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ABSTRACT
TRACE CONTAMINANT STUDIES OF HSC ADSORBENT

by

Dennis Tzyy-nian Yieh

The adsorption and desorption of fifteen trace
contaminants on HSC (polyethylenimine coated acrylic ester)
adsorbent have been experimentally investigated with
the following two objectives: 1) To test the removal poten-
“ial and the adsorption reversibility of the selected
trace contaminants, 2) to test the effect a preadsorbed
trace contaminant has on the co, alsorption capacity.

The experimental method for acquiring the adsorption
equilibrium data used in this study is based on the
volumetric (or displacement) concept of facuum adsorption.

From ‘“he experimental results, it has been found that
the HSC adsorbent has good adsorption potential for
contaminants of alcohol compounds, ester,s and benzene
compounids; whereas, adsorption of ketone compounds, oxidiz-
ing and reducing agents are detrimental to the adsorbent.
In addition, all 'liguid' contaminants reduce the CO2

capacity of HSC adsorbent.
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CHAPTER 1
INTRODUCTION
1.1 Background

The buildup of contaminants from sources like meta-
bolic processes, material degradation, off-gassing of
materials, leaks, and scientific experiments in the en-
closed atmospheres of manned spacecraft must be controlled
by a suitable contaminant removal system, particularly
for missions of extended duration.

For the early missions of Space Shuttle and Spacelab
programs, the atmospheric control system (or Air Revitali=-
zation System) contains two or more lithium hydroxide
(LiOH) canisters for carbon dioxide (COZ) and odor removal,
and a condensing heat exchanger (CHX) for removal of
sensible heat and moisture. The material in the LiOH
canisters and the CHX are also responsible for removing
the trace contaminants (1,2,8).

However, the adsorption of CO2 on LiOH is non-reg-
enerable, since LiOH chemically reacts with CO2 to form
a solid carbonate (l). Therefore, the use of LiOH for
removing co, requires storage of sufficient LiOH canisters
to last through an entire mission. When weight require-
ments in space flights become critical, such a system is
only practical for short missions. 1In addition, the use
of a CHX to control humidity is also a relatively ineffi-
cient process since cabin air must be cooled below its

dew point (1,2). Consequently, the use of some kind of
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regnerable enclosed atmospheric control system is
logically indicated for extended manned space missions.

During the development of Space Shuttle and Spacelab
program, a new vacuum regenerable type of atmospheric
control system has rteen proposed and developed for missions
of extended duration. This system uses an agsorbent
called HS~C (a polyethylenimine coated acrylic ester) to
adsorb both 002 and Hzo simultaneously (1,2,6). The
adsorption of CO2 and Hzo 1s reversed when the HS-C bed
is exposed to vacuum at ambient temperature. One distinct
characteristic of this adsorbent is that the presence of
water in the adsorbent greatly enhances the agsorption
capacity for CO2 (6).

Due to the polyethylenimine's broad reaction capability,
the HS-C adsorbent has also been proposed to serve as a
trace contaminant remover (1, 6). Preliminary tests and
studies have shown that the HS-C adsorbent indeed has
adsorption potential for a variety of compounds. It is
the intention of this thesis work to evaluate the overall
trace contaminant removal potential of this HS-C adsorbent
by acquiring the adsorption equilibrium data of selected
trace contaminants. The experimental procedure for acquir-
ing the adsorption equilibrium data used in this study
was developed by Lawrence Kissinger (6). The experimental
technique is based on the volumetric or displacement

concept of vacuum adsorption.



PR —"

1.2 Research Objectives

This research work was divided into two segments:

1. to test the removal potential and the adsorption
reversibility of 15 selected contaminants,

2. to test the effect a preadsorbed trace contam-
inant has on the CO2 adsorption capacity.

It is hoped that tihis experimental study will provide
the basic equilibrium adsorption data to define the
adsorption capacity of HS-C adsorbent for the 15 selected
trace contaminants, and also to draw a preliminary class-
ification of the contaminants as HS-~C adsorbent a) poison
or b) inert or c¢) potential active substance that could

be removed from the atmosphere by the system.



CHAPTER 2
PROPERTIES OF ADSORBENT AND ADSORBATES
2.1 Properties of HS-C Adsorbkent

HS-C is a designated name of a synthetic organic
resin adsorbent, which is made from acrylic esters by
adding with about 20% by weight of polyethylenimine (PEI)
(6). The process of synthesizing this adsorbent was
developed by Hamilton Standard Division of United
Technolcgies Corporation. The polyethylenimine used is
Dow PEI-18 (3).

Generally, there are two methods of synthesizing this
kind of polyamine resin adsorbent. The first method
consists of introducing polyethylenimine during the
polymerization of acrylic esters, and the second method
consists of first forming c¢rosslinked polymeric osters
and then subsequently introducing the polyethylenimine
into the hard polymer structure (5,7). The reaction of

these two methods may be represented as (5):

HC = CH
1 2
i
OC2H5
ethyl acrylic ester ...-?H-CHZ..
Method 1 ' ?=O (2-1)
( CZHSN)n NH-C2H4-NH-C2H4-§H
polyethylenimine _ ?=O
ooo-cH—CHZ-cno OOQ-CHZ_CH-o-a
=0
C2H5

polyacrylic ester
Method 2
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Polyethylenimine is a highly branched polyamine
produced by the acid-catalyzed polymerization of the

monomer, ethylenimire (3):

H,C . .
2 acid -CHZCH2-§§2 primary 25%
—ﬁ - - :
| ’/,’NH catalyst (CZHSN)n CHZCH2 NE seco?dary 50%
HZC -CHZCHZ-N\ tertiary 25%

(2-2)
The polymer consists of units which have two carbon per
nitrogen. These units are randomly distributed in the
approximate ratios of one primary amino nitrogen/two
secondary amino nitrogens/one tertiary amino nitrogen.
These primary, secondary and tertiary amino nitrogens
are responsible for the slight basicity of HS-C adsorbent,
as well as its polyfunctional property.

The chemical properties of HS-C adsorbent are primarily

governed by the presence of weak-base amino groups in
the polymer. When HS-C adsorbent is contacted with water,
the amino nitrogens react with the solvent to form
positively charged nitrogens in the same manner as simple

amines (3,6).

H

\ I, -

/N-H + H,0 ....——:-_"-1: -0H (2=3)
H

However, while simple amines dissolve into the water, the
HS-C adsorbent does not dissolve. The adsorbent takes up

the water and expands. The swelling goes to a limited



degree; when equilibrium is attained, the swelling does
not proceed any further. This characteristic is particu-
larly true for ion-exchange resins (5). Thus, HS-C
adsorbent is actually a type of synthetic organic ion-
exchange with weak-base amino groups: c¢alled weak-base
anion exchanger.

Like any other synthetic organic resins, the frame
work or matrix of the HS-C adsorbent is a flexible random
network, which is made up of interconnecting hydrocarbon
chains of the crosslink polymers (5). As a result, the
mesh size or pore size of the adsorbent is not uniform;
this is referred to as “heteroporosity". The average
pore diameter of anhydrous HS-C adsorbent is 0.015 microns,
and the net pore volume is 0.42 ¢ c¢/gm. (6). The HS-C
adsorbents are in the form of white spherical beads about
0.5mm in diameter.

The HS-C adsorbent has good chemical and thermal
stability when compared to other organic anion exchange
resins (3). However, HS-C adsorbent shows signs of
thermal degradation when it is heated above 60°C for a
prolonged period (6). It also experiences chemical
degradation in the presence of strong oxidizing or
reducing agents. Generally, oxidation is the main contri-
buting factor in the degradation of the synthetic organic
resins at high temperatures in air (3).

Although HS-C adsorbent is a type of synthetic

organic ion-exchange resin, the adsorption process of



of anhydrous HS-C adsorbent witih gaseous adsorbates is
simply physical. However, in the presence of water, the
HS-C adsorbent becomes ionized as described in reaction
2-3. The adsorption of ionized HS-C adsorbent with acidic
adsorbates is a type of weak-base ion-exchange. For
example, the adsorption of carbon dioxide on water loaded

HS-C adsorbent is represented as the following reaction (6):

H H
{ - | -

—~N"-0H + Co,(g) T==—=r-N'-HCO 3 (2-4)
H

Since the amino groups in the HS-C adsorbent are
primarily responsible for the adsorbent active sites, it
is possible to make a preliminary prediction of the
adsorption preference of HS< adsorbent from the solubility
table of polyethylenimine(PEI-18) at room temperature,
as shown in Table 2-1 (3). By reviewing the rolubility
table, it may be predicted that the HS-C adsorbent has
adsorption potential for solvents like alcohols, glycols,
benzene and toluene, whereas it may react with solvents
like carbon tetrachloride, chloroform and acetone. The
validity of these predictions will be discussed in
Chapter 4 on Results and Interpretation of Adsorption
Data.

2.2 Properties of Selected Trace Contaminants
Fifteen compounds were selected for the contaminant

adsorption study. These compounds are divied into two
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groups:
l) Liguid - compounds which are in liquid state
at room conditions,
2) Gaseous - compounds which are in gaseous state
at room conditions.
The physical properties of the two groups of compounds

are listed in Table 2-2 and 2-3, respectively.



TABLE 2-1 Solubility of PEI at Room Temperature
Solubilit 15 Water|
Solvent Type Solvent in HZO*Y PEI6 | PEI12 |PETI18 [Solution
PEI600
Highly Polar Water e o o0 o 0
Solvents dimethylformamide 0 s s S S
dimethylacetomide e S S S S
methanol g S S
isopropyl alcohol L S S S S
n-propyl alcohol ©w S S
ethyl alcohol L S S
n-butyl alcohol 7.92° s 1
propylene glycol o s S S S
glycerine oo S s S s
ethylene glycol © s S
triethylene glycol o s S S S
liydrocarbon benzene .08222 S s S
Solvents toluene .0471¢ S <109/100g
xylene I <22.7g/1009<5.2g/1009<4.49/1009
turpentine I I I I
n~hexane .0138t%-5%
kerosene I I I I
naptha I I
hydrocarbon oleic¢ acid I I
Oils
'Esters ethyl acetate 8.62° S <10.99/100g
l Continued...
* Lange's Handbook of Chemistry S Soluble I Insoluble

«© Soluble in all proportions




et

Chlorinated methylene chloride

Solvents chloroform
carbon tetrachloride
perchloroethylene
CHLOROTHENE* *NU

Ethers diethyl ether
tetrahydrafuran

Ketones acetone

I Insoluble S Soluble

220
15
.082°
I
I

7.520
V.S.

** fTrademark of the Dow Chemical Company

Reacts
Reacts
Reacts
Reacts
Reacts

I
S

V.S.

Reacts
Reacts
Reacts
Reacts
Reacts

I
S

Very soluble

Reacts
Reacts
Reacts
<2.39/100g
Reacts

I
<759/100g
(]
crosslinks
on standing

0T



Table 2-2 Selected Physical Properties of 'Liquid' Trace Contaminants
Molecular| Melting Vapor Boiling Critical Critical
Contaminant Weight Point °C.,| Pressure Point °C., Pressure |Temperature
1 atm. at 25°C 1 atm. (atm.) (°C)
(torr)

Methanol 32.04 - 93.9 114.9 64.96 79.2 239.4
Acetone 58.08 - 95.35 201.6 56.2 46.9 235.6
Methyl Acetate 74.08 - 98.1 187.2 57.0 46.3 233.7
Iso-butanol 74.12 -108 12.7 108.4 45.2 271.0
Benzene 78.12 5.5 73.1 80.1 49.0 289.4
Toluene 92.15 - 95 27.0 110.6 41.7 320.4
Freon 11 137.37 ~111.1 718.4 23.82 43.9 198
(Trichlorofluorc-

methane)

TT
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Table 2-3 Selected Physical Properties of Gaseous Trace Contaminants
Molecular Melting Vapor Boiling Critical Criti~al
Contaminant Weight Point °C., Pressure Point °C., | Pressure |Temperature
1l atm. at 25°C 1l atm. (atm.) (°C)
(atm.)
Methane 16.04 -182.5 - -167 46.5 - 82.3
Ammonia 17.03 - 77.7 9.74 - 33.4 113.1 132.4
Carbon monoxide 28.01 -205.1 - -191.5 35.68 -140.2
Ethylene 28.05 -169.2 - -103.7 50.2 9.5
Hydrogen sul- 34.08 - 85.5 21.20 - 60.7 90.4 100.38
fide
Nitrogen 46 .01 - 11.2 0.98 21.2 100.6 158.0
dioxide
Methyl mercaptan
(Methanethiol) 48.11 -123 1.68 6.2 72.6 196.8
Freon 23 70.01 -155.2 - - 82.0 48.1 25.9

(Trifluoromethane)

T



CHAPTER 3
THE MEASUREMENT OF ADSORPTION ISOTHERMS
The experimental method used in acquiring the
adsorption equilibrium data in this experimental work is
based on the procedure developed by Kissinger (6) for
his adcorption study of CO, and H,0 on HS-C adsorbent.
A detailed description of this technique may be obtained
from the reference cited previously. In this chapter,
however, a brief description of the experimental measure-

ments of adsorption isotherms for the selected trace

contaminants are presented.

3.1 Basic Concepts

A volumetric (or displacement) method was used in
the measurement of adsorption equilibria for this experi-
mental study. The principle underlying this method is
the determination of amount of adsorbate adsorbed by
means of experimentally measured pressures using the
ideal gas law for the gas phase (6,11). The evaluation
of the amount adsorbed is determined from pressure measure-
ments in an apparatus of the type shown schematically in
Fig. 3-1. 1Initially, the pressure, volume and temperature
of a quantity of adsorbate is measured and the number of
moles present is calculated. This material is then brought
into contact with the adsorbent and, when constant pressure
reading shows the system to have attained equilibrium, the

numper of moles present is again calculated. The
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Fig. 3-1 Schematic Diagram of Volumetric Adsorption System:
1) Manifold Volume,V,, 2) Pressure Gage, 3) Adsorb-
ent Tube, &) Constant Temperature Bath, §) Liquid
Contaminant Source Tube, 6) Temperature Recorder

E Ground Glass

Joint

1/4 in 0.D. Stainless

Steel Tube
Kovar
Seal T
Precision Bellows
Valve Valve

To Gas
bo%tle

*tx

ig. 3-2 Schematic Diagram of Gaseous Contaminant Source
Connecting Tube
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difference represents the amount adsorbed. The actual
experimental procedures of this adsorption study and the
algorithm of evaluating the amount adsorbed are described
in section 3.3.2 and 4.1, respectively.

The accurate determination of the number of moles
unadsorbed at equilibrium depends on a precise knowledge
of the manifold system and 'dead-space' (space surrounding
the adsorbent particles) (10,11). This volume is evaluated
by -expansion measurements using helium. The calibration
procedures for evaluating manifold system and dead-space
volumes are presented in Appendix A.

The amount adsorbed, A, is conveniently plotted
vs the equilibrium pressure, P, at a specified temperature,

T, to give an adsorption isotherm,

A = f(P)T (3-1)

3.2 Experimental Apparatus

The volumetric system apparatus is shown schematically
in Figure 3-1. This system consisted of four functional
parts: a manifold system of known volume, Vi, an adsorbent
bed of known dead-space volume in a constant-temperature
bath, a precision pressure gage and an adsorbate dosing
device.

The manifold system was made of pyrex glass tubing,
fitted with high=-vacuum stopcocks for the connections

to other devices.
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The adsorbent bed was a drying U-tube with ground
glass joints added to its ends. On one end of the tube,
a capillary tube 2 mm i.d. and 15.25 cm long was placed
between the ground glass joint and the U-tube. This end
of the tube was designed specifically for the co-adsorp-
tion study, because the capillary tube minimizes counter
diffusion of adsorbate previously adsorbed on the adsorbent.
The adsorbent bed was maintained at constant temperature
by a constant-temperature water bath.

The adsorbate pressure was measured by a Texas In-
strument Precision Pressure Gage of model 145-01, which
had been calibrated. +ihe result of pressure calibration
is shown in Appendix D.

The dosing device for adsorbates from liquid state
was simply a glass tube with a ground glass joint on one
end and sealed on the other end. For gaseous adsorbates
a special device was used to connect the high pressure
gas source to the manifold system. This connecting
device is shown schematically in Figure 3-2. The device
consisted of a ground glass joint on one end of the tube
and a stainless steel tube of 1/4 in. 0.D. with several
coils which connected to the ground glass joint. There
were two control valves fitted on the stainless steel
tube, one was a needle valve for precise control of the
amount of adsorbate to the manifold system, and the other
was a screw-type bellow valve for controlling gas flow

from the gas bottle.
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Two Welch Duo-Seal (Model 1402) vacuum pumps were
used in this adsorption system. One pump provided a
vacuum for the adsorption system, and the other pump pro-
vided a vacuum for the capsule of the pressure gage to
serve as a reference pressure. The ultimate vacuum pres-
sure of these two pumps were monitored by the pressure ther-
mocouple gage. The ultimate vacuum achieved in this adsorp-
tion system was in the range of 10 to 20 microns of Mercury.
3.3 Experimental Procedures

3.3.1 Adsorbent Sample Preparation

Before any accurate measurement of an adsorption
isotherm, the HS-C adsorbent sample must be thoroughly
outgassed at an elevated temperature. For initial HS-C
adsorbent outgassing, two grams of sample were carefully
weighed out in air and placed in the adsorbent tube.
The tube was then inserted into the manifold system and
exposed to a vacuum. The bed temperature was then
raised to 45°C in a ~onstant-temperature water bath.
(The 45°C temperature had been previously determined
as the maximum allowable temperature for outgassing HS-C
adsorbents without degradation, see reference 6.)
The outgassing was continued until no further evolution
of gas occurs. Outgassing was considered as complete
when, heating of the sample with the adsorption system
closed off from the vacuum pump, the vacuum pressure in
the adsorption system remained constant after a long

period of time. The result might be achieved in an
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hour or it might take several hours depending on the
kind of adsorbates previously adsorbed in the adscrbent.
After the out-gassing process had been completed, the
adsorbent bed temperature was set to the desired value.

3.3.2 Adsorption and Desorption of Pure Contaminants

The procedure for determining the amount of gas
adsorbed in the apparatus (Figure 3-1) is based on the
principles described in Section 3.1 if the equilibriuvm
pressure is attained. For adsorbents which have signifi-
cant internal diffusion resistances like HS-C adsorbent,

a long adsorption time is required for equilibrium.

The combined results of system leakage and counter
diffusion may become detrimental to the accurate measure-
ment of adsorption isotherms during these lengthy
adsorptions. By taking pressure versus time data during
adsorption, it is possible to extrapolate to the
equilibrium pressure after a reasonable test time (6).
Sample calculations for extrapolating equilibrium pressure
are presented in Appendix B.

To determine an adsorption isotherm for pure con-
taminants, first, the adsorbent bed was prepared as
described in Section 3.3.1. After the bed temperature
was adjusted to the desired value at which the experiment
was to be run, it was allowed to reach thermal equilibrium
at that temperature for at least 20 minutes before any
adsorption data were taken. Next, the manifold system

was flushed two or three times with adsorbate vapor.
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This procedure ensured that all trapped air was removed
from the dosing device and provided the manifold system
with a background of that adsorbate to be studied.

After the manifold system was closed off from the vacuum
pump, the adsorbate vapor was slowly admitted to the
manifold by cracking stopcock no. 4 (Figure 3-1) until
the desired adsorbate pressure was reached. Then, the
ground glass cock of the adsorbent bed was opened and the
stopclock was started simultaneously. The system pressure
was recorded every two hundred seconds until the pressure
change was less than 0.1 mm Hg or the total time reached
six hundred seconds. ‘The adsorbent bed was then closed
off and the manifold pressure was increased to the next
desired value. The last three steps were repeated until
the desired isotherm was completed.

The experimental procedures for measuring desorption
isotherms are roughly the reverse of adsorption procedures.
In measuring the desorption isotherms, the preadsorbed
adsorbents with known amount adsorbed and known adsorbate
equilibrium pressure were exposed to the evacuated mani-
fold system until the total system pressure became constant.
The pressure was then recorded and the manifold was
evacuated again for the next desorption point. These steps
were repeated until a desired desorption isotherm was ob-
tained. The sample calculations for desorption data are

given in Appendix C.



3.3.3 Co-adsorption of Trace Contaminants and CO2

The apparatus used for determining co-adsorption
isotherms was thne same as that described in Section 3.2,
except that the capillary-end of the adsorbent tube was
used instead of the end used for determining single
component isotherms.

In determining the co-adsorption isotherm, the trace
contaminant was adsorbed first by the HS-C adsorbents
until the desired amount adsorked of abcut 0.012 gm/gm
was obtained, and the pressure was then noted. After the
adsorbent bed was closed off from the manifold, the
remaining adsorbate in the manifold was evacuated and the
manifold was flushed with carbon dioxide two or three
times. Next, the desired amount of carbon dioxide was
admitted to the manifold and the adsorption sequences
were then performed as described in Section 3.3.2 until
a desired co-adsorption isotherm was completed. For an
initial dose of carbon dio..ide, the pressure in the mani-
fold sinould be at least 2 or 3 mm Hg higher than the
pressure of the first adsorbate in the adsoribent bed,
otiherwise counter diffusion by the first adsorbate would
be significant. The calculations of co-adsorpt.on data
are presented in Section 5.1 and Appendix B.

3.4 Experimental Constraints
There are four experimental constraints to be ob-

served in the application of displacement technique for

20



acquiring adsorption or co-adsorption data. The four
constraints are (6):
a) negligible counter diffusion of preadsorbed
adsorbate to manifold containing second adsorbate,
b) small internal pore diffusion resistances,
¢c) no inert or inert like compound in the adsorbent
tube before acquiring co-adsorption data of the next
adsorbate,
d) negligible adsorption of adsorbates on glass-
ware or stop-cock grease.
A detailed analysis of each of these constraints may be

obtained from the reference cited above.



CHAPTER 4
ADSORPTION RESULTS OF PURE CONTAMINANTS
In this chapter, first, the algorithms for computing
adsorption and desorption equilibrium data are presented.
Next, the adsorption and desorption equilibrium data are
shown as isotherm plots, and finally these plots are

discussed.

4.1 Computations of Adsorption and Desorption Equilibrium

Data

4.1.1 Asorption Algorithm

As described in Section 3.1, the amount adsorbed is
calculated from the difference between the amounts of
adsorbate present in the adsorption system initially
and finally. The amount of adsorbate present in the ad-
sorption system is determined from the measured adsorbate
pressure.

Initially, the amount of adsorbate gas introduced
intc the manifold of volume Vl cc from the adsorbate

reservoir is calculated as cubic centimeters at STP by

the relation

V, 4P

- (273 1 "dose -
Waose = (750) T_ ) (4-1)
where APdose is the increase of adsorbate pressure in mm Hg

at ambient temperature, Tr°K.
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At time, t, the amount of adsorbate gas not adsorbed

is calculated by the relation

\' (4-2)

unads.,t (760)( T
where Pt is the adsorbate pressure at time, t, and Vd is
the 'dead-space' volume in cc at STP.

Therefore, the amount adsorbed at time, t, expressed

as cm® at STP per gram of adsorbent is calculated by

v, = [(ZAV

t dose)

= Vunads, gl/W (4-3)

where IAV

dose is the total amount of adsorbate in the

system and W is the mass of the adsorbent in gm. The
amount adsorbed can also be expressed in gram of adsorbate

per gram of adsorbent by the relation

- (760, M. & -

where M is the adsorbate molecular weight and R is the
gas constant with value of 62.361 mmHg lit/gm°K.

In order to extrapolate the amount adsorbed at
equilibrium, m, o the equilibrium pressure, Pe’ must first
be obtained. The equation of the following form was
suggested for extrapolating the pressure to equilibrium

(6 ).

o o awi dh N Tk ki a2 . L



- 1 1
in Pt = 3 + BE + C(E)

2 (4-5)

where t is the adsorption time and A, B, and C are
constants to be evaluated. The third term of Eg. 4-5 was
found to be negligible in this adsorption study. There-

fore,

= 1 -
In P, = A + B(P) (4-6)

As t » » , Eq. 4-6 becomes
ln P.= A (4=7)
Eg. 4-6 can now be rewritten as

_ 1 : -
ln Pt = 1n Pe + B(t) (4-8)

By substituting the last two time-versus-pressure points

of (tl, P,,) and &2, Ptz) of each isotherm point, and

tl
solving the equations, B is evaluated as

1n (P,/P.)

s i 1 (4-9)
(— = &)
tl t2

and Pe is given as

B/t2

P, = Pz/e (4-10)
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The mass of adsorbate contained in the system re-
mains constant during an exposure. As the adsorbent
adsorbes the adsorbate, the pressure decreases and the
loading increases along lines of constant mass (6).
Thereforé, the amount adsorbed at equilibrium, m, s is
then evaluated from the line of constant mass and is
given as

(mey = Myp)

m = — (P - P_,) +m
e (Ptl PtZ) e t2

Successive points on the isotherm are determined by re-

peating the calculation sequence from Eg. 4-1 to 4-11.

25

A computer program based on this algorithm for calculating

the isotherm data from raw adsorption data is given in
Appendix B. The results are presented in Section 4.2
graphically by plotting Pe vs m, -

4.1.2 Desorption Algorithm

The amount remaining adsorbed at a desorption point
is obtained by subtracting the amount desorbed from the
previous loading. The first approximation to the amount
desorbed is calculated from the measured equilibrium
pressure and known system volume by applying the ideal

gas relation
Pe(Vl + V.M

_ a
M3 = To00 TR

(4-12)
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where my = the amount desorbed, gm

P = adsorbate equilibrium pressure, mm Hg

<
n

1 manifold volume, cc at room conditions

Vd = dead-space volume, cc at room conditions
M = adscrbate molecular weight
Tr = ambient temperature, °K
and R = gas constant with value of 62.361 mm Hg lit

gm°K

However, this approximate amount desorbed must be cor-
rected for the residual pressure (amount not absorbed)
which is present in the adsorbent tube before desorption

is performed. The correction factor is given as

P_ V. M
_Fr Vg _
e = 1000 T, R (4-13)

where Mp the residual amount, gm

g
[

residual pressure in the adsorbent tube, mm Hg

v
=]
o}
=
i

b adsorbent bed temperature, °K

Suppose m, is the previous amount adsorbed, then the
amount remaining adsorbed, m, is given as

m, =m - (md - mR)/ w (4-14)
where W is the mass of adsorbent in gm.
4.2 'Liquid' Contaminants Equilibrium Data

The equilibrium data of the seven 'liquid' contami-
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mnts (see Table 2-2) at 25°C were plotted on linear

soordinates of pressure (torr) versus adsorbate loading
(gm/gm adsorbent), as shown in Figs. 4-1 to 4~7. There
are three isotherms plotted in each of these figures: an
adsorption isotherm on fresh HS-C adsorbent, a desorption
isotherm showing the path of desorption, and an adsorp-
tion isotherm on the same sample of HS-C adsorbent which
has been regenerated to check reversability. The dotted
line on the isotherm plots is the line extrapolating. the
experimental isotherm data to the origin of the axes.

The consistency of the adsorption results was
checked by performing the adsorption experiment of a
few representative contaminants several times. The
results are shown in Fig. 4-2 for methanol adsorption,
Fig. 4-3 for methyl acetate adsorption, Fig. 4~4 for
acetone adsorption and Fig. 4-10 for carbon dioxide
adsorption. It can be seen from these figures that the
results were gquite reproducible.

4.2.1 Adsorption Isotherms

It can be seen from Figs. 4-1 to 4-7 that the adsorp-
tion of these seven contaminants are only slightly non-
linear. 1In fact, the isotherm of methanol is almost
an ideal Henry's law isotherm.

The relative 6rder of adsorption capacity of HS-C
adsorbent for these seven contaminants is shown in

Fig. 4-9, in which the isotherm data of the seven con-
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Fig.4-1 Isotherms of Freon 11 on HS-C Adsorbent at 25°C
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Methyl Acetate Pressure (torr)

T T ] I T ] T

O Fresh Sample (Run no.30A)

6.4 A Regenerated Sample (Run no.30C) -
O Fresh Sample (Run no.58A4)
L.8 } ¢ Desorption Isotherm at 25°C (Run no.30B) -
3.2 -
1.6 = pa—
0.0 I - | 1 { { 1 _ L
0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2

Methyl Acetate Loading x 1072 (gm/gm Adsorbent)
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Toluene Pressure (torr)
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Fig.4-6 Isotherms of Toluene on HS-C Adsorbent at 25°C
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Fig.4-7 Isotherms of Iso-butanol on HS-C Adsorbent at 25°C

142



35

taminants are plotted on the same coordinates. The isotherm
data of carbon dioxide is also plotted in this figure for
comparison. It can be seen in this figure that the HS-C
adsorbent has the highest adsorption capacity for iso-
butanol, and the next in decreasing order of adsorption
capacity is toluene, benzene, acetone, methyl acetate,
methanol or Freon ll depending on the pressure. For
pressures above 2 torr, methanol is less adsorbed than

Freon 1l while below 2 torr the reverse is true.

The reversibility of the adsorption process of an
adsorbate on the adsorbent is determined by observing
whether the adsorption isotherm of regenerated adsorbent
coincides with the adsorption isotherm of fresh adsorbent.
By inspecting from Figs. 4-1 to 4-7, it is observed
that the adsorption of Freon 1ll, methanol, methyl acetate,
benzene and toluene on HS-C adsorbent are reversible.
The adsorption of iso-butanol is only slightly irreversible.
The poisoning effect of acetone is further illustrated in
Fig. 4-8, in which the adsorption isotherms were obtained
by repeating the adsorption experiment four times on the
same sample of HS=C adsorbent. It can be seen from this
figure that the adsorption capacity of HS-C adsorbent
degraded further after each adsorption and desorption.
This may be due to the fact that acetone chemically
reacts with PEI.

4.2.2 Desorption lsotherms

Desorption isctherms of the seven 'ligquid' contaminants

T P
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showing the extent of poisoning after regeneration
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Fig.h4-12 Isotherms of Ammonia on HS-C Adsorbent at 250C
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Fig.4-14 Isotherm of Nitrogen Dioxide on HS-C adsorbent at 25°C
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at 25°C are also shown in Figs. 4-1 to 4-7. The desorp-
tion experiments was performed immediately after the
completion of adsorption experiment on the fresh sample
of HS-C adsorbents. Therefore, the initial 1 <ding for
desorption is actually the final loading in the a sorp-
tion experiment. All the desorption data were obtained
according to the procedures described in Section 3.3.2.

Hysteresis loops can be seen in these isotherm
Plots. Several explanations have been proposed to
account for such hysteresis. One acceptable explanation
is that the presence of hysteresis phenomena is the effect
of internal diffusional resistances. The amount of
resistance may depend on the adsorbate. Thus Freon 1l
and methanol may have negligible resistance while others
appreciable
4.3 Gaseous Contaminants Equilibrium Data

Eight gaseous trace contaminants (see Table 2-3)
had been tested for adsorption capacity on HS-C adsorbents
at 25°C. The results of the tests are preliminary clas-
sified into three groups, as shown in Table 4-1. The
equilibrium data of the gaseous contaminants-that have
adsorption capacity on HS-C adsorbents were plotted on
linear coordinates of pressure (torr) versus adsorbate
loading (gram per gram adsorbent), as shown in Figs. 4-11
to 4-14.

The classification of carbon monoxide, ethylene,

methane and Freon 23 under the inert group is based on
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TABLE 4-1

Classification of Gaseous Contaminants Adsorption- Results

Adsorbed
Inert Reversible Irreversible
Carbon Dioxide Methyl Mercaptan| Hydrogen Sulfider
Ethylene Ammonia
Methane Nitrogen Dioxide
Freon 23

the experimental results that there was no significant
amount of these four contaminants adsorbed on HS-C. The
adsorption of methyl mercaptan appears to be reversible
as shown in Fig. 4-13. However, the adsorptions of hydro-
gen sulfide, ammonia and nitrogen dioxide are shown to
be irreversible. It can be seen in Figs. 4-11, 4-12,
and 4-14 that the adsorption capacity of regenerated HS-C
adsorbents degraded quite significantly.

The gaseous contaminants are so lightly adsorbed
by the HS-C adsorbents that their isotherms are almost
linear. However, the isotherm data for nitrogen dioxide
are quite scattered; this may be due to chemical reac-
tions. The poisoning effect of nitrogen dioxide on the
adsorbents is so severe that the regenerated adsorbents

have practically no adsorption capacity.
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4.4 Discussion

By combining the adsorption results of ‘'liguid'’
and gaseous trace contaminants, the fifteen trace contam-
inants can now be classified into three groups according
to their respective adsorption affinity with HS-C adsorbents.
The resulting classification is listed in Table 4-2.
From studying the classification table, it may draw a
general conclusion that the HS-C adsorbent has good
adsorption potential for removing trace contaminants of
lower alcohol compounds like methanol, ester compounds
like methyl acetate, and benzene compounds like toluene,

with no degradation effect.

TABLE 4-2

Classification of Trace Contaminants Adsorption Results

Adsorbed
Inert Reversible Irreversible

Carbon Monoxide Methyl Mercaptan Ammonia
Ethylene reon 1l Hydrogen Sulfide
Methane ethanol Nitrogen Dioxide
Freon 23 Methyl Acetate Acetone

benzene Iso-butanol

Toluene

However, contaminants with strong oxidizing and reducing



46
properties such as nitrogen dioxide have potential
detrimental or poisoning effects on HS-C adsorbents.

In addition, other contaminants with potential reactivity
with PEI (polyethylenimine), such as ketone compounds,

also should be detrimental to the HS-C adsorbents.



CHAPTER 5
CO~-ADSORPTION RESULTS OF TRACE CONTAMINANTS
AND CARBON DIOXIDE

While adsorption isotherms such as those presented
in Chapter 4 given one an excellent feeling for the
performance of adsorbents beds under conditions in which
only one contaminant is present, they do not indicate
how the presence of another adsorbate such as carbon
dioxide will affect adsorptivity. Therefore, the next
step of this experimental study was to perform experiments
in which there were two adsorbates present.

Since the primary purpose of HS-C adsorbent is to
remove carbon dioxide and water in the cabin of space-
craft, it is important to know whether the adsorbed
trace contaminants on HS-C adsorbent will affect or poison
its adsorption capacity for carbon dioxide if this adsor-
bent is also used for removing trace contaminants. Thus,
in order to answer this question, the trace contaminant
is adsorbed first until to a desired loading, then the
adsorption of carbon dioxide is performed. 1In this
chapter, the results of this co-adsorption study are

presented.

5.1 Determination of Co-adsorption Isotherms
Before any co-adsorption experiments are carried

out, it is important to note that the trace contaminant



48
being adsorbed first must be more strongly adsorbed than
the carbon dioxide; otherwise the trace contaminant will
be displaced by the carbon dioxide and it will affect the
accuracy of the co-adsorption isotherm (9). By comparing
the 1sotherm data of pure contaminants presented in
Chapter 4 with the isotherm data of carbon dioxide, it
can be seen that only the 'liquid' contaminants meet the
above constraint. Therefore, only the 'liquid' contam-
inants were included in this co-adsorption study.

The detailed procedure for determining these co-
adsorption isotherms was given in Section 3.3.3. The
calculation procedures for determining the initial loading
is the same as described in Section 3.1.1. However, in
order to determine the amount of the second adsorbate,
the partial pressure of the second adsorbate is first
obtained by subtracting the initial pressure of the first
adsorbate from the total system pressure at each point in
the isotherm determination, and then the partial pressure
is used to compute the amount adsorbed. This calculation
is based on the assumption of no displacement taking
place during co-adsorption (6,9). The co-adsorption
isotherm data are computed from the raw adsorption data
by the computer program shown in Appendix B.

5.2 Co-adsorption Isotherms
Isotherm plots showing adsorption of carbon dioxide

at 25°C with seven different preadsorbed contaminants
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are presented in Figs. 5-1 to 5=7. These isotherms
were also plotted on the same graph to show the relative
displavement of CO2 adsorption with same amount of pre-
adsorbed contaminants as shown in Fig. 5-8. It can be
seen in these figures that ncne of the trace contaminants
in this co-adsorption study enhances the adsorption of CO2
as in the case of C02-H20 co-adsorption. ©On the contrary,
almost all the contaminants studied have more or less
displaced Co, . The amount depends on the type of contami-
nants preadsorbed as is shown :u Fig. 5-8. However, care
has to be taken in interpreting these co-adsorption
data due to the fact that the contaminant loadings are
many times the MAC (maximum a.lowable concentration) in
a typical spacecraft.

In Table 5-1 blockage of carbon dioxide by trace
contaminants when carbon dioxide is at MAC pressure of
4 torr is shown as a function of amounts of preadsorbed
contaminants. Also shown is the partial pressures of
centaninants nceded to obtain this amount adsorbed. As
can be seen, the blockage of CO2 of over 30% is due to
acetone loading of 0.0107 gm/gm and toluene loading of
0.0122 gm/gm. However, when toluene loading is 0.0102 gm/gm,
the blockage of CO, is only about 8%. This blockage is
significantly less than the blockage of CO2 with about
the same loading of acetone. If, for example, the MAC
of contaminants in a spacecraft cabin of one atmospheric

pruessure is 30 ppm, then the loadings listed in Table 5-1
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are many times the MAC value ranging from 4 times for
iso-butanol to 120 times for Freon 1ll. Therefore, only
contaminants which give blockage of Co, of well over 30%
seem to have significant detrimental effect on HS-C
adsorbents. As a result, it seems to be in this co-
adsorption study only acetone shows significant detrimental
effect on HS-C adsorbents; this is to be expected of acetone.
5.3 Summary and Conclusions

The general summary of the results of this reseach
work may be found in Tables 4-2 and 5-1. From these
experimental results, the following conclusions may be
drawn: |

l) HS-C adsorbent has good adsorption potential

for alcohol compounds, esters, and benzene compounds,

2) cecntaminants of ketone compounds, oxidizing

and reducing agents are very detrimental to the HS-C

adsorbents,
and 3) ‘'liquid' contaminants more or less displace the

adsorption of CO, on HS-C adsorbents.



TABLE 5-1 - Data for Blockage of Carbon Dioxide by Trace Contaminants on HS-C

Run Graph Sample Contaminants Contaminant Blockage of

No. Contaminants Symbols Weight Loading Equilibrium Co, at 4 torr
(gm) (gm/gm) Pressure (%)

(torr)

65 Freon 11 O 2.0006 0.0121 2.74 14

54 Methanol 2.0010 0.0065 1.34 1.5

55 Methanol 0 2.0014 0.0108 2.51 14

58 Methyl Acetate N0z 2.0014 0.0127 1.4 3

69 Acetone o 2.0048 0.0107 0.87 30

64 Benzene e 2.0006 0.0107 0.46 2.3

59 Toluene a 2.0014 0.0102 0.14 8

60 Toluene A 2.0014 0.0122 0.21 32

66 Iso-butanol a 2.0006 0.0127 0.098 8

6S
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APPENDIX A

CALIBRATION OF MANIFOLD AND ADSORBENT TUBE VOLUMES

The manifold and adsorbent tube volumes, Vl and vd

respectively, of the volumetric adsorption system, shown

in Fig. 3~-1, were calibrated according to the procedure

described below. These volumes of the system, V

1 and vd,

were measured with about 2 grams of HSC adscrbent present

inside the adsorbent tube.

1)

2)

3)

5)

The calibration procedure was as follows:

Volumes Vl’ Vd and Ve (accurately measured volume
of a calibrated bulb which is attached to stopcock, S4).
were thoroughly evacuated.

Stopcocks sl, s4 and adsorbent tube stopcock were
closed.

Stopcock S5 was opened until a desired pressure of

helium gas was reached in volume V., and then the

1

pressure P, in vV, was recorded.

1
Stopcock S4 was then opened and the new system
pressure P2 was recorded.

Finally, adsorbent tube stopcock was opened and

another new system pressure P3 was recorded.

The manifold and adsorbent tube volumes were

calculated from the following two eguations, respectively;

P2 Ve

= (A-1)
1 (Py=Py)

v



(P,=-P.,) (V,+Vc)
_ 2 73 1 -
Vd = P3 (A-2)

These two equations were derived from ideal gas
relationship by assuming constant temperature in the

adsorption system.



APFENDIX B
COMPUTER PROGRAM FOR COMPUTING PURE ADSORFTION

AND CO-ADSORPTION ISOTHERM DATA

The computer program listed in Fig. B-1 is based on
the clgorithms that are desribed in Secs. 4.1.1 and 5.1.
samples of the computer calculation of pure adsorption
and co-adsorption isotherm data are listed in Table B-1
and B-2, respectively.

The list of input parameters and its definitions
are presented as follows:

Program Input

: i
Symbol Detinition
V1 Manifold volume, c.c¢. at STP
va Adsorbent tube volume, c.c. at STP
AVEP Ultimate pressure reading on pressure
gage
VCF Factor ifor correcting pressure gage
reading to true pressure in mm Hg
BW Welght of adsorbant sample
ACC Adsorbate characteristic constant, X,
which i1s defined as
K = RT (1000)
- M
where R = gas constant
.. Shm Hag lit
(0230 ———=x
{ gu-molcs °K
T = 273°K
M = molecular weight
pvPp Initial amcunt vreadsorbed pressure,

mm Hyg



BLI

Initial loading or amount preadsorbed



Figure B-1

Program wisting

[ol W8T 011
1 OLMENSION TM(10)e PP}y T1(1Q)e T2(13), PRCLL1Q)s TT(1Q)
1y PPS(10)sy AACLQ)s A(LS)
2 SEAD(34+100) %N
2 133 EARMAT(IS])
e 20 1000 K=l MN
-] READ(34120) (A(I)Wl=141S)
) SCAD(Sy150) V1.V2iMeN
bd S3A013.233) ANR MCE . A, all
a READ(S+340) RPVP,.BL!
9 wRITZS(6.250) (A(Ll)el=1,1S)
10 ORITZ(0+390) VI eV2,AVP VCF 8w ACCPVR . BL!
11 ARIT= (s 128
12 SvP=Q .0
13 P230e9
14 SMzQe 0
18 a2=2
16 DU lUVU [ 3lem
17 READ( S, 350) PART,.ET
13 PC=(PAIAVP ) sV(F
= ~ =
20 P52P a7l 13/(RT+273.13)
21! SM=SMemy L (3vPmdS)/ACC
22 NNSN3L
23 ABITS (A ,a00) POC . 3T .22 AT . SM 42
24 AREAD(S0330) (TM(J)PP(JIeTLI{4IeT2(d)ed=1eN)
2% OC 2000 J=3l.N
26 POC(JIZ(PPIj)mAYP )ev(CF
22 IY i 4l =T 1L 2)1m{T1(1)eall( J3187 2/G6042
23 IF(PYPeGTaded) PRC(J)IPPC(I)2IIVR
29 PP I(J)ZPICIJI)®2T7Iel5/7(TT (L) +273618)
30 SMTz(viev2)wPPsS(J)/ACC
31 Aafl i3z 3
32 [F (JeNCeNN) GO TGO 10
33 PL=ePC(J)
3a el 3AA(J)
is SLAIMC )
kY- AR ITE(543032 S14P1sTL(J) P eT2(J)+5MT, 4wl
az 10 IF(JUeNZeN) GO TI 2000
38 SvRPIRPS(J)
R T-1 PiapPRLL U
49 e 22AA(J)
4l 32=2T™M( J) .
a2 WRITE(S8¢300Q) S2.P2sT1(J)sP2sT2(J)ySMT,m2
-9 2004 CoMTI NS
aa IF(PleZueP2) GO TQ 20
5 v2ALQG(PL/P2)
(Y] Ssv/(1/S1=m|/52)
47 A= ZXxP(A/52)
a8 PE3P2/X
49 Cz({wl3w2)/(PI1=m22)
59 a3z e (PEIP2)ew?2
LB SRITS(AAX0) 2% . nd
52 GJd TI 1900
53 20 aRITZ(5.000)
S5a 16490 CONTINUE
L€ an LIS (n, 56801
56 129 FORMAT(13A6)
$7 1850 FORMAT( 2F10e3 42132
53 200 FQRMAT(3F10e7,Z1508)

Aa _2€d _SORMAT{ el ASx 18544, 242)

-1} 3co FIRMATL( 10Xe ' INPUT PARAMEBTERS (®4,//,10Xe*Vl = ' ,F10e3 10X
1'V2 B Y oF Qa3 e/ /710X e'AVP 3 1 ,Fl0e3¢1Q0X ' VCF 2 2 Fl0a34// 419Xy

2'5m 3 1P 10eSe 10Xy IACC = ' LE1S85084// 410X 4'PVA 3 1,F12e4,010%,
191 1 =x ' P18 A,/ 7/
61 Jas FORMAT( SR ' TIME(SECe) 15X o' MANe PRESS e 15X, 'MANSTEWR o, 45X,
1'3e0 PAZ38¢1 16X/ BED TEMP L' 10 Xe"3YSe MASS ' 13X ANT, 203e(aT/eT) !,
H2 i 'Wel zéfénAtl Elldeie= 18 eal
63 3sQ FIRMAT(@F104a)
64 L) BURMAT(3X o' ADDED MASS’ i 2(5X+sC18e643XeF742)+2(3%x4E10e8)47)
6s 300 FIRMAT( SK 1F 36212(8XeE13¢6+s83X1F762)+2(85% &L 0eb)1/ )
CAMAT (aia tAT S0l o % 220 IAX T lagh)oadsl)
67 60¢C EQSMAT(//)
658 EES) FlmmMAT( 1)
&3 sSTCP
24 =50

‘)R“."‘AL 'W.GE'I
S
POOR QuALTY



¥ INPUT PAHAMETENS 3=

vl = 963,930
% AVP = -u, 03000
. Bw = 2000060

PP = 0.0000

TINE(SEC.)

ADDED nASS
500. 00
600.00

AT EGUiIL.

ADDED MASS
504. 00
600. 00

AT EQulL.

ADOtD HASS
500.60
600,00

AT EQulie.

ADOED ™ASS
S5u0.00
600.00

AY EQulL.

ADUED mMASS

S00,. UL
LU, 0L

AT EuulLe.

MAN. PHESS .

V2951808
0.2754306¢E
Q.205599¢C

0.322053E
V.TUd264E
V.688590€

0.826926€
0.14006069%
0.1 35751€E

0.587269E
0.253795E
G.244941E

0.5705406EK

CRER T IS

Ve SL9 039

ol
[ J]
(1]

[}
$ 0
0o

['B)
ol
']

o1
ot

(1)

(‘2]

(Y3}

vl

EXP ., 6UAZ

v2 = 2
VCF =

ACC =
aLt =

MHAN.TEMP,

2d8.00
28.10
28.10

28.20
20.20
24 .20

28.20
28.20
28.20

2u.30
V.40
28.40

28.40

2. LY

2u.ty

Table B-1

PUNE ACETONE ADLSUOUPTIUN ON HS»C AT 25 0OtG.C

8.600
0.98370

0.293120E 0o

©.000000€ 00

UED PRESS.

0.000300¢c
0. 2754 96¢C
0. 205999
0.22)1440¢

0.265599¢
0. 700204E
0.686590€
0.59812)1€E

0.088590€
Ve 1 806069E
0135751
0.1 3622¢E

0,135751c
0.253795€
O.244941¢
0.205094€

0,2448341E

D.33/76409L
U, 3295 39¢F

d.2920028L

60
Go
oo
oo

00
o0
oo
U0

00
o1
ol
o)

oy
o
] ]

o)

oy

o
vl
ol

VED TVEMNK.

25.00
2%.00
24,00

2%.00
25.00
2%.00

25.00
25%.00
29.00

25.00
25.00
259.00

2%. 00

€5, 00
2H.00

SvS. MASS

0,663 3I99€=02
0.820121E=0)
0.798545€=03

Qel72500E=01
0.2128073E=02
Q.2009626=02

0.27T64952€=0]
0.022T94E=02
U.4%04011E=02

V. 408599E=01
0.762301E=02
0.735709€E=02

Q.50 3500E~01

Ve lO)2TuE=O]
[V L LR R-1 T Ll ¥

AMT.

0.00UVGVE VO
0JgviITIE=02
G IV0OLSLE=02
0.397291E~02

0:390055€E=02
0.7558606~02
Qe THBB2IE~0D2
0.TT2414E=02

0.7T58823E=02
D.117304k=0)
0.1106040E=014
0.1 2136501}

G.118040E=01]
De1066134L0}
0. 1674064E=014

8.1 73445E=0)

V.0678004E=0)

Q.20105060)
U 2022351 «0
V. 2077 39E=U)

ADS . iwlruY)
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Table B-2
EXP.69309 ACETONE ~ CD2 - HSC COADSORPTION AY 23 DE6G.C
INPUT PARANETERS 0-
ys = 948,130 V2 = 20.600
AYP = o.01008 VCF = 0.920370
au = 200400 ACC = 0.387180€ 06
PrYRr - 8.0657 [ 1% S 0.106634E-01
TINECSEC. D MNaAR. PRESS. AN . TENP, BED PRESS. SED YENF., SvYs. MASS ARV, ADS.EuT/nT)
ADDED RASS 0,218381€ O 22.00 0.000000E OO 2%.00 0. 492020£E-02 0.000000£ 00
300.00 0.43777E 0O 22.00 0.43F717E OO 23.00 0-320101EK~-03 0.2298336-02
400.00 0.983699%€E-01 22.00 0.983699%9E-012 23.00 6.228702€-0) Q.230316K-02
AT EoviL. 0.182909€E~-01 0.243703€~-02
ADDED WASS 0.340360E 018 22.00 0.903699E-01 23.00 O.k230736-012 0-2304806E-02
300.00 0.143387E 01 22. 00 0.143387€E 01 23.00 0. 338879€-02 0.849043£-02
606.00 0.14064%€ 01 22-.00 0.100869€ 01} 23.00 0.327044E-02 0-8387336-02
Al EQUIL. 0.1184%9E 01 B.4003%300£-02
ADDED ®mASS G.763343k 01 22.00 8.18066%E 0 23.00 D.236837€~-012 0.434733€-02
300.00 0.396431E 01 22.00 0.398431€ O3 23.00 S.9216r0CL-02 0.7913a%E-02
630.08 0.390329€ 01 22.00 0.39032%€ O 2%3.00 0.907938E~-02 0. 798394E-02
AT EQuUIL. 0.3562313¢ 014 0.8031148E-02
"

E% » ADDED mASS 0.108994E 02 22.00 0.3%032%€ ot 2% .00 0.008782€E-012 B.7Y98394E-02
- Ea 300.00 0.793046¢ 01 22.10 0.793846E O 25.00 O.18e301€E-~01 0.311032€-01
o z 600.00 0.783976E O1 2220 0.783916E 012 2%.00 0.182672E-01 0. L127Q4E-OL
g; AY €EaulL. O.7a7786€ 01 G.087102E-08

-
% E’ ADDED NASS 0.149322€ 02 22.10 G.783976€E O3 2%.00 0.360719€¢-01) C.11274¢E-02
Fm



APPENDIX C

SAMPLE CALCULATION OF VACUUM DESORPTION DATA

The desorption algorithm for computing the desorption
isotherm data from raw data is described in Sec. 4.1.2.
For example, the following experimental raw data were

collected for benzene desorption at 25°C:

Vl = 1033.42 c.c. at Tr

vda = 31.22 c.c. at To

Tr = 25.9°C

Tb = 25.0°C

Pe = 3.9 mm Hg

Pr = 7.32 mm Hg

Mi = 4.46 x 10~2 gm/gm adsorbent
W = 2.0135 gm

M = 78.12

The approximate amount desorbed, Md, and the correction
facotr, Mr, are then calculated from Egs. 4-12 and 4-13,

respectively. Therefore,

(3.99) (1033.42+31.22) (78.12)

- -2
(1000) (299.08) (62.361) = 1.7793x10"2 gm

¥Md =

(7.32) (31.22) (78.12)

— = "’4
(1000) (298.18) (62.361) ~ 2+6 ¥ 1077 gm

Mr =

Now, by substituting the values of Md and Mr into Eq. 4-14,

the amount remaining adsorbed, Ma, is calculated.

R o R R



Therefore,

Ma

4.46 x 1072 - (1.7793 x 1072 - 9.6 x 10-4)/2.0135

3.6240 x 10~2 gm/gm adsorbent
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APPENDIX D

CALIBRATION TABLE OF TI PRECISION PRESSURE GAGE

TEXAS INSTRUMENTS INCORPURATED, OIGITAL SYSYEMS OIVYISICN
Pele BOX 1464, HOUSTON, TEXAS 77001
TELE PHONF 713"09“"5115

ssssssasss  DPRECISINM PRESSURE CALIBRATION TABLE sssssssszs

CAPSULE S/N: 432+ INSTR, S/N: 1919 CAL'N 0ATE: 06/03/78
CAPSULE RATED PRESSURE: 1000 TORR Max PRESS: 1280 TORR

CAPSuULE TYPE: 1 INSTRUMNMENT MODEL: 16501
CAPSULE TEMPERATURE AT CALIBRATION: 44.2 DEG. Ca . .
CALIBRATION STANJARD: P1695~1272 CTR GEARING: l.07:1
A RAT 3v:
caLis ED 3 [2;%\1 :;7 ol
TRUE PRESSURE COUNTER REAQING
{ TORR ) (COUNTS)
——— R0 _.0e ____ . _
50.99 5085.
10Q0.09 10168
153.33 ... 1524C.
200.00 20310.
250400 26374,
303.02 L .. 39832,
350.00 35488,
400433 40542,
45G.03 . ) 45548,
500,00 5G620.
550432 55640
630,02 e 69659,
650400 65672.
720402 70683
752432 15689,
8400.02 80677.
RS50.30 35668
92383 e 90651.
950400 95630
1020422 100586,

NOTES: .
1. TH{S CALIBRAT[ON TWACEZABLE VO THE N8BS THRU THE ABUVE STANDARO.

2. THIS SECONDARY STANDARD SHQULD BE RECALIBRATED 9ERIOCOICALLY:
AT 6 = 12 ¥0. INTERVALS 0%, AS USE, nISTORY, Cr POLICY DICTATE.

3. PRESSURE CALIBRATION STANDARDS CORRECTED TQO STANDARD GRAVITY,
987,665 CM/SEC/SEC. UNITS OF MEACURY CORRECTED TQ 2ERQ DEG.C.

vo COUNTER READING VS TQOUE PRESSURE APPLIES ONLY AT ABOVE SPECIF(ED
CAPSULE TEMPERATURE, FUK UTHER TEMPERATURE, CCUNTER READING VS
PRFSSURE FOR FYSEN QUART . AOUROON CAPSULE 4AY 3% CORRECTED 8Y
¢#0.913% OF COUNTER READING PER + DEG.C. DEVIATION FROM CALIBRATION
TEMP((REFER TO MANUAL [F TEMPERATURE SETTING NEFDS READJUSTMENT.)

5. OIRECY REACING CAPSULES (S/N'S 10000 ~ 19999): w AR NI NG
ABCVE CALIBRATION JATA APOLIES CMHLY [F OPR MOQDULE INSTALLED
AEARING ABOVE CAPSULE AND INSTRUMENT S/N¢S,

S20UiNTIC2-0180-=AC)  CUSIOMER: RICE UNIV,.




