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I. SUMMARY

The long-range qoal of this research is the development of &
regenerable activated carbon system for removal of contaminants
from spacecraft atmespheres on missions of extended duration, This
program phase examined the use of catalyst-impregrated activated
carbon for contaminant adsorption, followed by in-situ regeneration
by low-temperature catalytic oxidation of adsorbed contaminants.

Seven different spacecraft contaminants were selected fur
testing. A platinum catalyst was selected based on prior research
which showed it to be the most efficient of several oxidation cata-
lysts investigated. Platinum was depositel on activated carbon by
liquic phase impregnation with chloroplatinic acid, followed by
drying and high-tewmperature reduction.

Results were obtained frow three different experimental test

systems:

~-A thermal gravimetric analysis (TGA) apparatus was used to
determine the weight loss of a contaminated carboun granule
as its temperature was increased in the presence af
air,

--A differential scanning calorimeter {DSC) apparatus was used
to follow the endothermic and exothermic¢ processes cccurring
for a contaminated carbon granule as its temperature was in-
creased 1in the presence of air.

--A one-inch diameter granular carbon column was used tuv study
the regeneration of a fixed carbon bed . Repetitive can-
taminatica/regeneration cycles were conducted to determine
regeneration losses and to define potential problems in oxida-

tive regeneration.

The DSC and TGA results showed that oxidation occurred for three
of the selected contaminants, caprylic acid, diisobutyl ketone (CGIEE],
and acrolein, but no appreciable oxidation was detected for the
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remaining four contaminants, tetrachloroethane, freon 114, vinyld
chloride, and thiouphene. The contaminants which oxidized were g1}
oxygenated hydrocarbons (C-H-0): whereas the contaminants that were
not oxidized were halogenated or sulfur containing hydrocurbung,

The contaminants which were not oxidized were completely removed
from the carbon by thermal desorption. When a carbon granule wao
heated at a rate of 10-15"C/min while flushing with air, these con-
taminants were completely remuved below a temperature of 350°¢.
Since the carbon did not become pyr.phoric until about 406G0°C, no
significant 1oss in adsorptive capacity would be anticipeted during
repetitive cycling with these contaminants,

For two of the three contaminants which oxidized, caprylic uacid
and DIBK, oxidation occurred both with and without the cetalyst. For
non-catalytic carbon, two D5C peaks were observed for contaminant
oxidation. Ffor the platinum-impregnated carbon, the sawe two peaks
were observed for oxidation on the carbon support, plus & large
additional peak for oxidation on the platinum catalyst.

Neither caprylic acid nor DIBY was completely rempved following
low-temperature oxidation even with the catalyst present. At a
programmed heating rate of 15°C/min caprylic acid was remaved frow
non-catalytic carbon at 375"C but was not completely removed from
platinum-impregnated carbon until 450°C. For DIEY at the same heating
rate, removal was complete at 400"C for hoth platinuwm-Tmwpregrnated and
non-catalytic carbon. In single-cyclie regeneration with caprylic acid
and DIBK, therefore, the platinum-impregnated carbon did not exhibit
any advantage over non-catalytic carbon,

Repetitive contamination/regeneration cycles were conducted with
the DIBYX contaminant using the TGA apparatus. Regeneration was
achieved by heating at 15°C/min in air to 400°C. In repetitive
cycling platinum-impregnated carbon was c¢learly superiar to non-
catalytic carbon in the amount aof contaminant remcved at Tow temperd-

tures. f ) ;
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The losses in adsorptive capacity during repetitive TGA cycling
with DIBK as contaminant were quite small. Over eight cycles the
average loss in adsorptive capacity was 0.5 per cycle for the
platinum-impregnated carbon, and over the final 5 cycles the loss
was only 0.13% per cycle. Four contamination/oxidation cyecles were
conducted with non-catalytic carbon and the average loss Tu adsorptive
capacity was only 0,025. per cycle.

These results clearly indicate that the contaminants investigated
can be removed by oxidation with very little loss in adsorptive capac-
ity. This is very encouraging when compared to the much higher laosses
for thermal desorption of caprylic acid and DIBK at 200-300°C. De-
pending on the exact desorption temperature and time, the loss in
adsorptive capacity can range upward from several percent per cycle
for these contaminants. (The effect of higher desorption temperstures
and longer desorption times has not, however, been investigated.}

[t may be concluded that oxidation is clearly superior to thermal
desaorption at temperature levels of 200-300°C.

While oxidative regneration is clearly superior tou thermal de-

sorption under the conditions investigated, the advantages of platinuu-

impregnated carbon over non-catalytic carbon for oxidative regenera-
tion are not as pronounced a4s originally anticipated, However, two
advantages for platinum-impregnated carbon are:
1) the superior performance in repetitive cycling with GlBE, and
2) promotior of the oxidation of acrolein which was not axidized
by other catalytic carbons. (It is reasons:le to suppuse that
other spacecraft contaminants may behave similarly to acrolein

and would require the presence of a catalyst for cxidation.}
tle conclude that these advantages are significant and the use of
a catalyst-impregnated carbon for oxidative regeneration is te be

recommended.

One potential Timitation of a catalyst-impregnated carbon i5 the

possibility of catalyst poisoning, particularly by sulfur-containing

1-3 ”lakfé’/ 1
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compounds. An adsovptiun-desorption cycle using thiophene as con-
taminant was observed to significantly decrease the activity of the
p'atinum catalyst toward the oridation of DIBK. The severity of thig
limitation will depend on the quantity of catalyst poisuns te be
removed by the activated carbon system and may be alleviatid by the
use of excers catalyst and/our a pre-sorber for poison remuval,

Column tests were conducted with three of the selected contami-
nants: tetrachlorgethane, DIBK, and caprylic¢ acid. In agreement
with the DSC and TGA results, no oxidation of tetrachloroethane was
observed. Regeneration by thermal desorption was simple and efficient,
but a portion of the tetrachloroethane decomposed to HC] during de-
sorption,

While oxidation was observed for both DIBK and caprylic acid,
both of these contaminants could be removed tou an appreciable extent
by thermal desorption. By htating the column under a nitrogen
sweep and holding at a temperature of 250%C for 1 3/4 hr, E5. of
the original DIBK was removed. For capiylic acid, 87 was removed
by holding the column at 300°C for 1 hr.

Contaminant remaining after thermal desorption was remaved by
oxidation. Oxidation was initiated in this case by admitting a low
flow of oxygen to the nitrogen stream flowing into the bottom of the
heated column. Exothermic reaction occurred first at the bottem of
the column and a narrow reaction zone moved up the column at a rate
dependent on the rate of oxygen supply. The temperature within the
reaction zone was also dependent on the rate of oxygen supply and on
occasion exceeded 400°C (the carbon ignition temperature). The
temperature at the center of the reaction zone was difficult to
measure and control accurately. Since the reaction zone was 5o
narrow {less than 2 cm), many thermocouples had to be placed
along the Tength of the column for proper temperature monitoring.

The oxidative regeneration was prone to instability: tco much gryygen
caused excessive temperatures within the reaction zone, and too little

1-4 ”IHHE)’ 7
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oxygen resulted in quenching of the reaction.

Oxidation could be initiated direccly without prior thermnul de-
sorption by he-ting a small element at the bottom of the column tg
a temperature at which oxidation would occur and admitting vxygen.
However, thermal desorption .vuld not be avoided since heat was
carried forward from the reaction zone and caused thermal desorption
before oxidation. Thus a thermal desorption zone moved up the
column ahead of the reaction zone,

Most of the losses incurred in repetitive cycling with the carban
column are attributable to problems associated with control of the
oxidation. When a column was fabricated with a sufficient number of
thermocouples fo. proper temperature measurement, no significant
loss of carbon by oxidation was observed during adsorption/regenera-
tion cycling.

Several models were considered for the regeneration of a carbon
gran-:e, The model most consistent with experimental data is the
"external shell" model, in which reaction occurs at the exterinr
(superficial) surface of the carbon granule. The contaminant
migrates frum the interior to the exterior of the granule by surface
diffusion and gaseous transport through the pores. Oxidation occurs
on the particle exterior surface of the contaminant. The oxidation
is rate limited by a surface reaction (with a substantial activation
energy) rather than by a diffusional process,

The differential equations describing the regeneration of the
column were derived but were greatly complicated by the dependence
of the regeneration on the kinetic expressions for desorption and
reaction. These expressions can only be determired experimentally,
and preliminary attempts at fitting the reaction rate to a simple
kinetic expression were unsuccessful. The difficulties associated
with experimentally determining the kinetic expressions are prcbably
prohibitive, and it may be more worthwhile to assume simple kinetic

15 Malden;
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expressions and to determine the qualitative dependence of the re-
generation on controllable variables,

A prototype system for spacecraft applicaetion is presently en-
visioned as two carbon columns alternating between adsorption and
regeneration, Condensible products of thermal desorption uud gxida-
tion would be removed from spent regeneration gir by cold-trap-
ping.

Future work should be conducted at both the research and develop-
ment levels., The research effort should exawine other activated
carbons, catalyst modifications +-uch as concentration of platinuu)},
impregnation procedures, and catalyst additions. The selected
catalytic carbons should be thoroughly compared to non-catalytic
carbons, and thermal desorption should be extended to higher tempera-
tures and longer times. Contaminants representative of all classes
of spacecraft contaminants should be examined.

The development effort should be directed toward specifying an
optimum system for oxidative carbon regeneration with or without
the presence of an oxidation catalyst. Variocus methods of control
should be devised and examined experimentally. Sufficient data
should be generated to conduct a trade-off study between oxidative
and desorptive regeneration. Details of the system design should
be specified and a bench-scale model of the system should be con-
structed to demonstrate the feasibility of automatic operation.
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1T. IHTRODUCTION

The removal of contaminants from the enclosed atmospheres of
manned spacecraft is essential, particularly for mis.ions of wx-
tended duration. Contaminants can arise from a variety of sources
including biovlogical functions, ovff-gassing of materials, leaks,
and scientific experiments. A great number and variety of contumi-
nants have been identified (1.2.3) in spacecrafts, simulators, and
materials off-gassing tests., The system selected foe contaminant
control will have to be very non-selective in order tg remove this
wide variety of contuminants and will probably consist of several

subsystems each designed to remove a particular ¢lass of countawinants,

Lockheed has made a detailed study (2,3)

contaminant removal. The selected system, shown in Figure 1, con-
sists of a high-flow fixed bed of activated carbon in parallel with

of various systems of

a low-flow system consisting of @ regenerable activated carbun bed,
a catalytic oxidizer, and pre- and post-sorbent beds. The catalytic
oxidizer removes carbon monoxide and hydrogen in  addition to several
very low molecular weight hydrocarbons which are not adscrbed in

the regenerable activated carbon bed., The pre-sorbeny bed contains
1ithium hydroxide and is intended to remove catalyst poisans, parti-
cularly 502, from the influent to the oxidizer. The post-sorbent
bed also contains Tithium hydroxide for the removal of acid gases
such as HF, HC1, S50, and NU2 produced in the oxidizer. Awmmonia i3
removed by impregna;ing the fixed bed with phosphoric acid, and acid
gases are also removed in the fixed bed by disseolution in adsorbed
water. The rationale behind using a high-flow fixed bed in parallel
with a low-flow regenerable bed is that certain contaminants are
produced at a rate greater than can be controlled by the low-7{low
system, In general, the uwore strongly adsorbed contaminants will

be controlled mainly by the hign-flow bed, and the more weakly ad-
sorbed contaminants will be contrelled mainly by the low-flow bed,

A trade-off study showed that the system of Figure 1 was superior

to one in which a single high-flow regenerable bed was used,

2-1 Hhalden’
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The use of regenerable carbon results in a very siynificant sav-
ings in weight and volume. 1In the Lockheed study, approximately 500
1bs (227 kg) of carbon would be needed for a nonregenerabie fixed bed
system, whereas the system of Figure 1 requires only 32 1bs (14.5 ky).

The degree to which the carbon is regenerable is naturally an
important factor, Typical lossc¢s in industrial regenerations range
from 4-107 per regeneration (4) . These losses are associated with
a decrease in carbon surface area, particle size, and weight caused
by high-temperature sintering and oxidation. Industrial regenerations
are carried out in rotary kilns or mul.iple hearth furnaces. Thermal
desorption of contaminants typically occurs over the range of 100-
250°C. However, not all of the contaminants can be desorbed and
high molecular weight, strongly adsorbed contaminants pyrolyze and
decompose to form a carbonaceous residue on the carbon. This
typically occurs over a temperature range ot 200-650°C. This resi-
due is then oxidized with steam, carbon dioxide, or oxygen uver a :
temperature range of 650-1000°C. |

The regeneraiinan of carbons contaminated in spacecraft atmaspheres
should not be as difficult to regenerate as, for example, an activated
carbon used in industrial waste-water treatment. The fact that
contaminants are adscrbed from the gas phase means that they must
have some degree of volatility, and significant amounts of “high
boilers" should not be encountered, Furthermore the strongly ad-
sorbed contaminants will be removed mainly in the fixed bed, allowing
more efficient regeneration of the regenerable bed., Nevertheless,
the possibility of pyrolysis and decomposition of some of the adsorbed
contaminants must be con:zidered.

The regenerable carbon bed used in the Lockheed study was re-
generated by heating to 200°C under vacuum for 2-3 hours. Under
these conditions it was observed that certain of the higher molecular
weiaht contaminants (diisobutyl ketone and caprylic acid, in parti-
culer) could not be completely removed from the carbon. Whether

2-3 Aalden:
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this was due t: an insufiicient temperature for rapid desorption or
to decomposition of the contaminant was not determined.

The significant losses in industrial regenerations of activated
carbon and the incomplete regeneration obscrved by Lockheed may be
remedied by the use of a catalyst-impregnated activated carbon. A
nonselective catalyst could promote oxidation of carbonaceous de-
posits at temperatures far below the 650-1000°C typically used in
industrial regenerations.

The objective uf "Phase I" of this program was to evaluate the
efficiency of catalyst-impregnated activated carbon in removing
typical spacecraft contaminants. The seven contaminants to be in-
vestigated are listed in Table 1 along with their molecular weights
and normal boiling points.
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TABLE 1

CONTAMINANTS USED IN INVESTIGATION OF CATALYST-
TMPREGNATED ACTIVATED CARBON

Contaminant Molecular Weight Normal Boiling Point (“C)

AR

Caprylic Acid

144 238
Diiscbutyl Ketone 142 168
1,1,2,2 Tetrachloroethane 168 146
Thiophane 84 84
Acrolein b6 53
Freon 114 171 4
Vinyl Chloride 62 -14

2-5 i
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11T, EXPERIMEMTAL APPARATUS AND PROCEDURES

Research experiments were conducted at the City University of
New York (CUMY) using a duPont thermal gravimetric analysis (TGA)
apparatus and a duPont differential scanning canlorimeter (DSC)
apparatus. Research and engineering experiments were conducted at
Abcor usiny a one-inch diameter by one foot long carbon column.

A. TGA APPARATUS

The TGA apparatus is shown in Figure 2 and 2 for the
adsorntion mode and regeneration mode respectively. For adsorp-
tion, a dried stream of nitrogen was split irto a purge stream
and a carrier stream, The purge stream was passed throunh the
control end of the kalance and out through the exit to avoid

accumulation of contaminant in the balance. The carrier stream j

e ¢ Kk i e i a7 T TR b

was sparged through a constant-temperature saturator and passed
through the inner tubec of the concentric furnace tube. The
carrier gas passed over the carbon sample on the sample pan,

was rerdirected hy the platimum baffles,and passed out through the
exit with the purge gas. The sampie was held at a constant |
terperature during adsorption bty a furnace surrounding the furnace
tute.

During regeneration (Figure 3) a controlled flow cf
compressed air vas passed through an activated carbon bed, 3
calcium suylfate ted, and a molecular sieve bed fcr organic and
moisture removal. The air passed over the sample and out tn the
collection and analysis componerts. The furnace weas progracined
to keat the sample at a given rate. Typically 15°C/min, and

Lt

the sample weight was plotted against sample temperature as
measured Ly the thermocouple attached te the sample nan. £
single carton particle was used for the sample giving a typical
weight of 47 mg.
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£ typical TGA trace during which gzidation occurs ig
skown by the s¢olid curve of Fioure 4, The weight decreased
smoothly at first until tre tewperature reached about OORYC,
Then the kigihly exothermic oxidation reaction -aused a disg-
proportionate tenmperature increase in the samp’e as the weinht
of adsorbed ccntaminant decreased to zero. <Since the oridation
reaction was complete the cample terperature cocled back to
the furnace temperature (2609C), and the sample weinht remained
constant at © mg. until about 375°C where the carkon beagan to
pxidize. If the heat of reaction wvere reroved, the TGA trage
would follow the dashed line of Fioure 4,

B. DSC APPARATUS

Focross-section of the 050 apparatus is skown in Figure
5. £ contaminated carbon particle was placed in the sariple pan
and a flow of 2300 cc/min of purified air was passed aver the
sample via inlet and outlet ports to the nas space over the sample,
P othermocouple was attached to the sample pan with reference
junctian attached to the reference pan. The therrocouple rca-
sured the temperature difference between sample and reference.
This difference resulted from any exothermic or endothermic
process occurring within the cample. This &T is plotted 3gainst
the cell temperature which was urnifermly increased by a pro-
grarrigd Feat input, tynically at a rate of 10 to 15 “C/min.
f.otupical LSC trace is shown in Figure £, The nenative
seal. at low tewperature indicates an erdothermic process, i.e.,
thermal desorption of contawinant. The possitive peal at hinker
temperature indicates an exothermic oxidation reaction. The
final exothermic rise in the [SC trace indicates oxidatinn of
carton as can te seen by corperison to the curve for ro contarinart

adscrbed,
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FIGURE 4. TYPICAL TGA TRACE
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C. COLUMN APPARATUS

L flow schematic of the apparatus used in column stuydies
is shown in Figure 7. Durinn the adsorption cycle the flow rate
of compressed-air carrier aas was vmeasured and sparyed throuagh tvo
volumes of contaminant in series, A contaminant trap rewoved
any foam or liauid carry-over. The contaminant-saturated air
1.as passed throunh the carbon coluwn and out through the vent,

The amount of adsorbed contaminant and the point at which catura-
tion vas reached were determined bty removing the column at varigug
times during adsorption and weiqghing it, The column was wrarped
2ith heating tape to keep it at a constant tenmperature durira
adscrption, Typically the column was tent at 57°C above the
taturation temperature ¢of the carrier gas to prevent capillary
condensation in the pores of the carbon.

Contaminant could be rewmoved from the carbon both bty
thermal desorption and oxidation. Usually thermal desorpticn
vas carried out prior to oxidation, hut in certain cases oxidation
vas started without prior thermal descrotion. For thermal desorptior,
nitrogen was admitted to the system and was recirculated arcund the
recirculetion loop by a diaghraam pump, The nitrogen was preheated
tefore entering the column, and the coluwn was heatel to the desired
desorption temperature, typically 200-300°"C. The off-gas frouw the
column was cooled in an ambient coil and contaminert was removed in
an ice-Lath trap. The diaphragm pump was protected from particulate
by a nlass-wool filter. Camples of off-nas could Le collected in
the dry ice-acetone trap and combined with the contents of the
ice-tathw trap for future analysis.
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For oxidation a low flow of air was admitted to the
recirculation loop, and the column temperature was monitored
by thermocouples placed at various positions along the length
of the column, The oxidation was generally coatrells’ b,
finine the vazirculatinsn rate fcunlira ratel and adjustine the
air flow rate as required to prevent excessive temperatures in
the column or quenchina of ¢he reaction, The carbon column wvas
removed and weighed at various times during regeneration to
determine when regeneraticn was complete.

Details of the two carbon columns used are shown 1in

Figure 3, The first column contained only five thermocounles
inserted into thermocouple wells and proved to be very different
to control. The reaction zone during regeneration was swaller
than the thermocouple spacing and it was impossible to properly
monitor the tenmperature. In addition the thermocopulies workedq
loose and made poor contact with the bottom of the well., The
second column was designed for 20 thermocouples placed directly
into the packed carbton bed.

U. CARBON PREPARATION

Host experimental results were obtained uswnm a 7.3 wt ¢
platinum on carben composition. The prepargtion procedure for
column studies is given telow and is based on prior research at
CURY, Carbon preparation for the DSC and TGS experiments followed
a simitar procidure Lut on a smaller scale,

-~ 125 grams of carbon were covered with 250 ml1 of
sglution containing approximately 0.38 grams cf
platinum as chloroplatinic acid (HBPtC16-EH20).
This gives a platinum-carbon ratic of N,30% in
sufficient solution to cover the carton,
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-- The carbon/solution slurry was evacuated to remove
air from the pores,

-« The slurry was dried at room temperature to a
pasty consistency and evanorated to dryness over
a perijod of 16 hours with a heat lamp.

-~ The carbon was then dried for three hours at 120°C.

-- The Jeposited precipitate was reduced to Pt by passing
a stream of H2 at 35G°C over the carbon for one hour,

The carbon used in all tests was Pittsburgh Activated

Carbon Type BPL & x 16 which has been shown in prior research at
CUNY to have a high kindling temperature.
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IV, EXPERIMENTAL RESULTS AND DISCUSSION

A. CATALYST SELECTION ;

Various catalysts have been examined in previous research at
CUNY for the oxidation of adsorbed contaminants. In general, platinum
has proved to be the most efficient catalyst in terms of providing
a large temperature difference between the oxidation of the adsorbate
(contaminant) and adsorbent (carbon)., Typical results are shown in |
Figure 9 for vanadia, palladium, and platinum catalysts used to ;
oxidize adsorbed methyl methacrylate (which is a spacecraft con- |
taminant). Platinum is clearly superior to the other catalysts

:
3
L

S T

giving the lowest temperature for oxidation of the adsorbate and

the highest temperature for oxidation of the adsorbent. The platinum
catalyst also gave superior performance with the selected contaminants.
A composition of G.3 wt.% platinum on activated carbon was selected

on the basis of prior research at CUNY.

B. DSC/TGA RESULTS

DSC and TGA traces are presented below for each of the selected
contaminants.

3
1. Caprylic Acid |

The DSC and TGA traces for the oxidation of <caprylic acid
on platinum-impregnated carbon are shown in Figure 10, The DSC trace ;
(s01id 1ine) shows three peaks (A, B, and C) for the oxidation of ;
caprylic acid, in addition to the final peak (D) for the oxidation 3

R e A

of carbon. The carbon suoport begins to become pyrophoric at a
temperature of about 400°C.

The TGA trace (dashed line) shows the weight loss during
regeneration., The weight begins to decrease at about 125°C which
corresponds to the siight negative peak at the same temperature in

41 Mlalden;
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the DSC curve., The negative peak {endothermic process) indicates
that the initial weight loss is due to thermal desorption of the
contaminant. As the temperature is increased, the observed weight
loss is probably the result of a combination of thermal desorption
and oxidation of caprvlic acid. Following the second oxidation peak
(B) at 290°C, 8% of the original contaminant weight remains. As the
temperature 15 increased from 300-400°C, peak "C" is evolved, but
there is no weight change associated with this peak, i.,e. the weight
remains constant between 300 and 400°C. Above 400-C the DSC trace
shows that the carbon becomes pyrophoric. Thus the weight loss
above 400"C shown by the TGA trace is the result of carbon vxidationu.
The 8% remaining contaminant is not removed before the carbon beying
to oxidize.

Figure 11 shows the DSC and TGA traces for capyrlic acid un
the same activated carbon but without the catalyst. Only two peabs
(A and C) are observed for the oxidation of contaminant., There is
reasonably good agreement between the temperatures at which these
peaks occur and the temperatures of the A and C peaks of Figure 10.
Therefore the B peak of Figure 10 is the only peak that can be
associated with the catalytic activity of the platinum.

The peaks of Figure 11 indicate that capyrlic acid is
oxidized to an appreciable extent even in the absence of a catalyst.
At low temperatures the TGA shows a weight decrease before the exp-
therm appears in the DSC, which can again be explained by thermal
desorption. As the temperature is increased peak A is evolved in-
dicating oxidation of the contaminant, and the weight of adsorbate
decreases to about 122 of its initial value following the evolution
of peak A. At higher temperatures peak C is observed. Unlike the
case for catalyst-impregnated carbon (Fiqgure 10) where the weight
remained constant during peak C, the TGA trace for carbon with no
catalyst shows a weight of zero at about 370°C. In addition there

is a change in slope in the TGA trace as the zero weight is appraached.

These facts indicate that the remaining 127 contaminant is removed
prior to oxidation of the carbon.
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FIGURE 11. DSC AND TGA TRACES FOR CAPRYLIC ACID REMOVAL
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ing Rate=15°"C/min,
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One fact that appears to be contradictory is that the
weight decrease due to oxidation of the carbon begins at around
370°C in Figure 11; whereas the exotherm for carbon oxidation
{peak D) does not become apparent until about 450~C. This apparent
discrepancy can be rationalized somewhat by resolying the D5C trace
of Figure 11 into individual peaks as shown in Figure 12, Although
a theoretical peak shape was not used in this resolution, the curve
for carbon oxidation can be extrapolated to & starting point of about
370°C. This explanation is not entirely satisfactory, however, since
the kinetics for oxidation of the carbon do not become predominate
until the resolved curves for peaks £ and D cross at 425°C. Thus
the change in slope of the TGA trace near zero weight in Figure 11
should occur at about 425°C rather than 370°C.

The advantages of catalyst-impregnated activated carbon for
the removal of capyrlic acid are not overwhelming, The remaining
87 of contaminant present after the B peak oxidation (Figure 10)
is not removed prior to oxidation of the carbon. This is particularly
surprising in view of the fact that the remaining contaminant is
removed from noncatalytic carbon, If the C peaks in Figures 10 and
11 result from the same surface process, then the removal of the
remaining contaminant is a carbon-related reaction rather than a
platinum-related one. The absence of a weight 1oss for the catalytic
carbon would seem to imply that the products of the carbon-related
reaction are strongly adsorbed on platinum,

Whether or not the failure to remove the residual 8. of
contaminant is a serious limitation to the use of catalyst-impreg-
nated carbon depends entirely on the behavior in subsequent cycles.
If a residual weight of 89 occurs only on the first cycle, the Toss
in adsorptive capacity will be tolerable. If an 89 residue occurs
for each regeneration, the capacity of the carbon will decrease at
an unacceptable rate.
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2. Diisobutyl Ketone (DIBK)

The DSC and TGA results for DIBK are very similar to the
results for caprylic acid. DSC and TGA curves are shgwn in Figure 13
for vregeneration of platinum-impregnated carbon and in Figure 14 fur
the same carbon without catalyst. For the catalytic carbon three
peaks (A, B, and C) are again observed for the oxidation of advorbate,
and the final exotherm (peak U) for oxidation of carben, Ey com-
parison to the noncatalytic carbon (Figure 14) peaks A and € result

from oxidation on the carbon support and peak & resulte from wxidation
on platinum,

The TGA traces are also very similar to those for capyriic
acid. In Figure 13 a weight decrease is observed before exothermic
reaction occurs indicating thermal desorption at low temperatures.
At higher temperatures oxidation occurs (peaks A and £} and the
weight of adsorbed contaminant decreases to 4% of its initial weight.
During peak C, however, the weight of contaminant remains constant
and does not decrease until the carbon becomes pyrophoric. For non-
catalytic carbon (Figure 14) the weight of adsorbate decreases to
about 14% of its initial value after the peak A oxidation, and there
is a gradual weight Toss during the evolution of peak €. The change
in slope near zer. weight may again indicate the point at which the
contaminant is compietely removed. For both the catalytic and rnon-

catalytic carbon, zero weight is not obtained until a temperature
of 400°C is reached.

For a regeneration temperature between 250 and 350°C platinum-
iwpregnated carbon can be expected to yield a lower residual con-
taminant weight. For a regeneration temperature between 350 and 4G0°C
the noncatalytic carbon will yield a lower contaminant weight because
of the shape of the curve.

Repetitive contamination/regeneration cycles were carried
out with the DIBK contaminant. Results are given in Table 2 far
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TABLE 2
REGENERATION DATA FOR OXIDATION

OF DIBK ON PT/CARBON

Conc. of DIBK in Saturation Stream = 2100 £ 10 ppm
é Saturation Temperature = 25°C
;i Initial wt of Pt/carbon = 53.6 mg
;{ Optimum cut-off Temp. = 400°C
% Residual wt at
Adsorptiva End of Oxidation |
Adsorption Capacity, Reaction (255°C) |
__Cycle mg/mg Carbon (% of initial) |
1 0.325 4.6
2 0.323 4.6 5
3 0.323 4.6 !
4 0.314 4.7 ,
5 0.314 4.1 i
6 0.314 3.5 §
7 0.313 2.4 g
8 0.312 2.4 E
i
{
i i
= R - L J
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platinum-impregnated carbon. The contaminated carbon was regeneryted
by heating in air to 400°C. A total of eight regeneration cycles

were conducted. The adsorptive capacity of the carbon decreased fruon
0.325 to 0.312 mg/mg carbon or an average of 0.%5% per reqgeneration,
However, most of the loss in adsorptive capacity occurred between

the third and fourth cycles. Over the last five cycles the average
decrease in adsorptive capacity was oniy 0.13% per regeneration,

These Tosses are far below the typical industrial regenerative losses
of 4-10: per cycle and are very encouraging,

Also shown in Table 2 is the residual weiyht of adsorbate
at the end of the B peak oxidation (255°C) as a percent of initial
contaminant weight. For the first several c¢ycles the residual con-
taminant weight after the B peak is about 5%. However as more cycles
are carried out the catalyst appears to become more efficient at
removing this residue. After eight cycles the residue has decreased
to about 2%. It would be very interesting to conduct repetitive
cycling in which the regena2ration is terminated at 260°C rather than
400°C, It would then be possible to determine whether or not the
residue is cumulative.

Data for the regeneration of noncatalytic carbon is shown
in Table 3. Again the carbon was heated to 400¥C during each re-
generation. Over a total of four regeneration cycles the decrease
in adsorptive capacity was negligible, Therefore, if the carbon is
heated to 400°C during regeneration the c¢atalytic carboun has no
advantage over the noncatalytic carbon, Also shown in Table 3 is
the residual weight of adsorbate, as a percentage of initial con-
taminant weight, at the end of the A peak oxidation (230“C). The
residue is 12% initially but increases to 16% after four cycles,
Thus for regenerations below about 350°C the catalyst-impregnated
carbon is clearly superior.

Several runs were made in which the weight of adsarbed
DIBK was foliowed as a function of time at a constant temperature.
Data for platinum-impregnated carbon and non-catalytic carbon are

iy

A A b n o e

b, i e R LD TN e £ e B gt ot s i

3 N R M . S e

it S, o A R




e b e

o TR

TABLE 3

REGENERATION DATA FOR OXIDATION OF DIBK

j i 1 R “w
|

ON NON-CATALYTIC CARBON

Conc. of DIBK in Saturation Stream
Saturation Temperature
Initial wt of Carbon

Optimum cut-off Temp.

Adsorptive

L1}

it

i

2100 + 10 ppm

255 |
§5.6 mg 3
400 |

Residual wt at
End of Oxidation

Adsorption Capacity, Reaction (230°C] |
Cycle mg/mg Carbon (v of initial} |
1 0.335 1.8 E
2 0.334 14.0 2
3 0.334 15.1 é
4 0.334 16. 1 é
%
4-13 51Lkﬂh@Vl;
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shown in Table 4. For platinum-impregnated carbon the amount of
adsorbate is reduced to about 1.5% of its initia  value in two
minutes at 220°C and at 245°C. This is somewhat better than the
average of 4% residual at 255°C in the temperature programmed mode,

Unfortunately the non-catalytic carbon was run at a different

tenperature so that a direct comparison is not possible., However

it appears that the catalytic carbon is superior to the non-catalytic

carbon in the range of temperatures investigated.
3. Tetrachloroethane

DSC and TGA traces for tetrachloroethane on platinum-
impregnated carbon are shown in Figure 15. As the temperature is
increased an endothermic (negative) peak is obtained indicating
thermal desorption. The weight of adsorbed contaminant decreases
essentially to zero during the evolution of the endothermic peak.
At highe~ temperatures a small positive peak is observed in the DSC
trace at about 240°C. This peak is not associated with any signi-
ficant weight loss and could be the result of orxidation of platinum
to platinum oxide or it could result from some decomposition of the

tetrachloroethane. The final exothermic increase is due to oxidation

of the carbon support,.

Tetrachloroethane is essentially completely removed by
thermal desorption at a temperature of 350°C. No significant oxida-

tion of this contaminant was observed with the catalysts Pt, HZPtC16,

NiCl,, CsCl, and NaF. In all cases, however, thermal desorption was
complete at a temperature of 350°C.

4, Thiophene

Thiophene is a sulfur containing organic compound and a
common catalyst poison that would have to be removed from spacecraft
atmospheres by carbon adsorption. The DSC and TGA traces for the
removal of thiophene from platinum-impregnated carbon are shawn in

/ | :‘ i
1-14 Ullden,

P PPLI SR LI




e e S

T TR M A T e T e e AR . . R

R e e e e

“ ; I 1 - I ~l~-mww_— e '%‘\"}
TABLE 4
ISOTHERMAL TGA DATA FOR OXIDATION OF DIBK
Temperature, Initial wt Final wt Elapsed Wt.
°f of DIBK {mg) of DIBK {mg) Time (mins) loss (mg)

CATALYTIC CARBON (Pt/Carbon):

200 7.4 2.2 3.0 5.2
220 6.1 0.1 1.95 6.0
245 6.9 0.1 2 6.8

|

NON-CATALYTIC CARBON: ;

210 10.4 2.8 2.5 7.6 ;
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FIGURE 15, .3C AND TGA TRACES FOR REMOVAL OF 1,1,2,2,

TETRACHLOROETHANE FROM PLATINUM-IMPREGNATED

CARBON. DSC: Heating Rate=15°C/min; Ordi-

nate Scale=.04°C/in, TGA: Heating Rate=
16°C/min.
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Figure 16. Thermal desorption occurs almost immediately upon heating,
producing a negative peak in the DSC trace and a rapid weight loss.
Thiophene is completely desorbed at a temperature of 300°C with no
evidence of any oxidation. Oxidation of the carbon support begins

in the range of 350-400°C.

Attempts to promote thiophene oxidation with a nicke)
catalyst and a vanadia catalyst were also unsuccessful.

The inability of platinum to catalyze the oxidation of
thiophene 1s directly related to the sulfur atom in the thiophene
molecule. This was confirmed in tests with furan which is similar
in structu- e to thiophene except that the sulfur atom is replaced
by an oxygen atom:

H,C — iHZ HZC — CH2
N -
2 2 H,C CH
Ng 2N 2
THIQOPHENE FURAN

Oxidation of furan was observed over a platinum catalyst as shown
in Figure 17. Comparing the curves for platinum-impregnated and
noncatalytic carbon, it is obvious that the peak at 210°C is due to
platinum-catalyzed oxidation.

The desorption of thiophene was observed to poison the
platinum catalyst toward oxidation of DIBK. DSC traces before and
after adsorption/desorption of thiophene are shown in Figure 18.
The A peak, which results from oxidation of DIBK on carbon, is$ not
substantially altered by the exposure to thiophene. However, the
B peak, which results from the platinum-catalyzed oxidation, is
greatly reduced and shifted to a slightly higher temperature.
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DSC AND TGA TRACES FOR REMOVAL OF THIOPHENE FROM

PLATINUM-IMPREGNATED CARBON, DSC: Heating Rate=

15°C/min; Ordinate Scale=.04°C/in, TGA: Heating
Rate=15°C/min.
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5, Acrolein

The DSC and TGA traces for the regeneration of platinum-
impregnated carbon contaminated with acrolein are shown in Figure 19,
The endothermic peak and rapid weight toss at low temperatures in-
dicate that an appreciable amount of contaminant is removed by
thermal desorption. The exothermic peak obtained at 360°C results
from oxidation on the platinum catalyst. This was confirmed in tests
with other catalysts in which no exothermic peaks were obtained prigr
to carbon oxidation. A bismuth-molybdenum catalyst showed no activity
toward acrolein oxidation even though this catalyst reﬂurted]y(é)
promoted the oxidation when supported on silica gel or gamma-aluming.

6. Freon 114

The DSC and TGA traces for Freon 114 removal from platinum-
impregnated carbon are shown in Figure 20. Ho substantial amount
of oxidation occurred. The slight gradual rise in the DSC trace
up to about 220°C may be the tail of an endothermic peak. This
would be consistent with the rapid decline in the weight of adsorbate
observed at low temperatures. It may be concluded that Freon 114
is completely removed by heating to 250%C, and that most, if not &11,
of the removal occurs by thermal desorption,

7. Vinyl Chloride

The TGA trace for removal of vinyl c¢chloride from platinum-
impregnated carbon is shown in Figure 21. This curve shows that
vinyl chloride is completely removed by heating to 175"C. Although
the DSC trace is not shown in Figure 21, no catalyst investigated
was successful in oxidizing vinyl chloride., 1Tt is concluded that
vinyl chloride is completely removed by thermal desorption at temperas-
tures below the threshold temperature for oxidation.
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C. COLUMN STUDIES

The oxidative regeneration of activated carbon was examined
in a small column to ascertain the feasibility of such a regeneration
on a scale larger than the DSC and TGA tests. The column tests were
designed to simulate the regeneration of an actual column. The ob-
jectives of these tests were to determine:
--the mode of column regeneration
--the gualitative dependence on controllable variables such as
temperature, flow rate, and oxygen partial pressure; and
--the loss in adsorptive capacity and carbon weight in repetitive
cycling,
Tests were limited to three contaminants: tetrachlouroethane, UlBE,
and caprylic acid, A1l tests were conducted with 2 0.3 wt.. platinum-
impregnated carbon.

1. Tetrahcloroethane

el e

The operating conditions and data for repetitive contawination/

regeneration of pltatinum-impregnated carbon are given in Tables % and
6. The weight of contaminant pick-up and loss during adsorption and
regeneration are shown in Figure 22 for a total clean-carbon weight
of 47.5 grams. The average column temperatures are alscu shown. For
the first two adsorptions the carrier was saturated both with con-
taminant and water. During adsorption the weight of adsorbed con-
taminant increased linearly with time until the c&, .city of the
column was reached. The uptake of contaminant and water was de-
pendent on the adsorption temperature. For the first adsorption the
column was maintained at room temperature, which was also the tempera-
ture at which the carrier gas was saturated. Therefore, capiliary
condensation probably occurred within the pores of the carbon., This
accounts for the unusually large weight uptake during the first ad-
sorption, 77. based on the weiqht of the clean carbon. During sub-
sequent adsorption cycles the column was held at about 75-C. This
temperature should prevent condensation of water in pores greater
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TABLE 5
ADSORPTION OF TETRACHLOROETHANE ON ACTIVATED CARBOR }

. Avg, Column Flow Rate(a) Time Weight ™ f
o Run No. Temperature{~C) (SCFH) {Hrs) Increase (grams) :
1 25 10 1.0 10,2
25 10 1.5 14,72 ;
25 10 2.0 17.6 ;
25 10 2.5 21,7 j
25 15 3.0 27.4 %
25 10 3.5 31.6 i
25 10 4.0 33.1 §
25 10 4.5 33.1 %
2 54 10 1.9 9.7
60 10 2.0 15.5
69 10 3.0 23.2
71 20 4.0 27.0 |
68 20 4.5 27.3
k
3 93 20 0.6 10.3 %
70 20 1.17 20.5 |
80 20 1.33 24,5
. 77 20 1.62 23.¢2 |
4 72 30 0.5 12.0 i
82 40 1.0 24.) |
_ ) _ 5
5 75 20 1.5 23,49 :
72 20 2.0 23.9 ?
(a) Flow rate of compressed air carrier gas. For runs 1| and 2 the %
carrier was saturated with contamingnt and water. For runs 3-95, :
no water was added. 1 SCFH=.0283 wm/hr, :
(b) Weight of clean carbon = 47.5 grams. ?
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TABLE &

REGENERATION OF PLATINUM-IMPREGNATED CAREON AFTER

ADSORPTION OF TETRACHLOROETHANE

Avg. Column Flow late" Time Fusidul
Run No.  Temperature("C} _{SCFH) (Hrs) Weight (grams)
1 60 10 1.5 24,4
88 10 3. 19.5%
147 10 4.5 3.4
214 10 7.5 =1,4
2 170 11 1.0 6.7
188 10 2.0 4.4
103 10 3.5 -
252 10 4.,% 0.5
3 218 10 1.5 (.4
4 230 10 1.8 ii. &
10 1.5 0.8

5 210

{a) Flow rate of dry compressed air,

1 SCFH=.0283 mi/nr.
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than 7 A (70 nm) when the carrier gas stream is saturated at 25°c.
From the pore distribution curve for the carbon, 95% of the pores

Q
are greater than 7 A (70 nm).

The carbon capacity was nearly the same for the four ad-
sorptions at elevated temperatures averaging 51% of the clean-carbon
wejaqnt,

After the first adsorption the column temperature was in-
creased slowly to determine the best regeneration temperature, The
average column temperature was first increased to 60°C. At this
temperature the weight of adsorbed material decreased to a value
consistent with the saturation uptake in subsequent adsorptions, for
which the column was held at about 75°C., By comparing the weight
loss at various temperatures it was concluded that regeneration
would be substantially complete in one hour at 200°C. This is in
agreement with the endothermic peak temperature for tetrachloroethane
shown in Figure 15.

After each adsorption-regeneration cycle the measured weight
was very close to the clean-carbon weight. Although there appears
to be a very slight trend toward lower adsorption capacity (peaks 3,

4, 5), this may result from temperature differences during adsorption.

The fact that a constant pick-up and loss of contaminant is observed
indicates that the regeneration is essentially complete,

During regeneration, off-gases were trapped in an ice bath
and inspected visually. For the first two cycles, the carrier gas
was saturated with water during adsorption. The condensate collected
during the first two regenerations separated into an organic phase
and an aqueous phase of approximately equal volumes. The aqueous
phase had a slight blue tinge which probably resulted from corrosion
in the copper lines. For a sorption cycles in which the carrier gas
was not saturated with water, no separate aqueous phase was collected
in the ice-bath trap.
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When the column was heated during regeneration a very strong
odor of tetrachloroethane was noted in the off-gas. When a column
temperature of about 150°C was reached the off-gas became acidic
(pH +2), but no 002 could be de.ccted in the off-gas by injecting
samples into a gas cnromatoygraph,

These results suggect that tetrachloroethane was being
thermally desorbed rather than oxidized. This is consistent with
the DSC/TGA results of Figure 15, The acidic pH of the off-gas sug-
gests that at least some of the tetrachloroethane was decomposed
t¢ HC1, which may explain the small positive peak in Figure 15, The
absence of any substantial heat generation and the absence of COZ
and H20 in the off-gas indicate the lack of any appreciable oxidation,

It may be concluded that regeneration of carbon contaminated
with tetrachlo-oethane is simple and efticient. The carbon cannot
be rendered pyrophoric since a rapid, highly exothermic reaction
does not occur. However, the above results indicate that provisions
must be made for disposal of off-gases from the regeneration cycle.
This will be considered in Sectan VI,

2. DIBK

Repetitive contamination/regeneration cycles were carried
oul using DIBK and the same catalyst-impregnated carbon as used in
the tetrachloroethane tests. The weight change and average column
temperature are shown in Figure 23, and the data and experimental
conditions are given in Tables 7 and 8. The uptake of DIBK decreased
s1ightly over the course of the experiments as shown below.

Adsorption Cycle Total Uptake of DIBK (grams)
1 11.1
2 10.9
3 10.3
4 10.7
5 9.4

- 10 [Walden; J
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3 TABLE 7 3

o ADSORPTION OF DIBK ON ACTIVATED CARBON §

| Avg. Column Flow Rate(a) Time Weight (b f

f Run No. Temp. {°C) SCFH (Hrs) Increaselgrams) "’ |

g ] 71 20 1.08 10.0 ;

? 66 20 1.93 13.3 |

70 20 2.5¢ 10.4 g

85 20 2.75 1.1 j

2 81 20 1.00 7.2 ;

i

r 77 20 2.50 10,9 g

1

3 81 20 2.50 10.3 ?

i

'é

4 72 20 2.50 9.8 j

:;

i

|

: 5 71 20 2.50 8.7 |

] i
F 74 20 3.00 8.5

{a) Flow rate for compressed air carrier gas b
im.ingers of DIBK at 23°C.

(b} Weight of clean carbon

L L

1 SCFH=.0283 m

47.5 grams.

bbled through

Jhr.

two
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The average decrease is 30 per cycle. The average uptoke ¢of DIEE

at saturation was 0.2 grams per gram of carbon which 15 considerably
below the saturation uptake for tetrachloroethane of U.% grams per
gram of carbon., For the first adsorption run, the high point of
13.3 grams may be the result of @ weighing errar or may result from
g nonuniform column temperature.

The regeneration of the contaminated carion occurred in 4
very interesting pattern. The recirculation loop was operated during
regeneration at a flow rate of 20 SCFH {157 s.cc/minj. [During the
first three regeneration cycles, DIEK was thermally descrbed before
oxidation was attempted. This was accomplished by admitting only
nitrogen to the recirculation lToop and heating the column to a tempera-
ture of 200-250°C while recirculating nitrogen. Approximatel~ &5 of
the DIBK could be thermaily desorbed by this procedure, It is pussibie
that the remaining 15" could also have been removed by going to
higher temperatures.

Following thermal desorption, the remaining 15. was removed
by oxidation., O0Oxidation was initiated by heating the bottom two
inches of the column to about 200°C and slowly admitting air to the
recirculation Toop. Unce the oxidation was started ng further heating
of the column was reqguired. Oxidation occurved in a narrow tand of
approximately 2 cm in height. This band moved upward along the
length of the column at a rate dependent upon the rate of admission
of oxygen. The temperature above and below the reaction zong
(typically 50-100°C) was not greatiy different from ambient; the
temperature within the reaction zone was a strong function of the
oxygen flow rate.

The oxygen flow rate was a very important parameter. [f the
flow rate was too slow the reaction would be quenched; if tce fast,
the temperature within the reaction zone would become excessive.

The control problem was complicated experimentally by the fact that
the thermocoupies along the column were spaced at two-inch intervals,
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and the reaction temperature could not be monitored when the regétiou
zone was between two adjacent thermocouples. [t is guite pousible
that excessive temperatures could have occurred when the resction
zone was in such a position,

The optimum air flow rate was determined to lie betwesn 0,8
and 1 SCFH (3.9 and 7.9 s.cc/min} at a recirculation rate of 20 SCFH
(157 s.ce/min), Typically a flow rate of 1-2 SCFH (7.9-15.7 s.cc/mini
of air was admitted intermittently as required by the temperature of
the reaction zone.

The temperatures shown in Fiqure 23 give the minivum dnud ma=xi-
mum observed temperatures during oxidation. Temperatures abuove
those shown could have occurred when the reaction zone wags betwsen

thermocouples.

In the second regeneration, oxidation was again successful
in removing the residual DIBK., Although the maximum regeneration
temperature of 400°C was higher than desired it appears that not
much carbon was lost.

Some carbon was lost on the third regeneration cycle, how-
ever, and this is attributable to a run-away in temperature after
the reaction zone had passed the final thermocouple. Too much oxygen
was admitted, and the carbon at the top of the column glowed red hot
indicating a temperature of about 5007C.

Regenerations #4 and #5 show the effect of repeated oxidatiun
without prior thermal desorption. A single oxidation should bLe
sufficient to remove all of the adsorbed contaminant. However, gases
passing through the recirculation loop are saturated with contaminant
and, as the reaction zone moves up the column, contaminant from the
recirculation gases may adsorb at the bottom of the column. In sub-
sequent oxidations the heat of reaction was observed only in the
bottom portions of the column. The oxidation time for the second ar
third oxidation cycles was much shorter than for the first and re-

i
i
{
#

R T T T S R S LT T ST ST T e T

L e

LT T P Ly 1 - L o, NV . MU R Y



T T B e

contaminatioun was not a serious problem.

Thermal desorption could not be eliminated by initiating
the regeneration cycle under oxidation conditions. Heat frim the
reaction zone caused considerable desorption of UIEE before reaction
could occur. Most of the liquid collected in the recirculuticn-ltaop
trap was DIBK. In addition DIBK condensed at the cutlet of the
column and formed a ligquid Tayer on the stainless steel Screen at
the top of the c¢olumn., The recirculating gas bubbled through thig
layer and prevented its running back down into the column, When
the reactiun zone reached the top of the column the UIBK was vapor-
ized and disappeared,

It may be concluded that the oxidative regeneration of
platinum-impregnated carbon contaminated with DIBK is essentially
complete. The net carbon loss of 1.3 grams out of 47.% yrams (1,5
per cycle)} is prubably the result of poor control of conditions
during regeneration. It is expected that this loss can be reduced
with better control.

3. Caprylic Acid

The regeneration of platinum-impregnated carbon contaminated
with caprylic acid proved to be the most difficult to control.
Initially the same catalytic carbon and column were used for caprylic
acid as for tetrachlorcethane and DIBK. In the first two regeneratian
runs the loss of carbon was 3% and 52° of the initial carbon weight,
respectively. These losses were a direct result of poor temperature
control. The 3i. loss probably resulted from excessive temperatures
being reached between thermocouples where the temperature could not
be measured. The 523 loss occurred when a thermocouple near the togp
of the column became loose and made poor contact with the thermo-
couple wall. The low temperatures observed at that position during
regeneration were attributed to contaminant oxidation when actually
oxidation of carbon was being observed.
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At this point & new column was fabricoted which contatned
20 thermocouples inserted directly into the carbon column as des-
cribed in Section IIl. A new charge of platinum-impregnated curbon
was used, and four adsorption/regeneration cycles were canductbed.
The control of temperature was greatly improved with the new column,

Because of the low vapor pressure of caprylic agid the carrier

gas was saturated at 115°C and the column was maintaingd in the
vicinity of 160-190°C, Hitrogen was used as the carrier gas to
prevent any woxidation during the adsorption cycle. Whén the satura-
tion point of the carbon colusn wae reached, break-through was obi-
served visually in the furm of a smokey vapor passing out the top of
the column. The weiqht increase at this point is given in Table 9.
The variation in uptake of caprylic acid may result frowm the in-
ability to obtain a uniform column temperature during adscrption.
However, no definite trend toward lower adsorptive capacities can

be noted over the four cycles.

A considerable portion of the adsurbed caprylic acid could
be thermally desorbed by heating the coiumn under a recirculated
nitrogen flow. Table 10 gives the amount of remaining contaminant
after tharmal desorption at the given conditions. As much a5 9Zu
of the contaminant was removed by desorption, and it is possible
that even more could be removed at higher tewmperatures.

The oxidation of udsorbed caprylic acid was very similar
to the oxidation of DIBK. An oxidation band or reaction zone wgvel
up the Tength of the c¢olumn, Heat carried forward frowm the reaction
zone caused thermal desorption to occur befure reaction. Caprylic
acid condensed on the c¢olumn walls above the desorption Zone, and
it also collected in the ice bath trap in the recirculation lgop,
The weight loss as a function of time and temperature during de-
sorption/oxidation is shown in Table 11. The weight of contaminant
remaining at the end of each nxidation cycle was small, averaging
2. of the initial weight for the four cycles. It may be concluded

e -
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Run No. Temp, (“°C) Time (min
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TAGLE 9
ADSORPTION OF CAPRYLIC ACID ON ACTIVATED CARBON*

Avg. Column Breakthrough Weight lncrease at
?W Breakthrough [grams j**

] 185 ~20 13.6
2 164 17 15.9
3 187 ~ 20 16.0
4 133 15 13.5

* Nitrogen carrier gas at a flow rate of 20 SCFH {157 s.coimin} wac
sparged through a heated (115°C) flask of caprylic seid,

** Weight of clean carbon = 44.4 g,
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TABLE 10
THERMAL DESORPTIQON OF CAPRYLIC ACID FROUM ACTIVATED CARBIN

Weight Remaining

Avg. Column \
{% of Initial)

Cum. Desorption
Run No. Temp. (°C)

_Time {min)

TR LE LA I e A T T T T e e

2 242
323

3 252

3 304

30
60

53

69

31
13

23
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TABLE 11
OXIDATION OF CAPRYLIC ACID 0ff PLATINUM-IMPREGNATED CAREOHN

Avg. Column Cum, Regeneration Weight Remaining
Run Ho. Temy, {(“C) ~ _Tiwe (min)* i af initigl)
1 183 104 20
% 161 254 18
? 217 344 13
252 434 4
2 - 9g 11
.- 143 £
; 3 304 a0 6
_&
f - 126 i
4 334 9¢ 7
* Includes time for regeneration by thermal desorption.
1
3
4
4-40 ’:5;;-;3’ ‘_“_‘;.;‘
tlalden:
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that no significant loss of cerbon weight or capacity occurred
over the four cycles
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V., MODEL OF THE REGENERATION

A mathematical model of the regeneration process would be
very useful in predicting the behavior of the column during re-
generation., Such a model could be used to predict the effect of
different operating variables, such as flow rate and oxygen partial
pressure, on the maximum temperature during regeneration and the
regeneration time, It could also be used to determine the Timits
of stability and instability in the regeneration process.

There are a number of processes that can occur during the re-
generation cycle. Oxygen diffuses through the gas film surrounding
a carbon particle, diffuses througyh the pores of the carbon, and &d-
sorbs on the catalyst surface. The contaminant diffuses along the
surface of the carbon, ‘s adsorbed at @ catalyst site, and reacts
with adsorled oxygen., 1f reactiun is complete 602 and HEG desorb
from the catalyst, diffuse through the carbon pores, and into the nas
phase. The regeneration can be further complicated by the variety
of reactions that can occur. The parent compound may be partially
oxidized to a stable intermediate which is then oxidized tou the final
products in a sequential-reaction scheme,

In general the regeneration process will be limited by the "slow"”
step in the series of events. When the regeneration is diffusion
controlled the mathematical analysis of the regeneration is coun-
siderably simplified. When the regeneraticn is controlled by reacticon
kinetics, the analysis is more complex. The overall column regeneratiun
is, of course, a direct function of the regeneration of an individual
carbon particle. Various models are considered below far the regenera-
tion of a single carbon particle.

A. SHRIWNKING-CORE MODEL

In the shrinking-core model, reaction begins at the particle ex-
terior and proceeds into particle as a spherical reacticn zone

51 Illaﬂen
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receding into a shrinking core. This model has been found to be
applicable to a number of practical processes including theé regénera-
tion of carbon-deposited catalysts. In the general case this model
can be either diffusion limited or reaction-kinetics Timited, How-
ever, in order for reaction kinetics to be rate limiting the raie of
diffusina through the reacted outer shell must be wiuch greater thae
the rate of diffusion through the unreacted inner core. This could
pccur, for example, in the noncatalytic uvxidation of a carbon particle
which would leave behind a porous ash of high effective diffusivity
relative to a nonporous interior core of low effective diffusivity.

In tne regeneration of & contaminated particle of activated carbon,
it is unlikely that a large change in effective diffusivity could
occur. If it is assumed thct there is no change in effective dif-
fusivity 1n going from the reacted guter shell to the unreacted inner
core, then, for this nodel to be appliicable, pure diffusion must be
rate limiting. 1If pore diffusion is not rate limiting (i.e. is fast |
relative to the reaction kinetics) then there is no means by which 3
reaction can be localized to the surface of an interior core, 5

For the shrinking-core or pore-diffusion-limited model the rate

of regeneration is entirely independent of the reaction Fkinetics,
obviating the need for a surface reaction rate equation. This wmodel i
has beer. successfully applied () to the regeneration of industrial :
catalyst particles contaminated by carbon deposits. The fraction, vy,

NEE T P

[

of initial contaminant remaining at time t is given by:

273 :
{ 'ZY ) a 5 y) . ¥t (1)
2

- : i
and, K nDCox/Ro CC (2)

n = Stoichiometric ratio: wmoles of organic removed

S S a3 o

where,
per mole of oxygen consumed;

D = effective diffusivity of oxygen in the porous
carbon granule (cmzjsec);

COx = molar concentration of oxygen in the bulk aas phase

i 2 o T,

¥
5
£
s
s
-
;

(m01es!cm3);
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=
1

radius of carbon particle (cmj

(o)
il

initial molar concentration of contamingnt {moles;
Clll3 of bed volume).

From equation (1) the time required for any desired degree of
burn-off can be calculated. For total burn-off:

. 0.167
Y00 ° i

p—
L
L

[ S S L it SRS PN BT SN C—.

A value for FE can be estimated from the physical groperties of the .
carbon. The assumptions and procedures darve given in Appendis A, j
and the estimated value is: §

By equation {(3) the time for regeneration of & single carbon particle
is about 2.5 hours.

If the rate of oxygen supply to the coluwn is nut a limiting
factor, the partial pressure of oxygen will be wuniform throughout
the column, and all pariicles will regenerate simultanecusiy. Thus
the total regeneration time will be 2.5 hours.

The experimental observations are not in accord with the shrinking- }
core model., The DSC traces show that the regeneration of a carbun
particle is complete in minutes rather than hours as predicted by the
model. In addition, K is precportional to T"1j2 so that as the tempér-
ature is increased the rate of regeneration should not change sub-
stantially. This is in marked contrast to the experimental DSC curves
where the rate af reaction (which is proportional to the displacement
in the positive Y-axis direction) is very strongly dependent on
temperature. The strong temperature dependence of the peaks suggests
an exponent®al temperature dependence characteristic of a reaction
limited process. Furthermore, the fact that multiple peaks are often
obtained also rules out the shrinking-core model for which a sinale

5-3 hslden’
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broad peak should be observed, It muy be concluded that the re-
generation is not pore-diffusion liwmited, and the shrinking-core

model does not apply.
B. CONTINUDUS-KREACTION MDDEL

The continuous-reaction moadel is often proposed as un alternative
to the shrinking-core model, The continupus-reaction medel gssumes
that uxygen enters the particle with little resistance and reacts
throughout the particle at all times. Thus the concentration af

i.
g
!
!

contaminant decreases uniforemly throuvahout the particle.  For the
regeneration of activated carbon, the continuous-resction mudel can
apply only if pore diffusion is rapid enocugh to beep o uniform con-
centration profile throughout the particle. Theretore, the countinucus-
reaction model is applicable only if the reaction Yinetics are rate

Timiting.

However, this model is also at odds with the erperimental results,
A particle cannot regenerate any faster than the pore diffusion gal-
culations indicate. That is, the continugous reaction mwodel could be
invoked to explain a regeneraticon lognger than the ¢ 172 hours cal-
culated for pore diffusion but cannot explain the rapid regenerations

observed experimentaily.
C. EXTERIOR SHELL MODEL

Since neither of the commonly-invoked modelsy are consistent with
the experimental facts, it is necessary to devize a new model, based
on the experimental data and capable of predicting the calumn be-
havior during reqeneration. It is evident from the DSC traces that the
reqeneration is limited by the reaction rate raiher than by Jiffusion.
If pore diffusion were rate 1imiting, the increase in tempiratore
during a DSC run would have no substantial effect on the reaction
rate since the diffusion process is only weakly temperature dependent.
The fact that sharp peaks are obtained, the fact that peaks are ob-
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tained at different temperatures for different cutalysts, and the
fact that multiple peaks are often cbtained all indicate that surface
interactions are responsible for the DSC peaks. For the oxidation

of diisobutyl ketone over platinum (Figure 13) the wzidatiun is sub-
stantially compiete in eight minutes. This is difficult toe rational-
ize in light of the pore diffusion calculations which show that even
if the reaction kinetics are "infinitely fast", the winimum regenéra-

tion time is 2-3 hours.

These results can be rationalized by the extéerior shell model in
which most of the reaction occurs at the exterior surface of the
carbon particle and in the openings of the pores rather than gt the
interior of the particle. The confaminant wust diffuse to  the Surtace
of the particle before it can be oxidized. The previgus wodels
tacitly assumed that the contaminant wags uniformly distributed through-
out the particle and remained uniformly distributed until it was
oxidized, Thus oxygen had to diffuse to the interior of the particie,
The diffusion of contaminant to the exterior of the particle, as
assumed in the present model, can be much moere rapid. This i parti-
cularly true in the light of the experimental observationy that orida-
tion was always accompanied by thermal desorption. Rapid thermal
desorption cccurring within a pore could provide @ substuntial pres-
sure driving force for flow of the contaminant to the e-terior of the
particle., 1In addition fo flow of contawinant through the wvpids of
the carbon particle, contaminant can diffuse along the surface of the
pores., In order for oxidation to occur at a catalyst site, the
contaminant must, in any case, diffuse along the surface tu that
site, Therefore, at oxidatiorn tewmperatures, surface ditfusion is a
reasonable mechanism for transport from the interior to the exterier
of the particle. Since it has been shown (1,8.9) that ¢ mobite ad-
sorbed molecule can move across a surface with the velocity of a
two dimensional ideal gas, the surface diffusion rate can be rapid.
In addition, for DIBK for example, only one molecule of contaminant
must diffuse to the exterior, as coppaosed to 13 molecules of ocvaen
that wmust diffuse to the interior if reactisn occurred within the
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pores, It is likely that the contaminant moves to the eiterior of
the particle by a combination of flow through the pore voids and
adsorption-surface diffusion-desorption.

The exterior shell model can be Timited by the rate of mass
transfer of oxygen from the bulk gas stream, by the rate of chewicul
reaction at the surface, or by the rate of diffusion of Ccontaminant
from the interior to the exterior of the particle. Again the strong
temperature dependence of the regeneration and the multiple USC peasks
rule out the possibility of mass transfer liwitations from the bulk
gas stream to the particle surface under the erperimentsl conditions.
The surface diffusion and gas phase transpoert of the contauinant
from the interior to the exterior of the particle will involve an
activation energy and will be strongly tewmperature dependent. For
a non-mobile adsorbed contaminant molecule there i35 an activation
energy that must be overcome before the molecule can diffuse, and,
of course, for desorption to vccur the activation energy for de-
sorption must be provided. Therefore, the strong tewperagture depend-
ence of the regeneration is consistent with a rate Timitation by cun-
taminant transport, However, if contaminant transpurt were rate
limiting, the rate of regeneration should be independent of crygen
partial pressure. This contradicts experimental observation:
the rate of regeneration was very dependent on the rate of osygen
supply and thereby on oxygen partial pressure. Furthertore, thermal
desorption of contaminant was observed to occur in column tests prior
to oxidation indicating that the rate of transport of contaminant fraow
the interior to the exterior of the particle was greater than the rate
of oxidation of contaminant at the surface. It is concluded that under
the experimental conditions investigated, the regeneration followed
the exterior shell model and was limited by the rate of surface re-
action,

D. DEVELOPMENT OF MATHEMATICAL MODEL

A rigorous mathematical treatment of the reqeneration process 1%

quite complicated, and it is expedient, at the outset, tu make a

-
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nuniber of simplifying assumptions:

1) The column is operated adisbatically, and therefore there
are no radigl temperature gradients.
The heat transfer in the directinn of fluid fleow oecursg

2]
L

only by convection.
3) The gas velocity dcross the column Jiameter is wndiform, and
the change in molar flow rate of the gas phose by chemicual
reaction is negligible.
4} The temperature gradiént from the surface to the intericr
of the particle 1$ nealigible allowing an average particle
temperature to be used, ;

5} The rate of reagction follows an exprecscion of the form

e~Lr;RT5 ynrm

re ok U {see Table 12 for nomenclatured.

6) The rate of desorption is not limited by pore diffusion and
is of the form r, = kde'EdeTS Lo d.e. desorption 15 first

order and readsovption is negliygible,

The mathematical wmodel s based on the following idealized deos
cription of the regeneration process., & recivculated nitroaen streasm

ko e o e e L PR A S S, DA 5 e

is used as @ carrier gas during regeneration. The stream i heated

to a temperature of To before it is adwitted to the c¢olumn, and,

upon leaving the column, it is conled to a tempergture sufficient

to remove any desorbed contaminant. With ne opxygen present, nitroaen
is circulated throuah the column, which eventually reaches the temperg-
ture TG. Thermal desorption is allowed to proceed until, at TO, the
rate of desorption is negligible. The concencraticon of remaining

A ERBRR + e B i 28, Bt

hn ey pead herra s

contaminant is CU. At this point (time zero) the male fractian of
oxywgen in the feed to the column is increased from zero the 7
Provided TD is chosen so that reaction will occur when gxyaen is
present, reaction will be initiated at the bottom of the column pro-

it i o ikin s vrn

ducing a large release of heat. Essentially all of the tuvgen is

cansumed in the reaction zone at the botteom of the column and no
reaction occurs above the reaction zone., As contaminant is consumed i
at the bottom of the column, the reaction zone moves upward at 3

. Aalden:
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rate dependent upon the rate of oxygen supply. Below the reasction

et e

g zoneg heat is transferred from the reaenvrated carbon te the gas phase,
B Above the reaction zone heat is transferred from the gas physe to
the contaminated «carbon particles incressing their temperiture above

TU and causing additional thermel desovption, The desorbed cins

taminant is swept away by the reqseneration carrier gas. Thus o therieds

E
¥
k
i

desorption zune moves up the bed ahead of the reaction zone.

Material and energy balances were made on a differentisl cross-
sectinnal slice of the coulumn af height L» . The differeatial

pquations, baundary conditions, and nomenclature are given in Table T0.

TR B R T e e e

There are two independent variables: distance up the column, «y
and time, t. Thevre are four dependent variables: ogrygen nole frac-

tion, y; contaminant concentration, L{ gas temperature, Tq: and

solid temperature, T . Table 17 gives the four simultgneous partisl
differential eguations that must be solved for the four dependent

variables. These equations are first order but are coupled and

highly nonlinesr requiring numerical technigues for selution.

The particular mode of regeneration described abuve was chasen

O T e T T T <P T

for its simple boundary conditions., A mare practical method wof
initiating the regereration would lead to wgre compliceted boundiry

conditions,

j

E. DETERMINATION OF RATE CXPRESSINN |

The most difficult tash in develuping g mathematical madel to §

. . - !

: simulate the regeneration is obtaining accurate rate data for the :
3 ;
4 reaction and desorption of contaminant. The problem i< further !

complicated by the occurrence of multiple peabs in the DST trace
each of which must be represented by a different kinetic exprescion,
In addition, the weight loss during erxidation probably results from

a combination of nxidation and thermal desorption,

Nevertheless an attempt was made to experimentally determing the

arder of reaction with respect to adsorbed contaminant tecponent m

Malden:
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TABELE 12

MASS AND ENERGY BALANCE EQUATIONS FOR A DIFFERENTIAL

0 CROSS=SECTIONAL VOLUME ELEMERT UF COLUMN GURING PEGENERAT 10N
' (1) Oxygen Balance
Het input by flow - Depletion by reasction = Accumulation
g -G E% -5 k e“E?;RTg TR L %E %? (%w)
i 4
? Boundary Condition: y ey, at » = 0 all t
y = 0 at t =0 all s
(2} tLontaminant Balance
Depletion by reaction + Depletion by desorption = fccumolation
ke'ET‘fRTS yn oy }_‘.E-Ed;‘P.TS . #E
: d Mg ot
S Boundary Condition: €= st t =10 all »
I (3) UOverall Enerqy Balance
Net input by flow + Froduction by reaction - Depletion by
desorption = Accumulation
L %;3 ¢ ke ErdRTs e Mo, - kd_‘EdeTs oM T
= (1-2) ¢ .o, %%_
gf Boundary Condition: Tq =
Ts = Tu at t = 0 all »
{4) Gas Fhase Energy Ealance
Het input by flow + Heat transfer from solid = Accumulatian

, 5T Pe,
GM o 28 s noa (T -1 =% « Ty
10 hx 5 9 R at Tg
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TABLE 12
(continued)

Eoundary Condition: Trj « T ooat 2 = 0 aill t

i

Homenclature:

concentration of contamingnt (#/¢ carbonj

concentriation of contaminant preior to axidotion |

heat capacity (at constant pressure) of gas phase (Btus#a-F)

heat capacity of carbon (Btuis“F)

activation enerqgy of desorption (Btu/#-=ele]
gctivation eneryy ot reaction (Btu/#-ucle)
molar velocity of gas phase (4 moleﬁ!fts-hr}

heat transfer coefficient from carbon to gas {Btufhf=ftL”Fﬁ

pre-expanential factor for reaction (consistent wnits to give

3 . . . = K : v
reaction rate in # moles/hr-ft~ of bed}

pre-exponential factor tor desorption {consistent units to

give desorption rate in # m.ﬂ:'nlesfhr-ftj of bed)
molecular weight of contaminant (#/# mole)
molecular weight of gas phase (#/#% mole)

grder of regition with respect to contaminant
order of reaction with respect to ozygen

total pressure during reqgenergtion {atm}

heat of reaction {Btu/# countaminant)

heat of adsorption {Btu/# contawminant)

2as constant {appropriate units)

rate of treactian (¥ wales cgntaminantjhr-ft$ bredl

v
£

surface area of carben per unit volume of bed (ft°/7ft°

&

rate of desorption (% moles coutaminant/hr-tt7 bed)

stoichigmetric ratic {wmoles ., consumedimale contaminant)
[

1as phase temperature {F)

selid phase temperature {-F]

qas inlet tempevature = initial bed temperature
time {hr)

distance along columng megsursd from bottem {ft]

5-10
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TABLE 172
{eontinued)

Nomenclaturea {continued}:

J

Yo

By

[y

mole fraction of oxygen in gas phase
mole fraction ¢xygen at inletl tog ¢olunn

yoid fraction ot bed

bed density (# carton/ft’ bed)
particle density (4 carbun;th;

-11
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in the rate exnression) for the oxidation of DILE., The contawinated
carbon was raprdly heated under g nitrogen atmosphere to o tewmperaturs
at which only the desired resction occurred, Oxygen was then sd-
mitted and the weight loss as & function of time was measured, The
gxponant m was to be determined fram a plot of log {-dc/dt) vs.

loy C. Isothermal THA traces wepe obtained at 200°C, 20070, und

245-C for platinum=-impregnavsd carbon,  In a1l cases the plot of

log (-dc/dt) vs. loy € was highly nonlinear indicating that the gross
weight Toss does not follow the simple kinetic expression assumed
gbove, These preliminary results indicate that it may be impossible,
within a reasgnable Tevel nof effort, to unravel the complex and inters
related Lkinetic expresiions governing desorption and reasctian., It
(such as first order in oxyyen and contaminiant concentraticis) in
order to develop at least a gqualitative wodel of the regeneration,
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VI. DEVELOPMENT OF CONCERTS FOR SPACECRAFT SYSTEMS

The method of carbon regeneration considered in the Lockheed
study was thermal desorption under vacuum. There gre three potential
lTimitations to this mode of regeneration:

1) Under the desorption conditions investigated by Lockheed

and investigated in this study, desorption of certain con-
taminanty was incomplete. It 1¢ not Ynown at thie point
whether or not higher regeneration temperature:s and longer
regeneration times could reduce the adsorbed contamingnts

to an acceptably low level. Furthermore it 95 nogt bnown

to what deqree the non-desorbed residue 15 cumulative,

Since thermal desorpticn is an endothermic process the entire

e
L o—_

heat of desorption wmust be swpplied from exterial sources in
addition to the sensible heat required to raise the bed
temperature to the desired lwvel.

3) If discharge of contaminants to space s bunned, glternatives
or modifications of vacuum desorption must he concidered,
The modifications may be as simple as installing a cryogenic
trap on the exhaust line to space if the ban dows not cover
elemental gases Such as oxygen, nitrogen, hydrogen, etc,

If the ban is total, a nitrogen recirculation looup should
be considered with rencval agnd storage of centaminants by
cold trapping,

The primary advantage of oxidative reqeneration 15 that cen-
taminants remaining after thermal desorption, or carbonaceous de-
posits resulting from decomposition of contaminants can be removed,
This is considered to be a very sigrnificent advantage. There are
many desiqn, engineering, and control probiems associated with dn-
situ regeneration by oxidation, and these have not been fyuliy ad-
dressed in Lthis "feasibility” phase o1 the proaram. Heverthelese,
it is worthwhile to consider in general terms the farm that sych o
regenerative systew might take. A& ogeneralized flow schematic far
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spacecraft application is shown in Figure 24, The feed frow the
cabin is passed through o Tithium hydrgaide bed to remove acid guies
which could poison a catalyst-impregrated carbon, The air is thes
passed through one of two carbon eolunng in purallel, column #1 in
this cuase.

While culumn #1 is adsorbing, coluwn #2 15 being regenerated,
The exact control procedure used in oxidative reqeneration is yet to
be datermined, but in qeneral an air stream s recirculated by o
pump through the regenerating column, Ozidation is initiuted by
appropriately heating the column to a tempersture at which vxidation
will occur and maintained by admitting a swall controlled flow of a4ir
through a by-pass between the two columnis. UDesorbed contamingnt and
oxidation products are removed and stored in a ceold trap. There will
be a gradual increase in the number of moles of gas in the recircul -
tion loop because of nitrogen admitted with the oxidation air and
oxidation products, CO and CO.,, whieh wmay pass through the trap, de-
pending on its temperature and trapping efficiency. Excess gas is
removed from the recirculution loop through the back-pressure regulater
{BFR) which maintains a constant pressure at the suction of the re-
circulation pump. This excess gas may contain acid gases and is
therefore passed throuah the lithiuim hydroxide sorber befoure re-
admission to the first carbor column and back to the ci=in,

Toe this point the relative energy requirements for desorptive
and oxidative regeneration have not been rconsidered., Approximate
caltculations (presented in Appendix ) compare the energy re-
gquirements for vacuum thermal desorption .ith contaminant trapoing,
air-sweep desorption with contaminant trap ing, and oxidaticn with
contaminant trapping., The calculations indicate that there is very
littie difference (less than one pound penalty) between the various
modes of reqeneration, This is primarily the result of the low pro-
duction rate of 17 grams of contaminant per day (3) that must be
removed by the activated carbon system.
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FIGURE 24. GENERALIZED FLOW SCHEMATIC FOR REGENERABLE
CARBON SYSTEM USING CATALYTIC OXICATION
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VII. RECOMMENDATIONS FOR FUTURE WORK

The very low losses in adsorptive capacity incurred during
oxidative regeneration are very encouraginng and suogest that addi-
tional development of this mode of rageneration would be worthwhile.
A program on two levels is recommended: continued adsorbent re-
search, and system development.

The research effort should be conducted at CUNY using LSC and
TGA to study single carbon particles. Additional expluratury work
should be conducted looking at different catalyst concentrations and
impregnation procedures. The s "ected catelytic carbon shouuld be
thoroughly compared tc non-catalytic carbon in repetitive contaming-
tion/oxidation cycles. The degree to which the residue is cumulative
following tow temperature oxidation should be determined for both
the catalytic and non-catalytic carbons., Thermal desorption should
be extended to higher temperatures .nd longer times to see if ad-
sorbed contaminants can be reduced to an acceptable level by this
method of regeneration. 0Other contaminants encountered in space-
craft atmospheres should he examined, awnd tests should be made with
all classes of compounds encountered.

The development work should be conducted at Abcor and should be
applicable to oxidative regeneration with or without the presence
of a catalyst. Various methods of ccntral should be attempted and
tne optimum method specified. Sufficient data should be generated
to conduct a trade-off study between oxidative and descrptive re-
generation. Details of the system design should be specified, and
a bench-scale model of the system should be constructed and operated
to demotistrate the feasibility of autumatic operation.

The details of our recomniendatiuns for future work will be sub-
mitted shortly in a continuation proposal.

;o ;:‘;__._____.__.-
Mfalden:
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APPERDTY A

Estimation of K

The effective diffusivity is the series csum of the effective
diffusivities for bulk diffusion and tnudsen diffusion:

L . ! ‘5 ! (E-1]
eff F,eff 12,eff
. 2 D12h
12,eff 1
where, D12 = diffusion cuefficient (cmz!set)
E =  fraction of voids in carbon granule = 0,40
1 =  tortuosity factor.

For the diffusioa of oxygen in nitrogen, D = 0.15 cm

PR
- fsec, and
1¢ ' !

. . (0.18)(0.40) _ .072
3?.,Eff b i

For knudsen diffusion,

19,400 #°

D = —————

=|—

where, Sg = total surface area = 1.1 x 9" cm /q
i = particle density = 0.8 g/cc

T = temperature (V) = 473"k
M = molecular weight - 32

1.356 x 1077

DK,eff ) T

Substituting in equation [A-1) gives:
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Dper = 1331 x 1077 en/sec,

For the oxidation of diisgbutyl ketone

C 0+ 130, « 9C02 + QHZO.

91y 2
The stoichiometric ratio of organic to oxygen is:
n=1/13 = .077.
At 200-C and 1 atm the molar concentration of oiygen in air is:

c - 0.2] = 5,4 =z TL’}-6 g-mole/c:,

0x (22,414)(37')

Lol

|

]
[¥%)

The average particle diameter for 6 x 16 carbon is 0.24 cm., There-
fore:

R = 0.17 cn.

Q
Assuyming a loading of 0,39 contaminant/q carbon and a bed density
of 0.5g9 carbon/cc bed, the molar concentration of diisobutyl ketane
is:

1,056 x 1077 g-moles/ce.

1
o]
il
o)
[¥%)
-
[
on
i

Then,

The tortuonsity factoar can vary over an order of magnitude but 4
typical value is 2. Thus,

¥ o= 1.25% x 10-5 SEC-].
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APPENDIX

COMPARISON UF ENERGY REQUIREMENTS FOR
VARTOUS MODES OF REGENERAT LON

It is of some interest to determine the relative merits of
various mopdes uf regeneration in relation to heating and couling
penalties. This can be done in a very approximate manner by assuming
no heat conservation and approximate weight penalties of 300 lbikw
for heating and .G1 1b/Btushr for cooling (10) Three regeneratinn
modes are compared below:

1) Vacuum desorption with contaminant trapping;

2) Air-sweep desorption with countaminant trapping; and

3) Oxidative regeneration with contaminant trapping,

1. Vacuum Uesorption ¥s. Aiv-sweep [esarption

Fay vacuum desorption it is assumed that the carbon column is

;aoisted to space and there is no weight penalty assuciated with
vvacuation, Vacuum desorption and air-sweep descrption will require
the same amaunt of energy input for heating the carbon and cotumn
to the desorption tewperature and for providing the heat of adsorp-
tioen required to remove the contaminant, The same amcunt of costing
will b2 required to trap ocut the contaminant., The difference in
enerny requirements for the two operational modes is the amount of
heat required to raise the air stream to the desorption temperature
and the amount of cooling required to cocl it to the trap temperature
plus the pumping energy required to recirculate the air stream, Of
course the energy requirements can be minimized by overating at as
Tow an air flow rate as possible. It is quite possible that an
effective air sweep can be achieved at low flow rates. [t 15 a9-
sumed for the purposes of calculation that an eifective air sweep
can be achieved with a flow rate of 100 woles of air for each nsole
of contaminant removed. The total production rate four contamiaants
(3) i< 17

removed by carbon adsorption 7 oqrams per Gay.  ASSUMIN

g-1 e, ]
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daily regeneration and an averane contawinagnt molecular weight of
100, the gross amount of air required for sweeping is 17 moles,
The net amount of air is much less since the air i3 recirculated.
At an average heat capacity of 7 cal/mole~C, tte air heating and
coolinag requirement for desorption at 300%C and trapping at -=0"C

isg 4.5x10a cal or 0.052 kw-hr, Assuwing a heating penalty of Z00 ity

kw ai:d a 24 hour regeaeration perigd the weight penaglty for heating
is only 0.65 1bs (.29 kg). Assuming s couling penaliy of 0,01 Ib/
BEtu/hr the weight penalty for cocling is only 07 Tbs (.0317 kgj.

The pumping power can be calculated from the equation:

T 4 o,
Po= 1.236 x 10°% 2@ { (-2-) -
nn \ [f,llj f

where:

P = brake horsepower

T_ = absolute temperature at suction {“E)
n_ = volume of gas compressed {SCFM]

n = mechanical efficiency {assunie 500 ]

n = (K-1})/K

b= ratio of specific heats Cp!ﬁv {1.4 four air}
n. = absolute pressure at suction
by = absolute pressure at discharge,

Assuming a 5 psi pressure drop through thé coglumn and trap,

=
i

“30 | iag . - EHE
-4y (347)09.3 > 1077 | 2oy o
(1.236 » 107°) 558857 50) l (<) 1|

2.4 x 10°% hp

i

1,79 x 10'4 kw.

1]

Assuyming the same weight penalty as for heating the penaglty for
sumping energy is only .05 1bs §.4923 kagl.
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It maoy be concluded that the weight penalties tor air-sweep de
sorption as opposed to vacuum desorption are not siquiticant.

2. Air-sweep Desorption Vs, Oxidation

A comparison of the eneryy requivemwents for theramal desoarptian
and vxidation will depend on the prucedure uwsed for sridation. While
it is, in principle, possible to iuitiate the opxidatiun by Beatitg
a single carbon particle and sustain the oxidation with no externgl
heat input, it wmay be difficult to control the oridation by thig
procedure. An glternative procedure, which is Tess favwrabie toward
oxidation in terms of energy requirements, is to externally hest the
column to oxidation tewperature, to heat the incoming oxidation o r
to the same temperature and to eatervnally cool the column to remave
the heat of reaction,

I[f the same recirculation rate is used for oxidation ss foar thermal
desorption the heating and cooling requirements will be approsimatels
the same for the two modes of regeneration except for the heat of
reaction which must be removed. If it is assumed that 10 of the
daily contaminant production {7 grams} is removed from the cavben
by oxidation (the other 90. is removed by thermal desvrption), the
total heat of reaction {(assuming a typical value of 20,000 Btu/lb =
11,1 kcalsg = 46.4 kI/a) is 19 kcal (79.5 kJ)., fver a Z4-hour period
this amounts to a cooling penalty of only .03 1bs {.0G135 bgji, 1t may
be concluded that the daily production rate of contaminants is so
small that the cooling requirement for removal of the heat of a-idi-
tion is dinsignificant. (At the flow rate assumed in this calculation,
a 50/50 mixture of oxygen and nitrogen would provide gpprosimately 2
5000 excess of uxyuen over stoichiometric.]
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