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SPECTROSCOPIC ANALYSES AND PERFORMANCE

OF COPPER/ZINC IMPREGNATED, ACTIVATED CARBONS

L INTRODUCTION

The current adsorbent (ASC whetlerite carbon) used in industrial and
military air filters contains the impregnant hexavalent chromium. The hexavalent
chromium is reported to provide protection against cyanide compounds14 . Because
of the chromium, ASC Carbon is an EP Toxic Material under criteria established
by the Environmental Protection Agency. As a result, costly procedures are
necessary to dispose of the carbon filters. In addition, potential physiological risks
are posed by the carcinogenic chromium to personnel manufacturing the carbon and
the filters which contain the carbon, and to users of the filters should the filter
become damaged in use. An investigation is currently underway to develop new
impregnated carbons which do not contain hazardous impregnants for use in all
military air filters.

During the form, iation/optimization phase of the chromium-free carbon
development program, a number of promising chromium-free formulations were
prepared in the laboratory. Of these, a formulation of 6% copper, 0.05% silver, 6%
zinc, and 3 to 4% triethylenediamine (TEDA) was determined to provide the best
purification performance for chewial warfare protection. This material is
designated ASZ carbon. While not quite as effective as ASC carbon in removing
hydrogen cyanide from air, an acceptable level of performance was measured from
the laboratory prepared sample. A mini-production lot of the ASZ carbon was then
manufactured using pilot plant scale equipment. The production scale lot was
found to provide inadequate protection against hydrogen cyanide because a reaction
product of hydrogen cyanide, namely cyanogen, broke through the bed prematurely.
Cyanogen is formed by the reaction of the copper(H) impregnant with hydrogen
cyanide"'2 . Subsequent testing of the laboratory prepared carbon showed that Pfter
extended exposure to moist, warm air, premature cyanogen breakthrough aLso
occurred.

The objective of this study was to characterize the two ASZ samples in an
effort to:

I) Determine the difference in the physical properties which
account for the difference in the performance between the
laboratory and pilot plant prepared ASZ carbon samples.

2) Correlate the physical pruperties of the laboratory ASZ sample
to its performance against a hydrogen cyanide challenge.

3) Determine the cause for the decreased hydrogen cyanide performwnm.e
of the laboratory ASZ sample following prolonged humid aging.

9



2. EXPERIMENTAL METHODS

L.i Materials.

Four activated, impregnated carbon samples were obtained from Calgon
Corporation (Pittsburgh, PA). The first material was prepared in a laboratory scale
batch and will be referred to z laboratory prepared ASZ. The second sample was
prepared following a similar procedure as the first, but was prepared in a pilot plant
scale batch. This material will be referred to as pilot plant ASZ. Both ASZ
materials contained 6% (by weight) copper, 6% zinc, and 0.05% silver. The
laboratory sample contained 4% triethylenediamine (TEDA) by weight while the
pilot plant sample contained 3% TEDA by weight. The third impregnated carbon
sample contained 12% copper by weight, with copper being the only impregnant.
This material will be referred to as the copper reference sample. The fourth
impregnated carbon sample contained 12% zinc by weight, with zinc being the only
impregnant. This material will be referred to as the zinc reference sample. All
samples were received as 12-30 mesh (U.S. Standard Sieve) granules.

The difference in the method of preparing the laboratory and the pilot plant
ASZ sample was the drying procedure. The laboratory sample was dried in a tray
in an electrically heated oven with the temperature programmed to increase
gradually up to a peak of 175 * C over a period of several hours. The pilot plant
sample was dried in a vibrating fluidized bed drier in which the carbon passed
through heating zones of increasing temperature, again reaching a peak of 175 * C.
This drier was fluidized by air directly heated by the combustion of natural gas, and
thus the air contained products of the combustion reaction.

A copper oxide/zinc oxide carbon sample was prepared for zse as a reference
in the XPS studies. This sample was prepared by heating the pilot plant ASZ
sample in hydrogen at 300 * C for 15 hours. This treWment results in the
reduction of the zinc and copper complzexes to the zero oxidation state. Following
reduction, the sample was cooled to room temperaturm in flowing hydrogen. Once
at room temperature. the hydrogen flow as discontinued and the sample was
exposed to dry, flowing air. The sample was then heated from room temperature to
250 * C in one hour, with this temperature being maintained overnight. This
procedure will result in the formation of copper arnd zinc oxides. The copper
oxide/zinc oxida carbon sample will be referred to as reference copper oxide or
reference zinc oxide sample.

28 Spectroscopic An4cysis.

X-ray photoeiectron spectroscopy (XI'S) spectra were recorded using a
Perkin-Elmer Phi 570 ESCA/SAM system employing MgK X-rays. Samples of the
12 - 30 mesh granules were analyzed for carbon, zinc, copper and oxygen. The
concentration of silver was below the detection limit of the instrument, and
therefore silver was not analyzed. Samples were dried in dry, flowing air for 4 hours

10



at room temperature prior to mounting and placing into the introduction chamber
of the analysis unit. Once in the introduction chamber, the samples were evacuated
(10-6 ton') overnight, then placed into the analysis chamber and analyzed. All
binding energies are reported referenced to the carbon Is photoelectron peak at
284.6 eV. Atomic ratios pertaining to elements of interest were determined by
employing sensitivity factors supplied by the manufacturer.

Energy dispersive X-ray spectroscopy (EDS) was performed using a Tracor
Northern 5700 EDS/WDS automation system interfaced with a JEOL 35CF
scanning electron microscope. All data were recorded using 20 KeV electron
accelerating voltage and count rates of 1500 to 2000 per second. EDS spectra were
recorded for samples as-received (12-30 mesh granules) and for samples which had
been bisected with a diamond knife. Six granules of each sample (laboratory and
pilot plant ASZ) were analyzed in an effort to determine the homogeneity of the
impregnation process in going from granule to granule, and to provide a statircical
average of the results. In all cases, six different regions of a given granule were
analyzed using an analysis area of approximately 150 by 190 jsm. Detrimental
effects of surface topography were minimized by taking into consideration the
experimental geometry and the shape of the background X-ray envelope.
Quantitative results from the six different analysis regions for the six granules
(analyzed as-received and bisected) were averaged. Quantitative results were
obtained by using the quantitation routine available with the instrument. In
addition to the EDS analyses, each region was analyzed using scanning electron
microscopy imaging in both secondary (SEM) and backscatter (BEI) modes.

2.3 Adsorption Measurements of ASZ Carbons.

Adsorption isotherms were recorded at 25 0C using 1,1,2 trichloro, 1,2,2
trifluoroethane (CFC-113) for the laboratory, pilot plant, and aged (76 days)
laboratory ASZ carbuon saanples. Data were measured using a modified version of
the closed-loop apparatus employed in previous studiess.

2.4 3rBakthrough Time Measurements.

TI e reactivities of the carbon samples were determined by cyanogen
chloride ard hydrogen cyanide breakthrough tests. For both the hydrogen cyanide
and cyanogw,- chloride brcakth-ough tests, the carbon was equilibrated prior to the
reactive challenge with 80% RH air at 320C flowing at a linear velocity of
approximately 10.0 cm/s ovurnight. This velocity corresponds to ca. 50,000 column
ve',mes and is expected to q.pproa.h equilibrium loading according to previous
experience. The cyanogen chloride test was performed on a 3.0 cm deep bed at 80%
RH, 24 0C with a feed concentration of 4 mg/l and a linear velocity of 9.6 cm/s.
The breakthrough time iG define' as the time at which the effluent cyanogen
chloride concentration exceeds approximately 8 /Ag/l. The hydrogen cyanide
b.eakthrough test was performed using a 3.0 cm deep carbon bed. Hydrogen

• •---•I11



cyanide was challenged to the carbon bed with a concentration cf approximateiy
10 mg/l in air at 24 * C (RH = 50%) flowing at a linear velocitf of 6.2 cm/s. The
breakthrough time of both cyanogen and hydrogen cyanide were reco-iled from the
hydrogen cyanide challenge. The cyanogen breakthrough time is defined as the
time at which the effluent concentration of cyanogen exceeds approximately 8 sg/1.
The hydrogen cyanide breakthrough time is defined as the time at which the
effluent concentration of hydrogen cyanide exceeds approximately 4 jhg/l.

8.5 Humid Aging of ASZ Carbons.

Approximately 50 g each of the laboratory and pilot plant ASZ carbons
were loaded into separate filter canisters. The filter canister is approximately 10 cm
in diameter. Filling the canister with 50 g of carbon results in a bed approximately
1.0 cm deep. Once filled, the canisters were then placed in an environmental
chamber which was designed to circulate humid air through the filled canisters. The
humid aging was performed at 32 0C and 85 ± 5% RH air. Approximately one
gram of each material was removed from the canister every' seven days for surface
analysis. Following removal, the sample was dried in dry, flowing air at room
temperature for a minimum of fc ' holmrs prior to analysis by XPS, This step was
performed because it was felt -t -. cposing the humidified sample to the high
vacuum of the XPS analysis unit may alter the sample.

3. RESULTS

5.1 Impregnant Speciation.

Figures 1 compares the XPS spectra of the copper 2p photoelectron region
bi the ASZ samples (laboratory and pilot plant) to that of supported copper
oxide/zinc oxide. Figure 2 compares the XPS spectra of the zinc 2p photoelectron
region of the ASZ samples to that of the supported copper oxide/zinc oxide sample.
The XPS spectra corresponding to the Zn L SM45M S auger line are reported in
Figure 3 for the laboratory and pilot plant ASZ samles, and the supported copper
oxide/zinc oxide sample. Binding energies for the elements of interest are reported
in Table 1.

Table 1
Binding Energies for Elements Associated with ASZ Carbons

t Laboatory Pilo Pant. CQI.Z)
Cu 2p3/2 934.2 934.4 933.9
Zn 2p3/2 1022.2 1022.1 1022.4

Zn L31A4. 266.0 , , 265.7,, 2&5.7

: 1 2
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Fig"e 1. XPS Spectra of the Copper 2p Photoelectron Region for Laboratory
and Pilot Plant ASZ Carbon, and Copper Oxide.
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3., Impregnant Distribution.

Figure 4 shows an SEM and corresponding BEI of a representative
laboratory carbon granule which has been bisected in half. A BEI image is similar
to an SEM image, but highlights the heavy elements (copper and zinc in this :ase).
The bisected surface is at the left of the image and can be seen as the dark surface
in the BEL The BEI imae is presented edge-on in order to qualitatively illustrate
the difference between the impregnant density present within the granule and at
the external surface. A BEI of a bisected laboratory granule normal to the X-ray
beam is shown in Figure 5. The thickness of the 'ring' of metallic elements
outlining the granule varies between 25 and 75 pm. Figure 6 shows an SEM and
corresponding BEI of a representative pilot plant carbon granule which has been
bisected. The dark region in the BEI corresponds to the bisected surface. Figure 7
shows a high magnification BEI image of the external surface of a pilot plant
granule. EDS microbeam analysis indicate that the rod-like structures consist
primarily of zinc. No large (greater than 0.1 1m) particles of copper were detected
at the external surface of the granule.

Table 2 reports the quantitative XPS and EDS analyses, in the form of
elemental (atomic) ratios, for the laboratory and pilot plant ASZ carbon samples.
XPS data are reported for samples analyzed as granules. EDS data are reported for
the external surface (referred to as surface in Table 2), and along the bisected
surface (referred to as bulk in Table. 2) of individual carbon granules. Quantitative
values are reported relative to silicon because the detector associated with the
instrument omits elements with molecular weights below sodium. A different
production lot of base carbon was used in preparing the two ASZ samples. Because
of this, the silicon content from each batch may be slightly different. Comparisons
involving the metal to silicon ratios between the laboratory and pilot plant samples
may therefore prove misleading. All data are reported for samples following 18
hours of humid aging, in order to be consistent with the reactive gas testing.

16



A__

Figure 4. BEI (a) and SEM (b) Images of a Bisected Laboratory ASZ Carbon
Granule on Edge. The bisected surface is at the left of the image.
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Figure 5. BEI Image of a Bisected Laboratory ASZ Granule. The bisected sur-

face is perpendkula to the feld of view.
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Figure 6. BE! (a) and SEM (b) Images of a Bisected Pilot Plant ASZ Carbon
Granule on Edge. The bisected surface is at the right of the Wmage.
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Figure 7. BEI Showing Rod-like Crystals of Zinc Oxide at the External Surface
of a Pilot Plant Prepared Carbon Granule.
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Table 2
Quintitative EDS aMd XPS Anases of Laboratory and Pilot Plant ASZ Carbon

EDS Anal=u
Laborator Pltla

MW JbfSirac Balk
Cu/Si 3.02 2.69 3.33 1.33
Zn/Si 6.13 2.46 5.51 1,2,
Cu/Zn 0.49 1.10 0.61 1.08

XPS CA XPS CA
Cu/C 0.031 0.013 0.069 0.013
Zn/C 0.162 0.013 0.174 0.013
Ca/Zn 0.191 1.03 0.40 1.03

Chemical Analysis

9.3 Adsorption Properties of ASZ Carbons.

Show-u in Figure 8 are the results of the isotherm measurements of CFC-113
adsorbed on the laboratory, pilot plant and aged (76 days) laboratory ASZ carbon
samples. The t-iults show that the adsorption capacity of the pilot plant sample is
slightly lower than (or at best equal to) the laboratory sample over the range of
concentrations measured. The difference in the capacity betwee. these two samples
is minimal. There is a lose in the adsorption capacity of the laboratory sample
following 76 days of humid aging, however, the change is not large enough to
dramatically affect the asworption equilibra.

3.4 Reactive Propertis of ASZ Carbons.

Table 3 reports the lydrogen cyanide, cyanogen (from a hydrogen cyanide
feed) and cyanogen chloride breakthrough times for the laboratory and pilot plant
ASZ carbon samples, and carbon samples consisting of zint only, copper only, and
the laboratory sample following 76 days of hurmid aging. The breakthrough times
for ASC whetlerite are reported for comparison.

21
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Table 3
Breakthrough Times for Impregnated Carbon Samples

Breakthrough Time (Min)

SapeHCN (CN) 2  C

Laboratory 32.2±0.7 17.9-0.5 58.0
Pilot 26.2±0.6 6.5±1.1 47.1

Supported Zn 18.3±1.3 t N/A
Supported Cu 2.0-±1.3 2.6±1.2 N/A
Aged Laboratory 24.9±1.3 4.3±1.2 N/A
ASC 3e.5±1.8 33.7±2.3 37.8

t Breakthrough concentration not exceeded.

S.5 Humid Aging of ASZ Carbons.

Figures 9 and 10 report the XPS copper-to-carbon and zinc-t>carbor,
atomic ratios, respectively, for laboratory and pilot plant prepared ASZ carbon as a
function of the humid aging time. Data reported in these figures are for carbon
samples analyzed a granules. Figure 11 reports the hydrogen cyanide and
cyamogen (from a hydrogen cyanide challenge) breakthrough times for the
laboratory prepared ASZ carbon sample sample as a function of the superficial
copper-to-carbon ratio. The superficial copper-to-carbon ratio was determined by
XPS analysis of the sample an a granule. This ratio was varied by the humiY aging
procesa. Data reported in Figure 12 corresponds to 1, 7, 34 and 76 days of humid

4. DISCUSSION

4.1 Impregnma Sp"iation.

XPS spectra are reported for the purpoe of identifying the oxidation state
and/or speciatimn of the copper and zinc impregnants. The quantity of silver
associated with the samples (les than 0.05% by weight) was below the detection
limits of the instrument and therefore tio data pertaining to the silver are reported.
The XPS spectra presented in Figure 1 indicates that the vast majority of copper is
in the +2 oxidation state for both the laboratory and pilot plant ASZ samples.
This is based on the binding energy of the copper and the presence of the satellite
shake-up peaks at approximately 944 and 959 eV6 . The copper 2 p XPS spectra
correspowiding to both the ASZ samples are siMilar, indicating a common copper
speciatlon for both samples. The copper 2p XPS spectra pertaining to reference
copper(1) oxide is reported for comparison. The binding energy of 933.9 eV
reported for copper oxide is coasstent with values repor' d in the literature6' 7. The

23
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binding energy of the reference copper(H) oxide sample is at a slightly lower binding
energy than that of the ASZ samples. There are also some slight differences in the
shape of the shake-up peaks. It is possible that the copper associated with the ASZ
samples is in the form of copper oxide. The differences in the XPS spectra may be
the result of an interaction between copper oxide and zinc oxide, or differences
resulting from the preparation of the supported copper(l) oxide sample. However,
the XPS data are inclusive as to the speciation of copper on the ASZ carbon
samples.

XPS data reported in Figure 2 compare the zinc 2 p photoelectron peaks
corresponding to the laboratory and pilot plant ASZ carbons, and the reference zinc
oxide sample. Note from the the figure that all peaks are present at approximately
the same binding energy. The position of the zinc 2p3 / 2 photoelectron peak is
relatively invariant to the oxidation state of zinc3 . For example, the binding energy
of the 2p /2 photoelectron peak for zinc metal is reported to be between 1021.4 and
1022.1 eV, while that of zinc oxide is reported to be between 1021.7 and 1022.5 eV.
As a result, the zinc 2p photoelectron peak provides little information pertaining to
the oxidation state of zinc. The L3M45M. zinc auger line is often used to
determine the oxidation state and/or speciation of zinc containing compounds, as
the position of this peak is more sensative to changes in the speciation and/or
oxidation state of zinc. As shown in Figure 3, the position and shape of the zinc
auger line is similar for all three samples illustrated in the figure. These data
indicate that zinc is in the +2 oxidation state, possibly existing as zinc oxide for
both ASZ samples.

From the XPS spectra reported in Figures 1 through 3, no difference in the
impregnant speciation between the laboratory and pilot plant sample is apparent.
XPS spectral data suggests that the zinc associated with the ASZ carbon samples is
in the form of zinc oxide. Copper associated with the ASZ samples is in the +2
oxidation state.

4.2 Impregwnt Distribution.

The BEI reported for the bisected granules (both laboratory and pilot plant,
see Figures 4, 5 and 6) indicate that at least one of the impregnants is concentrated
near the external surface of the granule. The 'ring' of impregnants near the
external surface of the granule varied between 10 and 75 gm in thickness.
Examination of the external surface of laboratory and pilot plant granules revealed
high concentrations of rod-like structures approximately 0.5 X 10 jAm consisting
primarily of zinc (see Figure 7). No large copper particles were detected,
suggesting that the c•,per dispersion is much better than that of zinc. These data
clearly show that zinc is highly concentrated and poorly dispersed near the external
surface of both the pilot plant and laboratory ASZ samples.

Quantitative EDS and XPS analyses may be used to provide information
regarding the radial distribution of the metal impregnants. EDS provides a

27



chemical analysis to a depth of approximately 0.5 um over the analysis area while
XPS provides a chemical analysis of the outer 30 to 50 A of the surface exposed to
the x-ray source. XPS probes the outer few atoms near the external surface while
the EDS will probe a greater distance into the sample. For both the laboratory and
pilot plant ASZ samples, the Zn/Si ratio determined by EDS is approximately 3 to
5 times greater at the external surface of the granule relative to that of the bulk
(see Table 2). The Zn/C ratio determined at the external surface of the granule by
XPS is also significantly greater (approximately 13 times) than that obtained from
chemical analysis for both the laboratory and pilot plant samples. This was to be
expected since large zinc particles were detected at the external surface. These
data are consistent with the BEI surface images which indicate that zinc is poorly
dispersed at th6 external surface of the granule for both the laboratory and pilot
plant sample.

Large copper particles were not detected at the external surface of either
granule. Therefore, EDS and XPS analyses will be the only source of information
regarding the distribution of copper within the granule. The copper distribution
among the two ASZ samples was different. For the laboratory sample, the Cu/Si
ratio at the external surface (determined by EDS) was similar to that determined
from analysis of the bulk. Also, the Cu/C ratio (determined by XPS) was
approximately 2.5 times greater than that obtained from chemical analysis.
Shannon et al.8 have used XPS to indicate whether an impregnant is accumulated
at the external surface of the support or whether the impregnant is uniformly
distributed within the support. The authors did this by comparing the metal
concentration determined by XPS to that determined by chemical analysis (CA).
XPS/CA ratios of approximately one suggested that the impregnant is uniformly
distributed throughout the support, while ratios of about 30 suggested that the
impregnant is exclusively located at the external surface. EDS and XPS data
reported here suggest that the copper is not concentrated at the external surface of
the laboratory sample, and the copper may be uniformly distributed within the
granule. For the pilot plant sample, the Cu/Si ratio determined by EDS is almost
three times greater than that of the hulk, and the Cu/C ratio determined by XPS is
approximately six times greater than that determined by chemical anaiysip. These
data indicate that a larger fraction of the copper may be concentrated in the
superficial regions of the granule relative to the laboratory sample.

Care should be taken in gauging the magnitude of the elemental ratios
determined by both EDS and XPS. This is because of the nonhomogeneity of the
external surface (large zinc oxide particles). Since both the EDS and XPS
techniques analyze a very small distance into the sample (relative to the particle
diameter), not all the zinc at the external surface will be analyzed. Also, the zinc
particles may be shielding copper from detection. Consequently, elemenw.al ratios
computed upon analysis of the external surface with respect to zinc are
conservative.

Spectroscopic analyses of the two ASZ carbon samples indicates that a large
fraction of zinc is present at the external surface of the granules. The zinc exists as
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large particles of zinc oxide. The copper associated with the laboratory sample is
not concentrated at the external suface and may be uniformly distributed within
the granule. The copper associated with the pilot plant sample is more
concentrated at the external surface than the laboratory sample.

Both ASZ samples were prepared by a simultaneous impregnation with a
zinc and copper carbonate solution. The impregnation process did not result in the
accumulation of copper particles at the external surface of the granule; however, the
process did accumulate zinc over regions very near the external surface of the
granule. It is possible that either the zinc did not disperse well during the
impregnation process, or that during the drying procedure the zinc migrated and
accumulated at or near the external surface of the carbon granules.

4.3 Reaction Properties of ASZ Carbona.

The hydrogen cyanide and cyanogen breakthrough times from a hydrogen
cyanide challenge are reported for the copper reference and the zinc reference
impregnated carbon samples for the purpose of characterizing the reactions which
occur over the two metals. The hydrogen cyanide breakthrough time of the copper
reference carbon was about one-third less than that of the ASZ sample. The
difference is likely the result of a reduced copper dispersion when 6% of the zinc is
replaced by an additional 6% copper. The cyanogen breakthrough time from the
hydrogen cyanide challenge demonstrates that a copper-only formulation provides
virtually no protection against a hydrogen cyanide challenge. This result is not
surprising based on the reported reaction sequence involving copper oxidel' 2 :

CuO + 2HCN ---- Cu(CN) 2 + H20 (1)

2Cu(CN) 2 --- + 2Cu(CN) + (CN) 2  (2)

The reduction of the copper cyanogen complex to copper cyanide is very fast. The
reason for the finite cyanogen breakthrough time is that a portion of the product
cyanogen is adsorbed onto the carbon support.

For the zinc reference sample, the breakthrough time recorded for hydrogen
cyanide is about one third less than that reported for the laboratory ASZ sample,
The difference in performance is likely due to a reduced zinc dispersion when 6% of
the copper is replace with an additional 6% zinc. The cyanogen (from a hydrogen
cyanide challenge) breakthrough concentration was not exceeded for the zinc refer-
ence fvimuladil, hwve;je a trace of cyanogen was observed in the effluent. Bar-
"ton and Smith" have reported the formation of cyanogen upon exposing unimpreg-
nated carbon to a hydrogen cyanide challenge. They attributed the formation of
cyanogen to the reaction of hydrogen cyanide with impurities in the carbon. The
cyanogen detected from the hydrogen cyanide challenge may be due to the
reaction of the hydrogen cyanide with impurities in the carbon, similar to what
Barton and
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Smith observed. The lack of cyanogen production from the zinc only formulation
was to be enected based on the reported reaction involving zinc oxide and hydro-
gen cyanide':

ZnO + 2HCN --- * Zn(CN)2 + H20 (3)

From the data reported in Table 3, the zinc reference material, laboratory
ASZ carbon and ASC whetlerite were the only samples to provide a threshold pro-
tection against a hydrogen cyanide challenge. Neither experimental material pos-
sessed a level of performance equivalent to that of ASC whetlerite. What is surpris-
ing is that while both the laboratory and pilot plant ASZ samples were of a similar
metal composition, their performance against a hydrogen cyanide challenge is signi-
ficantly different. Also, aging of the laboratory sample results in a significant
decrease in its protection capability.

The difference in the hydrogen cyanide performance of the two ASZ samples
may be due to either an adsorption or reaction effect. A change in the adsorption
capacity of the carbon resulting from the impregnant location could adversely effect
the capacity for cyanogen adsorption, leading to its premature breakthrough, as was
observed upon challenging the pilot plant sample with hydrogen cyanide (Table 3).
However, CFC-113 isotherms (Figure 8) demonstrate that the adsorption capacity
of both materials is similar. Therefore, the difference in the performance of the
laboratory and pilot plant samples is attributed to a reaction effect resulting from
the difference in the copper distribution.

To address this problem of premature breakthrough of cyanogen from a hydro-
gen cyanide challenge, elimination of the copper from the impregnant formulation
would, in some applications, be a viable alternative. However, the specific adsor-
bent under development is required to provide protection against a broad spectrum
of toxic agents. The copper oxide is effective in providing reactivity toward mili-
tarily important tpxic chemicals such as arsine, chlorine, and acid gas producers
such as phosgene x. Therefore, elimination of the copper from the adsorbent used
for military application does not appear to be a viable option. The zinc is included
in the formulation to provide reactivity toward hydrogen cyanide without the for-
"mation of cyanogen, to act in concert with copper and TEDA to provide cyanogen
chloride filtration, and to act as an acid gas sink. Thus, inclusion of both the
copper and the zinc is considered to be important to provide a high level of filtra-
tion performance against a broad spectrum of military toxic agents. Since the
copper needs to be included in the formulation and the formation of cyanogen from
a hydrogen cyanide challenge must be minimized, control of the dispersion of the
impregnants could provide the selective reactivity required. The zinc must be
impregnated on the carbon so as to be much more accessible than the copper to the
hydrogen cyanide challenge.

One method of making the zinc more accessible to the reactant is to deposit
high concentrations of zinc at the external surface of the carbon gramule while uni-
formly distributing the copper throughout the interior of the granule. In this
manner, diffusional resistances will make the copper less accessible and the hydro-
gen cyanide reaction will occur predominantly over zinc. Diffusional resistances
invoIving the reaction of light gases over ASC whetlerite have been reported by Fri-
day' . The laboratory ASZ sample possessed a highly concentrated zinc phase near
the external surface of the granule and a copper phase evenly distributed
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throughout the granule. The breakthrough times for this novel copper/zinc form,-
lation for hydrogen cyanide and cyanogen from a hydrogen cyanide challenge, and
cyanogen chloride are reported in Table 3. The level of protection provided by the
laboratory sample against a hydrogen cyanide challenge is less than that of MSC-
TEDA but superior to that of the copper-only sample and the pilot plant ASZ
sample (based on the cyanogen breakthrough time). The reason for the poor perfor-
mance of the pilot plant sample and the improved performance of the laboratory
sample against a hydrogen cyanide challenge is attributed to the copper location.
The pilot plant sample possessed a greater fraction of copper near the external sur-
face of the granule. Because of this, the reactions involving hydrogen cyanide over
zinc and copper would proceed at similar rates, leading to the observed premature
cyanogen breakthrough. For the laboratory sample, the copper distribution was
shown to be nearly uniform, and the hydrogen cyanide will react preferentially with
zinc due to its accessibility. Any reaction occurring over copper will be less signifi-
cant, and the cyanogen produced would be adsorbed by the carbon support. As the
zinc becomes consumed by the reaction, the reaction of hydrogen cyanide occurring
over copper becomes more significant, leading to the cyanogen breakthrough.

We were unable to obtain a sample in which both copper and zinc were
homogeneously distributed throughout the carbon granule. However, a sample in
which both the copper and zinc were present in large concentrations at the external
surface of the granule was prepared by aging the laboratory sample in a humid
environment. The hydrogen cyanide and cyanogen breakthrough data from a
hydrogen cyanide challenge obtained for this sample demonstrate the need to segre-
gate the copper and zinc impregnants. For this sample, the protection against
hydrogen cyanide (cyanogen breakthrough) is almost nonexistent. With both the
copper and zinc equally accessible to the hydrogen cyanide, the reaction occurring
over copper proceeds at an appreciable rate, leading to the formation of large quan-
tities of cyanogen.

The cyanogen chloride performance is significantly better in the case of the
laboratory sample. This may be a result of the better copper dispersion, but the
sample also possessed more TEDA, which plays a role in the destruction of cyano-
gen chloride.

4.4 Humid Aging of ASZ Carbons.

A requirement of an impregnated carbon is that it be able to provide protec-
tion following an extended period of environmental exposure. The conditions of the
humid aging experiment conducted in this study simulate environmental exposure
at extreme conditions. Both the laboratory and pilot plant samples were character-
ized by XPS for changes in the impregnant oxidation state and changes in the sur-
face composition as a function of humid exposure. Hydrogen cyanide breakthrough
tests were also performed (laboratory sample only) at different humid exposure
periods. Results of the XPS analysis revealed that no change in the impregnant
oxidation state occurred as a result of the humid exposure. Spectra of the weath-
ered samples were similar to those of the unweathered samples.

A change in the impregnant surface composition with increased weathering
was evident. Note from Figure 9 that the Cu/C ratio increases with exposure time
for both ASZ samples. These data indicate that copper is migrating from within
the carbon granule to the external surface. The rate of increase in the surface
copper concentration is greater for the pilot plant sample than for the laboratory
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sample. This would suggest that there is more copper near the external surface of
the pilot plant sample than the laboratory sample. By having more copper near the
external surface, the rate of migration and accumulation at the external surface
wouid be greater because of the shorter path length. This is consistent with the
EDS and XPS analyses, which indicated that the pilot plant sample had a greater
concentration of copper near the external surface than did the laboratory sample.

Migration of the zinc was also evident, although there was a significant frac-
tion of zinc at the external surface of the freshly prepared ASZ samples. Note from
Figure 10 that the Zn/C ratio increases sharply with time for the pilot plant sample
but increases more slowly in the case of the laboratory sample. These data would
suggest that any zinc below the external surface has begun to migrate towards the
external surface.

The hydrogen cyanide and cyanogen breakthrough times (from a hydrogen
cyanide challenge) are reported in Figure 11 as a function of the XPS Cu/C ratio.
As the figure shows, both the hydrogen cyanide and cyanogen breakthrough times
decrease as the copper concentration at the external surface of the granule is
increased. CFC-113 isotherms comparing the unaged and aged (76 days) laboratory
carbons indicates that the migration of the copper has reduced the adsorption capa-
city; however, the changes are not dramatic enough to cause the large decrease in
the performance. These data support the proposed reaction hypothesis. As the
copper migrates to the external surface, it becomes more accessible to the hydrogen
cyanide. Hence, the reaction of hydrogen cyanide over copper becomes appreciable,
and the rate of cyanogen production increases, resulting in premature breakthrough.
The hydrogen cyanide breakthrough time also decreases, although not as signifi-
cantly as the cyanogen time. This may be the result of a decreased impregnant
dispersion, or a decrease in the adsorption capacity for hydrogen cyanide resulting
from pore blockage.
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S. CONCLUSIONS

1. Zinc is highly concentrated at and near the external surface of both ASZ sam-
pies, in the form of large zinc oxide particles.

2. Copper is concentrated at the external surface of the pilot plant sample,
although not to the extent of zinc. For the laboratory sample, the copper was not
concentrated at the external surface of the granule.

3. Since zinc is more concentrated at the external surface of the granule than
copper, the mechanism responsible for the surface migration of zinc during the sam-
ple preparation must be more active than that of copper.

4. The adsorption properties of the laboratory and pilot plant ASZ samples are
similar.

5. The difference in the performance of the laboratory and pilot plant ASZ sam-
ples results from the copper location within the granules.

6. Upon humid aging of both ASZ samples, copper and zinc migrate and accu-
mulate at the external surface of the granules. The rate of migration is greater in
the case of the pilot plant sample. The migration of copper results in decreasing the
protection capabilities of the laboratory sample.
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