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FOREWORD

This report describes work performed from February 1966 to July 1969 at the
Lockheed Palo Alto Research Laboratory, Palo Alto, California 94304.

This effort was performed for NASA- Langley Research Center under Contract
NAS 1-5847. Dr. A. J. Robell was the Program Manager, and the program
team included Dr. A. Wheeler and Messrs. C. R. Arnold and G. J. Kersels.
Professor R. P. Merrill of the University of California, Berkeley, was

consultant and made outstanding contributions to this work.
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ABSTRACT

The adsorption and desorption characteristics of activated carbon
have been experimentally and theoretically investigated with the
following overall goal: To determine the applicability of regener-
able sorption to the control of ailrborne trace contaminants within
spacecraft cabins for long mission durations. Capacity correlations
for pure and mixed contaminants have been established. A theory has
been derived and successfully tested for vacuul desorption rates
from single particles and beds. Finally, a quantitative design
methodology has been developed for the practical design of regener-—

able systems.
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T'n any closed ecological system the buildup of trac

TRACE CONTAMINANT ADSORPTION AND SORBENT REGENERATION ‘

By A. J. Robell, C. R. Arnold, A. Wheeler, G. J. Kersels,
and R. P. Merrill*
Lockheed Palo Alto Research Laboratory

Section 1
INTRODUCTION

e contaminants from both metabolic

processes and material degradation must be controlled by a suitable contaminant

ch a system for extended manned space

vemoval system, If a sorbent is used in su
ired unless a regenerative

missions, unduly large quantities of sorbent will be requ

operation is employed,

The overall goal of this work was to acquire sufficient information on adsorption/

desorption phenomena to enable design, optimization, and operation of a regenerable

system,

ere studied with the goal of arriving at

quantitative relationships enabling the correlation and estimation of sorbent capacity,

le contaminants (including water vapor), and desorption

Sorption processes on activated carbon w

interference effects of multip
rates under spacecraft regeneration conditions.

Despite the use of activated carbon as a sorbent for many years, little or no quantita-

tive work had been done in the above areas at the time of inception of this program.

In fact, the state-of-the-art was as follows:

e Activated carbon was the prime candidate for use as a general sorbent, and
Barnebey-Cheney type BD was found, during performance of Contract NAS
9-3415 (Design and Fabrication of a Trace Contaminant Removal System

for Apollo) to be quite guitable for spacecraft use.

*Assistant Professor of Chemical Engineering, The Univ
(Consultant at Lockheed Palo Alto Research Laboratory).

ersity of California, Berkeley
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® The potential theory had been used to correlate adsorption capacities of
single contaminants. It had not been extended to mixtures. There was no
other general theory applicable to the mixture problem, nor were there
mixture data relative to conditions of interest for spacecraft operation.
Vacuum desorption rates were unknown.
Concepts for system design were not based on a fundamental understanding

of sorption phenomena; design was performed more or less by rule-of-thumbg

A systematic approach was used to fill these gaps in order to arrive at sound design
principles, It was felt that an understanding of sorption by a single particle was
fundamental to an understanding of how a collection of particles functions in a bed,
Thus, a microbalance system was used to study single particles in a parallel effort

to a flow system for beds.

Theoretical extention of the potential theory to very low coverages was undertaken to
attain a better understanding of the empirical parameters of the correlation and in its
extension to estimations of some of the necessary kinetic parameters. This approach
was merged with the satisfactory theoretical analysis of mixed adsorption to give a
generalized capacity correlation. The mathematics of transport of sorbate from a
bed of particles during vacuum desorption was developed., All of these theoretical
advances were combined with the empirical data produced during the contract to

indicate a rational design procedure,



Section 2
ADSORPTION OF PURE CONTAMINANTS

The length of time that a trace contaminant system will be usable without regeneration
is directly related to the capacity of the adsorbent material for the various contam-
inants to be encountered. In order to gain a better understanding of the relation of
this capacity to contaminant levels, it was necessary to determine extensive adsofp-
tion isotherms, which show the relation of adsorptivity to contaminant concentration
or part1al pressure. These were determined for a few selected components which
were felt to represent a typical spectrum of contaminants that are amenable to re-

moval by adsorption on activated carbon,

Since the method of choice for trace contaminant removal is a fixed adsorbent bed

in a flowing stream of space cabin air (actually a 50/50 mixture of nitrogen and

oxygen at one-half of atmospheric pressure), a humber of experiments were conducted
using a flow system incorporating a fixed bed scaled down to laboratory dimensions.
Using this method the performance of the sorbent bed could be determined under
conditions similar to those encountered in a spacecabin atmosphere, but using only

one contaminant at a time at a concentration near its maximum allowable concentration
(MAC) value. It was also necessary to use this experimental approach to obtain sorbent
beds saturated with typical contaminants at these concentrations in order that these
beds might then be tested for their vacuum desorption characteristics, as described

in Section 7.

Due to the time-consuming nature of the flow experiments, a faster method of determin-
ing more extensive adsorption isotherms of the pure components was needed. This

was accomplished by use of the gravimetric system described below, in which an
isotherm that might take weeks to determine by flow methods could be determined in

1 or 2 days. The core of this system was the microbalance unit, which provided

instantaneous weight readings as adsorption partial pressure was varied at will. The



weights were then translated directly into adsorptivity or sorbent capacity values,
By having these extensive isotherms for pure contaminants, it was then possible

to test various theoretical models (Section 4) that would enable prediction of sorbent
bed performance under real conditions in which one or more contaminants would be
present at one time. These isotherms were also of value in correlating desorption

(regeneration) data in Sections 6 and 7.
2.1 EXPERIMENTAL TECHNIQUES
2,1.1 Flow System

This system was designed so that a stream of gas contaminated with a known concen-~
tration of adsorbate or adsorbates could be passed through a cylindrical packed bed
of sorbent at subatmospheric pressure while effluent from the bed was monitored

for the contaminant. A schematic diagram of the system is shov.. in Fig. 2-1.

The sorbent bed consisted of a 60-cm stainless steel tube, of 1/4-, 3/8-, or 3/4-in.OD,
with stainless steel screen spacers used to hold both ends of the sorbent bed in place.
(A slightly different bed design was used in early runs in the F2- and F3-series.)

That portion of the tube upstream from (below) the sorbent bed was filled with quartz
chips 1 to 2 mm in diameter in order to preheat the gases entering the sorbent bed in
experiments at elevated temperatures. In flow run F13 and thereafter, the quartz

chips were eliminated because it was of interest to obtain the upstream and down-
stream pressure of the bed during vacuum desorption. The quartz chip packing would
result in misleading upstream pressure readings. A drawing of the flow bed is shown
in Fig. 2-2.

Those portions of the flow system upstream from the sorbent bed were constructed
from 1/4-in. OD copper and stainless steel tubing, in order to minimize dead volume,
and were connected with Swagelok fittings. Portions downstream were made of

1-in. OD copper tubing with sweat soldered fittings in order to provide high
conductance for vacuum desorption of the bed.
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Gases were introduced into the system through manifolds, as illustrated in Fig. 2-1.
Manifolds 1 and 2 allowed a premixed carrier gas without contaminant to be instanta-
neously substituted for a similar gas with contaminant, without any significant change
in flow rate. Manifold 3 provided for addition of carrier gas components in order to
adjust their concentrations or those of the contaminants. . The gas cylinders were
equipped with standard pressure regulators and, except for those cylinders containing
premixed contaminated gases, with molecular sieve 13X traps for removal of trac;s

of extraneous contaminants. .

Effluent gas samples were taken automatically, on a preset time cycle, with a gas
sampling valve. Such valves have the advantage of giving very reproducible injection

volumes, and they have low maintenance needs.

A vacuum pump placed downstream from the gas sampling valve allowed the system
to be operated at subatmospheric pressure. This pressure was maintained at approxi-
mately 0.5 atm by judicious adjustment of the needle valves located on each inlet

manifold and at the outlet to this system vacuum pump.

Valves used in the system were of three types: toggle valves for on-off control of
upstream gas flows; needle valves for precise control of flow rates; and screw-type
. bellows valves for bypass and vacuum portions of the system. Specific locations of

these valves are shown in Fig. 2-1.

Since it was found early in this work that rotameters provide marginal measurement
reproducibility, total system flow was monitored with a wet test meter located on the
exhaust of the system pump. Average flow rates were determined by dividing the

difference in wet test meter readings by elapsed time.

The sorbent bed was heated by a Hevi-Duty tube furnace in which it was vertically
mounted. Furnace temperature was kept constant by two West JP controllers, while
the skin temperature of the bed was measured with a chromel-alumel thermocouple
attached near the midpoint of the bed. This thermocouple was connected to a tem=

perature recorder, which provided graphic temperature records. (See Fig. 2-2.)
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Total system pressure was measured with Wallace and Tiernan model FA145 Bourdon-
tube differential pressure gages., A model FA129 gage, or in later experiments 3
Barocel capacitance manometer, was used to measure the pressure immediately
upstream from the sample injection valve to determine the pressure of the standard

volume of gas injected into the chromatograph.

Gas shromatographic analysis of the effluent gases was provided by an F&M model
700 or 810 gas chromatograph equipped with a flame ionization detector. Current

output of this detector was converted by an electrometer to a voltage thaf was dis-

played on a strip chart recorder,

This recorder was equipped with a disc chart

integrator for evaluation of the total ionization charge generated by contaminant

fractions coming out of the chromatographic columns,

Separation of effluent gas

components for analysis by the detector was effected by the use of appropriate

columns, flow rates, and temperatures,

Raw sorbent materials obtained from outside sources were crushed and sieved to

sizes differing by a factor of two.

Table 2-1,

30 x 40 BD with a Group 1 metal.

Specifications for these sorbents are given in

Table 2-1

Locksorb-2A is a Lockheed proprietary sorbent

SORBENTS STUDIED

prepared by impregnating

Sieve Approx. Surface
Manufacturer Type Size Diam. Area De’I;eixu;ﬁon
(U.S. No.) (cm) (m2/g) gn
Barnebey-Cheney BD, activated 8 x 12 0.20 1100 8 x 12 BD
coconut shell 16 x 20 0.10 1100 16 x 20 BD
charcoal 30 x 40 0.05 1100 30 x 40 BD
X
Union Carbide, Molecular 30 X 70 9.025 1100 50 x 70 BD
Linde Division Sieve 13X 16 x 20 0.10 725 + 75| 16 x 20
(Zeolite) LMS 13X
Lockheed Locksorb-2A 30 x 40 0.05 - LS-2A

A mixture of 50% oxygen and 509
ments, Contaminants to be studied were obtained premixed in the above carrier or in

nitrogen was used as the carrier gas in flow experi-




oxygen. These premixed gases were supplied by the Matheson Company with their

analyses of the contents.

For initial sorbent outgassing, samples were weighed out in air and placed in the

60-cm tube described above. The tube was then inserted into the system and sub-

jected to a flow of helium, Bed temperature was then raised to 400—450°C, while
system pressure was maintained at approximately 0.5 atm. After 4 hr the temperature
was allowed to come to ambient or to the temperature at which the experiment was to be
run. In a few cases it was found that after the heat pretreament small air leaks de-
“veloped around the O-ring fittings which hold the bed in place. (See Fig. 2-2.) To
assure that no leaks were present after the pretreatment, the bed was evacuated to a few
microns and isolated. The increase in pressure in the bed tube was measured as a

function of time and the leak rate, if any, was determined.

In some cases this pretreatment was performed at a system pressure of 1 atm, but this

did not appear to affect the results as demonstrated in subsequent flow runs.

Adsorption experiments on the flow system consisted of five steps:

(1) Calibration of the chromatograph detector for each contaminant to be
studied in that experiment

(2) Determination of the inlet concentration of each contaminant, by allowing
the flow to bypass the sorbent chamber

(3) The actual adsorption, during which effluent from the bed was monitored
for each contaminant

(4) Redetermination of inlet concentration by again bypassing the sorbent bed

(5) Recalibration of the detector for each contaminant

Vacuum desorptions, if any, were next performed. Finally, flow desorption was

performed by following steps (1), (3), and (5) of the above procedure.

Calibration was performed by measuring detector response to a known volume of
premixed gas of known concentration. After calibration for each contaminant, all

premixed gases were then allowed to flow, along with nitrogen or oxygen -nitrogen

mix needed to adjust contaminant concentrations and keep the oxygen-nitrogen ratio



at or near unity, The adsorption step was performed by merely diverting the flow
through the sorbent chamber and observing chromatograph detector response to the
contaminant in question until the effluent concentration appeared to have risen back

to the inlet concentration,

Flow desorption was performed, after calibration of the detector, by passing the oxygen-
nitrogen mixture through the sorbent bed and monitoring the effluent as in the adsorp-
tion step. Strongly adsorbed contaminants were sometimes removed in a similar

manner at higher temperatures, using helium instead of oxygen-nitrogen,

Bed effluent contaminant concentrations were determined by measuring the area of
peaks on strip chart recordings corresponding to detector output for each contaminant,
Since holdup time for each contaminant under study had been determined before begin-
ning the experiment, location of the peak on the recording time axis was relatively
simple. Peak area was determined simultaneously by means of an integrator built
into the recorder. Records were kept of peak area, electrometer range and attenua-
tion settings, injection pressure, wet test meter readings, and time. A sample

calculation of the amount adsorbed appears in Appendix A.

Since detector response to the contaminant varied slightly during the course of each
experiment, it was evaluated at two times, as indicated by steps (1) and (5)onpage 9
Average response values before and after the run were then interpolated in a linear
fashion and used to determine effluent concentrations during the course of the experi-
ment. Sample calculations of electrometer response and of effluent concentration

also appear in Appendix A.

Linearity of detector response to contaminants in the concentration range of interest
was determined by injecting premixed propylene (50 ppm) in oxygen-nitrogen into the
chromatograph and observing detector output. Variation of the amount injected from
one-tenth to ten times the volume of interest resulted in a log-log plot with slope

equal to unity, as shown in Fig. 2-3, thus indicating completely linear response over
this range. Injection of larger volumes of gas tended to blow the detector flame out,

while injection of smaller volumes led to poor reproducibility.

i
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2.1.2 Gravimetric System

The sorbent materials used were the same as those described in section 2. 1. 1.
Gravimetric experiments were performed with a Cahn model RG microbalance,

This microbalance has an ultimate sensitivity of 0, 2 pg and can measure weight
changes as large as 200 mg on its most sensitive beam position, lis sensitivity is

1 pg per chart division while measuring weight changes as large as 10 mg. A vacuum
chamber accommodating the microbalance was constructed, as shown in Fig. 2-4,

This gravimetric system consisted of a number of functional parts, most of which
are typical of any vacuum system, The jar in which the weighing mechanism was
mounted was equipped with provision for three hangdown tubes, one for each beam
position. In the present work, only the more sensitive position was used, leaving
the hangdown tube port for the less sensitive position available for attachment of a
Barocel capacitance-manometer pressure-transducer system, which was used to
obtain the pressure data, In earlier experiments this port was used for attachment
of a McLeod gage, which was used to calibrate a Pirani gage used for pressure data.

This calibration appears in Fig. 2-5.

An jonization gage was provided for checking ultimate vacuum during desorption
steps, and for determining apparent system leak rates, which were generally of the
-4
order of 10
Pumping was provided by a 4-in. water-cooled oil diffusion pump with a baffled liquid

to 10_5 torr per minute for a system volume estimated at 5 liters.

nitrogen trap which was connected to the system by a 4-in. Viton-sealed gate valve,
.Adjustment of range and sensitivity was provided by the microbalance control unit,
which was connected to the balance mechanism by electronic cables and appropriate
vacuum-type connectors. Readout was provided by a strip chart recorder attached

to the output of the control unit.
Introduction of vapors into the leak valve was effected by connection of a manifold,

which is shown schematically in the system line drawing in Fig. 2-6. This manifold

had provision for introduction of both liquid and gaseous adsorbates. Connections

12
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to a vacuum pump were provided so that the manifold could be quickly flushed with
different vapors, Pirani-gage tubes were provided in each section of the manifold

so that leak rates could be estimated,

Heating was provided by two identical cylindrical tube furnaces, which were located
by means of adjustable clamps around each hangdown tube in the vicinity of the sample
and counterweight pans, as shown in Fig. 2-7. Temperature control was provided

by a West JP temperature controller on the sample furnace and by Powerstat auto-
transformers in series with windings of both furnaces. The temperature controller
sensor was an iron-constantan thermocouple placed in the sample tube furnace.
Temperature readout was provided by another iron-constantan thermocouple located
directly opposite the sample pan at the hangdown-tube surface, and connected to an
accurate dc vacuum-tube voltmeter (VITVM).

The microbalance was calibrated periodically to read from 45 to 55 mg with + 1 ug
precision. Charcoal sample weights were kept as close to 50 mg as possible. Since
adsorbed atmospheric contaminants were generally about 5 percent by weight, initial
sample weights of about 52,5 Immg were weighed out in air with the hangdown tube off,
After replacing the hangdown tube and putting the furnaces in place around each tube,
the system was rough~-pumped for 5 to 10 min and then opened to the oil diffusion pump
through the gate valve. After the sample weight rate of decrease was sufficiently

low (10—20 pg/hr), both hangdown tube furnaces were turned on, first to low heat,
which was gradually increased to about 400° C, where it was maintained for a few
hours to get constant weight. The furnaces were turned off and allowed to cool for

at least an hour before adjusting the temperature to the desired value,

To determine isotherms, first, the introduction manifold (Fig. 2-6) was flushed two
or three times with the vapor to be used by first admitting the vapor and then pump-
ing it out with the auxiliary pump. Next, the system gate valve (Fig. 2-4) was
closed and the ionization gage (P3) filament turned off, after noting that the system
leak rate was reasonable (less than 10_5 torr/min). Then the vapor was admitted

to the system by again admitting vapor to the manifold and opening the leak valve

16
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sufficiently to allow system pressure to be increased to the lowest desired value

for an isotherm point. After equilibrium had been obtained, as evidenced by constant
weight and pressure (see strip-chart records in Appendix B), the weight and pressure
values were noted and pressure was increased to the next desired value. In some
cases, pressures were approached in the opposite direction by cracking the gate valve

slightly in order to pump out only a part of the vapor.

Temperature was maintained by judicious adjustment of the temperature controller.
In experiments at 27°C, the furnace wrapping was kept damp with water to provide
a "wet-bulb" cooling effect, which was then counteracted by heating at very low voltage

settings, which were Judiciously changed to maintain temperature within +0.2°C,

After sufficient points had been obtained to determine an isotherm, the system was
pumped out completely by opening the gate valve fully. In cases where more than

one point was obtained at a given pressure, a slight weight increase was noted at lower
temperatures and with lighter contaminants, such as n-butane and propane, This was
assumed to be due to a background of "heavy" contaminants, and was extrapolated
over the period of the isotherm experiment as a corrective addition to the initial
weight used in calculating the amount adsorbed. In most cases this correction was

very minor,

2,2 RESULTS

Isotherm data were obtained for a number of contaminants on the various sizes of

BD charcoal listed in Table 2-1. These data were obtained on both the flow system and
the gravimetric system. Summaries of data obtained on these systems appear in

Appendixes C and D, respectively,

Selected gravimetric data for n-butane and toluene were plotted according to the

Freundlich relation,

a = KgP (2-1)

18



where

qQ = amount adsorbed (ml STP/g)

kp = a constant [g/ml STP (torr) "]
p = partial pressure of contaminant (torr)
n = a constant

An advantage to plotting the data according to the Freundlich isotherm is that increased
accuracy is obtained in reading low pressure and amount of adsorbed values. Such

accuracy is required for calculation of thermodynamic state functions.

Early data from gravimetric experiments with n-butane on 0. 5-mm charcoal particles
based on Pirani-gage readings at various temperatures are plotted in Fig. 2-8.
Later data based on Barocel readings for 2, 0-mm particles at 27 and 67°C and for

0.5- and 1.0-mm particles at 27 and 107° C are shown in Fig., 2-9.

Data for toluene on 1.0-mm charcoal particles at 27, 67, and 107°C and on 0, 5~ and
1.0-mm particles at 27°C are shown in Fig. 2-10. Some additional isotherm data
were determined for various contaminants in the course of desorption experiments de-

scribed in section 5.1.1 and are tabulated in Appendix E.

Selected isotherm data, which were obtained in the flow adsorption experiments
described in section 2.1.1 and summarized in Appendix C, are also tabulated separately
in Appendix F. In addition, some adsorption data for n-butane at much higher pressures

which were obtained in other work are tabulated in Appendix G.

The data in Appendixes E and F that were obtained under conditions similar to those
of the isotherms in Figs. 2-9 (n-butane) and 2-10 (toluene) are plotted along with these
isotherms. Open symbols are used to indicate gravimetric data, while flow data are

shown as solid symbols.

Isotherm data were obtained for water on 30 x 40 BD at pressures near the vapor
pressure of water at 25°C: 5, 10, 15, and 20 torr. These data are plotted on linear

coordinates in Fig. 2-11.
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Section 3
ADSORPTION OF MIXED CONTAMINANTS

While adsorption isotherms such as those determined in Section 2 give one an excellent
feeling for the performénce of sorbent beds under conditions in which only one
contaminant is present in the air, they do not necessarily present sufficient informa-
tion as to how the presence of other contaminants will affect adsorptivity, The next
logical extension of the experimental work then was to perform experiments in which
there were two contaminants present. To this end, and also with thought to the vacuum
desorption experiments on fixed beds described in Section 7 » @ number of flow experi-
ments, similar to those described in Section 2 but with two and in one case three
contaminants, were performed. Pairs of contaminants with both similar and widely
different adsorptivities were selected for these experiments, Since water is not
normally considered a contaminant, experiments incorporating it as the second

component are described separately in a later section (Section 9).

Due to the time-consuming nature of the flow experiments, which were exaggerated
greatly by using two contaminants of widely varying adsorptivities, a faster method
was needed to get extensive data on adsorptivity of two contaminants at one time, The
microbalance apparatus described in Section 2, this time modified by inclusion of a
mass spectrometer for determination of partial pressures of multiple component
vapors, was again found to provide adsorption isotherm data in much shorter
experiments. Two typical contaminants of quite different adsorptivities in the pure
state were chosen for these experiments. These experiments provided valuable data
for testing a general theory for prediction of sorbent performance in the presence of

more than one adsorbing component, as described in Section 4.
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3.1 EXPERIMENTAL TECHNIQUE
3.1.1 Flow System

The same system and procedures were used in multicontaminant flow adsorption as

in single contaminant work. There is only one variation in the experimental procedure.
In blockage and displacement experiments, the inlet concentration of one contaminant

was kept at zero until the other contaminant had been adsorbed on the bed. Oxygen

or oxygen-nitrogen was substituted for that contaminant from just prior to the beginning
‘of the adsorption step until some convenient time after adsorption of the first contaminant
was complete. In flow experiment F17-3 (see Table 3-1), simultaneous adsorption of
n-butane and toluene was studied; therefore, the oxygen-nitrogen mode described above

was not used.
3.1.2 Gravimetric System

The apparatus used to determine mixed-contaminant adsorption isotherms was the
same as that described in section 2.1, 2 for single-contaminant isotherms with the
addition of a mass spectrometer section, as shown in Fig. 2-4. This mass spec-
trometer, a Varian Quadrupole Residual Gas Analyzer (QRGA), was included in a
sampling manifold with a 15diter/sec getter-ion pump at the outlet and with molecular-
flow conductance limitations at both the inlet and outlet so that the relative concentra-
tions of each species were the same in the mass spectrometer as in the microbalance
jar. (See Appendix H.) Mass spectrometer readout was obtained by connecting a
strip-chart recorder to the picoammeter (electrometer) used to amplify ion currents
that were detected as various mass-to-charge ratios were electronically swept over
the range of interest. The strip-chart recorder, dual-pen version, was also connected
to the pressure transducer readout to obtain total adsorbate pressure as a function of

time.
Vapor introduction procedures were the same as those described in section 2,1, 2,

except that in no case was the microbalance system pumped by cracking the gate valve,

This limitation was necessary in order to make certain that all the first species
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Run No,

F9-1
F9-2
Fl1-4
F11-7
F11-6
F6-1
F6-2
F7-2
F7-3
F7-7
Fi2-1
F17-3

F17-4

Table 3-1

SUMMARY OF FLOW SYSTEM MIXED ADSORPTION

Contaminant

n-Butane
Propylene

n-Butane
Propylene

n-Butane
Propylene

n-Butane
Propylene

Propylene
n-Butane

Propylene

Vinylidene Chloride

Propylene

Vinylidene Chloride
Vinylidene Chloride

Toluene

Toluene

Vinylidene Chloride

Toluene

Vinlyidene Chloride

Propylene
Ethylene

n-Butane
Toluene

Toluene
n-Butane
Freon-12

Temperature

N o)

25
25
27
25
25
25
46
102
102
102
25
107

67

26

DATA — BLOCKAGE EFFECTS

Concentration
(ppm)

20.4
0.54

1,08
13,2

0.9
1580

19.5
13.4

13.2
20,2

21.0
18.3

20,2
25.8

25.1
29,5

Blockage
(%)

86+2
29+7
15+8

6943

6+9
91

93

30
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", ntroduced was still in the system, except for an insignificant amount that was pumped

out for analysis through the mass spectrometer section.

~In determining these mixed-adsorption isotherms, the more strongly adsorbed con-
-taminant was admitted first until the weight gain of the charcoal corresponded to a
Predetermined amount adsorbed, usually 1,2,5, 10, or 20 ml STP/g. As equilibrium
was being attained, both adsorbate pressure and characteristic mass spectral peak
Weight were noted. Next, the less strongly adsorbed species was admitted, after
{lushing and pumping the vapor admission manifold with the new vapor. After each
ddmission of the less strongly adsorbed contaminant, total pressure and the mass

gpectral peak heights of both species were noted.

The peak heights corresponding to the first, more strongly adsorbed contaminant were
checked to see if they were remaining constant in order to assure that this contaminant
was not being displaced by the less strongly adsorbed one. Partial pressure of the
aecond, less strongly adsorbed contaminant was obtained by subtracting the initial
pressdre of the first, more strongly adsorbed one from the total at each point in the
Isotherm determination, while weight gain corresponding to the second contaminant
was obtained by subtracting the weight after adsorption of the first one. Both calcu-

lations were based on the assumption of no displacement as determined above,

Examples of mass spectra and pressure records and of weight records for n-butane on

charcoal with preadsorbed toluene are given in Appendix B.
3.2 RESULTS
3.2.1 Flow System

Results of multiple—component flow adsorption experiments are included in the experi-
mental summary in Appendix C and are summarized in Table 3-1. This table is
broken into five sections corresponding to the five contaminant pairs studied: n-butane-
propylene; propylene-vinylidene chloride; vinylidene chloride-toluene; propylene-
ethylene ; and n-butane-toluene. The last group also includes an experiment in which
toluene was preadsorbed, followed by concurrent adsorption of both n-butane and
Freon-12.
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3.2.2 Gravimetric System

Isotherm plots showing adsorption of n-butane at 27° and 67°C with various amounts
of preadsorbed toluene are presented in Figs. 3-1 and 3-2, respectively, Data are
for 5, 10, and 50 ml STP/g of preadsorbed toluene. In the 50 ml STP/g cases, some

displacement of toluene was evidenced by increases in mass spectral peak intensities

| et ¢

as n-butane pressure was increased; thus, the butane adsorption shown in these
isotherms may be misleadingly low. Virtually no displacement of toluene was experi- -

enced at 5 or 10 ml STP/g toluene preadsorbed at either temperature.

In Table 3-2 blockage of n-butane by toluene when n-butane is at MAC pressure

(0. 02 torr) is shown as a function of amount of preadsorbed toluene. Also shown is

the partial pressure of toluene needed to obtéin this amount adsorbed. As can be

seen, the equilibrium pressures of toluene are far below the MAC value, 0.02 torr,

for blockages of n-butane of well over 50 percent. At room temperature (27°C),
adsorption of 50 ml STP/g of toluene at only one-third of MAC partial pressure results
in 93 percent blockage of n-butane, Thus, a sorbent bed would have to be approximatel;
14 times as large as predicted for MAC n-butane if toluene were also present, even at

this reduced level,

Table 3-2

DATA FOR BLOCKAGE OF n-BUTANE BY TOLUENE ON 8 x 12 BD CHARCOAL

Amount of Toluene Equilibrium ~ Blockage of n-Butane
Toluene Pressure at MAC (0.02 torr)
Preadsorbed 27°C 67°C 27°C 67°C
(ml STP/g) (torr) _(torr) %) (%)
5 <1x107° ~ 8 x 1079 29 a4t
10 <1x1074 5.6 x 10-4 51 65
50 7.2x10-3 9.1 x 1072 93(®) 100(®

(a) Possibly somewhat less, due to displacement of toluene by n-butane.
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T order to compare these gravimetric data with the flow system data in Table 3‘—1,
b lockage effects at n-butane partial pressures equivalent to 26.3 ppm at 0.5 atm

4 otal pressure are listed in Table 3-3. Thus, these are the blockage effects that
would be expected in a flow experiment in which toluene and n-butane were present in

-6113 concentrations indicated.

Table 3-3

GRAVIMETRIC SYSTEM MIXED ADSORPTION BLOCKAGE DATA
EXPRESSED IN CONCENTRATION TERMS

Temperature Concentration Blockage
Run No. Contaminant (°C) (ppm) (%)
Mi20-22 to -30 Toluene 27 0.01
n-Butane 26,3 39
-74 to -81 Toluene 27 0.1
n-Butane 26.3 58
-42 to -49 Toluene 27 19
n-Butane 26.3 97
-65 to =73 Toluene 67 ~0,2
n-Butane 26.3 57
-31 to -38 Toluene 67 1.5
n-Butane 26.3 73
-50 to -56 Toluene 67 240
n-Butane 26.3 >99
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Section 4
DISCUSSION AND THEORETICAL TREATMENT OF ADSORPTION DATA

It is essential, because of the wide variety of compounds known even now to be present
as trace contaminants in spacecraft environments, to provide some rational basis for
the estimation of expected levels of sorbent loading, While it may not be possible

to produce a correlation that is quantitatively accurate and of high precision over the
five or six orders of magnitude that are of interest, it is necessary that the correlation
be quantitative enough for design purposes and that the physical-chemical data required
to apply the correlation be readily available. The so-called "potential theory" of
adsorption seems to meet these rather stringent requirements suprisingly well. In
this section it is demonstrated that the amount adsorbed as a function of pressure and
temperature may be estimated within engineering accuracy merely from molar volume
of the liquid at its boiling point and vapor pressure of the pure liquid. The theory is

also generalized to the case of multicomponent adsorption.
4,1 POTENTIAL PLOT CORRELATION

The potential theory of adsorption was originally proposed by Polanyi (Refs. 1, 2, 3)
and later modified by others (Refs. 4 and 5). It was first used to correlate adsorption
data collected under spacecraft conditions by Robell et al, (Ref. 6). The correlation,
called a potential plot, enables estimation of ¢, the amount adsorbed, from the

adsorption potential:

_ T P
A = v log10 D 4.1)
m

where

o>
!

adsorption potential (mol °K/ml liq)

H
Il

temperature (°K)
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1l

contaminant molar volume at normal boiling point (ml lig/mol)

contaminant vapor pressure (atm)

contaminant partial pressure (atm)

The adsorption potential can be calculated from two basic physical properties — molar

volume and vapor pressure.

These properties are listed, for a few selected trace

contaminants considered in this work, along with estimated values for molecular area

and monolayer coverage, in Table 4-1.

Table 4-1

SELECTED PHYSICAL PROPERTIES OF TRACE CONTAMINANTS

Molar Vapor Molecular Monolayer Coverage

Contaminant Volume Pressure Area q
Vm at 27°C .
(ml lig/mol) | P° (atm) (A2/molecule) | (ml STP/g) | (ml lig/g)

Toluene 118.2 0.042 37.4 109.4 0.578
n-Butane 96.4 2.55 31.9 128.3 . 552
Vinylidene 79.7 .84 28.6 143.1 .510
Chloride
Ethanol 62.1 .084 25.7 159, 2 .441
Propane 74.5 9.8 27.1 151.0 .502
Propylene 66.6 12.0 25.4 161,1 .479
Ethylene 49.4 42.5 20,2 203.0 . 447
Dichlorodi-
fluoromethane 80.7 6.9 28.9 141.6 .510
(Freon-12)
Water 18.80 .032 13.1 311 . 262

Molecular area, B, has been shiown by Hill (Ref. 7) to be equivalent to the two-

dimensional van der Waals constant, which can be evaluated by the equation:

6.354 x 10715 (TC/PC)Z
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where

b =! two-dimensional van der Waals constant (cmz/molecule)
Tc = critical temperature (°K)
Pc = critical pressure (atm)

Values of b were calculated from critical temperature and pressure data of Robell
(Ref. 8). These values are to be used only as approximations in surface coverage
calculations, since they are quite possibly smaller than actual effective molecular
areas. For instance, Davis (Ref, 9) and Emmett (Ref. 10) have shown that n-butane
molecular area ranges from 43 to 52 A /molecule depending on the sorbent. Since
similar values for other contaminants studied are not readily available, the b-values
provide a consistent means of estimating relative coverages of these contaminants,

Values of q, Wwere calculated from the equation

Uy = SgV,/NB = S V_/Ng (4.3)
where
4,,, = monolayer coverage (ml liq/g)
S, = sorbent surface area, assumed = 1.1 x 107 (cmz/g)
V0 = standard state molar volume (ml STP/mol)
N = Avogadro's number = 6,02 x 10%° (molecules/mol)

The derivation of the potential plot correlation is semiempirical and has previously
been discussed thoroughly (Ref. 5, 6, 11).

A wealth of adsorption data on Barnebey-Cheney type BD activated carbon have been
obtained in this and other programs.

Some of these data are plotted in Fig. 4-1 as a potential plot. The correlation is quite

good and extends over four orders of magnitude in amounts adsorbed. It is striking

how consistent the results are, even though the data were obtained on the three
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separate experimental systems indicated in the figure legend. The correlation is by
no means perfect; there are deviations of the order of 30%. However, the potential
plot is still the best correlation found to date. It is recommended that Fig. 4-1 be
used for design purposes.

The equation shown in Fig. 4-1 delineates the straight-line portion of the plot which,
for this work, is the region of interest, All potential plots appearing elsewhere in
this report include the line from Fig. 4-1 for reference purposes,

A more detailed exposition of the potential plot correlation for one adsorbate is

shown in Fig. 4-2 and 4-3. The dotted line represents the potential plot as determined
in Fig. 4-1. The n-butane data shown in Fig. 4-2 fit the correlation admirably,
especially considering the temperature range studied and the fact that the data were
obtained from three different experimental systems. (Run numbers beginning with M
refer to microbalance gravimetric experiments; those beginning with F refer to flow

system experiments. )

The toluene data in Fig, 4-3 are quite consistently above the potential plot line, There
is no explanation for this variance at present, although the correlation still holds to

about 30% as mentioned earlier, and this is adequate for design purposes.

These potential plots were made for single contaminants present in pure form (micro-
balance runs) and in nitrogen-oxygen mixtures (flow runs). There is no apparent
difference in adsorptive capacity between these two cases. However, in the case of
mixtures or when humidity is present, adsorptive capacity is drastically affected, as

discussed later (Section 9).

A new derivation of the Polanyi potential plot is presented in the following paragraphs.
This derivation starts from fl;ndameﬁtal principles and goes through to the convenient
calculation of thermodynamic quantities, such as heat of adsorption, and of kinetics

quantities, such as desorption rate order.
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AMOUNT ADSORBED (ml liq/g)
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T ; " T
L f .
: . H]

- :v—‘—'
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Run No.
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The general form of the Polanyi isotherm can be derived from the Gibbs equation:
p
T = (’y—'ys) =RTJI‘d1nf 4.4)

where

= gpreading pressure (cal/cm )

= surface free energy of adsorbed layer per unit area (cal/cm )
= clean surface free energy per unit area (cal/cm )

gas constant (cal/mol °K)

= pressure (cal/cm )

= surface excess concentration (mol/cm )

= fugacity of adsorbate (cal/cm )

o T R R A
1

and two assumptions that are quite reasonable for very low coverages, When this is
done the derivation gives exactly the linear form of the isotherm, which is so often
observed at very low coverages. Firstly, it is presumed that the surface is composed
of portions that are essentially bare and portions covered with absorbate. Secondly,
it is assumed that the bare portion has a surface free energy per unit area identical

to the clean surface free energy, 7. and that the surface free energy per unit area
of the portion of the surface covered with adsorbate is a constant, 7, . independent

of coverage for portions of the surface covered only by a monolayer of adsorbate.

The surface free energy of the adsorbed phase, v, may then be written:

Y = G'yA + (1 - o)ys (4. 5)
where 6 = fractional coverage. Thus,
Equation 4.4 may now be differentiated to give:
dr = ('yA - 'ys)de = TRTdInf 4.7)
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but
g = BT (4. 8)
where g = monolayer area in cmz/molecule.

Equation 4,7 may be rearranged to give:

dlnf (4.9)

The quantity (VA - 'ys) in Eq. 4.9 is the excess surface free energy per unit area
associated with the adsorbate. There is no a priori reason to expect ('yA - 'ys) to be
constant in the multilayer region; nevertheless, Eq. 4.8 may be, in principle,
integrated even for multilayer adsorption to give the isotherm:

£
. dlnf
InT/T° = RTf Bl 70 (4. 10)

fo
where T'° and f° are limits suitably chosen for the integration,

At low coverages, as mentioned earlier, it is assumed that Ya and ys are constant
and independent of coverage. Then the denominator in Eq. 4.10 is constant, and

integration is straightforward,

Following the original idea of Polanyi (Ref. 1) or taking guidance from the success
of regular solution theory, it is more likely that the surface free energy per unit
volume would be independent of the adsorbate on a particular adsorbent than the free
energy per molecule, Thus, it might be reasonable to expect that, for a given class

of adsorbates (say a homologous series of hydrocarbons), the quantity (‘yA - "ys)/ém ,

40



where 6m is the molecular diameter, should be relatively constant. Thus, Eq. 4.9

may be rewritten:

f o5 _dmng
InT/T° = RT J' - (4.11)
a Vi, (ra = %)
and may be integrated to give:
T RT 6m
InF; = -3y In f° /£ (4.12)

m YA

which is identical to the empirical low-coverage limit of the Polanyi isotherm if f°

is taken as the fugacity of saturated adsorbate liquid at the temperature of the adsorption.

Of course, I'° has no real physical significance under such circumstances, and

Eq. 4.11 departs from the empirical isotherm as soon as ¥, begins to change with
coverage. Nevertheless, a rather simple physical interpretation results from the
slope of the linear portion of the Polanyi isotherm. It is the reciprocal of the excest

surface free energy per unit volume of adsorbate.

A number of thermodynamic properties can be derived simply from Eq. 4.12. The

isosteric heat, Ag¢ is given by

q,=-R 2lnp (4.13)
st 8_1_
T
9

but the fugacity usually can be approximated by the pressure at low coverages where

Eq. 4.12 is appropriate. Thus:

\Y%

= U ¢ 1 - °
Ugy = AH, 5 vy ~ Y In T/T (4. 14)
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This has the same functiona] form as the relation that Halsey and Taylor (Ref. 12) have
derived for the Freundlich isotherm and, indeed, Eq. 4.11 can be rearranged in the
Freundlich form:

r = kfpl/n (4.15)
if we set:
- T -1/n
ke = I [p°] (4.16)
and
Vo (Y, - 7))
_ mA s
n o= A8 (4.17)
m

While Halsey and Taylor (Ref. 12) derived their results for a heterogeneous surface,
this development shows that the Freundlich isotherm and the logarithmic dependence

of the isosteric heat (Eq.4.14) can come as well from a homogeneous surface,

The integral enthalpy of adsorption, AHa » 1s given (Ref. 13) as:

T 877)
= —-— = + — f ——
AHa Ha Hg qst T (81: - (4.18)
where
H&1 = adsorbed-phase enthalpy (cal/mol °K)
Hg = gas-phase (cal/mol °K)
using Eq. 4.6 and 4. 14
AH = - g +Tﬁ[-g(v -7)] (4.19)
a st ot VYA s’'|T '

and under the assumptions consistent with Eq. 4.12, Eq. 4.19 becomes:

- 0
AHy = - g+ Vi (at)l‘ (2.20)
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WLere

% = negative slope of Polanyi plot (ml lig/mol °K)
YA~ s
¢ = 5> excess free energy per unit volume (cal/ml liq)
m

The integral entropy change is AHa/ T. In fact, the isotherm results in a very

Sivaple equation of state for the adsorbed layer:

T =V or (4.21)

-‘lvom which any of the desired thermodynamic properties may be calculated by well-
g yown methods.

USually ¢ is independent of temperature or nearly so in which case

‘ qa ~ AH, = TAS, (4.22)

Wkere AS_ = entropy of adsorption in cal/mol °K.

The temperature dependence of ¢ is always quite small when Eq. 4,12 is appropriate
ﬂ all, and reducing experimental data according to Eq. 4.12, and/or Eq. 4.21 sub-
shntially facilitates the extraction of thermodynamic properties in contrast to other
Approaches. These ideas can be applied to the nonlinear portion of the isotherm if

'.‘L is recognized that outside the linear range one may use for ¢:

-1 -1
_ glg(alnr) _ (amr)
¢ =v \omt/ ° A (4.23)
m
Where
A = Polanyi adsorption potential (ml lig/mol (°K)
A = -f,ﬂln £/t (4. 232)
m
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4,2 CALCULATION OF HEAT AND ENTROPY OF ADSORPTION FOR BUTANE AND
TOLUENE '

A good deal of information about the thermodynamics of an adsorbed gas can be

obtained from a set of isotherms such as those shown in section 2.2. These

TS | 0

thermodynamic properties can then be compared with those calculated for pertinent
idealized models of the adsorbed layer. It is shown in the following paragraphs that
the picture which emerges is consistent with the desorption mechanism deduced from
desorption rate data. For example, it is shown how entropy data as a function of
cbvéi‘ége establish the relati{re surface mobility of adsofbates and how enthalpy data
contribute to characterizing surface heterogeneity. In this section these methods

are applied in detail to the adsorption of n-butane and toluene on BD charcoal.

Several heats of adsorption may be defined, but the one most easily identified with the
adsorption isotherm is the isosteric heat of adsorption, gt » which may be defined
(Ref, 14) as the heat released in a constant temperature calorimeter when a differential

amount of gas is adsorbed at constant pressure,

dgy = (0Q/on)y (4.30)
where
qg = isosteric heat of adsorption (cal/mol)
Q = reversible heat change of the system (cal)
n, = number of moles of gas adsorbed (mol)
T = absolute temperature (°K)
p = partial pressure of the adsorbate in the gas phase '(ca.l/cm3)

The isosteric heat may be calculated from the adsorption isotherms by applying the
following equation (Ref, 14):

a, = - R[81Inp/a(1/T)], (4. 31)
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W here

R = gas constant = 1.98 (cal/mol °K)
fraction of the surface covered with adsorbed molecules

S
i

T Fig, 4-4 logarithm of the partial pressure of n-butane is plotted as a function of

v eciprocal temperature for several values of the amount adsorbed on 0, 5-mm carbon,

more recent expériments with 0.5-mm carbon are plotted similarly,

- Fig. 4-5 data for
4-6 and 4-7, respectively. The slope

While data for 1- and 2-mm carbon appear in Fig.

of these isosteres is qst/R . The values of qg as deduced from Fig, 4-4 to 4-7 are

Labulated in Table 4-2.

A similar plot for toluene adsorption on 1-mm particles appears in Fig. 4-8 and values

of q  are tabulated in Table 4-3.

*The isosteric heat can be shown (Ref. 13) to be related to the integral molar enthalpy
by the following equation:

AH, = H, - Hg = -dqg * (TB/e)(aqr/aT)o (4.32)
where
AH, = integral molar enthalpy of adsorption (cal/mol)
Hg = enthalpy of the adsorbate in the gas phase (cal/mol)
H, = enthalpy of the adsorbate in the adsorbed phase (cal/mol)
B = molecular area (cmz)
s = spreading pressure (cal/cmz)

It is shown in the previous section that systems which follow the Polanyi potential

theory have a very simple equation of state; i.e.,

(4.33)
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Table 4-2

HEAT OF ADSORPTION OF n-BUTANE ON BD ACTIVATED CARBON

Particle Size Amount Adsorbed Fractionai Coverage I:fo f\':;:ci)ipIt{iiit
dp qflp 0 gst
(cm) (ml STP/g) (keal/mol)
0.05® 8.0 0.0624 12.3®
4.0 .0312 12.0@
2.0 .0156 12.0(@
1.0 ,0078 12.5@
0.5 . 0039 13.4@®
0. 05 10.0 0.078 13.2
.0 ,039 13.9
2.0 .0156 14,2
0.1 10.0 0.078 12.5
.0 .039 13.6
.0 ,0156 13.8
0.2 50.0 0.39 10.8
20.0 .156 11.8
10.0 ,078 11.6
.0 .039 11.2
.0 .0156 11.4
1.0 .0078 10.6

(a) Early data based on Pirani-gage pressure readings

Table 4-3

THERMODYNAMIC PROPERTIES OF TOLUENE ADSORBED ON 1.0-mm BD
ACTIVATED CARBON (16 x 20 MESH) AT 27°C (300 °K)

Isosteric Heat

Amount

Adsorbed Fgactional of Adsorption
q overage qst

(ml STP/g) ? (kcal /mol)
50 0.457 15.1
20 .183 15.7
10 .0914 17

5 .0457" 17
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where ¢ is the excess free energy per unit volume of adsorbate. This excess free
energy is given by:

¢ = R(@gﬂ)_l (4.34)

When the potential plot is linear, ¢ is a constant. Even when ¢ varies with coverage,
it is usually nearly independent of coverage so that

and then

qgy ™ AHa = TASa (4. 35)

For the n-butane and toluene adsorption, however, there is some curvature in the
potential plot (see Fig. 4-2 and 4-3). The temperature dependence of ¢ is small
enough to permit the use of Eq. 4.35.

In Fig. 4-9 the values of AHa for butane are plotted as a function of. coverage along
with data reported by de Boer and Kruyer (Ref. 15). Although there is a good deal of
scatter in the data, it is clear that the isosteric heats decrease more or less linearly
with coverage, and that the data obtained for the very low coverage of interest for
contaminant control are in essential agreement with previously reported data at much
higher coverages. The decrease in the value of gt results from the energetic
heterogeneity of the carbon surface,

When a system obeys the Polanyi equation (Eq. 4.1), Eq, 4,31 has a very simple

form;

_ _ q
qg = AH_ - V_¢In 3 " AH, (4. 36)
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Fig. 4-9 Comparison of Experimental n-Butane Adsorption Enthalpy With Literature
Values and With Values Calculated From a Smoothed Potential-Plot Correlation

of Data for BD Activated Carbon



The solid line in Fig. 4-9 is the adsorption enthalpy calculated from Eq. 4.36 and
the potential plot of the n-butane data. It fits the scattered data rather well and is
consistent with the de Boer and Kruyer data, This method for deriving the thermo-
dyanmic properties of adsorbed layers seems to be much preferred over the direct

application of Eq. 4, 31 on the individual isotherms.

The entropies of adsorption consistent with the solid line in Fig. 4-9 are plotted in
Fig. 4-10. It is instructive to compare theoretical entropies for idealized models with
these experimentally derived values. From such a comparison it is often possible to

infer something about the state of the adsorbed molecules on the surface,

DeBoer and Kruyer (Ref. 16) have outlined the calculation of standard-state adsorptive
entropies for both mobile and immobile adsorbed layers, In the case of mobile layers,
they select the following for standard states: one atmosphere in the gas phase and an
adsorbed layer with an average molecular separation equal to that in the gas-phase
standard state. Thus, if only the entropy associated with translation is considered,
then

S, = 82 -R1 4.37
o g np (4.37)
where
Sg = entropy of the gas at adsorption partial pressure (cal/mol °K)
Sg = standard-state entropy of the gas (cal/mol °K)
P = adsorption partial pressure (atm)
and
0 %
Sa = Sa - Riln I (4.38)
where
Sa = entropy of adsorbate at actual coverage (cal/mol °K)
Sg = standard-state entropy of adsorbate (cal/mol °K)

56



LS

40T-

20 r

ADSORPTION ENTROPY, —ASa (cal/mol°K)

Ekperimental Values,
a (a  From Eq. 4.36)

—@— Idealized Model (Eq. 4

qst/ T

.41)

| L

.01

0.1

FRACTIONAL COVERAGE, 0

Fig. 4-10 Comparison of n-Butane Adsorption Entropy Derived From a Smoothed

Potential-Plot Correlation o
Adsorbed Layer at 300°K

f Data With an Idealized Model for the



standard-state molecular area
4,08 T x 10716 (cmz/molecule)

monolayer molecular area (see Table 4-1) (cmz/molecule)

Q
noon

D W
|

= fractional coverage

Expressions for Sz and Sg are given in Ref. 16 as:

sg = RIn /2752 _ 4 5, (4. 39)
and
5 =§S§+%R+%Rln27:;rﬁ (4. 40)
Thus, the adsorption entropy may be calculated by
a3, =5, -5 - - 3RIn M3/215/2) _ 5 98 4 0.6621n T - Rln%—q + RInP+ R In6
(4.41)

The theoretical entropies for a completely mobile adsorbed layer of n-butane calculated
from Eq. 4.41 are plotted as the solid line in Fig. 4-10. These caleulations are

given in Appendix I. They compare quite well with the measured values, suggesting
that the absorbed layer is indeed very mobile, It will be shown later that this result

is in agreement with the kinetics of desorption from single particles,

The toluene adsorption data may be treated in an analogous manner, The isosteric
heats (integral enthalpies) are plotted in Fig, 4-11. These calculations are also given
in Appendix I. Again the heats drop with coverage, and the values derived from the
potential plot shown by the solid line in Fig, 4-11 are in agreement with the values

obtained directly from the isotherms.
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In Fig., 4-12 the entropies are plotted and compared with Eq. 4.41. Again the
agreement is nearly quantitative and it may also be concluded that absorbed toluene,
like n-butane, is mobile. It is difficult to say with certainty whether all contaminants
will be mobile, but it is certainly not unreasonable to assume that all components
lighter than n-butane and toluene are mobile except perhaps for materials which are
highly polar, exhibit marked hydrogen bonding, or for other reasons have very strong
molecule-molecule interactions,

4.3 FIT OF TOLUENE AND BUTANE ISOTHERMS TO EMPIRICAL EQUATIONS

It is of some interest to fit the adsorption isotherms of toluene and of butane obtained
under this contract on BD activated carbon to empirical equations., The toluene
isotherms of Fig. 2-10 are fitted by the equation

16 300 - 57.6 q

1B 10P = - —3 303 mT  * 581 *log q, (4.42)
where
p = partial pressure of adsorbate (torr)
R = gas constant = 1.987 (cal/mol°K)
q, = amount adsorbed (ml STP/g)

The above fit was obtained from the empirical observation that the isotherms when
plotted as RT log p/qa versus q, gave reasonably straight lines, and the plots for
different temperatures were roughly parallel. The quantity

16 300 - 57.6 q, (4. 43)

is the isosteric heat of adsorption derived from the above plots by the Clausius-

Clapeyron equation, and this value agrees well with the values derived in section 4. 2.
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The older butane isotherms shown in Fig, 2-8 are fitted by:

12 500 - 100 q 15
1810P = -3 303 RT ‘80264, (4. 44)

Here 12 500 - 100 qa, is the isosteric heat of adsorption (cal/mol), which is a smoothe:
fit to the data given in section 4.2. The entropy term 8.0—2.6 q;1/5 was ther derived
to give a good fit to the isotherm data,

4.4 CORRELATION AND PREDICTION OF MIXED ISOTHERM DATA

An important factor in the proper design of a space-cabin contaminant adsorption bed
is the prediction and correlation of adsorber performance in the presence of many
contaminants. In Section 3 the experimental adsorption isotherms for several con-
taminant'mixtures have been presented. In this section it is shown how these may be

predicted and/or correlated with some accuracy.

Various theories of mixed adsorption have been proposed and the work up to 1962 has
been summarized by Young and Crowell (Ref. 14, pp. 371-91). More recent work
includes that of Myers and Prausnitz (Ref. 17), Grant and Manes (Ref. 18), and Lox‘ren
(Ref. 19).

The main objective of a theory of mixed adsorption is to predict the adsorption
isotherms of the mixture from the isotherms of the pure components, The equation
which appears to be most general and empirically accurate is that proposed by Grant
and Manes and by Loven:

Pa1 = %Py (@) (4. 45)

ml

= equilibrium partial pressure of component 1 in the gas mixture (torr)

o
!

= mole fraction of component 1 in the adsorbed phase
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(amount of butane adsorbed) is 5.8 ml STP/g and q,
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p_, = 0.537 X 2.8 X 1072 = 1.5 x 1072 torr
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which thus locates the desired pomt and is within probable experimental error equal

to the measured value, 1.78 x 10 torr.

The origin and meaning of Eq. 4.45 are of some interest. Grant and Manes, and
Loven appear to have intuitively assumed it as a logical extension of the Polanyi

potential theory. In Appendix J, it is shown that

Equation 4. 45 may be derived by a simple kinetic argument,

The Langmuir theory of mixed adsorption, and an equation due to Glueckauf
(Ref. 20) for mixed Freundlich-type adsorption on a more uniform surface
are special cases of Eq. 4,45,

The basic assumption of Eq. 4.43 is that the heat of adsorption depends only on the
total adsorbed coverage, A and not on the exact composition of this adsorbed
layer, This may be shown by differentiating both sides of Eq. 4.43 (after taking
1ogar1thms) with respect to temperature to obtain the usual Clausius-Clapeyron-type
of equation for Ay » the isosteric heat of adsorption. A second assumption implicit
in Eq. 4.43 appears to be that the mixed adsorbed layer forms a perfect solution

so that the partial molar entropy of mixing for component 1 is

AS = RInX, (4. 46)
where
Agm = partial molar entropy (cal/mol °K)
R = gas constant = 1,987 (cal/mol °K)

Whatever its origin, not only this research but also the work of Loven (Ref, 19) and
that of Grant and Manes (Ref. 18) show that it predicts and correlates a large number

of mixed adsorption data,

As shown above, Eq. 4.45 allows rapid computation of the mixed adsorption isotherms

when the composition of the adsorbed phase is assumed known, and the unknowns are
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the partial pressures of gases in equilibrium with this adsorbed composition., The
converse case, when the partial pressures are known (and the desired quantities

are the unknown amounts adsorbed), becomes more unwieldy mathematically. Here
there will be an equation of the same type as Eq. 4.45 for each component, and this
equation must be solved simultaneously for the unknown q's, after ﬁtting the isotherms

for the pure components to a mathematical expression.

Finally, it is easy to show that Eq. 4,45 also predicts the correct blockage of pro-
pylene by butane, as shown in Table 3-1. For runs F9-1, F9-2, and F11-4 the
adsorbed mole fraction of propylene may be predicted from Eq. 4.45, inverted to

read

Pml
X, = —2 (4. 47)
1 py,;@

and these computed values are compared with the experimental ones in Table 4-4,

Table 4-4

PREDICTED BLOCKAGE OF PROPYLENE BY n-BUTANE AT 27°C

Run No. X5 (Calculated) X (Experimental)
0.54 _ -4 -4
F9-1 1000 5.4 x 10 5,7 X 10
13 -2 -1
F9-2 150 = 8.7 x 10 1.14 x 10
1580 _ -1 -1
Fll1-4 1800 8.8 X 10 8.7 x 10

The agreement is within the experimental error. In computing the predicted values
of Xl , an approximate propylene isotherm was derived from the points of Runs
F9-3, F11-5, F6-1 (see Table 3-1). This isotherm can be represented by
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where

i

(¢
Il

q, = 2,13 x 10

-4 0,72
¢

amount adsorbed at 27°C (ml lig/g)

(4.48)

propylene gas phase concentration at a total pressure of 0.5 atm (ppm)

The mixed adsorption equation (Eq. 4.43) can be incorporated in adsorption potential

theory parameters as follows:

In a mixture, the adsorption potential AT which correlates with the total amount

adsorbed Ay is

Substituting Eq. 4.47,

or

where

A = o log

=]

Py (@)

P°X
T 1
A, = log
T Vm Pm1
- L
AT = A + v log Xl
m
T P
A = = log
Vm Pm1
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Thus, Eq. 4.48 or 4.51 can be used to correlate mixed adsorption capacity data on

a potential plot.

This procedure is used to correlate the humid air data (see Section 9) and is also
applied to several flow runs involving three different contaminant pairs, propane-n-
butane, ethylene-propane, and n-butane-toluene. These data are summarized in

Table 3-1 and plotted as suggested by Eq. 4.51 in Fig. 4-15. All the data correlate
well with the slope of the generalized potential plot (dotted line in Fig. 4-15) but

all are somewhat higher than the generalized correlation. The deviations, however,
are not appreciably greater than the scatter in the data used to establish the generalized
correlation (see Fig. 4-3), nor are they greater than the consistent deviation exhibited
by the extensive toluene adsorption data shown in Fig. 2-10. Within the accuracy and
precision of the generalized plot, this simple theory of mixed adsorption seems to be

quite adequate and it is thus recommended for design purposes.
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Section 5

VACUUM DESORPTION FROM SINGLE PARTICLES — EXPERIMENTAL
AND RESULTS

Regeneration of sorbents after saturatlon with contaminants has been one of the major
goals of this effort. In order to be able to make any sort of meanlng‘ful attempts at
design of a spacecraft sorbent regeneratlon system involving the use of space vacuum,
it is necessary to have extensive information on the effects of vacuum on the individual
sorbent particles. Once the effects of temperature, particle size, and contaminant
species have been established, it should be possible to relate these to the performance

of packed beds under vacuum desorption conditions.

With this end in mind, a series of experiments was performed on the gravimetric
system described in Section 2. In this series the above parameters were varied.

—In addition, experiments were performed, perhaps for the first time, in which more
than one contaminant was monitored instantaneously during simultaneous vacuum
desorption. This was made possible by using the gravimetric system with mass spec-
trometer described in Sections 2 and 3. A few experiments were also performed on

volumetric apparatus in order to supplement the gravimetric experiments.
5.1 EXPERIMENTAL TECHNIQUES
5.1.1 Single-Component Experiments
The apparatus used in vacuum desorption experiments consisted of the same vacuum
microbalance system as described in section 2.1.2. Extremely high pumping speed

was provided by the 400-liter /sec oil diffusion pump and baffled liquid-nitrogen trap

located next to the 10-cm gate valve on the microbalance jar.
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The procedure for adsorption of contaminants was the same as that described in
section 2.1.2, except that the amounts adsorbed were controlled to certain nominal
values by allowing weight to increase by a predetermined amount in each experiment,
For the desbrption portion of the experiments, the strip-chart recorder speed was set
sufficiently high (2 or 4 in. /min) so that desorption time data could be taken to the
nearest 0.5 sec. At time zero, the gate valve was quickly opened, and the ionization

gage was turned on after about 5 sec.
5.1.2 Multicomponent Experiments

The apparatus used in multicomponent desorption experiments consisted of the system
as described in sections 2.1. 2, 3.1.2, and 5.1.1. The adsorption procedure was the
same as for the first point on a multicomponent adsorption isotherm, with the equilibrium
amount of the second, less strongly adsorbed contaminant somewhat greater than that-
of the first one. Desorption was initiated in the manner described in section 5.1.1 but
with the mass spectrum /pressure strip-chart recorder running at higher speed. The
ratio of desorption rates at any given instant was assumed to be equal to the ratio of
partial pressures in the mass spectrometer as determined by the mass spectral peak
heights corresponding to each species. Since the total amount of each species adsorbed
was known, and assuming that only the more strongly adsorbed contaminant remained
adsorbed in significant quantity after the desorption was 90 percent complete, it was
possible to get instantaneous desorption rates for each species, as explained in

section 5.2.2,
5.1.3 Volumetric Method
To supplement the gravimetric method for measuring vacuum desorption rates from

single activated carbon granules, a volumetric desorption system was designed. In
this method, the desorbed contaminant was caught in a cold trap (which also acted as
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the pump) and was measured volumetrically after warming up the cold trap. The

method has several advantages over the microbalance fechnique:

(1) Freedom from thermogravimetric and other spurious effects, such as
were encountered when gas was suddenly admitted to or evacuated from
the microbalance

(2) Great simplicity, since a large stopcock (or better, a solenoid valve), a
suitable vacuum gage, and a vacuum pump are the only equipment needed

(3) The capability of inserting a thermocouple directly into an activated carbon
granule, so that adiabatic cooling effects can be directly measured
simultaneously with desorption rate

(4) The capability of varying pumping speed by simply lowering the liquid

nitrogen level on the cold trap, which acts as the pump

The sensitivities of the two methods are about equal, since a microgram of n-butane

in 300 cm3 volume results in a pressure of about 10_3 torr, which is easily detectable.
A disadvantage of this method is that only one point on the desorption curve is measured
in a given run, since the desorption process is interrupted to measure the amount of
butane desorbed. However, each point takes only about 15 min, so that in a few hours

the whole curve (amount desorbed versus time) can be established.

The all-glass apparatus that was finally used after a little experimentation is shown in
Fig. 5-1. The activated carbon granules were supported on a fine mesh nickel screen
in the vertical tube, T1 . The charcoal could be isolated from the rest of the system
by the very large hollow-plug, single-hole, high-vacuum-type stopcock, S . The choice
of S is critical, as an ordinary stopcock or valve will reduce the pumping speed too
severely. Likewise, the diameter of the tube, T1 , must be kept large (about 2 cm)

to provide adequate pumping speed to the charcoal. In this apparatus the pumping
speed was limited by the 7.0-cm length of 20-mm OD tubing which connected the
charcoal to the larger stopcock. The pumping speed of this tube was 10 liters/sec

(as read from Fig. 2-1, p. 92, of Ref. 21). When the large stopcock was open, the

carbon was connected to a U-tube cold trap, TZ’ 20 mm OD and 15 cm long, which
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Could be immersed in liquid nitrogen. A Consolidated Vacuum Corporation Pirani gage
Was connected on a side seal, and a second stopcock isolated the system from the
vacuum pumps and from a McLeod gage used to calibrate the Pirani gage. Obvious

\ mprovements would be to eliminate stopcock grease by using a metal solenoid valve
or bakeable gate valve in place of S, and to use a disphragm-type pressure transducer

in place of the Pirani gage.

Carbon granules were introduced into T1 by blowing a hole in the top of the tube,
which was later sealed. The optimum weight of carbon used was a small problem,
+foo large a weight would cause results to be affected by pumping speed, and too small
4 weight would cause sampling errors and errors due to contaminants desorbed from
the apparatus walls. In these experiments 20-mg samples were used, although 10-mg

gamples were also tried in initial experiments.

A typical experiment was carried out as follows: The charcoal was first degassed in
kigh vacuum for 4 hr at 300— 400°C by slipping an electric furnace over the tube, T1 .
During bakeout the large stopcock, S, was turned at frequent intervals to degas the
stopcock grease, (Bakeout temperature was varied from 9250°C to 400°C with no signifi-
cant change in desorption rate of butane at room temperature.) The carbon was next
cooled to room temperature and the stopcock, S , was closed. A desired pressure of
butane was then admitted to the volume containing the Pirani gage and large stopcock.
This volume was 366 cm3 for the case described here. Thus, from the perfect gas
law, 0.364 torr in 366 cm3 gave an initial loading of 8 ml STP/g on a 20 mg sample,
corresponding to the initial loading in ;;he microbalance experiments. This pressure

of butane was admitted to the carbon at 26°C, and the rate of adsorption was determined
by measuring the amount adsorbed as a function of time. This rate was initially too
fast to determine, due to time lags in the Pirani-gage system. Within about 10 sec

the pressure dropped by a factor of 3 to 10, and adsorption equilibrium was established
in 10— 20 min. (A point on the adsorption isotherm was thus measured in each experi-

ment.) The stopcock, S, was then closed and the cold trap, T, , was completely

1 ’
immersed in liquid nitrogen. The desorption rate was then measured by opening the
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Fig. 5-2 Gravimetric Desorption of n-Butane From 30 x 40 BD Activated Carbon

(dp = 0.05 cm)
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Fig. 5-6 Gravimetric Desorption of n-Butane From BD Activated Carbon: Variation
With Particle Size
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Fig. 5-8 Gravimetric Desorption of n-Butane From BD Activated Carbon: Variation
With Particle Size
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Data from experiments on 1.0-mm charcoal at 87°C using both the shorter and the
longer furnace designs are compared in Fig. 5-10. Initial desorption rates were
somewhat higher using the longer furnaces but approached the same rate after about
30 percent of the n-butane had been desorbed. Data are shown from the two sets of
longer furnaces, in which only the heater winding material was different, While the
furnaces with magnetic windings resulted in very unstable weight readings, desorption

rate data do not appear to have been appreciably affected.

Data for an additional set of experiments in which n-butane initial loading was varied
are plotted semilogarithmically in Fig. 5-11 and 5-12. In the former plot the actual
amount adsorbed is shown as a function of desorption time, while in the latter the

amounts adsorbed are normalized by dividing out the initial amount adsorbed.

Data for the desorption of toluene from 1.0-mm particles at various temperatures are
shown logarithmically in Fig. 5-13 and 5-14. The Initial amount adsorbed was 50 ml
STP/g. In addition, the results of some preliminary experiments with toluene on both
BD charcoal and sorbent LS2A are shown in Fig. 5-15, which unlike previous plots is

on linear coordinates.

Propane desorption data for two particle sizes at 27°C are shown semilogarithmically

in Fig. 5-16. The initial amount adsorbed was 1.1 ml STP/g.
5.2.2 Multiple-Component De sorption

The measurement of the desorption rate of two components from charcoal involves g
new factor, since the rate of total weight change as read from the microbalance record
must be supplemented by analysis of the off-gas, so that the individual rates may be
computed. In the present work a quadrupole mass spectrometer was used for the

instantaneous gas analyses.
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