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SUMMARY

Equilibrium adsorption isotherms were determined experimentally at
several temberatures using the agents GB, GA, and GF, the simulent
DMMP and also carbon " etrachloride and benzene. The adsorbents usedld
were Pittsburgh Activated Cerbon Co. "ype BPL and a "super activated"
Barnebey--Cheney coconut shell carbon. Efforts to predict adsorption
isotherms for the agents based upon the adsorptive behavior of the
simulents and using the relationship 1ln W = 1n Wy - B/BZ (T log Po/P)?
after Dubinin et al., were not successful. This was because plots
of the experimental data as ln W vs. (T/B log Po/P)? were not linear
as implied by the equation., Despite this reasonably good isotherm
predictions were obtained by assuming that the resultant curves were
characteristic of the particular adsorbent and by working directly
from such plots. Values of the term B which represents the strength
of the adsorptive interaction of a psrticular adsorbate relative to
that of a reference adsorbate were determined experimentally. This
was done by adjusting the value until the best fits were obtained
between the predicted isotherms and the experimental data for the
Pittsburg carbon. The same values were found to produce reasonably
good fits for the "¢ jser activated" carbon., Values of B calculated
from the ratios of molar parachors did not lead to acceptable
isotherm predictions in the cases studied.

The present work indicates that the adsorption properties of a
carbon can be characterized by a plot of ln W vs. (T log Po/P)?
using adsorption data for a reference adsorbate. The adsorptivity
of another adsorbate relstive to that of the referznce material
should be determined experimentally. Such relative adsorptivities
are expected to be independent of the adsorbate for most carbons.

The physical and adsorptive propverties of an activated carbon impreg-
nated with siloxane resins were investigated. Such impregnation
caused a large "“oss in surface area and adsorptive cgpacity but did
not selectively increase the hydrophobic properties of the carboen.
Deposition of ihe resin appeared to have t: <en place principally

in the larger pores and resulted in the biockage of a portion of

the micropores.

Flow adsorption experiments were performed using the Pittsburgh
Type BPL carbon and the simulent DMMP. Predictions of the break-
through properties of this system were attempted for a range of
adsorbate/sir concentrations around 100 ug/l and at linear velo-
cities of flow of about 90 cm/sec. These predictions were based
upon the theoretical methods of Wheeler and of Alien and Joyce and
neither was found to yield accurate description of the experimental
breakthrough curves, It is thought that the results may have been
adversely influenced by the very high experimental flow rates.

gt g REAG




TABLE OF CONTENTS

Technical Discussion luge
I. INTRODUCTION T

IT. EQUILIBRIUM ADSORPTION

A. Background 7

B. Experimental 8

C. Results of Ixperimental Measurements with 13
Agents and Simulents

D. Equilibrium Adsorption Measurerients with 2L
Other Adsorbents

E. Summary of Results of Equilibrium Experiments 56

III. PEYSICAL AND ADSORPTIVE PROPERTIES OF IMPREGNATED CARBONS

A, Effect on Activity T2
B. DPorosity lMeasurements T2
C. Water Adsorption Th

IV. DYNAMiC ADSORPTIOK STUDIES

A. Apparatus 75

B. Experimenial Procedure 80

C. Systems Studied 82

D. Results of Flow Adsorption Experiments 82

E. Methods of Analysis of Breakthrough Data 85

I, Discussion of Flow Adsorption Results 95

V. GENERAL SUMMARY 98
Nomenclature 101
Literature Cited 103
Distribution List 105
Document Control Date - R&D, DD Form 1473 With Abstract 107

and Keyword List

FIGURES
1 -~ Adsorption Apparatus 9
2 = Thermistor Manometer Calibration for GB 11
3 - Test of (8AF/8T)y = 0 for PCC 14
L -~ Test of (6AF/8T)y = 0 for BC 15
5




WO o= S

10

TR te e

Characteristic Curve for DMMP® on 1'LC
Charaecteristic Curve for GB on I'CC

Characteoristic Curve for MMD An L
agracterigtic Curve for DIMP on 2O

Characteristic Curve for GB oa BC

Characterisztic Flots for Adsorbates on PCC

Affinity Coefficients Calculated from I'arachors
Characteristic Plots for Adsorhbates on BC

Affinity Coefficients Calculated from Parachiors
Characteristic Flots for Adsorbates on PCC
Empirical Affinity Coefficients

GB on PCC - Adsorption Isotherms

GA on PCC - Adzorption Isctherms

GF on PCC - Adsorption Isotherms

Characteristic Plots for Adsorbates on BC

Empirical Affinity Coefficients

GB on BC - Adsorption Isotherms

GA on BC - Adsorption Isotherms

Characteristic Curve for CCl, on PCC

DMMP on PCC - Adsorption Isotherms

GB on PCC - Adsorption Isotherms

GA on PCC - Adsorption Isotherms

GF on PCC - Adsorption Isotherms

Characteristic Curve for CCly on BC

DMMP on BC - Adsorption Isotherms

GB on BC - Adsorption Isotherms

GA on BC -~ Adsorption Isotherms

Benzene on PCC - Adsorption Isotherms

Benzene on BC - Adsorption Isotherms

H,0 on Resin Impregnated Sample No. § at 20°C

H,0 on Resin Impregnated Sample No. 11 at 20°C

H20 on Control Sample at 20°C

Elements of ¥Flow Adsorption Apparatus

Bed Flow Characteristics

Typical Detector Response Curves

Characteristic Curves for Adsorption of DiMP on PCC
Breakthrough Curves for OMMP on PCC - Run
Breakthrougk Curves for DMMP on PCC - Run
Breakthrough Curves for DMMP on PCC - Run
Breakthrough Curves for DMMP on PCC - Run
Breakthrough Curves for DMMP on PCC - Run
Breakthrough Curves for IMMP on PCC - Run
Correlation or Breakthrough Results with Wheeler's
Equation

NN W N

16
17
1R

19

“«

35-~37
38-Lo
Lo

L3-Ls
LE-LS
L9-51
5254

57-59
£C-62
63-65
€6-6G8
69-T1
7€
7
78
79
81

a2
us

87
89
91
92
93

96




IT.

GORPTION PROPERTIES OF ACT1IVATED CARBON
Technical Discussion

INTRODUCTION
This report covers rescarch efforts made in three areas of study:

1., Equilibrium adsorption studies were made to investigate methods
of predicting the adscrptive capacity of activated carbou for
CW agents. By such methods the relutionship between the capa-
city of a given carbon, the temperature of adsorption and the
concentratior Of a given agent might Le culculated from physi-
cal properties of the agent and adsorptive properties of the
carbon determined previously with nontcxic sinulents.

2. Dynamic adsorption studies were performed to test methods of
determining adsorption kinetics parameters and predicting the
adsorptive performance of packed carbon beds. Such methods
would fird use in estimating the service life of protective
devices under a variety of service conditions and provide
insight into the design of such devices.

3. The physicul and adsorptive properties of siloxane impregnated
activated carbons were investigated to delermine the effects
of this special tieatment. By impregnation it was intended to
alter the water adsorption properties of carbon to maintain
capacity for CW agents under wet conditions.

Each cf the above areas are discussed separately in the following
sections. :

EQUILIBRIUM ADSORPTICHN
A. Background

The moust successful theory leading to an analytical description
of equilibrium vapor phase adsorption on activated carboas is
that of Polanyi and Dubinin, which in its present stage of
development has been called by Bering, Dut:inin, and Serpinsky
the "Theory of Volume Filling Micropores." (1) According to
this method, the volume, W, of condensed adscrbate in the
micropores of an adsorbent at « pressure F is given by

;= B oy Poy2
In¥ = 1n Vo - =2 (T log = )4, f11

i o0
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where Wn and B are constantve related to the pore structure of the
sdsorbent &nd are independent of the adsorbate. Pc is the normal
iiquid vapor pressure of the adscorbate at the temperature, T, of
adsorption, £ 1s a constant whick compares the strength of the
adsorptive interaction of the adsorbate to that of scme reference
substance. It is apparent that i1f one measures the adsorpticn
isotherrn of one vaper on a particular carbon, the characteristic
constants of this adsorbent, We and B, may be determined by
assuning B = 1. The equetion then contains the necessary infor-
mation to calculate the adsorption isotherm of cther vapors on
this carbon if one knows the strength of adsorpticn relative teo
that of the adsorbate for which B was tcken as unity. Since it
is & premise of the theory that the adsorptive interaction arises
due to dispersion forces (nonspecific van der Waals' forces) the
relative strength of the interaction should te givern by the rela-
tive polarizapilities of the adsortates. Iacxking specific infor-
mation on polarizabilities, their ratios mey be approximated by
the ratio of molar volumes, or betier, by the ratic of molar
volumes corrected for compression due tc irnitramclecular Ifrr-e

The latter is defined by the ratio of parachors. With par
data which are determined from easily measured physical pr
ties, one can, if the theory holds true, calculate =adsorp
isotherms for any adsorvste on any carbon on wnich isscther:s
data has been cbtained for a reference vapor. Tlurtherrore,
since temperature is explicit in the eguation, Lhe lemperature
for vhick these calculations are made neecd not be the zame as
that uced for the reference isotheria.

In the past, good results have been chiuairned using this
to correlate the adscrption performance cf many cermen
The predictive value of this theory has now been tes
agenrvs GBy, GA, GF, and a sirmulent, DM,
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Experimental

Adsorptiox isothrerms were measured on a Fitist
Carbon Jompany cerbon (PCC) at 20°, 30° and 40°C for GA, GB, GF,
and DMMP. Isctherms were also determined on a Barnebey-Chency
earbon {BC, additionally activated by Mine Saf :y Appliances
Research) at 207, 30° and 40°C for GE and DMMP, ani at 20° and
20°C for GA. These isotherms were measured over a pressure
range extending from a little less thun the liquid vspor
pressure to about 1077 torr.

urgh Activated
[e]

i. Ayrvarstus

The vacuurn apparstus vhich was used for these measurements

is shown schematically in Figure 1, It is made up of two
basic sectiouns, of which one is used for vapor handling
operations such as trap to trap distillation for degassing
adsorbates, and the other is ugsed for adsorption meesurements.
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This second section includes a McBain type adsorption balance
and a thermistor manometer sensor. he balance employs a
fused silica spring from which the carton sample ic suspendu:
and measurement of the mass of vapor adsorbed is made by
determining the extension of this spring with a cathetometer.
Repeatable accuracy of this balance is judged to be 0.1i0 mg.
The rermovable lower section of the balance case is attached H
to the apparatus by a Granvilie-Phillips metal flange sealed
with a copper gesket.

»f

!

The thermistor manometer which has been descrited previously
(2) was designed in this laboratory and is useful iu 2
pressure range of about 2 torr to 1x107° torr.

The adsorption balance system is connected to the distil-
lation and pumping section through an 8ll metal ultra-high
vacuwr valve (Granville-Phillips). Tt is an important
feature ¢f this epparatus that nc vacuum grease is present
in the measurement section. The slow outgassing or organic »
adsorbates from grease would mak=s very low rressure :
adsorption measurements impossikle.

It was determined in previous work in this laboratory (2)
that desorption measurements gave the most reliable results
at low pressures since the balance system was autcmatically
cleared of significant traces of air or low boiling impuri-
ties each time a dose was desorbed. As a nutter of safety
when using toxic agents, cdesorption was carried cut by con-
densing most of the adsorbate vapor into a "cryovpump.” This
is simply & removable glass tube which was connected tc the
mein vacuum manifold through a pair of large bore stopcocks.
By immersing the tube in liquid nitrogen the agents couid be
pumped off without contaminating the main vacuum line irag,

Frocedures

The experimental procedures involved ir measurements with ’
each vapor and adsorbent were practically identical. For

each adsorbate the first step was to distill the vapor from
trap to trap under vacuum in order to remove volatile gases,
Then, with no carbon sample in the balence case a small

amount of the liquid adsorbate was distilled into a U-trap
between the manometer sensor bulb and the balance case. In
order to calibrate the measurements for the particular vapor,
the adsorbate sample was then brought to a series of tempera-
tures between sbout ~-75°C and 20°C and the manometer indica-
tions were recorded at each temperature., Working from the
best available data on vapor pressure vs. temperature a cali-
bration curve was then constructed showing vapor pressure vs.
manometer reading. An example of such a calibration curve for
the agent GB is shown in Figure 2. Here the manometer indi-
cation in microamperes is plotted against GB vapor pressure.

10
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Following thie celibration procedure the U~tube wag pumped
out and a carbon sample was introduced into the halance case
where it was degassed by heating at 350°C for about 15 hours
under high vacuum,

The sample was then brought to a thermostat temperature for
which adsorption data were to be obtained and the degassed
adsorbate vapor was admitted until the carbon was completely
saturated. The metal vacuum valve was then closed and after
equilibrium, the pressure and amcunt adsorbed were noted.
Doses of vapor were then desorbed in a stepwise fashion and
the arount adsorbed and equilibriwrm pressure were recorded
at each step. At lower pressures where there was difficulty
in removing the adsorbate by simple pumping, the temperature
of the sample was raised as high as 100°C.

Experimental Samples
The adsorbents used in this work included the following:

(1) Pittsburgh Activated Carbon Company Type RPL in 12x30
mesh. This sample was supplied by Edgewood Arseral
frow Lot 6098.

{2) Barnebey-Cheney coconut based carbon which had been
additionally activated to 1L9% carbon tetrachloride
*alue by Mine Safety Appliences Research.

Chemical agents GB, GA, and GF wcre suppiied by Edgewood
Arserial in sesled glass ampcules. The purity given for
*hese materials was 96.6%, 99.6%, and 92%, respectively.
Since distillation in the vacuum apparatus involved taking
g middle fruction of distillate, the final purity as used
should have been somewhat higher btut the exact purity is

nct known. The simulent dimethyl methylphophonate (DMP)

was obtained from Virginia Carolina Chemical Company ard
carefully redistilled using a Podbielniek column. The purity
vas Judged to be sbove 99.5%.

One of the reasons for using a thermistor manometer in this
work was that the sensor is a low temperature resistance
device and would therefore not cause decomposition cf the
agents. However in the case of GA, decompositinn appears to
have occurred for other reasous. We found that it was impos-
sible to ohbtain steady equilibrium pressures at each point
on the desorption isotherms and that instead the rressure
incressed ccnstantly over periods as long as T2 hours.
Experiments showed that this effect was not due to air lesk-
age and blank runs with noc carben present indicated that the
decomposition was not catalyzed by the carben surface., How-
ever, the rate of decomposition was quite low and since the
volatile product was removed at each desorption point we
Judged that there was a fair chance of obteining valid
isotherms.

12




C. Results of Experimental Measurements With Cheucul Agents and
Simulents

In order that the characteristic equation In W = 1In W5 -
B/82 (T iog PO/P)2 succeed as a meapns of predicting adsorption
isotherms there are several conditions that must be met:

(a) The equation must correctly describe the way in which the
isotlierm is affected by temperature.

(b) The terms B and Wg must be constant and true characteristics
of the adsorbeunt and be independent c¢f the adsorbate.

{c) The term B must be a characteristic of the adsorbate
incdependent of the adsorbernt.

(8) The porosity of carbons to which the equetion is applied
must be such that most of the adsorption space is in micro-
pores, i.e., pores less than about 35 R in diameier.

l. Prediction of Temperature Effects

The earlier theory of Pclanyi upon which the above charac-
teristic equation is bas«=d stated that the free energy of
adsorption (going from bulk liquid to the adsorbed phase at
a censtant temperature) should be a temperature invarient
function of the volume adsorbed. Therefore a plot of

W vs. AF = RT 1n Po/P should yield a single line for data
obtained at any temperature. To test this, DMMP data on
the PCC and BC carbons were plotted for temperastures of 20°,
30° and 40°C. Figures 3 and 4 show that in these cases the
temperature predicting capabilities of the theory are quite
good., We have also found this to be generally true with
the other systems studied.

Equation [1] is written in such a form that if the terms B,
B, and Wy are constant, plots of 1n W ys. (T log Po/P)?
should be linear. Figures 5 - 8 show the results of plotting
these functions for some experimental date and it is easily
seen that linearity is not obtained. Onre generally expects
to find norlinearity for small values of (T log Po/l’)2 since
these correspond to high relative pressures and to adsorption
rrincipally on the part of the cutside of the micropore range.
However, in the cases shown, curvature exists throughout the
measured pressure range. Although adsorption outside of the
micropore range does affect all of the data it has generally
been found tnat corrections for surface adsorption do not
alter the linearity of characteristic curves at higher velues
of (T log Po/P)2. For the carbons used in this work it can
further be stated that the adsorption space outside the
microporz range is relstively small.

13
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The validity of the method as a predictive device does noi,
however, rest theoretically on the linearity of these plots. In
fact it can be shown that the linearity reguires a particular
type or adsorption energy distribution and there is no reason
that this distribution would necessarily be a natural ccensequence
of the msnufacture of activated carbon. Therefore the rethod
night still be useful if the assumption is made that while there
may be no unique value of B for a particular carbon, the adsor-
btent structure is accurately characterized by the whole curve
given by plotting 1n W vs. (T/8 log Po/P}2. Thus, these curves
for different vapor on the saic carbon should coincide with one
snother provided that the "affinity coefficient" 8 is properly
selected.

Using values of B calculated by the ratio of the parachcrs cf
GA, GB and GF to DMMP, the cnmbined adsorptior data for all of
these vapors are shown in Figure 9 for the PCC carben and
Figure 10 for BC carbon. It is seen that the bulk of these -
data does not coincide with those for DMMP.

It must be remembered, however, that the use of parachors to
calculate the relative strengths of the adsorptive interactions
is only an appreximation. We therefore attempied tc determine
if there was another numbter which would produce the desired
coincidence. The result of this is shocwn in Figure 11 for PCC
carbon where it is seen that adjustments in the values of &
could produce a reasonably close match between characteristic
curves. The empirical values of B required to produce coinci-
dence are listed in Table I along with the values calculated
from the parachor vatios. It should be noted that the empirical
8 for GB was listed in earlier repcrts as 1.1C but that the
characteristizs curve upon which this was based was somewhat in

oYy 58 that the value gpiven Lelow 1s more accurate.

TABLE I

AFFIKITY COEFFICIENTS CALCULATED FROM PARACHORS
AND BY CURVE MATCHING WITH PCC DAT

B from Parachors Empirical B
DMMP? 1.00 1.00
GB 1.10 1.0k
GA 1.36 1.70
GF 1.4k 1.77

In order to give a more meaningful picture of the coincidence
cbtained, isotherms were predicted for the agents using the
DMMP charscteristic curve ard the empirical values of B. The

20
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results for GR, GF end GA arc shown in Figures 12, 13 and 1b,
respectively, where the lines represent the predicted isotherms
and the points show experimental data. These predictions are
seen to be reascnably good with the exception of GA at Lo°C.
Problems with GA may be related to the decomposition effects
ncted above,

If the empirical values of B are true characterictiecs of the
adsorbates, then it shouvld be possible to use these values to
ohtain coincidence between the chavracteristic curves of other
carbons and to predict other iscthermz. The characteristic
curves for DMMP, GA and GB on the BC carbon are shown in

Figure 15. The values of B used are the empirical values shown
in Table I. The resulting adsorption isoctherms predicted from
the DMMP characteristic curve are shown in Figure 16 faor GB and
in Figure 17 for GA. It appears from this that the affinity
coefficients determined fcr the agents from the results of worx
with the PCC carbon were reasonably successful in describing
the relative adsorptivity of GB and GA on the BC carbon. This
result is especially encouraging because of the very large
differences in pore structure between tie two carbons.

Equilibrium Adscrption Measurements With Gther Adsorbates

Another phase of the experimental program was intended to
investigate the eflects of adsorbate properties such as chemical
type upon the shape of characteristic curves and trends in the
affinity coefficients.

e adsorbates which were to be used were common corganic vapors
havirg relatively well defined physical properties and gooé
stabilities. They were also guite veolatile relative to the
previously investigated agents and auxiliary prescsure measuring
instruments were installed in order to determine isotherms at
pressures sbove the range of the thermistor manomester. The
mancreter used for this was a Granviile-Philliys capacitance
mancmet2r which had a differential pressure range of 100 torr.
Originally this instrument was cslibrated against an accurate
mercury U-tube manometer and a wide range McLeod gauge so that
direct readings might be made but i1t was discovered after =
considerable amount of work had been expended that the instru-
ment would not hold its calibration and that readings haa to

be made by a null balance technique. Because of this and other
experimental difficulties the only data in which much confidence
can be placed are those for carbon tetrachloride and benzene on
the PCC and BC carbons.

Because the original objectives could not be realized with these
date, it was decided to find out how well isotherms for GB, GA
end GF and the simulent DMMP could be predicted using charac-
teristic curves for carbon tetrachicride on the PCC and BC
carbors. Because of the great differences in properties
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between CC1l, end the G agents, CCl, is not generelly thought of
s a simulent, However if there is general validity to the use
cf the Dubinin method, this vapor might be suitable as fer as
adsorption is concerned if the degree of nondispersive adsorp-
tion interactions is low in agent adsorption. There would be
some advantages in using CCl, as a simulent with respect to
ease and accuracy of isotherm wmeasurements. The vapor pressure
ot the liquid is relatively high sc that characteristic curve
data corresponding to very low agent pressures could te
obtained without actually having to measure these low pressures.
Carbon tetrachloride is also easily obtainable at high purity
and its physical properties are well defined.

Isotherm predictions made for the PCC carbon using the experi-
mental characteristic curve for CCly, (Figure 18} are shown in
Figures 15 - 22 for DMMP, GB, GA and GF, respzctively. The
vulaes of B used were obtained by finding the relstive strength
of the interaction between CCly, and IMMP by matching charac-
teristic curves cn the PCC carbon using CCl, as the reference
malerial. The resulting factor was then used tc multiply values
o7 B for the other agenls determined previously with reference
to DMMP. Values of B for the CCl; reference are listed in

Table II along with those values calculated [rom parachors.

TAELE IT

VALUES OF 8 WITH REFERENCE TO CCl,

Empiricsl From Pareschors
CCL, 1.00 1,00
MP 1.06 1.20
G3 1.10 1.32
1.80 1.63
1.88 1.73

In Figuwes 19 - 22, the predicted isotherms are shown as solid
lines and the points represent experimental data. It is seen
that in general the fits obtained are fairly geood with the major
deviation occurring at the higher pressures where the CCl,
charactzristic curve does not seem to have the same shape as
that for DMMP. An exception to this occurs wiih the data for
CA, although these may have been influenced by decompositicn.

Predictions were also made for the BC carbon based upon CCly
data. Values of B were independently determined by matching
the DMMP data with the CCly characteristic curves show in
Figure 23 and ir this case the B8 for DMMP was 1.05. This value
was chosen to fit ihe data in the low pressure range and the
correspondence in other ranges might lock better if a slightly
higher B had been taken. In any case, it is seen that there is
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a favorable comparison between the values of £ for D07 og
cetermined from CCi. data on each cof the carbons. Tredicted
isotherms are shown with the experimental datur points in
Figures ol — 26, R values for CR and GA were calenleted fo be

the same as those shown In Table IT. It is seern that except
for GB, the predictions are not as gecod as tor the PCC cerbon
although differences between the predicted and measured
arounts adsorbed for the sgents are generally lesg than about
107%.

Attempts made to predict benzene isotherms from CCl, data were
not very cuccessful as seen in Figures 27 and 28 for the PCC
and BC carbons, Wwhile the shares of the predicted isctherms
fcr the other adsorbates studied were the same as the actual
data and correspondence could therefore be achieved by proper
selection of R, the shape of the actual benzene isotherm
appears to be considerably different than that predicted fron
CCl, data. The reason for this difference is not known
although the bvenzene isotherm has the appearance of isotherms
which exhibit hysteresis due to capillary cordensation. Fron
this it does not aprear that benzene would make a suitable
simulent for the adsorption of G agents,

Summary of Results of Equilibrium Adsorptior Experimerts

The agen® adsocrption isotherms which were measured experi-
mentally could be predicted with fair accuracy by using the
entire characteristic curve of a simulent to define the
edsorptive prcoperties of the adsorbent and by using an exper-
mentally determined factor tc define the relative interaction
strength of the adsorbate. At presert it does not seem possi-
tle to calculate accurate values of B from physical properties
of the agents. However, experimental measuremert would no
doubt be too difficult. The term 8 can be determined for a
particular vaper under test by tinding the amount adsorbed at
a single pressure., Comparing this pressure to that of the
reference vapor at the same volume adsorbed in the following
manner yields B:

(T log Po/Pliagt
(T log Po/Plreserence |y

Because the experimentally determined characteristic curves

were not linear, the charvacteristics B and Wpo which define the
nature of the adsorbent had no meaning in this work. However,
where non-linearity occurs it appears posqlble to work directly
from plots of ln W vs, (T/8 log Po/P)2 in constructing piredicted
isotherms.
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III.

Samples of the PCC carbon which had been impregnated with siloxane
polymer-~ to alter its water adsorption properties were characterized
by the following methods:

1. Carbon tetrachloride activity

2. Surface area and pore size distributlions by nitrogen
adsorption

3. Pore-size distributions by mercury penetration

L, Vater adsorption and desorption isotherms.

The semples investigated included "Sample 9" impregnated witn

0.133 gm methyl trichlorosiloxane per grem carbon, and "Sample 11"
containing about 0.17 gm of a 2:1 weight ratio mixture of direthyl
dichlorosiloxane and methyl trichlorosiloxane. These samples, whick
were prepared by Mr. A, C. Oglesby at Edgewood Arsenal arc compared
with the unimpregnated 50x150 mesh base materisl.

A, Effect on Activity
The effect of impregnation on two of the standard measures of
sctivity, carbon tetrachloride value and surface area are shown
in %Table III.
TABLE III
EFFECT OF IMPREGNATION ON ACTIVITY

CCl, Activity (%)  BET Surface Area (m?/gm)

Contrcil 62 1058
Sample 9 38 651
Sample 11 L2 L99

From this it is seen that impregnation produced a considerable
loss in adsorbent-activity.

B. Porosity Measurements

In an effort to determine how the resins were distributed
within the carbon pore structure, pore volume measurements were
made both by nitrogen adsorption and by mercury intrusion. The
results were not conclusive but it is suspected that most of

the resin is contained in the macropores and larger transitional
porss which are not specificalliy involved in the adsorptiocn
vapcrs. The observed loss in surface area is thought to be
largely due to blockage of the micropores.
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An analysis of the mercuwry porosimeter data was made in the
fellowing way:

(1) Thc pore volumes in a range of nore sizes from 60
to €.012 micron was determined per gram of resin
treated sample,

(2) From similar porosimeter data using the untreated
carbon, the pure volume distributions for the amount
of carbon in a gram of the impregnated sample was
calculated.

{3) The differences between the above items were calcu-
lated and the total difference coripared with the
volume of resin present in a gram of the impregrated

raterial.,

Table IV shows these calculations for famplie 9 containing ¢.133
gm resin/gm carbon.

TABLE IV

ANALYSIS OF MERCURY POROSIMETER FOR SAMPLE

Volume* in Volure* in
Pore Size Range Treated Sample Carbon Alone Difference
{(microns) {ce) (ce) (ce)
0.012 0.0zk 0.030 + 0.006
.020 . 057 .CT70 ,013
. 100 .029 .029 .0CC
.200 .100 .13k .03h
1.00 .0k2 .0kh9 00T
L.00 .G21 .028 007
10.00 .036 .0l .00%
20.00 173 07 - .0€6
40.00 .218 L267 .0L9
60.00 up .253 . 265 .012

.067 TOTAL

¥Volume between stated size and next higher size.

The total difference of 0.067 cc obtained in this way is at
least similar to 0.078 cc, the volume of resin in the sample
assuming a resin density of 1.50 gm/cc.

When the same kind of analysis was attempted for Sample 11,
however, it wss found that in each pore size range the treated
sample had more volume than the predicted amount of carbon in
the sample based upon a 1T7% loading. These are some pcssible
reasons for this:
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The porosimeter data cannot be trusted,

~ o~

Surface coating outside the pore-size range investi-
gated might have resulted in partial blockage of very
large pores which would then have been obLserved as
smaller pores within the Inctrument range.

(3) Tke amount of resin present was less than 17%. In
order to account for the error the resin loading herc

would have had to be less than on Sample 9.
It is suspected that each of these is true to some extent.

An analysis was alsc uwade of pore-size distributions obtained
from nitrogen adsorption data by the method of Roberts. (3) In
this case the volumes in a series of pore radius ranges from
1000 X to 10 K were compared as ratios on the basis of equal
activated carbon content. It waz found that in each range below
about 500 £ the ratio of the volume of the treated sample to
that in the untreated carbon was roughly constant., This was
true for both impregnated samplec and indicates that nitrogen
was denied access to a fraction of the smaller pores because of
blockage in the larger pores to which they were connected.

A clear case for pore blockage can also be seen by comparing the
volumes of nitrogen adsorbed near saturation for the treated and
untreated samples. Table V shcws the volumes ottained for
Samples 9 and 11, the volume in the same amount of untreated
carton as contained in these samples, and the volume of resin
actually present. The resin volume . considerably less than
the loss in pore volume due to impregnation,

TABLE V

NITROGEN VOLUMES NEAR SATURATION

Measured Caroon Resin

Sample Volume Volume Difference Velume
9 0.361 0.52k 0.163 0.078

11 281 .508 227 .097

C. Water Adsorption

The interaction between water molecules and s pure carbon
surface is relatively weak at normal temperatures. However,
activated carbon always contains chemical groups which are
polar or able to form hydrogen bonds with water and thus inter-~
act much more strongly than pure carvon. Water adsorption may

Th '
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Iv.

therefore be viewed as an initial adscorption on specific sites
followed by intramolecular interactions betwcen water molecules
to form clusters. With increasing pressure, thesce clusters
grow and finally merge to coat cepillery walls continuocusly.
Capillary ccndensation effects arc then observed since the con-
tact angls between liquid water ani the water coated walls is
Zero.

An indication cf the extent of surface coverage Ly hydrophilic
sites may be cobtained by observing the amount of water adsorbed
at a relative pressure of 0.50. (%) TFrom the adscrption/
desorption isotherms shown in Figure 29 for Sample 9, Figure 30
for Sample 11 and Figure 31 for the untreated control sample,

it can be seen that impregnation had little effect on the amount
adsorbed at /Py = 0.50, and in fact produced a slight increase
in Sample 9. The overall reduction in the amount adsorbed at
saturation is due to a reduction in available pore volume.

It must be pointed out that while siloxanes will react with
hydroxyl groups which would indeed be hydrophilic sites, other
oxygen complex groups which do not react with siloxare also act
as nucleation centers for water adsorption. There are other
chemical mcthods of inhibiting water vapor adsorption which
offer more promise than resin impregnation although such treat-
ment might have value in surface coating of granules to prevent
drenching by bulk water.

DYNAMIC ADSORPTION STUDIES

Efforts were made to test experimentally two methods which have
appeared in the litersture which are designed to predict the break-
through of adsorbates from packed beds.

A. Apparatus

The apparatus used in this work has been fully described
previously (5) but its basic elements are shown in Figure 32.
High quality air was obtained by passage through mechanical and
molecular sieve dryers, a carbon bed, and a particulate filter.
The main air flow was metered into the system through rotameter
1. DMMP vapor was produced by bubbling air through the liguid
held at 20°C and then passing this over a saturated aludnum
wick held at the same temperature. The air/DMMP mixture, held
at 2.5 psig by a controller, was sdmitted to the column section
through rotameter 3. After passing through the bed most of the
gas escaped through a low pressure regulator valve but a small
amount was admitted tc a gas sampling valve through rotameter
4, By means of this valve, samples of the effluent mixture
were injected into the chromatogiraph for analysis. The
chromatograph used a flame ionization detector.
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Air purified by filtration through
carbon gnd molecular sieve beds.

1

Pressure contrcller

meintains 2.5 psig

allowing excess gas Rotareter 1
mixture to escape

¢ t] | l‘»Manometer

Y N
DIMMP vapcr generatcr sectlion
thernostatted at 20°C

Rotameter 2

+Manometer

Rotameter

i

eManome