts in Task 3.

2.0 OBJECTIVE

The objective of this subtask w~s to provide preliminary evaluation

of five concepts for their decontamination effectiveness using stainless

steel contaminated with HD, GB, or VX as the test substrate. The concepts

evaluated in this subtask included:

• Hot Gases

• Vapor circulation/RADKLEENO

• Steam

243
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. OPAB (aqueous solution of 1-octylpyridinium 4-

aldoxime bromide)

. Flashblast.

Results of Subtask 5 experiments are to be used to (1) select three
of the most promising concepts (i.e., those concepts which effectively decon-

taminated the coupon) for further evaluation later in Subtask 6, and
(2) provide a basis for selection of operating parameters for decontamination

of other substrates (e.g., painted stainless steel, painted mild steel,

unpainted mild steel and concrete in Subtask 6, Steel/Concrete Tests.

3.0 APPROACH

In the tests, stainless steel coupons were spiked with a known

quantity of agent (HD, GB, or VX) and the decontamination* treatment applied.
Following the treatment, the coupons and the samples accumulated during the

experiment were analyzed for residual agent. The primary criterion used to

determine the effectiveness of the decontamination treatment was the amount

of residual agent rem:aining on the coupons following decontamination. A

treatment was considered effective if the coupons were decontaminated to
below the detectable limit. The treatment was also considered effective if

- nearly complete decontamination was achieved and trends in the data suggested

that decontamination to below the detectable limit can be re-onably achieved

by modification of the conditions used to apply the decontý nant.

Another factor of equal importance to decontai, ition efficiency
was whether or not the gaseous and/or liquid effluents t, n the decon-

tamination tretment contained undecomposed agent. Application of the

concepts to field decontamination will require identification of those

effluent streams which contain undecomposed agent such that a supplemental
treatment to remove/decompose the agent can be specified. It is important to

note that qualitative rather than quantitative information confirming the
presence of undecomposed agent in the effluents is sufficient to determine the

Decontamination of the coupon implies either agent destruction and/or
physical removal of undecomposed agent.
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Sneed for a supplemental treatment. It was judged that additional costs

required to design an experimental system which quantitatively collects

Straps agent from the effluent streams were not justified. As such agent

material balances were not performed.

"A description of the test chamber, collection system and analytical

procedures follows.

3.1 Test Chamber Description

In order to safely implement the decontamination concepts, a test

chamber was prepared which met the following design criteria:

* Sized to fit within a laboratory hood

* Constructed to contain all toxic and hazardous vapors

that might be released from the sample coupons

0 Samples must be e~posed to the decontamination

environments in a manner closely simulating field

- conditions

0 Provisions made for the application of vapor decon-

taminants (hot gas, steam, FREON* 113 vapor), a

liquid decontaminant (OPAB solution) and the flash-

blast device

s Capabilities must be provided to permit qualitative

collection and sampling of all gaseous and liquid

effluents
. The need for frequent change of samples, decon-

tamination, and general cleanup requires easy access

to the interior of the chamber.
As shown in Figure 1, the test chamber was designed and fabricated

as a multi-compartment box of roughly rectangular geometry. It consisted of

an exposure chamber, a collection chamber, and a coupon holder. Also

associated with the chamber was a hot gas delivery system, a FREON vapor/steam

delivery system, and an OPAB solution delivery system. The entire chamber was

"insulated with 4 inches of Cerae wool insulation to minimize heat losses when

operating at temperatures above ambient. The major components of these
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systems were constructed of 304 stainless steel. Gasket materials were

selected for thermal stability and/or resistance to solvent attack (i.e.,

compressed asbestos, neoprene, VitonO and Teflon*).

The as-built test chamber is illustrated in Figures 2 and 3.

"A brief description of the major components of the test chamber (i.e.,

. exposure chamber, collection chamber and coupon holder) is as follows.

3.1.1 Exposure Chamber

The purpose of the exposure chamber was to provide containment of

the atmosphere to which the sample coupons are being exposed while simul-

taneously allowing collection of the liquid and gaseous effluents. The shell

of this 2½-cubic foot chamber was constructed of 16-gauge stainless steel

sheet supported and reinforced with 1/4 x 1-1/2 x 1-1/2-inch angle iron. All

* joints and seams were welded except the top, which was sealed with Gore-Tex*

flexible (Teflon) gasket. The top was removable for easy access.

Two inserts were provided in the exposure chamber such that

removable partitions could be installed. The partitions*, when in place,

would divide the exposure chamber into three identical compartments. While

these compartments would not be completely sealed from each other, they would

nonetheless permit simultaneous exposure of three replicate coupons to

identical but independent reaction conditions. The bottom of each compart-

ment were designed to permit collection of independent samples of the liquids

- draining from each compartment (sump). For Subtask 5 experiments, the sumps

were connected to one common sump line external to the exposure chamber.

The exposure chamber was separated from the collection chamber by a

wall containing three 6-inch square openings, one opening centered in each of

the compartments. The wall was fabricated with 1/4-inch thick stainless steel

to provide the strength necessary to support the coupon holders. Bolts,

"welded to the chamber adjacent to these openings, wer, provided for mounting

"coupon holders.

Three 1/2-inch pipe nipples were welded onto the front wall of the

"exposure chamber, one centered in each of the compartments and aligned with

• Partitions were not employed in Subtask 5 tests.
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FIGURE 2. TOP VIEW OF DECONTAMINATION TEST CHAMBER SHOWING
INTERNAL CONFIGURATION

"Sil
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FIGURE 3. FRONT VIEW OF DECONTAMINATION TEST CHAMBER
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*• the center of the sample coupon holders. These fittings provided entry for

spray nozzles (OPAB concept) and for electrical leads (Flashblast concept).

Entry for gases/vapors (Hot Gases, Steam and Vapor Circulation

concepts) was provided through a 1-inch pipe nipple welded to and located in

the center of one side of the chamber. An identical nipple on the opposite

side of the chamber provided a vent for gases/vapors. Entry of vapors through

the side of the chamber rather than through the front of the chamber is

considered a worst-case arrangement because the vapors would not impinge

directly on the coupons.

3.1.2 Collection Chamber

The purpose of the collection chamber will be to provide a means to

collect and sample gases and/or liquids which might pass through a permeable

coupon (i.e., concrete*) during testing. This chamber was also constructed of

stainless steel with a lid, sump, and gasket arrangement similar to the

exposure chamber.

3.1.3 Coupon Holder

The coupon holder served to hold the coupons in such a manner as to

subject one planar surface to the environment of the exposure chamber and the

"opposite planar surface to the collection chamber while providing a seal to

the opening connecting the two chambers. This holder was fabricated to hold a

"variety of coupons ranging in thickness from a 14-gauge steel coupon to a

concrete coupon as thick as one-half inch.

The coupon holder assembly shown in Figure 4, consisted of a front

plate and a retainer. The front plate was a 1/4-inch thick, 7-inch square

stainless steel plate with a 4-inch ID annular opening. Four 1/4 x 20 bolts

were mounted around the back of the plate. The bolts served to hold a

retaining plate in place and to provide the force necessary to compress an 0-

ring which created the seal between the exposure and the collection chambers.

* The collection chamber will be used in subsequent studies on the decon-
tamination of concrete.
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The O-ring was mounted in a groove milled into the wall of the front plate

around the annular opening. Neoprene O-rings were used during the OPAB,

Steam, Flashblast and Vapor Circulation experiments. A compressed asbestos

gasket was used in place of the neoprene O-rings during the Hot Gases experi-

ments.

3.2 Coupon Description

The coupons used in the Subtask 5 tests consisted of 14 gauge,

304 stainless steel. Each coupon measured 5 inches by 5 inches.

.3.3 Coupon Spiking Method

Subtask 5 experiments were performed in Battelle's Toxic Substances

Laboratory (TSL) rather than the Hazardous Materials Laboratory (HML). Per-

formance of experiments in the TSL required the use of dilute solutions of

agent at the following maximum surety concentrations:

VX = 1mg/ml

GB = 2mg/ml

HD = 10mg/ml

The dilute agent solution was applied to the coupon and the solvent

(hexane or methylene chloride) was allowed to evaporate in order to have a

contaminated surface representative of field conditions (i.e., solvent not

present). Because agent may be volatilized along with the solvent during

spiking, baseline experiments were performed to determine the amount of

applied agent which can be recovered by extraction after the spiking sequence.

It is Important to note that previous work on recovery of agents from the

coupons of interest was performed in the Hazardous Materials Laboratory (HML)

because neat agent was used for spiking.( 1 )

The amount of solution required to spike the coupon was determined

as follows. Assuming that the solvent used to extract the coupon following

"* the decontamination treatment is concentrated to a volume of 5 ml, a total of

10 pg of agent is detectable by gas chromotography (GC)*. Therefore, for

• Lower detection limit of GC for all agents is about 2pg/ml.
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determination of a destruction efficiency of about 99.9 percent, a total of

10 mg of agent must be initially applied to the coupon. A three order of

magnitude difference between initial and anticipated final agent concen-

tration is sufficient to allow determination of decontamination effective-

ness. (Also, higher destruction efficiencies may be extrapolated, if

desired, from the rate data obtained in the experiments.) Thus, in order to --

spike the coupon with 10 mg of agent, a total of 1 ml of dilute HD solution;

5 ml of dilute GB solution; or 10 ml of dilute VX solution must be applied to

each coupon.
In the baseline experiments, stainless steel coupons were spiked

with 10 mg of HD, GB or VX using dilute solutions of the respective agent.
After the solvent had evaporated, the coupons were extracted with 50 ml of

methylene chloride. The methylene chloride was concentrated to a volume of

one ml and the concentrate was analyzed for agent. Results of the baseline

experiments, shown in Table 1, are reported as recovery efficiencies, -

Recovery efficiency is the fraction of spiked agent recovered by extraction.

The high recovery efficiencies shown in Table 1 demonstrate that spiking

stainless steel coupons with dilute agent solutions was feasible. The average

recovery efficiencies were used in subsequent analyses to calculate the

decontamination efficiency as follows:

Residual Agent on

Decontaminated Coupon (mg) R
Recovery Efficiency

Decontamination Efficiency ( (10 mg - Residual Agent onDecotamnate CoponX 100 .-

10 mg

3.4 Analytical Methodology

The samples generated from an experiment which were quantitatively

analyzed for agent included 1) stainless steel coupons, 2) impinger

solutions, 3) condensates and 4) chamber rinse solution. The following

analytical procedures were used. Analytical procedures are detailed in

Battelle Laboratory Record Book No. 39546.
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TABLE 1. AGENT RECOVERY EFFICIENCIES Bf EXTRACTION WHEN
SPIKING STAINLESS STEEL COUPONS WITH DILUTE
"AGENT SOLUTIONS

Solution Spiked Extracted Average
Spiked Agent/ Agent/ Recovery

Agent (ml) Coupon (mg) Coupon (mg) Efficiency*

HD 1 10 10.4 0.85

8.2

7.0

GB 5 10 7.4 0.79

8.8

7.5

VX 10 10 5.4 0.58

6.0

5.9

* Average Recovery Efficiency = Average Acent recovered (mq)
Averge Rcovry Eficincy10 mg
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3.4.1 Coupons

The staittless steel coupons were individually extracted by

immersion in 50 mls methylene chloride. The coupons were allowed to soak for

about 5 minutes. The methylene chloride was collected and then concentrated
to one ml using a Kuderna-Danish evaporative concentrator prior to analysis.

The concentrate was analyzed by either a Carlo Erba Gas Chromato-

graph equipped with a Flame Ionization Detectior (FID) system or a Hewlett

Packard Gas Chromatograph equipped with a Flame Photometric Detection (FPD)

system* and a Hewlett Packard Autosampler. Both chromotographs were equipped

with a 30 meter glass capillary column coated with SE-52 phase. Data handling

and storage was accomplished with a Hewlett Packard 1000 computer using CIS

cals software.

Standard solutions containing known concentrations of agent (e.g.,

10 ppm, 1 ppm, 0.1 ppm) were regularly used for preparation of calibration

curves. The standards were analyzed at the same conditions as the samples.

3.4.2 Impingers

Impingers were used either to collect vaporized agent contained in

the chamber exhaust stream (Hot Gas and Flashblast concepts) or to condense

vapor exhausted from the chamber (Steam and Vapor Circulation concepts). For

the Hot Gas and Flashblast Concepts, ethylene glycol diacetate (EGDA)

solution was used in impingers for HD experiments while pH 3.7 distilled water

was used in the GB and VX experiments.

Following an experiment, the solutions in the impingers were

combined. The volume was recorded and the solution was then stored at -5 C

until analysis could be completed.

The EGDA used for the collection of HO was analyzed for the presence

of HD by Gas Chromatography/Hall detection. This procedure gave a
detection limit of 0.2 Ug/ml. The EGDA was analyzed without prior concen-

tration.

* Phosphorus mode for GB and VX.
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The 3.7 pH water was analyzed directly for presence of VX and GB

using a Technicon Autoanalyzer. The Technicon procedure for GB and VX gave a

detection limit of at least 0.01 ug/ml. The 3.7 pH water was analyzed without

"concentration.

3.4.3 Condensate/Rinses

The condensate samples from the Steam tests and water samples

collected from the Hot Gases tests were extracted in a two-liter separatory

funnel. The condensate was loaded into the separatory funnel and washed with

three separate 50 ml volumes of methylene chloride. The wash samples were

combined and concentrated to one ml using the Kuderna-Danish appartus. The

cuncentrate was then analyzed in the same method as the coupon extract.

The FREON 113 condensate samples were concentrated to approximately *,
5 mls using a rotary vacuum evaporator. The 5 ml aliquot was then transferred

to the Kuderna-Danish concentrator for further concentration to 1 ml. The

concentrate was then analyzed in the same method as the coupon extracts.

The chamber rinse samples (isopropyl alcohol and/or hexane) were

collected and concentrated to one ml using the Kuderna-Danish concentrator.
The concentrate was then analyzed in the same method as the coupon extracts.

3.5 Test Procedures

The approaches used to implement the five decontamination concepts

were outlined in Test Plans. Test Plan Part A details the Hot Gases and the

Vapor Circulation/RADKLEEN concepts, Test Plan Part B details the Steam, OPAB

and Flasnblast concepts.

4.0 HOT GASES DECONTAMINATION CONCEPT

The Hot Gases concept employs the use of heated gases such as burner

exhaust gases to thermally decontaminate a building.(2) The circulation of

inert hot gases in a building may allow the building to behave like an oven

I
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such that the agent contaminant Is exposed to elevated temperatures (100 to

300 C) for sufficient time to cause volatilization and/or thermal decom-

position. The purpose of the experiments described below was to determine the

decontamination effectiveness of the Hot Gases concept by subjecting stain-

less steel test coupons contaminated with agent to a hot-gas composition near

that of a combustion exhaust gas.

4.1 Description of Hot Gases Experiments

4.1.1 Hot Gases Apparatus

The hot gas system is illustrated in Figures 5 and 6. In the
process, a mixture of nitrogen, carbon dioxide, and water vapor were used as

the hot gas source. This mixture was selected to represent the atmosphere

produced when using stoichimetric combustion of natural gas to supply heat for -,

field application. For stoichiometric combustion of natural gas in air, the

molar fraction of products formed are 0.71 N2 :0.19 H2 0:0.10 CO2 . A gas

mixture in this proportion was prepared by passing 1.7 nM3 /hr of N2 and

0.24 nM3/hr of CO2 through a column of water heated at about 64 C. At this

temperature, the vapor pressure of water (186 mm Hg) was such that the gas

mixture exiting the water column had the desired molar proportion of gases.

During the experiments the water column temperature was varied, depending on
the outlet pressure of the water column (typically 207 mm Hg) and the flow

rates of nitrogen and carbon dioxide (typically 2.0 nM3 /hr and 0.3 nM3 /hr,
respectively) such that the desired molar ratio of gases was maintained.

Following the water column, the gas mixture was passed through a

tubular furnace containing a pipe, packed with alumina pellets. The alumina

pellets enhanced heat transfer from the furnace to the gas stream and served
as a heat sink which increased the stability of the system with respect to

temperature control. Following the tubular furnace, the hot gas stream was

directed through a heated pipe and into the side of the insulated test

chamber. In the chamber, heat was transferred from the gas stream to the test
chamber and the stainless steel coupons. The gases were then exhausted from

the chamber, through a water cooled heat exchanger and into a water trap. The

water trap served to eliminate water condensate from the gas stream, The gas

stream was then directed through two parallel impinger trains each comprised

"260
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FIGURE 6. HOT GAS DECONTAMINATION EQUIPMENT CONFIGURATION
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' of two impingers in series. The impingers contained glass beads to aid

dispersion of the gas and either pH 3.7 water for GB and VX or ethylene

* glycoldiacetate (EGDA) for HD to qualitatively trap agent that had

"* volatilized from the coupons. The impinger trains were externally cooled with

-- ice water during the experiment.

"Residual water vapor was removed by passing the gas stream exiting

the impingers through a trap cooled with solid carbon dioxide. The dryed gas

was directed through two vacuum pumps in series, through a totalizing dry gas

test meter, and finally to the hood. The vacuum pumps served to maintain the

exposure chamber at a slightly negative pressure (about minus one inch of

water column).

*. 4.1.2 Test Variables

The primary test variables were the coupon temperature and time at

temperature. Several methods of measuring the coupon temperatures were

"analyzed during the performance tests. The methods included having a metal-

sheathed thermocouple probe touching the surface, attaching an unsheathed

thermocouple to the surface with Sauereisen high temperature cement, etc. The

- preferred method involved the use of a bolt attached to a metal bar which, in

turn, was attached to the back of the coupon holder as shown in Figure 4. The

bolt supplied pressure to hold the thermocouple in place on the back of the

* coupon and to maintain the thermocouple in good contact with the coupon.

4.1.3 Test Procedure

Three stainless steel coupons were placed in coupon.holders and

then each coupon was spiked with 10 mg of agent using dilute agent solution.

Three coupons were used to obtain triplicate determination of decontamination

effectiveness in one experiment. The coupon holders were bolted into the

chamber and the chamber lid was secured. The hot gas flow was started and

regulated during the experiment such that the coupons were heated to the

-*" desited temperature. The initial set of experiments focused on heating the

coupons to about 572 F (300 C). This required maintaining the gas temperature

265
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inside the chamber at about 650 to 750 F (350 to 400 C). Once the coupons

reached 300 C, the gas flow was regulated such that the coupons were main-

"tained at about 300 C either for at least 30 seconds when HD was the contami-

nant; for at least 70 seconds when GB was the contaminant; or for at least

9.5 minutes when VX was the contaminant. These times were based on twice the

time required to achieve 99.9 percent decomposition of the agent at 300 C.(2)

After the required time at temperature was achieved, the hot gas flow was

stopped and the chamber was allowed to cool overnight. The following day, the

coupons and impingers were removed for analysis. The chamber was then rinsed

with hexane which was also collected for analysis. It is important to note

that because impermeable coupons (stainless steel) were used, the collection

chamber was not monitored for agent during these tests.

4.1.4 Measurements

The following samples from each Hot Gas experiment were quanti-

tatively analyzed for residual agent:

0 Coupons (three separate analyses)

* Impingers (combined liquids from all four impingers)

" Water trap (combined water samples taken throughout

the experiment)

9 Chamber rinse.

Measurements made during the experiment included:

* CO2 and N2 flow rates

* Water column temperature

0 Furnace inlet pressure

* Furnace inlet and exit temperature

* Chamber pressure

9 Chamber inlet, internal and exit temperatures

- Time versus temperature profile for each coupon

during heating and during cooldown
* Variac control settings

9 Dry test meter reading

0 Water trap sampling time and total amount of liquid

collected

266
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4.2. Discussion of Results from Hot Gas Decontamination Experiments

"The results from the hot gas experiments are discussed in the

following section. Actual data obtained from the experiments are recorded

in Battelle Laboratory Record Book No. 39108.

Table 2 gives a summary of the operating conditions for the hot gas

experiments.
A comparison of the total flow of gas into the system with the total

flow of gas out of the system indicates that leakage of air into the system

occurred during the experiments as planned. Leakage occurred primarily

during the process of removal of condensed water from the cooled chamber

exhaust stream. A small amount of leakage also occurred through the chamber

lid gasket. (In field decontamination, it is important to note that because a

building cannot be completely sealed, leakage will occur during implemen-

tation of the hot gas concept. As such, the building should be maintained at

"a slightly negative pressure because it is desirable to have air leakage into

the building rather than leakage of gas potentially containing agent out of

the building during operations.)

A summary of the coupon decontamination results from the six hot gas

"experiments is shown in Table 3. All coupons were decontaminated to below the
detectable limit in each of the hot gas tests except the GB experiment con-

ducted at 300 C. However, the subsequent GB experiment in which a lower

operating temperature was employed (i.e., 150 C) resulted in decontamination

to belbw the detectable limit. This suggests that GB detected in the 300 C

experiment may not be GB but rather a thermal decomposition product which

interferes with GB determination by GC analysis. The sample which showed "GB"

• was subjected to GC/MS analyses. Results of the GC/MS analyses, given in

Table 4, substantiate the absence of GB but do not identify the analytical

* interference. Agent decomposition products were not detected in any of the

coupon extracts subjected to GC/MS analysis. As such, if thermal decomposi-

* tion occurs either the products volatilize from the surface or form a species

which cannot be chromatogrammed. No obvious chars or other coatings on the
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"TABLE 4. MASS SPECTRAL DATA OF COUPON EXTRACTS FROM SUBTASK 5
STUDIES ON HOT GAS DECONTAMINATION OF STAINLESS STEEL

"Agent Compound Comments on

Decontaminated Identified Source of Compound

HD Tridecane Solvent impurity

1-Methylnitrobenzoic acid Solvent impurity

Phthalate Plasticizers

GB Phthalates Plasticizers

VX Phthalates Plasticizers
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stainless steel coupon surfaces were observed following hot gas decontami-

nation.

Agent destruction efficiencies, shown in Table 3, were calculated

from the kinetic thermal decomposition expressions given in Reference 2. A

comparison of the calculated destruction efficiencies with the observed

coupon decontamination efficiencies for the experiments operated at 150 C

indicates that thermal destruction accounts for only a fraction of the coupon

decontamination efficiency. The remaining decontamination was probably

caused by volatilization of undecomposed agent from the coupons. The

volatilized agent would mix with the hot gas stream in the chamber which

subsequently is exhausted from the chamber. Although the mixing of the hot

gas (typically at a temperature of about 230 to 340 C) with the volatilized

agent can cause partial thermal decomposition of the agent, sufficient time

may not have been available to cause complete decomposition. As such, un-

decomposed agent would be observed in the impinger and/or water trap. Res!jlts

of the impinger and water trap analyses (See Table 5), confirm that the hot

* gas exhaust stream contained undecomposed agent. In the cse of HD, a

relatively large fraction of the HD spiked on the coupons was recovered in the

impingers (5.8 mg of HD was recovered in Experiment 4 out of 30 mg spiked).

It is important to note that operation at higher temperatures may

not completely eliminate volatilization because volatilization may occur pri-

marily during the heatup stage. Also, operation at higher temperatures would

require additional fuel requirements and increase the probability of damage

to the building. Thus, a method must be developed to remove volatilized agent

from the exhaust gas when decontaminating a building in the field using the

hot gas concept. The method can be as simple as recycling all of the exhaust

gas through the burner that supplies the hot gas. Following incineration to

ensure complete agent destruction, part of the flue gas stream can then be
vented to the atmosphere with the remainder directed into the building being

decontaminated.

Because agent was volatilized during the hot gas experiments, the

contamination of previously uncontaminated areas of the test chamber was

possible especially at cold spots within the test chamber. However, analyses

of the chamber rinses (See Table 5) demonstrated that initially uncontami-
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nated areas of the chamber did not become contaminated. Application of the

hot gas concept to field structures must consider prevention of cold spots

within the building by, for example, the use of baffles or other flow

directional devices which would cause turbulent mixing of the hot gases

throughout the structure.

4.3 Hot Gas Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the hot

gas experiments are as follows:
0 Stainless steel contaminated with GB, HD, or VX can

be decontaminated to below the detectable limit by

maintaining the contaminated steel surfaze at a
temperature of 150 C for one hour

* Undecomposed agent volatilizes from the stainless

steel coupons thereby requiring a method to remove/

decompose agent contained in hot gas exhausted from a

buildirg

* Volatilized agent did not contaminate previously un-

contaminated areas of the test chamber.
Based on the experimental results, further evaluation of the hot

gas concept in Subtask 6 of Task 3 is recommended. The suggested starting

conditions for decontamination of painted mild steel, painted stainless

steel, and unpainted mild steel coupons in Subtdsk 6 are 60 minutes at a

coupon temperature of 150 C. It is anticipated that the effluent gas will

be incinerated to destroy residual agent.

5.0 STEAM

The steam concept employs the use of ambient pressure steam to

decontaminate a building by either chemical hydrolysis and/or physical

removal (i.e., solubilization or evaporation) of agent contaminants. (2) Steam

"may be applied either manually or remotely (i.e., injecting steam into a

273

.. - - - -- - - - - - - - - - - - - - -- .J.



IV-32

sealed building). The purpose of the experiments described below was to

determine the decontamination effectiveness of steam by subjecting stainless

steel test coupons contaminated with agent to steam.

"5.1 Description of Steam Experiments

5.1.1 Steam Apparatus

The steam system is illustrated in Figure 7. Water was vaporized in

pressure vessel at a rate of about 1.4 kg/hr. The steam at a pressure of

about 50 to 200 mm Hg above atmospheric was directed through a heated pipe and

into the side of the exposure chamber. The pipe was heated to prevent

condensation of steam. In the exposure chamber, the steam condensed on the

walls and the coupons. The condensate was directed from the sumps in the

chamber to a collection flask. Uncondensed steam was vented from the chamber

through impinger trains. The impinger trains, empty at the start of the

experiment, were cooled in an ice bath such that the uncondensed steam ex-

hausted from the chamber could be collected.

5.1.2 Test Variables

The primary test variable was the period of time that the stainless

steel coupons were maintained at a temperature of about 100 C (212 F).

Selection of the time at temperature allowed a comparison of the steam experi-

"ments to be made. The heat-up time (i.e., timc ;,equired for the coupons to

reach temperature) was not included because it varied in each experiment

depending upon the steam flow rate.

The method used to measure coupon temperature is described in

Section 4.1.2.

5.1.3 Test Procedure

Three stainless steel coupons were placed in coupon holders and

then each coupon was spiked with 10 mg of agent using dilute agent "olution.
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The coupon holders were bolted into the chamber and the chamber lid was

secured. The steam flow was then started.
As steam condensed on the coupons, the coupons were heated from

ambient temperature (about 20 C) to near the boiling point of water. In the

- -initial set of experiments, steam flow was then maintained for an additional

20 minutes when HD was the contaminant; 60 minutes when GB was the contami-

nant; or 140 minutes when VX was the contaminant. These operation times were

based on results from the Chemical Prescreering Studies where decontami-

nation with steam was evaluated in a closed system. Subsequent operation

times were based on the results from the initial set of stainless steel

decontamination experiments. After the required time at temperature was

achieved, the steam flow was stopped and the chamber was allowed to cool

overnight. The following day, the coupons and impingers were removed for

analysis. The chamber was then rinsed with bexane which was also collected

for analysis.

5.1.4 Measurements

- The following samples from each steam experiment were quantita-

tively analyzed by GC for residual agent:

" Coupons (three separate analyses)

* Impingers (ccmbination of liquid from both impingers)

* Condensate (combination of water samples taken

throughout the experiment)*

* Chamber rinses (Isopropyl alcohol rinse followed by a

hexane rinse).

Measurements made during the experiment included:

e Time versus temperature profile for each coupon

during the experiment

* Inlet steam temperature

"""In Experiments 4 and 6, two condensate samples were analyzed. One sample
was condensate collected during the heat up period. The second sample was
condensate collected between the time the coupons rcached about 100 C and
the end of the experiment.
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0 Pressure vessel temperature/pressure
0 Variac control settings

* Condensate sampling time and amount collected

a Amount of liquid collected in the impingers.

-- 5.2 Discussion of Results from the Steam Experiments

The results of the steam experiments are discussed in the following

section. Actual data obtained from the experiments are given in Battelle

Laboratory Record Book No. 39108.

Table 6 gives a summary of the operating conditions for the steam
experiments. The average steam flow for the six steam experiments corresponds

to a flow of about 20.8 kg of steam/m3 /hr for the 0.07 cubic meter chamber.
Application of the steam concept to decontamination of field structures will

require a lower steam flow rate per unit volume which, consequently, will

require operation for a longer period than that shown in Table 6 because of

longer heatup times. However, the time the stainless steel surfaces are

maintained at about 100 C can correspond to the times shown in Table 6. j
A summary of the coupon decontamination results from the six steam

experiments are shown in Table 7. The results indicate that all coupons were

decontaminated to below the detectable limit in each of the steam experiments.

Decontamination of the coupons involved not only destruction of agent, but

also physical removal of agent. In the steam experiments, agent can be
physically removed from the coupons by either volatilization and/or washed

off by steam condensation. Results from the analysis of the impinger samples

shown in Table 8 indicate that undecomposed agent did vole.ilize from the
coupons. The volatilized agent was exhausted from the chamber to the

impingers along with uncondensed steam. It appears that insufficient contact

time of the volatilized agent with the steam was available to cause complete
agent destruction. As such, a method must be developed to remove volatilized

agent from the exhausted steam when decontaminating a bjilding using steam.
* The method can entail recycle of the exhausted steam to the steam generator.
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Repeated recycle should provide sufficient contact time of undecomposed agent

with steam to ensure complete destruction (see Reference 3).
The second method by which undecomposed agent can be physically

remuved from the coupons is by washing off by the steam condensation. Results

"from the analysis of the sump condensate shown in Table 8 substantiate that

agent wash-off does occur. In an effort to determine when agent wash-off

occurs during the process, two condensate samples were taken in each of

Experiments 4 and 6. The first sample consisted of liquid collected between

the start of the experiment and the time the coupons reached about 100 C. The

second sample consisted of liquid collected between the time the coupons

reached about 100 C and the end of the experiment. The samples were analyzed

separately. The results shown in Table 8 suggest that agent wash-off can

occur throughout the steam decontamination process. Because the sump conden-

sate contains undecomposed agent, the condensate would require a subsequent

treatment. The treatment can be identical to that previously described for

the steam exhaust. For example, the condensate can be collected in a sump,

pumped from the building to temporary storage tanks, and recycled to the steam

generator. -he cycle could be repeated until no agent is detected in the

condensate.

Minor amounts of agent were found in the chamber rinses in several "

of the experiments. The source of the agent is probably attributed to

residual agent in the condensate collection system. Subsequent steam experi-

ments in Subtask 6 will attempt to verify the source of the contamination by

separately collecting rinses of the condensate collection system and the

chamber.

5.3 Steam Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the

steam experiments are as follows:

. Stainless steel contaminated with HD, GB, or VX can

be decontaminated to below the detectable limit by

maintaining the steel surface at a temperature near

the boiling point of water for 40, 60 or 180 minutes,

respectively.
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* Steam decontamination includes the physical removal

of undecomposed agent from the coupon by volatili-

zation and wash-off. Thus, a method to remove/

decompose agent contained in exhausted steam and con-

densate from a building is required.

* Volatilized agent contaminated either the condensate

collection system or previously uncontaminated areas

of the chamber. Further efforts are required to

determine the path of the contamination.

Based on the experimental results, further evaluation of the steam

concept in Subtask 6 is recommended. The suggested starting conditions for

decontamination of painted mild steel, painted stainless steel and unpainted

mild steel are as follows:

GB - 60 minutes at a coupon temperature of 100 C

HD - 40 minutes at a coupon temperature of 100 C

VX - 180 minutes at a coupon temperature of 100 C.

In addition to the experiments above, experiments in which conden-

sate containing undecomposed agents is reboiled are suggested. The reboiled

water would be analyzed for agent to confirm that recycle of water to decom-

pose residual agent is feasible.

6.0 VAPOR CIRCULATION/RADKLEEN"

The vapor circulation/RADKLEEN concept is a combination concept

which employs the vapor circulation method as a means of application of

FREON' 113 .(Trichlorotrifluoroethane) - the solvent used in the RADKLEEN
(2)process " In the Vapor Circulation/RADKLEEN process, FREON 113 is applied

to a building in a vapor phase. The vapor would condense upon contacting the

cool building surfaces. The condensate would then solubilize the agent con-

taminants and the solvent laden with agent would be collected from a sump for

treatment. The purpose of the experiments described below was to determine

the decontamination effectiveness of the process by subjecting test coupons

contaminated with agent to FREON 113 vapor. It is important to note that

agent was not decomposed by this process but rather physically removed by
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solubilization. The solvent containing agent would require subsequent treat-

ment to decompose the agent.

6.1 Description of Vapor Circulation Experiments

- 6.1.1 Vapor Circulation Apparatus

The Vapor Circulation/RADKLEEN* system is similar to the Steam

system illustrated in Figure 7. FREON 113 was vaporized in a boiler (boiling

- point 48 C or 117.6 F) at a rate of about 1 to 2 kg/hr. The FREON vapor was

then directed through a heated pipe and into the exposure chamber. The pipe

was heated to prevent condensation. In the exposure chamber, the FREON vapors

condensed, solubilized the agent from the coupons, and drained into the sumps

for collection. In several experiments, uncondensed vapors were directed

through empty impinger trains cooled with water-ice mixture to condense and

remove residual FREON vapor before venting. in Experiments 1, 5, and 6, all

flow was directed through the sump collection system.

6.1.2 Test Variables

The primary test variable was the period of time that the coupons

were maintained at a temperature of about 48 C. Coupon temperatures were

measured in the method described in Section 4.1.2.

"6.1.3 Test Procedure

Three stainless steel coupons were placed in coupon holders and

then each coupon was spiked with 10 mg of agent using dilute agent solution.

The coupon holders were bolted into the chamber and the chamber lid was

secured. The FREON vapor flow was then started. As FREON began to condense

on the coupons, the coupons were heated to near the boiling point of

FREON 113. In the initial set of experiments (Experiments 1, 2 and 3), the

FREON flow was stopped and the experiment was ended when the coupon tempera-

ture reached about 48 C. Subsequent operation times were based on the results
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of these initial experiments. For example, if incomplete decontamination was

observed in the initial experiments, then the subsequent experiment was

operated at longer times rather than higher temperatures. The selected decon-

taminant temperature (boiling point) was considered optimum and limiting. A

higher temperature would not lead to solubilization of the agent because the

FREON would be in vapor form.

If complete decontamination was observed in the initial experi-

ments, then the subsequent experiment was conducted at similar conditions

(i.e., same time at temperature).

After the required time at temperature was achieved, the FREON flow

was stopped and the chamber was allowed to cool. The coupons and impingers

were then removed for analysis. The chamber was rinsed with hexane which was

also collected for analysis.

6.1.4 Measurements

The following samples from each FREON experiment were quantita-

tively analyzed for residual agent:

* Coupons (three separate analyses)

"" Impingers (combined liquid from both impingers)

"e Condensate (combined FREON samples taken throughout

the experiment)*

0 Chamber hexane rinse.

Measurements made during the experiment included:

s Time versus temperature profile for each coupon

during the experiment

0 Inlet temperature

* Pressure vessel temperature/pressure

* Variac control settings

e Condensate sampling time and amount collected

s Amount of liquid collected in impingers.

* In Experiments 1, 2, and 6 multiple condensate samples were collected and
separately analyzed for agent.
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6.2 Discussion of Results from the Vapor

Circulation Experiments

The results of the Vapor Circulation decontamination experiments

are discussed in the following section. Actual data obtained from the experi-

ments are given in Battelle Laboratory Record Book No. 39108..

Table 9 gives a summary of the operating conditions for the vapor

circulation experiments. The average FREON flow rate for the six vapor

circulation experiments corresponds to a flow rate of about 53 liters of

FREON/m3 /hr for the 0.07-cubic meter chamber. Application of the FREON to a

field structure at this flow rate per unit volume is probably not feasible. A

lower flow rate can be employed but this will require operation for longer

times than that shown in Table 9 because of longer heat-up times.

A summary of the coupon decontamination results from the six vapor

circulation experiments is shown in Table 10. The data indicates that the

coupons contaminated with either GB or HD were decontaminated to below the

detectable limit. However, incomplete decontamination was observed when

- coupons were contaminated with VX. A longer time at temperature than two

hours may be required to decontaminate stainless steel coupons contaminated

with VX using the vapor circulation concept. Other options include repetition

of the thermal cycles.
Analytical results from the impinger, sump condensate and chamber

rinse saMples taken during the vapor circulation experiments are given in

Table 11. Agent was detected in two of the experiments in which impingers

* were used. This suggests that agent was volatilized from the coupons during
the treatment and was entrained in the FREON vapor exhaust stream. (As such,

the vapors emanating from a building must be collected and treated to remove/

decompose agent during field decontamination when using the Vapor Circulation

concept.)

"Results of the sump condensate analyses shown in Table 11, indicate

that for most experiments, a large amount of agent was present. This was

anticipated because the coupon decontamination mechanism of the vapor circu-
- lation concept is by solubilization of undecomposed agent. However, in

Experiments 4, 5, and 6 less than a milligram of agent was found in the
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*condensate. Low agent recoveries in these experiments may be accounted for by

the following: 1) Agent may have been decomposed during the experiment

- •through interaction with either boiling FREON or a FREON contaminant such as

water. The FREON may have picked up water vapor either from the air, from

residual water in the chamter and condensate collection system, or from the

pressure vessel used to supply FREON vapor. 2) Agent may have volatilized

from the condensate collection system. Although quantitative capture of

agent in the condensate collection system was not anticipated, it is unlikely

*. that all agent volatilized and passed through the system. 3) FREON may form

an azeotrope with GB. As such, GB would be co-distilled with FREON during the

* concentration step of the analysis. Further efforts would be required to

determine the fate of agent in the vapor circulation experiments; however,

additional experiments are not warranted unless further evaluation of the

vapor circulation concept is required in Subtask 6.

6.3 Vapor Circulation Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the

vapor circulation experiments are as follows:

* Sinless steel ceupons contaminated with HD, or GB

can be decontaminated to below the detectable limit

by maintaining contaminated coupons in contact with
FREON 113 vapor until the coupons are heated to about

48 C (i.e., boiling point of FREON 113).

• Stainless steel contaminated with VX can be partially

decontaminated by maintaining the steel in contact
with FREON 113 vapor for two hours after the stain-

less steel reaches 48 C.

* * iUndecomposed agent volatilizes from the coupons

thereby requireing a method to remove/decompose agent

contained in FREON vapor exhausted from a building.

Decontamination of field structures will require large quantities

of FREON 113 especially if the structure is contaminated with VX. Although
recycle of the FREON is possible, sizable evaporation losses are expected.

Observations made during the vapor circulation experiments indicate that
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FREON 113 readily evaporates at room temperature. Also, FR0ON 113 is rela-

tively expensive.* As such, further evaluation of the vapor circulation

concept at this time is not recommended. However, the vapor circulation

concept should be retained in the event that a replacement concept is required

for decontamination of GB or HD in Subtask 6.

7.0 FLASHBLAST DECONTAMINATION CONCEPT

The Flashblast Concept employs the use of hign intensity light to

decontaminate building surfaces.(2) The light, supplied from a high inten-
sity xenon-quartz strobe light, generates sufficient heat on material sur-

faces to remove paint and rust and to thermally decompose surface contami-

nants. The purpose of the experiments described below was to determine the

decontamination effectiveness of Fl~shblasting by subjecting stainless steel

test coupons contaminated with agent tc high intensity light pulses.

7.1 Description of Flasholast Experiments

7.1.1 Flashblast Aparatus

The Flashblast system is illustrated in Figure 8. A xenon micro-

pulser was employed to supply pulses of energy to the quartz flash tube. The

micropulser was capable of supplying up to a 100 joule pulse lasting about 1

to 10 microseconds at a rate of about 3 pulses per second. The pulses caused

the quartz flash tube to emit light over a brcad spectrum but primarily in the

2000 to 3000 R regime (ultraviolet). The light was directed to a single

stainless coupon located in the center of the chamber. A hemispherical flash

tube assembly lined with COILZAKO** was used to hold the flash tube and direct

the light to the coupon (see Figure 9). The flash tube assembly maintained

"* FREON 113 bulk quantity = $0.89/lb (Chemical Marketing Reporter, January
30, 1984).

** COILZAK is an aluminized flexible material with a reflectivity of 30 to

83 percent.
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the flash tube at a distance of 2.54 cm from the coupon. Only one coupon was

decontaminated in each experiment because of constraints imposed by the size

of the xenon-quartz flash tube.

The test chamber was exhaisted during each experiment using a

vacuum pump. It was necessary to exhaust the chamber because of unsealed

openings into the chamber required for passage of the electrical leads.

Ventilation was accomplished by withdrawing air from the test chamber using a

vacuum pump. Impingers were used to trao volatilized agent from the air

stream pulled through the chamber. The imoinger trains contained either pH

3.7 water for GB and VX, or EGDA for HO.

7.1.2 Test Variables

The pr ary test variable was the total amount of energy supplied to

the test coupon in the form of light. The supplied energy per pulse and the

pulse rate were maintained approximately constant for all experiments. In

order to vary the amount of power applied, the duration of the flashblasting

was increased from 5 minutes for the initial series of experiments to

10 minutes for the final series. It is important to note that light intensity

measurements were not performed during the experiments because of the un-

desirable configuration of the flash tube assembly and the test chamber. The

amount of energy supplied to the coupon was calculated from the voltage and

"the capacitance of the micropulser assuming no loss by reflectance. However, 4

energy losses occurred by 1) conversion of electricity to light (about

40 percent conversion), 2) absorbance by the reflector and test chamber; and

3) reflection from the surface of the stainless steel coupon.

7.1.3 Test Procedure

One stainless steel coupon was placed in a coupon holder. The

coupon was then spiked with 10 mg of agent using dilute agent solution. The

coupon holder was bolted into the center position of the chamber and the

chamber lid was sealed. It is important to note that blank coupons attached

to coupon holders were placed in the left and right positions of the chamber
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during flashblasting. This prevented volatilized agent from contaminating

the rear collection chamber (see Section 3.1.2).

After the chamber lid was secured, ventilation of the chamber was

initiated. After about 5 minutes of ventilation, flashblasting was started

and continued for either 5 minutes (first six experiments) or 10 minutes

(last three experiments). Ventilation, which was maintained during flash-

blasting, was continued for about 10 minutes following the termination of

flashblasting in order to purge the chamber of residual agent. The coupon was

then removed for analysis. After a set of experiments on a particular agent

.3was complete, the impingers were removed and the chamber was rinsed with

hexane. The chamber rinse and impinger were then analyzed for agent.

7.1.4 Measurements

The following samples from each Flashblast experiment were quanti-

tatively analyzed for residual agent:

* Coupon

* Impingers (combined liquids from both impingers)

e Chamber rinse

Measurements made during the experiments included:

* Pulse rate setting

0 Voltage setting

"* Ventilation/Flashblast times

# Coupon temperature.

7.2 Discussion of Flashblast Experimental Results

The results of the Flashblast experiments are discussed in the

following section. Actual data obtained from the experiments are given in

Battelle Laboratory Record Book No. 39108.

Table 12 gives a summary of the operating conditions for the Flash-

blast experiments. As shown in Table 12, the applied power was calculated to

be about a total of 26 kw for each of the initial series of experiments. The

total applied power was increased to about 49 kw for the final series of

experiments in an effort to increase decontamination effectiveness.
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Flashblasting caused heating of the stainless steel coupons due to

absorption of energy from the UV light pulses. The coupon temperature was

raised by as much as 22 C during the second experiment with GB. In two

experiments, temperature readings could not be obtained because of arcing

which occurred on several of the pulses. Arcing resulted in a discharge of

electricity from the flash tube to the test chamber producing faulty readings

in the thermocouple touching the back surface of the stainless steel coupon.

Arcing was probably caused by positioning the flash tube assembly too close to

the coupon holder bolts in the test chamber.

A summary of the coupon decontamination results from the nine

Flashblast experiments is given in Table 13. The results indicate that the

decontamination efficiency was above 99 percent in each of the experiments.

In two of thie ExperiwEnts GB (2) and HD (3), the coupons were decontaminated

*1 to below the detectable limit.

It was anticipated that the method of decontamination of the

coupons would involve destruction of the agent by the high intensity light.

However, analysis of the impinger samples and chamber rinse samples from the

experiments indicates that decontamination included volatilization of un-
decomposed agent from the coupons. The results of the impinger and chamber

rinse analyses, given in Table 14, show that in Experiment GB (3), essentially

no agent destruction occurred because 100 percent of the amount of GB spiked

was recovered in the chamber rinse. It is unlikely that flashblasting alone

was responsible for this degree of volatilization. Ventilation of the test

chamber may have accounted for part of the volatilization. Further experi-
ments are required to determine the affect of ventilation on the volatili-

*e zation of agent from coupons installed in the test chamber.

7.3 Flashblast Concept Conclusions/Recommendations

*i Tentative conclusions based on evaluation of the data from the

Flashblast experiments are as follows:

- Altho-,,h the coupon decontamination efficiency was

above 99 percent in all flashblast experiments, de-

contamination to below the detectable limit was ob-

served in only two of the nine tests
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. Decontamination includes volatilization of undecom-

.* posed agent

"* The coupon temperature increased during the experi-

ments as a result of flashblasting.

Based on the results of the flashblast experiments, further evaluation of the

flashblast concept is not suggested because:

* A supplementary process which destroys volatilized

agent is required for flashblasting

* High voltage (9,000+ volts) operation requires high

power requirements when decontaminating large areas

and special safety requirements for operating

personnel (UV light and high voltage)

a Decontamination of complex building configurations

is impractical because of the configuration of the

flashblast lamp

0 Because the flashblast lamp emits light in the UV

range, the penetration of light into concrete and

painted surfaces is expected to be minimal.

However, experiments involving ventilation of the test chamber con-

taining spiked coupons are suggested. The experiments will serve as part of

the baseline data.

8.0 OPAB DECONTAMINATION CONCEPT

The OPAB concept involves decontamination by spray application of

an aqueous solution of 1-octyl-pyridinium 4-aldoxime bromide (OPAB), OPAB has

the following chemical structure:

C8 H1 7 -N N -CH-NOH

Br - -
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"The specifications of the decontamination solution are as follows:

o 5 percent OPAB*

"o 1 percent foam stabilizers

a 5 percent anti-freezing agent (poly-ethylene glycol)

* 89 percent water.

The selection of OPAB for experimental evaluation was based on studies per-

formed at.Battelle-Frankfurt (sponsored by the German Defense Ministry) which

indicated OPAB to be highly effective in decontaminating VX. Beaker tests

performed, during the Chemical Prescreening Studies(3) demonstrated the

effectiveness of OPAB in decontaminating GB and HO. The purpose of the

experiments described below was to determine the decontamination effective-

ness of OPAB on stainless steel coupons when applied in the form of a spray.

8.1 Description of OPAB Experiments

8.1.1 OPAB Application Apparatus

The OPAB application apparatus is illustrated in Figure 10. A

5 percent solution of OPAB was placed in a pressure vessel and the vessel was
pressurized to 6.8 atm.** The OPAB solution was then directed through three

identical spray nozzles.** The spray nozzles were oriented in the test chamber

such that the spray from each nozzle completely covered one of the three test

coupons (10.16 cm circle). Each nozzle provided a spray of coarse water

particles (150 to 750 microns in diameter) at a flow rate of about

0.76 liter/min.**. This flow rate was maintained for a period of from one to

two seconds for each spray application thereby providing a coverage** of about

1.5 to 3.0 liter/m2 of coupon area/spray. Runoff liquid from spraying was

drained into the sumps of the test chamber and then into collection vessels as

illustrated in Fiqure 10.

* A concentrated OPAB solution was obtained from Battelle-Frankfurt. The
5 percent solution was prepared from the concentrate by dilution of I part
concentrate to 3 parts water.

•* The supply pressure, nozzle type,($)low rate and coverage were based on
results from the Diffusion Studies
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8.1.2 Test Variables

The nozzle type, supply pressure, flow rate and coverage were main-

tained approximately constant for all of the OPAB experiments. The primary

test variables were then I.) the total number of sprays and 2) the time inter-

val between sprayings. In the initial set of experiments, the spray applica-

tion was repeated 10 times at 5-minute intervals. in the final set oi experi-

ments, the spray applicatiovn was repeated 10 times at intervals suggested
(3)from results of the Chemical Pres:reening Studies

8.1.3 Test Procedure

Three stainless steel coupons were placed in coupon holders and

then eac~h coupon was spiked with 10 mg of agent using dilute agent solution.

The coupon holders were bolted into the chamber and the chamber lid was

secured. The spray application was then initiated and repeated ten times at
the desired time interval.

Following completion of the sprayings, the coupons were removed

from the chamber and the chamber was rinsed with isopropy'l alcohol followed by
hexane. Liquid collected in the sump of the test chamber was not analyzed

directly but, rather, was stored for a sufficient period (i.e., overnight) to

allow decontamination of undecomposed agent which may have been physically

removed from the coupons by the action of the spray.

8.1.4 Measurements

The following samples from each OPAB experiment were collected for

quantitative analysis of residual agent:

* Coupon (three separate analyses)

9 Sump liquid (combined liquids collected throughout the experi-

ment)

* Chamber rinse.

Measurements made during the experiment included:

I Supply pressure

302



IV-61

. Amount of liquid collected in the sump collection

system versus time

- Number of sprays

a Time interval for spraying.

8.2 Discussion of OPAB Experimental Results

The results of the OPAB experiments are discussed in the following

section. Actual data obtained from the experiments a~e recorded in Battelle

Laboratory Record Book No. 39108.

A summary of the operating conditions for the OPAB experiments is

given in Table 15. As shown in Table 15, the desired coverage of 1.5 to
23.0 liter/m /spray was obtained for all experiments. It is important to note

that blockage of the test chamber drain lines occurred during the second VX

experiment. The blockage was caused by the formation of a precipitate in the

spent OPAB solution. It is not known whether the precipitate had formed in

the OPAB solution stored in the pressure vessel or as the OPAB was being

sprayed.

A summary of the coupon decontamination results from the six OPAB

experiments is given in Table 16. The results indicate that OPAB is highly

effective in decontaminating GB contaminated stainless steel. High decon-

tamination efficiencies were also observed for HD and VX. In the first series

of experimeihts, a time interval of 5 minutes was selected based on results

from the Diffusion Studies. Because incOr.Dlete decontamination was observed

for VX and HD, the time interval was increased to allow more time for the OPAB

to react with the agent on the coupon. Results from the Chemical Prescreening

Studies(3) indicate that about 180 and 240 minutes are required to decontami-

nate VX and HD, respectively. As such, 10 sprays at a time interval of

18 minutes were selected as the conditions for the second VX experiment. Ten

sprays at a time interval of 24 minutes were selected as tl.e coiditions for

the second HD experiment. The results of the HO experiments indicate that

increasing the time interval to 24 minutes resulted in an increase in the

"decontamination efficiency by an order of magnitude over the 5 minute time

interval experiment. The data suggests that a further incr-ase in the time
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interval to 30-40 minutes should result in decontamination to below the

detectable limit.

The results of the VX experiments indicate that the decontamination

efficiency did not increase when the time interval was increased to

18 minutes. This can be explained as follows. In the second VX experiment,

precipitate was formed in the OPAB solution which caused blockage of the

chamber drain lines. The precipitate indicates that the OPAB solution may

have partially degraded while in the supply vessel.* Although the OPAB may

have degraded a high decontamination efficiency was observed. Further ex-

periments using freshly prepared OPAB are required to substantiate the decon-

tamination efficiency of OPAB for VX contaminated stainless steel.

Difficulties were encountered in the extraction/concentration of

the sump samples from the OPAB experiments in preparation for analyses.

Attempts to extract the aqueous sump samples with hexane were unsuccessful

because OPAB (or its decomposition products) was extracted into the hexane

phase. Subsequent attempts to concentrate the hexane by evaporation resulted

in formation of a viscous liquid which could not be analyzed by GC. Concen-

tration of the sump liquid without extraction was not possible because GB will

boil over with the water which, in the form of steam, will destroy any

residual GB.

The difficulties in extraction may be caused by either the de-

gradation of OPAB solution or by the degree of concentration required in order

to analyze the extracts. Previous studies involving relatively fresh OPAB(3),

showed that extraction of OPAB solution with organic tolvents were successful

in that most of the OPAB remained in the aqueous phase. These studies

involved extraction of 10 ml of OPAB solution with 10 ml of methylene

chloride. The methylene chloride was then concentrated by solvent evapora-

tion to about 1 ml.** In the stainless steel tests, however, much larger

quantities of older OPAB solution (about 500 ml) required extraction with

It is important to note that the OPAB used in the tests was obtained from

Battelle-Frankfurt (received October 1983) as a concentrate dissolved in
water. OPAB may have a finite shelf-life in this form. The solid material
should be stable.

** The concentrated extract was slightly colored indicating the presence of
OPAB. 306
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50 ml of solvent. Although even if fresh OPAB may be only slightly soluble in

the organic solvent, the concentration of 50 ml of solvent to one ml could

result in a concentrated solution of OPAB. OPAB, which is relatively non-

volatile, would not be evaporated with the solvent during concentration.

Because of the concentration difficulties, no analyses of the sump

liquid from the OPAB stainless steel experiments were performed. However,
(3)based on the Chemical Prescreening Studies, it is unlikely that unde-

composed agent would be found in the solutions. In field decontamination, the

sump liquid could be allowed to stand for several days prior to reuse/disposal

to ensure complete decomposition of residual agent.

8.3 OPAB Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the OPAB

experiments are as follows:

e Stainless steel contaminated with GB can be decon-

taminated to below the detectable limit by spraying

with OPAB solution every 5 minutes

* Results suggest stainless steel contaminated with HD

or VX can be decontaminated to below the detectable

limit by spraying with OPAB solution if the spray

time interval is greater than 24 minutes

* Attempts to analyze the sump liquid for resi-ual --

agent were unsuccessful.

Based on the experimental results, further evaluation of the OPAB concept is

suggested. However, because of possible degradation of OPAB concentrate, the

subsequent experiments should utilize freshly prepared OPAB solution. A

fresh source of 1-octyl pyridinium 4-aldoxime bromide is needed to do this.

9.0 CONCLUSIONS

A summary of the coupon decontamination results from the experi-

mental concept evaluation is given in Table 17. Based on analysis of the

results further evaluation of the following concepts is suggested:
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* Hot Gases

- Steam

e OPAB

'Suggested starting conditions in the Steel/Concrete Tests

(Subtask 6) for the Hot Gas and Steam concepts are given in Table 17. The

OPAB concept will require further evaluation using stainless steel coupons in

order to confirm that OPAB is capable of decontaminating stainless steel

contaminated with HD or VX to below the detectable limit. Because the OPAB

currently in storage may have degraded, any additional efforts should use a

source of freshly prepared OPAB solution.
The Flashblast test results suggest that ventilation of the test

chamber may cause agent volatilization. As such, ventilation tests are

suggested in which coupons are spiked with agent and placed in the test

chamber. The chamber would then be ventilated with nitrogen under a slightly

reduced pressure. The exhaust from the chamber would then be passed through

impingers. Following the experiment, the coupons and impinger will be

analyzed for agent. The results of these experiments will also serve as a
baseline for concepts employing circulating gases.
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EXECUTIVE SUMMARY

Three decontamination concepts (steam, hot gas and OPAB) were

evaluated for their effectiveness in removing agent from contaminated painted

and unpainted mild and stainless steel surfaces, concrete and unglazed

porcelain. Also, a comparison was made between the solvent extraction/gas

chromatography method and the air sampling/enzyme inhibition method for agent

surface analyses. -

Results of the steam experiments suggest that the materials of

interest can be decontaminated to below the detectable limit. Undecomposed

agelit can be volatilized from the contaminated surface during the process.

Results of the hot gas experiments suggest that the materials

of interest can be decontaminated to below the detectable limit. Undecom-

posed agent can be volatilized from the contaminated surface during the

process.

Results o- the OPAB experiments suggest that painted and unpainted

mild and stainless steel can be decontaminated to btiow the detectable

limit. Over 99 percent of the HD spiked onto concrete and the GB spiked

onto porcelain was decontaminated by OPAB. VX contaminated porcelain was

decontaminated to below the detectable limit.

Thus, the steam and hot gas concept should be further evaluated

in Subtask 7 for an engineering/economic analysis. Further evaluations

of the OPAB concept should focus on specific applications such as decon-

tamination of pipes, tanks and sumps and as a protective coating during

application of the hot gas and steam concept.

314

. -o



TABLE OF CONTENTS

1.0 INTRODUCTION .... .... ................ .................. ....V-i

2.0 Ot3..ECTIVE. ...... .................. .................. ......V-i

3.0 APPROACH ........ .................. ................ ........V-2

3.1 Th-st Chamber Description .. ...... .................. ......V-2
3 .e2 Coupon Description .. ...... ................ ..............V-2
3.3 Coupon Spiking Method. ...... .................. ..........V-3

3.3.1 Steel Coupons .. .............. .................. ......V-3
3.3.2 Concrete Coupons .. .... .................. ..............V-5
3.3.3 Unglazed Porcelain .. ...... .................. ..........V--7

3.4 Analytical Methodology .. .... .................. ......... .

3.4.1 Steel Coupons......... .................. ...... V-l0
3.4.2 Concrete and Unglazed'Po~rcel*ain*Coupons. ...... ..........V-10
3.4.3 Impingers .. .............. .................. ..........V-li
3.4.4 Condensate/-Ri~-I ....... .. .. .. ....... .. .. .. .. ......- 12

3.5 Test Procedures .. .............. .................. ...... V-12

4.0 HOT GAS DECONTAMINATION CONCEPT .. .............. ..............V-12

4.1 Description of Hot Gas Experiments .. ...... ................V-13

4.1.1 Hot Gas System .. ...... ................ ................V-13
4.1.2 Test Procedure .. .... .................. ................V-13

4.2 Discussion of Results from the Hot Gas Decontamination
Experiments. ........ ................ ..................V-13

4.3 Hot Gas Concept Coniclusions/Recommendations .. ..............V-22

5.0 STEAM DECONTAMINATION CONCEPT .. .............. ................V-23

5.1 Description of Steam Experiments .. ...... ..................V-23

5.1.1 Steam System .. ...... ................ ..................V-23

5.1.2 Test Procedure .. ...... .................. ..............V-23

5.2 Discussion of Resuilts fromn the Steamn Decontamination ....

Experiments. .. ................ ................ ....... V-24
5.3 Steam Concept Conclusions/Recommendations .. ................ V-31

315



TABLE OF CONTENTS (Continued)

Page

6.0 OPAB DECONTAMINATION CONCEPT ..... .................. ... V-31

6.1 Description of OPAB Experiments ..... ............. ... V-32

6.1.1 OPAB Application System ...... ... ................. V-32
6.1.2 Test Procedure ....... ... ...................... V-32

6.2 Discussion of Results from the OPAB Decontamination
Experiments ...................... V-33

6.3 OPAB Concept Conclusions/Recommendations ............. ... V-38

7.0 VAPOR SAMPLING TESTS ....... ....................... .. V-39

7.1 Approach ........ ... .......................... .. V-40
7.2 Description of Vapor Sampling Experiments ............. .. V-41

7.2.1 Test Apparatus ....... ....................... .V-41
7.2.2 Test Procedures ........ ...................... V-41
7.2.3 Analytical Procedures ..... ................... V-441

7.3 Discussion of Results from the Vapor Sampling
Experiments ...... ... ...................... ... V-44

7.3.1 Baseline Tests ...................... V-44

7.3.2 Vapor Sampling of Decontaminated Coupons. . ... . V-46

8.0 VENTILATION TESTS ........ ....................... ... V-49

9.0 CONCLUSIONS/RECOMMENDATIONS ...... .................. V-49

REFERENCES ... ..... ... ....... ........................ .. V-52

316

--.



LIST OF TABLES

Table
No. Page

1 Recovery Efficiency of HD, GB, and VX From Alkyd Painted

Stainless Steel and Unpainted Mild Steel .............. .. V-4

2 Recovery Efficiency of HD From Concrete .... ............. .. V-6

3 Recovery Efficiency of GB and VX from Unglazed Porcelain . . .. V-9

4 Summary of Operating Conditions for the Hot Gas Steel
Decontamination Experiments ........ ................. V-17

5 Results from Hot Gas Decontamination Experiments - GB, VX
and HD Spiked Painted and Unpainted Steel ...... V-18

6 Results From Hot Gas Decontamination Experiments - HD Spiked
Concrete Coupons and GB, VX Spiked Unglazed Porcelain . . .V-19

7 Agent Volatilization During the Hot Gas Decontamination
Experiments Listed in Table 5 ..... ..... .............. V-20

8 Agent Volatilization/Diffusion During the Hot Gas Decontamination
Experiments Listed in Table 6 ....... ................ .. V-21

" 9 Summary of Operating Conditions for the Steam Experiments . . .. V-25

10 Results from Eleven Steam Decontamination Experiments - GB, VX
and HD Spiked Painted and Unpainted Steel Coupons ........ .. V-26

11 Results from Six Steam Decontamination Experiments - HD Spiked
Concrete and GB or VX Spiked Unglazed Porcelain .. ....... .. V-27

12 Agent Volatilization from the Steam Decontamination Experiments
Listed in Table 10 ......... ...................... .. V-29

13 Agent Volatilization from the Steam Decontamination Experiments
Listed in Table 11. ........ ...................... .. V-30

14 Results from HD/Steel Decontamination Experiments Using BCL-OPAB
Spray ............. ... ............................ V-34

15 Results From GB/Steel Decontamination Experiments Using
"BCL-OPAB Spray ......... ........................ .. V-35

317



LIST OF TABLES (Continued)

Table
No.

16 Results From VX/Steel Decontamination Experiments Using
BCL-OPAB Spray ................ ...................... V-36

17 Results from OPAB Decontamination Experiments - HD Spiked
Concrete and GB or VX Spiked Unglazed Porcelain .. ....... ... V-37

18 Results From Vapor Sampling Baseline Experiments ..... ........ V-45

19 Results From Vapor Sampling Experiments Involving
Decontaminated Coupons ...... .................... ... V-47

20 Comparison of the Vapor Sampling and the Extraction Methods
For Quantification of HD, GB, and VX on Painted Mild Steel
Coupons ..... ....... ........................... ... V-48

21 Results From Chamber Ventilation (Baseline) Experiments Using
Alkyd Painted and Unpainted Mild And Stainless Steel
Coupons ... .......... .... ..... ..... ..... ........ V-50

LIST OF FIGURES

Figure
No.

1 The Effect of the Hot Gas and Steam Decontamination Treatments

on Unpainted Mild Steel ..... .................. .... v-15

2 Vapor Sampling Test Chamber ...... ................... ... V-42

3 Vapor Sampling System (GB, HD and VX) .................. .. V-43

318

-... ... . .. . ..........- . - - ..-. p-



V-1

TASK 3, SUBTASK 6

TEST REPORT

FOR

STEEL/CONCRETE* DECONTAMINATION TESTS

CONTRACT DAAK11-81-C-0101

to

UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

1.0 INTRODUCTION

As part of the systematic selection process for the most-promising

agent decontamination concepts, five concepts (i.e., Hot Gases, Vapor Circu-

lation, Steam, OPAB and Flashblast) were evaluated using unpainted 304

stainless steel contaminated with either HD, GB or VX as the test substrate.I)'

Based on the results of these tests the following concepts were selected

with IJSATHAMA's concensus for further experimental evaluations in the Subtask 6

Steel/Concrete tests.

* Hot Gases

* Steam

* OPAB (aqueous solution of 1-octylpyridinium 4-aldoxime

bromide)

2.0 OBJECTIVE

The objective of this subtask was to evaluate three concepts

for their decontamination effectiveness of painted and unpainted mild steel,

painted stainless steel, and painted and unpainted concrete contaminated

with HD, GB, or VX as the test substrates*.

* Unglazed porcelain was substituted for concrete in the GB and VX tests.
Painted concrete was not evaluated in the tests because of analytical
interferences.
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Results of Subtask 6 experiments are to be used to select the

most promising concept(s) (i.e., those concept(s) which effectively decon-

taminated the test substrates) for an engineering/economic evaluation in

Subtask 7.
-S•

3.0 APPROACH

A description of the decontamination test chamber, coupons and
analytical procedures follows in the next section. The vapor sampling

apparatus and test procedures are described in Section 7.0.

3.1 Test Chamber Description

A detailed description of the decontamination test chamber is

given in Reference 1.

3.2 Coupon Description

The steel coupons used in the Subtask 6 tests conssted of either

14 gauge 304 stainless steel or 14 gauge mild steel. Each coupon measured
5 inches by 5 inches.

Painted mild steel and stainless steel coupons were prepared

using the following procedure:

1. Coupons were cleaned in hexane.

2. Stainless steel coupons' surfaces were roughened with fine

sandpaper in order to aid adherence of paint.

3. One coat of Krylon green primer No. 1346 (conforms to MIL-
P-8585) was applied and allowed to dry for one to three hours.

4. Two coats of forest green alkyd paint, NSN-8010-O0-111-7937

(conforms to MIL-E-52798A) were applied, allowing each coat
to dry for 24 hours.

5. Painted coupons were allowed to cure under ambient conditions

for at least two weeks prior to testing.
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A description of the concrete coupons used in the HD decontami-

nation tests is given as follows:

0- Composed of a mortar mix (i.e., sand, cement and water).

The preparation method is given in Reference 2.

0 1/4 inch thick by 5 inches square

- Porosity of about 12 percent

* Aged at ambient conditions for about 12 months.
A description of the unglazed porcelain coupons used in the GB

and VX decontamination tests is given as follows.

• Source - American Olean Tile Co.

a 1/4 inch thick by 5 inches square

0 Porosity of about 32.0 percent.

3.3 Coupon Spiking Method

3.3.1 Steel Coupons

Each coupon used in the steel decontamination tests was spiked

-- with munition grade agent containing about 10 mg of HD, GB or VX. The 0

agent was diluted with hexane to obtain concentrations of 1 mg VX/ml, 2 mg

GB/ml or 10 mg HD/ml. Thus, in order to spike the coupon with 10 mg of
agent, a total of 1 ml of dilute HD solution; 5 ml of dilute GB solution;

or 10 ml of dilute VX solution was applied to each coupon.
Recovery tests were performed in which alkyd painted stainless

steel and unpainted mild steel coupons were spiked with HO, G3, or VX using
"dilute agent solutions. The coupons were then extracted with hexane and

the extractant analyzed for agent using established procedures . The
recovery efficiency (i.e., the amount of agent extracted divided by the

amount of agent spiked) of agent from the steel coupons was then determined.

The results of the recovery tests are given in Table 1.

The high recovery efficiencies shown in Table I demonstrated

that spiking painted and unpainted steel coupons with dilute agent solutions

"321

A, I-0



V-4

TABLE I. RECOVERY EFFICIENCY OF HO, GB, AND VX
FROM ALKYD PAINTED STAINLESS STEEL
AND UNPAINTED MILD STEEL

Recovery Average Recovery
Agent Material Efficiency Efficiency

HD UMS(a- 0.94 0.94
0.95

HD PSS(b) 0.92 0.90
0.89

GB UMS 0.96 0.95 -
0.95

GB PSS 0.83 0.84
0.85
0.85

VX UMS 0.93 0.96 -
1.00

VX PSS 0.50 0.56
0.57
0.60

(a) Unpainted mild steel
(b) Painted stainless steel (Note: This recovery

"efficiency was used for decontamination effi-
ciency calculations on both painted stainless
steel and painted mild steel coupons).
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was feasible. The average recovery efficiencies were used in subsequent

analyses to calculate the decontamination efficiency as follows:

Residual Agent on
, Decontaminated Coupon (mg) = Result of GC Analysis (mg)

Recovery Efficiency
4

Decontamination Efficiency ( 1) 0 mg -Residual Agent on
Decontaminated Coupon- X 100

10 mg

3.3.2 Concrete Coupons

Concrete coupons that were used in the HD decontamination tests

were spiked with neat (i.e., undiluted agent) at a dose level of 1.8 mg

* HD/gm concrete. The coupons were spiked following mounting in the test

chamber in order to minimize handling. The coupon spiking was performed

with a 1000 pl syringe which allowed dosing the coupon with dispersed drops

of agent that were quickly absorbed into the porous matrix.

The 1.8 mg HD/gm concrete spiking level was based on related

studies. (3 To determine the volume of agent required for spiking, ten

"* coupons were weighed and a mean weight of 210 gms was obtained. The volume

of HD spiked onto each coupon ws then calculated as follows:

Volume HD(•I) 210 gms concrete/coupon x 1.8 mg HD!gm concrete

coupon 1.27 mg HD/pl

= 298 iil HD/coupon

For the initial recovery efficiency tests, the coupons were spiked

.. with HD and extracted with hexane. Hexane was the first choice as the

extractant because of its use in the painted steel extraction tests and

other studies.(3) Also, hexane does not extract agent interfering components

from the alkyd paint used in this study. The results of the HD recovery

tests using hexane are given in Table 2. Because the recovery efficiencies

"were lower than anticipated, the tests were repeated using methylene chloride

323

S.-., > . - -- [ .: ".. L-- -'] - .-. . ,- -. • - .. ,. -. . •. . .. . . -. .. i . - - -. - -' -. -. . .- - . - > .. •.' .- , -. -. I



V-6

TABLE 2. RECOVERY EFFICIENCY OF HD FROM CONCRETE

Exposure Recovery Average Recovery
Extractant Time(a) min Efficiency Efficiency

Hexane 0 0.30

0 0.22 0.28

0 0.33

1440 0.0075

1440 0.0010 0.0077

1440 0.0145

Methylene Chloride 0 0.57

0 0.59 0.59

0 0.60

1440 0.12

1440 0.02 0.05

1440 0.009

(a) The exposure time is the period of time between spiking and extracting

the coupon. This time does not include a 30 minute period required

to crush the concrete coupons.( 3)
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as the extractant. The results of these tests indicate that methylene

chloride is preferred over hexane to extract HD from concrete. Although

• .a low recovery efficiency was observed, the recovery is such that at least

a 99.3 percent decontamination efficiency would be observable:

0 378 mg HD (Spiking Level) x .01 (Worst case recovery

in 24 hours) = 3.78 mg HD

* 3.78 mg x 150 mL extraction solvent = 25 wg/mL HO

* .05 wg/mL (Detection limit for HD)/25 pg/mL (Concentration

of HD in extracts) = 0.2% Detection or 99.8% Decontamination

Efficiency.

Sample concentration was used to increase the observable decon-

tamination efficiency. For example, when the extraction solvent is concen-

trated to 10 ml, the observable decontamination efficiency is (0.05/(3.78xi0 ml))

= 99.993 percent.

It is important to note that because methylene chloride is used

as the extractant, the evaluation of painted concrete decontamination could

not be performed because of extraction of interferences from the alkyd

paint. However, tentative conclusions may still be reached upon comparison

of the data from the painted steel decontamination tests with the unpainted

concrete test data.

3.3.3 Unglazed Porcelain

Investigations into the fate of agent on concrete indicate that

GB and VX are either decomposed or rendered unextractable by an interaction

with concrete even after a relatively short exposure period (i.e., several

hours). 3) As such, an alternative material (i.e., unglazed porcelain)

was evaluated which was more inert to the agents and had s imilar properties

(i.e., porosity) to concrete. The results of GB and VX recovery tests

are described as follows.

A spiking level of 1.8 mg of neat G3 or VX/gm of porcelain was

selected for the recovery tests. At a mean weight of 215.6 gm/porcelain

coupon*, the volume of agent spiked per coupon was:

* Average weight of 10 coupons
325
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GB Volume = 215.6 gm/coupon x 1.8 gm GB/gm 1.09 mg/0l
= 356 pl of neat GB

"VX Volume = 215.6 gm/coupon x 1.8 gm VX/gm . 1.0083 mg, .l
= 385 pl of neat VX

The initial test focused on the recovery of GB from intact (i.e.,

not crushed prior to extraction) coupons. The results of duplicate experi-

ments revealed no measurable chromatographic peaks (i.e., recovery efficiency

less than 0.01). The second test involved spiking with neat agent, crushing

the porcelain, and extracting the pieces with either hexane or methylene

chloride. The porcelain was crushed such that the pieces were capable

of passing through a 124/40 ground glass joint (i.e., about 1/? inch in

d diameter).

Results of the VX recovery tests given in Table 3 indicate that

the use of methylene chloride as a solvent is preferred over hexane. An

acceptable ','X recovery of 22 percent was obtained after a 24 hour exposure

period. With a detection limit of 5 pg VXimt, t h; analytical method would

be capable of determination of a 99 percent decontamination effecti\,eness.

A higher decontamination effectiveness could be obtained if the extract

is concentrated.

The GB recovery test results given in Table 3 indicate that less

than one percent of the spiked GB is extractable after 1440 hours. The

lower recovery of GB as compared with VX may be explained by the higher

volatility of GB. It is important to note that GB decontamination tests

*, using unglazed porcelain were still performed despite the low recovery

in order to obtain information on diffusion of GB through the porous por-:el.-in.

In these tests the extract from the coupons were concentrated at least

tenfold to confirm decontamination.

3.4 Analytical Methodology

The samples generated from an experiment which 4ere quantititively

*O analyzed for agent included 1) painted and unpainted steel coupons, ?) con-
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TABLE 3. RECOVERY EFFICIENCY OF GB AND VX FROM UNGLAZED PORCELAIN

Expo~sure Recovery Averaqe Recovery
Agent Extractant Time,%a)min Efficiency Efficiency

VX Hexane 0 0.60

0 0.58 0.5

O 0.46

1440 0.037

1440 - 0.01 0.01

4 1440 -0.01

Methylene Chloride 0 0.78(

0 0.471 0.63

1440 0. 20 0

1 1440 0.23I 0.72

GB Methylene Chloride 0 0.21

0 0.14.

1440 -"0.01 !

1440 -0.01 0.01

a) The exposure time is the period of time between spiking and extracting the i

coupon. This time does not include a 30 minute period -equired to cr-Ash

the porcel3in coupon.
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crete and unglazed porcelain coupons, 3) impinger solutions, 4) condensates

and 5) chamber rinse solution. The following analytical procedures were

used. Actual analytical data is given in Battelle Laboratory Record Book

Nos. 39546 and 39876.

3.4.1 Steel Coupons

The steel coupons were individually extracted by immersion in

50 mls of hexane. Methylene chloride was not used for extraction because

it also extracts paint components. The coupons were allowed to soak in

the hexane for about 5 minutes. The hexane was collected and then concen-

trated to one ml using a Kuderna-Danish evaporative concentrator prior

to analysis.

The concentrate was analyzed by either a Carlo Erba Gas Chromato-

graph equipped with a Flame Ionization Detection (FID) system or a Hewlett-

Packard Gas Chromatograph equipped with a Flame Photometric Detection (FPD)

system* and a Hewlett-Packard Autosampler. Both chromatographs were equipped

with a . meter glass capillary column coated with SE-52 phase. Data handling

and storage was accomplished with a Hewlett-Packard 1000 computer using

Computer Imaging Inquiry Systems Inc. GALS (computer automated laboratory

system) software.

Standard solutions containing known concentrations of agent (e.g.,

10 ppm, 1 ppiu, 0.1 ppm) were regularly used for preparation of calibration

- curves. The standards were analyzed at the same conditions as the samples.

Analyses of the standard solutions indicated that the lower detection limit --

for all agents was about 0.1 Vg/ml.

3.4.2 Concrete and Unglazed Porcelain Coupons

Tie concrete and unglazed porcelain coupons were crushed to pieces

less than about 1/2 inch in cross-section. The pieces were passed through

a 124/40 ground glass joint into an Erlenmeyer flask. 150 ml of methylene

* Phosphorus mode for GB and VX, sulfur mode for HD.
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chloride was then added and the mixture was then allowed to stand for 15 minutes.

Methylene chloride rather than hexane was used because of its higher extraction

efficiency (See Tables 2 and 3). During extraction, the mixture was periodically

agitated. After about 15 minutes the methylene chloride was decanted from

the solid. The decant was then concentrated and analyzed in the same method

as described in Section 3.4.1.

3.4.3 Impingers

An impinger train was used to collect vaporized agent contained

in the chamber exhaust stream from the hot gas concept tests. Exhaust

gas was crawn through the impinger train at a rate of 25 to 40 liter/min.

The impinger train consisted of 2-500 ml Greenberg-Smith impingers in series.

100 ml of ethylene glycol diacetate (EGDA) solution was placed in each

impinger used during the HD experiments while 100 ml of pH 4.5 H2 SO4 /distilled

water solution was placed in each impinger used during the GB and VX experiments.

Because agent may diffuse through the porous concrete or unglazed

porcelain coupons during application of the steam and hot gases concept,
*i the portion of the test chamber behind the coupons (i.e., opposite to the

side of the coupon spiked with agent) was sampled during these experiments.

Sampling entailed drawing a nitrogen bleed of 2 to 6 liter/min through
the rear chamber and then through two 25 ml impingers in series. The 25 ml

* impingers each containing 10 ml of impinger solution were not used during

the steel decontamination tests.

Following an experiment, the volume of each impinger was recorded.

The solution was then stored at -5 C until analysis could be completed. 6

The EGDA used for the collection of HD was analyzed for the presence

of HD by Gas Chromatography/Hall Detection. This procedure gave a detection

limit of about 0.2 jig/ml. The EGý)A was analyzed without prior concentration.

The 4.5 pH water was analyzed directly for the presence of VX

* and GB by an enzyme inhibition method using a Technicon Industrial System=

Autoanalyzer*. The enzymatic procedure for GB and VX gave a detection

329



V-12

limit of about 0.2 and 0.02 jig/ml, respectively. The 4.5 pH water was

analyzed without concentration,

3.4.4 Condensate/Rinses

The condensate samples from the steam decontamination tests in-

volving steel coupons were extracted in a two-liter separatory funnel.

The condensate was loaded into the separatory funnel and washed with three

separate 50 ml volumes of methylene chloride. The wash samples were com-

bined and concentrated to one ml using the Kuderna-Danish appartus. The

concentrate was then analyzed in the same method as the coupon extract.

The chamber rinse samples (isopropyl alcohol and/or hexane) were

collected as required and concentrated to one ml using the Kuderna-Danish

concentrator. The concentrate was then analyzed in the same method as

the coupon extracts.

3.5 Test Procedures

The approaches used to implement the five decontamination concepts

were outlined in a Test Plan (steel decontamination tests) and a SOP (concrete

and unglazed porcelain decontamination tests).

4.0 HOT GAS DECONTAMINATION CONCEPT

The hot gas concept employs the use of heated gases such as burner

exhaust gases to thermally decontaminate a building. 4) The purpose of

the experiments described below was to determine the decontamination effective-

ness of the hot gas concept by subjecting painted stainless steel, painted

mild steel, unpainted mild steel, and porous (i.e., concrete and unglazed

porcelain) test coupons contaminated with agent to a hot-gas composition

near that of a combustion exhaust gas.
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4.1 Description of Hot Gas Experiments

4.1.1 Hot Gas System

The hot gas system is described in detail in Reference 1. A

slightly modified version was employed in the concrete and unglazed porcelain

decontamination tests.

4.1.2 Test Procedure

Three coupons were placed in coupon holders and then each coupon

was spiked with either 10 mg of agent using dilute agent solution (steel

tests) or 1.8 mg agent per gram of coupon weight (concrete and unglazed

oorcelain tests). After spiking the chamber lid was secured. The hot

gas flow was started and regulated during the experiment such that the

coupons were heated to about 150 Ck. to achieve this required maintaining
"the gas temperature inside the chamber at about 350 to 400 C. Once the

coupons redched 150 C, the gas flow was regulated such that the coupons
were maintained dt 150 C for either zero, one or two hours. These times

were based on previous results(1) which showed that maintaining unpainted

stainless steel at 150 C for 60 minutes caused decontamination to below

the detectable limit. After the required time at temperature was achieved,

the hot gas flow was stopped and the chamber was allowed to cool overnight.

The fillowing day, the coupons were removed for analysis. Thp chamber

was then rinsed with hexane which was also collected for analysis as required,

4.2 Discussion of Results from the Hot Gas

Decontamination Experiments

The results from the hot gas experiments are discussed in the

following section. Actuai data obtained from the experiments are recorded

in Battelle Laboratory Record Book No. 39524 and 39869. An example ot

• Measured on the back side of the coupon (i.e., the side oppos.ite to
the one spiked with agent).
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the effect of the hot gas treatment on unpainted mild steel is given in

Figure 1.

Table 4 gives a summary of the operating conditions for the steel

decontamination hot gas experiments.

A summary of the coupon decontamination results from the nine

steel decontamination hot gas experiments is shown in Table 5. Except

for one painted mild steel coupon from Experiment 14, all coupons were

decontaminated to below the detectable limit in each of the hot gas tests.

The extractive analytical procedure indicated 0.6 jig of GB remained on

this coupon. (Detection Limit = 0.1 jig GB). However, the vapor sampling

procedure (See Section 7.4) on the second painted mild steel coupon indi-

cated that less than 0.03 jg of GB remained on the coupon. As such, it

is probable that the GB detected by the extractive procedure was a false

positive.

A summary of the coupon decontamination results from the concrete

and unglazed porcelain decontamination tests is given in Table 6. The

results indicate that HD contaminated concrete and GB or VX contaminated

unglazed porcelain can be decontaminated to below the detection limit by

heating to a temperature of 150 C.
.Previous data(') indicated that volatilization of undecomposed

agent from contaminated unpainted stainless steel coupons occurs during

hot gas decontamination. Steel decontamination test impinger and water

trap analyses (See Table 7), indicate the hot gas exhaust stream also con-

tains undecomposed agent when decontaminating painted and unpainted steel

coupons. In the case of HO, a relatively large fraction of the HD spiked

on the coupons was recovered in the impingers (20.8 mg of HD was recovered

in Experiment 10 out of 30 mg spiked).

impinger analyses from impinger samples taken during the hot

gas decontamination of concrete and unglazed porcelain experiments are

given in Table 8. As in the steel decontamination tests, large quantities

of agent were contained in the exhaust stream from the chamber. Analyses

of impingers used to sample the rear portion of the test chamber indicate

332
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TABLE 5. RESULTS FROM HOT GAS DECONTAMINATION EXPERIMENTS -

GB, VX AND HD SPIKED PAINTED AND UNPAINTED STEEL

Hot Gas Time at Decontamination
Experiment Coup~n Temperature(b), Residual Agent Efficiency,

Number Agent Type a) min. on Coupons, mg percent

7 HD PMS 120 <0.0011 >99.99
PSS 120 <0.0011 >99.99
UMS 120 <0.0011 >99.99

8 GB PMS 120 <0.0001 >99.999
PSS 120 <0.0001 >99.999
UMS 120 <0.0001 >99.999

9 VX PMS 120 <0.0002 >99.998
PSS 120 <0.0002 >99.998
UMS 120 <0.0001 >99.999

10 HD PMS 60 <0.0011 >99.99
PSS 60 <0.0011 '99.99
UMS 60 <0.0011 >99.99

11 GB PMS 60 <0.0001 >99.999
PSS 60 <0.0001 >99.999
UMS 60 <0.0001 >99.999

12 VX PMS 60 <0.0002 >99.998
PSS 60 <0.0002 >99.998
UMS 60 <0.0001 '99.999

13 HD PSS 60 <0.0013 199.99
PMS 60 (c) -
UMS 60 (c) -

14 GB PMS 60 0.0006 99.994
PMS 60 (c)
UMS 60 (c)

15 VX PMS 60 <0.0002 >99.998
PMS 60 (c) -
UMS 60 (c)

(a) PMS = alkyd painted mild steel
PSS = alkyd painted stainless steel
UMS = unpainted mild steel

(b) At a coupon temperature of about 150 C.

(c) Sample analyzed by Vapor Sampling Method (see Section 7.0).
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TABLE 7. AGENT VOLATILIZATION DURING THE HOT GAS DECONTAMINATION

EXPERIMENTS LISTED IN TABLE 5

Agent Found Agent Found
Hot Gas Agent Found in Water in Chamber Total Agent

Experiment in Impingers Trap Rinse Volatilized (b)
Number Agent (mg) (mg) (mg) (mg)

7 HD <0.079 <0.001 0.175 0.175

6 GB ND(a) ND ND ND

9 VX ND <0.0003 <0.0004 ND

10 HD 20 <0.001 <0.001 20

11 GB 0.014 0.102 <0.0001 0.242

12 VX 0.2 0.0002 0.019 0.219

"13 HD ND ND ND ND

14 GB ND ND ND ND

15 VX ND ND ND NO

(a) NO not determined
"(b) Spiked quantities 1I0 mg per coupon X 3 coupons per experiment 30 mg,
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TABLE 8. AGENT VOLATILIZATION/DIFFUSION DURING THE HOT GAS
DECONTAMINATION EXPERIMENTS LISTED IN TABLE 6.

Hot Gas Agent Found in Agent Found in
Experiment Coupon Hot Gas Exhaust, Rear Chamber 31eed

Number Agent Type Stream Impingerskaimg Streamh),mg

16 HD Concrete 0.48 0.04

17 GB Porcelain .1 1.1

1. 9 (d)

18 VX Porcelain 0 . 0 9 9(c) 0.172
0 .0 9 7 (d)

19 HD Concrete 2 3 .8(c) • 0.01

20 GB Porcelain 9 6(c) 12
14.4(d)

21 VX Porcelain 0.152ýc) 0.260
0.124(d)

a) The 100 rnl of impinger liquid contained in each of the two 500 ml impingers in
series was combined for analysis.

b) The 10 ml of impinger liquid contained in each of the t'ao 25 ml impingers in
series was combined for analysis.

c) Impingers in place from the start of the experiment up '.o the time the back temperature
of the coupon reached 93 C.

.d) Impingers in place from the time the back temperatire of the coupon reached 93 C
to the end of the experiment.
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that agent either diffused through the porous coupon or around the gasket

material located between the coupon holder and the test chamber.

It is important to note that operation at higher gas temperatures

may not completely eliminate volatilization because volatilization appears

to occur primarily during the heatup stage. Also, operation at higher

temperatures would require additional fuel requirements and increase the
damage to the building due to overheating. Thus, a method must be developed

to remove/destroy volatilized agent contained in the exhaust gas when decon-

taminating a building in the field. Also, a method must be developed to
limit and/or block the diffusion of agent through porous materials.

4.3 Hot Gas Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the

hot gas experiments are as follows:

* Painted and unpainted mild and stainless steel

contaminated with HD, GB, or VX can be decontami-

nated to below the detectable limit by maintaining

the surface at a temperature of 150 C for 60 minutes.

* Porous materials contaminated with either HD (con-

crete), GB (porcelain), or VX (porcelain) can be

decontaminated to below the detectable limit by

maintaining the material at a temperature of 150 c

throughout for 60 minutes.

* Because undecomposed agent volatilizes from the

contaminated material, a method to decompose agent

contained in hot gas may be required to prevent

emissions of agent or redeposition in "cold" spots.

Based on the experimental results, further evaluation of the

hot gas concept in the engineering/economic analysis is recommended. Main-

taining a temperature of 150 C for 60 minutes is suggested as a basis for

the engineering/economic analysis.
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5.0 STEAM DECONTAMINATION C.NC_'P

The steam concept employs the use of ambient pressu.re steam to

decontaminate a building by either chemical hydrolysis and/or physical

removal (e.g., soiubilization or evaporation) of agent contaminants.7a

Steam may be applied either manually or remotely (i.e., injecting steam

into a sealed building),. The purpose of the experiments described below

was to determine the decontamination effectiveness of steam by subjec-ino

painted stainless steel, painted and unpainted mild steel, conc-ete I.nd

unglazed porcelain test coupons contaminated with agent to steam.

5.1 Description of Steam ,:xperiments

5.1.1 Steam System

The steam system used in the steel decontamination tests is desc,-ibed

in detail in Reference 1. A slight`y modified version was employed in

the concrete and unglazed porcelain decontamination tests.

5.1.2 Test Procedure

Three coupons were placed in cupon holders and then each coupon

was spiked with either 10 og of agent using dilute agent solution ,.t...

tests) or 1.8 mg agent per gram of coupon weight (concre'e and unglazed

porcelain tests). The chamber lid was then secured and the steam Flow

was started.

As steam condensed on the ccupons, the couPos -4ere heated fro!-,

-ambient temperature (about 25 C) to a temperotu•-e near the boilI n Doint

of water. 10 the initial set of _xperiments, steam .low was I a 7nt Ine1

fjr an additional 40 minutes when -i was the cotaminrantt; 69 ninutes ,;-n

63 was the contaninant; or 130 minutes when V` as 'the cont.minant. T e

operation tines were based on pre.vious ',-sults. l Sti'js-qut. )perat'ouJ

times qere hased on the results from the initial set u, dec.)nt ira i1)n

experiments . After the requ r-J tine at tepe tre p;as achieved, ,-Ini.n

steam flow was stopped and the chamber qas al lowed to cool OV•r'nioht

**' l
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The following day, the coupons were removed for analysis. The chamber

was then rinsed with hexane which was also collected for analysis as re-

quired.

5.2 Discussion of Results from the

Steam Decontamination Experiments

The results of the steam experiments are discussed in the following

section. Actual data obtained from the experiments are given in Battelle

* Laboratory Record Book No. 39524 and 39869. An example of the effect of

the steam treatment on unpainted mild steel is given in Figure 1.

Table 9 gives a summary of the operating conditions for the steam

experiments. The average steam flow for the eleven steel decontamination

experiments corresponds to a flow of about 17.7 kg of steam/m3 /hr for the

0.07 cubic meter chamber. Application of the steam concept to decontami-

nation of field structures will require a lower steam flow rate per unit

volume which, coosequently, will require operation for a longer period

than that shown in TaLble 9 because of longer heatup times. However, the

time the painted and unpainted steel surfaces are maintained at about 100 C

should correspond to the times shown in Table 9.

A summary of the coupon decontamination results from the eleven

steel decontamination experiments are shown in Table 10. T restults indicate

that all coupons were decontaminated to below the detectah limit in the

steam experiments except the painted stainless steel coup, in Experiments
7 (HD) and 11 (VX). HD contaminated stainless steel coupons -e decon-

taminated to below the detectable limit when the time at temperature was

increased from 40 minutes (Experiment 7) to 60 minutes (Experiments 10

and 14). A repeat of Experiment 11 indicated that VX contaminated painted

stainless steel (See Experiment 13) can be decontaminated to below the

detectable limit at the same conditions (i.e., time at temperature).

A summary of the coupon decontamination results from the concrete

and unglazed porcelain decontamination tests is given in Table 11. The

results indicate that HD contaminated concrete and GB contaminated unqlazed

porcelain can be decontaminated to below the detection limit by maintaining
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TABLE 10. RESULTS FROM STEAM DECONTAMINATION EXPERIMENTS -

GB, VX 11D HD SPIKED PAINTED AND UNPAINTED STEEL

Steam Time at (b) Decontamination
Experiment CoupAn, Ter re Residual Agent Efficiency,

Number Aient Tpeat min. --on Coupons, mg percent

7 HD PMS 40 <0.0011 >99.99
PSS 40 0.012 99,9
UMS 40 <0.0011 >99.99

8 GB PMS 60 <0.006 >99.94
PSS 60 -C0.006 >99.94
UMS 60 <0.005 >99.95 -

9 VX(c) PMS 180 <0.0002 >99.998
PSS 180 <0.0002 >99.998
UMS 180 <0.0001 >99.999

10 HD PMS 60 <0.0011 >99.99
PSS 60 <0.0011 >99.99
"UMS 60 <0.0011 >99.99

"II VX(c) PMS 240 <0.0002 >99.998
PSS 240 0.0004 99.996
UMS 240 <0.0001 >99.999

12 GB PMS 60 <0.0001 >99.999
PSS 60 <0.0001 >99.999
UMS 60 (0.0001 >99.999

13 VX PMS 240 <0.0002 >99.998
PSS 240 <0.0002 >99.998
-UMS 240 <0.0001 >99.999

14 HO PSS 60 <0,0011 '99.99
PSS 60 <0.0011 >99.99
PSS 60 <0.0011 >99.99

15 GB PSS 60 <0.0001 >99.999
PSS 60 d) -
UMS 60 d

16 HO PMS 60 <0.0011 >99.99
PMS 60 (d) -
UMS 60 (d)

17 VX PMS 240 0.0002 99.998
PMS 240 (d)
UMS 240 (d'

(a) PMS z alkyd painted mild steel
PSS - alkyd painted stainless steel
UMS z unpainted mild steel

(b) At a coupon temperature of about 100 C.

(c) Analysis of the coupon samples by GC-FIO showed detectable quantities of a
compound(s) with a retention time similar to VX. Analysis by capillary column
GC-FPO indicated much lower concentrations of VX (see table above). The GC-
FPO showed another phosphorus containing compound which interfered
with VX determination by the GC-FID.

(d) Sample analyzed by vapor sampling method (see Section 7.0).
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contact with steam for one hour after a temperature of at least 100 C is

attained throughout the material. VX contaminated unglazed porcelain recuires

up to a four hour steam contact time following attainment of 100 to cause

decontamination to below the detection limit.

Decontamination of the coupons involved not only destruction

of agent, but also physical removal of agent. In the steam experiments,

agent can be physically removed from the coupons by either volatilization

and/or washed off by steam condensation. Results from the analysis of

the sump condensates shown in Table 12 substantiate that agent wash-off

does occur. Because •' ' sump condensate contains undecomposed agent, the

condensate would require a subsequent treatment. The method can entail

recycle of exhausted steam and condensate to the steam generator. Repeated

recycle should provide sufficient contact time of undecomposed agent with

steam to ensure complete destruction. For example, the condensate can

be collected in a sump, pumped from the building to temporary storage tanks,

and recycled to the steam generator. The cycle could be repeated until

no agent is detected in the condensate.

Tests were conducted to determine if condensate containing un-

decomposed agent can be decontaminated by reboiling the condensate. Conden-

sate samples from steam Experiments No. 8 (GB), No. 9 (VX) and No. 10 (HD)

were boiled and the steam condensed. The condensate was collected and

analyzed for a residual agent. Results indicate that no agent was present

in the condensates. As such, recycle of the sump condensate through the

boiler during decontamination of facilities should cause destruction of

residual agent.

A minor amount of VX was found in the chamber rinse in Experiment 9.

The source of the agent is probably attributed to residual agent in the

condensate collection system. The condensate reboil experiments suggest

"that continued operation of the steam concept should cause decontamination

of the condensate pipes. An alternative would be to pump a liquid decon-

taminant such as OPAB solution through the pipes following steam decontami-

nation.

Analyses of impingers used to sample the rear portion of the

test chamber are given in Table 13. The results suggest agent diffusion

"through porous materials may not occur during implementation of the steam

concept. However, further substantiating tests are required.
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TABLE 12. AGENT VOLATILIZATION DURING THE STEAM DECONTAMINATION
EXPERIMENTS LISTED IN TABLE 10

Steam Agent Found Agent Found in Total Agent
Experiment in Condensate Chamber Rinse Volatilized

7 HD 0.117 <0.001 0.117

8 GB 0.0006 <0.0005 0.0006

9 VX 0.130 0.034 0.164

10 HD ND (a) <0.001 ND

11 vX ND <0.001 ND

12 GB ND ND ND

13 vX ND ND ND

14 HD ND NO ND

15 GB ND NO ND

16 HD ND ND ND

17 VX ND NO ND

(a) ND =not determined
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TABLE 13. AGENT DIFFUSION DURING THE STEAM DECONTAMINATION EXPERIMENTS
LISTED IN TABLE 11

Steam Agent Found
Experiment Coupon in Impingers,

Number Agent Type mg

18 HD Concrete <0.065

19 GB Porcelain 89 (a)

20 VX Porcelain <0.25

21 HD Concrete <0.1

22 GB Porcelain <60

23 VX Porcelain <25

(a) Steam condensate was noted in the impingers during the experiment.
This indicates that steam, which may have contained intact agent, had
flowed around the coupon (i.e., either between the coupon and gasket
or between the coupon holder and gasket).
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5.3 Steam Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the

steam experiments are as follows:

* Painted and unpainted mild and stainless steel

contaminated with HD, GB, or VX can be de-ontami-

nated to below the detectable limit by maintaining

the steel surface at a temperature near the boiling

point of water for 60, 60, or 240 minutes, respectively.
I Porous materials contaminated with either HD (con-

crete) GB (porcelain) or VX (porcelain) can be

decontaminated to below the detectable limit by

maintaining the material at a temperature near

the boiling point of water for 60, 60, and 240

minutes respectively.

0 Steam decontamination includes the physical removal

of undecomposed agent from the coupon by volatili-

zation and wash-off. Thus, a method to remove/

decompose agent contained in the exhausted steam

and condensate from a building must be defined.

Based on the experimental results, further evaluation of the

steam concept in the engineering/economic analysis is recommended. The

. -suggested conditions for the engineering/economic analysis are as follows:

SGB - 60 minutes at a coupon temperature of dbout 100 C

HD - 60 minutes at a coupon temperature of about 100 C

VX - 240 minutes at a coupon temperature of about 100 C.

6.0 OPAB DECONTAMINATION CONCEPT

The OPAB concept involves decontamination by spray application

of an aqueous solution of 1-octyl-pyridinium 4-aldoxime bromide (OPAB),

OPAB* has the following chemical structure:

* A one kg supply of OPAB (denoted as BCL-OPAB) was synthesized(5) in
* a related project fortune in Subtask 6 tests. The OPAB used in previous

decontamination tests was obtained from Battelle-Frankfurt.
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C H 7-N -CH-NOH

Br-

The selection of OPAB for experimental evaluation was based on

studies performed at Battelle-Frankfurt (sponsored by the German Defense

Ministry) which indicated OPAB to be highly effective in decontaminating

VX. Previous tests at Battelle-Columbus( 1 ) demonstrated the effectiveness

of OPAB in decontaminating unpainted stainless steel contaminated with

GB, HD, or VX. The purpose of the experiments described below was to deter-
mine the decontamination effectiveness of OPAB on painted stainless steel,

painted and unpainted mild steel coupons when applied in the form of a

spray.

6.1 Description of OPAB Experiments

6.1.1 OPAB Application System

The OPAB application apparatus is described in detail in Reference 1.

6.1.2 Test Procedure

Three coupons were placed in coupon holders and then each coupon

was spiked with either 10 mg of agent using dilute agent solution (steel

tests) or 1.8 mg agent per gram of coupon weight (concrete and unglazed

porcelain tests). The chamber lid was then secured. The spray application

was initiated and repeated for a specified number of times at the desired

time interval.

Following completion of the sprayings, the coupons were removed

from the chamber and the chamber was rinsed with isopropyl alcohol followed

by hexane. Liquid collected in the sump of the test chamber Was stored

for a sufficient period (i.e., overnight) to allow decontamination of un-
decomposed agent which may have been physically removed from the coupons

by the action of the spray prior to analysis (as required).
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6.2 Discussion of Results from the

OPAB Decontamination Experiments

The results of the OPAB experiments are discussed in the following

section. Actual data obtained from the experiments are recorded in Battelle

Laboratory Record Book Nos. 39524 and 39869.

Results from the OPAB experiments using HD, GB, and VX contami-

nated steels are given in Tables 14, 15 and 16, respectively. These tests

used OPAB which was synthesized under an ARO-STAS program(5) in support
of this work. The OPAB in solid form was dissolved in water prior to each

experiment to form a 5-weight-percent solution. For OPAB Experiments 18

and 19 (VX), a 5-weight-percent solution of the sodium salt of OPAB was

used. The sodium salt of OPAB was prepared by the following reaction:

-+OCT\9) CANOH + NIOH __ -. cIfN() C = -0 X& + H

Results of the HD/steel decontamination tests given in Table

- 14 indicate that the activity of OPAB for destruction of HD appears to

be related to the solution formulation. The BCL-OPAB formulation (neat

OPAB dissolved in water) is slightly acidic (pH 4 to 5) whereas the OPA3

formulation used in previous, less successful HD decontamination tests(1 )

(using the sodium salt of OPAB and additives dissolved in water) is basic
(pH 9 to 10). The slightly acidic OPAB formulation appears to be more

reactive with HD than the basic OPAB formulation.

Results of the GB and VX decontamination tests given in Table 15

and 16, respectively indicate that the slightly acidic OPAB formulation

(BCL-OPAB) is an effective decontaminant for GB and VX. The basic OPAB

(OF-OPAB) formulation appears to be slightly less effective on VX.

A summary of the coupon decontamination results from the concrete

and unglazed porcelain decontamination tests is given in Table 17. Residual

* agent values were obtained using the GC/FPD method on coupon extracts (no

concentration) and the GC/MS method on concentrated coupon extracts. The

use of GC/FPD on the concentrated coupon extracts was not possible because
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either residual OPAB and/or OPAB/agent decomposition products extracted

from the coupon did not volatilize during concentration. The resultant

concentrate was a viscous liquid with the color of OPAB. Analysis by GC/FPD

resulted in an elevated baseline which prevented quantification of agent.

"Analysis of selected concentrated coupon extracts by GC/MS indicated residual

HD and GB remained following OPAB decontamination. However, no residual

VX was detected by GC/MS in the unglazed uorcelain concentrated extract.

A possible cause for the incomplete decontamination of the HD and GB

contaminated po-'js coupons is that OPAB, because of its molecular

size, did not penetrate as far into the coupon pores as the smaller

HD and GB molecules. VX on the other hand which is _imnilar in molecular

size to OPAB was decontaminated to below the detectable limit. Observa-

tions on the concrete ind porcelaini coupons -ollowing the OPAB decontamination

tests indicated that liquid had completely penetrated through the 1/4-inch

thick coupons. However, the OPAB aid not diffuse with the liquid but

remained within about 1/16-inch of the surface sprayed.

Because of probable limitations in the depth of penetration of

OPAB into porous materials, further evaluations of OPAB as a general facility

decontaminant are not recommended. However, selective uses for OPAB such

as decontamination of painted and unpainted steels and as a protective

coating should be considered.

6.3 OPAB Concept Conclusions/Recommendations

Tentative conclusions based on evaluation of the data from the

OPAB experiments are as follows:

* HD contaminated painted and unpainted mild and

stainless steels can be decontaminated by spraying

with the slightly acidic OPAB solution every 30 minutes

for 5 hours (Total amount applied = about 15 to

30 liters/m2).

o GB and VX contaminated painted and unpainted mild

and stainless steels can be decontaminated by spraying

with the slightly acidic OPAB solution every 20 minutes
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"for 5 hours (Total amount applied = about 25 to

45 liters/m2 .

e VX contaminated unglazed porcelain can be decontami-

nated by spraying with the slightly acidic OPAB

solution every 7.5 minutes for 5 hours (Total amount

"applied = about 80 liters/m2 ). At the same con-

ditions, HD contaminated concrete and GB contami-

nated porcelain were not completely decontaminated.

The use of OPAB for decontamination of porous materials

beyond a penetration depth of about 1/16 inch is

not recommended. However, further evaluation on

specific applications for OPAB should be performed.

7.0 VAPOR SAMPLING TESTS

In support of this program, an extraction analytical method was

developed(6) for the determination of agent on painted and unpainted mild

and stainless steel (see Section 3.4). In contrast, current USATHAMA analy-

tical protocol for sampling of contaminated agent materials/structures
involves the use of an air-sampling method rather than an extraction method.

The air-sampling method entails sampling the head space over a possible

contaminated or chemically decontaminated surface by drawing a known volume

of air at a known rate through bubblers. For example, for GB and VX the

bubblers contain liquid such as dilute sulfuric acid which traps agent.

Following ;ampling, the liquid is analyzed for agent by, for example, an
enzymatic technique. The results of the air-sampling analyses are used

to determine whether the specific agent was present in the atmosphere at

* concentrations greater than the Time Weighted Average (TWA). The TWA levels

are as follows: (5)

a HD = 3 x 10-3 mg/m 3 (6)

I GB = 1 x 10-4 mg/m3(6

a VX 1 x 105 mg/m 3
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If these TWA levels are not surpassed after a decontamination

procedure then the item can be classified as being in a 3X condition.( 7 )(8)

"7.1 Approach

The objective of the vapor sampling tests was to determine the

vapor concentration of agent over decontaminated coupons. The hot gas

(hot gas Experiments 13-15), steam (steam Experiments 15-17) and OPAB (OPAB

Experiments 15-17) concepts were used to generate decontaminated coupons

for the vapor sampling tests. The selection of conditions for the decontami-

nation tests was based on the analysis of extracts from previous tests

which indicated that the coupons were decontaminated to near or below the

detectable limit.

In each decontamination test, three mild steel coupons (one un-

painted and two painted) were spiked with 10 mg of HO, GB or VX and the

decontamination treatment was applied. Following the treatment, one of

the painted mild steel coupon was analyzed for residual agent using the

extraction method. The second painted mild steel coupon and the unpainted

mild steel coupon were subjected to the vapor sampling tests. The coupons

were stored in sealed bags at -5 C until the vapor sampling tests could

be completed.* Analysis of two painted steel coupons subjected to identical

decontamination conditions using two different analytical procedures (i.e.,

by extraction and by vapor sampling) allows a comparison between the methods

to be made.

In the vapor sampling experiments, air heated to 60 C was passed

over and around a coupon also heated to 60 C. Heated air rather than ambient

temperature air was used to enhance the evaporation of any residual agent

from the coupon. A higher temperature was not selected because of the

potential for thermal decomposition of the agents. Residual agent released

to the air was collected and analyzed.

* The storage period at -5C ranged from about 10 weeks for the hot gas
and steam decontaminated coupons to about one week for the OPAB decontami-
nated coupons.
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7.2 Description of Vapor Sampling Experiments

t 7.2.1 Test Apparatus

The vapor sampling apparatus is illustrated in Figures 2 and

3. A chamber was constructed as shown in Figure 2 to hold one coupon for

vapor sampling. The chamber was equipped with two coupon supports, a baffle,

a thermocouple, an inlet pipe and an outlet pipe. The coupon supports

allowed circulation of air underneath the coupon while the baffle diverted

the air entering the chamber around the coupon. In order to monitor coupon

temperature, a thermocouple was placed in contact with the coupon surface.

The chamber was selaed with a gasketed Gore-Tex'.

Heating of the chamber and inlet air was provided by the use

of heating tapes. Temperature was controlled/monitored with temperature

- :controllers. A vacuum pump was used to maintain the chamber at a negative

pressure (about minus I inches of water). The flow rate of air was con-

trolled by a rotameter as shown in Figure 3. A dry gas test meter was

used to measure total flow of air passing through the impingers.

Two impingers in series were used to trap residual agent vapor

when the contaminants are GB or HD. Ethylene glycol diacetate or pH 3.7 water

"* were used in the impinger for trapping HD or GB and VX, respectively.

7.2.2 Test Procedures

"One test coupon was placed in the vapor sampling chamber, the
lid attached and the vapor sampling chamber heated to 60 C. Air, heated

to 60 C was then directed through the vapor sampling chamber to impingers.

An air flow rate of about one liter/min was used in the GB and VX tests

while an air flow rate of 6 liters/min was used in the HD tests. The air

flow was continued for the desired sampling time and then the impingers

qere removed for analysis. The liquid from the impingers was refrigerated

"- until analysis was completed. After the impingers were removed, a fresh

"set of impingers were installed and the second sampling period initiated.

Following two sampling periods, the test chamber and tubing between the

- chamber and collection system were rinsed with hexane.
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7.2.3 Analytical Procedures

The EGDA from the impingers used during the HD experiments was

analyzed for HO by Gas Chromatography (GC)/Hall detection. The pH 3.7
water from the impingers used during the GB and VX experiments was analyzed

for GB and VX using an enzyme inhibition method (see Section 3.4.2). In
both cases, the solution was analyzed without concentration.

.7.3 Discussion of Results from the Vapor Sampling Experiments

7.3.1 Baseline Tests

Prior to conducting vapor sampling tests with decontaminated

coupons, baseline tests were performed. The baseline tests determined

1) the collection efficiency of each agent (HD, GB and VX) by thE vapor

sampling technique and 2) the duration of the sampling periods.

The collection efficiency was determined by comparing the amount

of agent collected from the sampling system with the amount of initially

agent spiked on the coupon.

Results from the baseline experiments are given in Table 18.

The results indicate that although complete recovery of agent was not achieved,

the detectable agent air concentrations were near the TWA levels for GB

and VX. The detectable air concentration was well above the TWA level

for HD because of the lower sensitivity of the GC/Hall Detector analytical

procedure as compared with the enzymatic method.

In the baseline experiments, a two hour sampling period was em-

ployed for each impinger set. The results of the baseline experiments

indicate that agent was detected in the second 2-hour sampling period in

the case of GB and VX. Because no HD was detected in the second 2-hour

sampling period, vapor sampling of the decontaminated coupons was performed
using two sets of impingers with each used for a one hour sampling period.

Two sets of impingers and a two-hour sampling period was used for decon-
taminated coupons initially contaminated with GB or VX.
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7.3.2 Vapor Sampling of Decontaminated Coupons

"Results from the vapor sampling of decontaminated coupons are

given in Table 19. All HD-contaminated coupons for which analyses are

available were decontaminated to below the detectable limit of the vapor

sampling method by either the hot gas, steam, or OPAB concepts. GB-contami-

nated coupons were decontaminated to below the detectable limit by only

the hot gas concept. Positive responses to the enzyme inhibition analy-
tical procedure were obtained from impingers used in the steam/UMS, OPAB/UMS,

and OPAB/PMS vapor sampling experiments. Because of the lack of selectivity
of the enzymatic procedure, the positive responses may be caused by decompo-

sition products or other contaminants (e.g., the decontaminant) which may

exhibit cholinesterase activity.*

Positive responses were also obtained for all of the VX-contami-

nated coupons except the steam/PMS coupon. Again, a positive response

indicates that the coupon may have had residual VX contamination. However,

a negative response suggests that the coupon did not have residual VX contami-

nation unless VX decomposition products were formed which reacted with

the color producing chemical in the enzymatic procedure (i.e. 5,5'-dithiobis-

2-nitrobenzoic acid). This may lead to a false negative because the color

produced above may counteract the absence of color caused by VX interaction

with the bovine enzyme.

A comparison of results from the vapor sampling and extraction

methods is given in Table 20. Analysis of coupons from the GB/hot gas

and VX/steam experiments gave anomalous results in that the extraction
method involving a GC-FPD for agent detection gave a positive response

while the vapor sampling procedure involving the more sensitive enzyme

inhibition apparatus gave negative results. However, analysis of the coupons

from the VX/hot gas and VX/OPAB experiments gave a positive response for

VX by the vapor sampling/enzymatic procedure and a negative response for

VX by the extraction/GC-FPD procedure. The positive responses by the enzymatic

"method were below the detection limit of the GC-FPD method.

* NaOH, hexane, and organic solvents interfere with the enzymatic procedure
but do not necessarily cause cholinesterase depression.
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TABLE 20. COMPARISON OF THE VAPOR SAMPLING AND THE
EXTRACTION METHODS FOR QUANTIFICATION OF
HD, GB, AND VX ON PAINTED MILD STEEL
COUPONS

Agent Found by Agent Found by
Decontamination Vapor Sampling,(a) Extraction,

Method Aqent ug ,g --

Hot Gases HD <19.9 <1 .2

GB < 0.03 0.6

VX 0.008 <0.1

Steam HD <19.5 <1.2

GB < 0.02 <0.1

VX < 0.002 0.2

OPAB HD <11.0 4.0

GB 1.393 60.0

VX 0.015 <2.0

(a) GB and VX impingers analyzed by enzymatic inhibition. HD impingers
analyzed by GC-Hall Detector.

(b) HD, GB, and VX coupon extracts analyzed by GC-FPD in either
the phoohorous mode (GB and VX) or the sulfur mode (HD).
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Conclusions from the vapor sampling tests are as follows:

0 Based on the baseline experiments for the elevated tempera-

ture vapor sampling technique, it appears that solvents such

as hexane and methylene chloride are more effective than

warm (60 C) air in extraction of HO, GB and VX from painted

and unpainted metal surfaces.
* The solvent extraction method provides a more reliable deter-

mination of the presence of agent than the vapor sampling

method due to the specificity of the GC detectors to the

various agents and, occassionally, agent degradation products.

8.0 VENTILATION TESTS

Ventilation tests were performed to develop baseline data for

the decontamination test chamber to show the effect of chamber ventilation

on spiked coupons. No decontamination treatment was applied to the coupons

during the ventilation tests. In the ventilation tests each coupon was

spiked with 10 mg of agent and placed inside the decontamination test chamber.

The test chamber was then ventilated by passing through nitrogen at ambient

temperatures. The coupons were then removed and analyzed for agent. The

results shown in Table 21 indicate that HD and GB are retained by paint

but readily volatilize from unpainted steel, Impinger analyses indicated

that undecomposed agent was volatilized from the coupons. A substantial

amount of HO and VX were recovered by the impinger in Experiment 4 and

8, respectively.

9.0 CONCLUSIONS/RECOMMENDATIONS

Results from the decontamination tests indicate that the hot

gas, and steam concepts are each effective decontaminants for painted and

unpainted mild and stainless steel and porous materials such as concrete

"and unglazed porcelain. As such, these concepts should be further evalu-

ated in the engineering/economic analysis. Further evaluations of OPA3
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should focus on specific applications such as decontamination of painted

and unpainted mild and stainless steel and as a protective coating on porous

materials such as concrete.

Results from the vapor sampling tests indicate that the solvent

extraction method works as well as or better than the vapor sampling method

for quantification or HD, G9 and VX on painted and unpainted steels. Future

tests should consider the use of the solvent extraction method in conjunction

with or as a replacement for the current Army vapor sampling procedures.
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EXECUTIVE SUMMARY

An engineering/economic analysis was perforned on the hot gas and

steam decontamination concepts selected from the experimental evaluations in

Subtask 6. Equipment was specified and costs were estimated for application

of the concepts to a model facility representative of structures observed

during the Phase 1 site surveys. Results of the analyses suggest that it

is feasible to apply the hot gas and steam contamination concepts for decon-

tamination of field structures. In terms of cost, the hot gas concept is

slightly preferred over the steam concept for the assumption that the entire

building is contaminated throughout. In the hot gas concept, flue gases from

the combustion of oil or natural gas are directed into a sealed and insulated

building. Gas exhausted from the building is treated in an afterburner to

destroy traces of volatilized agent, cooled by quenching with water, directed

through an induced draft fan, and exhausted to the outside from a stack. The

induced draft fan maintains both a flow through the system and a slight negative

pressure within the building to minimize leakage o-F air potentially contam-

inated with agent to the outside. _
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S1IJMARY REPORT

F OR

TASK 3 SUBTASK 7

ENGINER.IN/.ECONOMIC ANALYSES

Contract No. DAAK1I-81-C-O1O

to

UNITED STATES ARMY
TOXIC AND HAZARDOUS IATCERIALS AGENCY

1.0 INTRODUCTION

As part of the development of novel decontamination concepts for

L chemical agent contaminated facilities an engineering/economnic analysis -ias

performed on the ,most promising decontamination concepts identified from the

experimental evaluations in Subtasks 3 through 6(0-4). The two concepts

selected for the analyses are:

a Hot Gas

@ Steam.
The engineering and economic feasibilities for the aoolicition of

these concepts were determined with a "model" facility based on structures
9 representative of those observed in the field. Heat and mass transfer calcu-

litions on the structure were used as the basis for process layouts, equipment

selection and estimation of capital and operating costs. 3ecause a certified

procedure is not available, the following operations wore not included in the

co)st analysis.

e Identification of contamination levels prior to decontamiination

@ Sampling and analysis during decontamnination

* Verification of the effectiveness of the decontamination

treatment.

Because these operations would be common to all decontamiination :methods, no

effect on the comparison cost analysis is anticipated. An absolute building

decontamination cost estimate cannot be .made until fjrt'ier information is

obtained in Phase III of the program.
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2.0 OBJECTIVE

The objectives of Subtask 7 were to (1) determine the

engineering feasibility of the most 'romising decontamination conceots

as applied to structures representative of a field facility, (3) specify

equipment and ooerations such that estimates of caoital and operating

costs can be made and 1,3) select a concept for further evaluation in

Phase Il.

3.0 DESCRIPTION OF FACILITY USED AS THE BASIS FOR
THE ENGINEER'NG/ECONOMlC ANALYSES

U Site surveys at agent-contaminated facilities-qere performed

during Phase I of the program.f(5) 3ased on these surveys, th-ee struc-

tures were selected to serve as the basis for the enginee-ing/economic

analysis. A description of these structures is given in Table I.
Illustrations are given in Figures 1 thr,.ugh 3. 1ecause data -egardinq

the extent of contamination of field structures is unavailahle, it .4as

assumed that the buildings were contaminated throughout. 3ecause of the

limited penetration into porous material, OPA3 was not selected for

evaluation in the engineering/economic analysis.

4.0 HOT GAS DECONTAS.1I•ATION CONCT
I

The hot gas decontamination conceot, involves the use of

-.combustion flue gas to thermally decontaminate -ateri.ls such as ;teels

and concrete. The conditions for decontamination and constraints in the

orocess that -iere determined through experimental evaluation in Subtashs

"5(3) and 6(4) -e•s follows

• Painted and unpainted ,netal and stainless steel contai-

minated with HD, GB or V( c3n be Iecontaninted to 5elow

the detectable limit by :maintaining tie surface at a tom-
peratir2 of 150 C (300 F) for 6) minutes.

• 384
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FIGURE I. MODEL FOR BUILDING 1 OF THE FACILITY USED AS THE
BASIS FOR THE ENGINEERING ANALYSIS
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Iqt ,
FIGURE 2. MODEL FOR BUILDING 2 OF THE FACILITY USED AS THE

BASIS FOR THE ENGINEERING ANALYSIS
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FIGURE 3. MODEL FOR BUILDING 3 OF THE FACILITY USED AS THE
BASIS FOR THE ENGINEERING ANALYSIS
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VI-I 1

* Concrete contaminated with HD and porous materials (e.g.,

unglazed porcelain) contaminated with GB and VX can be

decontaminated to below the detectable limit by heating the

material up to a temperature of 150 C (300 F).

* Decontamination involves not only thermal degradation of

agent but also volatilization of undecomposed agent from

the material. The volatilized agent is expelled in the

exhaust stream. Experimental results also suggest that

agent may diffuse through porous materials from region of

high temperatures to regions of lower temperatures. As

such, methods to decompose volatilized agent and to prevent

redeposition in "cold" spots are required.

These process conditions/constraints were used to perform heat balances

and to specify and cost of the decuntamination equipment.

4.1 Hot Gas Heat Transfer Calculations

Heat balances were performed on each of the three representa-

tive agent contaminated structures described in Table I. In the heat
balances the hot gas flow rate, inlet gas temperature and insulation

thickness were varied to evaluate their effect on the feasibility and

cost of the concept. The range of values used for the variables are as

follows.

* Hot gas flow rate-1000, 2000, 3000 and 4000 scfm

e Inlet gas temperature-1500 and 2000 F
* Insulation thickness-2, 4 and 12 inches*

A description of the calculation orocedure, including a sample

calculation, and the results of the calculations are given in the next

sections.

* An insulation thickness of 0 inches was evaluated but did not allow
the requirement of heating all building materials throughout to a
temperature of 300 F.
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4.1.1 Hot Gas Heat Transfer
Calculation Procedure

The method used to calculate heat requirements and times for

each of the buildings involved an iterative method. The following are

the steps in the calculation procedure:

Step 1: The hot gas outlet temperature (TOUT) is estimated.

Step 2: The inside heat transfer coefficient (HI) is cal-

cu 1 ated.

Step 3: The inside wall temperature (TWI) is calculated.

Step 4: The temperature profiles in the concrete walls and/or

floor are calculated.

Step 5: A heat balance is performed where the heat released

by the gas is compared with the heat absorbed by the

concrete and the heat losses. Steps I through 4 are

repeated until a heat balance is achieved.

Step 6: Steps 1 through 5 are repeated for the next time

increment.

An example of the calculations using the Building 1 parameters

given in Table 1 (i.e., H=15 ft, L=150 ft, W=70 ft) and a 2000 scfm hot

gas flow at a 2000 F inlet gas temperature is given as follows.

Definitions of the variables used in the calculations are given in

Table 2.

4.1.1.1 Preliminary Calculations.

AREAl = (150x7))+(l50x15)x2 + (70x15)x2 = 17100 ft 2

AREA2 = 150x70 = 10500 ft 2

CSAREA = 70x15 = 1050 ft 2

HYDD 4xCSAREA/PERIMETER = 4x050/(140 + 30) = 24.7 ft

4.1.1.2 Step 1. In the first approximation TEMPI = 70 F.

Assume TOUT increases by 50 F in the first time interval of one hour.

TOUT = TEMPI + 50 70 + 50 = 120 F
394



-Vt-
" ~VI-i3

TABLE 2. DEFINITIONS OF VARIABLES USED IN THE
BUILDING HEAT TRANSFER CALCULATIONS

ALPHA = Thermal diffusivity of concrete CCON/(CPCON X DENSC)
AREAl = Building surface area exposed to soil (ft2 )

AREA2 Building surface area exposed to air (ft2 )
SlOT - Blot Number
""CON - Thermal conductivity of concrete = .7 BTU/ft/hr/F
CINS a Thermal conductivity of insulation - .05 BTU/ft/hr/F
CMASS - Mass of concrete in the building (lb)
CONG 2 Thermal conductivity of the hot gas (BTU/ft/hr/F)
CP - Specific heat of the hot gas (BTU/lb/F)
CPCON = Specific heat of concrete = .21 BTU/lb/F
CPINS z Specific heat of insulation = 0.2 BTU/lb/F
CPMET = Specific heat of the metal - 0.11 BTU/lb/F
CPSOIL = Specific Heat of soil 2 .44 BTU/lb/F
CSAREA = Cross Sectional area of hot gas flow (ft 2 )
CSOIL - Thermal conductivity of soil - .3 BTU/ft/hr/F
DENS - Density of the hot gas (lb/ft/se,)
DENSC = Density of concrete = 144 lb(ft4

DENSSL = Density of soil = 128 lb/ft4

DEPTH - Concrete thickness (ft)
DINS = Insulation thickness - 0.167, 0.333 or 1.000 ft
FINF = Infiltration air flowrate - 100 SCFM
FLOW - Hot Gas flow rate = 1000, 2000, 3000, or 4000 SCFM
GR Grashof number
"H Height of building (ft)
HCOND - Conduction heat transfer from the hot gas (BTU/ft/hr/F)
HFCON 2 Forced convection heat transfer from the hot gas (BTU/ft 2 /hr/F)
HI = Inside heat transfer coefficient (BTU/ft 2 /hr/F)
HNCON a Natural convection heat transfer from the hot gas (BTU/ft 2 /hr/F)
HO = Outside heat transfer coefficient to the soil (BTU ft/hr/F)
"HRAD 2 Radiation heat transfer from the hot gas (BTU/ft /hr/F)
HYDOD = Hydraulic diameter of building in direction of the hot gas flow (ft)
L Length of building (ft)
PR = Prandtl number
"QABS 2 Heat absorbed by the concrete (BTU)
QGAS - Heat released by the gas (BTU)
QHL1 - Heat loss to the soil (BTU)
QHL2 2 Heat loss to air and heat loss to air infiltration (BTU)
QINF = Heat loss due to air infiltration (BTU)
QINS = Heat absorbed by the insulation (3TU)
QMET , Heat absorbed by the metal (BTU)
QTOTAL Total heat loss (BTU)
RATIO = Dimensionless spacing interval
RE-= Reynolds number
TAVCG = Average Temperature of the hot gas (R)
TEMPI = Current inside wall temperature (F)
TIME 2 Calculation time increment = I hr
TIN Inlet gas temperature - 1500 or 2000 F
TO = Initial building temperature - 70 F
TOUT z Hot gas outlet temperature (F)
TWL= Ynside wall temperiture (F)
TW2 = Outside wall temperature (F)
VEL = Velocity of the hot gas (ft/sec)
VIS 2 Viscosity of the hot gas (lb/ft/sec)
W = Width of building (ft)
WINS n Weight of insulation = DINS X AREA2 X 10 lb/ft 3

WMET = Weight of metal = 10 ton X 2000 + other metal (lbs)

395
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4.1.1.3 Step 2. The specific heat and average temperature of
the hot gas is then calculated as follows:

TAVG 460 + (TOUT + TIN)/2 1520 R

CP* = .2232 + 2.69qxO- 5xTAV6 = .2642 BTU/lb/F "
The heat released by the gas is calculated as follows:

QGAS = qgas x TIME = mCPAT

where m. FLOW(SCFM)x60(min./hr)x29(ib/lb-mole)i359(SCF/lb-mole)

TIME = 1 hr increment

CP = .2642 (BTU/lb/F)

A•T = (TIN - TOUT)(F)

QGAS = 200Ox60x29x1/359x.2642x(2OOO - 70) = 1.9428406 BTU

The effects of heat transfer by radiation, forced convection,
natural convection, and conduction are considered in calculating the

inside heat transfer coefficient as follows:

Radi ation:

HRAD =CEEFF(TAVG4 T24 )/(TAVG - T?)

where 0Y = 1.714x10- 9 BTU/hr/ft 2 /R4

EEFF = Effective emissivity

T2 = TEMP1 + 460 =70 + 460 =530 R

TAVG = 1520 R

For combustion of methane in 100 percent excess air, the

resulting flue gas contains 10 molar percent H20 and 5 mnolar percent

CO2.
volumeLet L = 3.4 x

r HXLxW1
= 3. [ AREA1 + AREA2J

= 3.4 15 x 150 0x 70 19.4
= 00 + 19500J

Derived from physical properties of air at 30 to 2060 F.
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PwL 0.1 x 1.9.4 1.9

At TAVG =1520 R, E,.q 0.33*

PcL = 0.05 x 19.4 =1.0

At TAVG =1520 R, EC 0.15**

The emissiv~ty correction factor due to spectral overlap of water vapor

and carhon oxide is neglected. The gas emissivity is then:

EGAS = 0.33 + 0.15 0.43

E CONCRETE(unpainted) 0.63

EEFFF 1 -~ -1 0 3

0.48 +0.63 S

.R'AD =6.342xI104 0x(TAVG4-T24 )/(TAVG - 172)

HRAD = 6.342x1lO- 0x(15204 - 5304)/(1520 - 530) =3.3690 3T'U/ft?/hr/F

Forced Convection:

CONG*** =4.077xl104 + 3.O71x1Q-5xTAVG - 6.557x10-9xTAVG2

+7.390x1O
1 TVG .0347 3TU/ft/hr/F

V =* f.2067 + 2.216xlaO3xTAVG - 5.779xI0-7xTAVG2 +

9.031xIO04 1xTAVG3 )xjO-5 =29.52x10 35 lb/ft/sec

DENS*** :439.733/TAVG = .0261 1,:/ft 3

VEL =FLOW(SCErM) xTAVGU(F)/CSAREA(ft 2)/60(sec/mnin)!492('F)

VEL = 2000x1520x/1050/60/492 =.098 ft/sec

*Table 4-15 fromn Heat Trans~mission b~y 'A. H. McAdams, oub. by
McGraw-Hill, 1954.

BID0, Table 4-13.

**Derived fromn Dhysical prooer-ties of air at '30 to '06 .0
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RE =HYDO(f'L)xDEiNS(lb/ft3)xVEL(ft/sec)/VIS(lb/ft/sec)

rI RE = 24.7x.0261x.098/2.52x1Cr5 = 2507

PR =VIS(lb/ft/sec)xCP(3TU/lb/F)x3600(sec/hir)/CONG(3TU/f't/hr/r')

PR = 2.52x10-5x.2642x3600/.0347 = .6907

HFCON = Nu x CONG/HYOD

where CONG = .0347 3TU/ft/hr/F

HYDD = 24.7 ft

Nu = .023 RE.SPR. 3 **

RE = 2507
PR =.6907

HFCON = (CONG/HYDD)x.023xRE.3xPR. 3

HFCON = .0347/24.7x.023x2507-Sx.6907-3  .01515

BTUj/ft 2 /hr/F

Natural Convection:

BETA* =(4.17 - 6.0388x10 3xTAVG + 3.684xl0- 6xTAVG 2 -

7.312x10 4 0~xTAVG 3 )xjg03 = 53~1xo- F-

GR ENS 2(lb2/ft6)xy32.1ý74(ft/sec 2)xBETA(F 4Th<HYDD3(ft3),,

(TAVG - T2)(F)/VIS?(1b?/ft?/SeC2 )

GR = (.0261) 2 x32.174x.0006834x(24.7)3x,'1520 -530);1(2.5'2x1O05)2

GR = 3.5213xl011

*Derived from physical nronerties of air at 30 to 9060 F.

"*For a fluid being cooled under turbulent conditions. See p. 365 of
* ~Fundamentals of jiornentuin, Heiat and >ass T 'ans fle,, 2nd ed. , 5-y .

Welty et al., oubi. by lohn AJiley S ons, 7976.
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HNCON = Nu x CONG/HYDD

where CONG = .0347 BTU/ft/hr/F

HYDD = 24.7 ft

Nu = .548(GRPR). 2 5 *

GR = 3.5213x10 11

PR = .6907

HNCON = (CONG/HYDD)x.543x(GRxPR)- 2 5

HNCON = .0347/24.7x.548x(3.5213x10llx.6907).25

= .5407 BTU/ft 2 /hr/F

Conduction:

HCOND = CONG//(4 Clgas x TIME)

where CONG = .0347 3TU/ft/hr/F

TIME 1 1 hr

COgas = CONG/(OENSxCP)

CP = .2642 3TU/Ib/F

HCOND = .0347/Vx-4xlx.0347/(.0261x.2642)) = .0077

BTU/ft 2 /hr/F

The total inside heat transfer coefficient is:

HI = HRAD + HFCON + HNCON + HCOND

HI = 3.3690 + .01515 + .5407 + .0077 3.9325 .3TU/ft2/hr/!

4.1.1.4 Step 3:

The inside wall temperature is calculated as follows:

TWI = TOUT - QGAS/(TIMExHIx(AREA1 + AREA2))

T'1 = 120 - 4.942 Q110/61x3.9325<'17 1 + 11500)

= 75.649 F

* For a vertical surface. ,b pa. 354.
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4.1.1.5 Step 4:

The temperature Drofile in concrete is calculated as follows:

DELX DEPTH/INVL = 1/12 = .0333 ft

RATIO TIMExALPHA/DELX 2

RATIO Ix.023/.0833 2

HO = CSOIL/ V/(4 _x(SOiL x TIME)

where CSOIL = .3 BTU/ft/hr/F

TIME 1 1 hr

C(soil = CSOIL/(CPSOILxDENSSL)

CPSOIL = .44 BTU/lb/F

DENSSL = 123 lb/ft 3

HO = .3/V'(/4xx.3/(.44,123)) = 2.0552 BTU/ft 2 /hr/F

BlOT = Biot number = HO x L/CCON

"where HO = 2.0552 BTU/ft 2 /hr/F

"DEPTH 1 1 ft

"CCON .7 BTU/ft/hr/F

BIOT 2.0552xl/.7 2.936

These values are then used to calculate the temperature

profile. The temperature profile was calculated using an implicit

differential method.* The recursion formula was:

-RATIO x Ti_1,j+I + (I + 2xRATIO) x Ti,j+- RATIO x Ti+l, 1j+l Ti,,

* where T = temoerat.-re

i = depth increment

"j = time increment

* Applied N4umerical Methods by 3. Carnahan, et al. 1969.
400
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For the first iteration the following profile is generated:

TVd 1
76 t; 2

75-

7 I

•K 73.

-r 72-

7E p

71-.

0 2 4 6 8 10 12
Concrete Depth (in.)

For the heat absorbed by metal in the building:

QMET ý CPMETxWMETx(TW2 CURRENT-TW2PREV IOUS)/2xTIME

where WMET = 10x2000 + 0.05" AREA2x48S 41350 lb

QMET = O.l1xIl350x(70.0I-70)/2xl 23

For the first iteration the average temperature increase of

the concrete wall is calculated as follows:

* 18 gauge sheet metal is used to enclose the basement of 3uilding I.

401
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•|TA 12 -T12
j- TA " (Tave(Il+)-Tav(I))

T2 l avea e +

TA 7(k 75.65 + 73.29)/2 - (70 + 70)/2) + ((73.29 - 71.91)/2 -

(70 + 70)/2) +. ........ + ((70.02 70.01)12 (70 + 70)/2)

TA = .39 F

4.1.1.6 Steo 5. The heat balances yield the following results:

For the heat absorbed by the concrete wall:

QABS = qabs x TIME = CMASS x CPCON x TA x TIME

where TA = .89 F

CPCON = .21 BTU/lb/F

CMASS = AREAlxDEPTHxDENSC

AREAl = 17100 ft 2

* DEPTH = 1 ft

DENSC = 144 lb/ft 3

TIME = 1 hr

QABS 17100×x1x44x.21x.89 = 4.6022xI0 5 BTIJ

For the heat absorbed by the insulation on the building exterior:

QINS = CPINS x WINS* (TW2CURRENT - TW2PRLVIOUS)/? x TIME

I 0.2 x 0.1667* x (70.01 - 70.0) x I

QINS = 0

For the heat loss to the soil:

QHL1 OqhITIME = HO x AREAl (TW2 - TO) x TIME

* where AREAl 17100 ft 2

TIME = 1 hr

TW2 70.012 F

TO 70 F
SHO = 2.0552 BTU/ft 2 /hr/F

QHLI = 2.0552x17100x(70.012 - 70) = 4?? 3TU

For the heat loss due to air infiltration into the building through cracks

and other small ooenings:

* For 2 inches of insulation.
402
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QINF = qinfxTIME diCp(TW1 - TO) x TIME

where Cp = .24 BTU/lb/F
TWI 75.649 F

TO =70 F

= FINF(SCFM)x60(min/hr)x29(lb/lb-mole)/359(SCF/lb-mole)

FINF = 100 SCF14

TIME = . hr

QINF - lUOx6Oxlx29/359x.24x( 7 5.6 49 - 70) = 657 3TU

For the heat loss to the air:

QHL2 qhlxTIME U x AREA2 x (TW! - TO) x TIME

where AREA2 - 10500 ft 2

TWI = 75.649 F

TO = 70 F

U = 1/(DINS/CINS + 1/4.6)
DINS = .3333 ft

CINS = .05 BTU/ft/hr/F

TIME = 1 hr

"QHL2 1/(.3333/.05 + 1/4.6)x1O500xlx(75.649 - 70) = 3617 BTU

The total heat absorbed/lost is:

QTOTAL = QABS + QINS + QMET + QHLl + QHL2 + QINF

QTOTAL = 460,220 + 0 + 23 + 422 + 8617 + 657 = 469,939 BTU

4.1.1.7 Step 6. Next, QABS and QTOTAL are compared and TOUT is

incremented until QABS and QTOTAL converge (i.e., repeit steos 1-5).

4.1.1.8 Example Output. An example computer output is given in

Figure 4. Heating curves for the application of ?000 scfm of 2000 F hot

gas to Building I are illustrated in Figure 5.

403

-.. .....- . --- . . . . . -.-. . .. - - - - . . . , . - .. .- - -- v , -. ,- . . ...-.. .-.. . . .- --.- - -o . . ,. - , -o " i 11 1 <



VI-22

ITERA~TION Pltur1ERE 5 TIME-, 5. 'aN H-')UFS-

THE 7ENP'E=.ATUFE PROrtF!LE A~T TIME 5 - '( IS:

-' ")I. I k'- 86 = .4. Z-
JOtJT= 477.,ý HI= 6.0838 TWI= 7T',. 44 T W2 04.22 H(,=

a4;P.S=. 237E+'5? QHLI~=.657ý1 4C5E0 ClIN,7 -3OTL= 1 E E.

ITERATION rMEDER' t 0 TIME=IC-.Q0 HOURS

1.-.E TENFERATUPE PR.OFILE AT TIME 10'.f.0 IS:

:5.1:26.:- 199.37 173.0'5 160~.S6

TC-UT= ¶;:.4 HI= 6.96=4 TW1= 439.4e TWý= -0~. T- H. D=

:~1ET= :::EAS=.786E+(M, cQTOT;L.=. :76LE,':m7

ITERA.GTUvN fr!umeF. I5 TItIE=L5.-Ci',) HOUPS

THE TE:g l;=.A7--ýRE ll:FOFILE AT TM~E L.C'IS:
1541.4 V: ýS.:t 448.44 -1150 -,CS 4

9. 7 9 6. L. I: efr7.7 :4..Q :5.

TOUT= =f-,Z Hl= 7 .5Zmc TWI- 7,43.4! TtU:! ',"7.E-" r-'2ý
L1~~.BS=.H 1~E-' 'L=.:71::E-!:,6 CI-4L::. I5~~i QlII -.5:7E.'- .

I rER,.r T ~1 CtINUM E?. E ' RIE:: 20 HOUR'S

THE TCMF*,--,-.TUPE PROFILE AT TIME 20.00" IS:

266.35 2Z4.ý:7 Z41.72 ' :1*

ITEP.ATION tJUMIEER 25 TIME=Z5. ('Cit HOUR~a

THE TE,'lPEPATUR:E rF:POFILE A~T TIME :5. .:(c. IS:

TOUT= HI 3s~i . :270rw~ TWt=T:= :0--.-4 .~

TEF~~N4' 77CT :,!.*ir~2 ;': .,

IOU u ' T0 7-~, QT' T',. 77--.d.

FIGURE 4. EXAMPLE COMPUTER OUTPUT FOR THE
HOT GAS DECONTAMINATION HEAT
BALANCE CALCULATIONS
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FIGURE 5. TEMPERATURE PROFILES IN THE CONCRETE WALLS OF
BUILDING 1 DURING APPLICATION OF THE HOT GAS
DECONTAMINATION PROCESS (2000 scfm/2000 F)
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4.1.2 Results of Hot Gas Heat
Transfer Calculations

The results of the heat transfer calculations for the three

buildings are given in Tables 3 through 5.

Heating time versus hot gas flow rate curves for varying hot

gas inlet temperatures and insulation thicknesses are illustrated in

Figure 6 (Building 1), Figure 7 (3uilding 2) and Figure 3 'Building 3).

Fuel requirement versus hot gas flow rate curves for varying

hot gas inlet temperatures and insulation thicknesses are illustrated in

Figure 9 (Building 1), Figure 10 (Building 2) and Figure 11

(Building 3).

Final inside wall temperature versus hot gas flow rate curves

for varying hot gas inlet temperatures and insulation thicknesses are

illust-ated in Figure 12 (Building 1), Figure 13 (Building 2) and

Figure 14 (Building 3).

It is interesting to note that for Building 2, an increase in

insulation thickness results in a decrease in the final inside wall

temperature (see Figure 13). This is opposite to the trends observed

for Buildings 1 and 3 (see Figures 12 and 14, respectively). In

general, as the insulation thickness increases, the heat losses from the

building decrease. This causes a decrease in the heat-up time which

should, in turn, result in a lower wall temperature. Factors which

would affect these trends include the following:

a Type of surfaces being insulated. In Building 2, the

insulation was placed on concrete walls whereas in

Buildings I and 3 the insulation was placed on onetal

surfaces. Also, all of the concrete from Buildings I and 3

is uninsulated and exposed to the surrounding soil which

serves as a heat sink/insulator.

* Area of surfaces being insulated. The total insulated area

was 10,500 ft 2 for Building 1, 4,800 ft 2 per floor for

Building 2, and 11,000 ft2 for Building 3.
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--- 300 . 1500 F/2" Insulation -
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FIGURE 6. HEATING TIMES VERSUS HOT GAS FLOW RATES FOR
BUILDING 1
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FIGURE 8. HEATING TIMES VERSUS HOT GAS FLOW RATES FOR
BUILDING 3
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O = 1500 F/2" Insulation

S= 1500 F/4" Insulation

o = 1500 F/12" Insulation
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& -"2000 F/4" Insulation

-i - 2000 F/12" Insulation

800

- 700

600

, 500
'I-)

2 400

I 300

a).

200

100

0 1000 2000 300 0 4000

Hot Gas Flow Rate (SCFM)

FIGURE 9, FUEL REQUIREMENTS VERSUS HOT GAS FLOW RATES FOR
BUILDING 1
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FIGURE 10. FUEL REQUIREMENTS VERSUS HOT GAS FLOW RATES FOR
BUILDING 2
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FIGURE 11. FUEL REQUIREMD1NT VERSUS HOT GAS FLOW RATES FOR
BUILDIG 3
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FIGURE 12. FINAL INSIDE WALL TEMPERATURE VERSUS
HOT GAS FLOW RATES FOR BUILDING 1
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* Thickness of building material. The material thic'ness

(i.e. mass) will determine the response to heating and the

subsequent temperature profile and thermal inertia in the

material.

4.2 Hot Gas Decontamination Equipment
Selection/Costing

Five configurations of the hot gas decontamination system were

evaluated. Two of the configurations shown in Figure 15 were not costed

because of obvious disadvantages. The remaining three concepts shown in

Figure 16 were further evaluated and costed. For costing, the system

was segmented into the following components.

a Hot gas supply system

* Inlet Duct

e Afterburner (AFB)

* Cooling method

- Diluent air

- Quencher

- Heat Exchanger

* Ductwork

* Induced Draft (ID) Fan

a Stack
These items are discussed as follows.

4.2.1 Hot Gas Suoply System

Hot gas is supplied to the building by combustion of, for

example, natural gas. Other fuels such as fuel oil and Dropane may also

be used. Diluent air is mixed with the combustion flue gas to enhance

inlet gas temperature control. Calculations for a 2000 F inlet gas

"temperature and 1000, 2000, 3000, and 4000 scfm flow rates are as

follows. It is important to note that the equipment selected from these

calculations can also be used to generate 1500 F inlet gas by turndown,

of the burner. S419
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FIGURE 15. HOT GAS APPLICATION CONCEPTS REJECTED FROM THE
ENGINEERING ANALYSIS
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4.2.1.1 Assumptions.

a Combustion occurs at 2000 F

a Heat of combustion of CH4 = 23,700 Btu/Ib

4.2.1.2 Calculations.

2000 F
qTOTAL qAIR 70 F

2000 F
qTOTAL =mCH4 X heat of combustion - qCH4  70 F

where mCH 4 = methane flow rate (lb/hr)

12000 F 453.6

qCH4 70 F = mcH4 X 15.969* KCAL/gmmole X X 3.958

Thus, qTOTAL InCH 4 X 21904

= 58,573 x vCH4

where v = volumetric flow rate, scfm

"qAIR mAIR CPAIR (2000-70):" 29
VAIR x 60 x 5 x 0.25 x (2000-70)

= 2339 x VAiR

Thus, 58,573 vCH4  2339 VAIR

Combine above equation with VTOTAL = vCH4 + VAIR to obtain vCH4 and

VAIR. The results are given in Table 6 along with the required and

selected heat duty and the flue gas composition. The selected heat duty

was based on about a 50 percent excess capacity above the required heat

duty to allow for contingencies. Costs for the hot gas supply system

are given in Table 7.

* From JANNAF Thermochemical Tables.

"422



VI-41

0* CD C) 0D C
(A) . f) Ln~ Lfl fL
CJ C'J '4ý4 - .
X0

LU

co U' n ~

CD CDi CD m

LU LL. -
u CDU- -:r 0 00

LU: L) 0 -J il_ .

tn Cxi -4

U. - ý- C) r-~
(Acu0 -3 -4 -- 4

Ia)

LAI

I- . - -d,

t:;i a) eo

>i.

Ln aj C.)D

C..-) -4 -

a'
<m: C)CD a'

CD CD '
'.o- CD a~

ý-ýn.~ m0~

423a



V 1-42

m CL . C

aJ Li

L vi

4. 0 c
U.,

C.L

CD

0L CD0 C

0
<0

C>l 41

0) ro1

cu L. -

mU In I~ A

CA cc EL am MCC .

L. -A -en -:=u- m -
02 Z - L4

o 4-i 10
~0 0 - -L

L c

02'- 1.2

(~~*14 (' N -

424



VI-43

-CD C) CD CD
CD C 0 0

CC

- 0,

L L

0 C CD CD C=
CD 0 CD

00

Ci

41J

CD CD CD CD

ULU

CD0

CD~0 EDCD

L ~'*

t~~Q m~- -

ai "'D-

co X

425C



VI-44

4.2.2 Inlet Duct

The burner generating the hot gas will be connected to an

inlet duct which leads to the building. The ournose of the duct is to

contain the open flames from the burner and to allow connection of the

burner assembly to the building. The design and cost of the duct is

given as follows.

S4.22.1 Assumptions.

a 10 feet of duct

a Lined with one inch of refractory

* Hot gas velocity 3000 ft/min

* Hot gas temperature = 2000 F = 2460 R

4.2.2.2 Calculations. A refractory thickness of one inch
was selected to prevent duct warpage and minimize heat losses. Heat

losses are such that the hot gas temoerature will drop only about 10 to

50 F through the duct. A summary of the results of the calculations and

costing are given in Table S.

4.2.3 Afterburner

Decontamination test results indicate that intact agent can be

volatilized from the building during the hot gas decontamination

process. As such, an afterburner (i.e., AFB) was selected to incinerate

the trace quantities of agent that may be contained in the building

exhaust stream.

Results of a literature search on incineration of '33, HD, and
VX suggest that a 0.5 second residence time at ?000 F shoulJ acnieve an

agent destruction efficiency of about 99.99 percent 'ee Taýle 9".

'•9.0°9 rercent destruction efficiency -,ihould be adequate to destroy

volatilized agent from a 3X building containing lod concentrations of
agent. If higher destruction efficiencies are required, the ýiot gis

426
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TABLE 9. LITERATURE AGENT DESTRUCTION EFFICIENCIES

BY INCINERATION

Temperature Residence Time Destruction Efficiency
Agent (F) (sec)

HD(1) 1100 2.00 96.3

HD(i) 1400 1. F8 99.9999

HD( 2 ) 1472 0.14-2.22 99.9994

GB( 3 ) 1332 0.3 99.96

G3(4) 2330 1.96 99.993

GB(4) 2337 2.14 99.9998

VX(5) 1292-1472 0.20 99.97

VX( 4 ) 2279 2.11 99.99993

VX( 4 ) 2546 1.73 99.99993

VX(5) 1332-2012 0.25 99.995

(1) Brooks, M. E., "Incineration/Pyrolysis of Several Agents and
Related Chemical Materials Contained in Identification Sets",
AD-BO42383L, Oct. 1979.

(2) Sass, S., Davis, P. M., "Laboratory Research on the Incineration of
Mustard", EATR-4516, May 1971.

(3) Puqh, 0. L., et al., "Incineration of GB and Containment of Gaseous
Products", AD-375179L, Oct. 1970.

(4) Wynne, D. J., "Pilot-Scale Incineration of G-3 and VIX and thle
Containment of Gaseojs Products", AD-910705L, M.1ay 1973.

(5) Hi1ildebrandt, H. F., "Incineration of VX and Contani nent of Gaseous
Products", AD-519533, ?1arch 1972.
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flow rate can be reduced to increase the residence time of the

afterburner.

The specification and cost of the afterburner are given as

follows.

4.2.3.1 Assumptions.

* Combustion occurs at 2000 F

* Residence time = 0.5 sec at 2000 F

4 5 percent 02 in the exhaust (i.e., about 30 percent excess

air)

* Gas velocity of about 20 to 40 ft/sec through the chamber

* Lined with 4 inches of 90 percent alumina firebrick

* Direct fired mixing plate burner to provide mixing of the

contaminated gases with combustion gas

* Heat loss through the afterburner = 10 percent of total

heat duty
* Building exhaust gases at a temperature of 70 F

e Building exhaust properties similar to air

4.2.3.2 Calculations.

2000 F 12000 F-I qBIjILDING EXHAUST qIIEAT LOSSqTOTAL = AR 70 F XHUT 70 F

qTOTAL = 58,573 VCH4

qAIR = 2339 VAIR

SUILDING EXHAUST = ,HAUST V 5 60 x x 0.25 x (2000-70)

= 2339 VEXHAUST

qHEAT LOSS = 0.1 x qTOTAL 5357 VCH4
S

"* See Hot Gas Supply System Calculations in Section 4.9.1.2.
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Combining equations gives:

VCH 4  0.0444 (VAIR + VTOTAL)

Oxygen in afterburner exhaust = 5 percent. Therefore

0.05 = vO? from buildinq + 0.21 VAIP - 2 vCH4
VTOTAL + VAIR + vCH 4

Combining the previous two equations gives:

VAlR = 2.044 VTOTAL - 14.50 v0 2 from building

Results of the calculations are given in Tables IOA and 10S.

Costs of the afterburner are given in Tables 11A and 11B.

4.2.4 Afterburner Exhaust Gas Cooling

The building must be maintained at a slight negative pressure

(about minus 0.2 inches water) during the hot gas treatment to prevent

volatilized agent from escaping to the atmosphere. As such, an induced

draft (ID) fan is required downstream of the afterburner. The use of

the ID fan will require cooling of the afterburner flue gas to below

about 600 F. Three methods of cooling the flue gas are available:

(1) addition of cool diluent air, (2) quenching with water, and (3) a

heat exchanger. These methods are described as follows.

4.2.4.1 Diluent Air Cooling.

An illustration of the diluent air cooling method is given as

follows.
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TABLE 10. AFTER3URNER CALCULATIONS

TABLE 10A. AFTERBURNER MASS BALANCE

V
V 02 From v v % 02

Total, Building Air CH4  Afterburner Flue Gas (scfm) in
scfm scfm scfrn scfm N2 C02 H20 02 Total Exhaust

4000 433 1100 226 3903 335 770 267 5325 5.0

3000 365 840 170 2939 290 580 201 4010 5.0
S

2000 243 565 114 1963 194 388 134 2679 5.0

1000 122 275 57 976 97 194 66 1333 5.0

TABLE lOB. AFTERBURNER CHAMBER SPECIFICATION

Minimum Outside Inside Inside
v Heat Chamber Chamber Chamber Surface Gis

Total Duty Volume,(a) Diameter,(b) Diameter, Length, Area, Velocity,
scfm MM Btu/hr ft 3  ft ft ft ft 2  ft/sec

4000 13.24 206 5.00 4.33 14 190 23.0 -

3000 9.96 155 4.33 3.67 15 173 29.3

2000 6.68 104 3.67 3.00 15 141 29.3

1000 3.34 52 3.00 2.33 12.5 91 24.2

S2460 1
(a) Minimum chamber volume VTOTAL x 26 16U sec.

(1) Includes 4 inches of refractory.
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TABLE 11. AFTERBURNER COSTS

TABLE 11A. AFTERBURNER CHAMBER COSTSd

Inside
v Chamber Refractory Shell Chamber

Total, Area, Cost,
scfm ft 2  1984 $ 1984 S 1984 $

4000 190 $7,780 $14,250 $22,030

3000 173 7,090 12,980 20,070

2000 141 5,780 10,580 16,360

1000 91 3,730 6,830 10,560

* (a) 90 percent alumina firebrick at $10.25/ft 2 /inch x 4 inches
(Chemical Engineering, 2/6/84, og. 121).

"(b) At $75/ft 2 area (Chemical Engineering, 2/6/84, pg. 121).

TABLE 11B. AFTERBURNER BURNER SYSTEM COSTS

Total
Gas Misc. 3urner

"Heat Estimated Blower Valve Valves, System
Duty, Burner Blower Cost, Train, Controls Cost,

NMM Btu/hr Cost, 1984$ Size 1984 $ 1984 $ 1984 $ 1984 $

14 $3150 1200 scfm/ $3000 $4250 $3000 $10,400
25 hp

10 2600 900 scfm/ 2750 3600 3000 9,200
20 hp

""7 2200 700 scfm/ 2500 2750 3000 7,950
20 hp

4 1200 500 scfm/ 2000 1900 3000 7,100
15 hp
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CH4  
Vent

Diluent Air

55OF

55 Stack

Induced
Combustion Draft
Air Fan

Blower

In the process the hot flue gas (T=2000 F) from the after-

burner is mixed with diluent air (T=80 F) to cool the gas stream to

600 F prior to entry into the ID fan. The gas is then vented through a

stack.

4.2.4.1.1 Assumptions.

4 Stack gas velocity about 4000 ft/min to enhance expulsion

a Gas velocity greater than about 3000 fpm between the

diluent air inlet and ID fan in order to promote turbulent

mixing of the gas such that hot spots in the gas which

could damage the ID fan can be minimized

a Pressure loss in the afterburner can be neglected

* Cooling air at ambient temperature of 30 F

4.2.4.1.2 Calculations. The cooling air requirements are

calculated as follows.

qFLUE GAS = qCOOLING AIR
29 lb

VFLUE GAS X 9 scf x 0.25 Btu/lb/F x (2000-600 F) =

259 lbf
29 Ab x 0.25 Btu/lb/F x (600-80)vCOOL AIR X 357 sc7

vCOOL AIR VFLUE GAS x 2.7
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Results of the calculations are given in Table 12. The flow

rates given in Table 12 allow the ductwork, ID fan, and stack to be

specified. Because the selection of the ID fan depends not only on the

volumetric gas flow rate but also on the system pressure losses, the
ductwork size must be specified. The following assumptions were made

for specification of the ductwork.

Duct from Building to Afterburner:

* Contains one elbow with a radius of 2 x diameter

* l0 ft length

* Contains one branch with a 30 degree angle of entry for

injection of afterburner combustion air

* Contains one expansion joint

* Contraction loss from building to the duct is one velocity

pressure (see equation on page Vl-50)

e Expansion loss from duct to the afterburner in one velocity

pressure

* Average gas temperature in the duct over the entire

decontamination process is 200 F

Duct from Afterburner to ID Fan:

* Contains one branch with a 30 degree angle of entry for

injection of the diluent air

* Contains one expansion joint after branch

* Duct is refractory lined from the afterburner to the branch

(5 ft length)
e The duct length from the branch to the ID fan is sized to

allow a 0.4 sec residence time for mixing to occur*

* Contraction loss from the afterburner to the duct is one

velocity pressure

* One velocity pressure loss through damper.

* Air Pollution Engineering Manual, 2nd Ed., pg. 453, May 1973.
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Duct from ID Fan to Stack:

e Contains one elbow with a radius of 2 x diameter

a 5 ft length

a Contraction loss to stack of 0.5 velocity pressures.

"Stack:

e 20 ft high

e Neglect natural draft

a Gas velocity about 40 fpm

Results of the static pressure/duct specification calculations for the

2000 scfm case are given in Table 13. Similar calculations were

performed for the 1000, 3000, and 4000 scfm cases. The method described

in Industrial Ventilation* was used to calculate the system pressure

losses along with the following equations:

Velocity Pressure = ) 2

DuctAP =e[AZ + (4 fL/D)(v2/2gc)]xO.19224

where AP = pressure losses, inches w.c.

eP gas density, lb/ft 3

f friction factor 0.0078 for a rough duct

L = duct length, ft

D duct diameter, ft

V = gas velocity, ft/sec

gc= 32.2

The ductwork specifications were then used to estimate ID fan and

ductwork costs. These costs are given in Tables 14 and 15,

respectively.

4.2.4.2 Quencher Cooling. An illustration of the quencher cooling

method is given as follows.

* 16th Edition, 1980.
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Vent

CH4

Quencher ZSOF

Stack

C o b s i o n 20 0 Qo

T Induced

Blower ] r Fan
h 4OF Water

Pump

In the process the hot flue gas (T=2000 F) from the after-

burner is quenched to a temperature of 300 F using water. The quenched

gas is then directel to an 13 fan and throuqh a stack. The quencher was

designed to reduce the gas stream temperature to 300 F rather than the

600 F design temperature used in the Diluent Cooling and Heat Exchanger

cases (see Section 4.2.4.1 and 4.2.4.3) because of overall equipment and

operational cost savings. Although the water requirements increase by

one to three gpm when quenching to 300F instead of 600 F, the gas flow

rate from the quencher decreases by about 1000 to 4000 acfm. A cost

savings is incurred from reduction in size and power requirements of the

I.D. fan, ductwork, and stack. However, an increase in water flow rate

of one to three gprim would require a nominal, if any, increase in piping

and pumping costs. A similar cost savings is noL possible using either

the Diluent Cooling or the Heat Exchanger methods.

4.2.4.2.1 Assumptions.

* Water available at 30 F

* Refractory required in duct between AF3 and bottom stage of

quencher

440
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Water flow rate is such that complete evaporation of all

water entering the quencher occurs. As such, small water

drops (e.g., about 100 micron diameter median size) are

desirable. This requires a relatively high pressure (about

100 psig) water supply.

4.2.4.2.2 Calculations. The water requirements, assuming

complete evaporation of water, are calculated as follows.

qGAS = qWATER 0
rnGASCPGASATGAS = mWATERL-HWATER

where CPGAS = 0.25 BTU/lb/F

'A TGAS = 2000 - 300 F

LHWATER = HH20 at 300 F - HH2 0 at 30 F

= 1192 - 48 = 1144 BTU/lb

Results of the calculations are given in Table 16.

The configuration of the quencher cooling system which was

used for costing is illustrated below. A summary of the costs is given

in Table 17.

QUENCHED GAS
AT 300 F

THREE STAGE
MA NIFOLD

NOZZLES-' RECYCLE

REFRACTORY /

LINING - ! WATER

PUMP

SUPPLY
Hot Gas TANK

2000 F
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The refractory lining shown in the illustration above is

required to prevent thermal damage to the quencher. Without refractory,
the wall temperature can reach a temperature of about 1600 F (inlet gas
= 2000 F). With one inch of refractory (k = 0.23 BTU/ft/hr/F), the wall
temperature at the bottom of the quencher should not exceed about 680 F.

Ductwork specifications for the quencher system for the
2000 scfm case are given in Table 18. Similar calculations were per-

formed for the 1000, 3000, and 4000 scfm cases. The pressure losses

obtained from the ductwork specifications were then used to specify/cost
an ID fan (see Table 19). Ductwork costs are given in Table 20.

4.2.4.3 Heat Exchanger. An illustration of the heat

exchanger cooling method is given below.

Vent

"Vent

Combustion Air -- Damper

S~ BuilIding

Stack

20 n th proes th ho6lu1a1(20 F) rmteABi

pu Anterburner i

SHeat
" thhtExchanger a Induced tfS• Draft Fan

,- CH4

S• Air
10

In the process the hot flue gas (T=2000 F) from tile AFFB is

passed through an air-cooled heat exchanger. The flue gas which exits

• the heat exchanger at a temperature of 600 F is directed to an ID fan

and then through a stack. Because the heat recovered from the flue gas
is returned to the process in the form of preheated combustion air to

the AFB, the AFB energy balance must be recalculated as follows.

qCOMBUSTION qAIR + qBUILDING EXHAUST + qHEAT LOSS
TIN 70
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where qCOMBUSTION VCH4 x 58573

qBUILDING EXHAUST VTOTAL x 2339

qHEAT LOSS =01 x qC0MBUSTI0N VCH4 x 5857

qAIR = VAIR X 2 x 60 x 0.26 x (2000-TIN)
(2520 - 1.26 x TIN)VAIR

Combining equations gives

VCH 4 = O.0 4 44 VTOTAL + (0.0478 - 2.39 x 10-5 x TIN) x VAIR

Maintaining 5 percent 02 in the afterburner flue gas gives:

0.05 02 FROM BUILDING 1 VAIR - 2vCH 4
VTOTAL + VAIR + VCH

* Combining the two equations above gives:

v 0.1445 VTOTAL - v02FROM BUILDING

AIR
0.065 + 4.905 X 10-5 x TIN

Results of the afterburner material balance calculations are given in

Table 21. Modified afterburner costs are given in Table 22.

The heat exchanger area is calculated as follows.

VAFB FLUE GAS

STH2 =2000 F

V HE1 Tc 2

EXCHANGER

THI : 600 F
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TABLE 22. AFTERBURNER CHAMBER COSTS FOR THE HEAT EXCHANGER SYSTEM

Average Total
Hot Gas Afterburner Refractory Shell Chamber

Flow, Inside Area,(a) Cost,kb) Cost,(c) Cost,
SCFM ft 2  1984$ 1984$ 1984S

4000 190 $7,780 $14,250 $22,030

3000 168 6,890 12,600 19,490

2000 133 5,450 9,980 15,430

1000 84 3,440 6,300 9,740

(a) For the TIN = 1000 F and TIN = 500 F cases.

(b) Chemical Engineering 2/6/84 - $10.25/ft 2 /inch x 4 inches.

(c) Chemical Engineering 2/6/84 - $75./ft 2 .
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4.2.4.3.1 Assumptions.

* Air is available at 70 F
* Overall heat transfer coefficient U 5 BTU/ft 2 /hr/F
e The temperature drop between the afterburner combustion air

inlet and the heat exchanger is 150 F. Therefore, TC2
TIN + 150

a Counter-current heat exchanger.

4.2.4.3.2 Calculations. The cooling air requirements are

calculated as follow:
q = m cCPc'Tc = mHCP4TH

where mc = cooling air flow (lb/hr)

Cpc = CPH = specific heat

mH = afterburner flue gas flow (lb/hr)

mc =m4
29 (2000-600)

mc = VAFB FLUE GAS X T x 60 x \TC2- 7 0

The heat exchanger area is calculated as follows:

q = UA LTLM = mH CPHATH

where A = area (ft 2 )

ATLM (2000-TC2) - (600-70)
(200-TC2)l (600-70)]

CPH - 0.26 BTU/lb/F

Results of the calculations are given in Table 23. Costs for
the heat exchanger (less air blower) were estimated as follows.

Heat Exchanger Cost = CE = CBFDFpFM*

Base Cost = CB = exp (8.551-0.30863 ln(A) + 0.06811 (ln(A)) 2 )

For a fixed head heat exchanger:

* Chemical Engineers' Handbook, 5th Edition.
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FD : exp (-1.1156+0.0906 ln(A))

Pressure factor:

Fp = 1 (ambient pressure)

Material Factor:

FM = 3.8 for Inconel or Incoloy (T=1650 to 2000 F)*

FM = 2.4 for 304 SS (T is less than 1650 F)*

A summary of the costs is given in Table 24. The costs

indicate that the use of either an Inconel or an Incoloy heat exchanger

is cost prohibitive and, as such, are eliminated from further analyses.

Ductwork specifications for the heat exchanger system

(2000 scfm case) are given, in Table 25. For the ductwork calculations,

data for recycling a 1000 F air stream from the heat exchanger to the

afterburner was used. Similar calculations using a 500 F air stream

temperature resulted in nearly identical results. Because less combus-

tion air than heat exchanger air is required, part of the heat exchanger

air is vented to the atmosphere ("Vent" in Table 25). The pressure loss

and flow rate data were then used to specify the heat exchanger blower

and I fan. Results of these estimates are given in Tables 26 and 27.

Ductwork costs are given in Table 23.

4.2.5 Stack

A stack is used to aid dispersion of the hot gas exhausted

" from the ID fan. Because of the incineration step upstream of the

stack, pollutant dispersion from the stack exhaust is probably not

required- As a preliminary estimate a 20 foot high carbon steel stack

was selected. A sumnmary of the stack costs for the various hot gas

methods are given in Table 29.

* See Chemical Engineering, 1/25/32, 125-6.
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TABLE 29. STACK COSTS

Hot Gas Stack Stack(a) Stack(b)
Flue Gas Flow Rate, Flow, Stack ID, Cost, Cost

Cooling Method SCFM ACFM Inches 1977$ 1984$

Diluent Air 4000 37,560 40 $ 2300 $ 3565
Diluent Air 3000 28,280 36 2100 3255
Diluent Air 2000 18,885 30 2000 3100
Diluent Air 1000 9,380 20 1600 2480

Quencher 4000 11,390 22 1700 2635
Quencher 3000 8,575 20 1600 2480
Quencher 2000 7,515 18 1500 2325
Quencher 1000 2,840 12 1000 1550

Heat Exchanger 4000 9,000 20 1600 2480
Heat Exchanger 3000 6,800 18 1500 2325
Heat Exchanger 2000 4,540 14 1200 1860
Heat Exchanger 1000 2,261 10 - 1500(c)

(a) Journal Air Poll. Control Assoc. V28, No. 9, p. 963-8, 1978. For a
carbon steel stack, 1/4-inch plate. Includes flange, stack, four
stainless steel cables, clamps, and surface coating.

(b) 1984$ = 1973$ x 793.9,/505.4 (3rd Quarter 1984$). See Chemical
Engineering 11/26/84, pg. 7.

(c) Estimated.
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4.3 Hot Gas Decontamination Cost Summary

4.3.1 Capital Costs

A summary of capital costs for the 1000, 2000, 3000, and

4000 SCFM cases are given in Tables 30 through 33, respectively.

4.3.2 Operating Costs

Heat transfer calculations indicate that the buildings heing

decontaminated must be insulated in order to heat all areas to a tem-

perature of 300 F. These calculations (see Tables 3 through 5) assumed
an insulation thickress of 2, 4 and 12 inches and a thermal conductivity

0
of 0.05 Btu;ft/hr/F (R=40, 80 and 120, respectively). These were selected

as typical values which would provide a basis for determination of the

effect of insulation on heat transfer. For costing purposes foil faced,

non-rigid, Fiberglas blanket (6 inch x 23 inch-wide roll with R=19) was

selected. In order to achieve R values of 40, 80 and 120, either 2, 4,

or 12 layers of this insulation is required. Costs for the insulation are

given, as follows:

Material Installation* Total
Cost Cost Cost

Layers R 1984S/ft2 1984$/ft2 1984$/ft 2

2 40 $0.56 $0.20 $0.76
4 80 1.12 0.40 1.52

12 240 3.36 1.20 4.56

* Other types of insulation with conductivities closer to 0.05

3TU/ft/hr/F may be used; however, the material cost would be higher,

the installation cost would be lower, and the total cost may be slightly

higher than for the insulation specified above.

* Costs derived from data in 3uilding Construction Cost Data, 42nd
Edition, 1984.
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For costing, it was assumed that the insulation can be re-used

for the three buildings thereby allowing a cost savings on materials.

Insulation removal costs were assumed to be identical to the installa-

tion cost.

A reduction in the potential for agent release can be achieved

if a vapor barrier (i.e., 10 mil polyethylene sheet) is installed over

the insulation on each building being decontaminated. Placement of the

plastic vapor barrier on the cool side of the insulation would minimize

the potential for melting. Calculations show that the vaoor barrier

temperature should not exceed 82 or 93 F for insulation with R values of

120 and 40, respectively.* The cost of the vapor barrier was estimated

at $6.00/100 sq.ft. for material** and $4.16/100 sq.ft for

installation** for a total of $10.16/100 sq.ft. Caulk/joint sealant can

* be used to seal cracks, etc. as required to minimize leakage into the

building. Sealant was estimated at a cost of $1.26/linear foot.** It

was also assumed that external concrete surfaces exposed to the

atmosphere would be coated with a decontaminant such as ST3 or OPAB to

minimize the potential for agent release. The cost for application of

the coating is not included in the buildina preparation costs.

In Building 1, the top structure composed of wood will be

removed prior to decontamination leaving a concrete basement without a

ceiling. As such, a steel deck must be erected to serve as suoport for

the insulation. Cost estimates** for the steel deck are given below.

Because the wood will be removed for any decontamination concept, the

costs for removal and incineration were not included in the cost.

Material Installation Total Deck
Load,*** Cost, Cost, Cost,

SPSF 1984S/ft2 1984S/ft 2  1984S/ft 2

2 20 $2.20 $0.88 $3.08
"4 40 2.56 1.03 3.59

12 120 8.96 1.35 10.31

• Assumes a 300 F wall temperature, an 80 F air temperature, and h =

4.6 BTU/ft2/hr/F.
•* Costs derived from data in 3uilding Construction Cost Data, 42nd

"Edition, 1984.
* Insulation density 20 lb/ft3.
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In addition to the building preparation costs detailed above,

it is estimated that two personnel working two weeks at 40 hours oer

week are required to install the skid-mounted equipment and perform the

necessary utility connections.

A summary of the building preparation costs for the three

buildings is given in Table 34. Operating costs for decontamination

were estimated using the building preparation costs along with utility

costs (natural gas and electricity), operator cost and clean-up costs.

The following assumptions were made in estimating these costs:

* Natural gas is available at $4.04/SCF (Energy User News

11/19/84).

* Electricity is available at $0.0524/kWh (Energy User News

11/19/84).

* Afterburner natural gas requirements for the three cooling

methods are essentially the same.*

e Three operators at $28.45/hr each are required to operate

the equipment**.

9 One engineer/foreman is required at $35.00 per hour**.

* One week is required for equipment teardown at each

building (2 operators at 40 hours/week).

a The cost to remove the insulation, steel deck, and vapor

barrier is identical to the installation cost.

* A 65 percent motor electrical efficiency is assumed.

e Hot gas supply, afterburner, and miscellaneous controls

require 30 kva.

A summary of the operating costs for Buildings 1, 2, and 3 are

given in Tables 35, 36, and 37, respectively.

4.3.3 Cost Summary

A summary of the operating and capital costs of the hot gas

concept for the various flow rates, insulation thickness, and

* The afterburner natural gas costs were approximately 10 percent higher
for the diluent air and quencher methods than the heat exchanger method.

** Building Construction Cost Data, 42nd Ed., 1984. Includes overhead and
profit.
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afterburner flue gas cooling methods is given in Table 38. The results
are also shown in Figure 17. The following conclusions may be drawn:

* Total costs increase with an increase in hot gas flow rite

over the range of 1000 to 4000 scfm.

a Total costs increase with an increase in insulation chick-

ness.

s The diluent air, quencher and heat exchanger conceots are

approximately the same in cost (within the error of the

cost analysis). As such, other criteria (e.g., system

safety, operability, etc.) should be used for selection of

the system.

4.4 Therma! Etfects on Cement and Concrete

In order to determine whether or not thE hot gas treatment can

cause thermal damage, concret,_ 7haracteristics at elevated temneratures
were evaluated from literature data. The results indicate that many
factors influence the high temoeratujre oroDer'qes of concrete including:

e Type of concrete (e.g. type of aggregate, tyne of cemient,

water-cement ratio, aggregate-cement ratio, curing condi-

tions)

* Whether the concrete is restrained during heating
# Whether the concrete is subjected to thermal cycling

* ',hether the concrete is tested while hot or aft.r cooling

* Whether tqe concrete is quenched or allowed Lo cool lowly I

e Length of temoeratujre exDos;ire.

* Hiqest temper'atire attained.
The k.v concrete Drooerties reviewed include conoresI/ve

Atreng.1h, flexural strength, modulujs of elasticity and thermal exoan-
rin, , .ch of these facto,-c should ')r- considered when evaluating th:,

effect of the hot gas concepts when apolied to field concrete struc-
t . e4s.
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4.4.1 Thermal Effect on the Compressive
Strength of Concrete

Because compressive strength is one of the primary qualities

by which concrete is judged, it is probably the most investigated

property at high temperatures. Fiqure 13 shows the data of Abrams(6)

for concretes containing carbonate, siliceous and lightweight aggregate,

respectively. Carbonate and siliceous aggregates are commonly, used in

structural concrete thile unhanded lightweight concrete is used in the

manufacture of masonry block. The testing regime included (I) heating

without load and testing while hot, (2) heating at three stress levels

and testing while hot, and (3) testing after slowly cooling. The

heating time to achieve a uniform temperature 4as generally 3 to 4

hours. The results can be summarized as follows:

(1) Carbonate and sanded lightweight aggregate concrete

retained more than 75 percent of original compressive

strength up to 650 C when heated unstressed and tested hot;

for siliceous aggregate concrete the corresponding

temperature was 430 C.

(2) When loaded during heating, ,nomoressive strengths were 5

to 25 percent higher, but were mot affected by the applied -.

stress level. The smaller strenrgth loss under stressed

condition is attributed to a retardation of crack

Formation.

(3) Residual comoressive strengths after cooling were

significantly lower than the correspol-rding hot compressive

strength for unstressed concrete.

(,4) The original strenoth of the concrete had litt'.e effect

on the per.ent reduc-ions in strength observed.

The above observations ,,ree fairlt welP with other invest;ga-

tions; however, layer reductions in -ompressive st-ength have been

reoorted under similar test conditionsi 7). in add:ion, the '-esul,; of
Aeigler and Fis._herý' 5DP 7w , av)

e3) indicated ;hat s'ressed1 soecmns have 2 rex

strength equal to or greater than comnanion snecimers not stre-ssec

during heating (at a test temperature of 450 C).
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The amount of residual strength after cooling requires further

discussion. Zoldners( 9 ) showed that up to about 500 C, there is a

greater reduction in residual compressive strength when concrete is

water quenched than when slowly cooled. This was attributed to thermal

shock. Little difference in strength at higher temperatures was found

between quenched and slowly cooled specimens. In contrast, Crook and

Murray(1 0 ) found that an increase in residual strength could be obtained

by water immersion. In their tests, masonry blocks were maintained at a

temperature of 620 C for 20 minutes. The blocks were then re-cured by

immersion in water (either for 2 minutes or for 24 hours) and then left

to air cure for periods of up to 28 days. It was not stated whether the

blocks were first allowed to cool before water immersion. The results

indicated that a 24 hour immersion time followed by air curing resulted

in complete regain of original compressive strength. Although the time the

material was held at 520 C was relatively short, the results demonstrate

that a loss of compressive strength can be recovered by oroper water

treatment.

Figure 19 gives results from Harmathy et al.(11) on

compressive strength for Portland cement (no aggregate) and lightweight

concrete masonry as a function of three heating times. Testing was

performed while the samples were hot. From the results, it appears that

heating for short time periods (i.e. less than 24 hours) has little

effect on the measured concrete properties at elevated temperatures.

The data also show that lightweight masonry block is quite stable at

high temperatures (at 538 C, 77 percent of comoressive strength

remains), whereas Portland cement rapidly loses strength at high

temperatures (at 538 C, 8 percent of compressive strength remains). A

comparison of Figure 18 with Figure 19 indicates that the loss of comn-

pressive strength at high temperatures is much greater for the Portland

cement without added aggregate. This suggests that the aggregate

stabilizes concrete at high temperatures. The stabilizing effect of

aggregate is supported by the data by Malhotra(8), who found that above

204 C, lean mixes (high aggregate contact) showed a orooortionally

smaller reduction in compressive strength than occurred with richer

mixes.
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Figure 20 shows the effect of temperature on comoressive

strength of dolomite/hornblende aggregate concrete at prolonged heating

times.( 12 ) The concrete specimens were sealed during the thermal

treatment to prevent moisture loss and were allowed to cool slowly

before testing. Concrete A had a 1 day cure before heating, and

concrete B had a 14 day cure before heating. Above 150 C, the

compressive strength gr.Jually decreases as the heating time increases.

At 230 C, about 75 percent of the initial compressive strength remains

after 14 days. It should be pointed out that moisture loss was pre-

vented during heating by a saturated steam environment which surrounded

the specimen. This may have caused a more adverse effect on the

concrete properties than when the moisture is free to evaporate.

4.4.2 Thermal Effect on the Modulus
of Elasticity of Concrete

In general, the modulus of elasticity of concrete at high

temperatures follows the same trends as compressive strength.

4.4.3 Thermal Effect on the
Flexural'Strength of Concrete

Zoldners( 9 ) tested the flexural strength of several types of

concrete up to 700 C. The samples were heat treated at the test

"temperature for one hour and then allowed to slowly cool to room

temperature. Figure 21 shows the flexural strength as a function of

temperature. The results are somewhat dependent on the type of

aggregate, but generally a significant decrease in the flexural strength

occurs at relatively low temperatures. At 300 C, approximately 50

percent of the flexural strength remains. Thus, at elevated

temperatures, flexural strength decreases to a greater extent than

compressive strength. However, the flexural strength of concrete is

generally not as significant a parameter as comnpressive strength in

relation to the structural integrity of a building.
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4.4.4 Effect of Thermal Cycling on Concrete

The effect of thermal cycling on concrete strength is another

important consideration. Campbell-Allen et al( 14 , 15 ) tested compressive

strengths of several types of aggregate concrete up to 300 C and noted a

progressive deterioration with increasing numbers of thermal cycles,

although most of the loss occurred in the first few cycles.

Livovich(16) conducted cyclic heating tests at 425, 538, and

650 C on several types of cement containing crushed fire brick aggre-

gate. The cyclic heat tests consisted of firing specimens for 16 hours

at a given temperature and then cooling for 8 hours in air until ten

such cycles were completed, or until failure (crumbling) if the

specimens occurred. At 425 C, the lowest temperature tested, specimens
made with Portland cement were severely cracked at the end of ten cycles.

However, by placing the concrete in a desiccator during cooling, it was

found that after 10 cycles at 538 C, no sign of distress could be

detected. This indicates that the main cause of cracking and failure in

cyclic heating is the rehydration and subsequent expansion of the dehy-

drated cement. In contrast to the Portland cement specimens, calcium

aluminate cements (used in refractory concrete) are quite stable to

cyclic heat, even at 650 C.

4.4.5 Thermal Expansion of Concrete

The thermal expansion of concrete at elevated temperatures

results from complex physical and chemical changes involving the cement

paste and aggregate. These changes include true thermal expansion

(based on kinetic molecular movements) of both cement and aggregate.

Volume changes are a result of dehydration reactions and changes in

physical form of the component materials (e.g. phase changes in quartz-

crystals). Many factors affect the magnitude of the overall thermal

volume change including initial moisture control, mineral composition

and structure of the aggregate, aggregate to clement ratio, -ge of con-

crete, rate and duration of heating, and load level.
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After a slight initial expansion at temperatures up to 100 C,

a shrinkage of the cement paste occurs as dehydration takes place. This

"shrinkage is counteracted by expansion of the aggregate.The resul-

tant effect is a sum of the volume changes of cement paste and aggregate

at the temperature of exposure. After dehydration is complete, the

- cement paste will again expand, although expansion may not compensate

for the initial shrinkage.
Fio',re 22 illustrates expansion data of concrete made with

several types of aggregate as a function of temperature under conditions

of zero applied stress.( 6 ,9) In Figure 22a, the strain is measured at

the test temperature, while in Figure 22b, the strain is measured after

cooling from the test temperature. At all temperatures, a net expansion

results when the strain is measured at the test temperature

(Figure 22a). However, up to about 300 C the strain is recoverable upon

cooling (i.e., no permanent dilution) as shown in Figure ??b.

When a load is applied to concrete during heating, a pro-

nounced effect on thermal expansion results. Thermal expansion is

strongly reduced as the stress level is increased, and above about 40

percent of the ultimate stress, a net shrinkage occurs at all tempera-

S.tures( 1 7). This reduction in thermal expansion is attributed to plas-

ticity of the cement paste at elevated temperatures.

The stresses from thermal loadings caused by overall expansion

or contraction, when coupled to those arising from mechanical loadings,

* determine the imposed total stress levels in the concrete. lecause of

complex stress-strain interactions at elevated temperatures, it is

difficult to predict the performance of concrete unless specifications

of concrete type and loading conditions are made. However, because of

' the plasticity of the cement at elevated temperatures, and the fact that

below 300 C most strain is recoverable upon cooling, minimal stress

-. damage is likely at temperatures below 300 C.

4.4.6 Thermal Cracking of Concrete

Differential strains and stresses between the cement and

aggregate in concrete at elevated temperatures can give rise to
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-- cracking. Thermal cracking may range from cracking on the surface and

-- microcracking to deeper and substantial cracking of structural

significance at locations where overall structural deformations exceed

-. the tensile capacity of the concrete. Concrete spalling can also occur

-- if the moisture content is particularly high.

Table 39 presents some qualitative observations regarding

cracking of several types of heat exposed concrete.( 9 ) For most con-

cretes, temperatures below 400 C can be sustained without excessive

crack damage.

4.4.7 Conclusions of the Literature
Review on the Thermal Effects on Concrete

A review of the literature suggests that in order to minimize

structurnl damage the concrete structures should not be exposed to a

temperature greater than about 400 C (752 F). Also, wetting the

concrete with water following cool-down after the hot gas treatment is

recommended such that the concrete strength can be regained.

4.5 Hot Gas Decontamination
Recommendations/Conclusions

Results of the engineering analysis indicate that application

of the hot gas decontamination concept to decontaminate field structures

contaminated with agent GB, VX or HD is feasible. A summary of recom-

mended features for a hot gas decontamination process is given in Table

* 40. A piping and instrumentation diagram is given in Figure 23 while an

artist's conceptualization is shown in Figure 24.
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5.0 STEAM DECONTAMINATION CONCEPT

The steam decontamination concept involves the use of steam to

decontaminate materials such as steels and concrete by hydrolysis and/or

physical removal (i.e. volatilization and solubilization) of trace quan-

tities of agent. The conditions for decontamination and constraints in

the process that were determined through experimental evaluations in

Subtasks 5(3) and 6(4) are as follows.

* Painted and unpainted mild and stainless steels con-

taminated with HD, GB, or VX can be decontaminated to below

the detectable limit by maintaining the surface at a

temperature near the boiling point of water for 60, 60, or

240 minutes, respectively.

s Steam decontamination includes the physical removal of

undecomposed agent by volatilization and wash-off. Thus, a

method to remove/decompose agent contained in the exhausted

steam and condensate obtained from the building must be

incorporated into the overall decontamination process.

Experimental results( 3 ) indicate that re-boiling condensate

contaminated with agent will cause decontamination.

* Concrete contaminated with HD and porous materials (e.g.,

unglazed porcelain) contaminated with GB and VX can be

decontaminated to below the detectable limit by maintaining

the material at a temperature near the boiling point of

water for 60, 60, and 240 minutes, respectively.
* Agent may diffuse through porous materials from regions of

high temperatures to regions of lower temperatures.

These process conditions/constraints were used to perform heat

balances and to specify and cost the decontamination equipment.

5.1 Building Heat Transfer Calculations

Heat balances were performed on each of the three representa-

tive agent-contaminated structures described in Table 1. In the heat

balances, the steam flow rate, degree of superheat (i.e. inlet steam
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temperature) and insulation thickness were varied to evaluate their

- effect on the feasibility and cost of the concept. The range of values

used for the variables are as follows.

e Steam flow rate - 5000, 10,000 and 15,000 lb/hr

e Inlet steam temperature - 300, 400 and 600 F

e Insulation thickness - 2, 4 and 12 inches*

A description of the calculation procedure and the results of

the calculation are given in the next sections. In addition to the heat

balances, unsteady state mass transfer calculations were performed to

determine the rate of diffusion of steam into porous materials such as

concrete.

5.1.1 Steam Heat Transfer
Calculation Procedure

The method used to calculate heat requirements and times for

each of the buildings involved an iterative method similar to the one

used for the hot gas concept (see Section 4.1.1). The following modifi-

*1 cations to the calculation procedure were made for adaption to the steam

process.

e Physical properties of steam rather than physical proper-

ties of air were used

a Heat transfer from the steam to the building during the

initial stage of the process is by condensation. After the

outlet temperature exceeds 212 F, heat transfer is by con-

duction, radiation, and convection from the gas phase

* Film condensation was assumed for calculation of the inside

heat transfer coefficient during the condensation stage.

5.1.2 Results of Steam
Heat Transfer Calculations

The results of the steam heat transfer calculations for the

three buildings are given in Tables 41 through 43.

* An insulation thickness of 0 inches was evaluated but did not allow
the requirement of heating all building materials throughout to a
temperature of about 212 F.
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TABLE 41. RESULTS OF STEAM DECONT•M NATION HEAT
BALANCES FOR BUILDING IJAT

Steam Inlet Steam Insulation Time to Reach Boiler CH4
Flow Rate, Temperature,(b) Thickness,(C) Temperature,(d) Duty, Required(e)

lb/hr F Inches Hours MM Btu/hr 1000 scf

5.000 410 2 =-300 6.14 ' 300 -

12 =-300
600 2 z 300 6.62 -

S4 183 j 1214
12 140 929

10,000 400 2 =,300 12.31 -
4 251 3096

I12 175 2159
600 2 99 13.25 1314
I4 82 I 1089

12 74 982
15,000 300 2 300 17.76 -

1 4 ~ 300
$ 12 300 -

400 2 226 18.46 4180
4 147 I 2719

12 119 2201
600 2 66 19.87 1314

4 59 j 1115
12 55 1095

a) Building 1 is modeled after Building 412 of Rocky Mt. Arsenal. It is 150 feet
"long by 70 feet wide by 15 feet high concrete (one foot thick) basement with
"wood superstructure. It is assumed the wood structure is removed and incin-
erated leaving a concrete-lined basement requiring decontamination.

b) Inlet is superheated steam.

c) Girders and steel plates are placed over the basement to contain the hot gas.
Insulation is then placed on the steel plates to reduce heat losses.

d) Time required for the outside wall temperature to reach 212 F.

e) Natural gas was assumed to be the fuel source.

4
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TABLE 42. RESULTS OF STEAM DECONTAMINATION HEAT
BALANCES POR BUILDING 2(a)

Steam Inlet Steam Insulation Time to Reach Boiler CH4
Flow Rate, Temperature,(b) Thickness, c) Temperature,(d) Duty, Required(E)

lb/hr F Inches Hours MM Btu/hr 1000 scf

5,000 400 2 > 300 6. 5
4 > 300 -

12 254 1565
600 2 - 300 6.62 -

I4 212 1406
12 145 962

10,000 400 2 > 300 12 ; -
4 -300 -

12 181 2233
600 2 243 13.25 3226

S4 
141 1872

12 108 143415,000 400 2 - 300 J46 6

4 300 5549
12 157 2904

600 2 185 19.87 3683
I4 118 2349

12 94 1872

a) Building 2 is modeled after Building 1501 of Rocky Mt. Arsenal. It has three
stories, each 80 feet long by 40 feet wide by 20 feet high. The walls are 2-ft thick
reinforced concrete and the floors and ceiling are 1-ft thick concrete.

S b) Inlet gas is superheated steam.

c) Insulation is used to reduce heat losses through the concrete walls/ceiling.

d) Time required for the outside wall temperature of the concrete on the first floor to
reach 212 F.

" e) Natural gas was assumed to be the fuel source.
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TABLE 43. RESULTS OF STEAM DECONTAMINATION HEAT
BALANCES FOR BUILDING 3(a)

Steam Inlet Stea Insulation Time to Reach Boiler CH4
Flow Rate, Temperature,(b) Thickness,(C) Temperature,(d) Duty, ReQuired(e)

lb/hr F Inches Hours MM Btu/hr 1000 scf

5, 00 300 2 • 300 5.92
4 ~ 300

12 "300 61
400 2 ->300 6.15

4 - 300 1 -

12 125 1 77C
600 2 126 6.62 836

100034 69 8 458
S12 55 365

-10,000 302 >-300 1.4 -

4 =300 -
12 215 2551

400 2 307 12.31 3787
I4 100 1233

12 71 876
600 2 49 13.25 621

4 39 494
12 35 444

15,000 300 2 • 300 17.76 -
4 >300 i -

12 147 2616
400 2 118 18.46 2183

4 70 1295
6T 12 56 1036"2 36 19.87 717

431 617

_ 4 12 29 577

a) Building 3 is modeled after Building 1640of Rocky Mt. Arsenal. It is 100 feet
long by 50 feet wide by 20 feet high metal wall/ceiling strutu-e with a one-foot
"concrete floor.

b) Inlet gas is superheated steam.

c) Insulation is used to reduce heat losses through the metal walls/ceiling.

d) Time required for the outside wall temperature of the concrete to reach 212 F.

e) Natural gas was assumed to be the fuel source.
4
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Heating times versus steam flow rate curves for varying steam

inlet temperatures and insulation thicknesses are illustrated in

"Figure 25 (Building 1), Figure 26 (Building 2), and Figure 27

- (Building 3).

Fuel requirements versus steam flow rate curves for varying

steam inlet temperatures and insulation thicknesses are illustrated in

Figure ' (Building 1), Figure 29 (Building 2), and Figure 30

(Build 3).

5.1.3 Steam Mass Transfer Calculations

Experimental results from steam decontamination tests indicate

that iydrolysis of the agent is a primary decontamination mechanism.

The decontamination conditions of high partial pressure of water vapor

" and elevated temperatures are conducive to vapor phase hydrolysis. As

- such, decontamination of porous materials must consider not only the

conduction of heat into the porous material, but also the presence of a

* high partial pressure of water vapor within the porous matrix. Two

"* sources of water vapor within a porous fatrix are diffusion and in-situ

formation.

The rate of diffusion of water vapor into a porous material

such as concrete can be estimated by the semi-infinite solution to the

' one-dimensional unsteady state diffusion equatiun. The solution is as

follows:

gl-o=erfc (y12 VEF• )

"where
Pt : partial pressure of water vapor inside the material at

time t

Po = partial pressure of water vapor at time 0

P1 = partial pressure of water vapor at surface of the material

at time t greater than 0

erfc = complimentary error function

y = penetration depth = 30.48 cm for a one-foot thick concrete

slab
493

".-



VI-112

300
02 400 F/2" Insulation
A2 400 F/4" Insulation

C- 400 F/12" Insulation
275 0 z 600 F/2" Insulation

A 600 F/4" Insulation
z 600 F/12" Insulation

250

225

V w 200

LA

1.-

0-

E 175

" 150
0

4--)

125

100

75

5000 10,000 15,000

Steam Flow Rate, lb/hr

FIGURE 25. HEATING TIMES VERSUS STEAN FLOW RATES
FOR BUILDING 1

494

. .* .°..



VI-113

300 -- i

275

250 . . . .

225
S-

200

I-

co 2o

CL

E
0-

W 175

S150

cu

" 125

100

0- 400 F/21 Insulation

75 400 F/4" Insulation
75 - 400 F/12" Insulation

. a 600 F/2" Insulation
A : 600 F/4" Insulation
5 600 F/12" Insulation50

5000 10,000 15,000

Steam Flow Rate, lb/hr

FIGURE 26. HEATING TIMES VERSUS STEAM FLOW RATES
FOR BUILDING 2

495

..-.- . .- ....-. ....- ....- .-....- ..-- ..- --- ---. ..- .--- - .



VI-114 .

275 os 400 F/2" Insulatio'
/& 400 F/4" Insulationri- 400 F/12" Insulation

0 - 400 F/12" Insulation250 -: 600 F/2" Insulation
A x 600 F/4" Insulation..

U - 600 F/12" Insulation

225

200

0

g 175
S,.-

S.-~ro

- 150
I-

o 125

100

75

50

25 _
5000 10,000 15,000

Steam Flow Rate, lb/hr

FIGURE 27. HEATING TIMES VERSUS STEAl1 FLOW RATES
FOR BUILDING 3

496

................................................................. ...

-' " "'- - "',,•, • ••Z •_-L-.•_-:--> ."• -. • "._.. Z 2 _ -",.,_.; - "'-. . ;;-•"_.•_. _._ " - -". ",_',-.._-, . .S :,--x ,-:'•'.



VI-115

0- 400 P12* Insulation
~=400 F/4" Insulation

5000 0=400 F/11" Insulation

*=600 F/2" Insulation
A600 F/4" Insulation

450 *=600 F/12" Insulation

4000

3500

U

un 3000

250

200

1v 500

1. 000

1500

5000 10,000 15.300

Steam Flow Rate, lb/hr

FIGURE 28. FUEL REQUIREMIENTS VERSUS STEAMý FLOW RATES
FOR BUILDING I

497



VI-116

0s 400 F/2" Insulation.
&w 400 F/4" Insulation

5500 0- 400 F/12" Insulation-
0 * 600 F/2" Insulation
A , 600 F/4" Insulation

* bOO F/12" Insulation+
5000

4500

4000

L 3500
0..

-o 3000
(U
1r

cu

S2500

2000

1500

1000

5000 10,000 15,000

Steam Flow Rate, lb/hr

FICURE 29. FUEL REQUIREMlENTS VERSUS STEAM FLOW RATES
FOR BUILDING 2

498

• S6 ': :. . . . . . . . . . . . -- - - - - - - ' .... . -



"I-,

VI-117
5000 -0, 400 F/2" Insulation

&- 400 F/4" Insulation

5000 0 400 F/12" Insulation

0 a 600 F/2" Insulation
A a 600 F/4" Insulation
"8 = 600 F/12" Insulation

4500

4000

3500

C.)

I./
,., 3000 1

oD

"2500
-S

.- 2000

1500

-A

"1000

500

5000 10,000 15,000

Steam Flow Rate, lb/hr

FIGURE 30. FUEL REQUIREMENTS VERSUS STEAM FLOW RATES
FOR BUILDING 3

499

. . . .



•;-• VI-118

"DEFF = effective diffusivity, cm2 /hr

t = time, hr

For 70 F air at 50 percent relative humidity Po 0.012 atm.

For decontamination using steam at 212 F P1 1 atm. The effective

diffusivity of steam in air is estimated as follows.

At 100 C, DSTEAM/AIR 0.34 cm2 /sec*

F DSTEAM/AIR E 2REDEFF = DSTEAM/AIe

where

tortuosity I/E

E = porosity 0.12(2)

DEFF 0.34 x (0.12)2 x 3600 sec/hr

= 17.63 cm2 /hr

The partial pressure of water vapor at a depth of one foot

into a concrete slab was calculated with the values above. Results of

the calculations, illustrated in Figure 31, indicate that infeasibly

long periods of time would be required for the concrete at a depth of

one foot or more to reach a high partial pressure of water vapor (i.e.

higher than 0.9 atm) by diffusion alone. However, a literature review

indicates that when cured concrete is heated to mild temperatures (i.e.

up to 980 F), chemically bound and absorbed water evaporates in-situ.

The amount of evaporable water in the concrete (5 to 6 weight oer-

cent)( 1 8 ) should be sufficient to achieve the high partial pressure

desirable for decontamination. Thus, decontamination of concrete should

occur by heat conduction and concomitant in-situ steam generation rather

than by a steam diffusional route alone.

5.? Steam Decontamination ELuipment
Selecti on/Costing

Four configurations of the steam decontamination system were

evaluated. The four configurations involve different methods to treat

uncondensed steam exhausted from the building during the decontamination

treatment. The uncondensed steam may contain intact agent. The four

configurations, illustrated in Figure 32, are as follows.

• Estimated with the Chapman-Enskog binary gas oair diffusion equation.
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s Afterburner thermal treatment

-* Heat exchanger condensation followed by recycle to the

boiler

* Partial recycle to building (after reheat)/partial conden-

sation by heat exchanger followed by recycle to the boiler
* Packed bed treatment.

In each of the configurations, the condensate from tiie build-
ing is pumped to a storage tank and then recycled to the boiler. Recyl-

"ing of contaminated water through the boiler should cause decomposition

* of the trace quantities of agent that may be contained in the water.(4)

A discussion of the four steam decontamination configurations

is given as follows.

5.2.1 Steam Decontamination/Afterburner System

The steam decontamination/afterburner system, illustrated in

Figure 3Ra, consists of a packaged boiler (i.e. steam generator), after-

burner, quencher, induced draft fan, stack, ductwork, and a condensate

collection system. The specification and costing of these items is

given as follows.

5.2.1.1 Boiler. The following criteria were used to select a

steam generator.

* Indirect fired, fire-tube

a Natural gas or oil fuel capability

* 250 psig steam supply superheated to 632 F in the boiler.

The steam is throttled to about 0 psig (600 F) prior to

injection into the building

e A packaged unit is preferred. The package should consist

of a burner, fans, feed pump, and controls.
"A summary of the boiler costs is given in Table 44.

5.2.1.2 Afterburner. A heat balance on the afterburner

system gives

"qTOTAL qAIR + qSTEAM + 1HEAT LOSS
504
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TABLE 44. BOILER SYSTEM COSTS

Building Required
Steam Inlet Heat Selected

Flow Rate, Temp., Duty, Heat Duty,(a) Cost,(b) Cost,(c)
lb/hr F MMBTU/hr MMBTU/hr 1968$ 1984$

15,000 600 19.9 26.5 $ 40,250 $115,530
10,000 600 13.3 17.7 3?,200 92,430

5,000 600 6.6 8.8 20,700 59,420

(a) Normal operation at 75 percent capacity.
(b) Includes preassembled boiler, induced draft fan, instruments,

controller, burner, boiler feed pumo, stack, combination gas/oil
firing. Cost includes 15 percent additional for about a 200 F
superheat. (Chemical Engineering 3/24/69, og. 114).

(c) 1984$ = 1968$ x (783.9/273.1) for 3rd quarter 1984S.

i-50
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where

qTOTAL : 58,573 VCH 4 *

qAIR - 2,339 VAIR*

qHEAT LOSS = 5,857 vCH 4 *
qSTEAM = mSTEAM x 884.7**

VSTEAM x 0.3324

Thus, VCH 4 = 0.0444 VAIR + 0.0056 VSTEAM.

Allow 5 percent oxygen in the exhaust:

0.05 = 0.21 VpTR - 2vCH4

VCH 4 + VAIR + VSTEAM

Combining equations gives

VAIR = 0.893 VSTEAM
vCH4 = 0.045 VSTEAM

Results of the heat balance are given in Table 45A. The
afterburner chamber is specified in Table 458. Costs for the after-

burner system are given in Table 46.

5.2.1.3 Quencher. Following thermal processing in the
incinerator, the hot flue gases will be cooled by quenching to a

temperature of about 600 F. A lower quenching temperature was not
selected because of the potential for condensation in the gas stream. A

quencher rather than the use of diluent air was selected for cooling

because of the high flow rates of afterburner flue gas. For examol;l,

cooling the afterburner flue gas from the 15,000 lb/hr steam case with

air at 70 F would require about 59,000 scfm of air. This yields a

combined air flow rate of 137,000 acfm at 500 F which must be handled by
an induced draft fan.

* See Section 4.2.1.2.

•* Heat required to raise the steam temperdfJre from 200 F (estimated
"building exhaust temperature) to 2000 F (dfterburner operating
temperature).
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TABLE 45. AFTERBURNER CALCULATIONS

TABLE 45A. AFTERBURNER MASS BALANCE

Steam Steam
Flow Flow v v % 02

Rate, Rate, AIR, CH4 , Afterburner Flue Gas (scfm) in
"lb/hr scfm scfm scfm N2  772 - H20 02 Total Exhaust

15,000 4986 4452 224 3517 224 5434 487 9663 5.0
10,000 3324 2968 150 2345 150 3624 323 6442 5.0
5,000 1662 1484 75 1172 75 1812 162 3221 5.0

TABLL 45B. AFTERBURNER CHAMBER SPECIFICATION

Steam Minimum Outside Inside Inside
Flow Heat Chamber Chamber Chamber Surface Gas

Rate, Duty, Volume,(a) Diameter,(b) Diameter, Length, Area, Velocity,
lb/hr MMBTU/hr ft, ft ft ft ft• ft/sec

*15,000 13.14 374 6.17 5.5 16276 31.5
10,000 8.76 249 5.33 4.67 Is 220 29.1
5,000 4.38 125 4.00 3.33 14.5 182 28.6

(a) Minimum chamber volume = Total afterburner flue gas (scfm) x 26 x 1 x 0.5 sec.

(b) Includes 4 inches of refractory.
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A heat balance on the quencher gives:

1600F 1600F
"qWATER qGAS

180 F 2000 F

- WATER x (1335.2-48.2) r•GAS x 0.416 x (2000-600)

mWATER = 0.453 mGAS

A summary of quencher calculations and cost estimates is given in Table 47.

5.2.1.4 Induced Draft Fan. An induced fan was selected to

maintain the building under a slight negative pressure of about -0.2

inches water. A summary of the induced draft fan specifications and

cost is given in Table 48.

5.2.1.5 Ductwork. Ductwork for the system was specified

using the criteria given in Section 4.2.4.1.2. The pressure losses

obtained from the ductwork specifications were used to specify the

induced draft fan in Section 5.2.1.4. Ductwork costs are given in

Table 49.

5.2.1.6 Condensate Collection System. Criteria used for

"selection of the steam condensate collection system are as follows:

a For design purposes assume all steam that enters the build-

ing condenses

@ Select a contaminated water storage tank sized to hold at

least a 120 minute supply

"e Select a potable water storage tank sized to hold at least

a 60 minute supply

* A fabric filter bank and "Y" st,'.iner are required to

remove particulates

* Pump selection is based" on the following

a- minimum inlet pressure into the fabric filter bank of

25 psig
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- a pressure loss of 5 psig across the filter bank

- average vapor pressure of condensate over the decontamination

treatment is 5 psia

- pressure is lost through five elbows (KF = 0.9 each) and three

half-open gate valves (KF -= 5.6 each)

- pipe length = 120 ft including an increase of 20 feet in

elevation

a 5 to 10 ft/sec flow velocity through the oipes.

The following equations were used to calculate the required pumo

pressure requirements:

hF = (4FL/D + KF)V2/2gc

60.1
APTOTAL 60.1(gi.Z/gc + hF) + APFILTER

"The following are results of the calculations:

Water Pipe hF,
Flow, I.D., Velocity, ftlbf APTOTAL,
.pm inches ft/sec F lbm Psig

30 1.5 5.4 0.0045 17.5 41
20 1.0 8.2 0.0045 49.3 54
10 0.75 7.3 0.005 49.4 54

The pump pressure requirements were then used to cost the

.,* pump. The pump and tank costs are summarized in Table 50.

5.2.1.7 Steam Decontamination/Afterburner Cost Summary. A

sumary of the capital costs for the steam decontamination/afterburner

thermal treatment system are given in Table 51.

5.2.2 Steam Decontamination!

"Heat Exchanger System

The steam decontamination/heat exchanger system, illustrated

in Figure 32b, consists of a packaged boiler, heat exchanger and a
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condensate collection system. The heat exchanger serves to condense the

water vapor exhausted from the building such that the condensate can be
recycled to the boiler. Because of potential restrictions on the use of

large quantities of water, air cooled rather than water cooled heat

exchangers were evaluated. A summary of the calculations given in
Table 52 indicates that the heat exchanger required to condense the

steam exhausted from the building at the worst conditions is cost pro-

hibitively too large. Similar calculations using water rather than air

as the coolant indicate that from 75 to 226 gpm of water are required

for cooling.* These high water flow rates are not desirable. As such,

the steam decontamination/heat exchanger concept is eliminated from

further evaluation.

5.2.3 Steam Decontamination/Partial Recycle..System

The steam decontamination/partial recycle system, illustrated

in Figure 32c, consists of a packaged boiler, steam superheater, induced

draft fan, air-cooled heat exchanger, and a condensate collection

system. A mass balance on the system is shown in Figure 33. For the

mass balances, it was assumed that one-half of the exhausted steam would

be recycled to the building after superheating to 600 F. Less recycle

would require the use of a larger and more costly heat exchanger. More
recycle would result in either a more lengthy decontamination time

because of reduction in the primary boiler size or a more costly

boiler/heater combination.

The specifications of components of the steam decontamination/

partial recycle system is as follows.

* For the worst case of steam exhausted from the building at a
temperature of 212 F, the cooling water will not appreciably boil.
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I ~ Boil1er Building []i

Superheater
S~IQO F

r ID Fan

Recycle ___(E) I!sOF Exchanger

to Boiler• Contaminatedwae

tow!. Tank"

"Overall Flow at Flow at Flow at Flow at Flow at
Steam Flow (A), (B), (C), (D), (E),
Rate, lb/hr lb/hr lb/hr lb/hr lb/hr gpm

15,000 7,500 15,000 7,500 7,500 15.6
10,000 5,000 10,000 5,000 5,000 10.4

5,000 2,500 5,000 2,500 2,500 5.2

Figure 33, Steam Mass Balances for the Steam
Decontamination/Partial Recycle System
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5.2.3.1 Boiler. The boiler was specified using the criteria

-- given in Section 5.2.1.1. Costs for the 7,500 and 5,000 lb/hr units

* were estimated using the method given in Table 44. The boiler for the

2,500 lb/hr unit was estimated from data given in Means Construction

SCost Data, 1984 edition. In all cases, the costs included materials and

- installation.

5.2.3.2 Superheater. The following criteria were used to

specify the superheater:

e Normal operation at 75 percent capacity

* Gas/oil fired

@ Stainless steel tubes

Specifications/costs for the superheaters are given in Table 53.

5.2.3.3 Heat Exchanger. The specification and costs for the

heat exchanger are given in Table 54.

5.2.3.4 ID Fan/Ductwork. The ductwork and ID fan were speci-

fied and costed using the methods previously described in Section

4.2.4.1.

5.2.3.5 Condensate Collection System. The condensate collec-

tion system was specified using the method described in Section 5.2.1.6.

5.2.3.6 Steam Decontamination/PartialRecycle Cost Summary. A

summary of the capital costs for the steam decontamination/

partial recycle system are given in Table 55.

5.2.4 Steam Decontamination/Packed Bed System

The steam decontamination/packed bed system, illustrated in
.. Figure 32d, consists of a oackaged boiler, packed bed, 1O fan, stack,

and condensate collection system. The boiler and condensate collection

* system are identical to the systems described in Sections 5.2.I and

519



V I--!. 3S

0

cc cc L 1

-4 IN 1-

V)-

V))
0 0 0

C~, 4-J4-

U- 401

ui . U/

Q- fe
LL- 0-

.4-)4

W cw a~F- :3 00C l -
4- -P. -- U' r.-

I- -o U' CAJ - 0

LU~ * o~4

~~C, i

(V C

LO' a)

Lj CO

E -44')

-4 re un
a-)

520



VI-1 39

co c

S--

-x 0 co

1.4.. -

* 
C:

In-

CD n m
C>t 

LJJt

UJ tA 4-4 L

*L -j 
C 0

S- C~-

< to

CD IMS J.0 C m S

U--
0-o LA n -

0 w di W0 0

u = CLE

U- M4.
ro

I-J U-- -3 
0)

xi 
EU -4-__j LL U % 4)C0

M S- kc -. 0 c 0

030)4-) a)

LUA

I--

In ra

-4 Q) '..'J EA

a.' 4>

L n Lk +n 
., -

LA- L. 
dij

m~~ a~~~

- 0 0 0*-*.-521



VI-140

fl

1. F.C 0Ia,4
0 l *4

LU -

PS

LU~~~( in44 )I

Vi A 0 C P.-

m ~ aa6
-a L a a

-inn mU. 01JiC ~ ~ Ca
21 a'- - S aC

g- -955 U

CL "IL =a * ý .4''' L" - -CC) 4
u--. -.-.- P4 n- E.%.a j

CIO- -W.9 I- In

Lk4i a a 'J'N a a *-

w1 0 1 .n 1 C o

cu Gi 10~~ a a L .L

U~~~U Li UUt j(W

a 3c I I wf a) 9

-Jý4ý 4 4 0 00 0

cc co10 CA W4 Le))6 00 n .0 0

~SS LL CC22



VI-141

5.2.1.6, respectively. The ID Fan, Ductwork, and Stack were specified

in the method previously described in Section 4.2.4.1. The packed bed

is described as follows.

5.2.4.1 Packed Bed. Results from a literature review
indicate gamma alumina is a catalyst for GB agent decomposition through

a hydrolytic mechanism(1 9 , 2 0 ) or by dealkylation.(21) The reaction rate

is enhanced by the prese,,ce of water vapor and an increase in reaction

temperature. The conditions of the building exhaust stream (i.e. water

"vapor at about 212 F) would be conducive for the catalytic decomposition

of trace quantities of GB and probably VX and HD on gamma alumina.

The following served as the basis for specification of the

packed column:

e One second residence time

e Because an induced draft fan was selected to maintain the

building under a slight negative pressure, as small a pres-

sure drop through the packed bed as possible is preferred.

For design purposes, a pressure drop of about one inch

water column per foot of column packing was selected

e For a worst case flow rate no condensation in the packed

bed was assumed

e A damper/duct is used to supply air downstream of the

packed bed in order to maintain a constant volumetric flow

rate and constant pressure drop through the system

* The pressure drop through the distributor plate is one-

third the pressure drop of the entire column

e One standby unit is required

s Column height is 10 feet

e The density of the alumina packing is equivalent to one

inch ceramic Raschig rings

The pressure drop through a counter-current liquid (i.e., con-

densate) and gas (i.e., steam) packed bed can be estimated by the

following equation*:

• See Chemical Engineers Handbook, 5th Ed. Edited by Perry and Chilton,
pg. 18-22. 523
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A c221C ) egug 2

where -C2 = 0.80, C3 = 0.0348 for 1 inch Raschig rings
-U1 is much less than one, therefore 1 0(C3U) 1.

- eg = 0.0373 lb/ft 3 (steam at 212 F)

-AP = pressure drop per foot of packing, inches of water

2-Ug = superficial gas velocity = v/(;rD /4), ft/sec

Results of the calculations are given in Table 56a. Estimated costs for

the packed columns are given in Table 56b.

5.2.4.2 Steam Decontamination/Packed Bed Cost Summary. A

summary of the estimated capital costs for the steam

decontamination/packed bed system are given in Table 57.

5.3 Steam Decontamination Cost Summary

A summary of the operating costs for the steam decontamination

concept as applied to Buildings 1, 2 and 3 are given in Table 58 through

60, respectively. The basis for estimation of the operating costs is
given in Section 4.3.2.

A summary of the total cost (i.e., ooerating and capital) for

the three evaluated steam decontamination methods is given in Table 61

and illustrated on Figure 34.

5.4 Steam Decontamination Recommendations/Conclusions

Results of the engineering analysis indicates that the use of

the steam decontamination concept for decontaminating field structures

is feasible. Based on the economic analysis the recommended features of

the steam decontamination concept are:

a Boiler sized at about 5,000 lb/hr of 250 psig steam super-

heated to 632 F
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1000 0 = Afterburner System/2" Insulation

O = Afterburner System/4" Insulation

* = Afterburner System/12" Insulation

"A = Partial Recycle/2" Insulation
950 A = Partial Recycle/4" Insulation

& Partial Recycle/12" Insulation :4

- = Packed Bed/2" Insulation

= Packed Bed/4" Insulation

U = Packed Bed/12" Insulation

850

"800

* C)
C)

'- 750

* In

0": 5 700
4-J
0

• 
-_

650

600

550

500

5000 I0,o00 15,000 5

Steam Flow Rate, lb/hr

a

FIGURE 34. STEAM DECONTAMINATION COST SUMMARY
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* An afterburner/quencher system to decontaminate uncondensed
steam exhausted from the building

* Induced draft fan to maintain the building under a negative

pressure during operations

* Insulation on the exposed building surfaces equivalent to

R = 80

It is important to note that the afterburner system is
preferred over the partial recycle system because a negative pressure

can be maintained inside the building with the afterburner system while

not with the partial recycle system. A negative building pressure is

desirable to minimize the potential for agent leakage.
A preliminary piping and instrumentation diagram is given in

Figure 35 while a conceptualization is shown in Figure 36.

6.0 CONCLUSIONS/RECOMMENDATIONS

Results of the engineering analyses demonstrate the

feasibility of application of the hot gas and steam concepts to

decontaminate field structures contaminated with GB, VX, or HO.

Equipment for field application of either concept is commercially

available on an off-the-shelf basis (i.e., no special equipment designs

are anticipated).

Features of the preferred hot gas decontamination system

include the following:

e 7 million Btu/hr burner hot gas supply

a After burner for treatment of the building exhaust stream
* Quencher to cool the afterburner exhaust gas

# Induced draft fan to maintain the building under a negative

pressure during operaitons

* OPAB or other decontaminant as a protective coating on the

external building surfaces

a Insulation on the exposed building surfaces equivalent tn

R=40.

532

.



VI-1 51

= 4-

S.--

LUJ

lu-

rLU

~0
L 0L

0

-0 CL C u

I.. C~ 4 JGJ
~,,.- .OUI C I.
CEL~dl CL

L ~- C~ 3 m

6A m CL CLo 76

533



VI-152

UA 0.

LU
z CLJ

a 0j
w-

:0

iI-

L I-

C-)

o U-1

0 U0
0-z

- l-

LU CD

0 3:

cc

505j -Jo U-

LUJ

534



VI-153

A literature analysis of the thermal effects on concrete indicated that

during the hot gas treatment, the concrete should not be heated to a

temperature greater than about 400 C (752 F). Also, following cool-

down, the concrete should be wetted with water to regain most of the

strength lost during the heat treatment.
Features of the preferred steam decontamination system include

the following:

9 Boiler sized at 5000 lb/hr of 250 psig steam superheated to

632 F

e Afterburner/quencher to treat uncondensed steam exhausted

from the building

@ OPAB or other decontaminant as a protective coating on the

external building surfaces

e Insulation on the exposed building surfaces equivalent to

R M0

e Recycle of condensate through the boiler.

Results of the cost analyses on the preferred decontamination systems

are as applied to the model facility are given below:

Decontamination Capital Cost,* Operating Cost,* Total Cost,*

System $1000 $1000 $1000

Hot Gas $180 $167 $347

Steam $249 $267 $516

The costs indicate that the hot gas decontamination concept is
economically preferred over the steam decontamination concept.
*1984
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TEST REPORT

FOR

TASK 3 SUBTASK 9

TEST PLAN FOR FATE OF AGENT
ON CONCRETE

Contact No. OAAK11-81-C-O011

for

UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

1.0 INTRODUCTION

The U.S. Army Toxic and Hazardous Materials Agency ('JSATHAMA)

has responsibility for decontamination of facilities contaminated with

* chemical agents. Battelle's Columbus Laboratories has been assisting
USATHAMA in identifying, developing, and evaluating novel decontamina-

tion techniques for agent contaminated facilities. The current decon-

tamination standard (the 5X condition) is not defined precisely in

. analytical terms. This deficiency can lead to ambiguity in assessing

the effectiveness of decontamination procedures. A standard based on an

* analytical determination of residual agents on building surfaces and

subsurfaces before and after decontamination is desirable to ensure com-

patibility with unrestricted use requirements.

1.1 Novel Processing Technology Program

Suitable analytical methods for use in the agent decontamina-

tion studies on this USATHAMA Contract (the "Novel Processing Technology

- Program") were unavailable when laboratory experiments were being

initiated. Consequently, analytical method development, in accordance

with USATHAMA Quality Assurance Program Plan guidance (1), was under-

taken for the agents GB, HO, and VX on selected building materials.
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Building materials examined included unpainted mild steel, unoainted

stainless steel, and unpainted concrete. These same materials were also -*

examined following painting with selected paints believed to be repre-

sentative of those used in agent facilities. These oaints included a

typical alkyd paint and more specialized olasticized paints.

Attempts to recover agents by solvent extraction from the

painted and unpainted materials were successful and produced no unanti-

cipated results. The typical analytical method used for this solvent

extraction and subsequent analysis is depicted in the flow diagram shown

in Figure 1. Specific procedures that were investigated and experi-

mental results that were obtained have been documented and reported to

USATHAMA (2).

Use of the solvent extraction method depicted in Figure 1

proved significantly less successful for extraction of agents from con-

crete than for extractions of agents from metal. Assorted modifications to

the basic method were tried, such as use of various solvents and crush-

ing the concrete specimen to facilitate contact between agent and

solvent. Results were disappointing, in that GB could not be extracted

by any technique attempted at levels dosed significantly above the

method detection limit. Agents HD and VX could be partially recovered

(between 33 and 67 percent recovery) from unpainted concrete using

acetonitrile as the extraction solvent and a 20-minute extraction cycle.

However, the precision (repeatability) observed for this technique was

extremely poor, and efforts to improve this repeatability were

unsuccessful. These results for all three agents suggested that all or

part of the agent applied to the concrete specimen war nnt available to

be extracted due to interaction with the concrete. Several factors

suggest that this interaction is the chemical reaction of hydrolysis

occurring between the agent and concrete. These factors are:

9 Agent recovery experiments were successful for
metals but failed for concrete. This result
implies that lack of recovery from rorcrete can-
not be attributed to selection of extraction sol-
vents having little or no attraction for agents.
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• 1 ADD AGENT SOLUTION TO PREPARED SAMPLE

.,r OF BUILDING MATERIAL

ALLOW SOLVENT TO EVAPORATE

ADD EXTRACTION SOLVENT AND MIX
• VIA SONICATION

COUPON LIQUID FRACTIO i

iPRESERVE COUPON FOR i SEPARATE AND COLLECT LIQUID
FUTURE RE-ANALYSIS AS NEDDFRACTION

ECONCENTRATE AGENT BY
REUCING LIQUID SAMPLE

VOLUME

SDETERMINE RESIDUAL AGEN T IN

.. [ EXTRACTION SOLVENT VIA GC/FPD1

FIGURE 1. FLOW CHART FOR SOLVENT EXTRACTION OF AGENT

FROM BUILDING MATERIAL
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Concrete orovides a porous, reactive matrix; con-
tains significant occluded water and waters of
hydration; and is alkaline (with oH ranging
typically from 12 to 13). These characteristics
would favor hydrolysis.

- The agents GB, HD, and VX are very susceptible to
chemical reaction under alkaline conditions (3).

On the basis of these factors, the literature pertaining to similar

studies of agent interactions with concrete was surveyed for additional

evidence as to the fate of agent on concrete.

1.2 Literature Survey Results

A survey of the technical literature was conducted to uncover

experimental data regarding the fate of the agents GB, HD, and VX on

concrete. This survey failed to uncover any evidence that the fate of

these agents on concrete had previously been characterized such that the

nature of any interaction between agent and concrete was precisely iden-

tified. Although no directly comparable exoerimental results were

located, considerable data were found to support both the hypothesis

that agent does interact with concrete and the contention that this

interaction is a chemical reaction resulting in hydrolytic decomposition

of the agent. The results of the technical literature survey are..

summarized in the following sections on each chemical agent.

1.2.1 Agent GB.

The persistence of GB (isoorooyl methyl phosohonofluoridate)

on various materials, including concrete, was investigated by Jackson in

an effort to determine residual contact hazard resulting from agent con-

tamination of surfaces (4). The experimental design specified use of

five materials: sand, sandy loam, high humus loam, asphalt, and con-

crete. A chemical agent (GA or G3) was applied to the surface by an
2

unspecified technique to give a contamination density 83 or 330 g/.
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The atmosphere above the surface was then sampled using impingers

containing diethylphthalate, and the contents of the impingers were

analyzed colorimetrically. Results are summarized in Figure 2. Jackson

concluded that decontamination of the five materials evaluated would be

unnecessary if more than 6 hours had elapsed since contamination had

occurred. Because of the limited analytical resources available when

Jackson carried out this study in the early 1g50's and, the lack of

precise agent separation and identification capabilities inherent in the

colorimetric assay method used, the conclusions may be flawed. The

results do demonstrate, however, the limited extent to which G3 is

released from concrete as well as from the other materials. The maximum

recoverable GB from concrete was found by Jackson to be 30 percent (see

Figure 2). Jackson did not provide any guidance as to the fate of the

G3 that remained on the concrete.

Two principal investigations do provide some guidance, how-

ever, and support the contention that hydrolysis accounts for this lack

of GB recovery. These investigations are the work of Epstein and others

on the fate of GB in seawater and similar ionic solutions (5,6) and the

environmental fate studies conducted at U.S. Army Dugway Proving

"Ground (7,8).

Destruction of GB in seawater is pertinent to the prospect of

GB hydrolysis on concrete surfaces due to similarities in chemical

environment. For example, both seawater and concrete contain relatively

high concentrations of hydroxy-metal complexes of Mg2+ and Ca 2, and

both seawaLer dlin. -,•H , n, range. Eostein has

characterized the fate of GB in seawater and has determined this fate to

be hydrolysis, with substantial participation by mdgnesium and calcium

hydroxy complexes (5).

The dramatic effect on the hydrolysis ratL of GB due to the

participation of these alkali metals was further characterized by

Epstein (6). Resuits indicated that the time for GB hydrolysis reacti:.mn {

half-life was reduced ten-fold for solitions containing Mg and Ca +

ions versus solutions of the same pH but without these alkali metal

cations. The accelerative effect of alkali metals on G3 hydrolysis has
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an important inference for the fate of GB on concrete. Epstein's results

have shown that the hydrolysis half-life for GB in brackish seawater at

pH 13, a typical pH for concrete, is less than two seconds (< 0.03 minutes).
Therefore, if GB hydrolysis does occur on concrete, the rate will be

rapid.
The environmental fate of GB was studied at Dugway Proving

Ground for conditions that offer parallels to conditions present in con-

crete. The investigations by Houle and his associates (7) focused on

soil types and moisture contents in soil that resemble concrete. The
soil types selected were representative of the dry lake bed and arid

desert conditions characteristic of the Granite Peak area at Dugway.

Consequently, the soils were mineral soils with insignificant humic con-

tent. Of the three soils used in this study, the Pickleweed soil would

be most similar in physical and chemical characteristics to those of

concrete, in that both have significant soluble salt content and are
high in sand. Results showed the Pickleweed soil rapidly destroyed G3
through alkaline hydrolysis. This same alkaline hydrolysis was observed

for the two other soil types. The lifetime of GB in all three soils was
determined to be brief such that little possibility existed for GB to

persist in these soils. Subsequent soil sampling, extraction, and

analysis from Granite Peak sites where substantial drainage of GB onto
the ground had occurred confirmed both the absence of GB and the ore-

sence of known hydrolysis products in these soils (8).

1.2.2 Agent HD.

Persistence of HD (bis (2-chloroethyl) sulfide) on concrete
and two other surface materials was investigated by Brady et al. in con-

junction with studies of the all-purpose decontaminant (APO) (9). In

this study, HD was deposited on concrete surfaces in droos aporoximately

500 microns in diameter. The concentration apnlied ti the surface was

approximately 10 g/m2 of surface area. Decontamination treatment of the

contaminated specimen consisted of a control (i.e., no added APD) plus
three increasing application rates of APD. Results in terms of the per-

. cent agent that disappeared in various time intervals are summarized in
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Table 1. As these data in Table I show, disappearance of HD in the

absence of the decontaminant was 99 percent complete within 4 hours.

The initial disappearance from the two porous surface materials, con-

"crete and sand, was tenfold greater than that observed for the rela-

tively nonporous aluminum, as seen by the results for percent HD lost

within 0.25 hours.

In the presence of decontaminant, HD disappearance was slowed

substantially for concrete. This decrease was insignificant for soil

and was not observed for aluminum. Brady et al. attributed these

results to inhibition of evaporation of HD from concrete following

application of APD.( 9 ) Unfortunately, this conclusion seems to

TABLE 1. DISAPPEARANCE WITH TIME OF HD ON VARIOUS
SURFACES WITH AND WITHOUT APPLICATION OF APO (9)

Type of Contamination Volume Ratio Percent Agent Lost in(a)
Surface Level, g/m2  APD:HD 0.25 hr 1 hr 4 hr

Aluminum 5.0 No APO 5 34 199
4.8(b) 20:1 - 76 -

25:1 90 95 99
45:1 95 97 Z-99

Concrete 10.0 No APD 62 83 99
3.8(b) 25:1 16 29 -

45:1 34 34 63
100:1 - 37 58

Soil 10.0 No APO 50 83 95
5. 0 (b) 45:1 - 74 -99

da. Some of the data are the results of single determinations, and
other are averages of duplicate determinations. In the exoeriments
in which APO was added, the additions were made when the HD had
been on the surface for 0.25 hr. For these experiments, the times
listed are those subsequent to the additions of APD, and the
percentages are based on the contamination levels given in the
second column.

b. Calculated for the time of APO addition on the basis of the amount
of HD found at this time in the absence of APD.
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contradict the observation that disappearance of HD was faster from the

porous materials, which should retard evaporation due to wicking or per-

meation of HO within the surface material, than from aluminum, where

evaporation should be greater due to the enhanced exposure of HO to the

atmosphere. Another explanation for this observed decrease in HO disap-

pearance from concrete following application of APO might be that APO

competed effectively with concrete for HD; that is, HD preferentially

dissolved into the APO rather than permeating into the concrete. This

explanation seems weak in view of the rapid HD disappearance observed

for APO on aluminum. If HD were preferentially dissolved into APO, then

the disappearance from concrete should be no less than that observed for

either no APO or APO on aluminum.

A more plausible explanation for these results is that APO

reacts with concrete and, thereby, neutralizes some of the alkaline

hydrolysis ability of concrete with a corresponding loss in APO decon-

taminating ability. This explanation would also account for the corre-

sponding decrease in the rate of reaction between APO and HD. APO (now

known as CD-t) is composed of a mixture of lithium hydroxide, mono-

ethanolamine, and propylene glycol. There is no apparent connection

between this composition for APO and any corresponding reaction with

concrete, and Brady et al. failed to examine the orospect that HD reacts

with concrete. Consequently, the ultimate explanation for the results

reported in Table I cannot be reached with the data provided. However,

these results do support the likelihood that a reaction between HD and

"concrete does occur.

1.2.3 Agent VX.

Persistence of VX 1O-ethyl S-[2-(diisopropylamino)ethyl

methylphosphonothioate]on concrete was studied by Brady et al. during

the all-purpose decontaminant (APD) effort using the same experimental

methods discussed previously for agent HD (9). Results obtained for VX

on concrete were similar to those obtained for HD; that is, substantial

loss of VX from concrete occurred in the absence of APO. These results

"*.- are summarized in Table 2.
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TABLE 2. DISAPPEARANCE OF VX FROM CONCRETE WITH AND
WITHOUT APD (9)

Volume Ratio Exposure Time (hr) Average Per;e~t Agent
APD:VX Before APD After APD Lost" a

No APD 0.2 N/A(b) 51

50:1 0.2 0.5 81

50:1 0.2 1.0 76

90:1 0.2 1.0 72

(a) Percentage based on initial contamination level of 10 g/m 2 .
(b) N/A = not applicable.

Brady et al. offered two possible explanations for the

recovery of 49 percent of the VX (that is, 51 percent lost) in the case

of no APD being applied. These explanations are:

Reaction between the agent and alkaline
components of the concrete

9 Inaccessibility of agent due to its sequestering
in small pores of the concrete.

The post-contamination sample work-up procedure reported by 3rady et al.

required pulverizing the concrete and stirring the resultant mixture of

pulverized concrete and the extraction solvent, a tris(hydroxymethyl)

methylamine buffer solution. This process should have ensured good con-

tact between agent and solvent. Unfortunately, Brady et al. failed to

pursue this issue of the fate of VX on concrete; and the analytical oro-

cedure used (enzymatic assay) to quantify residual agent was incapable

of resolving, idencifying, and quantifying potential hydrolysis

products.

The kinetics and mechanisms of VX hydrolysis have been

examined extensively; findings have been summarized by Epstein et

554
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al. (10), who have derived a rate equation to account for VX hydrolysis

in the pH range of 1.0 to 13.5. This equation is:

[10 K a K O OH] ,akobs kH20 Ki+[H+] k Ka+[H+] kOH [OH-] Ka+[H+]

where:

kH2 0 = 2.9 x 10-4hr- 1 (first-order rate constant)

k = 1.5 x 10 2 hr1 (first-order rate constant)

kOH = 30 M- hr- (second-order rate constant)

Ka = 2.5 x 10- (acid dissociation constant)

The first term in this equation (kH 2 0[H+]/(Ka +[HI)) is the major con-

tributor to the overall reaction rate up to pH 6.5. The second term in

this equation (k Ka/(Ka + [H÷]) is the dominant term in the oH range 6.5

to 10. This term reoresents the kinetics of the simultaneous cleavage

of the P-S, O-C and S-C bonds. The final term in this equation is the

controlling factor in the kinetics of hydrolysis above pH 10.0. In this

range, cleavage of P-S bond accounts for the complete hydrolysis

reaction.

The conclusion to be drawn from this equation is that cleavage

of the P-S bond predominates for VX hydrolysis within the pH range ex-

pected for concrete (pH 12-13). The observed rate constant, for this pH

range is 0.3 to 2.5 hours-

Evidence that VX undergoes hydrolysis when applied to

concrete-like materials can be found in the assorted investigations of

the fate of VX on soils. Both Kraaijk et al. (11,12) and Verweij (13)

.. have studied this fate and have measured not only the disaooearance of

VX from these soils but also the appearance of degradation products.

These products included diisopropylaminoethylthiol (1) and its thioethe"

analog (II).

HSCH2 CH2 N-CH(CH 3 ) 2  (CH3 ) 2 CH CH(CH3 )
• -NCH 2 CH2 S-SCH2 CH2 N_
CH( CH3 ) 2  (CH3 ) 2 CH CH( CH3 )9,

"5I II
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The phosphorus-containing degradation products identified in the soils were
ethyl hydrogen methylphosphonate (Il1) and methylohosphonic acid (IV).

"0 0

"CH3 P-OH CH3P-OH

0C2 H5  OH

III IV

1.3 Summary

Substantial evidence has been produced to attribute the inability
to recover agent from concrete to factors inherent in an interaction

between agent and concrete rather than to limitations in solvent extraction

techniques or related analytical procedures. This evidence consists of:

* The alkaline, ionic, and hydrated nature of
concrete

a The ease with which the agents GB, HD, dnd VX
undergo alkaline hydrolysis (5,6,10)

9 Experimental data on soils demonstrating in situ
hydrolysis of GB and VX (7,8,11,12,13)

* Documented inability to recover G3, HD, and VX
from concrete, even in the absence of any
externally applied decontarninant*(2,9).

These data suggest that the fate of these.agents on concrete is hydro-
lysis. Experimental data specific to this fate, however, should be

derived systematically such that the alternative explanations can be

considered.

2.0 OBJECTIVE

The objective of this research project was to identify the

fate of the chemical agents GB, HD, and VX on concrete. This study
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focused on determining whether 'oe interactions that occur between agent

and concrete are physical or chemical. Sufficient evidence existed from

independent research efforts as well as previous work on this program to

conclude that agent does interact in some unspecified way with concrete

and that this interaction prevents or inhibits recovery of agent when it

is applied to concrete.

Physical interactions that might account for the inability to

readily recover agent include phenomena in which the state of the agent

"molecule is changed but the molecular composition is unaltered.

Examples include adsorption of the agent onto the cnncrete and adhesion

of agent onto interstitial areas within concrete. These processes may

be likened to uptake and retention of water by a sponge. Considerable

efforts, such as squeezing and heating, are required to completely

recover the water from the sponge. However, the water is available to
be recovered. By analogy, agent retained in concrete by ohysical forces

would be available for ultimate release to the environment, although

"considerable effort might be required to cause this release.

Chemical interactions that might account for the inability to
recover agent from concrete involve a change in molecular composition of

agent, resulting in production of nonagent species. Hydrolysis of agent

is a prime example of a chemical reaction likely to occur in concrete,

owing to the presence in concrete of reactants associated with tradi-

tional methods of bringing about agent hydrolysis. These species

include the waters of hydration that are characteristic of the inorganic

species that constitute concrete, (e.g. hydrated calcium aluminosili-

cates) and a potentially effect've agent decontaminant. In the event

chemical reactions between agent and concrete do occur, then the success

of efforts to recover agent will be limited by the speed and extent of

these reactions and the extent to which these reactions are reversible.

An excellent analogy exists with the decontamination towelettes of the

M258 Al Personnel Decontamination Kit. These towelettes have been

impregnated with active decontaminants for either nerve agents

(Packet I) or vesicants (Packet II), so that as agent is drawn up into

the towelette, the decontaminants react to neutralize the agent. Agent
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"cannot be recovered from a used towelette unless all the decontaminating

ability of the towelette has been spent. If agent were decontaminated

in situ by concrete, then recovery of agent can take place only to the

extent to which this decontamination reaction has failed to occur.

3.0 APPROACH

Investigation of the fate of agent on concrete involved three

major subtasks: Literature Survey; Pulverized Concrete Studies; and

Intact Concrete Coupon Experiments. The literature survey provided

information that aided interpretation of experimental results. Pul-

verized concrete was used to determine whether the interaction between
agent and concrete is physical or chemical. Intact concrete coupon

experiments were conducted to provide a baseline for agent release from
concrete into the atmosphere, to extend the information base derived

from pulverized concrete studies to include results more nearly aoproxi-

mating field conditions rather than the laboratory environment, and to

gain data on agent interactions with concrete that would allow the

kinetics of any reaction to be derived,

Specific details on the intended experimental approach were

provided in a test plan. Essential detaiis to this experimental
approach are summarized below. Actual data is given in 3attelle

Laboratory Record Book Nos. 38958, 39064 and 39546.

3.1 Literature Survey (Subtask Al

The existing computerized files prepared under Phase I of the

Novel Processing Technology Program were examined, along with additional

reports identified during analytical method development activities on

this Program. The literature survey focused on extracting daL'a from

relevant reports to be used during interpretation of project

experimental results or during planning of precise experimental

procedures. Results from this survey were incorporated, in oart, into

Section 1.2 of this report.
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3.2 Pulverized Concrete Studies (Subtask 3)

"Subtask B involved the use of dilute agent on oulverized

concrete to gather information on the rate, degree and nature of the
"interaction between the agents and concrete. Diluted agent and

pulverized cured concrete w.s used in this subtask to minimize

diffusion-limited phenomena such as the wicking effect observed for

concrete dosed with neat agent. The cured concrete was oulverized and

sieved to a size not greater than 600 microns.

Three distinct approaches were used in Subtask B. Initially,

the influence of both agent concentration and time of contact between

agent and pulverized concrete were investigated for a constant mass of

concrete and at a single, constant temperature. This effort, referred

to as Subtask B.1, allowed planning of a second set of experiments
"(Subtask B.2), in which the influence of temperature for known and

constant contact time and agent concentration was determined. In

Subtask B-3 the influence of time of contact between VX and pulverized

concrete was investigated with a constant mass of concrete and at a

single, constant temperature. Experimental details and discussion of

experimental results are given in Section 4.1 of this report.

3.3 Intact Concrete Experiments (Subtask C)

Subtask C involved attempts to extract agent from intact

spiked concrete coupons either by thermal desorption or by solvent

extraction. The intact cured concrete coupons were of the same

dimensions as those coupons used throughout the Novel Processing

Technology Program engineering studies*. Results from Subtask B studies

were used to provide specific guidance for contact time, agent level for

neat agent dosing, and other important exoerimental details. These

details are discussed in Section 4.M, along with the rationale for

selection.

* See Appendix III and V of the main reoort.
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Because intact coupons were used in this work, baseline

thermal desorption experiments were conducted to evaluate the effect of

heating concrete specimens to •0 C (140 F). These soecimens were

contaminated separately with each of the three chemical agents at

selected contamination densities. The intact coupon was placed in a

chamber which was then heated to 60 C. Air, also heated to 60 C, was

directed through the chamber and then passed through an atmosoheric

sampling device (impinger-style bubbler). Analyses of the bubbler

solutions were used for evaluating the extent to which agent was

volatilized from the intact concrete.

In addition to the thermal d.corption experiments, various

solvents and solvent contact times were evaluated for extraction of HO

from intact concrete.

4.0 EXPERIMENTAL PROCEDURES AND RESULTS

4.1 Pulverized Concrete Studies (Subtask 3B)

4.1.1 Influence of Concentration
and Time (Subtask 8.1)

4.1.1.1 Experimental Procedures. The influence of agent con-

centration and contact time were examined by adding a known mass of oul-

verized concrete to the desired concentration of agent in hexane and

removing an aliquot for residual agent analysis at selected times after

addition of concrete. Contact time refers to the time between addition

of the pulverized concrete and withdrawal of the aliquot for residual

agent analysis. Analysis was conducted by capillary column gas chroma-

tography, equipped with a flame photometric detector (GC/FPTI' ooerating

in the phosphorus mode for G3 and VX and the sulfur mode for HD.

Solution concentrations of agent selected for the oulverized

concrete experiments were 13, 52, 104, and 520 mg/L; which correspond to

agent-to-concrete ratios of 0.045, 0.18, 0.36, and 1.3 mg/g, based on

100 mL solutions and 23 g pulverized concrete. These ratios correspond
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to agent surface coverages of 1.2, 4.8, 9.6, and 48 g-agent per r2 The

7 basis for these ratios is detailed below for 0.045 mg/g:

Dimensions of concrete coupon = 5 in. x 5 in. x 0.25 in.

Spiked area of coupon = (4 in.) 2 /4 = 12.6 in 2 = 81.1 cm2

Target agent coverage = 10 mg agent/81.1 cm2 = 0.12 mg/cm2

= 1.2 g/m2*

Average mass of 5x5 x 0.25 inch coupon = 225 g (range = 200-

250 g)
Mass of agent per coupon (0.11 mg/cm2 x 81.1 cm2 = 10 mg

Ratio of agent : concrete = 0.045 mg-

agent/g-concrete.

Contact times of 0 (that is, immediately Prior to addition of
concrete), 30, 60, 120, and 1440 minutes were used. All exoeriments
were conducted in 250 ml Erlenmeyer flasks that were immersed in a

temperature bath maintained at 25 C. The pulverized concrete was main-
tained in slurry by vigorous mechanical mixing. Each experiment was

conducted in duplicate and was analyzed singly via GC/FPD. A method
control containing agent but no pulverized concrete was carried along

* with each experiment. Results from this method control were used to

- estimate loss of agent or solvent during the experiment. In addition, a
method blank of pulverized concrete in hexane was analyzed to ensure no

"artifacts were present to interfere with the analytical scheme. Exami-

-- nation of the results from this work showed that the studies involving
HD required a more prolonged total contact time to obtain useful data.
Consequently, additional work was done using a single concentration of
HD (104 mg/L or a ratio of 0.36 mg-agent/g-concrete) and contact times

of 360, 2070, 4320, and 4710 min (0.25, 1.44, 3.00. and 3.27 days).

' * This coverage was used in orevious decontamination tests (see
7 Appendix V of the main report).
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4.1.1.2 Experimental Results. Experimental results are sum-

marized in Table 3. These results are expressed in terms of percent of
the original agent remaining at each sampling interval. This means of

expressing results facilitates comparison of results among agent concen-

trations. Values in Table 3 which are greater than 100 percent agent
remaining may indicate that hexane evaporation, in excess to that of any

agent evaporative losses, had occurred. Evaporative loss of solvent
would tend to increase the concentration of agent in solution which
would be reflected in an apparent increase in oercent agent remaining.

Subsequent decreases in the percent agent remaining may be due either to
evaporation of more agent than solvent or to degradation by, for

example, hydrolysis from absorotion of water vapor from the atmosphere.
As shown by the data in Table 3, addition of concrete resulted

in disappearance of agent from solution. This disaooearance is most

dramatic for agent GB, where disappearance appears to reach a constant
level of less than one percent remaining within 30 minutes, the first

sampling interval past addition of concrete. Disapoearance of agent VX
follows a similar profile but displays greater sensitivity to both
initial concentration and contact time. Agent HD appears to disaopear;
however, this disappearance is substantially slower and less pronounced

at higher initial concentrations than observed in the GB and VX

experiments.

Because of the relatively slow rate of HD disappearance,

several experiments were conducted utilizing longer contact times.
Results from these studies, presented in Table 4, were analyzed assuming

that the disaopearance of HO is a first-order chemical reaction. This

assumption seems valid because of the excellent correspondence among the
calculated rate constants (see Table 4). The average first order rate

constant is 2.86 x 10-4 min, which corresoonds to a half-life of 2420

min (approximately 40 hours). These results seem indicative of a chemqi-

cal reaction occurring between concrete and HD.
CExperiments in Subtask 3.1 demonstrated conclusively that con-

crete influences the disappearance of the chemical agents GR, HD, and

VX.
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TABLE 3. PULVERIZED CONCRETE EXPERIMENTAL RESULTS
FOR INFLUENCE OF AGENT CONCENTRATION ON RATE
OF DISAPPEARANCE (TEMPERATURE = 20 C)

Percent Agent Remaining After
Initial Ratio Addition of Concrete

Agent-to-Concrete Time (minutesIla)
Agent (Mg/g) 30 60 120 1440

GB No concrete 94.7 96.2 89.7 79.0
0.045 1.2 0.8 1.1 1.9

No concrete 89.7 89.6 90.1 89.2
0.18 1.0 0.6 1.1 1.1

No concrete 99.4 94.6 94.3 86.3
0.36 0.9 0.9 0.8 2.1

No concrete 94.1 98.2 129(b) 134(b)
1.8 0.8 -0.1 -0.1 -0.1

HD No concrete 98.3 81.7 92.6 82.2
0.045 90.6 86.6 86.0 62.4

No concrete 100.5 100.5 100.3 100.3

0.18 97.7 95.8 90.3 44.3

No concrete 99.6 99.5 99.8 99.7
0.36 99.8 98.3 93.3 83.7

No concrete 110(b) 102.3(b) 97.1 98.0
1.8 102.7(b) 94.4 94.6 85.4

VX No concrete 103.0(b) 100.3 78.9 78.4
0.045 3.4 <1.0 1.8 -i.09

No concrete 10 8 (b) 118(b) 121()) 123(b)
o.l8 3.3 4.4 3.9 4.0

No concrete 10 3 . 6 (b) 1l1(b) i13(b) 116(1 )
0.36 2.8 1.9 1.8 1.7

No concrete 93.0 89.8 88.4 75.4
1.8 23.3 12.5 6.5 <I.0

(a) Results reoorted for all samoles containing concrete are the
average of duplicate runs. For values where one run was Selow the
method detection limit, a value of 3 percent was used in
calculating the average.

(J Results of greater than 100 oercent agent -e,naining rv inlhicate
loss of solven (exane).63
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3-1

TABLE 4. DISAPPEARANCE OF HD ON EXPOSURE TO
PULVERIZED CONCRETE

HD Remaining k, (a)
Min. mglL min."I

0 104(b) 100

360 93.7 90.1 2.93 x 10-4

2070 57.0 54.3 2.91 x 10-4

4320 32.2 31.0 2.70 x 10-4

4710 26.5 25.5 2.90 x 10-4

Avg (2.86 + 0.11) x 19-4

(a) k = In x for first-order kinetics

(At = Ao-<t) where (HD) 0 = concentration at t 0
(i.e., initial concentration).

S(b) Equivalent to 0.36 mg-agent/g-concrete.
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* "4.1.2 Influence of Temperature (Subtask B.2)

4.1.2.1 Experimental Procedures. Results from Subtask 3.1

were used to select experimental conditions of contact time and agent

concentration to be held constant such that the influence of temperature

- might be determined. Most experiments during this subtask were

conducted according to the following protocol:

(1) A single method control (agent solution without
concrete) plus five identical mixtures of agent
and concrete were used.

(2) Duplicate samples were withdrawn at contact
times of zero minutes and 5 minutes (GB only),
960 minutes (HD only), and 15 minutes (VX
only).

(3) Samples were analyzed singly via GC/FPD.

(4) Reaction temperatures were 25, 40, and 55 C.

(5) Results were expressed as percent remaining
agent on a comparison basis, with the method
control for that same contact time being used
for reference as 100 percent remaining.

(6) Evaporative losses of solvent and losses of
agent with time were estimated by comparing the
"time zero samples with the method control for
the total contact period.

In response to the experimental results several modifications to the

protocol were made. These included evaluation of 1 and 2 minute contact

-- times for GB and evaluation of OCreaction temperature for GB and VX.

The rationale for initial selection of the agent

concentration, contact time, and reaction temperature is given below for

each agent.

4.1.2.1.1 Agent GB. Results from Subtask 3.1 suggested that

GB disappears quite rapidly at all concentrations studied. Initially, a

contact time of 5 minutes was used. An agent concentration of 520 mg/L

(ratio of 0.18 mg/g) was selected as a sufficiently high concentration

"so that tP erature effects might ýe observed.

565
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4.1.2.1.2 Agent HD. Results from Subtask 8.1 suggested that
HD disappearance is significantly slower than that of either GB or VX.
A contact time of 16 hours (960 minutes) at a concentration of 52 mg/L

(ratio of 0.18 mg/g) was selected to allow temperature effects, if any,
to be observed. Subtask 3.1 results indicated that about 50 oercent of
the original HD should remain at this combination initial concentration,

contact time, and temperature.

4.1.2.1.3 Agent VX. Results from Subtask B.1 suggested that
Agent VX disappearance is demonstrably different at the highest concen-
tration than was observed for the three lower concentrations.
Therefore, a 520 mg/L concentration was used with a contact time of
15 minutes at 25 C. Based on Subtask 3.1 results, this combination of

concentration, contact time and temperature should result in
approximately 50 percent of the VX to remain.

4.1.2.2 Interpretation of Subtask 3.2 Results. In advance of

"developing experimental results from the investigation of the influence

of temperature on agent disappearance, guidance was develooed to aid in
interpretation of results. This guidance was felt to be especially

useful in sorting out the prospect of physical absorption versus
chemical reaction as the mechanism for agent disappearance. This
guidance is given below.

If Subtask B.2 results from any agent indicate that the

percent remaining decreases with increasing temperature, these results
would be interpreted as positive indication that the disappearance of
agent in the presence of concrete is caused by a chemical reaction.
This interpretation would be consistent with the general observation

that the rate of a chemical reaction is increased hy an increase in
temperature. This increase may be attributed to the concomitant
increase in collisional energies available to the reactant molecules.

If Subtask 3.2 results indicate that the oercent remaininq
increases with increasing temperature, these results would be
interpreted as indicative of a physical mechanism for agent
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disappearance in the presence of concrete. This interpretation would be

consistent with a sorption mechanism, in which agent is sorbed by the

concrete. This sorption involves attraction energies collectively 'known

as van der Waals forces. As temperature increases the molecular

vibrational energies increase thereby allowing the weaker van der Waals

attraction that holds the molecules to the surfaces to be overcome.

4.1.2.3 Experimental Results. Results from Subtask 3.2 are

summarized in Table 5. These data are strongly indicative that the

interaction between agent and concrete is a chemical reaction. For

agents GB and VX, solid evidence was obtained by the decrease in oercent

agent remaining as temperature was increased. For examole, the data in

Table 5 show the percent remaining for G3 with a 2-minute contact tine

decreased steadily from 76.0 percent to 6.3 percent as the temperature

increased from 0 to 55 C. Results for GB with a 5-minute exposure time

demonstrated complete loss of agent. Results for GB with a 1-minute

contact time were anomalous, most likely due to incomplete mixing during

the extremely brief contact time.

Results for VX between 25 and 55 C show a similar pattern of
steady decrease, from 19.1 to 12.5 to 9.0 percent remaining. The low

result for VX remaining at 0 C (5.5 percent) may be attributed to the

complete miscibility of VX in water at temperatures below the lower

* consolute temperature of 9.4 C. This enhanced solubility may in turn

enhance any hydrolytic activity of VX.

Results for HD were less conclusive than they were for GB and

VX. Although the percent remaining decreases in going from 25 to 40 C,
it rose in going to 55 C. Therefore, interpretation of results is less

straightforward in that disappearance of HD may be a combination of both

a physical adsorption and a chemical reaction mechanism.

4.1.3 Kinetics of the Interaction
of VX with Pulverized oncrete Sbtask 3-3)

"4.1.3.1 Experimental Procedures. Previous results from

Subtask B were used to select the contact times and agent concentration
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TABLE 5. EFFECT OF TEMPERATURE ON DISAPPEARANCE OF AGENT
EXPOSED TO PULVERIZED CONCRETE

Initial Contact HD
Concen t'.- ation, Time, Temperature, Remai ni ng,

Agent mg/L min. C Percent

GB 520 5 25 "I BDL)(a)

40 - 1 (BDL)

55 -1 (BDL)

GB 520 2 0 76.0

25 49.3

55 6.3

GB 520 1 0 31.5

25 46.1

40 22.0

55 22.9

HD 52 960 25 88.6

40 33.3

55 47.2

VX 520 15 0 5.5

25 19.1

43 12.5

55 9.0

(a) BOL = Below detection limit.
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for examination of the kinetics of VX disappearance versus decomposition

product formation. All experiments were conducted according to the

following protocol:

(1) A single agent control (agent solution without
concrete), a single interference control
(concrete solution without agent), plus three
identical mixtures of agent and concrete were
used. A spike level of 0.02 mg VX/g concrete
wa.s used.

(2) Duplicate samples were withdrawn at contact
times of 0 minutes, 180 minutes, 420 minutes,
and 1440 minutes.

(3) Samples were analyzed singly via GC/FPD and
GC/FID.

(4) Reaction temperature was 25 C.

(5) Results were expressed as percent agent
remaining on a comparison basis, with the
method control for that same contact time being
used for reference as 100 percent remaining.

(6) Evaporative losses of solvent and losses of
agent with time were estimated hy comparing the
time zero samples with the method control for
"the total contact period.

4.1.3.2 Experimental Results. The results from the kinetic

study are summarized in Table 6. This data again suggests that the

-nteraction between agent and concrete is a chemical reaction. Example

chromatograms showing loss of VX and formation of a oossible degradation

product with time given in Figures 3 through 7.

4.1.4. Examination of Selected Samples by

Gas Chromatography/Mass Spectrometry

4.1.4.1 Experimental Procedure. Selected sanles from pul-

"verized concrete experiments were analyzed hy gas chromatography/mass
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TABLE 6. RESULTS OF VX KINETICS WITH CONCRETE

Agent (b)
Dose Level(a), Contact Time, in solution,

Agent/Sample Matrix mg agent/g concrete min percent

VX/hexane .02 0 100
None/hexane .02 0 0
VX/concrete/hexane .02 0 100
-VX/concrete/hexane .02 0 100
VX/concrete/hexane .02 0 tOo

VX/hexane .02 180 115
None/hexane .02 180 0
VX/concrete/hexane .02 180 3
VX/concrete/hex ane .02 180 0
VX/concrete/hex ane .02 180 0

VX/hexane .02 420 119
None/hexane .02 420 0
VX/concrete/hexane .02 420 0
VX/concrete/hexane .02 420 0
VX/concrete/hexane .02 420 0

.VX/hexane .02 1440 107
None/hexane .02 1440 0
VX/concrete/hexane .02 1440 0

- VX/concrete/hexane .02 1440 0
VX/concrete/hexane .02 1440 0

(a) The pulverized concrete samples weighed 23 grams.
(b) Compared to 0 minute exposure.
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spectrometry (GC/MS). The GC/MS examination was directed toward identi-

fication of potential degradation products. Comparison with control

samples (agent that was not exoosed to concrete but was treated

similarly) provided a oositive means of ensuring that the degradation
products were due to the presence of pulverized concrete.

4.1.4.2 Experimental Results. GC/MS analysis of a samole

from a VX/oulverized concrete exoeriment produced positive

identification of diethyl methyl ohosphonate (DEMP):

0

CH3 -P - OCH2CH3I

OCH 2 CH3

Diethyl Methyl Phosohonate (DEMP)

DEMP was not present in the control samples. Furthermore, DEMP was also

confirmed in the chemical concept evaluations* samples for use of steam

as a decontaminant. The mass spectrum from which DEMP was identified is

given in Figure 8.

Similar examination of GB and HD samples failed to uncover any

agent degradation products in the GC/MS analyses. Although these
results were disappointing in view of the other evidence for a chemical

reaction, inability to detect any degradation products was not surpris-

ing due to the extremely low levels of such products in the final sample

matrix.

4.2. Intact Concrete Experiments (Subtask C)

4.2.1. Vapor Savplin. of Intact Concrete

4.2.1.1. Experimental Procedures.** Intact 1/4-inch thick

concrete coupons were dosed with neat agent in accordance with an approved

"* See Appendix II of the main report.
•* A detailed description of the vapor sampling aoparatus is given in

Appendix V of the main reoort.'" 576
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Standard Operating Procedure for Handling Chemical Surety Material. The

dosing level was either 0.045 mg agent/g concrete or 1.8 mg agent/g

concrete. The spiked coupon was then allowed to stand in an enclosed

chamber for 10 minutes (GB), 120 minutes (VX, or 1440 minutes (HD). These

times were based on pulverized concrete data for nearly complete removal

of agent from solution. After standing for the required period of time,

the coupon was placed in a vapor sampling apparatus which was then heated

to 60 C (140 F). Heated air at 60 C was directed through the apparatus

and into an impinger train to collect any volatilized agent. In addition

to spiked coupons, blanks (i.e., no agent present) were tested to determine

if vapor sampling concrete would affect the analytical procedure. The

air stream was sampled using impincer-style bubblers, which were analyzed

by enzymatic assay method for volatilized nerve agent and gas chromatography/

Hall electrolytic detector for HD.

Following cessation of vapor sampling, the dosed coupon was

returned to its container. The coupon was broken apart mechanically to

enhance wettability and to make the coupon more amenable to subsequent

work-up. The concrete was transferred to a large vessel and allowed to

soak in approximately 500 mL methylene chloride. An aliquot (100 mL)

* was removed after 16-24 hours of contact with the concrete, and then

reduced to a final volume of approximately one mL. This concentrated

extract was analyzed via GC/MS for agent and agent degradation products.

4.2.1.2. Experimental Results. Results of the intact coupon

vapor sampling experiments are summarized in Table 7. The following

fundamental points arise from these results:

U.
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"TABLE 7. RESULTS OF INTACT CONCRETE VAPOR SAMPLING

Agent
Dose Level(a) Neat Agent Found Concentration(b)

mg agent/ Agent Spiked in Impinger in All
"Agent g Concrete (mg (g) (Mg/mr)

Blank (HD)(c) 0 0 -O0.0002 O0.002

HD 0.045 9.5 <O.0002 Q0.002
HD 1.8 378.5 cO.0002 < 0.002

- : Blank (GB)(C) 0 0 0.048 0.400

GB 0.045 9.5 0.0022 0.018

GB 1.8 371.5 0.0023 0.019

Blank (VX)(C) 0 0 0.0007 0.006

? VX 0.045 9.4 0.0040 0.033

VX 1.8 373.3 0.0040 0.033

(a) The intact concrete coupon weighed from 206.4 to 212.1 gins.
, (b) Agent Concentration = Agent found in impingers from first sampling period

(mg) divided by the volume of air sampled.
(c) An unspiked concrete coupon was subjected to the vapor sampling

treatment. The impingers were then analyzed for the respective agent.
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* HD was not detected in any Impinger sample.

e Vapor sampling of unspiked concrete caused inter-
ferences to GB and VX determination by the
enzymatic procedure. The interference may be due
to entrained concrete dust in the sampling air -'
stream.

* The enzymatic analyzer showed positive responses
when sampling GB or VX contaminated coupons
although the magnitude of the response was inde-
pendent of the dose level. This suggests that
the response may have been due to the concrete
rather than the presence of GB or VX.

Based on these results, no evidence of agent volatilization at

60 C was seen. Furthermore, the lack of specificity inherent in the

enzymatic assay for nerve agents allows false positives to mask genuine

agent volatilization, if it should occur. The enzymatic method cannot

be recommended for use in concrete structures, as the results in Table 5

demonstrate.
The GC/MS analyses failed to produce any evidence of either

agent or agent degradation products in the concrete coupon extracts.

4.2.2. HD Recovery from Intact Concrete

Results of the agent/concrete experiments indicated that GB -/

and VX rapidly interact with concrete. This would lead to ambiguity in

interpreting the results of subsequent concrete decontamination

experiments because the effect of the decontamination treatment on the
nerve agent may be indistinguishable from the effect of the concrete.
As such, an inert material (i.e., unglazed porcelain) was selected in

place of concrete for the GB and VX decontamination test.*

In contrast to GB and VX, significant amounts of HO were

extractable following contact times similar to the duration of

* See Appendix V of the main 'report.
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decontamination treatments. As such, further effects were performed to
quantify the extractability of HD from concrete as a function of contact

time and solvent type.

4.2.2.1 Experimental Procedures. Intact 1/4-in. thick

concrete coupons were dosed with neat agent in accordance with an
approved Standard Operating Proecdure for Handling Chemical Surety

"Material. The dosing level was 1.8 mg/g concrete. The soiked coupon

was then immediately extracted or allowed to stand in an enclosed

chamber for 1440 minutes. The time of 1440 minutes was chosen as the
longest period a coupon would be exposed for decontamination testing.

After standing for the required period of time, the coupon was crushed

and extracted. The crushing process reduced the size of the concrete to

pieces each less than 1/2-in. This was confirmed by passing the
material through a T24/40 ground glass joint. The extraction solvent

was either 150 ml of hexane or methylene chloride. The solvent extracts
were then analyzed by Gas Chromatograph/Electrolytic Conductivity

Detector (Hall).

4.2.2.2 Experimental Results. Results of the HD recovery

from intact concrete experiments are summarized in Table 8. The

following fundamental points arise from these results:

,. e Greater than one percent of the initial HD was
detected in the sample after a contact time of
1440 minutes.

a Assuming an HD recovery of one percent, a
99.99 percent decontamination efficiency could be

I. observed in subsequent decontamination tests.
*- The decontamination efficiency is calculated as

follows:

Decontamination Efficiency (%) = 100 x 1 l-GC Detection

Limit (mg/mL) ÷ [Spiking Level (mg HD) X Recovery Efficiency
Final Volume of Extract Following Concentration (mll]1

100 x ( 1-0.0001 mg/ml - [378 mg x 0.01 ÷ 2 ml]1

99.99%•? 581
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Based on the HD recovery data, it was recommended that the

HD/concrete decontamination tests ,e conducted. Other recommendations

included the use of

* The extraction procedure outlined in Section 4.2.2.1

* A dose level of 1.8 gm HD/gm concrete

s A maximum 24 hours contact period between spiking the fresh

coupons and extracting the decontaminated couoons.

TABLE 8. RESULTS OF INTACT CONCRETE SOLVENT EXTRACTIONS

Dose Level(a) Neat Exposure Percent
mg Agent/g Agent Spiked Time. ) Agent in

Agent Solvent Concrete (mg) (rmin) Extract

HD Hexane 1.8 378 0 30
HD Hexane 1.8 378 0 22
RD Hexane 1.8 378 0 33

HD Hexane 1.8 378 1440 .75
HD Hexane 1.8 378 1440 .10
HD Hexane 1.8 378 1440 1.45

HD Methylene Chloride 1.8 378 0 57
HD Methylene Chloride 1.8 378 0 59
HD Methylene Chloride 1.8 378 0 60
HD Methyl •ne Chloride 1.8 378 1440 12
HD Methylene Chloride 1.8 378 1440 2.0
HD Methylene Chloride 1.8 378 1440 1.0

(a) The intact concrete coupon weighed from 208 to 230 grams with an
average of 215.6 grams for ten coupons.

(b) The exposure time does not include the estimated 10 minutes required
to crush coupons.
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5.0 CONCLUSIONS/RECOMMENDATIONS

The inability to quantitatively extract GB, VX and HD

following spiking onto concrete has been experimentally demonstrated to

be caused by an interaction between the agent and concrete. Pulverized

and intact concrete studies suggest that the interaction is a chemical

reaction.

"A summary of the results from the pulverized concrete test is

given by agent as follows.

GB

* GB disappears "-om solution in contact with oulverized concrete
for a period short as five minutes.

e The rate of GB disappearance is not dependent on the agent con-

centration within the limits investigated.

e For a two minute contact time, the rate of GB disaopearance from

solution increases with an increase in temperature. This sug-
gests that the interaction of GB with concrete is a chemical
reaction.

e GC/MS analyses failed to identify GB degradation products.

VX

* VX disappears from solution in contact with pulverized concrete
for a period as short as 30 minutes.

* The rate of VX disappearance is sensitive to the initial agent
concentration. The initial rate of VX disappearance is substan-
tially slower for a high initial VIX concentration (1.8 mg-VX/g-
"concrete) than for lower initial VX concentrations (0.36 mg-
VX/g-concrete or lower).

e The rate of VX disappearance from solution increases with an
increase in temperature between 25 and 55 C. This suggests that
the interaction of VX with concrete is a chemical reaction.

"a GC/MS analyses identified DEMP (diethyl methyl phosohonate) in a
sample from the pulverized concrete experiments. DEMP was ore-
viously shown to be a VX degradation product from steam decon-
tamination.
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- Residual HD remains in solution which is in contact with

•'.' pulverized concrete for a period as long as 78 hours.

'°•' • The rate of HD disappearance is sensitive to initial concen- '"
"• ~tration and appears to follow first-order kinetics. The half-
-.- life of HiD in contact with pulverized concrete at 25 C is about.40 hours.

" Inconclusive results was obtained on the temperature effects on
- THe disappearance. dcti

• GC/MS analyses failed to identify HD degradation products.

A summary of the results of the intact concrete coupon tests

is given as follows:

* Vapor sampling of unspiked concrete coupons caused interferences
to the enzymatic analytical method for GB and VX. The interfer-
ence may be due to entrained concrete dust in the sampling air
stream. No interferences were observed for analysis of HO by
the GC/Hall detector techniques.

"• Vapor sampling of intact concrete coupons which were contarni-
"nated with GB and then heated to 60 C showed positive responses
from GB. However, the magnitude of the responses were less than
that obtained when vapor sampling unspiked concrete coupons.

* Vapors sampling of intact concrete coupons which were contami-
nated with VX and then heated to 60 C showed positive responses
"for VX. Although the magnitude of the responses was qreater
than that obtained when vapor sampling unspiked concrete
"coupons, the magnitude of the responses were independent of the
agent dose level.

"* Vapor sampling of intact concrete coupons which were contami-
nated with HD and then heated to 60 C did not show any oositive
responses for HD.

"e Sampling and analytical procedures were developed for the
recovery of HD from intact concrete coupons.

The data from the fate-of-agent in concrete experiments

"" suggests that the decontamination of concrete from field structures and

facilities used to manufacture/handle CW agents, especially in the case

of GB, may not be required. The use of agent protective and agent
impermeable paints in future agent facilities, especially those handling
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nerve agents, should be reconsidered. Further efforts are required to

conclusively prove that the interaction between agents and concrete is a

chemical reaction through identification of agent degradation Droducts.
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EXECUTIVE SUMMARY

This experimental study evaluated the ability of three candidate

chemical decontaminants to decontaminate specific unpainted and painted steel

surfaces representative of construction materials selected for the JACADS
design. Decontamination solutions of 10% Na2CO3 and 1% NaOH were separately

tested I decontaminate steel coupons spiked with GB. A 5% (off-the-shelf)

NaOCl i ation was tested to decontaminate VX and HD. Five inch square

coupons of unpainted 316L stainless steel, unpainted galvanized steel,

Epoliod G series painted galvanized steel, and Plasite 7122 painted

galvanized steel were spiked with 10 mg of agent and spray decontaminated with

one of the aqueous solutions.
Following decontamination, the coupons, spent decontamination

solution and chamber rinses were analyzed for residual agent. Results suggest

that the JACADS decontaminants are effective in that the coupons were decon-

taminated to either below the detectable limit or to low levels of residual

agent. -
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TASK 3, SUBTASK 10

"- TEST REPORT

On The

EVALUATION OF CANDIDATE JACADS DECONTAMINANTS

CONTRACT NO. DAAK11-81-C-O1O1

TO

UNITED STATES ARMY

TOXIC AND HAZARDOUS MATERIALS AGENCY

"1.0 INTRODUCTION

Current Johnston Atoll Chemical Agent Demilitarization System

(JACADS) planning envisions using 5 percent aqueous sodium hypochlorite

solution (NaOCI - household bleach) as a decontaminant for HD and VX, and

either a 10 percent aqueous sodium carbonate solution or a one percent sodiumI.
hydroxide solution as a decontaminant for GB. These solutions would be used

for decontamination of the following matrices: (1) major spills, (2) painted

concrete surfaces, (3) steel surfaces, and (4) Demilitarization Protective

Ensemble (DPE) suit material. A previous literature review* performed by

BCL(I) indicated that knowledge gaps exist in the data base pertaining to the

adequacy of:

* decontamination of wetted painted concrete and DPE

smears contaminated with either HD or VX using NaOCl

bleach,

* decontamination of OPE smears, wetted steel or wetted

painted concrete contaminated with GB using

10 percent sodium carbonate,

* decontamination of wetted steel contaminated with HD

using 5 percent NaOCl,

* See Appendix A 593 PREVIOUSPAGE

ISBLN



:• . , ;:•.q-..?-'-~- =•.':•. *:,•-_- ,b•. -. -_-L,.• •. - . • ... .. .- - .- - .

'Am

VIII-2
* correlating agent decomposition data obtained in C

vessel (i.e., beakers, tanks, etc. in which agitation

was employed) experiments with conditions en-

countered when decontaminating a major spill.
This study addresses knowledge gaps pertaining to wetted steel and

wetted painted steel contaminated with either GB, VX or HO. Data pertainin
(2ýto the decontamination of DPE smears is given in Government test reports.

2.0 OBJECTIVE

The objective of this experimental study was to evaluate the

following decontaminants:

* 5 percent sodium hypochlorite solution in water

(NaOCl) for HD and VX• 1 percent sodium hydroxide solution in water (NaOH),'

for GB

9 10 percent sodium carbonate solution in water(Na 2CO 3) for GB.

These decontaminants were evaluated by spray application of the decontaminant

solution to agent contaminated test coupons. A matrix showing the decontami-

* nants versus test coupon type, is given in Table 1.

3.0 MATERIALS '21

3.1 Agents -

Munition grade GB, VX and HD were used in the tests instead of
SARM's because chemical stabilizers make them more difficult to decon-
taminate. Also, munition grade agents are more representative of the type of

agent contamination that will be encountered in the JACADS facility.

594
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TABLE 1. JACADS DECOITAMINATION TESTS

Decontaminant Agent Test Coupon Paint

5 percent NaOCI HD Galvanized Steel None (a)
Galvanized Steel Epoloid 5-G5(a,
Galvanized Steel PPC No. 7 12 2(b)
316L Stainless Steel None

5 percent NaOCI VX Galvanized Steel None
Galvanized Steel Epoloid 5-G5
Galvanized Steel PPC No. 7122
316 L Stainless Steel None

7 10 percent Na 2 CO3  GB Galvanized Steel None
2 3 Galvanized Steel Epoloid 5-G5

Galvanized Steel PPC No. 7122
316 L Stainless Steel None

1 percent NaOH GB Galvanized Steel None
Galvanized Steel Epoloid 5-G5
"Galvanized Steel PPC No. 7122
316L Stainless Steel None

(a) Supplied by Rowe Products.

(b) Plastic Protective Coating No. 7122 supplied by Wisconsin Protective Coating.

'k
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3.2 Coupons

Test coupons were prepared ,rom stock 22 gauge galvanized steel and
20 gauge 316 L stainless steel. The galvanized steel conforms to ASTM A446/
A446M specifications.

3.3 Painted Coupons

Painted test coupons were prepared using the galvanized steel

coupons and the following primer/paints.

a Rowe's Epoloid 7-W-20 Primer/Epoloid 5-G5 Finish.
* Wisconsin Protective Coating's Plasite No. 7100/

Anti-Corrosive Primer/Plasite No. 7122 Finish.
The thickness of the primer coat and the finish coat of each of the

painted coupons was determined using a micrometer. For the Plasite coated
coupons the mean primer thickness was 2.95 mils and the mean thickness of the
finish coating was 4.80 mils. For the Epoloid coated coupons, the mean primer
thickness was 2.46 mils and the mean thickness of the finish coating was
3.52 mils.

3.4 Decontaminants

3.4.1 Na2 CO3

Reagent grade sodium carbonate (Mallinckrodt #7521) was dissolved
in distilled water to form a 10 weight percent solution of Na2 CO3 .

*" 3.4.2 NaOH

Reagent grade sodium hydroxide pellets (Baker #3722-5) was
dissolved in distilled water to form a one weight percent solution of NaOH.

*, 596
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3.4.3 NaOCl

Household bleach (i.e., Clorox°), nominally 5% NaOCl, was used neat

for the NaOCl solution. The solution was analyzed for available chlorine and

weight percent NaOCl in accordance with ASTM 02022-64 (1980). The solution

had 2.3 percent available chlorine (4.8 percent NaOCl).

4.0 TEST DESCRIPTION

4.1 Test Apparatus

The proposed decontaminant application system is described in

Reference 3. A decontaminant solution, contained in a pressure vessel

* maintained at a pressure of 100 psig, was directed through three identical

spray nozzles. The spray nozzles were oriented such that the spray from

each nozzle completely covered one of the three test coupons (4-inch circle).

S .Each nozzle provided a spray of coarse water particles (150 to

750 microns in diameter) at a flow rate of about 0.24 gpm. This flow rate

was maintained for a period of from one to two seconds for each spray

application. As such, a coverage of about 0.05 gallons/ft 2/spray was

achieved. The spray application was repeated 10 times at 5-minute intervals.
Liquid from the spraying was drained into sump and then directed into a

common collection vessel.

4.2 Analytical Baseline Determination

Prior to performance of the decontamination tests, analytical base-

line tests were performed to 1) determine if interferences to agent analyses

"result when the coupons are extracted and 2) determine the recovery

efficiency of the extraction procedure (i.e., the amount of spiked agent

"recoverable by the extraction procedure.

597

u.. *' - . .



VIII-6

The absence of interferences to agent analyses was determined by

extracting the painted coupons (no agent present). An aliquot of the extract

was then analyzed using a gas chromatograph equipped with a flame photometric

detector (GC/FPD) operating in either the sulfur mode (HO) or the phosphorus

mode (GB and VX). The absence of peaks at the retention time of the agent

would indicate that no interferences are present. The detection limit of the

GC/FPD for each agent was 0.1 pg/ml.

Recovery efficiencies of the extraction procedure were determined

as follows. A coupon was spiked with 10 mg munition grade HD, GB or VX using

agent diluted with hexane. The concentrations of the dilute agent solutions

were I mg VX/ml, 2 mg GB/ml or 10 mg HD/ml. Thus, in order to spike the

coupon with 10 mg of agent, a total of 1 ml of dilute HD solution; 5 ml of

dilute GB solution; or 10 ml or dilute VX solution was applied to each coupon.

The solvent was allowed to evaporate and then the coupons were extracted.

Each extract was analyzed for agent by GC/FPD. This analysis was compared

with an analysis of a solution by GC/FPD containing a known concentration of

agent which would be equivalent to that obtained if 100 percent of the agent

spiked on the coupon could be recovered by extraction (i.e., 100 percent

recovery). The recovery efficiency was then calculated as follows.

"Recovery efficiency GC/FPD agent peak area from coupon extract

GC/FPD agent peak area from 100 percent recovery

4.3 Decontamination Test Procedure

4.3.1 GB/IO Percent Na CO3

For the first series of experiments three coupons clamped in coupon

holders were each spiked with 10 mg of GB. The coupon holders were bolted

into the test chamber and the chamber lid was secured. The coupons were then

sprayed ten times at five minute intervals with ten percent Na2 CO3 solution.

The spray was maintained for one to two seconds during each interval. At

completion of sprayinq about 20 ml of decontaminant solutidn/mg agent/coupon,
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the spent solution in the sump was collected and the coupons were removed from
the test chamber for analysis. The entire chamber was then rinsed with
isopropyl alcohol and hexane. The rinses were collected for analysis. The

rinses and the sump were analyzed to determine if undecomposed agent was
"physically removed from the coupons by the spray.

The decontaminated coupons were individually extracted by immersion

in 50 mls of hexane for about five minutes. The hexane was collected and then

concentrated to one ml using a Kuderna-Danish evaporative concentrator. The

"concentrate was analyzed using a GC/FPD operating in the phosphorus mode.
Standard solutions containing known concentrations of GB (i.e., 0.1, 1 and
10 ppm) were analyzed before and after the coupon extracts. This was done to
1) prepare calibration curves, 2) determine that the instrument was

functioning properly and that the sensitivity had not changed during the
analyses and 3) identify the detection limit of the instrument. As such, the

"calibration curves provided assurances for quantitative analysis of agent in

the sample.

The isopropyl alcoliol/hexane rinses were concentrated and analyzed

using the same method described for the coupon extracts.

Sumps samples were extracted with hexane in a two liter separatory
funnel. The hexane was then concentrated and analyzed using the same method

described for the coupon extracts.

4.3.2 GB/i Percent NaOH

The test procedure, extraction and analysis methods for the experi-
ments involving one percent NaOH as a decontaminant for GB were identical to

the procedures described in Section 4.3.1.

4.3.3 HD/5 Percent NaOfI

"The test procedure, extraction and analytical methods for the ex-

periments involving five percent NaOCl solution as a decontaminant for HD were
similar to the procedures described in Section 4.3.1. The one ml concentrate
was analyzed using a gas chromatograph equipped with a flame photometric

599
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detector (GC/FPD) operating in the sulfur mode. Standard solutions con-
taining known concentrations of HD (i.e., 0.1, 1 and 10 ppm) were analyzed
before and after the coupon extracts.

The isopropyl alcohol/hexane rinses were concentrated and analyzed
using the same method described for the coupon extracts.

The sump samples were analyzed as follows. Prior to extraction, the
residual NaOCl in the spent solution collected from the sump was neutralized
using a 3 molar sodium arsenite solution. For each 50 ml of sump solution,
10.3 ml of 3 molar NaAsO2 solution and 17 ml of 2.0 N NaOH solution were
added. The neutralized solution was extracted with hexane in a two liter
separatory funnel. The hexane was then concentrated and analyzed using the
same method described for the coupon extracts.

4.3.4 VX/5 percent NaOCI

The test procedure, extraction and analytical methods for the ex-
periments involvin5 five percent NaOCI as a decontaminant for VX were similar
to the procedures described in Section 4.3.3. The primary difference was that
all glassware used for the VX analyses was pretreated with a silylating agent .

(REJUV-80) prior to use.
Also, the GC/FPD was operated in the phosphorus mode for the VX analyses.

5.0 RESULTS/DISCUSSION OF RESULTS

5.1 Baseline Analytical Determination

Each of the four coupon types (i.e. UGS, USS, PES, PPS)* were
extracted (no agent was spiked) using hexane. Analyses of the extracts by
GC/FPD in the phosphorus and sulfur modes indicated no interferences are 7.
present for determination of HD, GB and VX.

* UGS = Unpainted Galvanized Steel, USS = Unpainted Stainless Steel, PES =
Painted Epoloid Galvanized Steel, PPS = Painted Plastite Galvanized Steel.
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-- Recovery efficiencies (i.e., the amount of spiked agent that can be

recovered by extraction) for each of the four coupon types spiked with HD, GB

or VX are given in Table 2. The results indicate that the agents can be

efficiently extracted from each of the four types of test coupons. The

recovery efficiencies were used to calculate residual agent on decontaminated

coupons by the following expression:

Residual Agent on Decontaminated Coupons (mg) =Result of GC Analysis(m)
Recovery Efficiency

5.2 GB/IO% Na2 CO3, Decontamination Test Results

Coupon decontamination results from the experiments in which ten

percent Na2 CO3 solution was sprayed on UGS, PES, USS and PPS coupons con-

taminated with GB are given in Table 3. The results suggest that 10 percent

Na2 CO3 solution is an effective decontaminant for GB on these materials.

Effectiveness was demonstrated by the low or less than detectable levels of

agent remaining on the coupons following the decontamination treatment.

*• • Analyses of the sump liquid and rinses from the Na2CO3 decontami-

nation experiments (See Table 4) suggest that if undecomposed GB was physi-
cally removed from the spiked coupons by the spray application of the Na2 CO3
solution it was destroyed before analysis could be performed.

An important observation made during the GB decontamination tests

whic" may impact on the selection of a decontaminant for GB was that a thick

powdery film formed on all exposed internal surfaces of the test chamber

(including the coupons) during experiments with Na2CO3 solution. Repeated

attempts to remove the film by water wash were not successful. Complete

removal was achieved only by washing with dilute sulfuric acid solution.

5.3 GB/1% NaOH Decontamination Test Results

Coupon decontamination results from the experiments in which one
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TABLE 2. AGENT RECOVERY EFFICIENCIES FROM SPIKED COUPONS BY THE EXTRACTION METHOD

Exnerimental
C Cou r1Af Recovery Average Recovery

Agent Type"' Efficiencies Efficiency

HD UGS 1.00 1.00

1.00

USS 1.00 1.00

1 .00

PES 0.998 0.999

"1".00

PPS 0.98 0.98

""0.99

"GB UGS 0.75 0.75

0.76

USS 1.00 1.00

1 .00

PES 0.76 0.72

0.68

PPS 0.84 0.87

0.90

"VX UGS 1.00 0.85

0.71

USS 0.88 0.93

0.99

PES 0.90 0.90

0.90

PPS 0.94 0.93

0.93

S(a) UGS = Unpainted Galvanized Steel
USS = Unpainted Stainless Steel
PES = Painted Epoloid Galvanized Steel
PPS = Painted Plasite Galvanized Steel
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TABLE 4. SUMP/RINSE ANALYSES FROM THE 12 JACADS EXPERIMENTS

Agent Found
" Experiment Agent Found in Chamber

Numbers Agent Decontaminant in Sump (mg) Rinses (mg)

1 GB 1% NaOH 0. 0 0 0 1 (a) -0. 0001 "

- 2 GB 1% NaOH .0.0001 -CO.0001

3 GB 1% NaOH <0.0001 -0.0001

4 GB 10% Na2 CO3  <0.0001 -CO.0001

5 GB 10% Na2 CO3  . 0.0001 < O. 0001

6 GB 10% Na2 CO3  -0.0001 -"0.0001

7 HD 5% NaOCI -e-0.0001 0.00072

- 8 HD 5% NaOC1 0.0001 <0.0001

9 HD 5% NaOCl (b) 0.00013

10 VX 5% NaOCl < 0.0001 0.002
11 VX 5% HaOCl -<0.0001 0.0005

,12 VX 5% NaOCl -"0.0001 0.0001

(a) The sign "<" implies less than the detection limit shown.

(b) Sample was discarded prior to an~alysis.

. o.
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percent NaOH solution was sprayed on UGS, PES, USS and PPS coupons contamii-

nated with GB are given in Table 3. The results suggest that 1 percent NaOH

solution is an effective decontaminant for these materials. Effectiveness
was demonstrated by the low or less than detectable levels of agent remaining

on the coupons following the decontamination treatment.

* m - Analyses of the sump liquid and rinses from the NaOH decontami-

nation experiments (See Table 4) suggest that if undecomposed GB was physi-

cally removed from the spiked coupons by the spray application of the NaOH

' solution it was decomposed in the sump before analysis was performed.

In contrast to the Na2CO3 experiments, no film was formed on the

exposed interval surfaces of the test chamber during the NaOH experiments.

5.4 HD/5% NaOCl Decontamination Test Results

* •Coupon decontamination results from the experiments in which five
*- percent NaOCI solution was sprayed on UGS, PES, USS and PPS coupons contami-

nated with HD are given in Table 5. The results suggest that 5 percent NaOCl
solution is an effective decontaminant for these materials. Effectiveness

* Kwas demonstrated by the low or less than detectable levels of agent remaining

on most of the coupons following the decontamination treatment. An exception
*2 is in Experiment Number 8 in which 0.1 mg of HD was found on the PES coupon

following decontamination (as compared with 10 mg initially spiked).

*'" Analyses of the sump liquids from the NaOCl/HD dscontamination ex-

"periments (See Table 4) suggest that if uniecomposed HD was washed from the
coupons and collected in the sump it was decomposed before analyses was
completed. However, undecomposed HD was found in the chamber rinses from

Experiments 7 and 9. This suggests that a potential exists for contaminating
previously clean surfaces with HD during decontamination by spraying NaOCl

solution.

An important observation made during the NaOCl experiments which
may impact on the selection of a decontaminant for HD and VX ýas that all

605
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unpainted surfaces* exposed to NaOCl became slightly corroaed. Corrosion was -

observed in each of the experiments which lasted approximately one hour. The
supply vessel, test chamber and ancillary tubing were thoroughly cleaned
following each NaOCl experiment by washing with dilute acid followed by
several water rinses.

5.5 VX/5Z NaOCl Decontamination Test Results

Coupon decontamination results from the experiments in which five
percent NaOCl solution was sprayed on UGS, PES, USS and PPS coupons contami-
nated with VX are given in Table 5. The results suggest that 5 percent NaOCl
solution is an effective decontaminant for these materials. Effectiveness
was demonstrated in that all of the test coupons were decontaminated to beo.
the detectable limit of the extraction method, equivalent to a 10 or greater
reduction of the agent contamination.

Analyses of the sump liquids from the NaOCl/VX decontamination ex-
periments (See Table 4) suggest that if undecomposed VX was washed from the
coupons and collected in the sump it was decomposed before analysis was -•

performed. However, undecomposed VX was found in the test chamber rinses from

experiments 10 and lI. The data suggests that in this configuration contami-
nation of previously clean surfaces with VX during spraying may occur.

gr-

6.0 CONCLUSIONS

Decontamination tests involving spray application of either
10 percent Na2 CO3 solution or one percent NaOH solution on GB contaminated
coupons and spray application of 5 percent NaOC1 solution on either HD or VX
contaminated coupons were performed. Results suggest that the decontaminants

• The NaOCl solution supply vessel was composed of 400 series stainless
steel, The test chamber and ancillary tubing was composed of 304L stain-
less steel.
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effectively decontaminated unpainted 316L stainless steel, unpainted

"falvanized steel, Epoloid painted galvanized steel and Plasite pain-

ted galvanized steel contaminated with HD, GB or VX. Effectiveness

was demonstrated by the low or less than detectable levels of agent

remaining on the coupons following the decontamination treatment.
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(1) See Appendix A.

(2) CAMDS Test Report #46-12, December 20, 1983 and CAMDS Test Report

#32-10, February 28, 1983.
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"- APPENDIX A

c-. LITERATURE REVIEW

The literature searches which were performed to determine the

existing data base included (1) a search of the abstracts and papers obtained

from Phase I efforts under Contract No. DAAKll-81-C-0lOl*, and (2) a DTIC

search focusing on hypochlorite and carbonate decontaminants. Abstracts

and papers identified in these searches were then reviewed for pertinent

papers or abstracts, i.e., those in which actual decontamination data for

the decontaminants of interest were reported. In the case of decontamination

with sodium hypochlorite, the search was expanded to include decontamination

with solutions of either NaOCl, Ca(OC1) 2, or HTH (high test hypochlorite)

since the reaction mechanism involving the OCl ion would likely be the same

in each case. However, the search did not include either STB (supertropical

bleach) or other hypochlorite-based slurries since the mechanism by which a

slurry decontaminates is probably different from the mechanism by which an

aqueous solution decontaminates.

Literature Review Results

Table A-1 summarizes the existing data base obtained from the

literature review. A brief summary of the excerpts follows.

HD

Lewis ('981) showed that Cloro resulted in 85 percent decomposition

of mustard in 15 minutes. However, maintaining HD in contact with Clorop-)

for longer times (i.e., six hours) did not increase the percent decomposition

of HD.

Anonymous (1971) demonstrated that a 10 percent HTH solution

decomposed HD resulting in a decrease of HD concentration from an initial

20,000 ppm to a final concentration of 0.2 ppm.

* See "Development of Novel Decontamination Techniques for Chemical Agents
(GB, VX, HD) Contaminated Facilities", by H. M. Grotta et al, Volume I,
AD-B073 052L, February 1983, for a complete list of data bases searched in
Phase I.
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TABLE A-i. SUMMARY OF EXISTING
"DECONTAMI NANT DATA
BASE

"Agent HD GB VX

* Type of Spill (5% Bleach) (10% Carbonate) (5% Bleach)

DPE Smear

Wetted Steel
Surface (2)

Wetted Painted
Concrete Surface

Major Spill X() X1(I) X(I)

(1) Assumes data from experiments performed in mixed reactors
(e.g., beakers) can be correlated to decontamination of
major spills.

(2) Data on the decontamination of painted steel with an aqueous
Ca(OC1)2 solution has been reported [Miller (1964), Hott
(1965)].
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VX

';- Anonymous (1971) demonstrated that a 10 percent HTH solution decomposed

VX resulting in a decrease of VX concentration from an initial 20,000 ppm to

below the detectable limit.

Miller (1964) used a 5 percent Ca(OCl) 2 solution to decontaminate

wetted painted steel contaminated with VX. Destruction efficiencies are given

"in the confidential report.

Hott (1965) reported that an aqueous Ca(OCl) 2 solution resulted in

decontamination of wetted painted steel contaminated with VX to below the

detectable limit.

Thomas (1977) indicated that a 10 percent aqueous solution of HTH

achieved greater than 99 percent destruction efficiencies of VX when the molar

ratio of Ca(OCl) 2 to VX was 7.3 to 1.

GB

Anonymous (1971) showed that a 10 percent solution of sodium carbonate

resulted in the decomposition of GB to a final composition of about 0.004 zg/ml.

- Torrisi (1977) indicated that the half life of GB in a 10 weight

percent aqueous solution of Na2 CO3 was about 15.6 seconds. The final GB concen-

*- tration in solution was found to be less than 5 nanograms/ml.

Davis (1977) performed kinetic experiments on the destruction of GB

*-'- by aqueous Na2CO3 solution. The half life of GB in Na2 CO3 solution was deter-

mined to be 8.45 + 0.51 seconds.

Discussion of Results

In general, little information was located on decontamination of the

specific matrices of interest (e.g., painted concrete) with hypochlorite solu-

tions (HD and VX) or sodium carbonate solutions (GB). However, if it is assumed

that agent decomposition data obtained in well-mixed vessels simulates the

condition encountered when decontaminating major spills, then the major spill

category of Table I can be completely filled (i.e., sufficient data exists).
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The potential problem in extrapolating vessel data to decontamination of spills

is the mass transfer limitations which may occur as a result of incomplete

mixing of the decontaminant with the agent spill. For example, since HD has a

low solubility in water, the decomposition of HD by an aqueous hypochlorite

solution is probably a heterogeneous (i.e., two-phase) reaction. As such, the

reaction rate will be affected by mass transfer of the decontaminant (OC1 ion)

from the aqueous phase to the HD phase. A much lower reaction rate and, possibly,

decontamination effectiveness, may result if the decontaminating solution is

not sufficiently mixed with the agent spill. Mixing must be considered when the

method by which the decontaminant is applied to the spill is specified. Another

consideration is that the hypochlorite solution may cover the agent spill and

give a false reading of complete decontamination if air sampling is the method

used to determine decontamination effectivness. It is also important to note

that the minimum amount of hypochlorite required for decontamination is dependent

on the available chlorine content of the solution. A 10 weight percent HTH*

solution used in several of the reported experiments contains about 7 percent

available chlorine whereas a 5 weight percent NaOCl solution contains only

about 2 percent available chlorine.

Other than for major spills, the only other category for which decon-

tamination data is available is for decontamination of wetted steel contaminated

with VX [Miller (1964), Hott (1965)]. Althouqh the experiments were performed

using wetted painted steel, it is anticipated that similar decontamination effi-

ciencies would be obtained for wetted unpainted steel. The results, however,

may not apply to decontamination of painted concrete because in the case of

concrete, agent may permeate through the paint layer and into the porous concrete

matrix.

Knowledge Gaps

.4 Based on the literature review, the knowledge gaps that exist in the

data base include the adequacy of:
.4

* HTH typically contains 65 to 70 percent available chlorine.
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.- * decontamination of wetted painted concrete and DPE smears

contaminated with either HD or VX using NaOCl bleach,

* decontamination of DPE smears, wetted steel or wetted painted

concrete contaminated with GB using 10 oercent sodium carbonate,

a decontamination of wetted steel contaminated with HD using 5 per-

S-• cent NaOCl,

a correlating agent decomposition data obtained in vessel experi-

nments with conditions encountered when decontaminating a major

spill.

Other than determining the feasibility of correlating the vessel

experiments with a major spill, experimentation is required to address the

knowledge gaps. A review of the procedures by which the decontaminating solu-

tions are applied to major spills may allow determination of the feasibility

of correlating the vessel data with major spills.
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Executive Summary

The utility of the extraction/gas chromatography method of
analysis for determining residual HD, GB, or VX in or on matrices
representative of those found in agent contaminated structures has been
demonstrated during this research and development program. 't has been
used instead of the air sampling-impinger/colorimetric enzyme method of
analysis currently accepted by the Army. The extraction procedure proved
to be rapid and was reliable enough to demonstrate the effectiveness of
various substrate decontamination concepts. This report summarizes the
"development of the analytical methodology used in support of Task 3.
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TEST REPORT

FOR

SUMMARY OF ANALYTICAL METHODOLOGY
IN SUPPORT OF TASK 3,

LABORATORY EVALUATION OF NOVEL AGENT
DECONTAMINATION CONCEPTS

Contract No. DAAK11-81-C-O1O1

to

UNITED STATES ARMY
TOXIC AND HAZARDOUS MATERIALS AGENCY

"1.0 INTRODUCTION

1.1 Goals of the Novel Processing Technology Program

The Novel Processing Technology Program was undertaken with

the objective of demonstrating the effectiveness of various decontamination

"concepts for the destruction/removal of contamination found in Army struc-

tures and facilities. In Task 3 the contaminants of concern were the

chemical agents GB, VX, and HD. The substrates to be decontaminated were

stainless steel, mild steel (painted and unpainted), concrete (painted

and unpainted), and unglazed porcelain. The decontamination concepts

being evaluated are based on thermal and chemical reaction processes.

The chemical decontamination methods were also screened for their reaction

products.

The analytical methodology development work was performed in

support of experimental activity. The decontamination concept development

tasks were driven by the need to demonstrate at least 99.9 percent removal

of agent from a substrate so that the concept decontamination effectiveness

* ,. 625
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could be assessed. Determination of the minimum amount of agent that

had to be spiked onto the substrate in order to demonstrate at least 99.9

percent removal was dependent upon the detection limit of the analytical

method and the demonstrated recovery of the agent by extraction from each

substrate spiked at high and low levels. Because the recoveries from ,
the various substrates were not the same for each agent, base line

experiments had to be performed. The base line experimentation established

average recoveries from each substrate and determined the presence of

analytical interferences originating eithev from the substrate, the

decomposition products or the painted surface. In addition to establishing

recoveries from freshly spiked substrates, the analytical method development

"also had to concern itself with recoveries after prolonged period of contact

with a potentially reactive substrate such as concrete. The fate of the

chemical agents on concrete is the subject of Subtask 9 and is presented

as part of this overall Task 3 report. Finally the analytical method .

used in the decontamination studies had to be reliable and rapid. Gas

chromatography methods using either packed columns or capillary columns

were only as reliable as the detection methods used to identify the chroma-

tographed fractions. Early in this program flame ionization (FID) and

later flame photometric (FPD) detection methods (sulfur or phosphorus

mode) were used extensively. However, when there was some uncertainty

in the analytical results based on retention time using FID or FPD, mass

spectrometry was used to confirm the results.

1.2 Analytes and Matrices

The analytical method development for Task 3 addressed the deter-

mination of presence of small amounts the chemical agents HD, GB, and

VX, in a number of matrices.

The matrices encountered in chemical decontamination screening

tests (Subtask 3) consisted of water (condensed steam), monoethanolamine -

- water (50 percent), ammonia-water (ammonium hydroxide), anhydrous ammonia,

and a 5 percent aqueous solution of 1-octylpyridinium 4-aldoxime bromide

(OPAB). The procedures used to extract agent from thesE matrices and
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* the experimental equipment is summarized in Section 4, Subtask

Methodologies.

The matrices used in substrate decontamination experiment in

Subtasks 5 were stainless steel, and in Subtask 6, painted mild steel,

unpainted mild steel, painted stainless steel, concrete, and unglazed

porcelain tile. The surfaces were painted with a green primer (Krylon 1346)

and forest green (Alkyd paint). In the Subtask 6 studies and especially

those studies addressing the fate of agents on concrete, concrete coupons

were used that were prepared under closely controlled proportions of sand,

cement, and water and cured under controlled humidity. The 1/4-inch thick

coupons, which contained no aggregate, were shown to be uniform in porosity

"* -and weight (e.g. average weight of 210 g with a relative standard deviation

"of 0.95 percent).

"2.0 OBJECTIVES AND SCOPE OF THE

ANALYTICAL METHOD DEVELOPMENT

The objective of the overall Novel Technology Program was to

* screen concepts for their decontamination effectiveness. It was a research

. and development program in which the performance of decontamination concepts

were evaluated on a relative basis. The research and development nature

. of this work postponed any need for the USATHAMA Analytical Branch to

certify the analytical methods employed throughout these evaluations.
The Analytical Branch did, however, review the methods employed and approved
"their use in this research and development program.* A comparison of

* the analytical results from agent residues by the extraction method used

in these studies with the results from a modified air-sampling method

currently used by the Army was made at USATHAMA's request.

3.0 EXPERIMENTAL

3.1 Materials

Two grades of chemical agent were used in these studies. Munition

grade agent was used in all of the decontamination experiments and the

* Review presented to Ms. Robin L. Stein and Mr. Andrew P. Roach of
USATHAMA at BCL on June 26, 1984.

627



IX-4

base line recovery experiments. The munition grade agents were compared
with SARMS (PA 796, PA 1126, and PA 1128) by gas chromatography (GC) to

determine their purity. Munition grade rather than high purity agent
was selected for use in these studies because building contamination will
most likely have originated from loading and handling of such materials.
They were also considered to be the worst case situation since they contain

stabilizers to inhibit degradation. The structures of the agents are

as follows.
HD Cl-(CH,)--S-(CH2)--Ci

0
VX CH--p-- CH 2)7-N--CCH(CH "

0C2 2

0II"
GB CH --P-F

OCH(CH )"

The matrices used in the decontamination experiments were

5-inch x 5-inch square coupons consisting of 14-guage mild steel, 14-guage

304 stainless steel, 1/4-inch thick concrete and unglazed porcelain. Steel
coupons were painted with one coat of Krylon green primer No. 1346 (conforms
to MIL-P-6585) and allowed to dry one to three hours before applying two

coats of forest green alkyd paint NSN-8010-O0-111-7937 (conforms to MIL-E--
52798A) allowing 24 hours for each coat to dry. Painted coupons were

cured for at ledst two weeks prior to use. Details for the preparation

of concrete coupons are given in the Task 3 Subtask 4 test report. The
unglazed porcelain coupons were cut from 6 x 6 x 1/4-inch tile using a
tile cutter. The source was American-Olean Tile manufactured by the

National Gypsum Company and purchased through Fisher Scientific. (Catalog

No. 13-752)

3.2 Equipment

The determination of the amount of agent placed in/on or remaining
in/on various matrices, required the use of gas chromatographs and the
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, Technicon Autoanalyzer. The following are the descriptions of the equipment

* used in this work and the rationale behind the changes in techniques to

"improve the detection limits.

3.2.1 Subtask 3: Chemical Concepts Preliminary Screening

(1) Varian Model 3700 GC was equipped with a packed column

(using a 3 percent, SP 2100-DB on 100/120 Supelcoport) 6

feet long, 0.25 inches OD, 2mm ID. The detector was a

Varian Flame Photometric Detector (FPD) that could be

operated in the phosphorus (S) mode for determining GB

and VX and the sulfur (S) mode for determining HD. Detection

-' limit rf this system is 5 microgram/ml for both GB and

VX and 1 microgram/ml for HD.
(2) Finnagen Model A 1020 GC/MS used electron impact as the

- mode of ionization. The scan range and cycle time was

40-450 amu/second. A fused silica capillary column coated

with DB-5 (30 meters x 0.025 mm) was used for GC separation

and mass spectrometry (MS) was the detector used to identify

the components in each fraction.

3.2.2 Sdbtask 5:- Stainless Steel Surface Decontamination Screening

(1) Carlo Erba Gas Chromatograph equipped with a Flame Ionization
S_ ."Detection (FID) system (for HD).

S(2) Hewlett Packard Gas Chromatograph equipped with a Flame
Photometric Detection (FPD) system and Hewlett Packard

Autosampler, used in phosphorus (P) mode (for GB and VX)

and sulfur (S) mode (for HD). Both chromatographs were

equipped with a 30 meter glass capillary column coated

-- with SE-52 phase. The FPD system had a detection limit

of 0.1 micrograms/ml for VX, and GB and 1.0 microgram/ml

-• for HD.

629

4.



IX-6

(3) Impinger solutions used to collect HD were analyzed on

a Varian 3700 GC equipped with a packed glass column (SP

1000 phase on Supelcoport) 6 feet long, 0.25 inch 00, 2mn

ID, and utilizing a Hall Detector (electroconductivity

detection) system.

(4) Impinger solutions used to collect VX or GB were analyzed

"using the Technicon Autoanalyzer II (enzymatic inhibition

method using colorimetric detection). The detection limit

for this system is .1 Vg/ml VX and .21Ag/ml GB but is

sensitive to interferences.

3.2.3 Subtask 6: Steel/Concrete Decontamination Tests

and Vapor Sampling Experiments

. (1) Same as those listed in Subtask 5 above.

(2) In addition a Varian 3700 GC using a packed glass column

(3 percent QFl phase on Supelcoport) 6 ft long, 0.2500,

2nm ID and equipped with FPD system was used for GB and

VX determination at Battelle's Hazardous Materials Laboratory

(HML). The detection limit for this system is 5

microgram/mnl.

(3) Another Varian 3700 GC using a packed glass column (SP

"1000 phase) 6 ft long, 0.25 inch OD, 2 mm ID and equipped
with a Hall Detector system was used for HD determination

at the HML. The detection limit for this system is 0.05

microgram/ml.

The experiments in Subtask 3, the experiments late in Subtask
6, and the study on the fate of agent on concrete (Subtask 9) were performed

in Battelle's Hazardous Materials Laboratory (HML) using neat agents.

Therefore, spiking of matrices with agent could be done at levels so that

a 99.99 percent destruction would still leave sufficient agent to be within

the detection limit of the packed column GC/FPD systems.

"* 630

o j.

- - * *. % * *



IX-1

When experiments were performed at Battelle's Toxic Substances

Laboratory (TSL) early in the program (Subtask 5 and part of Subtask 6)

KT surety restrictions kept the spiking levels to 0.0001 (or less) of those

used at the HML. As such, significant improvements in the sensitivity

of the gas chromatographic method were needed to demonstrate the desired

"99.9 percent destruction at these much lower dose levels. This was accom-

-i plished as part of Subtask 5 where it was shown that the desired sensitivity

was attainable for standardized dilutions of SARM HD, GB, and VX using

a 30 meter glass capillary column coated with SE-52 phase (i.e., detection

levels of 0.1 micrograms/ml for HD, GB, and VX).

3.3 Procedures

In both the base line experiments demonstrating recoveries by
the extraction method and the subsequent analysis of the decontaminated

matrices or substrates to demonstrate decontamination effectiveness, the

following proceedures were used. Exceptions and special cases are outlined

.- as part of the Subtask Methodologies (Section 4).

3.3.1 Spiking

S--Spiking of known amounts of agent on or in various matrices

was performed using both nonsurety concentrations of agent in a solvent

S(hexane or methylene chloride) and neat agent. The procedures used to

contaminate substrates of stainless steel, mild and painted steel surfaces

were as follows.

Performance of experiments in the TSL required the use of dilute

* solutions of agent at the following maximum surety concentrations: VX =

I mg/ml, GB = 2 mg/ml, and HO = 10 mg/ml.

The dilute agent solution was applied incrementally to the coupon

and the solvent was allowed to evaporate after each increment in order
. to have a contaminated surface representative of field conditions (i.e.,

solvent not present).

631
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The amount of solution required to spike the coupon was estimated

as follows. Assuming that the solvent used to extract the coupon following
the decontamination treatment is concentrated to a volume of 5 ml and

a total of 10 microgram of agent is detectable by gas chromatography (GC).*
Therefore, for determination of a destruction efficiency of about 99.9
percent, a total of 10 mg of agent must be initially applied to the coupon.
A three order of magnitude difference between initial and anticipated
final agent concentration is sufficient to allow determination of -

decontamination effectiveness. Higher destruction efficiencies may be
extrapolated, if desired, either from the rate data obtained in the
experiments or if the minimum detection level of the GC can be lowered

to 0.1 ug/ml. Thus, in order to spike the coupon with 10 mg of agent,
a total of 1 ml of dilute HD solution; 5 ml of dilute GB solution; or
10 ml of dilute VX solution must be applied to and the solvent evaporated

from each coupon. Each incremental application was limited to just enough
to cover the area to be spiked.

Neat agent, rather than solutions of agent in solvents, were
used in chemical decontamination screening tests, and studies related

to porous substrates such as the fate of agent on concrete and the decon-
tamination of concrete and unglazed porcelain. Because these efforts
were performed at the HML, larger amounts of agent could be spiked on

or in to the matrices. This latitude provided the following benefits:
(1) The less sensitive packed-column GC/FPD**could be used to demonstrate
destruction efficiencies of 99.9 percent and (2) greater precision of
the quanitity of agent dosed in to or on to the matrices is possible when

larger volumes are measured and dispensed.
In the chemical concept prescreening study, neat agent was spiked'

directly into liquid decontamination solutions while sLirring. The chemical
decontamination prescreening experiments employing vapors of anyhdrous

ammonia, ammonium hydroxide and water (i.e., gaseous reactants) required
that a Teflon wool plug be spiked with 10 mg of the agent being studied.

* Assuming that the minimum detection limit of GC for all agents is
about 2 microgram/ml for a packed column GC.

** Minimum detection limit of 5 microqram/ml for GB and VX.
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"3.3.2 Agent Recovery by Extraction and Concentration

The analytical methodology required that the matrices be extracted

with either methylene chloride or hexane. (The solvents were of spectro-

"scopic purity purchased from Burdick and Jackson Laboratories, Inc. of

Muskegon, Michigan.) Since agent may volatilize during spiking or adsorb
on glass or metal surfaces, experiments had to be performed to determine
the amount of applied agent that could be recovered by extraction after

a spiking sequence. These base line experiments provided recovery

efficiencies for each type of substrate used in the decontamination

experiments. (Similar extractions of uncontaminated matrices provided

samples for the identification of any interferences that could impair
residual agent determination by this methodology.) Typically the 50 ml

of solvent containing the extract is concentrated to 1 to 5 ml using a

Kuderna-Danish evaporative concentrator prior to analysis by GC. Substrates

spiked with neat agent were extracted with 150 ml of solvent and the extract

usually analyzed without concentration.

3.3.2.1 Nonporous Coupons. In the base line experiments, various

coupons were spiked with 10 mg of HD, GB, or VX using dilute solutions

of the respective agent. After the solvent had evaporated, the coupons

were extracted with 50 ml of either hexane or methylene chloride. The
solvent was concentrated to a volume of one ml and the concentrate was

analyzed for agent. Methylene chloride was not used to extract painted

coupons because it softened the paint and also extracted components from
"the paint that proved to interfere with agent analysis by GC. For painted

"surfaces hexane was used. Results of the base line experiments, shown
in Tables 1 and 2, are reported as recovery efficiencies. Recovery effi-

ciency is the fraction of spiked agent recovered by extraction. The high

recovery efficiencies shown in Tables 1 and 2 demonstrate that spiking

coupons with dilute agent solutions was feasible. The average recovery
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TABLE 1. AGENT RECOVERY EFFICIENCIES BY METHYLENE
CHLORIDE EXTRACTION AFTER SPIKING STAINLESS STEEL
COUPONS WITH DILUTE AGENT SOLUTIONS

Solution Spiked Extracted Average
Spiked Agent/ Agent/ Recovery

Agent (ml) Coupon (mg) Coupon (mg) Efficiency*

HD 1 10 10.4 0.85

8.2

7.0

GB 5 10 7.4 0.79

8.8
7.5

VX 10 10 5.4 0.58

6.0

5.9

* Average Recovery Efficiency - AverageAgent recovered (mg)10 mg
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"TABLE 2. AGENT RECOVERY EFFICIENCIES BY HEXANE
EXTRACTION AFTER SPIKING ALKYD PAINTED
STAINLESS STEEL AND UNPAINTED MILD
STEEL WITH DILUTE AGENT SOLUTIONS

Recovery Average Recovery
Agent Material EfficlencE

HD UMS 0.94 0.94
0.95

GB PSS 0.92 0.90
0.89

GB UMS 0.96 0.95

0.95
"'GB PSS 0.83 0.84

• -" 0.85
0.85

* VX UMS 0.93 0.96
1.00

Vx PSS 0.50 0.56
0.57
0.60

(a) Unpainted mild steel
(b) Painted stainless steel (Note: This recovery

efficiency was used for decontamination effi-
ciency calculations on both painted stainless
steel and painted mild steel coupons).
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efficiencies, used in subsequent analyses to calculate the decontamination

efficiency, were calculated as follows:

* Residual Agent on Result of GC Analysis (mg)
Decontaminated Coupon (mg) Recovery Efficiency

3.3.2.2 Liquid and Porous Substrates. These were the experiments

involving neat agent in which liquid and gaseous chemical decontamination

reactions were screened for effectiveness (Subtask 3) and in which porous

substratps (i.e., corcrete and unglazed porcelain) were

contaminated/decontaminated (Subtask 6).

Liquid or Gaseous Reactant Substrates. Prior to beginning the experi-

ments, several blanks and base line experiments were performed. A blank

run with the gaseous-reactant application apparatus was done by refluxing

hexane through the apparatus containing the Teflon wool plug. The extract

was analyzed bj GC for possible intereferences to agent determination.

Base line experiments with the gaseous-reactant application apparatus
were done by placing 10 mg of VX on the Teflon wool plug and refluxing

"30 ml of hexane through the apparatus for one hour. VX was chosen for

this study because it was known to be the most tenacious (i.e., difficult

to extract from glass) of the three agents. The 30 ml iexane extract

was then analyzed for VX by GC and the recovery was found t )e 108 percent.

A second 30 ml of hexane was then refluxed through the a, ýratus and two

aliquots were analyzed by GC and found to contain 0.42 pe -ent of the

original spike. The Teflon wool plug was then removed from the apparatus.

and extracted with methylene chloride. No agent was detectable in this

extract.

Recovery efficiencies of agent from solutions of decontaminants using

the procedures in Table 3 are given in Table 4. These recovery efficiencies

represent the amount of agent that can be extracted from the decontaminant

immediately following spiking of the solution with agent (i.e., time zero

samples).
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TABLE 4. RECOVERY EFFICIENCIES OF AGENT FROM DECONTAMINANTS

"Amount of Agent Amount of Age t Recovery
Spiked, Recovered,MA) Efficiency,(b)

Agent Decontaminant mg mg %

HD 50% lEA 317 297.5 93.8
G8 50% KEA 287 39.9 13.9
VX 50% MEA 323 219 . 4(c) 68.5
VX 100% MEA 324 214 . 3(0) 66.1
HD 5% OPAB 279 371 . 3(c) 133.1
HD 5% OPAB 279 387 . 4(c) 138.9
G8 5% OPAB 283 (d) (d)
VX 5% OPAB 282 88 . 3(c) 31.3
VX 5% OPAB 282 91 . 3(c) 32.4
GB H20 10 5 . 24(c) 52.4
G8 NH40H 10 7.80(c) 78.0

a) The decontaminant solution was spiked with agent while stirring. A sample was
i-mediately withdrawn and extracted with hexane or methylene chloride. The extract was
then analyzed for agent using a gas chromatograph equipped with a flame photometric
detector (GC/FPD).

b) Recovery efficiency (%) - 100 x (Agent recovered (mg) + Agent spiked (mg))

c) Average of two analyses.

d) Interferences prevented the use of the GC/FPD. The samples were analyzed by a GC/mass
spectrometer.
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The base line experiments indicated that extraction of either HD

or GB from MEA required acidilication to pH 3 with acetic acid in order

to achieve desirable recovery efficiencies. However, in the case of VX,

extraction from MEA was performed without acidification. The recovery

efficiency of VX from a 50 percent solution of MEA using methylene chloride

was 109 percent without acidification while only 5.3 percent of the VX

"spiked was recovered upon acidification.

Porous Substrates. Early in Phase 1, an effort was made to demonstrate

the utility of the extraction approach for the analysis of agent on concrete

(i.e., a method development). GB and VX were found to be unrecoverable

while HD showed some potential for recovery. A study to try to determine

the fate of agents on concrete (Subtask 9) was undertaken as part of the

Phase 2 effort. The results confirmed earlier findings that the GB and

K, VX are not recoverable, while HD could be partially recovered. After a

24-hour (1440-minute) period in contact with concrete, recovery of HO

spiked into concrete coupons at a loading of 1800 microgram/gram of concrete

(average weight 10 coupons was 210 g, relative standard deviation = 0.95

percent) or 378 mg HO/coupon was determined using hexane or methylene

chloride as extraction solvents. The coupons were crushed to pass through

the neck of an Erlenmeyer flask equipped with a T 24/40 ground glass joint

(or 12 mm opening) prior to extraction. The results of the extraction

of three coupons shortly after spiking and three coupons 24-hours after

spiking are given in Table 5 for each solvent. It can be seen that

methylene chloride is the better solvent of the two. Although the

extraction after 24 hours is less than desirable, the recovery is still

enough to demonstrate 99.9 percent decontamination because of the high

spiking levels. As a worst case scenario, if only 1 percent of the 378

mg HD spiked is recovered by extraction using 150 ml methylene chloride,

then a solution containing 25 micrograms/ml would be analyzed directly.

"Since the detection limit for HD is 0.05 microgram/ml by GC/Hall Detector,
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98.7 percent destruction could be determined by analyzing the extract

directly. Reduction of the 150 ml volume of extractant to 2 ml could
have yielded a solution with a concentration of 1890 microgram/ml. Using
the same detection level, determination of decontamination efficiencies
of 99.99 percent are possible if the concentration step is incorpor-

ated into the procedure.

Because of the apparent reaction of GB and VX with concrete it was

necessary to switch to a less reactive porous substrate in order to demon-

strate a decontamination effectiveness by hot gases, steam, and OPAB

solution. Unglazed porcelain tile which is not typical of any structural

material found in any of Battelle's surveys of agent contaminated sites,

was evaluated for reactivity toward GB and VX by the same procedure used
to determine recoveries from concrete. The recoveries of agent spiked

on the tile using hexane or methylene chloride as extraction solvents

were determined shortly after spiking and after 24 hours. The spiking

level again was 1800 microgram/gram of concrete. Since the average weight

of 10 tiles was 216g, the amount of neat agent spiked onto each tile was
388 mg of GB or VX per tile. Initial attempts at recovering GB from intact

tiles was unsuccessful (i.e., <1 percent recovery). When the tile was

crushed and extracted with methylene chloride, two coupons immediately

after spiking and the other two 24 hours later, the amount of agent

"recovered improved. The results are given in Table 6. The fact that

recovery of GB is less than 1 percent after 1440 minutes suggests that

decontamination efficiencies cannot be determined for GB in the experiments
requiring a period of longer than 10 hours after spiking the coupon.

However, other performance measures on the behavior of GB during early

periods of the decontamination experiments by hot gases or steam can be

"made.

Results of the experiments to determine recoveries of VX spiked onto

unglazed porcelain coupons using hexane and methylene chloride are given

in Table 7. Methylene chloride is the better solvent yielding recoveries

of VX of about 20 percent after 1440 hours. A 20 percent survival of
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the VX spike after 24 hours would mean that 77.6 mg of the initial 388

mg of VX had survived. The coupon was extracted in 150 ml of methylene

chloride to give a concentration of 517 microgram/ml. Since the detection

limit of GC/FPD using a packed column (P mode) is 5 microgram/ml,

decontamination efficiencies of >99.0 percent could be determined. Again,

if the 150 ml volume of extract were reduced to 2 ml by concentration

techniques, then the concentration of VX would be 38,775 micrograms/ml

and a determination of 99.j9 percent destruction efficiency is possible.

In several of the porous substrate experiments where no agent was

detected, the extract was concentrated to either verify the absence or

determine if a smaller amount were present but not detectable in the diluted

extract solution.

3.4 Analytical Equipment

The analysis of the decontamination samples was performed as previously

described for each concept. The equipment used for the sample analysis

and the operating conditions at which the data was acquired are listed

below: -•

0 Instrument - Varian 3700 Gas Chromatograph
- Detector - Varian Flame Photometric Detector

- Gas Chromatography Column - 6 ft x 1/4 inch O.P. x 2 mm I.D.

glass column
- Column Packing - SP2100 3% on Supelcoport

- Column Oven Conditions - 135 C isothermal for HD, 190 C (4

mrin/hold) program to 240 C at 35 C/minute for VX; 100 C (1

min/hold) program to 240 C at 90 C/minute for GB

- Agents analyzed - HD, GB, VX

* Instrument - Varian 3700 Gas r'hromatograph

"- Detector - Hall' 700A Electrolytic Conductivity Detector

- Gas Chromatography Column - 6 ft x 1/4 linch O.D. x 2 mm I.D.

glass column

"644
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- Column Packing - SP1000 10% on Supelcoport

- Column Oven Conditions - 135 C isothermal

- Agents analyzed - HD

0 Instrument - Carlo Erba 2100 Gas Chromatograph

- Detector- Flame Ionization Detector

- Gas Chromatography Column - 30 meter x .25 mm I.D. glass

capillary column

- Column Phase - SE-52 or equivalent phase 2-3 micron film

thickness)

- Column Oven Conditions 50 C (2 min/hold) program to 300 C at

10 C/min

- Agents analyzed - HD, GB, VX

e Instrument- Hewlett Packard

- Detector - Tracor Flame Photometric Detector

- Gas Chromatography Column - 30 meter x .25 mm I.D. fused silica

capillary column

- Column Phase - SE-52 or equivalent phase 203 micron film

thickness

- Column Oven Conditions 50 C (2 min/hold) program to 300 C at

10 C/min

- Agents analyzed - GB, VX, HD
a Instrument - Finnigan 1010 OWA

- Detector - Mass Spectrometer

S. Ionization mode - Electron impact
Electron Voltage- 70 ev

Scan Range - 40-450 amu

Scan cycle time-1 sec

- Gas Chromatography Column - 30 meter x .25 mm I.D. fused silica

capillary column

- Column Phase - DB-5 (J&W column

2-3 micron film thickness)

-Column Oven Conditions - 50 C (2 min/hold) program to 300 C

"* 645
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at 10 c/min
-Agents Analyzed- HD, GB, VX

e Instrument - Technicon® Autoanalyzer

- Detector - Colorimeter
- Detection System - enzyme inhibition of acetylthiocholine-

sterase, bovine erythrocyte (ACHE)
- Agents analyzed - GB, VX

For all the gas chromatography techniques, a volume of 2 microliters
of sample or standard was injected into the chromatography system. All
instrumentation was calibrated daily using standard solutions prepared
from working agent stocks. The detection limit of the detection system

was determined as the low level calibration standard for eacn analytical
system. The method detection limit was based upon the detection limit

of the instrument and the calculated recovery of the sampling method.

4.0 SPECIFIC SUBTASK METHODOLOGIES

"Each experiment within a subtask had its own specific analytical

methodology. The methodology had to include: (1) methods used to quench
"chemical decontamination and recover unreacted agent; (2) methods used
to determine at least qualitatively the path or fate of agents during
chamber decontamination studies, i.e., 'tudies incorporating hot gas,
steam, vapor circulation, flashblast, ventilation, and OPAB decontamination
process; (3) determine interferences from decontaminants, their products,

or the substrates under study; and (4)methods used perform decontamination -

validation experiments using Army protocols.
"Methodology in this frame work encompasses selection and utilization

of an appropriate number of impingers and selection of the proper solutions
to be used in the impingers that are compatible with acceptable analytical
methods. It encompasses the selection of the most reliable way to collect

"decontamination products, condensates, etc. and to wash down the walls

* 646
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S.of the chamber and collect them in such a way that they can be analyzed.

The following summaries from each subtask report in which a chamber was
used identify specific operations that eventually lead to the analysis

for agent on matrices not spiked directly.

4.1 Experiments with Gaseous, Aqueous Solution,
Or Liquid Decontaminants (Subtask 3)

4.1.1 50 Percent MEA Water Solution

After adding the agent to a continuously stirred beaker containing
50 percent monoethanolamine and distilled water, 5-ml aliquots of the

•- stirred mixture were removed at intervals of 10, 20, 40, 60, 120, 240,

" and 1440 minutes and extracted once with 5 ml of methylene chloride. As

shown in Table 3, VX was the only agent that was extracted with methylene
chloride without first treating the aliquot with 40 ml of 63 percent acetic

acid to bring the solution to a pH 3. Both GB and HD aliquots required
this treatment. The extracts of the aliquots were analyzed by GC-FPD
using either the P mode or S mode. Because the apparent absence of GB

destruction as measured by the retention time using GC-FPD, a GC-MS

analysis of the extracts from a repeat experiment was done to determine
if GB survived. The analysis showed that GB was destroyed and the
decomposition product had a retention time identical to GB during gas

chromatography.

4.1.2 100 Percent MEA

These experiments were performed similar to the 50 percent MEA

experiments. The 5-ml aliquots were removed at predetermined intervals
after addition of the agent. Those aliquots removed From experiments

using GB and HD were acidified with 40 ml of acetic acid before a single
extraction with 5 ml of methylene chloride. Aliquots removed from the
VX experiments were extracted directly and analyzed using GC-FPE: (as was

-64
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the extract from HD). GC-MS was used to analyze the extracts from the

GB and the VX experiments for the reaction products.

4.1 .3 OPAB Experiments

Two formulations of OPAB were used in these experiments. As the

active components of the formulation, one contained a sodium salt of

1-octylpyridinium 4-aldoxime bromide, the other simply the OPAB compound

" dissolved in water. The agent was added to the stirred solution of OPAB

and lO-ml aliquots were removed at intervals of 20, 40, 60, 180, 240,

360, and 1440 minutes. The aliquots were extracted once with 10 ml

methylene chloride and the extract analyzed. For aliquots from the

experiments involving HD and VX, the extracts were analyzed by GC-FPD.

For the GB studies, GC-MS also had to be used in the analysis. Supplemental

GC-MS spectra were obtained of the extracts from the OPAB/VX and OPAB/HD

experiments to determine some of the reaction products.

4.1.4 Steam Lxperiments

In an apparatus designed for exposure of agent supported on a Teflon

wool plug to gases or vapors, the agent was treated with steam generated

"in a flask. The condensate was returned to the flask without contacting

the Teflon plug. After allowing the flask to cool, a 5-ml aliquot of

the water collected in the flask after each refluxing period was taken

at intervals of 5, 20, 60, and 120 minutes. The aliquots were extracted

5 ml of methylene chloride. After the reaction was completed, 30 ml of

"hexane contained in a fresh flask replaced the water flask and then refluxed

for one hour and saved. The Teflon plug was then removed and extracted

with 5 ml of methylene chloride. Decontamination effectiveness was deter-

"mined by analyzing extracts of the condensates, the hexane rinse and the

extract of the plug by GC-FPD for GB, VX, and HD. Major decontamination

products contained in the extracts from the condensate were determined

by GC-MS.

648
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4.1.5 Anhydrous Ammonia

After contacting the agent loaded on the Teflon wool plug with ammonia

vapor for periods of 20, 60, and 120 minutes, the ammonia was allowed

to evaporate from the apparatus. After each such exposure the flask was

"extracted with 5 ml of methylene chloride. A hexane reflux of the equipment

followed by a 5 ml methylene chloride extraction of the Teflon wool plug
were also collected and analyzed. Destruction effectiveness was determined

for GB, VX, or HD from analyses performed by GC-FPD in the three extracts.

The reaction products from the VX/NI. 3 decontamination reaction were

extracted from the flask with 5 ml of methylene chloride and tnen analyzed

by GC-MS.

r.'T 4.1.6 Ammonium Hydroxide (NH3/Steam)

These experiments were performed in the manner similar to the steam

experiments. However, a reflux period of oily 60 minutes was used. The

condensate in the flask was extracted with 5 ml of methylene chloride.

A hexane reflux rinse (30 ml) of the apparatus was collected and the Teflon

wool plug was extracted with 5 ml of methylene chloride. The respective

extracts were analyzed for GB, VX, and HD by GC-FPD to determine destruction

efficiencies. The condensate extracts were used to determine the products

"of decontamination from the GB and VX experiments by GC-MS.

4.2 Chamber Decontamination Experiments

"(Subtasks 5 and 6)

The chamber used in evaluating decontamination concepts was designed

to perform substrate decontamination in triplicate. The design permitted

collection of volatilized agent, of condensate and spray solution, and

of agent diffusing through porous substrates. It was designed to be easily
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rinsed with solvent, and the solvent collected for analysis. The combin-

ation of isopropyl alcohol and/or hexane rinse also served to decontaminate

the chamber between experiments. The experiments performed in the chamber

were undertaken to demonstrate the decontamination effectiveness of concepts

employing hot gases, steam, FREON 1130 vapor circulation, flashblast and

OPAB spray. Experiments were also performed to determine the amount of

agent lost from nonporous surfaces during ambient air circulation. The

following describe the procedures used to sample and analyze for residual

agent or their reaction products collected in impinger solutions, conden-

sates collected liquid decontaminant and chamber rinse solutions. -

Substrates investigated are those cited earlier, i.e., stainless steel,

mild steel, painted steel, concrete, and unglazed porcelain.

4.2.1 Coupons

Coupons that had been originally spiked with agent were removed from

the chamber after the completion of the decontamination experiments

according to the respective test plan procedures. The coupons were

individually extracted by immersion in 50 ml of hexane. Methylene chloride

"was not used foi -traction because it also extracted paint components

that interfered with agent analysis by GC-FPD. The coupons were allowed

to soak in hexane for 5 minutes. This hexane extract was collected and

concentrated to one ml using a Kuderna-Danish evaporative concentrator

prior to analysis by GC-FPD or if necessary by GC-MS. The procedure used

to extract concrete and unglazed porcelain coupons was described earlier

(Section 3.2.2.2).

Standard solutions containing known concentration of agent (i.e.,

10 ppm, 1 ppm, 0.1 ppm) were regularly used for preparation of calibration

curves. The standard solutions were analyzed at the same conditions as

the sample extracts and usually interspersed with them when an autosampler

was employed. Such a procedure also provided for a continuous performance

check of the GC-FPD equipment.

650
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4.2.2 Impingers

Impingers were used either to collect vaporized agent contained in
the chamber exhaust stream (hot gas and Flashblast decontamination

experiments and the vapor sampling and ventilation experiments). For

the hot gas and Flashblast experiments, ethylene glycol diacetate (EGDA)

liquid was used in impingers for HD experiments, while pH 3.7 distilled
F. water was used in the GB and VX experiments. The acidic water is prepared

using sulfuric acid. Since January, 1985, pH 4.5 water has been used

Sin impingers during the hot gas experiments. This change was recommended
by USATHAMA's Analytical Branch through the Program Technical Representative
(COTR) as a new standing operation procedure (SOP) for impinger studies.

Exhaust gas was drawn through the impinger train at a rate of 46 to 58

liters/min.
V• In those experiments where nonporous substrates (steel) were being

decontaminated, 2-500 ml Greenberg-Smith impingers were used in series

to capture the agent vaporized into the main compartment of the chamber.

The solutions were combined and the volume recorded. Aliquots were taken
F. for analysis or stored at -5 C until analyses could be performed. In
. those experiments where porous substrates were used, a pair of 25 ml

impingers in series were also used to capture any agent that vaporized

through the substrates and swept/drewn from the back compartment of the

chamber at flow of about 5 liters/min. About 100 ml of liquid was used
in each 500-ml impinger (also about 100 ml of glass beads) and 10 ml in
each 25 ml impinger.

- Aliquots of the EGDA were analyzed for HD using GC/Hall Detector
without prior concentration. This method gave a detection limit of 0.2

microgram/ml. The pH 3.7 (and later pH 4.5) water was analyzed directly

' without concentration for the presence of VX or GB using the Technicon

Industrial System Autoanalyzer®. This enzyme inhibition method gave a
detection limit of 0.2 microgram/ml for GB and 0.02 microgram/ml for VX.

A pair of 500 ml impingers were used in the ventilation experiments
in which agent vapor in equilibrium with the agent spiked on steel or
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painted steel coupons was drawn from the chamber to determine losses from

simple transpiration during the heat-up periods of the hot gas experiments.

The volume of the contents of the impingers was measured and aliquots

were taken for analysis of GB, VX, or HD. The EDGA aliquot containing

HD was analyzed by GC-Hall Dectector and the pH 3.7 water containing GB

or VX was analyzed by the Technicon Autoanalyzer.
A pair of 25-mi impingers were used in series to capture any residual

agent vaporized from decontaminated coupons from the hot gas, steam, and

OPAB experiments. During the vapor sampling tests, contaminated coupons
"that had been decontaminated by one of the three methods, were heated

up to 60 C and sufficient heated air (60 C) was drawn through a chamber

containing the coupon to provide a measure of the minimum

time-weighted-averages (TWA) for the agent concentration in the stream

air. The impinger solutions were then analyzed HO, GB, or VX without

"further concentration by GC-Hall Detector or Technicon Autoanalyzer.

The condensate recovered in the sump and impingers from the experiments

in which FREON 113@ vapor was used was concentrated to approximately 5 ml

using a rotary vacuum evaporator. The volume was further reduced to I ml

using the Kuderna-Danish concentrator. The concentrated liquid was analyzed

for the respective agent by GC-FPD.

4.2.3 Condensates

The water condensates collected during the steam decontamination
experiments and the water recovered from the hot gas decontamination experi-

ments were combined at the end of the experiment and extracted with 3-50 ml

"portions of methylene chloride. The extracts were combined and concentrated

to one ml using the Kuderna-Danish concentrator technique. The concentrated

extract was analyzed by GC-FPD operating in either the P or S mode.

4.2.4 Chamber Washdown

After the completion of each experiment in the chamber, the walls

and other exposed surfaces (including the lid) were washed down with either
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hexane, alone or isopropyl alcohol followed by hexane. kV9n no water

V was present hexane was found to be effective. However, in those experiments

where aqueous solutions were used or water condensation had occurred,

hexane was unable to remove the water from the walls and metal parts of

the chamber. It was necessary to use isopropyl alcohol first to dissolve

E. the water droplets in the alcohol and then rinse with hexane. Either

the hexane wash or the water-isopropyl alcohol-hexane wach mixture were

collected through the sump of the chamber compartments. The volume of

the collected samples were reduced first by rotary vacuum evaporation

V to about 5 ml and then by Kuderna-Danish concentrators to 1 ml. When

the isopropyl alcohol (bp 82.3 C)/hexane (bp 69 C) mixture was evaporated,

the isopropyl alchol remained behind as the solvent for the agent removed

during the washdown. The hexane or isopropyl alcohol samples were analyzed

by GC/FPD operating in the S mode for HD and in the P mode for GB and

VX.

5.0 PROBLEM AREAS AND THEIR RESOLUTION

Early difficulties (low sensitivity and selectivity) encountered

using GC-FID (flame ionization detector) to analyze for the agent residues

remaining after decontamination of the low level spikes of stainless steel

were overcome with the dedication of a GC-FPD instrument.

In order to overcome the lack of the sensitivity of the flame

ionization detector for determining the small quantities of agent remaining

after decontamination of the low-level-spiked coupons, a 30-meter glass

capillary column was incorporated with a flame photometric detection system.

Its improved sensitivity, shown dramatically by comparison of Figure 1

with Figure 2, gave a detection limit of 0.1 microgram/ml for each agent.

Battelle has shown that the glass capillary column is reliable for the

determination of VX despite the tendency of this compound to adhere to

untreated glass surfaces. This method of VX analysis is currently being

used by USATHAMA.

6
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FIGURE 2. GLASS CAPILLARY COLUMN CHROMATOGRAPH OF THE SAME
SAMPLE OF GB IN FREON (FPD)
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6.0 CONCLUSIONS AND RECOMMENDATIONS

The analytical methodology based on the extraction of agent contami-

nated or treated substrates with hexane or methylene chloride is a viable

alternative method to the vapor sampling method. It has been demonstrated

to be reliable and reproducible when the samples are analyzed by GC-FPD

for GB and VX and GC-HaIi Detector for HD.

In any further demonstration of the effectiveness of structure

decontamination processes in the field, and perhaps when it is necessary
to demonstrate that residual agent has been removed from a structure.

I.. The Extraction/GC-FPD analytical method can prove to be a reliable alter-

native to the impinger-air sampling technique employing the less specific

enzyme inhibition colorimetric method for analysis. For these reasons,

Battelle recommends that the Extraction-GC method be considered for

certification by USATHAMA as part of any future demonstration program.
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