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I. SUMMARY

The long-range goal of this research is the development of u

regenerable activated carbon system for removal of contaminants

from spacecraft atmos p heres on missions of extended duration.	 This

program phase examined the use of catalyst-impregnated 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 cdta-

lysts investigated.	 Platinum was deposite: on activated carbon by

liquic phase impregnation with chloroplatiric acid, followed by

drying and high-temperature reduction.

Results were obtainers from+ three different experimental test

systems:

--A thermal gravimetric analysis (TGA) apparatus was used to

determine the weight loss of a contaminated carbon granule

as its temperature was increased	 in the presence of

air.

--A differential scanning calorimeter (DSC) apparatus was used

to follow the endothermic and exothermic processes occurring

for a contaminated carbon granule as its temperature was in-

creased in the presence of air.

--A one-inch diameter granular carbon column was used to study

the regeneration of a fixed carbon bed .	 Repetitive con-

tamination/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 (DILf),

and acrolein, but no appreciable oxidation was detected for the

1-1
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remaining four contaminants, 	 tetrachloroethane, freon 114, vinyl

chloride, and thiophene. 	 The contaminants which oxidized were all

oxygenated hydrocarbons (C-H-O); whereas the contaminants that were

not oxidized were halogenated or sulfur containing hydrvcarbuns.

The contaminants which were not oxidized were completely removed

from the carbon by thermal desorption. When a carbon granule wac

heated at a rate of 10-15"C/min while flushing with air, these con-

taminants were completely removed below a temperature of 50"C.

Since the carbon did not become pyr,phoric until about 400"C, no

significant loss in adsorptive capacity would be anticipated during

repetitive cycling with these contaminants.

For two of the three contaminants which oxidized, caprylic acid

and DIUK, oxidation occur red both with and without the catalyst. 	 For

non-catalytic carbon, two DOC peaks were observed for contaminant

oxidation.	 For the platinum-impregnated carbon, the same two peaks

were observed for oxidation on the carbon support, plus a large

additional peak for oxidation on the platinum catalyst.

Neither caprylic acid nor DIBK was completely remuved follow*nn

low-temperature oxidation even with the catalyst present. At a

programmed heating rate of IP C/min caprylic acid was removed from

non-catalytic carbon at 375 4 C but was not completely removed from

platinum-impregnated carbon until 450"C. 	 For DIBK at the same heating

rate, removal was complete at 400"C for `aoth platinum-impregnated and

non-catalytic carbon, 	 In single-cycle regeneration with caprylic acid

and DIBK, therefore, the platinum-impregnated carbon did not e.:hibit

any advantage over non-catalytic carbon.

Repetitive contamination/regeneration cycles were conducted with

the DIBK contaminant using the TGA apparatus. 	 Regeneration was

achieved by heating at 15 0 C/min in air to 400"C. 	 In repetitive

cycling platinum-impregnated carbon was clearly superior to non-

catalytic carbon in the amount of contaminant removed at low tempera-

tures.

1-2 	 ,'w&



The losses in adsorptive capacity during repetitive T6A cycling

with DIRK as contaminant were quite small. 	 Over eight cycles the

average loss in adsorptive capacity was 0.55; per cycle for the

'	 platinum-impregnated carbon, and over the final 5 cycles the loss,

was only 0.13`:; per cycle. 	 Four contamination/oxidation cycles were

conducted with non-catalytic carbon and the average loss ir+ 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 wuch higher losses

for thermal desorption of caprylic acid and DIRK at 200-300"C. 	 be-

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 tea^peratuIes

and longer desorption times has not, however, been investigated.p

It may be concluded that oxidation is clearly superior to thermal

desorption at temperature levels of 200-300°C.

While oxidative regneration is clearly superior to thermidl de-

sorption under the conditions investigated, the advantages of platinum-

impregnated carbon over non-catalytic carbon for oxidative regenera-

tion are not as pronounced as originally anticipated. 	 However, two

advantages for platinum-impregnated carbon are:

1) the superior performance in repetitive cycling with blbi, and

2) promotion of the oxidation of acrolein which was not o,.idized

by other catalytic carbons.	 (It is reasona'_le to suppc=se that

other spacecraft contaminants may behave similarly to acrolein

and would require the presence of a catalyst for oxidation.p

We conclude that these advantages are significant and the use of

a catalyst-impregnated carbon for oxidative regeneration is to be

recommended.

One potential limitation of a catalyst-impregnated carbon is the

possibility of catalyst poisoning, particularly by sulfur-containing

1-3
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compounds.	 An adsorption-desorption cycle using thiophene as con-

tasrinant was observed to significantly decrease the activity of the

p l atinum catalyst toward the ox i dation of DIRK.	 The severity of thi

limitation will depend on the quantity of catalyst poisons to be

removed by the activated carbon system and may be a]leviat- , d by the

use of exce-s catalyst and/or a pre-sorber for poison removal.

the selected contami-

acid.	 In agreement

tetrachluroethane was

was simple and efficient,

)sed to HU during dc-

Column tests were conducted with three of

nants: tetrachloroethane, DIBK, and caprylic

with the DSC and TGA results, no oxidation of

observed. Regeneration by thermal desorption

but a portion of the tetrachloroethane decomp

sorption.

While oxidation was observed for both DIBK and caprylic acid,

both of these contaminants could be removed to au appreciable extent

by thermal desorption. 	 By h`,ating the column	 under a nitrogen

sweep and holding at a temperature of 250'C for 1 314 hr, 85? of

the original DIBK was removed.	 For caprylic acid, 87' was removed

by holding the column at 300"C for 1 1,r.

Contaminant remaining after thermal desorption was removed 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 bottow 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 su pp ly 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 so

narrow (less than 2 cm), many thermocouples had to be placed

along the length of the column for proper temperature monitoring.

The oxidative regeneration was prone to instability: 	 too couch o'.ygen

caused excessive tem p eratures within the reaction zone, and too little

1 -4
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oxygen resulted in quenching of the reaction.

Oxidation could be initiated directly without prior thermal de-

sorption by he.•ting a small element at the bottom of the column to

a temperature at which oxidation would occur and admitting oxygen.

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 carbon

column are attributable to problems associated with control of the

oxidation.	 When a column was fabricated with a sufficient number of
thermocouples for 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 exterior

(superficial) surface of the carbon granule. The contaminant

migrates from the interior to the exterior of the granule by surface

diffusion and gaseous transport through the pores. 	 Oxidation occur;

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 probably

prohibitive, and it may be more worthwhile to assume simple kinetic

1-5
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expressions and to determine the qualitative dependence of the re-

generation on controllable variables.

A prototype system for spacecraft application is presently en-

visioned as two carbon columns alternating between adsorption and

regeneration.	 Condensible products of thermal desorption and u,A lo-

tion would be removed frum spent regeneration air by cold-trap-

ping.

Future work should be conducted at both the research and develop-

nient levels.	 The research effort should examine other activated

carbons, catalyst modifications 	 uch as concentration of platinum),

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. 	 Various 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,

1-6	 LU/R&7
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II.	 INTRODUCTION

The removal of contaminants from the enclosed atmospheres of

manned spacecraft is essential, particularly for miSA Un of ex-

tended ,duration. 	 Contaminants can arise from a variety of sources

including biological functions, uff-gassing of materials, leak;,

and scientific experiments.	 A great number and variety of contami-

nants have been identified (101)   in spacecrafts, simulators, and

materials off-gassing tests. 	 The system selected for contaminant

control will have to be very non-selective in order to remove this

wide variety of contaminants and will probably consist of several

subsystems each designed to remove a particular class of contaminants.

Lockheed has made a detailed study (2,3) of various systems of

contaminant removal.	 The selected system, shown in Figure 1, con-

sists of a high-flow fixed bed of activated carbon in parallel with

a low-flow system consisting of a regenerable activated carbon 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 adsorbed in

the regenerable activated carbon bed. The pre-sorben,; bed contains

lithium hydroxide and is intended to remove catalyst poisons, parti-

cularly SO 2 , from the influent to the oxidizer. 	 The past-sorbent

bed also contains lithium hydroxide for the removal of acid gases

such as HF, HC1, S0 2 and NO 2 produced in the oxidizer.	 Aismonia is

removed by impregnating the fixed bed with phosphoric aced, and acid

gases are also removed in the fixed bed by dissolution 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- l ow

system.	 In general, the more strongly adsorbed contaminants will

be controlled mainly by the hign-flow bed, and the more weakly ad-

sorbed contaminants will be controlled mainly by the low-flow bed.

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

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

2-1	 317MAIL
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The use of regenerable carbon results in a very significant sav-

ings in weight and volume. 	 In the Lockheed study, approximately 500

lbs (227 kg) of carbon would be needed for a nonregenerabie fixed bed

system, whereas the system of Figure 1 requires only 32 lbs (14.5 ky).

The degree to which the carbon is regenerable is naturally an

important factor. 	 Typical losses in industrial regenerations range

from 4-10;_ per regeneration 
(4)	

These losses are associated with

a decrease in carbon surface area, particle size, and weight caused

by high-temperature sinteriny 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-

25V 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 of 200-650`C. 	 1'his resi-

due is then oxidized with steam, carbon dioxide, or oxygen over a

temperature range of 650-1000"C.

The regenera^;on of carbons contaminated in spacecraft dtm6spheres

should not be as difficult to regenerate as, for example, an activated

carbon used in industrial waste-water treatment.	 The fact that

contaminants are adsorbed from the gas phase means that they must

have some degree of volatility, and significant amounts of "high

boilers" should not be encour+tered. 	 Furthermore the strongly ad-

sorbed contaminants will be removed mainly in the fixed bed, allr)winq

more efficient regeneration of the regenerable bed. 	 Nevertheless,

the possibility of pyrolysis and decomposition of some of the adsorbed

contaminants must be considered.

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

weight contaminants (diisobutyl ketone and caprylic acid, in parti-

cular) could not be completely removed from the carbon. 	 Whether

2-3	 :'HIC7 en
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this was due t,- an insufficient 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 obsrrved 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 of "Phase T" 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.

2-4
	 1^ff en'



3

TABLE 1

NTAMINANTS USED IN INVESTIGATION OF CATALYST-

Contaminant	 Molecular Weight Normal	 Boiling	 Point	 (°C)

Caprylic Acid 144 238

Diisobutyl	 Ketone 142 168

1,1,2,2	 Tetrachloroethane 168 146

Thiophene 84 84

Acrolein 56 53

Freon	 114 171 4

Vinyl	 Chloride 62 -14

2-5
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III. ERPERIIENTAL APPARATUS AND PROCEDURES

Research experiments were conducted at the City University of

New York (CUNY) using a duPont thermal gravimetric analysis (TGA)

apparatus and a duPont differential scanning colorimeter (DSC)

apparatus. Research and engineering experiments were conducted at

Abcor using a one-inch diameter by one foot long carbon column.

A. TGA APPARATUS

The TGA apparatus is shown in Figure 2 and ' for the

adsorption mode and regeneration mode respectively. 	 For adsorp-

tion, a dried stream of nitrogen was split into a purge stream

and a carrier stream. The purge stream was passed through the

control end of the balance and out through the exit to avoid

accumulation of contaminant in the balance. 	 The carrier stream

was sparged through a constant-temperature saturator and Passed

through the inner tube of the concentric furnace tube. The

carrier gas passed over the carbon sample on the sample pan,

was redirected by the platimum baffles,and passed out through the

exit with the purge gas. 	 The sample was held at a constant

tenperature during adsorption by a furnace surroundinq the furnace

tube.

Durinq regeneration (Figure 3) a controlled flow cf

compressed air %.as passed through an activated carbon bed, a

calcium sulfate ted, and a molecular sieve be gs for organic and

moisture removal.	 The air passed over the sample and out to the

collection, and analysis components.	 The furnace was prograwned

to .eat the sample at a given rate.	 Typically 15°C/min, and

the sample weight was plotted against sample temperature as

measured by the thermocouple attached to the sample pan. 	 t.

single carbon particle was used for the sample giving a typical

weight of 44 mg.

3-1 ^dkPll
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f. typical TGA trace during which oxidation occurs is

st'oon by the solid curve of Fi g ure 4,	 The weight decreased

smoothly at first until tYr temperature reached about 2000C.

Then the highly exothermic oxidation reaction _aused a dis-

proportionate temperature increase in the sample as the weight

of adsorbed contaminant decreased to zero.	 Sinne the oxidation

reaction was complete the sample temperature cooled back to

the furnace temperature (260°C), and the sample wei g ht remained

constant at	 Pg. until about 375"C where the Carbun began to
oxidize.	 If the heat of reaction were removed, the W trace

would follow the dashed line of Fioure 4.

0.	 OSC APPARATUS

A cross-section of the '_+SC apparatus is shown in Figure

S.	 A contaminated carbon particle was placed in the sample Gran

and a flow of 3+0n cc/win of purified air was passer" over the

sample via inlet and outlet ports to the gas space over the sample.

i thermocouple was attached to the sample pan with reference

junction attached to the reference pan. The ther pocouple nca-

sured tle temperature difference- between sample and reference_.

This difference resulted from any exothermic or endothermic

process occurring within the sample. 	 This 17 is plotted against

the cell temperature which, was uniformly increased by a pro-

grarncd teat input, typically at a rate of 10 to 15 °C/min.

C. t y pical DSC trace is shown in FiQurc 6. 	 The negativ_

'p eal. at lov temperature indicates an erdotherwic process, i.e.,

thermal desorption of contaminant. 	 The possitive pea! at hinher

temperature indicates an exothermic oxidation reaction.	 The

final exothermic rise in the DSC trace indicates oxidation of

carbon as can to seen by couparison to the curve for no contarinart

adsorhel.
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C.	 COLU:111 APPARATUS

A flow schematic of the apparatus used in coluii,n studies

is shown in Figure 7,	 Uurinq the adsorption cycle the flow rate

of compressed-air carrier Jas wis measured and sparyed through two

volumes of contaminant in series. 	 A contaminant trap rem*oved

any foam or liquid carry-over. 	 The contaminant-saturated air

%.as passed through the carbon colum r n and out through the vent.

The amount of adsorbed contaminant and the point at which satura-

tion i , as reached were determined by removinq the column at various

times during adsorption and weighinq it, 	 The column was v:rarped

with heating tape to keep it at a constant temperature durircu

adsorption.	 Typically the column was IePt at CO' -'C above the

saturation temperature of the carrier qas to prevent capillary

condensation in the pores of the carbon.

Contaminant could be rerioved from the carbon both t:y

thermal desorption and oxidation. 	 Usually thermal desorption

vas carried out prior to oxidation, but in certain cases oxidation

vas started without prior thermal desor p tion.	 For thermal desorption,

nitrogen was admitted to the syster,: and v.as recirculated around the

recirculation loop by a diaphraam o pum p .	 The nitro g en was preheated

before entering the column, and the column was heettd to the desirFd

desorption temperature, typically 21?0- 3)00"C.	 The off-gas fromm the

column was cooled in an ambient coil and contanrinert was rentovar^ in

an ice-bath trap.	 The diaphragmr pump was protected frorr^i particulate

h}^ a q1 ass-:cool filter.	 `_`amoples of off-gas could to collected in

the dry ice-acetone trap and combined wit `) the contents of the

ice-tat"i trap for future analysis,

1
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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 alone the length

of the column.	 The oxidation ryas generallt contrell .A ° ti

fi•in, th , ra: i rcul+otl^n rate ",eb n lir o rate an ,! a y j ,jstd:n n toe

air flo g rate as required to prevent excessive temperatures in

the column or quenching of the reaction. The carbon column was

removed and weighed at various times during regeneration to

determine when regeneration was complete.

Details of the two carbon columns used are shown in

Figure S. The first column contained only five thermocouples

inserted into thermocouple wells and proved to be very different

to control. The reaction zone during regeneration was swa11er

than the thermocouple spacing and it was impossible to properly

monitor the temperature.	 In addition the thermocopules worked

loose and made poor contact with the bottom of the well. The

second column was designed for 20 thermocouples placed directly

into the packed carbon bed.

D.	 CARBON PREPARATION

(lost experimental results v.-ere obtained u .nn a 0.3 wt

platinum on carbon composition. 	 The preparation procedure for

colurin studies is given below and is based on prior research at

CONY.	 Carbon preparation for the DSC and TV ex.peri+ments followed

a sinilar procidure but on a smaller scale.

-- 125 grams of carbon were covered v^ith 250 wl of

solution containing approximately 0.32 grams of

platinum as chloroplatinic acid (I1,PtC1E•Ef120).

This gives a platinum-carbon ratio of 0.30` in

sufficient solution to cover the carbon.

3-10 u
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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 evaporated to dryness over

a period of 16 hours with a heat lamp.

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

-- The Deposited precipitate was reduced to Pt by passing

a stream of H 2 at 350°C over the carbon for one hour.

The carbon used in all tests was Pittsburgh Activated

Carbon Type Q P L 6 z 16 which has been shown in prior research at

LUNY 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

r

	

	 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

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 tho selected contaminants.

A composition of 0.3 wt." , platinum on activated carbon was selected
on the basis of prior research at CUNY.

E.	 DSC/TGA RESULTS

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

contaminants.

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

(solid line) shows three peaks (A, D, and C) for the oxidation of

Caprylic acid, in addition to the final peak (D) for the oxidation

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 slight negative peak at the same temperature in

r
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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.

(8) at 290°C, 8" of the original contaminant weight remains. 	 As the

temperature i	 increased from 300-400 0 C, peak "C" is evolved, but

there is no weight change associated with this P— ak, i.e. the weight

remains constant between 300 and 400°C. Above 40V 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 oxidatiuu.

The 8`l remaining contaminant is not removed before the carbon beyins

to oxidize.

Figure 11 shows the DSC and TGA traces for capyrlic acid on

the same activated carbon but without the catalyst.	 Only two peaks

(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 8 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 exv-

therm ap p ears in the DSC, which can again be explained by thermal

desorption.	 As the temperature is inc r eased peak A is evolved in-

dicating oxidation of the contaminant, and the weight of adsorbate

decreases to about 12	 of its initial value following the evolution

of peak A.	 At higher temperatures peak C is observed. 	 Unlike the

case for catalyst-impregnated carbon (Figure 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 approacheJ.

These facts indicate that the remaining 12'-, 	 is removed

prior to oxidation of the carbon.

4-4 	 I/y/ye17
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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 45V C. 	 This apparent

discrepancy can be rationalized somewhat by resolving the DSC 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 a starting point of about

37V 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 C 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 37VC.

The advantages of catalyst-impregnated activated carbon for

the removal of capy rlic acid are not overwhelming.	 The remaining

8'> of contaminant present after the 8 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 loss 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 8' occurs only on the first cycle, the loss

in adsorptive capacity will be tolerable. 	 If an 8`5 residue occurs

for each regeneration, the capacity of the carbon will decrease at

an unacceptable rate.
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2.	 Diisobutyl Ketone (DIRK)

The DSC and TGA results for DIBK are very similar to the

results for caprylic acid.	 DSC and TGA curves are shown in Figure 13

for regeneration of platinum-impregnated carbon and in Figure 14 for

the same carbon without catalyst.	 For the catalytic carbon three

peaks (A. B, and C) are again observed for the oxidation of adsorbate,

and the final exotherm (peak D) for oxidation of carbon, 	 by com-

parison to the noncatalytic carbon (Figure 14) peaks A and C result

from oxidation on the carbon support and peak b results from oxidation

on platinum.

The TGA traces are also very similar to those for capyrlic

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 b') and the

weight of adsorbed contaminant decreases to 4. 	 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, -arid there

is a gradual weight loss during the evolution of peak C. 	 The chenrae

in slope near ze-: weight may again indicate the point at which tire

contaminant is completely removed.	 For both the catalytic and non-

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-

impregnated carbon can be expected to yield a lower residual con-

taminant weight.	 For a regeneration temperature between 350 and 400"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 for-
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Adsorption
Cycle

Residual wt at
End of Oxidation
Reaction (255"C)
(`5 of initial)

Adsorptiva
Capacity,

mg/mg Carbon

0.325

0.323

0.323

0.314

0.314

0.314

0.313

0.312

1

2

3

4

5

6

7

8

4.6

4.6

4.6

4.7

4.1

^d

4

...	 _	 ...0_	 _ _.v

TABLE 2

REGENERATION DATA FOR OXIDATION OF DIRK ON PT/CARBON

Conc. of DIRK in Saturation Stream 	 =	 2100 t 10 ppm

Saturation Temperature	 -	 25°C

Initial wt of Pt/carbon	 -	 53.6 mg

Optimum cut-off Temp. 	 -	 400°C

0



platinum-impregnated carbon. The contaminated carbon was regenerated

by heating in air to 400°C.	 A total of eight regeneration cycles

were conducted. The adsorptive capacity of the carbon decreased frow

0.325 to 0.312 mg/mg carbon or an average of 0.5., 	 regeneration.

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 only 0.13%, per regeneration.

These losses are far below the typical industrial regenerative lodes

of 4-M., per cycle and are very encouraging,

Also shown in Table 2 is the residual weight of adsorbate

at the end of the B peak oxidation (255°C) as a percent of initial

contaminant weight.	 For the first several 	 cycles the residual con-

taminant weight after the B peak is about 5S. 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`.5.	 It would be very interesting to conduct repetitive

cycling in which the regeneration 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 0 C during regeneration the catalytic carbon 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": 	 four cycles.

Thus for regenerations below about 35V C the catalyst-impregnated

carbon is clearly superior.

Several runs were made in which the weight of adsorbed

DIRK was followed as a function of time at a constant temperature.

Data for platinum-impregnated carbon and non-catalytic carbon are

4-12
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TABLE 3

REGENERATION DATA FOR OXIDATION _OF_DIBK_
UN NON-C-NTALYTIC CARS-N

Conc.	 of	 DIRK	 in	 Saturation	 Stream 2100 ±	 10	 ppm

Saturation Temperature = 25°C

Initial	 wt	 of	 Carbon - 55.6 mg

Optimum	 cut-off Temp. -	 40V C

Residual wt	 at
Adsorptive End of Oxidation

Adsorption Capacity, Reaction (230"C)

Cycle mg/mgmg/mg Carbon (:< of initial

1 0.335 1118

2 0.334 14.0

3 0.334 15.1

4 0.334 16.1
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shown in Table 4.	 For platinum-impregnated carbon the amount of

adsorbate is reduced to about 1.51 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

temperature 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 oxidation 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, H2PtC16'

NiCI,,, CsCI, 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 shown in
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TABLE 4

ISOTHERMAL TGA DATA FOR OXIDATION OF DIBK

Temperature, Initial	 wt Final	 wt Elapsed Wt.
°C of	 DIBK	 (mg) of	 DIBK	 (mg) Time	 (minx) loss	 (mg)

CATALYTIC	 CARBON	 ('t/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

4-15
	

lM/



{

20

^I

\

Y

\	 V

DS C	 O
2
C
W

-4

0	 100	 200	 300	 400	 500

Sample Temperature, °C

16

Q+
E

VI

N
C
.a

^ 12
E
ro
a^
c
0
U

Cl	 8

L
O
N
.Q

Q

V-

O
„ 4
r
m

3

0

FIGURE 15.	 _:,C AND TGA TRACES FOR REMOVAL OF 1,1,2,2,
TETRACHLOROETHANE FROM PLATINUM-IMPREGNATED
CARBON.	 DSC:	 Heating Rate = 15 0 C/min; Ordi-
nate Scale=.04°C/in.	 TGA:	 Heating Rate=

15°C/min.

4-16



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 nickel

catalyst and a vanadia catalyst were also unsuccessful.

The inability of platinum to catalyze the oxidation of

thiophene is directly related to the sulfur atom in the thiophene

molecule.	 This was confirmed in tests with furan which is similar

in structL a to thiophene except that the sulfur atom is replaced

by an oxygen atom:

H^C — CH
	

M 2 C — CH 

1	 1H2\S ^ H 2	 H2C\0/CH2

THIOPHENE	 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.

'r4-17
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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 loss 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 prior

to carbon oxidation.	 A bismuth-molybdenum catalyst showed no activity

toward acrolein oxidation even though this catalyst reportedly(')

promoted the oxidation when supported on silica gel or gamma-alumina.

6. Freon 114

The DSC and TGA traces for Freon 114 removal from platinum-

impregnated carbon are shown in Figure 20.	 No 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 all,

of the removal occurs by thermal desorption.

7. Vinyl Chloride

The TGA trace for removal of vinyl 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. 	 It is concluded drat

vinyl chloride is completely removed by thermal desorption at tempera-

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 regeneratiun

on a scale larger than the DSC and TGA tests. 	 The column test. ,, 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 qualitative 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:	 tetrachlorroethane, DIUK,

and caprylic acid.	 All tests were conducted with a 0.3 wt.. platinum-

impregnated carbon.

1.	 Tetrahcloroethane

The operating conditions and data for repetitive contamination,f

regeneration of platinum-impregnated carbon are given in Tables 5 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 also shown. 	 For,

the first two adsorptions the carrier was saturated both with con-

taminant and water. 	 During adsorption the weight of adsorbed cun-

taminant increased linearly with time until the ca, .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.	 There fare, capillary

condensation probably occurred within the pores of the carbon. 	 This

accounts for the unusually large weight uptake during the first ad-

sorption, 775;; based on the weight 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 CARBON

Avg.	 Column Flow	 Rate ( '	 Time Weight
Run No.	 Temperature(°C) (SCFH ) (Hrs_ Increase	 (^gra^^^s)_ (b)

1	 25 10 1.0 10.2
25 10 1.5 14.2
25 10 2.0 17.6
25 10 2.5 21.7
25 15 3.0 27.4
25 10 3.5 31.6
25 10 4.0 33.1
25 10 4.5 33.1

2	 54 10 1.0 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

3	 93 20 0.6 10.3
70 20 1.17 20.5
80 20 1.33 24.5
77 20 1.62 23.8

4	 72 30 0.5 12.0
82 40 1.0 24.1

5	 75 20 1,5 23.3
72 20 0 23.9

(a) Flow	 rate	 of compressed air	 carrier gas.	 For runs	 1	 and	 2	 the
carrier was	 saturated with contaminant and	 water.	 For	 runs	 3-5,
no	 water was	 added.	 1 SCFH = .0283 m /hr.

(b) Weight	 of	 clean	 carbon =	 47.5	 grams.

c

4-26

L.0



P

TABLE	 6

REGENERATION OF PLATINUM-IMPREGNATED CARBON ArTEP

ADSORPTION OF TETRACHLOROETHANE

Avg.	 Column Flow	 Rijte (a)	Time N,asidudI
Run	 No. Tempe ra tune( ^C? SCFH)Hrs_ weiutit	 (ge dul	 )

1 60 10	 1. 24.y

88 10	 3.' 19.5
147 10	 4.5 3.4
214 10	 7.5 -1.4

2 170 10	 1.0 6,7
188 10	 2.0 4.0

103 10	 3.5 --
252 10	 4,5 O.5

3 218 10	 1,5 0.4

4 230 10	 1,5 or.G

i	
5 210 10	 1.5 0.

(a) Flow rate of dry compressed air. 	 1 SCFH=.0243 rR^3ftir.
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than 7 A (70 nm) when the carrier gas stream is saturated at 25`x.

From the pore distribution curve for the carbon, 95" of the pores
0

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

weight.

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 dec-eased 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-re g eneration cycle the measured weight

was very close to the clean-carbor, 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.

r
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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 CO 2 could be de.ected in the off -gas by injecting
samples into a gas cnromatograph,

These results suggest 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
tc HC1, which may explain the small positive peak in Figure 15. 	 The

absence of any substantial heat generation and the absence of CO2
and H 2 O 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 efficient. 	 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 Secl*on VI.

2.	 DIBK

Repetitive contamination/regeneration cycles were carried

out 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 DIBY, decreased

slightly over the course of the experiments as shown below.

Adsorption Cycle	 Total Uptake of DIBY. (grams)

1	 11.1

2	 10.9

3	 10.3

4	 10.7

5	 9.4
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TABLE	 7

ADSORPTION	 OF DIBK ON	 ACTIVATED CARBON

Av q .	 Column Flow	 Rate 
(a)

Time weight

Run	 No.	 Temp.(°C) SCFH Hrs Increase(grdms)(b)

1	 71 20 1.08 10.0

66 20 1.93 13.3

70 20 2.58 10.4

85 20 2.75 11.1

2	 81 20 1.00 7.2

77 20 2.50 10.9

3 81 20 2.50 10.3

4 72 20 2.50 9.8

	5	 71	 20	 2.50	 8.7

74	 20	 3.00	 8.5

	

(a)	 Flow rate for compressed air carrier gas b^bbled through two
im.ingers of DIBK at 23"C. 	 1 SCFH=.0283 m /hr. i

	

(b)	 Weight of clean carbon = 47.5 grams. 1
j
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The average decrease is 3.: per cycle. 	 The average uptake of DISK

at saturation was 0.2 grams per gram of carbon which is considerably

below the saturation u p take for tetra chloroethane of 0.5 grams per

gram of carbon.	 For the first adsorption run, the high point cif

13.3 grams may be the result of a weighing error or may result from

a nonuniform column temperature.

The regeneration of the contaminated carbon occurred in d

very interesting pattern. 	 The recirculation loop was operated during

regeneration at a flow rate of 20 SCFH (157 s.cc/min).	 During the

first three regeneration cycles, DIRK was thermally desorbed before

oxidation was attempted. 	 This was accomplished by admitting only

nitrogen to the recirculation loo p and heating the column to a tempera-

ture of 200-250°C while recirculating nitrogen.	 Approximatel- 85 c,f

the DIRK could be thermally desorbed by this procedure. 	 It is possible

that the remaining 15`: could also have been removed by going to

higher temperatures.

Following thermal desorption, the remaining 15`; was removed

by oxidation.	 Oxidation was initiated by heating the bottom two

inches of the column to about 200"C and slowly admitting air to the

recirculation loop. 	 Once the oxidation was started no further heatiliq

of the column was re q uired.	 Oxidation occurred 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 zone

(typically 50-100°C) was not greatly 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.	 If the

flow rate was too slow the reaction would be quenched; if tor , fast,

the temperature within the reaction zone would become excessive.

The control problem was complicated experimentally by the fact that

the thermocouples along the column were s p aced at two-inch intervvls,

4-34
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and the reaction temperature could not be monitored when the reac.ticaru

zone was between two adjacent thermocouples. 	 It is fluite possible

that excessive temperatures could have occurred when the reaction

zone was in such a position.

The optimum air flow rate was determined to lie between 0.5

and 1 SCFH (3.9 and 7.9 s.cc/rmin) at a recirculation rate rif 20 SCFH

(157 s.cc/min).	 Typically a flow rate of 1-2 SCFH (7.9- 15.7 s.cclnainy

of air was admitted intermittently as required by the temperature of

the reaction zone.

The temperatures shown in Figure 23 give the miniuiumii and Maxi-

mum observed temperatures during oxidation. 	 Temperatures dbr_ve

those shown could have occurred when+ the reaction zone was between

thermocouples.

In the second regeneration, oxidation wds agdiii successful

in removing the residual DIRK.	 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 500°C.

Regenerations *4 and *5 show the effect of repeated o7idatiun

without prior thermal desorption.	 A single oxidation should be

sufficient to remove all of the adsorbed contaminant. 	 However, gases

passing through the recirculation loop are saturated 	 ith contdRuinant

and, as the reaction zone moves up the column, contaminant frodm 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 r^r

third oxidation cycles was much shorter than for the first and re-
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contamination was not a serious problem,

Thermal desorption could not be eliminated by initiutiiig

the regeneration cycle under oxidation conditions.	 Heat f rumi the

a	 reaction zone caused considerable desorption of DIGS: before reaction

could occur.	 Most of the liquid collected in the recirculation-i,u^

tra p was DIBK..	 In addition DIRK condensed at the outlet of th(-

column and formed a liquid layer on the stainless steel screen at.

the top of the column.	 The recirculating gas bubbled through thi,

layer and prevented its running back: down into the column.	 When

the reaction zone reached the top of the column the UIbK was vdpfir-

ized and disappeared.

It may be concluded that the oxidative regeneration of

platinum-impregnated carbon contaminated with DICK is essentially

complete.	 The net carbon loss of 1.3 grams out of 47.5 ,rams GU.5

per cycle) is probably 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 capr°rlic

acid as for tetrachloroethane and DICK.	 In the first two regeneration

runs the loss of carbon was 3`, and 52,t of the initial carbon weight,

respectively.	 These losses were a direct result of poor temperature

control.	 The 3` loss probably resulted from excessive temperatures

being reached between thermocouples where the temperature could not

be measured.	 The 52': loss occurred when a thermocouple near the top

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.

i
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At this point a new column was fabricated which cuntuirled

20 thermocouples inserted directly i-.to the carbon culuiiân as df- -

cribed in Section III.	 A new charge of platinum-icourregnated earUu

was used, and four adsorptiontregeneration cycles were conducted.

The control of temperature was greatly improved with the new coluugr,,

Because of the low vapor pressure of caprylic d0d the carrier

gas was saturated at 115'-C and the culuoui was maaintained ill the

vicinit y of 160-19V C.	 Nitrogen was used as the carrier ga, to

prevent any oxidation during the adsorption cycle. When the satura-

tion point of the carbon column was reached, [^reak-through wa, ob-

served visually in the form of a smoley vapor passing out the tale c,f

the column.	 The weight increase at this point is given 
ill
	 'g.

The variation in uptake of caprylic acid may result fro g the in-

ability to obtain a uniform column temperature during adsurption.

However, no definite trend toward lower adsorptive capacities can

be noted over the four cycles.

A considerable portion of the ads,rbed caprylic acrid could

be thermally desorbed by heating the column under a recirculated

nitrogen flow.	 Table 10 gives the amount of remaining contaminant

after thermal desorption at the given conditions. As .much as 9Z'

of the contaminant was removed by desorption, and it is possible

that even more could be removed at higher temperatures.

The oxidation of vdsorbed caprylic acid was very simnilar

to the oxidation of DIRK, 	 An oxidation band or reaction zone wrivei

up the length of the column.	 Heat carried forward fromi the reactic+n

zone caused thermal desorption to occur before reaction. Caprylic

acid condensed on the column walls above the desorption zone, and

it also collected in the ice bath trap in the recirculation loop.

The weight loss as a function of time and temperature during de-

sorptionloxidation is shown in Table 11.	 The weight of contaminant

remaining at the end of each oxidation cycle was small, averaging

2 of the initial weight for the four cycles. 	 It may be concluded
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TAL'LE	 9

ADSORPTION Or	 CAPRYLIC ACID ON ACTIVATED CARLON*

Avg.	 Column Lredkthrou h	 Weight	 I6Credse	 at
Run No.	 Temp.	 `"C) Time	 (min Lreakthruugh	 (grdms)**

1 185 X20 1:3.6

2 16B 17 15.9

3 187 --20 16.0

4 183 15 13.5

* Nitrogen carrier gas at a flow rate of 20 SCEH (157 s.cc.,"imn) seas
sparged through a heated (115"C) flask of capr,ylic '10d.

** Weight of clean carbon = 44.4 g.
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TABLE 10

THERMAL DESORPTION OF CAPRVLIC ACID FROM ACTIVATED CAkbON

Run No

2

3

4

Avg. Column
Temp. (°C)

242

323

252

304

Cum. Desorption
Time (min)

30

60

53

60

Weight Remaining
(' of initial)

31

13

23

8

a 13	
IU^7i^P/1;;



TABLE	 11

OXIDATION OF	 CAPR`iLIC ACID ON PLATINUM-IMPREGNATED CARBON

Avg.	 Column Cum.	 Regeneration	 Weight hewainin!rj
Run	 No, Temp.	 ( "C^ T9we	 (min)*< 	̂ of initia l)

1 183 104 20

161 254 18

217 344 13

252 434 4

2 -- 98 11

-- 143

3 304 90 W

-- 126 U

4 334 96 .7

* Includes time for regeneration by thermal desorption..
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that no significant loss of cdrbon weight or capacity a«,currel

over the four cycle-.
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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 limits

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 through the pores of the carbon, and ad-

sorbs on the catalyst surface.	 The contaminant diffuses along the

surface of the carbon, 's adsorbed at a catalyst site, and reacts

with adsorbed oxygen,	 if reaction is complete CO 2 and H2O desorb

from the catalyst, diffuse through the carbon pores, and into the gas

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 to 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 con-

siderably simplified.	 When the regeneration is controlled by reactifi^

kinetics, the analysis is more complex. 	 The overall column regeneration

is, of course, a direct function of the regeneration of an individual

carbon particle.	 Various models are considered below for the regenera-

tion of a single carbon particle.

A.	 SHRINKING-CORE MODEL

In the shrinking-core model, reaction begins at the particle e,:-

terior and proceeds into particle as a spherical reaction zone
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receding into a shrinking core. 	 This mudel has been found to be

applicable to a number of practical processes including the regenera-

tion of carbon-deposited catalysts.	 In the general case this model

can be either diffusion limited or reaction-kinetics limited. 	 Huw-

ever, in order for reaction kinetics to be rate limiting the raie fit

diffusion through the reacted outer shell must be pouch greater t".,r

the rate of diffusion through the unreacted inner core. 	 This could

occur, for example, in the noncatalytic oxidation 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 the regeneration of a contaminated particle of activated carbon,

it is unlikely that a large change in effective diffusivity could

occur.	 If it is assumed that there is no chan g e in effective dif-

fusivity in going from the reacted outer shell to the unreacted Inner

core, then, for this model to be applicable, pure diffusion roust be

rate limiting.	 If pore diffusion is not rate limiting (i.e. is fast

relative to the reaction kinetics) then there is no means by which

reaction can be localized to the surface of an interior core.

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

of regeneration is entirely independent of the reaction kinetics,

obviating the need for a surface reaction rate equation. 	 This model

has beers successfully applied (6) to the regeneration of industrial

catalyst particles contaminated by carbon deposits. 	 The fraction, y,

of initial contaminant remaining at time t is given by:

y
(1 -	

2/3^ -	 _
1	 )	 =	 Kt	 (1)2	 3

and,	 K = nDC ox /R o 2 C C	(2)

where,	 n = Stoichiometric ratio:	 moles of organic removed
1

per mole of oxygen consumed;

D = effective diffusivity of oxygen in the porous

carbon granule (cm2/sec);

C ox = molar concentration of oxygen in the bulk gas phase

(moles/cm3);



R o = radius of carbon particle (cm)

C = initial mular concentration of contaminant Volen
c

cm  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
t 100	 K

A value for K can be estimated from the physical properties of the

carbon.	 The assumptions and procedures are given in Appendii A,
and the estimated value is:

K =	 1.85 x 10 -5 sec-1

By equation (3) the time for regeneration of a single carbon particle

is about 2.5 hours.

If the rate of oxygen supply to the column is not a limiting

factor, the partial pressure of oxygen will be uniform throughout

the column, and all particles will regenerate simultaneously.	 Thus

the total regeneration time will be 2.5 hours.

The experimental observations are not in accord with the shrinling-

core model.	 The DSC traces show that the regeneration of a carbon

particle is complete in minutes rather than hours as predicted by the

model.	 In addition, K is proportional to T -112 so that as the temper-

ature is increased the rate of regeneration should not change sub-

stantially.	 This is in marked contrast to the experimental D`_,C curves

where the rate of 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 i al temperature dependence characteristic of a reaction

limited process.	 Furthermore, the fact that multiple peaks are often

obtained also rules out the shrinking-cure model for which a singe

(3)
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broad p eak should be observed. It may be concluded that the re-

g eneration is not pore-diffusiuo limited, and the shrinking-cure

model dues not apply.

a.	 CONTINUOUS-REACTION 140DEL

The cuntinuous-reaction model is often prriposed as an alternative

to the shrinking-core model. 	 The continuous - reaction model issuiues

that oxygen enters the particle with 'little resistance and reacts

throughout the particle at all times. 	 Thus the cunrentratiun of

contaminant decreases uniformly throughout the particle.	 For the

regeneration of activated carbr_,rr, the continuous-reaction mcadel can

apply only if pore diffusion is rapid enough to keep a uniform cc,n-

centration profile throughout the p article.	 Therefore, the cuntinuou.s-

reaction model is a pp licable only if the reaction kinetics are rate

limiting.

However, this model is also at odds with the e,perimiental results.

A particle cannot regenerate any faster- than the pore diffusion cal-

culat i ons indicate.	 That is, the continuous reaction model could be

invoked to explain a regeneration longer than the 2 112 hour- cal-

cular.ed for pore diffusion but cannot explain the rapid regenerations

Observed experimentaily.

C.	 EXTERIOR SHELL 140DEL

Since neither of the cowwonly-invoked model, are consistent with

the experimental facts, it is necessary to devise a new model, based

on the experimental data and capable of predictin g the ccluQon be-

havior durinq regeneration. 	 It is evident frum the DSC traces that the

regeneration is limited b y the reaction rate rather than by diffusie^u.

If pore diffusion were rate limoitinq, the increase in temperature

durinq 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 rb-

WrA1e17
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tained at different temperatures for different catalysts, and the

fact that multiple peaks are often obtained all indicate that surface

interactions are responsible for the USC peaks. 	 For the oxidation

of diisobutyl ketone over platinum (Figure 13) the oxidation is sub-

stantially complete in eight minutes. 	 This is difficult to rational-

ize in light of the pore diffusion calculations which show that even

if the reaction kinetics are "infinitely fast", the minimum regenere-

W on time is 2-3 hours.

These results can be rationalized by the exterior 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 at the

interior of the particle. 	 The contaminant rust diffuse to the Surface

of the particle before it can be oxidized.	 The previous models

tacitly assumed that the contaminant was uniformly distributed through-

out the particle and remained uniformly distributed until it wa

oxidized.	 Thus oxygen had to diffuse to the interior of the particle.

The diffusion of contaminant to the exterior of the particle, as

assumed in the present model, can be much more rapid. 	 This is parti-

cularly true in the light of the experimental observations that oxida-

tion was always accompan i ed by thermal desorption.	 Rapid thermal

desorption occurring within a pore could provide a substantial p res-

sure driving force for flow of the contaminant to the e•teriur of the

particle.	 In addition to flow of contaminant through the voids 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 to that

site.	 Therefore, at oxidation temperatures, surface diffusion is a

reasonable mechanism for transport from the interior to the eYt rior

of the particle. 	 Since it has been shown (7 ' 8 ' 9) that o mobile 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 opposed to 13 molecules of onvyen

that must diffuse to the interior if react i on occurred within the

U/vlde17
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pores.	 It is likely that the contaminant moves to the exterior of

the particle by a combination of flow through the pore voids and

adsorption-surface diffusion-desorption.

The exterior shell model can be limited by the rate of mass

transfer of oxygen from the bull; gas stream, by the rate of chemical

reaction at the surface, or by the rate of diffusion of contaminant

from the interior to the exterior of the particle. 	 Again the strong

temperature dependence of the regeneration and the multiple USG peaks

rule out the possibility of mass transfer limitations from the bull:

g as stream to the particle surface under the experimental cu"ditiurs.

The surface diffusion and gas phase transport of the contaminant

from the interior to the exterior of the particle will involve an

activation energy and will be strongly temperature dependent. 	 For

a non-mobile adsorbed contaminant molecule there is an activation

energy that must be overcome before the molecule can diffuse, and,

of course, for desorption to occur the activation energy for de-

sorption must be provided. Therefore, the strong temperature depend-

ence of the regeneration is consistent with a rate limitation by con-

taminant transport.	 However, if contaminant transport were rate

limitin g , the rate of regeneration should be independent of oxygen

partial pressure.	 This contradicts experimental observation:

the rate of regeneration was very dependent on the rate of oxygen

su pp ly and thereby on oxygen partial pressure.	 Furthernore, thermal

desorption of contaminant was observed to occur in column tests prior

to oxidation indicating that the rate of transport of contaminant from

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 re g eneration process is

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



number of simpIifying assumptiuns;

1) The coIuwn	 is	 operated	 adiabatically,	 and	 therefore	 there

are no	 radial	 temperature	 gradients.

2) The heat	 transfer	 in	 the	 direction	 of	 fluid	 floe:	 gr.«_urs

only by	 cunvectiorl.

3) The gas	 velocityr	 dcruss	 the	 column	 di8jweter	 is	 unifurm,	 and

the change	 in	 molar	 r°low	 rate	 VJ	 the	 gas	 phase	 by	 chr_mical

reaction is	 negligible.

4) The temperature	 gradient	 front the	 surtatle	 to	 the	 iateri^_o

of the	 particle	 is	 negligible	 dIIowinq	 in	 average	 part ie:le

temperature to	 be	 used.

5) The rate	 of	 reaction	 follows	 an	 e,p re , sion	 of	 the	 fiuropl

11 =	 F	 e	 E r .;RT '_ 	
y

rl	 IttlI_ 	 tree	 Table	 lf'	 for	 n^;mer^iil3tryr°eN.
6) The rate	 of	 desorption	 is	 not	 liniiited	 by	 pore	 diffu5ioru	 and

is of	 the	 form	 r d	 =	 1, d e -Lda'PTs	 C,	 i.e.	 des urpti^)ri	 is	 first
order acrd	 re adsorption	 is	 negligible.

The ma thenra ti cal model is based on the f011owinq idealized Des-

cription of the regeneration process. 	 A recirculated nitrogen strtajw

is used as a carrier gas during regeneration. The stream iS heated

to a temperature of T O before it is admitted to the column, arid,

upon leavin g the column, it is ^oO ed to a temperature sufficient

to remove any deso~bed contaminant.	 With no oxygen present, nitruq en

is circulated through the column, which eventually reaches the tempera-

ture T 0 .	 Thermal desorption is allowed to proceed until, at T ra , the

rate of desorption is negligible.	 The concentration of remaining

contaminant is C O .	 At this point (time zero) the stole fract_ir_gn L4 

oxygen in the feed to the column is increased from zero the I_.
-u

Provided T o is chosen so that reaction will occur when oF_ygen is

present, reaction will be initiated at the bottow of the column pro-

ducing a large release of heat.	 Essentially all of the o,.v°°qen is

consumed in the reaction zone at the bottorrr of the coIulrut and no
reaction occurs above the reaction zone. 	 As contam;nan + is ror+suried

at the bottom of the column, the reaction zone muvrs upward at a I



I

rate de p endent upon the rate of r_rryyen supply. 	 below the reaCti^fn

zone heat is transferred from the regenerated carbon trfj the las ptyse.

Above the reaction zone heat is transferred from the yas p+l+a e to

the contaminated	 carbon particles increasing their tem p erature at^^rye

T
a 
and causing additional therwel desorption.	 The desurbed c.,_nu-

taminant is swept away by the regeneration carrier gas.	 Thu, a tireroua

desorption zone moves up the bed ahead of the reaction zoraB,

Material and energy balances were made on a differeotij 	 ru^ss-

sectional slice of the column of height	 _. .	 The differential

equations, boundary con di tiaras, and nomenclature are given in Table 11 .

There are two independent variables: 	 distance up the column,

and time, t. There are four dependent variables: rjxyeyen otoole frac-

tion, y; cont.awinint concentration, (; gds temperature, T
9

; and

solid temperature, T s .	 Table 12 gives the four simuItaneiuus partiaa

differential equations that must be s a I ved fur the f±ur ieperiderot

variables.	 These equations are first order but are e.ou p led rind

highly nonlinear reyuiriitg numerical techniques for scrlutirLin.

The particular mode of regeneration described abu e wu , 0

for its simple boundary conditions,	 A MOW-e practical Method c+f

initiating the regeroeraticm would lead to loaore complicated bcrundar_a

conditions.

E.	 DETERMINATION OF RATE EiPRE`,SION

The most difficult task in developing a mathematical aindel to

simulate the regeneration is obtainin g accurate rate data fur the

reaction and desorption of contaminant. 	 The problem is further

complicated by the occurrence of multiple peals in the DSE tr°aciz

each of which must be represented by a different kinetic e:.,pres,ion.

In addition, the weight loss during o,.idation probably results from

a combination of o>.idation and thermal desorption.

Nevertheless an attempt was made to e wperirrmenta11y determine tine

ruder of reaction with respect to adsorbed contaminant te!•:panent m

L..



TABLE 12

MASS AND LNERGY BALANCE LQUATIONS FOR A DIFFERENTIAL
CROSS-SECTIONAL VOLUME ELEMEt7 OF COLUMN DUNItG NEGEIYERATDjN

(1) Oxvgen Balance

Net input by flow - Depletion by reaction ^ Accumulation

-G ':I - s k e - Er'IRTS y 
a' clo	 -	 ''- F	 (^)

+x	 N !t T 
9

Boundary Condi+iori:	 y	 y	 at r, = 0	 all tU
Y	 O	 at t = 0	 all r,

(2) (,ontaini n ant BaIunce

Depletion by reaction + Depletion by desorption - ^I t cueruulation

ke -Er/RT S Y 

Boundary Con

(3)	 Overall Ener

Net input by

desorption =

C M + E e - Edf RTS C = `'b	 ,r
j	 MC 7t

di ti o n	 C. ° L,0 at t	 U	 111 r.

4Y Balance

flow + Production by reaction - Depletion by

Accumulation

-GM
I T + ke-Er.'P.is y n Cnt McLI	

- k d e-Ed kTs	 M ^^^ x	 ^
0

( 1 -_) ccs Vass+	 `R	 t T )
9

Boundary Condition:	 T g = T n at	 0	 all t

T s	 T r at t	 0	 all x

(4)	 Gas _Phase Energy balance

Net input by flow + Heat transfer frond Solid = Accurmulaticgri

-GM c	 'Tq + h a !, T - T ) _	 p C 9	 (1q)	 = r^9 ? +x	 s	 9	 P,	 ^^u t	 T 
4
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TABLE 12

(continued)

Boundary Condition:	 T 
1l 
	 T 

0 
it x a 0	 all t

Nowenclature:

a - surface area of carbon per unit volume of bed ClI tlyto

C - concentration of contaminant (P/A carbon))

to = concentration of contaminant prior to y widotio " (t & rdrtuu ,^
C9 = heat capacity (at constant pressure) of gas phase tbtu,P"F)

A . heat capacity of carbon (6tulp"17)

Ed = activation energy of desorption (81:00-suk)
E V . activation energy of reaction (Btu/#-mule)

G - mular velocity of gas phase Q mulesIft,m)
h - heat transfer coefficient from Carbon to gas Wtuihr-ft""F)
I - pre-e&punential factor for reaction (consistent units to YiVe

reaction rate in h moles/hr-W of bed)

	

k d	 pre-exponential factor for desorption (consistent unito to

give desorption rate in 6 moleslhr-ft of bed)

M c = molecular weight of contaminant (#/a mule)

M 
9 = 

molecular weight of gas phase (#/b mole)

m = order of reaction with respect to contaminant

n - order of reaction with respect to oxygen

P - total pressure during regeneration (atm)

Or ' heat of reaction (6tult contaminant)

	

0 0	 heat of adsorption (Stu/P contaminant)

	

R	 gas constant (appropriate units)

rate of reaction A moles contaminant!hr-ft' bed)

	

r d	 rate of desorption N * moles cu"taminant/hr-ft 3 bed)

	

s	 Stoichiometric ratio (moles 0, consumed'm6le rontawinantjd

	

T o	 gas phase temperature (0)

	

T S	solid phase temperature ("F)

	

T o	 gas inlet temperature = initial bed temperature f"F)

	

t	 time (hr)

	

k	 distance alonq column; measured from bottom Ift)
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TABLE 11

(continued)

Nomenclature (cuntinued)'

y = mole frdctiun of oxyfjen in Baas phase
y^ = mt)le fraction c..rrgen at inlet tr) culu+rn

void fraction of bed

"b u bed density (f cdrhon I ft 3 bed)

c	 = particle density (,# carbun"tj;
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in the rate expression) for the oxidation of UIbr.	 The contaniriate«j

carbon was rapidly heated under a nitrogen atmosphere to a temperature

at which only the desired reac tion occurred. Oxygen was then ad-

mitted and the weight loss us u function of time wus weusured. 	 The

exponent in was to be determiner}' faux. a plot of log (-dcn°dt) vs.

log C.	 Isothermal TrA traceti were obtained at 2UO''o-, LI O"C, and

245"C fur platinum+- irnpregnai y d carbon.	 Irr all case, the plat Ii f

log ( - dcldt) vs. Ioy C was highly nonlinear indicating that the gru r^

weight loss does nut follow the simple kinetic expression ;issurRued

above.	 These preliminary results indicate that it muy be impossible,

within a reasonable level of effort, to unravel the complex. and inter-

related kinetic express'+uns governing desorption and reaction. 	 It

may be necessary to resurt Lo assuming a .simple kinetic expression

(such as first order in oxygen and contaminant cuncentrutiuusi i q

order to develop at least a qualitative model of the regeneration.

r
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VI. DEVELtOPMEN1 OF COiiCEPTS FUM SPACRRAFT SAWS
,

The method of carbon regeneration considered in the Lockheed
study was thermal desorption under vacuum. There are three potential

limitations to this mude of regeneration:

1) Under the desorption conditions investigated by Lockheed

and investigated in this study, desorption of certain con-

taminants was incomplete.	 It is not mown at this point
whether or not higher regeneration temperaturej and longer

regeneration times could reduce the adsorbed c yn tam'iinants

to an acceptably low level.	 Furthermore it is not known

to w b at degree the non-desurbed residue is cumulative.

C) Since thermal desorption is an enclothermaic p roc y oo the entire

heat of desor p tion must be supplied from external sources it,
addition to the sensible heat required to raise the bed

temperature to the desired level.

3)

	

	 If discharge of contaminants to space is banned, alternatu.es

or modifications of vacuum desorption must be considered.

The modifications may be as simple as installing a cryogenic

trap on the exhaust line to s p ace if the ban due not Cover
elemental gases such as oxygen, nitrogen, hydrogen, etc,

If the ban is total, a nitrogen recirculation loo p should

be considered with removal and storage of contaminants by
cold trapping.

The primary advantage of oxidative regeneration is that con-

taminants remaining after thermal desorption, or carbonaceous de-

posits resulting from decomposition of contaminants can be remoi ed.

This is considered to be a very significant advantage.	 There arL

many design, engineering, and control problems associated with +n -

situ re g eneration by oxidation, and these have not been full; ad-
dressed in this "feasibility" p hase of the program,	 nevertheless,

it is worthwhile to consider in general terms the	 form that such ,a
regenerative systew might take. 	 A generalized flow schematia fur

E,-1
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s p acecraft application is shown in Figure 24.	 The feed from the

cabin is passed through a lithium hydro,ide bed to reiau e acid ^lusty+_,

which could poison a catalyst-im p regnated carbon. The air is they

p assed through one of two carbon columns in parallel, column nil in

this case .

While culumn al is adsorbing, column Q is being regenerated.

The exact control procedure used in oxidative regeneratinn is yet t_+

be determined, but in general an air stream is recirculated by a

pump through the regenerating column. 	 Oxidation is initiated by

a ppr o p r i ately heating the column to a tem p erature at which oxidation

will occur and maintained by admitting a small controlled flew of air

through a by-pass between the two columns. besorbed contaminant and

oxidation products are removed and stored in a cold t r a p .	 There will

be a gradual increase in the number of mules of gas in the recircula-

tion loop because of nitrogen admitted with the oxidation air and

oxidation products, GO and CU B , which may pass through the tra p , de-

pending on its temperature and trapping efficiency. 	 Excess g as is

removed from the recirculation loop through the back-pressure regulator

(BPR) which maintains a constant pressure at the suction of the re-

circulation pump. This excess gas may contain acid gases and is

therefore passed throu g h the lithium hydroxide surber before re-

admission to the first carbo n: column and back to the cabin.

To this point the relative energy requirements for desurptive

and oxidative regeneration have not been considered. A,pprW Ovate

calculations tpresented in Appendix U) com p are the energy re-

quirements for vacuum thermal desorption ith contaminant trapoiby,

air-sweep desorption with contaminant trapping, and oxidatiou with

contaminant trapping.	 The calculations indicate that there, is ver;

little difference (less than one pound penalty) between the vaeioua

modes of regeneration.	 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.

- '	 U/vlc%i7
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FIGURE 24.	 GENERALIZED FLOW SCHEMATIC FOR REGENERABLE
CARBON SYSTEM USING CATALYTIC OXIDATION
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VII.	 RECOMMENDATIONS FOR FUTURE WORM

The very low losses in adsorptive capacity incurred during

oxidative regeneration are very encouraginu and su!agest that addi-

tional development of this mode of regeneration would be worthwhile.

A program on two levels is recommended: 	 continued 'adsorbent re-

search, and system development.

The research effort should be conducted at CLINY using CSC and

TGA to study single carbon particles. 	 Additional exploratory work

should be conducted looking at different catalyst concentrations and

impregnation procedures.	 The s ` ected catalytic carbon should be

thoroughly compared to non-catalytic carbon in repetitive contamina-

tion/oxidation cycles. 	 The degree to which the residue is cumulative

following low 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. Other contaminants encountered in space-

craft atmospheres should be examined, and tests should be made with

all classes of com p ounds 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 ccntrnl should be attempted and

the optimum meth;,d specified. 	 Sufficient data should be generated

to conduct a trade-off study between oxidative and desorptive re-

generation.	 Details of the system design should be specified, and

a bench-scale model of the system should be constructed and operated

to demonstrate the feasibility of automatic operation.

The details of our recommendations for future work will be sub-

mitted shortly in a continuation proposal.
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Substitutinq in equation (A-1) gives:

A-1

L_

APPEi.DIX A

Es ti ilia tion of K

The effective diffusivity is the series sum of the effective

diffus'ivities for bulk diffusion and Knudsen diffusion:

1	 1	 +	 1	
^A -1)

D eff	 ^K,eff	 D12,eff

D12"
012,eff	 r

where,	 D 12 =	 diffusion coefficient (cm 2fsec)

fraction of voids in carbon granule =	 0.40

tortuosity factor.

K For the diffusio^i of oxygen in nitrogen, D 12	 0.12' c L/sec, and

_	 (0.18)(0.40)	 .072
171?,,eff

For Knudsen diffusion,

_	 19,400	 2
DK,eff	 , Sg

q	
M

where,	 Sg	 total surface area = 1.1 x 0 7 cm21g

;gy p	=	 particle density	 0.8 gIcc

T	 =	 temperature ( - K) = 473"K

M	 - molecular weight - 32

_	 1.356 x 10-3
D K,eff	 T



P_	 ',

Deff	
1.331 x 10

-3
 cm2/sec.

For the oxidation of diisobutyl ketone

C 9 H 180 + 130 2 V 9CO 2 + 9H20.

The stoichiometric ratio of organic to oxygen i5:

n = 1113 = .077.

At 200"C and 1 atm the molar concentration of oxygen in air is:

Cox 	 0.21	
473	

5.4 x. 10 -6 g-molelc^`..
(22,414)(273)

The avera g e particle diameter for 6 x 16 carbon is 0.24 cm. There-

fore:

R	 =	 0.12 cm.
0

Assuming a loading of 0.3g contaminantlg carbon and a bed density

of 0.5g carbon/cc bed, the molar concentration of diisobutyl ietone

is:

Cc	 -	 —( 142)0.5	-	
1.056 x 10 -3 g-moleslcc.

Then,

K	
nD Cox
	 =	 3.7 x 10-5	 sec-1

R 2 C	
F

o	 c

The tortuosity factor can vary over an order of Magnitude but ,j

typical value is Q.	 Thus,

Y	 =	 1.5 x 10 -5 sec-1

A-2

L.



APPENDIX P

COMPARISON OF ENERGY REeUIREMENTS FOR
VARIOUS MODES OF REGENERATI-94--

It is of some interest to determine the relative merits of

various erodes of regeneration in relation to heating and cooling

penalties.	 This can be done in a very approximate manner by assuming

no heat conservation and approximate weight penalties of 300 lb,G;w

for heating and .01 lb/[ltu"hr for cooling (10)	 Three regeneration

modes are compared below:

1) Vacuum desorption with contaminant trapping

2) Air-sweep desorption with contaminant tra pp irg; and

3) Oxi^9ative regeneration with contaminant trapping.

1.	 Vacuum Desorption Vs. Air-sweep Desorption

^^;^ir' vacuum desorption it is assumed that the carbon colum 	 i,

ted to space and there is no weight penalty associated with

u,,:aLuation.	 Vacuum desorption and air-sweep descrption will require

the same amount of energy input for heating the carbon and colurnrin

to the desorption temperature and for providing the heat of adse,rp-

tion required to remove the contaminant.	 The same amount of co^_jliuy

will b? required to trap out the contaminant. 	 The difference in

energy requirewents for the two operational modes is the amount :J

heat required to raise the air stream to the desorption temperature

and the amount of cooling required to cool it to the trap temperature

plus the pumping enemy required to recirculate the air strearrl,	 tjf
course the energy requirements can be e p inimized by o p erating at as

low an air flow rate as possible. 	 It is quite possible that in

effective air sweep can be achieved at low flow rates. It i s as-

sumed for the purposes of calculation that an ei f e.:tive air svetea

can be achieved with a flow rate of 100 moles Of ail- for each rhc,le

of contaminant removed.	 The total production rate for cuntajdiinoiits

removed by carbon adsorption (3.) is 17 jrairs per pia_..	 Ass um, iir9 a

E-1
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li

daily regeneration and an average contaminant muleculae weight of

100, the gross amount of air required for sweeping is 17 Noles.

The net amount of air is !Much less since the air is recirculated.

At an average heat capacity of 7 cal/mole"C, the air heating and

cooling requirement for desorption at 300"C and trapping at -604'

is 4.5x10 4 cal or 0.052 kw-hr. 	 Assuming a heating penalt y of 100 ib

kw a:d a 24 hour regeneration period the weight penalty for heating

is only 0.55 lbs (.29 kg).	 Assuming a cooling penalty of 0.01 lb'

Btu/hr the weight p enalty for cooling is only .07 lbs 4.0317 kg).

The pumping powe- can be calculated from the equation:

I

P = 1.236 x 10 -4 T
ô f (^^ J	 - 1

a,.

where:

P	 = brake	 horsepower

T a = absolute temperature at	 suction

q o = volume	 of gas	 compressed (SCFM)

n = mechanical efficiency (assume	 SU)
n	 = (K-1)IK

K = ratio	 of specific heats	 C p !C v	(1.4	 for	 air)

Pa	 = absolute pressure at	 suction

A = absolute pressure at	 discharge.

Assuming a 5 psi pressure drop through the column and trap,

P = (1.235	
10-4) (347)(9.3	

10-3. I	
2di 

.Me -1

(0.28b)(.50)	 II	 15i

= 2.4 x 10 -4 hp

= 1,79 x 10 -4 kw.

Assuming the same weight penalty as for heating the penalty for

pumping energy is only .05 lbs (.023 kg).

E - _
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It nuay be concluded that the weight penalties tu r air swee p de-

sorption as opposed to vacuurnr desorption are not significant.

2.	 Air-sweep Desorption Vs. (jxidation

A comparison of the energy requireu^cnts for ther. ,ial de;orpti PSro

and oxidation will depend on the procedure used for ozidati_rn.' g ig ile

it is, in pri tic i1)1e, possible to initiate the oxidation b y lreatirag

a sinqle carbon particle and sustain the oxidation with nu e:.terria1

heat input, it may be difficult to corntrol the oridatii_)n b_:, this.

procedure.	 An alternative procedure, which is less fj;°ieubie Iw.ajr^d

oxidation in toms of energy requirements, is to exterrr,jlly heat tkue

coluoin to oxidation temperature, to heat the inconnainy rv;idatifi_ y n c r

to the same temperature and to e.kternally cool the colurrun ty rerruj.L

the heat of reaction,

If the same recirculation rate is used for oxidation as fcr t.Nrea°hsa1

desorption the heating and coining requirements will be oppro,.,jw att'

P
	 the same for the two modes of regeneration except for the heat of

reaction which crust be re proved. If it is assumed that 10`, of the

daily contaminant production ('7 grams) is removed from the rya;°boon

by oxidation (the other 90. is removed by thermal des orpti^^Iii), the

total heat of reaction (assuming a ty p ical value of zO,00O btu:,lb

11,1 kcal(q = 4E.4 kJ(g) is 19 kcal (79.5 k.)). 	 Over a 24-hour peri(--d

this amounts to a cooling penalty of only .03 lbs 6.0135 kg). 	 It ort ^a

be concluded that the daily production rate of cuntawinants is so

small that the cooling requirement for removal of the heat cif o,,Jrj

tion is insignificant.	 (At the flow rate assumed in this calculaticru,

a 1.0150 mi.:ture of oxygen and nitrogen would provide dppro ,,imatelp a

50W. e *cess of oxygen over stoichiometric.)

b	

Wr 64811;
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