RATES OF DIFFUSION-CONTROLLED

ADSORPTION PROCESSES



RATES OF DIFFUSION-CONTROLLED

ADSORPTION PROCESSES

by

George Rudolph Stifel, B.Ch.E.

A Thesis
Submitted to the Faculty of Graduate Studies
in Partial Fulfilment of the Requirements
for the Degree

Master of Engineering

McMaster University,

Octcober, 1966



S
- 7 -

MASTER OF ENGINEERING McMASTER UNIVERSITY,
(Chemical Engineering) Hamilton, Ontario.

TITLE : Rate of Diffusion-Controlled Adsorption Processes

AUTHOR : George Rudoph Stifel, B.Ch.E.
{University of Detroit)

:SUPERVISOR : Professor Ropert B. Anderson

NUMBER OF PAGES : _(xiv), 149

SCOPE AND CONTENTS . :

Rate of adsorption data for gases on molecular sieves and coals
have been interpreted using equations for unsteady state diffusion derived
from Fick's law for spheres usually ignoring the amount adsorbed and the
shape of the adsorption isothemm. These inappropriate equations result
in calculated diffusivities that are too low and activation energies that
are too large.

Numerical solutions of Fick's law were made for diffusion and
adsorption in a porous sphere of radius R by finite difference methcds
for the following conditions:

a. Diffusion is the rate-controlling step, and the diffusivity, D,
is cdnstant. |

b. Within an increment of the particle the total amount of adsorbate
Lp!er unit volume, T is related to the “effective" concentration, C,
by a Langmuir-like isotherm T = abC/(1 + bC).

c. At zero time the particle containing no adsorbate is surrounded by

adsorbate of concentration, C o which remains constant thrcughout

(i}



the rate promssv, and
d. Equilibrium is established immediately at the periphery of the

sphere. |

The solutions are dbtained in terms of 2 = Q/Q_ and ¥ =

(DCO/Qsz)t = kt, where t is time, k is a constant equal to the term
within the brackets, and Q and Q_ are the amounts adsorbed per unit |
volume at time t and at equilibrium. The quantity within brackets is .
also a valid expression for linear and Freundlich-like adsozptioh
isotherms and probably{_holds for other isotherms. Plots of Z as a function _
of t shift systematically as the parameter B = bCo increased from 0,
corresponding to a linear adsorption isothemm, to large values; the
value of Z at a given t increasing with increasing values of B. For
B = 0 the numerical solution is identical with analytical solution for

the linear adsozptioh isothexm which for values of Z <0.87 is given by

Kkt = (2/m) (L - n2/6)-(1 —uz/3)7 }
where k = DC o/RzQwe For large values of B the numerical solutions
approach as a limit the parabolic law

2/3
kt = (1/2) {(1-22/3) - (L-12) }

The value of (l/k%) dZ/ldt;f at short times increases from 3.385 for
B=0 to 4.243 for very. large values of B. From experimental data the value
of k derived using the equation for B = 0 is 1.56 larger than for the
paxrabolic equation. Hence the values of D obtained from the initial linear
portions of the rate curve change by only a factor of 1.56 when the type
‘of isotherm is changed from linear to rectangular.

Rates of adsorption and the adsorption isotherm were determined
for N2' CH 4’ 002, and CZHG on samples of Linde 4A molecular sieve at

several temperatures from ~78° to +50°C in a manostatic volumetric



édsorption apparatus. The Langmuir equation satisfactorily approximated
the isotherms and the values of B were moderately large at the lower

temperatures of each series of experiments, eg., for N, at —78°C,

2

10.6; for cH, at -78%, 17.3; for o, at 0°c, 64; for C,H, at 0° anda 30°¢,

37 and 10.3. .
| The rate data plotted as Z against tlﬁ were not linear at short

times but curved upward initially before becoming linear. The initial
nonlinear portion persisted significantly longer than the brief uncertaln
period at the beginning of the experiment. This phenomena could re;sult FT
from the equilibration at the periphery of the particles requiring a finite
time rather than being instantaneocus.

An equation based on the parabolic law model and a first order
eq_m'.libration process was derived, which fits. the experimental data for
0.05 < Z < 0.95. This equation is appropriate only to data with a
large value of B, but is probably a reasonable approximation for other
rate data. |

The rates of adsorxption for different molecules were CO

2
> CH e CZHG "« The activation energies for the diffusivity were

>N2

found to be 4.1 and 6.0 kcal./mole for methane and ethane. The heats
of adsorption were found to be 7.2 and 8.3 kcal/mole for methane
and ethane.
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INTRODUCTION

When a gas or vapour comes into contact with an evacuated solid,
‘a part of the gas is adsorbed by the solid, which in this case is am -~
alumino-silicate. If this occurs at constant volume, the pressure

(L)

drops; if at constant pressure, the volume decreases. The amount
of gas or vapour adsorbed is a function of both the adsorbent and
adsorbate besides temperature and pressure. Therefore, the physical
structure and the chemical composition of the alumino-silicate must

be considered. Other important adsorbent properties are surface area,
shape and distribution of pores. For molecular sieves we consider
the volume of gas adsorbed and the crystal structure with.its aperture
size.(z)

If a gas enters the soiid, the gas may adsorb or it may react
with the solid and form a compound. If a gas remains attached to the
surface of the solid, there is either a weak interaction between solid
and gas, similar to condensation or a strong interaction,'similar to
chemical reactions. 'The former is called physical adsorption, the

(L)

latter chemisorption and we are concerned with the former. The
molecules or atoms of the solid are held together by different forces:
electrostatic, homopolar valence, van der Waals forces, etc. In most
solids more than one are present with one predominating.: in ionic
crystals thé electrostatic forces are most important while in atomic

lattices the homopolar binding forces are. An atom located inside

the body of the solid is subjected to equal.forces in all directions, ////

-1 -



whereas one at the surface is subjected to unbalanced forces. This

results in a tendency to decrease the surface (a solid has surface

tension). An atom or a molecule of gas adsorbed by the solid saturates

some of the unbalanced forces thereby decreasing the surface tension.

All adsorption phenomena are spontaneous and reéult in a free energy

decrease of the system.(l)
The adsorption process is also accompanied by a decrease in

entropy as a molecule on the surface now has fewer dimensions of freedom

as compared to the three dimensions of freedom in the gaseous phase. The

change in enthalpy is negative since both AF and AS are negative and

AH = AF + TAS. Therefore all adsorption processes are exothermic.

This decrease in enthalpy is called the heat of adsorption. In van der

Waals adsorption, it has the same order of magnitude as heats of condensation

(1)

of gases, and in chemisorption as the heats of reactions.
N There are three methods of representing equilibrium ad;orption
data - the adsorption isotherm, the adsorption isobar and the adsorption
isostere. Generally, the amount of gas adsorbed is a function of the
final pressure and the‘temperature.(z)
| Wheﬁ‘fhe'pressure of the gas is varied at constant temperature,
the plot of amount adsorbed as a function of the pressure is called they
adsorption isotherm. Several observations can be made regarding this
plot. At constant temperature the adsorption of a gas increases with
in;reasing pressure. The amount of material adsorbed at equilibrium

must always decrease with increasing temperature since the adsorption

process is exothermic.



At small total adsorptions, the volume of adsorbed gas often

increases linearly with pressure, obeying Henry's law,

v = Kp (1)
where v 1s the volume adsorbed and p is the pressure. At higher total
adsorptions the isotherms become parabolic and follow an equation known
as the Freundlich isotherm equation

1l/n

v = K'p (2)

where n>l. At still higher total adsorptions, the volume adsorbed
increases only slightly with pressure and saturation is attained. In
this region
v = K" (3

Isotherms with such shapes are called Langmuir isotherms.(l)

The adsorption isobar is a plot of the amount of gas adsorbed
at equilibrium as a function of temperature at constant pressure.(z)

The adsorption isostere is a plot of the equilibrium pressure as
a function of temperature at constant amount adsorbed and are convex with
respect to the temperature axis. This plot is similar to a vapour
pressure curve. For systems at equilibrium the Clapeyron-Clausius

equation can be used to evaluate the heat change involved from one phase

to another.

34np _ q iso | (1)
1 - - R N

Q



b,

where q; is the isosteric heat of adsorption. The differential heat

of adsorption is,

94ief = Y450 - KT | (s)

where R is the gas constant. The slope of a plot of &np against 1/T
(1)

gives the isosteric heat of adsorption "',

Rates of adsorption may be limited by the process at the surface
or as in the present case by diffusion into the porous solid. Generally
Ficks® law describes the rate of diffusion, and for unsteady-state
diffusion processes, i.e;, where the concentration at a given point is

(6)

a function of time, is given by .
/

2
]
x|

|

which applies to an infinite plate. Here C is the effective concentration,

cc gas(STP)/cc., T is the total concentration cc(STP)/cc, t is the time

. . . - T - ° s _ s e 2
in seconds and D is the diffusion coefficient, cm'/sec.
l .



2, SYSTEM STUDIED

The adsorption of Nitrogen, Carbon dioxide, Methane and Ethane
are studied experimentally on Type 3A and Type 4A Molecular Sieves.
Rate curves are determined at different temperatures on a modified

B.E.T. apparatus.

Secondly, a numerical solution of Fick's law with Langmuir

isotherm will be obtained for different values of B which equals bCo
where b is a constant and CO is the initial concentration in the gas

phase, ce/(STP)/cc. This solution is done on an IBM 7040 computer.

A



3. LITERATURE REVIEW

Zeolite minerals were discovered and named by Baron Crons%ed% in
1756. These zeolites are the minerals that are now termed crystalline
alumino-silicates or "molecular sieves'.,

The initial investigations on naturally occuring zeolites were
performed in 1840 by Damour who reported on the reversible dehydration
of the zeolite minerals. Damour alsoc noted that the transparency and
crystal form did not change on heating. Subsequently, other investigators
studied the naturally occuring zeolites-chabazite, ﬁeulandite and analcite,
which are part of a larger group of known and cataloéued zeolites(z)(7),

In 1925, Weigel and Steinhoff reported that the zeolite chabazite
adsorbed water vapour, methyl and ethyl alcohol, but acetone and benzene
were largely excluded. This’is perhaps the first report of the molecular
sieve behavior of crystalline zeolites. For a review of the early

(7) (2)

literature, the reader is referred to Barrer and Hersh .

After 1925, extensive.study yielded much information about the
nature of zeolite materials but the properties of ion exchange, the
reversible gain and loss of water and the adsorption of gases remained
hidden. By this time, a concept of a sponge-like structure had been
visualized. The application of x—réy diffraction techniques by
Pauling and Taylor in the éarly 1930's led to the determination of the

(8)

crystal structure of analcite and natrolite’ ". A list of some typical

(7)

zeolites can be found inBarrer's paper ‘. The porous structure of

-6 -



~of zeolite crystals attracted the attention of some physical chemists,
in pérticular, R.M. Barrer, who reported the results of his studies of
the sorption of gases on chabazite and analcite(g).

i Like all silicates, zeolites are built by the union of Sioq
tetrahedra through sharing one or more oxygen atoms with neighbouring
tétrahedra. Some SJ'.OL+ tetrahedra are replaced by AlO4 tetrahedra,
thereby importing a negative chargeAto the framework, which is neutralized
by an electrochemical equivalent of interstitial cations. The resulting
structure is sufficiently open to enmesh interstitial water molecules,
and upon this property depends their behavin as adsorbents(7).

On heating, zeolites lose their water with a variable degree of
lattice shrinkage which is a minimum with the type we are interested in,
{or it may be large, or even amount to irreversible lattice collapse,
in the case of the laminar or fibrous zeolites(g). The nqn—collapsi;g T
zeolites are the most important, for not only are they capable of regaining

their crystal water but sometimes adsorb other gases and vapours than

water.

Typical isotherms, isobars and isosteres are found throughout

(9)(10)(11).

literature The most successful of the equations describing

(7)

isotherms are based on kinetic or statistical models and have the
form

- b :
0 = m% (7)

where © denotes the fraction of all available interstices occupied
by adsorbed molecules, p is the equilibrium pressure and b is a constant.

Attempts have been made by Weigel and others to obtain the



saturation values for adsorption in zeoclites and are summarized by
Barrer(7?.
Heéts of adsorption in zeolites have been measured directly and
by the use of the Clapeyron equation. These heats do not differ significantly
where both methods have been used on the same sample(7).
The power of a zeolite to adsorb not only depends upon the basic

structure but also upon the severity and duration of the heating and
dégassing treatment before adsorption of a particular molecule. These
factors determine the degree of lattice collapse or alteration. A
maximum adsorption often occurs at about 95% dehydration, and after this
point enough water will have been removed to lead to severe lattice
Ebllapse(7)(l2).
The kinetic behavior of adsorbates in zeolites has been
interpreted as a pure diffusion process. As a diffusion process,
adsoyption rates follow Fick's law and the plots of volume adsorbed
aéainst tim;.ﬂas”been the most successful in interpreting the kinetic
behavior<l3). The unsteady state molecular flow of small volumes of
gas from zeolites under thermal conditions unfavourable to adsorption
were studied by Nelson and Walker(tH)

' The type of equations used by previous workers were algebraic
in form and applied only to linear adsorption. They ignored physical
ad&orption. Therefore, they obtained erroneous values for the
activation energy and the diffusion coefficient. In their calculations

for example they determined the quantity D/R2 when the quantity should

be D/aR2, where a is a constant of physical adsorption.

e



The factors affecting diffusion and physical adsorption of gases

include the polarizing power of the interstitial cation, the polarizability
of the adsorbed molecule, the dimensions and shape of the sorbed molecule
relative to the interstitial channels, duration and severity of heating and
evacuation and the presence of foreign molecules in the iterstitial
channels. Diffusion rates are also affected by the amount of sorbate
adsorbed and on the state of subdivision of the crystals(l5).

Synthesis of zeolite crystals were attempted with partial success.
The majority of these accounts must be discredited due to improper

identification(ls)(l7). Of these, the most successful synthesis of

zeolite crystals were undertaken by'Barreéljj(lB)(l7)

. Following
Barrer,Milton and his associates at the Union Carbide Corporation's

Linde Division, initiated a study of zeolite synthesis and by 1852,

many different species of synthetic zeolites had been prépared(la). Some
were analogues of natural zeolites and the rest were new varieties of

which one was designated Type A, with which we are concerned.



4, SCOPE OF THIS WORK

The scope of this work is to study the adsorption of hydrocarbons
on molecular sieves and to interpret the rate data according to Fick's
law. This will involve measuring rate curves and equilibrium isotherms
at different temperatures. Also, numerical solutions of Fick's law
for non-linear isotherms will be computed using finite difference

methods for a sphere, a cylinder and a platelet.

- e ’ - 10 -
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5. EXPERIMENTAL

5;1 Volumetric Gas Adsorption Apparatus
The equipment is of glass construction (Figure 1) and is

based on the B.E.T. Apparatus(S). Referring to Figure 2, the system
consists of an adsorption bulb (A), a bulb gas burette (B), a levelling
bulb (C), a reversible 3 rpm motor (D), a graduated burette in 0.10 ml.
divisions (E), a trap (F), an automatic device for maintaining constant
;pressurecs), a manometer (H) and a McLeod Gauge (J).

| The adsorption bulb (A) contains the sample which is to b& exposed
to the adsorbate. The gas bpr;;tes (B) and (E) contain the majority of
the adsorbate and through. volume changes can increase or decrease the
pressure in the system which is read on the right leg of manometer (H)

6)

when the mercury column is zeroed at the top electrode( in the left
leg of the manometer. Trap (F) prevents oxygen>or other gases which may
diffuse through the tubing Qonpected to the levelling bulb (C), from
entering the system and affecting experimental results. If gas does
accumulate in (F), it may be released through the stopcock (S5) to the
atmosphere. The manostatic control (G) controls a reversible motor (D)
which in turn controls the height of the levelling bulb (C) by méking
(8)

or breaking a circuit through two electrodes with a mercury column
in the left leg of the manometer (H). To compensate for gas removed
from the burette system by adsorption, the levelling bulb rises when the

circuit is made with the mercury column and the top electrode. Mercury

is forced up into (E) by the rising levelling bulb which forces the

- 11 -
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Volumetric Gas Adsorption Apparatus

FIGURE 1 :
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the gas in the system to push the mercury down in the left leg of the
manometer., This breaks the circuit and keeps the pressure constant.
The re#erse is true when gas is entering the burette system as in

desorption and in this case because the circuit is broken, the levelling

bulb is lowered until the circuit is made. A McLeod Gage (J) is
included in the system to check the vacuum obtained prior to introducing
a gas into the system. It is connected to the vacuum manifold (not
shown) which ié in turn connected to the volumetric gas adsorption
system. A vacuum of at least lO-Gtorr is obtained with a mercury
diffusion pump in series with a rotary vacuum pump.

The temperature of the adsbrption bulb is kept constant by
immersion in a dewar flask containing the appropriate thermostatted
liquid. Both burettes have water jackets therefore the majority of
the gas is kept at a teéperature of 30°C.

Line*(l;) leads to the high vacuum manifold, line (2.) leads to
the gas storage system, line (3.) is connected to a 20 psig air source:
while line (4.) is connected to a low vacuum source and (5.) leads to
the atmosphere. . Through (3.}, (%4.) and (5.), the various reservoirs

of mercury can be evacuated or pressurized.
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5.2 ANALYTICAL

This section concerns itself with the various calibrations,
zeolite structure, commercial description of the sieves and pretreatment
and the gases involved.

5.2.1 CALIBRATION OF VOLUMETRIC GAS ADSORPTION
APPARATUS

5.2.1.1 BURETTE CALIBRATION

Burette calibrations were made with double~distilled mercury
at 30°C. TFor the five bulb bufette (B), the volume was calculated
from the weight of mercury emptied from each bulb. The calibration data
for burette (B) are shown in Table 1. The 100 ml. tube burette (E)
was calibrated with mercury at 30°C and found to be accurate within 10.3%.

!

5.2.1.2 VOID SPACE DETERMINATION

The wvoid space, Vv is the volume contained in the system to the
right of S1 and below S2 (Figure 2) which is.not accounted for by the
burettes. This void space determination is carried out with nitrogen
or helium. A fixed amount of gas is introduced into the systém agé widely
separated pressures are recorded with their corresponding calibrat;a\‘
volumes. By applicatioﬂ of the Ideal Gas Law, the volume of the void

space was determined.

5.2.1.3 DEAD SPACE FACTOR

The dead space factor, Fc, accounts for the space in the
adsorption bulb up to 52, (Figure 2). Helium is used to determine
Fc because helium is not usually adsorbed on most solids, though this
may not be true for molecular sieves. This assumption is justified for

most solids because at adsorption temperatures of 77°K or higher, helium



TABLE 1:

BULB VOLUMES OF GAS BURETTE (B)

BULB

Total

V,cc
4,60
16.31
22.76

49.42

135.06

228.15

16.
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(1)

adsorption will always be small compared to that of the adsorbate used ‘.
The dead space factor, Fc’ the STP volume of gas entering the dead

space per unit pressure is

_  AV(STP)
Fc = -——?;~—- (8A)
- VP 273 vP 273
where AV = Q + T T80 + 300 760

P = pressure, mm Hg.

V = volume in thermostatted bath

v = volume at room temperature (300°K)

T = Temperature °K of volume in thermostatted bath
Q = Amount adsorbed cc(STP)/g.

Therefore:
(8B)

It is reasonable to assume that if helium is adsorbed in significant amounts,

the isotherm will be linear, i.e. Q/P is a constant at a given temperature.

N

Q/P is strongly temperature dependent and decreases rapidly with iﬂéreasing

temperature. Equation (8B) at higher temperatures becomes

'

Ly (8c)

273
FT 300

R

The values on a FT versus T plot for -78°C and higher fall on a straight

line. Therefore FC can be extrapolated to for lower temperatures to give

a reasonable estimate. -
Helium is allowed to enter the system to the right of 82 (Figure 2).

The initial volume of gas is determined and the gas is then allowed to

. enter the adsorption bulb at a specified temperature. Three readings
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at widely separated pressures are recorded with their corresponding
burette volumes, Vc- and the void space, Vv to detgvmine the amount
of gas left to the right of S2 (Figure 2). These volumes of gas are
subtracted from the initial vélume of gas and the differences are
divided by their respective pressures to give Fco An average value of
Fc is then taken and a plot of FCT versus T is made. The points at
=79°C and higher all fall §n a straight line. The dead space factor
for -195°C is extrapolated from the points at the higher temperatures.
There is a difference between the measured value at -195°C and the
extrapeclated value, for example for one sample, 0.19997 for the former
and 0.18694 for the latter. The extrapolated value is taken as the
correct one. Table 2 shows t?e dead‘space factors at their respective
temperatures for a typical saﬁplea

Nitrogen at -195°C and carbon dioxide, methane and ethane at
-79°C are not ideal gases, Therefore a correction factor, a, must
be introduced to account for the non-ideality and through the use
of equation (8D). |

’ré = F,(L+aP) _ ' - . (8D)

the dead space factor can be corrected. P here is in atmospheres and
F; is the corrected dead space factor. Table 3 gives the corrections,
@, for the individual gases.

For the volume usually involvgd in the dead'sﬁace, it is not

necessary to correct except for Nitrogem at -195°C.
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TABLE 2

DEAD SPACE FACTORS, u4A COMPRESSED POWDER

Temperature, °C Pc
30° 0.08202
Q° 0.08762
-78° 0.09851
-195° ' 0.18694

TABLE 3

NON-IDEALITY CORRECTION FACTORS AT 1 ATM

Gas Temperature as %
N2 -195° . 5.00
CO2 -78° 2,09
CH,, -78° 1.30
C,H -78° 3.30

26
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5.2,2 TYPE A MOLECULAR SIEVE L

$.2.2.1 ZEOLITE STRUCTURE

The zeolites are a group of hydrated silicates which have similar

(2)(7)

compositions and properties . The composition of zeolites includes
Sioé, Al,0,, a cation or cations to balance the megative change of the
alumina-silicate sf:ucture and water of hydration. The most common

»cations are sodium and calcium. ;Theaaﬁmino-Silieate can be represented

by the formula
‘ ] .
(R,R,)) 0 ta:’i.zasg nSi0,, MH,0

where R = Ca, Sr, and Ba and R' = Na,K. The ratio of base to A1203 is

always 1l:1 and the ratio 81 + $i):0 = 1:2. These minerals are widespread

but massive deposits are usualiy not found. They are formed under

comparatively alkaline and probably stagnant conditions by hydrothermal

‘alteration of older rocks and lavas at temperatures between 100° and 3500(3).
The structures of many zeolites consi;t of simple arrangements of

polyhedra where each polyhedran is a three-dimensional array of (Si, Alﬁ&

tetrahedra in a definite geometric form. In the structure of zeolite

Type A, the octahedra are linked in a cubic array by joining with cubes

in the square faces (?igﬁre 3). A central truncated cube octahedron with

an internal cavity of ll% in diameter is formed. This central cavity is

entered through six circular apertures formed by a nearly regular ring of

eight oxygens with a free diameter of M.2ﬁ,, The cavities are arranged in

a continuous three-dimensional pattern with a system of unduloid-like channels

_ o : o
with a minimum diameter of4,2A and a maximum of 11A. These. truncated



FIGURE 3 The Archimedean truncated octahe- |

dron (left) and the simple cubic array of trunc-

ated octahedra in the zeolite type A (right).

21.
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. o
octahedra themselves enclose a second set of smaller cavities (6.6A internal

diameter) and are connected to the larger cavities by a distorted ring of

six oxygen atoms with a 2.2: free diameter. Therefore in each crystallographic
unit cell of zeolite Type A, there are 12 Alo, and 12 SiOq tetrahedra and
therefore, 12 monovalent cations (vah). Eight of the sodium ions lie in
the center of the six rings in the hexagonal faces and four occupy positions
adjacent to the eight ring. When the zeolite is hydrated, the fﬁﬁr sodium
ions are prgbably completely hydrated and float in the center of their
co-ordination sphere.of water molecules. When the zeolite is dehydrated,
the cations are fpﬁnd to locate on the cavity walls since in structural
analysis, short Na-0 distances are usually found. The eight Na+ ions in

(8)

the six rings are classified as Type I and the remaining four as Type II .



5.2.2.2 ADSORPTiON DATA SHEETS FOR TYPE 3A and TYPE u4A

- 5,2.2.2.1 Linde Molecular Sieve - Type 3A
Description

| Molecular Sieve Type 3A, the potassium form of the Type A
crystal structure, is an alkali metal alumino-silicate. Type 3A will
adsorb molecules with critical diameters up to 3 angstroms.

Applications

Type 3A is the preferred Molecular Sieve adsorbent for the

23,

commercial dehydration of unsaturated hydrocarbon streams such as cracked

gas, propylene, butadiene, and acetylene. It is also used for drying
- polar liquids such as methanglﬁand ethanol.

The small pore size of Type 3A prevent coadsorption of hydro-
carbons by excluding all othér‘molecules while adsorbing water.

Chemical Formula

KgNa3[(A10

2)12(3102)12] °27 H,0 .

2

Typical Properties

Nominal Pore Diameter snuoaooao-or;ocnouoo-oo 3 angstroms

Available Form cobodoscesbecnobacscesnconesses POWder
' ! : 1/16-in. Pellets
S 1/8 -in, Pellets
Bulk Density
Powder oooeu.unouaoo;bsoeoen.éoséeoono(oonbo 30 lb/cuffta
. 1/16-in,. pelletsS. cesicesscocscsooscocesscesssd?7 1b/cu.ft.
T 1/8 "ing Pellets aoonehac-ao-eun-oo‘oenoaoeo u-, ].b/cunfto

Particle Diameter ‘ , :
1/16-in. pelletS cccececcssesoss 0.,0575 in. to 0.0775 in.
1/8.“5.“- Pellets ooolcoacooao'oqaon 0.115 in-to 0.]:35 in,
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Crush Strength
l/le-in‘ pellets ® 8 2 8 0 &8 & 0858 S0 0E e 6P 00 6.4 lbs.
1/8 -ina pellets 000--0.--c-lol.oclooaco-llqus le

Crystal FOrM .eveeeennnsrscnecnssssssnsssass Cubic
Heat of Adsorption (max.) .......... 1800 btu/lb H,0
Equilibrium H,0 Capacity®
POWAEY +ecvesesvennnaessasssscncsssassnsse 23% wt
1/16-in and 1/8 in. pelletS sveveveeeseeses 20% wt
Water Content (as shipped) .vivveevereneee. <1.5% wt
Molecules Adsorbed cc..cevvseereessssss Molecules with
"an effective diameter <3 angstroms,
including H20§nd NH3
Molecules Excluded cecesesessseassssss. Molecules with

an effective diameter >3 angstroms,
e.g. ethane

* Lbs. H20/100 1bs activated adsorbent at 17.5 mm Hg, 25°C

Regeneration

Molecular Sieve Type 3A can be regenerated for re-use by heating,
with simultaneous purge, or by evacuation. Water can be removed by
he;ting the 5;£efial at 475°F. (Repeated exposure to purge gas conxainigg
H20 at higher pértial pressure or at bed temperature of 800-1000°F should
be avoided.) The degree of regeneration (water removal) is dependent-
oi*the temperature and humidity'of the purge gas.

| In liquid phase operation, all liquid should be arained from

the Molecular Sieve before regeneration. Reverse flow is advahtageous

in all regenerations.
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5.2.2.2.2 Linde Molecular SieQe - Type UA
Description

Molecular Sieve Type 4A, the sodium form of the Type A crystal
- structure, is an alkali metal alumino-silicate. Type #A will adsorb
molecules with critical diameters up to U4 angstroms.

Applications

Type WA is the preferred Molecular Sieve adsorbent for static
dehydration in a closed gas or liquid gystem. It is used as a static
desiccant in household refrigeration systems; in packaging of drugs,
electrorniic components and perishable chemicals; and as a water scavenger
in paint and plast{c S&stems° Type 4A is also used commercially in
drying saturated hydrocarbon streams.

All molecuies which éan be adsorbed on Molecular Sieve Type 3A

can be adsorbed on Molecular Sieve Type YA

Chemical Formula

Nalz [(Aloz) JL,‘,(:s;bo

J 27 H,0

2212 2

Typical Properties

3 Nominal Pore Diameter ..c.ceccseecccsecccss 4 angstroms

Available FOPM coccocesoaceoosoescacocooase Powder
1/16-in. and 1/8-in Pellets
8 x 12 and 4 x 8 Beads
14 x 30 Mesh

Bulk Density .

POWAET .ocososcosccosccseecsosscnccsooncosncso 30 1b/cu.ft.
1/16-in and 1/8-in pelletsS ccocscaocccccsocs 45 1lb/cu.ft

8 x 12 and 4 x B beads ccooeccocccsoscsacsco 45 1b/cu.ft
14 % 30 meSh scvecocsescoscocnessecosccscssos 4l 1b/cu.ft,.
Particle Diameter ’
1/16-in pellets cccccocesscsnsss 0.0575 in. to 0.0775 in.
1/8 =in pelletS .cccocococsccoss 0.115  in, to 0.135 in.
8 %X 12 beads scoscesscscecccscesa0.0661 in. to 0,0937 in.
4 x 8 beads Csocovd0000060d0B 0 0.0937 ino to 0,187 in.
1% x 30 mesh sieesecessecccceess 0.0232 in. to 0.0555 in.



Crush Strength
1/16-in pellets .
1/8 -in pellets ..suess
8 X 12 beads eeeesecsee

4X8bead3 LI B BRI A A 1

----- LR

Crystal Form ..
Heat of Adsorption (max.

Equilibrium H2
Powder ..eveves

s 0 0

1/16-in and 1/8-in pellets .....

8 X 12 and 4 x 8 beads
14 x 30 mesSh evrevavees

Water Content (as shipped) ...eeeveverenacaaess < 1.5% wt

Molecules Adsorbed seececeaes

;

Molecules Excluded .vccevecns

e s s
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10.4 1b.
21 1b.
6.9 1b.
18 1b.

e s e s 0 s e o000 000000

----- s s v

® 9 ¢ 000 P00 8PS HE SN0 Eeea CUbiC

) ceeesesasesss 1800 btu/lb. H20

0 Capacity *

28.5% wt.
22% wt.
22% wt.
22% wt.>

o0 adeao @00 s es s s
s s e8P0 0sc s 00
e e 00 e s ess0es s aDasEs e

P e s e rO O LSOO QCEIOESIBEALPGETEODSA

)

¢eeeses Molecules with an
effective diameter <4 angstroms,

including ethanol, H,S, CO,, SO,,
C.H , C.H_ , and C.H 2 C
24 T276 36
....... eee... Molecules with an

effective diameter <4 angstroms,
e.g. propane

*Lbs H20/100 lbs. activated adsorbent at 17.5 mm Hg. 25°C

Regeneration

Molecular Sieve Type 4A can be regenerated for re-use by

purging or evacuating at elevated temperatures.

Water can be removed

by heating the material at 400 to 600°F.

(Repeated exposure to temperatures

over 1100°F should be avoided).

The degree or regeneration (water removal)

is dependent on the temperature and humidity of the purge gas.

In liquid phase operation, all liquid should be drained from the -

Molecular Sieve before regeneration. Reverse flow.is advantageous in all

regenerations.
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5.2.2.3 SAMPLE PRETREATMENT

The type 3A and 4A pelletized molecular sieve samples were

intially dried in a“convection oven at 250°C for 36 hours. They were then
removed and placed into an adsorption bulb and evacuated at 250°C to 300°C
for 4 to 6 hours. The adsorption bulb with sample was weighed before and

W o ‘
after evacuation.

FIGURE 4: System for Evacuation of Sample Period
1 leadsto vacuum manifold
2 leads to atmosphere

Type 4A powder was hydrated for 22 b?urs and then placed into
one inch moulds and compressed at 11,200 psig t; 12,000 psig for two to

three minutes to give a tablet which was then broken up. The sample

%Uas'collected from the size range of 0.05 to 0.10 inch. It was tQ&n
dried in air in an oven at 350°C for 36 hours. The sample was then piacég—

in an adsorption bulb and the same procedure and equipment as for the

Type 4A pellet is used. ‘
The weight loss for the Type 4A pellet is 0.096% and for the

Type 4A compressed powder is 0.010%.
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5.2.2.4 ELECTRON MICROSCOPE EXAMINATION

The objective of the electron microscope examination of the
Type 4A compressed molecular sieve was to determine the size and
structure of the particles. A Siemens Elmiskop I electron microscope
was used for this examination. The cubic particle:zin Figure 6 was
taken as typical of six micrographs taken. ' The edge of the-cuhg\?as
found to be of the order of 2.5 x 10-5 em. This value will be uséa
for the diameter of the particle we are concerned with in the -

calculations to follow. Figure 6 shows the shapes resulting from

cubes oriented in different positioms.



FIGRE 5:
Electron Mlcrograph of Type 4A Powder at
16,000 X.

FIGQJRE 6:
Electron Micrograph of Type 4A Powder at 10,000X.

29.
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5.2.3 GASES

Thé gases used in this project were obtained from more than

' one source.

TABLE 4
SUPPLIERS OF GASES AND PURIT¥

Gas Supplier Puritz, min.
He Matheson Canada Limited . ' 99.995%
N, Matheson Canada Limited 99,999%

co, Canadian Liquid Air Limited - 99.80%

CH,, Matheson Canada Limited 99.99%

C He Matheson Canada Limited 99.98%

/
All the gases were transferred into glass storage bulbs after

being treated by passing through coldtraps to remove any moisture which
might have been present. The helium was passed through a trap filled
with activated-carbon and immersed in liquid nitrogen before entering the
storage 5u1b. Nitrogen was passed first into a trap immersed in liquid
hitrogeﬁ and allowed to condense. A quantity greater than needed is
collected. The liquid nitrogen collected is then pumped to remove any
lighter ends. It is then allowed to evaporate through a second trap
immersed in liquid nitrogen to prevent any impurities from being carried
into the gas storage system. Gases are stored at greater than one
atmosphere. Also there is aiways some liquid left in the first trap
which is then evaporated to the atmosphere.

Carbon dioxide, methane and ethane afe also collected in a trap
immersed in liquid nitrogen. The second trap is immersed ‘in a dry ice-

acetone bath and the procedure is the same as for nitrogen.



5.3 EXPERIMENTAL PROCEDURE

The particular method of operation for the volumetric gas
adsorption apparatus constructed is to evacuate the burette system
through stopcock 83 with 52 closed. After pretreatment of the sample
(Section 5.2.2.3), the adsorption bulb (A) is connected to the system
- with S1 closed. S2 is opened and evacuation continues. When the
McLeod Guage (J) shows at least 10“6>torr, S2 is closed and S1 is opened.
The adsorbate is now introduced into the burette system through S3 and
the quantity measured by pressure-volume relationship;

The timer and the manostatic control system (C), (D) and (G),
are set at zero. The manostatic control system is zeroed by setting
the mercury column in the left leg of the manometer (H) at the tip of
the top electrode(s)u The right leg has been previously set at the
desired pressure by appropriate changes in the volume of burettes (B) and
(E). A constant temperature bath is placed around the adsorption‘bulb,
(A) and the sample allowed to reach bath temperature .

The adsorption run is initiated by opéning stopcock S2, which
exposes the sample to the adsorbate, starting the timer and the manostatic
control system. As gas is removed from the system by adsorption on tﬁe
sample, the manostatic control system keeps the pressure constant by
raising the levelling bulb (C). Readings are taken from bﬁrette (E)
initially at half minute intervals and as the rate decreases, at longer

intervals until equilibrium is reached.



For desorption, the procedure is the same except the 52 is
opened to expose a previously equilibrated sample to a lower pressure.
The manostatic control system is now set to operate when the circuit
is broken and shut down when the circuit is completed. In this case,
the levelling bulb is now lowered to keep the pressure constant, and

desorption is followed.
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6. NUMERICAL SOLUTIONS

6.1 COMPUTER PROGRAM

Numerical solutions of Fick's law for non-linear isotherms were
computed using a finite difference method. The rate controlling factor
is assumed to be the diffusion of the adsorbate into the porous material.
The adsorption process is assumed to be instantaneous and to occur at
constant temperature. The boundary conditions for a particle at zero time
are: within the particle, the effective concentration, C = 0.0 and at the

surface of the particle, Co = 1.0, Finally the diffusivity, D, is constant.

Starting with the equation as formulated by Crank(u)n
2 2 2
3T - 3°c . 3%c . a°C
it S P Logrigt g e

where T is the total amount of adsorbate in the porous material, cma(STP)/cm3

C is the effective concentration, cma(STP)/cma; t is the time in seconds

and D is the diffusion coefficient. In pores of molecular dimension there
is no need to distinguish between the molecules adsorbed and those in the

gas phase. Therefore the total amount adsorbed, T, contains both quantities.

T in this case is always greater than C. Equation (9) can be set up in

general form to give

: 2
T  _ 3 C n dC
3% ° D [ arz + T 37 ] (10)

where n = 2 for a sphere, n=1 for a cylinder and n=0 for a plﬁtelet. For

a sphere and cylinder, r is the radial position and for a platelet r becomes

i

£/2, one-half the thickness.
Taking the case for the sphere, n=2, normalization is carried out
by introducing x = r/R and y = C/Co, where R is the particle radius
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and C_ is the concentration at the surface. For the solution of Fick's

law considered here, the adsorption isotherm is assumed to be of the

Langmuir type(zo).

) abcC - ' .
. TpC N (11}

-3
"

Normalization gives
abCoy

which when substituted into (10) gives

e, mmeyl [ Mo Ay, 2w, | (19)
'e 2t T R2 . ax2 X 9x

If a non-dimensional time T'is introduced which equals tD/abR2 and also’

bCo = B we arrive at

2

, -2 3y _ 23
()™ L= L = (14)

Equation (14) is the basic equation in the computer program. Finite
difference calculations will give y at different positions for a given T.
From these values of y, we may calculate T in (12). Introducing @ as

the total amount adsorbed to avoid confusion,
R 2 . :
Q=1u1 fo “Tr dr B : - (15}

and after substitution and normalization

' 1 , .
- 3 : y 2 .
Q= 9 I é?CoR : jo '1+bcoy X dx (18)

i
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The amount adsorbed at equilibrium is
abCo
Q ~ TBC (17)

(21)

The fractional approach to equiiibrium factors » 2, is simply the

ratic Q[Qﬂ. Therefore

1

. 2
z = 3(14bC)) [

y v
l+bCoy x“dx (18)

where again bco = B, for purposes of calculation and b is the value
obtained from the Langmuir plot. The only requirement is that b be
expressed in the same units as used in calculating CO, i.e., cc{STP}/cc

Rearranging'(lu) .
/

2
o= sy [2L+2] ©(9)
' x" -

The sphere is divided into 20 equally spaced shells and indexed from 0 to 21
(22) are

i

starting at the centre. The following finite difference formulas

applied to equation (19).

2

.9_51 . y(I+l1) - 2y(1,132 + y(1-1,1) (20)
AX (DX)

A _ y(I+1,1) - y(I-1,1)

K% T 2DX (21)

DX here equals 1.0 divided by the number of increments intoc which the
particle is divi?ed minus 1. The equation arrived at for use in the

computer program for a spherical particle is
I
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y(I,2) = y(I,1) + DT(1.0 + By(I,l))2 [(y(I+1,1)A1(1) +

y(I-1,1)A2(I) ~ 2y(I,1)A3(I)] (22)
where
Al(I) = _l_-2 {1.0 4+ FITIJ;,I.-(()—I—:H J - (23)
7 - (DR)
AAT} = —E . 0.0 e ) ] (21)
(DR)z FLOAT(I~1)
A(I) = —= : (25)

(DR)2.'

where FLOAT(I-1) is the number of radial increments minus one. The
program as used is shown on the following page.
To change the prograﬁ so it will apply to a cylinder or to a

platelet, AL(I), A2(I) and the volume are the only terms affected.

For a cylinder:

& AL(I) = (1.0/(DR*DR)) * (1.0 + 1.0/(2.0% FLOAT(I-1))
A2(I) = (1.0/(DR*DR)) * (1.0 - 1.0/(2.0%* FLOAT(I-1)) '
DVOL = 2.0 + 3.1416% (DR*FLOAT(I-1))%DR

and for a platelet

"
)

AL(I) = A2(I) = A3(I) = 1.0/(DR*DR)

DVOL = DR

The program is run at different values of B from 0.0 to 99.0. The

results are printed out as Z and as concentrations at different y's

for a given T.
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6.2 PARABOLIC LAW AND FICK'S LINEAR ISOTHERM

The vaiues obtained from the combuter program are plotted
with those obtained from‘fhe exact solutions of the Parabolic Law(zg),
(FP), as the upper limit (B = =) and Fick's linear isétherm(u)(zl),
V(FLI), as the lower limit (B = 0). The exact solutions check the

validity of the numerical solutions.

Weisz and,Goodwin(23) postulate the following for the Parabolic

Law: the adsorbate is strongly adsorbed, eg. if Q = f(C) such as the
Langmuir equation, then Q increases to its maximum value, Q.,» at very
low concentrations; the boundary conditions are the same as postulated
for the numerical solution; and finally the ratio Qw/C0 = A. |

For spheres, the profiles of C and T for a given'time are

as shown in Figure 7.

ﬂ;"““'""“““"

s

FIGURE 7 : Cfand T Profiles at a Given Time
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where ry is the radius at which T, and C have decreased to zero and R
is the radius of the particle. The layer occupied by the adsorbate
(r > rb) at essentially an amount T_, moves radially inward. From r, to R,

there is essentially no change in 3(C+T) /3t* and

2

9 C 2 3C
—_ + = = = 0 (26)
ar2 r or
then : : azér
, 5 © 0 . (27)
or .
Cr  _
and = = K (28)
Integrating gives
Cr = Kr+J ' (29)

Applying the boundary conditions which are C = Co atr=Rand C = 0 at
r = rb, we get

coR = KR - Ko, ' ' (30)
where K = CoR/(R-rb)° Therefore
ac ' aC

Substituting for 3C/d9r, we arrive at the following equation at r = R.

. I
aC _ b
RE, T % & (32)

In the next step, taking Q, so that K = DColQmR2 which will fall out in

" equation (36) and also considering the change in volume adsorbed as
¥ .

: 2 3C .
£ 4IRD  (53) (33)

R

gg i
dt

* ¢ = T, non-dimensional time
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n

WTRC  (—2) = a34)

Dividing Q by Q_ to get Z

%%' = uLmD}:: (R—::) | (35)
SMAR b

and also noting that 1-Z ='(r;/R)3 = y, we arrive at

( -1/3 - D :
y - 1) dy = -3 X;ﬁ-dt (36)

Integrating with respect to y and t and resolving the constant of
integration with the boundary condition; t = 0, at y = 1, The final

form is o

2
(1-2) (1-2) /3

3 3 = Kt | (37)

o)+

Usingabinomial expansion, the limiting form of equation (37) is shown.to

be, for small Z.

2
yA 2 .3 _ .
is * -éTZ = Kt (38)
The limitingslope for (38) is aZ/Bt% = 4.24 vK. Similar equations can

be derived for the case of a cylinder and a'platelet.

The exact equation of FLI for spheres (Zl)is

1-2%2= (-—g-) Z (-:-2L-) exp-[ﬁ2n2l(3t) (39)
- T n=l n

where K3 = D/r2 and D is the Diffusivity and r is the radius of the

sphere. The linear form is
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5 %

(e) = 1- (-T2 (40)
and can be expanded for small values of Z into its limiting form

11'.Z2 1{223 :

35 + 516 = Kt (41)

The limiting slopefor (40) is SZ/at% = 3.39 ¥K. The simplest way to
represent data of this type is with a pth of Z/1:;i verus t%. This
would fit if the experiﬁental data comes directly from the origin. The
plot givés a straight line for FLI but as B increases, the curvature
increases slightly. In this case the curve cén still be reasonably
approximated by-a straight line. FLI is exact to Z = 0.87 and is of
the form | |

2

L -
= K%A - KBt (u2) |

rt IN
Ny

while FP. is approximately linear even farther. A comparison of FP and FLI

can be made by squaring (42) to give -

2
ko= AL A \[ 1- 4B (43)
yB 2 A

Expansion of the square root term in (43) the resulting equation

1,2 . B .3 o
_22 + 2-—2‘Z + oenar- (I'“"')

A

which is similar to (38). The coefficients of 22 and z° may be equated

ke =

w

for a small value of Z to give A = 4.23 and B = 4,00, The values of B
5

from a Z/t!'i versus t° plot is 4.16 which is in close agreement. Plots
of (42) could be used for diagnostic purposes by examining the ratios of

A2/B which provi&e“a criterion of the type of curve being examined where



.

1 i
(AK2)2 _ 12 (s
B - 3 45)

S equals the slope and I equals the intercept on the vertical axis.

The ratio of AZ/B equals 4.5 to 4.7 for the Parabolic Law and 3.8 for
Fick's Linear Isotherm. This difference is not large especially when
the rate data are obtained from materials that only roughly approximate
spheres and are composed of a range of particle sizes(zl). A better
criterion is the value of B of the adsorption isotherm. Equations for

spheres, cylinders and platelets in the Parabolic Law and Fick's Linear

Isotherm forms are summarized in Table 5.

45,



TABLE 5

EQUATIONS FOR FICK'S LINEAR ISOTHERM & PARABOLIC LAW

PARTICIE o
SHAPE EQUATION FORM Frf 2 rp(23)
: .6 3 1 2 (1-z) _ (1-2),1 _
SPHERE EXACT | 1-z2 = (P- nil () exp-(w n2K3t) 3 > = Kyt
LINEAR 2= () (K,t)* - 3K t (2<0.87)
o 3 |
o2 2.3 2
LIMITING = W7 | %2 _ -, 2,3 _
FORME 36 * e T Kt Imrer 2 =Kt
CYLINDER ~ EXACT 1-2=4 3 (—-—-) exp—(] i K,t) (1-z) m(1-2) 42 = &Kt
: i=1 JJ. :
LINEAR Z= (3 &0 % Kyt =(Ep) (K,t)
. 34
(2<0.73)
' 2 .23 3
LIMITING 2 wz’ 2,2 _
FORM¥ - * s T Kt Z-+gm= Ayt

°vY



TABLE 5 (Continued)

PLATELET EXACT 1-2 =(-% T [1/2n1)2] exp-(2n41) 2 —El—) 2% = &t
: I n=o0
. N 5 )
LINEAR Z = (Eg? (K, t) : (2<0.45)
LIMITING 4 2 ' 2
FORM* T % =Kt o | Z° = xe
* For small values of Z _ - : : :
Fick’s Linear Isotherm : l = D/zzﬁ = D/az, = D‘/r2 where ¢ is half the thickness of the platelet,
a:.stheradms ofthecylmder, rlstherad;usofmesmexeandnzsﬂle
Diffusivi :

*k

j; has the follom'.ng values : j; = 2.405, j, = 5.520, j, = 8.654.

=>DC O/lezp K, =IC o/Qa2 and Ky = DC O/erz where C is the éonce.ntration

Parabolic Law
attme-OandQ is the volume adsorbed at time » =,

If adsorption occurs, there values should be
multiplied by Cc/Q .

oGyt



7.  RESULTS

7.1 Numerical Results ‘

The numerical results for a given value of B are printed out as
concentrations at different positions within the particle with increasing
time. The approagh to equilibrium factor, Z, is also calculated for
each time. Tables of results are found inthe Appendix for .the particle
shapes investigated.

Tables 8 t0113 are concerned with diffusion into a sphere.

In the case of the Parabolic Law énd Fick's Linear isotherm, the non-
dimensional time, T, is incgrporated in the egquations solved. For the
nurerical solutions, time ié multiplied by (1+B) to give T. Tables 7

to 12 are shown graphically in Figure 8 as 2 versus T;E° This shows

that as the parameter B is increased form 0.0 for which Fick's Linear
'Isqiaerm (FLILjig»the exact solution, it approaches the Parabolic Law (FP)
The concentration profiles versus the distance from the center of the
sphere are found in Figure 9 for different values of B. To obtain the
volume adsorbed; T/a, profiles the value of B and the value of C at
.dﬁ{ferent positions are inserted into the Langmuir equation

T _ BC

a - I+BC (46)
- Figure 10 summarizes T/a versus r/R. It shows that as B increases, the
adsorption rate curve becomes more rectangular, that is it approaches

the Parapolic Law.
Figures 11 and 12 show the results in terms of Z versus T% for

the cylinder and platelet cases. "

=bfim
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FIGURE 10: - i |PIGURE 11:

Volume Adsorbed, T/a, Profiles for Diffusion into !Approach to Ec_{ulllb ium Factor, Z, versus Non-
a Sphere as a Function of r/R from the Numerical dimensional time, T2, for DJ.ffusmn into a
Solutions. Cylinder
o} : B=0.0; Z=0.5206 0 : Emact Solution for FLI, (B = 0.0)
Q 2 B = 0.5; Z = 0,506 O : Numerical Solution for B = 0.0;
(o] : B =5.0; 2Z2=0,493 O : Numerical Solution for B = 1.0;
6 H B = 99.0, Z = 0.4999 O : Numerical Solution for B = 5.0;
’ g 0O : Numerical Solution for B = 99.0;
0 : Exact Solution for FP, (B » «).
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©=-B:00
o=B:L0
°=B:50
6=1:250
o=-FP

Platelet.

FIGURE 12: .
Approach to Equilibri
Non-dimensional time, T, for Diffusion into a

000000
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Exact Solution for FILI, (B=0.0
Mumerical Solution for B = 0.0
Numerical Solution for B = 1.0
Numerical Solution .for B = 5.0
Numerical Solution for B = 25.
) .

i
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NTx10

Factor, Z, versus

Exact Solution for FP, (B
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7.2 EXPERIMENTAL RESULTS

Adsorption rate curves were detemmined at constant temperature
and pressure. For Type 3A, it was found that the gases used; nitrogen,
carbon dioxide, methane and ethane; there was no adsorption because
the molecules were too large to enter the apertures of the crystal
structure.

On Type 4A molecular sieves, the rates were found to be in the

“following order.

O, >N, > CH, > C.H

2 2 4 26
. The experimental data were Aobtained on a volumetric adsorption apparatus
(51) and is,,_ﬁou;;d in”Appexﬁix I. The rate data were plotted as the

volume adsorbed, Q, versus the square root of time, t%, 'and also as

Z versus t®. Figure 13 shows rate curves for nitrogen on Type 4A

compressed powder at -78°C. Figures 14, 15, 16 and 17 show rate of

a& orption and desorption for methane on Type 4A compressed powder at

-78°, 0°, 30° gnd 50°¢C, respectively. A summary of adsorption isobars

azt 1.0 atm for different temperatures isshown in Figure 18. 2n

inflection point is evident on curve 1 of Figure 14 and 18 at very

small times. Fiqures 19, 20 and 21 show rate curves for ethane on

Type 4A conpressed powder at 0° ' 30° and 50 respectively. A summary

of adsorption rate curves is also shown for ethane in Figure 22.

In f‘igure 22, the inflection point is more evident for ethane at -78°C.
' 'mn.s point occurs at all temperatures but because the adsorption is too
i\ fapid at higher temperatures, it is not noticeable. Figures 23,

-
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Adsorption and Desorption Rate Curves for N2 on
Type 4A Compressed Powder at -78°C.
Curve 1 < -1.00 atm;
2 : from 0.50 to 0.75 atm;
3 /¢ from 1.00 to 0.50 atm;
4/ : from 1.00 to 0.25 atm.
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' FIGURE 14:

Adsorption and Desorption Rate Curves for CH 4 O

. Type 4A Conpressed Powder at -78%C.

S Quxve l : 1.00 atm;
» 2 : from 1.00 to 0.75 atm;
3 : from 0.75 to 0.50 atm; "
4 : from 0.50 to 0.25 atm. )
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FIGURE 15:
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Adsorption and Desorption Rate Cugves for CH
on Type 4A Compressed Powder at 0°C.

Qurve 1
2
3
4

as 8¢ o8 oe

1.00 atm;

from 0.25 to 0.75 atm;
from 0.75 to 0.50 atm;
from 0.50 to 0.25 atm.

4

°© ]
8_
§ 2
O
PN
NS
21 3
L9
[ *)
: d‘4_
4
2
1 [ L ] 1 L 1 2 1 L L 1
5 t 10
NTIME, MIN.
FIGURE 16:

Adsorption and Desorption Rate Curves for CH 4

on Type 4A Compressed Powder at 30%.

Qurve 1 : 1.00 atm;
2 : from 1.00 to 0.75 atm;
3 ¢ from 0.75 to 0.50 atm;
4

from 0.50 to 0.25 atm.
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“FIGURE 19:
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+ | Adsorption and Desorption Rate Curves for C ot

- on Type 4A Compressed Powder at 30°c.
Curve 1 : from 0.87 to 1.00 atm;

1 2 : 0.87 atm;
| 3 : from 0.50 to 0.75 atm;
; 4 : from 1.00 to 0.50 atm;
| 5 : from 0.50 to 0.25 atm.
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'FIGURE 21: | Adsorption Isobars for C,H. on Type Comp
Adsorption and Desorption Rate Qurves for C2H6 on | Powder. 2'6 N @ ressed
Curve 1 50°C and 1.00 atm;

Type 4A Compressed Powder at 50°C.

|
1.00 atm; o ! 300C and 0.87 atm;
f

Cuxrve 1 : s
2 : from 0.50 to 0.75 atm; 3 :  0°C and 1.00 atm:
3 : from 1.00 to 0.50 atm; 4 : =780C and 1.00 atm.
4 : 0.50 atm;
5 : from 0.50 to 0.25 atm.
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24 and 25 show plots of Z versus 1:;i from Nitrogen, Methane and

Ethane respectively.

et
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FIGURE 25:
-Approach to Equilibrium Factor, Z, verus
for CZHS on Type 4A Compressed Powder.
Curve 1 : 50°C and 1.00 atm;

2 ¢ 30°C and 0.87 atm;

3 :

0oC and 1.00 atm
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8. EXPERIMENTAL TREATMENT

These experimental data were treated by using the Parabolic
Law' (PL) with time dependent surface equilibration. ‘The diffusivity,
D, is also assumed constant in this case. This point of inflection
may be possibly explained by the superimposition of another time
dependent term upon the process such as equilibration of the surface.
Tht reasons for using the PL are that it is simple and that in some
cases the exper:imentally determined isotherms were very close to being
rectangular A workable equation can be developed by making the following
substitution in (26).

v _ mat '
Co ',Co (L-e ™) (47)

and carry out the same method of solution to give
2/ - -2

-(1- 3 - : —at. »

U2 "~ 4 132 +% = Kt -% (1~ e 34 (48)

‘The left handside of (48) is equated to F(Z) so that

f’c* !

F(z) = Kt~z (1-e9] T

F(2) can be evaluated for any value of Z. A plot of F(Z) versus time

should give a straight line where the slope equals K ard the intercept

equals %—. For longer times (49) reduces to

_ 1
F(Z) = K(t 5)

Figure 26 is a plot of F(Z) versus time for Nitrogen adsorption on

Type 4A pellets (1/16") at -78°C. . Figure 27

"=509-
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FIGURE 26: . _
F(2) versus Time for Nitrogen Adsorption on

Type 4A Pellets (1/16") at -78°C and 1.00 atm.

1 : 10x Scdle as shown;
2 : Scale as shown. ]
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.1 ]
TIME, MIN.,

FIQURE 27:

F(z) versus Time for Nitrogen Adsorption on

| Type 4A Compressed Powder at -~78°C and 1.0 atm.
; 1 : 10X Scale as shown

‘ 2 : Scale as shown.
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is for Nitrogen on 4A Compressed Powder at -78°C. Figures 28 to 32 show
the results for Methane on Type 4A molecular sieve at -78°, 0°, 30° and
50°C.  For Ethane similar plots are obtained as seen in Figures 33 to
35. In Figure 35 there are two sets of plots, one at 1.0 atm and the
other at 0.50atm. This was done as a check on the results cobtained
and surmarized in Table '64. 0 The equation as developed fits data for
0.05 < Z < 0,95,

The closer the e:q:erirxen@ data are to PL, the closer to equilibrium
the equation.holds before breaking awayA. Figure 36 shows how close (49)
predicts the experimental data which in th:‘gs case is Methane Adso;,:ptioxi'
on Type 4A Compressed Powder at -78%. On this plot of Z versus
/Time, the equation holds well until 2 > 0.95.

From the slope, K, obtained from the F(Z) versus Time plots
we can evaluate D/R2 since K = (DC 0/th;)m) and we have values for Co and
Q, . GC, =273 P/T vhere P is in atm and T is in degrees Kelvin. The
diffusivity can be calculated since a valuefor R was cbtained from
electron microscope examination. A value for the Diffusivity based
on the porosity of the particle, D, can be calculated by dividing D by

0/72' where 0 is the proosity (8) and V2 is the Deviousness Factor(zs) .

The above values are summarized in Table 6 . For purposes of comparison,

Diffusivities were calculated with the equation for Kmudsen Diffusion(24) o
. - 2 "
D, = 9.7x10%r /o & " (51)

where T is in °K, M is the molecular weight and r is the radius of the
pores. These values were found to be in the order of ].09 larger than
those calculated from F(Z) versus Time'plots.
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FIGURE 28:
F(Z) versus Time for l\hthane Adsorption on Type 4A
Pellets (1/16") at -78°¢ and 1.0 atm.
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FIGURE 29.
- F(2Z) versus Time for Methane Adsorption on Type 4A
Compressed Powder at -78CC and 1.0 atm.
1 : Scale as shown
2 : 10XF(Z) scale andlOX Time
Scale as shown.



 FIGURE 30-
F(Z) versus Tirme for I@thane Adsorptlon on Type 4A
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Compressed Powder at 0°C and 1.0 atm.
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FIGURE 31:

F(Z) versus Time for Methane Adsorption on Type 4A
Compressed Powdelr at 30°C and 1.0 atm..
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FIGURE 32: :

F(Z) versus Time for Methane Adsorption on Type 4n

Compressed Powder at 50°C and 1.0 atm.
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FIGURE 33:

. F(Z) versus Time for Ethane Adsorption on Type 4A

1
2

' Compressed Powder at 0°C and 1.0 atm.

Scale as shown
10X Scale as shown.
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FIGURE 34:

FLLURL, J% . "F(Z) versus Time for Ethane Adsorption on 4A
. F(Z) versus Time for Ethane Adsorption on Type 4 P Type

D Compressed Powder at 50°C.
' Compressed Powder at 30~C and 0.87 atm. : 1 :. 10X Scale as shown and 1.0 atm.;
. 1 : 10X Scale as shown ! 2 : S8cale as shown and 1.0 atm.;
2 : Scale as shown. ’ 3 : 10X Scale as shown and 0.50 atm.;
§ 4 : Scale as shown and 0.50 atm.
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FIGURE 36
Comparison of F(Z) = K[t -% (1% 7 ang

experimental data for methane at -78°C in terms;
" of Z versus /Time, ‘ '
‘ O : Methane at -78°C; -
O : PF(2) = K[t - é (1-e™2% ] !
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TABLE 6
Values of D/R2 and, Dé and 1/a obtéined from F(Z)
| | versus Time plots(l).
saple!®  Gas  Temp,Oc  1/a kx 10 (/&) x10° b, x 1013
Pellet N,  -78 0.42 2.15 2.18 12.06
Powder " 78 0,21 30.35 . 5.50 4.73
pellet oy - -78 007 0.10 ©0.13 | 0.71
Powder S w 78 12,10 082 . 010 - 0.57
L 3.47 2.13  .11.76
" o 3683 o3 13.26 . 4.73 26.12 -
" w508 500 24.00 5.89 32.49
 powder éang 0 . 023 107 1.41 7.73
" " 30 .59 5.42 772 42.60
w m " 50 0.38 8.68 10.03 55.36
" . soll) 0,37 5.6 9.88 54.57

1. All samples were at 1.00 atm except for ethane at 30° and 50°C which
were 0.87 and 0.50 atm respectively.

' 2.. Type 4A Compressed Powder or Type 4a Comprgssed Pellet (1/16%).

3. These runs had low values of B {B<l), therefore PL is strictly not
" applicable. In this case F;'LI would be more appropriate.

i
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Activation energies can be determined graphically from plots
of n 9-2- versus -,%-, where T is in degrees Kelvin. Figure 37 is such
a plotRof n P"T versus ,% and the slopes give activation energies of
4,1 Rca.l/g:molg for methane and 6.0 Kcal/gmole for ethane. Heats of
adsoxrption can be obtained from plots of &n p versus %where p is the
pressure in atm at constant adsorption. These were found to be
7.2 Kcal/gmole for mt.lmhe and 8.3 Kcal/gmole for ethane.

The constants a and b in the Langmuir equation can be

determined from plots of &n Q_ versus &n Co., Figures 38 to 41 show

these plots for nitrogen, carbon dioxide, methane and ethane. The

constant b is obtained from a ratio of Q_at two different pressures,
i.e. 0.25 and 1.0 atm., with the use of the Langmir equation. The
value of b can then be substituted back into the Langmiir equation to
give a. Table 7 summarizesthese constants. Some of the B values were
not as large as expected (B < 1.0) sincebC°=B’.  Therefore some of
the adsorption rate curves were more similar to FLI than to FP.
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TABLE 7

savprg (D

Powdexr

Pellet

Powder |

Powder

Pellet

Powdex

Values of the Langmuir . constants a and b

obtained from plots of &nQ_ versus C,-

1]
CHs
4]

50

' 16.6 |

P (2)

10.6
1.4
9.4

103.3

7.3
0.2
" 0.1
0.04
16.9
37.4
10.3
4.5

l. Type 4A Compressed Pwderéor Type 4A Pellet (1/16™)
2. Note BC, =B - R

75.5
27.0
66.4

142.0

. 110.2

85.4
184.9
188.8
299.0
57.2
75.1
58.5
57.7

72,



9. CONCLUSIONS AND RECOMMENDATIONS

9,1 Conclusions

| (a) Numerical solutions areigiven for adsorption according to the
a'ﬂahgﬁuir isotherm for diffusion according to Fick's law. These computed
curves shift from Fick's Linear Isotherm (FLI) to theParabolic Law (FP)
as the parameter B increases. For theiﬁitial part of the rate curve,
the. change is small, therefore calculated values of D/R2 for é given
rate curve for FLI are 50% higher than for FP.

(b) The rates of adsorption and desorption were found to be in

the following order: |

. C02 > N21> CHQ > C2H6

- This suggests behavior according to size and shape of the molecule as
the higher activation energy of ethane than for methane, 6.3 versus
4,1 Kcal/mole also suggests more'deformatipn of the ethane molecule irn
order'to enter the zeolite than fo? methane. ’

{c) Also the time parameter contains C#/Qw to give (Co D/Qwﬁ2)t

which has not been included by previous workers. This gives a more
correct diffusivity term since the slopeof the F(2Z2) versus Time is
used to determine diffusivities and this slope, K, equals (Co D/QﬂRz)'
{d) Neglecting the adsorption term in D/_aR2 to give D/R2 also
gives an erroneous diffusivity value.

(e) A point of inflection occurs initially with the experimental

data when plotted as the volume adsorbed versus vTime.

=73



9.2 RECOMMENDATIONS

740

It is recommended that further work comnsist of the following:

(a) Investigation

of the cause of the point of inflection in the

initial portion of the experiment, i.e. whether by surface equilibration

or not of theyType LA
(b) Determination
' CH, at -78°C on Type
(c) Determination
N2 at - 195°C on Type

(d) Determination

zeolite.

of a complete adsorption-desorption cycle of
LA zeolite.

of a complete adsorption-desorption cycle for
4A zeolites,

of rate curves at higher temperatures (>50°C)

and at intermediate temperatures between - 195° and -78°C and also between

-78° and 0°C with the

(e) Investigation

different gases already used on the Type 4A zeolite.

of adsorption on Type 5A zeolite with larger gas

™~

molecules than used in this work. N~
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TABLE 8.

B T™ x 10

0.1

2.0

2.5

SOLUTION OF FICK'S LINEAR ISOTHERM FOR

DIFFUSION INTO A SPHERE (8 =

0.0)

0.034

0.067

. 0,099

0,127

0.145

0,162

6.0

8.0
10.0

15.0

0.176

0.202

0.244

0.279

0.309

0.370

T x 10
20.0
30.0
40.0
90.0

160.0

0.1419
0.496
0.557
0.746

0.874

/

78.
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TABLE 9

2.4
5.8

11.0

SOLUTION OF THE PARABOLIC LAW FOR DIFFUSION

0.10

0.20

0.30

0'40

INTO A SPHERE (B-«)

T x 10°

18.3
28.6
42.6

/
62.3

0.50

0.60

0.70

0.80

T % lO3

92,3
115.5

146.8

0.90

0.95

0.99

79,
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TABLE 10

'I‘xlo3

-5.0
10.0
20.0

30.0

NUMERICAL SOLUTION FOR DIFFUSION INTO

0.224

0.305

0.412

0.489

A SPHERE WITH B = 0.0
:/
T x 10 z
50.0 0.599
80.0 0.711
90.0 0.739
120.0 0.808
190.0 0.904

Tx103

255.0
330.0
420.0

490.0

725.0

0.950

0.976

0.990

0.995

1.000

80, .
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TABLE 11
NUMERICAL SOLUTION FOR DIFFUSION INTO
A SPHERE WITH B = 0.5
T x 10° yA /T x 10° Z T x 10°
0.6 0.101 30.0 0.513  157.0
3.6 0.202 45,0 0.603 210.0
8.7 0.300 67.5 © 0.702 630.0

16.7 0.400 105.0 0.812

81

0.904
0.953

1.000
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TABLE 12
NUMERICAL SOLUTION FOR DIFFUSION INTO
A _SPHERE WITH B = 5.0
T x 10° z T x 10° z  Tx10° z

1.2 0.133 13.2  0.401  111.6 0.902
3.6 0.223 22,8 0.507  159.6 0.976 .
4.8 0.253 34.8  0.603  178.8 0.990

: - ™~
7.2 . 0.305 51.6  0.702  312.0 1.000 -

9.6 0.3u48 75.6 0.802
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TABLE 13
NUMERICAL SOLUTION FOR DIFFUSION INTO
A SPHERE WITH B = 99.0
T x 10° Z T x 10° z T x 10° 7
1.0~ 0.125 30.0 07602 121.0 0.950
2.0 0.203 46.0 0.705 138.0 0.975
6.0 0.308 66.0 0.801 167.0 1.000
12.0 0.504 98.0 0.902 .

20.0 0.505 113.0 0.936
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TABLE 14
CONCENTRATIONS AND VOLUME ADSORBED AS A FUNCTION
OF THE DISTANCE FROM THE CENTER OF A SPHERE AT
B = 0.0, Z = 0.5206 and T = 0.035

v /R c T 10°

. ) ' . a
0.048 0.006 ‘ 6.00
0.095 0,006 6.00
0.143 0.007 ' 7.00
0.191 0.010 ' ' 10.00
0.238 ; 0.014 14.00
0.286 0.020 ; - 20.00
0.333 0.029 29.00
0.381 0.042 ' _ 42,00
0.424 0.060 ' 60.00
0.476 0.086 ; 86.00
0.524 0.119 . 119.00
0.571 0.163 4 , 163.00
0.619 0.219 : ‘ 219.00
0.667 . 0.287 287.00
0.714 0.368 368.00
0.762 0.460 : 460.00
0.810 _ 0.562 ' 562.00
0.857 _ 0.671 : - 671.00
0.905 0,784 784,00
0.952 0.895 895.00

1.000 1.000 1000.00



b

TABLE 15

CONCENTRATION AND VOLUME ADSORBED AS A FUNCTION
OF DISTANCE FROM THE CENTER OF A SPHERE AT
B = 0.5, Z = 0.506 and T = 0.06
/R ¢ I x 108
a

0.048 0.007 3.49
0.095 ,  0.007 3.49
0.143 " 0.008 4.00
0.191 0.011 5.46
0.238 0.017 8.43
0.285 0.025 12.35
0.333 0.037 18.16
0.381 0.054 26,29
0.424 0.078 37.54
0.476 0.110 52.13
0.524 0.152 70.63
0.571 0.205 92.97
0.619 0.268 118.16
0.667 0.342 146.02
0.714 0.425 175.25
0.762 0.515 204,77
0.810 0.611 234.00
0.857 0.709 264 .43
0.905 0.808 287.74
0.952 0.906 311.76
1.000 1.000 333.33

85.
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TABLE 16

CONCENTRATION AND VOLUME ADSORBED AS A FUNCTION OF DISTANCE

.
~

S

FROM THE CENTER OF A SPHERE AT B. = 5.0, Z = 0.493 § T=0.0u45

r/R

0.048
0.095
0.143
0.191
0.238
0.286
0.333
0.381
0.424
0.476
0.524
0,571
0.619
0.667
0.714
0.762
0.810
0.857
0.905
0.952
1.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.002
0.008
0.028
0.087
0.189
0.319
0.459
0.600

© 0,739

0.872
1.000

%X 10

wi

0.000
0.000
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
9.90
38.50

126.60

326.90

485.90

614,40

695.00

750.00

787.00

813.40

833.30

‘o

86.
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TABLE 17

CONCﬁNTRATION AND VOLUME ADSORBED AS:A FUNCTION OF DISTANCE
FROM THE CENTER OF A SPHERE AT B = 99.0,
Z =0.4999 and T = 0.018

——

r/R ¢ I xad®
: , ~ a
0.048 0.000  0.00
. 0.095 0.000 0.00
0.143 ~ /. 0.000 . " 0.00
0.191 0.000 0.00
0.238 0.000 0.00
0.286 0.000 ' 0.00
0.333 0.000 10.00
0.381 0.000 - 0.00
0.424 0.000 0.00
0.476 | 0.000 0.00
0.524 ‘ 0.000 0.00
0.571 ~0.000 ~0.00
0.619 . 10.000 0.00
0.667 0.000 - 0.00
0.714 0.000 © 0.00
0.762 : 0.000 - 0.00
0.810 0.031 754.00
0.857 ' 0.314 969.00
0.905 0.568 983.00
0.952 0.795 988.00

- 1.000 - 1.000 990.00



TABLE 18

T = 10

0.90

2.50

8.10

+22.50

SOLUTION OF FICK'S LINEAR ISOTHERM FOR DIFFUSION INTO

0.067

0.110

0.195

0.316

A CYLINDER (B = 0.0).

T xjle3
40.00
78.40
90.00

202.50

0.407
0.550
0.583

0.797

T % 103

500.00

600.00

700.00

900.00

0.918

0.956

0.975

0.995

88,



CORRECTION N
RATES OF DIFFUSION ~ CONTROLLED ADSORPTION PROCESSES

" G. R. Stifel, M.Eng. THESIS, October 1966.

Table 19, Page 89 should read as follows:

Table 19

Soiutioﬁ of the Parabolic Law for Diffusion into a Cylinder

(B~ =)
z yx 108 4% z y x 10° e
0.1 1.2850 0.03585 0.6 58.370 0.24160
.2 5.3800 .07335 .7 84.700 .29100
.3 12,5775 11215 .8 119.530 .34570
.4 23.3800 .15290 .9 167.435 .40915
.5

38.3500 . 19580 .95 "187.555 .43305



TABLE 20

T x 10°

5.00
10.00
15.00
25.00

40,00

NUMERICAL SOLUTION FOR DIFFUSION INTO A CYLINDER

WITH B = 0.0

z T % 10° z T x 10°
0.155 70.00 0.515 460 .00
0.213 105.00 0.611 585.00
0.258 150.00 0.703 740.00
0.326 220.00 0.802 855.00
0.403 . 345.00 0.904 1255.00

0.951
0.975
0,990
0.995

1.000

9&0



TABLE 21

NUMERICAL SOLUTION FOR DIFFUSION INTO A CYLINDER
WITH B = 1.0

T x 103 yA T X "103 Z T x 103 Z
2,00 0.109 55.00 0,502 251.00 0.900
8.00 0.207 84,00 0.602 320.00 0.950

18.00 0.303 122.00 0.701

34.00 0.405 173.00 0.800

91,
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TABLE 22 -

NUMERICAL SOLUTION FOR DIFFUSION INTO A CYLINDER
. WITH B = 5.0
T x 10° z T x 10° z T x 10° z
3.00 0.140 48.00 0.510 201.00 0.904
6.00 0.194 72.00  0.608 237.00 0.951
15.00 0.300 102.00 0.702 297.00 0.990

27.00 0.394 - 144.00 0.803 369.00 0.999
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-~ I'ABLE - 23

NUMERICAL SOLUTION FOR DIFFUSION INTO A CYLINDER
WITH B = 99.0
/
3 3 3
T x 10 Z T =x 10 Z T x 10
- 1.00 0.104 41.00 0.502 " 149.00
6.00 0.205 62,00 0.601 16 161.00
13.00 0.302 89,00 0.700

25.00 0.402 .126.00 0.800

0.851

0.874

93,
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TABLE 24
SOLUTION OF FICK'S LINFAR ISCTHERM FOR DIFFUSION
INTO A PLATELET (B = 0.0)
T x 10° g T % 105 7 T x 105 z
5.0 0.080 30.0 0.196 2.40  0.554
10.0 0.113 60.0 0.277

20,0 0.159 120.0 0.391



TABLE 25

SOLUTION OF THE PARAROLIC LAW FOR DIFFUSICON
TNIO A PLATEIET (B =+ =)
?x 100z T x 10° z T x 10°
5.0 0.100 125.0 0.500 405.0
20.0 0.200 180.0 0.600  500.0
45.0 0.300 245.0  0.700

80.0 0,400 ~320.0 - 0.800

0.%00

1000



TABLE 26

NUMERICAL SOLUTI

Tx103

10.0
35.0
75.0

125.0

ON FOR DIFFUSION INTO A PLATELET

0.115

0,212

0,310

0.402

WITH B = 0.0

T x 10

185.0

280.0

390.0

545.0

0.504
0.602
0.701

0.800

T x 10°

815.0
1080.0
1350.0

1610.0

96



TABLE 27
NUMERICAL SOLUTION FOR DIFFUSION INTO A PLATELET
~ WITH B = 1.0
/

Tx103 yA TxlO3 Z Txloa' VA
10,0 0.123 - 240.0 0.607 880.0 0.976
30.0 0.212 320.0 0.701 1200.0 0325
60.0 0.300 430.0 0.804 1860.0 1.000

110.0 0.407 5380.0 0.901

170.0 0.508 740.0 0.951

97,



TABLE 28

NUMERICAL SOLUTION FOR DIFFUSION INTO A PLATELET

WITH B = 5.0

T x 103 'Z T % 103 . Z T x lO3
6.0 0.103 204.0 0.600 573.0
24.0 - 0.206 276.0 0.703 687.0
54.0 0.308 354.0 0.802 792.0
93.0 0.405 450.0 0.902

144.0 0.504 519.0 0.951

0975
10.995

0.999

98.
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TABLE 23
NUMERICAL SOLUTION FOR DIFFUSION INTO A PLATELET
' WITH B = 25.0
T % 103 Z T x 103 Z T x lO3 Z
5.2 0.100 - 130.0 A 0.501 L06.9 0.901
-20.8 0.200 187.2 0.601 434.2 0.935
6.8 0.300 254.8 0.701

83.2 0.401 ~ 331.5 0.801



TABLE 30

t,min

0.5

6.0
7.0

8.0

100,

NITROGEN ADSORPTION ON EVACUATED TYPE 4A PELLETS

(1/16") AT -78°C and 1.0 ATMOSPHERE

Q,cc/g

9.95

12.64

15.00
17.04
18.54
20.36
21.65
24.76
27.33
28.73

30.66

t,min

10.0
11.0
13.0
16.0
20.0
25.0
30.0
36.0
41.0
46.0

49.0

Q,cc/g

32.16

33.66

34,84

37.16

L0.06

43.38

46.380

49,58

52.37

55.19’

56.19

t,min

55.0
61.0
,69'0
75.0
82.0
92.0

130.0

149.0

161.0

173.0

185.0

192.0

Qec/g

57.49
58.56
59,86
60.50 e
61.15
61.99
63.u2

~
63.88
64.00
64.09
64.09 ——

64.14

MILLS MEMORIAL LIBRARY

RA-DAASTEES diatan IFrss ey -
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TABLE 31
v )
..NITROGEN DESORPTION ON TYPE 4A PELLETS (1/16")
FROM 1.0 ATMOSPHERE TO 0.50 ATHMOSPHERE AT -789C
t,min Q,cc/g t,min . Q,cc/g t,min Q,cc/g
0.5  63.45 5.0 61.73 20.0 59.84
1.0 63.3% 6.0 61.53 25.0 59.47
1.5 63.02 © 7.0 61.36 35.0 58.88
2.0 62.76 8.0 61.21 43,0 58,41
2.5 62.54 9.0 60.99  10%.0 57.68
3.0 62.33 10.0 60.89 117.0 57.66
3.5 62.16 13.0 60.30  124.0 57.66

5.0 61.95 16.0 59.93



TABLE 32

2.5

3.0

3.5

NITROGEN ADSORPTION ON TYPE 4A PELLETS (1/16")

T 1024

FROM 0.50 ATMOSPHERE TO 0.75 ATMOSPHERE AT -78°C

Q,cc/g

57.95

58.12

58.12
58.36
58.53
58.61

58.78

/' t,min

4.0
5.0
7.0
10.0
19.0
'33.0

L40.0

Q,cc/g

58.94
5%.10
59,35
59.67
60.58
60.68

60.84

t,min

57.0
66.0
90.0

100.0

' 101.0

Q.cc/g

61.04
61l.0u
61.11
61.11

61.17
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TABLE 33
NITROGEN DESORPTION ON TYPE 4A PELLETS (1/16")
FROM 0.75 ATMOSPHERE TO 0.25 ATMOSPHERE AT -78°C
t,min ‘ Q,ce/g  t,min Q.cc/g t,min Q,ce/g
1.0 ' 59.43 5.0 56.74 32.0 51.45
1.5 . 58.88 6.0 56,23 36.0 51.20
2.0 58,36 7.0 55.80 48,0 50.53
2.5 58.04 9.0 55,17 49.0 50.53
3.0 57.74 12.0 54,36 60.0 50.08
= 3.5 57 .44 16.0 53.41 67.0 49,88
4,0 57.23 20,0 52.82 76.0 49.69

4.5 56.91 25.0 52,20 94.0 49.69
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TABLE 34
NITROGEN ADSORPTION ON EVACUATED TYPE 44
COMPRESSED POWDER AT 1 atm and -789C
t,min Q,cc/g t,min Q,cc/g t,min Q.,cc/g
0.5 11.89 16.0 46,31 . 29.0 61.23
1.0 18.06 11.0 47.61 31.0 61.51
1.5 22.66 12.0 48.67 33.0 62.43
2.0 26;47 ' 13.0 49.98 34.0 . 62.82
2.5 28.u8 ! 14,0 50.91 3.0 63.34
3.0 30.99 15.0 51.82 39,0 64,140
3.5 32.95 16.0 52.67 41.0 65.05
4.0 34.69 - 17.0 53.69 48.0 66.63
4.5 36,41 18.0 54,68 50.0 67.18
5.0 37.98 | 19.0 55.25 56.0 68.28
5.5 38.63. 20.0 56.04  70.0 70.30
6.0 39.63 = 21.0 56.58 88.0 71.77
6.5 40.60 22.0 57.10 8.0 72.16
7.0 41.53 24.0 58.49 133.0 73.48
7.5 42.58 25.0 58.99 150.0 73.74
8.5 43.49 - 26.0 59.66 160.0 73.84

- 9.0 44,91 27.0 60.18 172.0 73.84



TABLE 35

t,min -

0.5

6.0

7.0

8.0

NITROGEN DESCRPTION ON TYPE 4A COMPRESSED

POWDER FROM 1 atm to 0.5 atm at -78°C

Q,ce/gm

72.90
72.11
71.12
71.33
70.92
70.53
70.14
69.81
69.74

69.35

t,min

11.0
13.0
15.0
18.0
21.0
25.0
28.0
32.0

36.0

Q.cc/gm

69.01
68.95
68.62
68.23
67.90
67.90
67.44
67.18
67.18

66.8u

t,min

L5,

62.

107.

116.

120.

171,

182.

190.

196.

207.

0 .

0

0

0

0

0

o]

0

0

0

Q,cc/gm

66.87
66.40
65.99
65.99
65.99
65.88
65.60
65.60
65.60

65.54

1058,

—
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TABLE 36

NITROGEN DESORPTION ON TYPE 4A COMPRESSED
POWDER FROM 1 atm to 0.25 atm at -78°C

t,min Q,cc/gm t,min Q,cc/gm t,min Q,Icc[{

0.5  71.u49 12.0 62.27 40.0 57.36
1.0 70.59 13.0 62.01 43.0 57.11 =
1.5 69.78 15.0 61.47 46.0 56.82
2.0 69.01 116.0 61.20 50.0  56.52
2.5 68.39 17,0 60.92 53.0 56.49
3.0 67.90 118.0 60.68 58.0 '56.26
3.5 67.38 20.0 60.19 64,0 56.00
4.0 66.82 22.0 59.76 4.0 55.94
4.5 66.53 240 59.50 94.0 55.6u
5.0 66.03 5.0 59.30 111.0 55.55
6.0 65.47 7.0 59.20 129.0 55,55
7.0 64,69 29.0  58.52 138.0 55.39
8.0 64.17 31.0 58.26 152.0 55.13
9.0 63.89 34.0 58.00 184.0 54.99

10.0 63.37 37.0 57.52 200.0 55.05



.

TABLE 37

NITROGEN ADSORPTION ON TYPE 4A.COMPRESSED

POWDER FROM 0.5 atm to 0.75 atm at

-78°C .
t,min Q.,cc/gm t,min - Q,cc/gm t,min
0.5 66.42 6.0 68.80 30.0
1.0 66.42 8.0 68.90 39.0
1.5 67.16 8.0 69.26 50.0
2.0 67.26 12.0 69.55 59.0
3.0 67.67 15.0 - 69.95 82.0
4,0 68.41 22.0 70.34 1850.0

107

Q,cc/gm

70, Lu
70.88
?0.99
71.28
71.30

72,61
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TABLE 38°
~
\
VOLUME ADSORBED AT EQUILIBRIUM OF CO2 on TYPE 4A ~
COMPRESSED POWDER - .
’)
Temp, °c Pressure, atm Volume Adsorbed/
- g Catalyst
~-78 0.750 144,60
-78 0.375 . 143.60
-78 0.175 140.90
°
0"C : 1.00 104,00
0% 0.75 999.70
0°¢ 0.50 96,00

0°C 0.25 89.10



TABLE 39

METHANE ADSORPTION ON EVACUATED TYPE u4A PELLETS

t,min
0.5

1.0

2.0
2.5

3.0

L, 0

5.0

7.0

12.0
16.0
20.0
25.0
38.0
L3.0

49.0

(1/16") at 1.0 ATMOSPHERE and -78°C

Q,ce/g

2.31
3.36
b.11
4,66
5.43
5.75
6.18
6.62
7.39

8.14

8.80

9.99

11.73

13.80

15.65

17.40

21.87

23.61

25.45

t,min
66.0
74.0

89.0

102.0

110.0
l41.0
157.0
168.0
177.0
188.0
204.0
223.0
260.0
278.0
291.0
306.0
326.0
335.0

343.0

Q,cc/g
29.70
31.86
35.01
37.45
38.96
43,44
45,73

W7.1h

48.23 |

Lg.50

51.13

53,01

56.13

57.43

58.30

59.30

60.68

©1.00

61.55

-t,min

363.0°

383.0

400.0

433.0

L48.0

459.0

L76.0

497.0

511.0

528.0

561.0

573.0

580.0

606.0

821.0

1200.0

1580.0

Q,cc/g
62.75
63.63
64.51
65.86
66.49
66.92
67.47
67.98
67.43
68.64
69.07
69.24

69.61

-70.10

72.20

77.u48

78.75

i
4

109,



TABLE 40

t,min

0.5

1.0

2.0

4.0

5.0

700

15.0

METHANE DESORPTION ON TYPE 4A PELLETS (1/16")

FROM 1.0 ATMOSPHERE to 0.50 ATMOSPHERE AT

Q,cc/g

78.93
78.82
78.65
78. 44
78.39
78.12

77.47

t,min

23.0
31.0
65.0
80.0
101.0
164.0

188.0

-78°C

Q.ce/g

77.04
76.77
75.45
75.68
75.38
Th.Th

74,54

t,min

204.0
253.0
273.0
302.0
324.0

337.0

Q,cc/g

T4.35
73.99
73.95
73.78
73.52

73.52

110.
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TABLE 41
¥ - METHANE ADSORPTION ON TYPE 4A PELLETS (1/16")
) "'FROM 0.50 ATMOSPHERE TO 0.75 ATMOSPHERE AT
=78°C _ !
i t,min Q,cc/g t,min Q.cc/g t,min Q,cec/g
1.0 - 73.65 11600 4,77 81.0 76.30
1.5 74.05 20.0 74.93 109.0 76.47
3.0 73.97 25.0 75.09 134.0 76.72
4.0 74,05 . 36.0 75.50 209.0 76.91
6.0 74.21 46,0 75.57 218.0 76.91
9.0 7h.,45 57.0 75.82  256.0 77.08

13.0 74,60 ©8.0 75.98



TABLE 42

6.0
7.0

8.0

900

METHANE DESORPTION ON TYPE 4A PELLETS (1/16")

FROM 0.75 ATMOSPHERE to 0.25 ATMOSPHERE AT

-78°C

Q,cc/g t,min Q.,cc/g t,min
75,82 12.0 74,02 101.0
75.73 16.0 73.64 109.0
75.66 24,0 73.04 123.0
75.37 25.0 72.87 135.0
75.08 35.0 72.38 153.0
74.94 42.0 71..97 217.0
74.81 52.0 71.53 228.0
74.62 64.0 71.03 238.0
74.39 71.0 73.29 385.0
74,28 95.0 70.16

Q.ce/g
70.02
69.91
69.62
69.u48
69.04
68.26
68.13
68,13

67.67

112.



TABLE 43

t,min

- | 1.0
2.5
4.0
5.0
6.0

6.5

. 8.0
9.0
12.0
17.0
18.0
22.0
25.0
27.0
29.0
30.0
32.0
35.0
43.0
45.0
50.0
60.0
gf 74.0

113,

METHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED

POWDER AT 1.0 ATMOSPHERE AND -78°C

Q,cc/gm

1.37
1.89
2.54
3.20
3.59

e WG1L

4.63

5.15"

6.84

7.75

8.42

9.98
11.02
11.77
12.03
12.42
12.88
13.85
15.93
16.32
16.83
19.43
22.15

t,min

83.0
86.0
92.0
§5.0

; 98.0
100.0

232.0
236.0
267.0
310.0
330.0
349.0
382.0
543.0

1028.0

1029.0

1045.0

1056.0

1073.0

1092.0

1103.0

1151.0
1172.0

Q,cc/gm

23.84
24,54
24,87
26.06
26.37
27.15
42,94
43,54
46.53
49.81
51.27
52,17
54.13
62.03
73.47
75.70
74.78
75.87
75.00
75.33
75.40
75.78
76.08

t,min

1195 .0
1332.0
1346.0
1379.0
1405.0
1u435.0
1465.0
1650.0
1695.0
1762.0
1822.0
2517.0
2543.0
2601.0
2639.0
2816.0
2847.0
2958.0
3184.,0
3242.0

Q,cc/gm

76.46
77.05
77.08
77.25
77.64
77.60
77.73
77.82
78.61
78.53
78.66
78.38
78.74
79.57
79.71
78.97
80.00
80.10
80. 44
80.4y4
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TABLE 44
™~
\\\
'METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER -

FROM 1.0 to 0.75 ATMOSPHERE AT -78°C .
t,min Q,cc/gm t,min Q,cc/gm t,min Q,cc/gm
1.0 79.54 74.0 78.47 273.0 77.07
7.0 79.35 .84.0 78.38 473.0 76.23
17.0 79.13 119.0 78.14 1029.0 75.74%

32.0 78.96 146.0 77.95

47.0 78.73 225.0 77.33
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TABLE 45
METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER
FROM 0.75 %o 0.50 ATMOSPHERES AT -78°C

t,min Q,cc/g t,min Q,cc/g - t,min Q,cc/g

2.0 75. 18 ' 75.0 73.21 1018.0 70.68

5.0 75.07 101.0 73.16 1054.0 71.64
21.0 74,75 200.0 72.56 1132.0 TL.4,7 . e

40.0 73.87 292.0 72.34 1227.0 71.02

59.0 73.65 295.0 71.98 1647.0 70.42



TABLE 46

t,min

13.0
30.0
L0.0

49.0

METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER

FROM 0.50 to 0.25 ATMOSPHERES AT -78°C

Q,cc/g

70.23
70.17
69.81
68.90
.68.75

68.62

t,min

68.0

72.0

87.0

99.0

113.0

124.0

Q,cc/g

68.02
68.02
67.84
67.68
67.28

67.13

t,min

146.0
167.0
178.0
840.0
848.0

945,0

Q,cc/g

66.74
66.58
66.51
64.37
ol .34

64.34
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TABLE 47

METHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED
POWDER AT 0°C and L ATMOSPHERE

f,min Q,cc/g | t,min Q.cc/g t,min Q.cc/g
1.0 4.64 11.0 18.65 48.0 25,81
1.5 - 6.59 12.0 19.23 53.0 6.2
2.0 7.91 /13.0 19.82 82.0 27.01
2.5 9.09 14.0 20.49 99,0 27.34
3.0 10.27 15.0 21.02 116.0 26.94
3.5  10.79 17.0 21.56 141.0 26.98
4.0 11,84 18.0 22.18 188.0 27.33

4. 12.36 20.0 22.58 213.0 27.18
5.0  12.88 21.0 22.70 © 238.0 27.46
6.0 14 .46 22.0 22.96 249,0 27.49
7.0 15.11 24.0 23.57 - 262.0 27.46
7.5  16.04 - 27,0 24,07 291.0 27.40
8.0 16.17 . 32.0 24,68 303.0 27.46
9.0 17.21 37.0 25,42 843.0 27.67

" 9.5 18.00 42.0 25.61
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"TABLE 48

METHANE DESORPTION ON TYBE 4A COMPRESSED POWDER
FROM 1 ATMOSPHERE TO 0.75 ATMOSPHERE AT 0°C

t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5 26.71 10.0 23.84% 40.0 22.28
1.5 26.07 £13.0 23.u45 63.0 22.25
3.5 . 25.19 24.0 22.90 533.0 21.63

. 6.0 24,44 31.0 22,51 1500.0 21.30
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TABLE 49
" METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER
FROM 0.67 ATMOSPHERE to 0.50 ATHOSPHERE AT
05C_

t,min Q,ce/g t,min Q,cc/g t,min Q,cc/g\\\\\
0.5 19.40 ‘7.0 17.63 78.0 15.82
1.0 . 19.33 10.0 17.18 114.0 15.72
1.5 18.96 12.0 17.13 135.0 15.63
2.0 - 18.88 13.0 17.63 194.0 15.70
2.5 18.49 20.0 16.71 300.0 14.57
5.0 18.36 31.0 16.04 1090.0 14.88

6.5 17.96 . L6.0 16.21



TABLE 50

METHANE DESORPTION ON TYPE #A COMPRESSED POWDER

FROM 0.5 ATMOSPHERE TO 0.25 ATMOSPHERE AT 0°C

105

2,0

2.5

3.0

3.5

4.5

5.5

7.5

Q,cc/g

14.29

13.94
13.61
13.33
13.03
12.72
12,43
12.13
11.80
11.48

1l.19

10.5

13.0

- 15.0

18.0

20.0

23.0

28,0

36.0

42.0

49.0

Q,cc/g
10.89
10. 44
10.21

9.90
9.62
9.37
9.34
9.02
8.72
8.66

8.31

t,min

59.0

70.0

92.0
110.0
135.0
150.0
176.0
205.0
240.0

308.0

120%

Q,cc/g
8.31
8.31
7.92
8.07
8.21

8.17

7.89
7.88

7.29
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TABLE 51
METHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSEﬁ\\\\
POWDER AT 30°C and 1.0 ATMOSPHERE
t,min  Q,cc/g t,min Q,ce/g t,min Q,cec/g
1.0 5.16 4.5 10,56 16.0 13.74
1.5 6.59 5.0 ©11.09 35.0 14.03
2.0 7.91 6.0 11.61 44,0 14,42
2.5 8.56 7.0 11.97 56.0 14.56
3.0 9.35 8.0 12.38 70.0 14,37
3.5 9.90 8.5 12.77 72.0 14,61

4.0 10.29 - 11.0 13.42



TABLE 52
METHANE DESORPTICN ON -TYPE u4A COMPRESSED POWDER
FROM 1.0 ATMOSPHERE TO 0.75 ATMOSPHERE at 30°C
t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
/ .
0.5 12.83 4,0 11.52 60.0 10.54
1.0 12.72 7.0 11.13 4.0 10.61
1.5 12,33 29.0 10.69 80.0 10.66

2.0 11.91 45,0 . 10.67



TABLE 53

METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER

t,min

1.5

2.0

4.0

FROM 0.75 ATMOSPHERE TO 0.50 ATMOSPHERE AT 30°C

9.12

8.806

8.72

8.0

11.0

17.0

Q,ce/g
8.39
8.33
8.00
8.00

7.72

t,min
3l.0
37.0

607.0

Q,cc/g
7.72
7.72

7.71

123,



TABLE 54

METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER

FROM 0.5 ATMOSPHERE TO 0.25 ATMOSPHERE. AT 30°C

© t,min

0.5

1.5

2.0

2.5

Q,cc/g

6.82
6.48
.15

5.84

5.55

t,min

. 3.5

5.0
6.0
13.0

27.0

Q,cc/g

5.26

4.38

4,1y

t,min
48,0
95.0
116.0
125.0

141.0

124.

Q,cc/g
4,15

3.90

3.96

3.92
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TYPE 55
METHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED
POWDER AT 509C and 1.0 ATMOSPHERE
t,min Q,cc/g s,min Q,cc/g t,min Q,cc/g
1.0 5.22 3.0 7.81 7.5 9.11
1.5 6.39 3.5 8.20 12.0 9.24
2.0 6.91 50 8.72 23.0 9.34

2.5 7.30 - 6.0 8.85. 34.0 9.35
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TABLE 56

METHANE DESORPTION ON TYPE 4A COMPRESSED PQWDER FROM
1.0 ATMOSPHERE to 0.50 ATMOSPHERE AT 50°C

t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5 , 7.58 | 2.5 5.94 23.0 5.03
1,0 7.11 4.0 5.49 30.0 5.03
1.5 6. 72 8.5 5.10 70.0 5.00

2.0 " 6.33 i4.0 5.03
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TABLE 57
METHANE ADSORPTION ON TYPE 4A COMPRESSED POWDER
FROM 0.33 ATMOSPHERE TO 0.75 ATMOSPHERE AT 50°C
t,miﬁ Q,cc/g t,min Q,cc/g t.min Q.,cc/g
/ .
0.5 5.23 2.5 6.91 13.0 7.68
1.0 5.73 4.0 7.30 46.0 7.66
1.5 6.13 7.0 7.30

2.0 6.52 10.0 7.58
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"TABLE 5§
METHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM
0.50 ATMOSPHERE TO 0.25 ATNMOSPHERE AT 50°C

t,min Q,cc/g - t,min Q.cc/g t,min Q,cc/g
0.5 4,40 3.0 3,28 30.0 2,24
1.0 4.02 /! 7.0 2.89 46.0 - 1.84
1.5 3.69 13.0 2,72
2,0 3.59 21.0 2.36



TABLE 59

t,min
0.5
2.0
4.0
5.5
9.5
10.5
40.0
41.0
46.0
52.0
53.0
" 65.0
72.0
8u.0
90.0
87.0
102.0
112.0
120.0

ETHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED

POWDER AT 1.0 ATMOSPHERE AND -78°C #

Q,cc/g
1.23
1.20
1.19
1.37
1.60
1.86
3.54
3.63
3.83
4.06
4,50
4.86
5.23
5.62
6.01
6.17

6.41 "

7.06
6.93

t,min

121.0

i47.0
161.0
1 176.0

187,.0

295.0
329.0
374.0
408.0
461.0
490.0
1177.0
1192.0

' 1392.0

1412.0
1520.0
1637.0
1715.0
1380.0

Q,cc/g
7.17
8.04
8.72
9,02
9.57

11.91
12.56
13.09

13.68

14.52
14.78
22.60
22.56
23.63
23.57
24,40
24,96
25.04

125.65

t,min
1930.0
2020.0
2537.0
2574.0
2634.0
2677.0
2732.0
2841.0
2965.0
3157.0
3277.0

3367.0

3983.0

4022.0

4132.0
4177.0
4303.0

4378.0

% Leak started in Equipment after 4378 minutes.

Q,cc/g
26,56
27.21
30.61
30.68
31.01
31.45
31.84
32.36
33.57
33.82
34.17
34.72
37.32
37.46

- 37.52
38.00
38.98
39.40
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" TABLE 60

ETHANE ADSORPTION ON EVACUATED TYPE u4A COMPRESSED

4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
9.5

10.0

POWDER AT 1.0 ATMOSPHERE AND 0°C

Q,cc/g

4,09

6.84

8.42
11.63
13.46
15.30
16.87
18.36
19.81
20.99
22.01
23.18
24,10
25.14
26.20
27.11
29.55
30.22

t,min

10.5
11.0
11.5
12.5

- 13.0

13.5
14.0
15.0
16.0
19.0
20.0
21.0
22.0
25.0
26.0
27.0
28.0
30.0

Q,cc/g

31.00
31.65

32.11

33.41
34,20
34,56
35.34
36.12
37.29
40,12
40,64
41.56
42,34
44,23
45,01
45,53
46,04
u7.02

t,min

33.0

34,0 -
38.0

43.0
37.0
56.0
63.0
72.0
84.0
98.0
104.,0
137.0
151.0
167.0

816.0

822.0

Q,cc/g

48.58
48.00
50.38
51.82
52.72
54,37
55.38
56.13
57.04
57.69
57.81
58.27
58.143
58.65
59,41
59.53
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TABLE 61

ETHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM
1.0 ATMOSPHERE TO 0.50 ATMOSPHERE AT 0°C

t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5 . 58.88 8.0 57.71 26,0 57.33
1.0 58.80 - 11.0 57.62 35.0 57.17
1.5 58.54 14.0 57.50 43.0 ) 57.14

3.0  58.18 18.0 . 57.34 54.0 © 57.03

———



TABLE 62

" ETHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM

132.

'0.50 ATMOSPHERE TO 0.25 ATMOSPHERE AT 0°C

t,min. Q,cc/g

56.33
2.0. 56.03
3.0 55.72
5.0 55.39

t,min

10.0
17.0
23.0
32.0

Q,cc/g

' 54'83

54,52
54,24
54.28

t,min

39.0
42.0
92.0
113.0

Q,cc/g
NG

53.98

163.98

53.98

'53.92
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i “TABLE 63 -
ETHANE ADSORPTION ON TYPE 4A COMPRESSED POWDER
FROM 0.25 ATMOSPHERE TO 0.75 ATMOSPHERE AT 0°C
t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
/ .
1.0 . 54.58 5.0 56.19 14,5 57.36
1.5 54,87 6.0 56.38 20.5 57.56
2.0 55.26 7.0 56.58 . 43,0 58.01
2.5 . 55,57 10.0 - 56.97° 53.0 .  58.05
3.5 55.75 . 11,0 57.07 91.0 57.92

4.0 55.96 11.5 - 57.16



TABLE 64

ETHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED POWDER

t,min

1.5
2.0
2.5
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0

AT 0.87 ATMOSPHERE AND 30°C

Q,cc/g

14,21
17.06
19.56
21.83
25.59
28.21
30.83
32.65
34 .35
36.06
37.20

t,min

12.0
14.0
17.0
1.0

24,0

26.0

33.0

48.0
59.0
73.0

85.0

.Q,cc/g

39.31
40.90
42.61

- 143,48
45.65
W7 .44
48,22
48.63
49.07

49,29

t,min

93.0
109.0
124,0
183.0
238.0
243.0
298.0
344.0
484.0
514.0

~

134,

\ .

Q,cc/g

Lg.41
49.52
49.75
Lg.94
49.98
50.08
50.23
50.23
50.64
50.61
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TABLE 65

'ETHANE ADSORPTION ON TYPE 4A COMPRESSED POWDER FROM
0.87 ATMOSPHERES TO 1.0 ATMOSPHERES at 309C :

W t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5. . 51.03 62.0 51.69 827.0 52.25
/
5.5 51.42 - 77.0 51.62 866.0 52.11
. 11.0 51.43 118.0 51.71

26.0 51.56 169.0 51.81
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'TABLE 66 .

ETHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM
1.0 ATMOSPHERE TO 0.50 ATMOSPHERE AT 30°C
t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5 50.16 4,0 48,52 66.0 46,60
1.0 . 50.01 4.5 48,29 87.0 46.47
f
1.5 - 49,65 5,5 48,02 102.0 46,54
2.0 49,32 8.5 ° 47.64 124.0 46.53
2.5 49,06 12.0 47,31 159.0 46,46
3.0 48,78 19.0 46.96 199.0 46,38

3.5 48.60 41.0 46.62 329.0 46 . 4l
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i

ETHANE

......

DESORPTION ON TYPE 4A COMPRESSED POWDER FROM

t,min

0.5

1.0

2.0

. 3.0

4.0

5.0

6'0

0.50 ATMOSPHERE TO 0.25 ATMOSPHERE AT 30°C

l Q,cc/g
44,26
43,80
43.39
42.94
H2.4%
42,00
41.80

41,4k

t,min

7.0

9.0

12.0

17.0

22.0

30.0

Ly .0

‘Q,ce/g
41.24
41,03
40,88

"40.50

40.14 .

39.76
39,59

39.57

t,min

54.0

81.0

99.0

131.0

150.0

711.0

Q,cc/

39.3

137,
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39.33°

39.30

39.24

39.17

39.04

TS



138,

TABLE 68

ETHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED POWDER
AT 00.50 ATMOSPHERE AND 309C
4
t,min Q.cc/g t,min Q,ce/g  t,min Q,cc/g
N~
. ' S~
1.0 7.97 10.5 30.54 43.0 41.50
1.5 9.82 11.0 31.06 . 50.0 u2.08
2.0 13.14 11.5 31.59 58.0 42,67
2.5 15.07 © 12.0 32,04 69.0 - . 43.12
3.0 16.66 12.5 32.34 78.0 43.49
3.5 18.31 13.0 32,94 96.0 43.88
4,0 19.90 14.0 33.47 109.0 44,06
4.5 20.99 . 15.0 34.09 122.0 44,26 -
5.0  22.05 16.0 34.7¢ . 137.0 44, 36
5.5 23,05 ~  17.0 35.34  164.0 44,66
6.0 24,18 18.0 35.87 174.0 44,59
6.5 214,96 19.0 36.29 253.0 - u44.91
7.0 25.82 20.0 36.70  287.0 45.03
7.5 26.82 °  21.0 37.09 320.0 45.17
8.0 27.34 23.0  37.82 363.0  145.20
8.5 27,99 25.0  © 38.55 391.0 45.26
9.0 28.80 27.0 39.13  585.0 . - U45.56
9.5  29.3%  31.0 39.88 691.0 45,84

10.0 30.00 36.0 40.76 811.0 46.30
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. TABLE 69

ETHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED
POWDER AT 1.0 ATMOSPHERE AND 50°C

-y

t,min Q,cc/g . t,min Q,cc/g t,min Q,cc/g
1.0 12.15 8.5 . 35,51 41.0 42,96
1.5 16.80 9.0 .35.77  u7.0 43.15 T
£ 2.0 19.92 , 9.5 36.41 59,0 . 43,43
2.5 22.41  10.0 36.80 70.0 43,56
3.0 24.38 10.5 37.32 82.0 43.49
3.5 26.07 . 11.0 37.59  90.0 43.65
4.0 27.65 12.0 38.11 100.0 " 43,70
5.0 29,81 13.0° 38.76 104.0 43,80
5.5 30.87 17.0 40,25 208.0 44,09
6.0 31.75 20.0 40.76 230.0 44,37
6.5. 32.79 24.0 41.61 247.0 44.33
7.0 33.54 25.0 41,90 267.0 44,30 -
7.5, 34.33  31.0 42,26

8.0 34.85 1 38.0 42,71



TABLE" 70

' ETHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM

' 1.0 ATMOSPHERE TO 0.50 ATMOSPHERE AT 50°C

t,min

005
1.0

1.5 .

2.0

2.5

3.0
,3.5

~Q,cc/g

41.90
40.93
40.54
40.15
39.50

39.u4l

39.11

t,min

‘4,5

6.0

7.0
11.0
21.0
30.0

46.0

Q,cc/g

38.74
38.39
38.13
37.55
37;42
26.71
36.06

t,min

77.0

78.0
105.0
123.0

'653.0

679.0

Q,cc/g

34.99

36.75

36.74

36.65
36,84
36.51

140,
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TABLE 71 .

ETHANE DESORPTION ON TYPE 4A COMPRESSED POWDER FROM
0.50 ATMOSPHERE TO 0.25 ATMOSPHERE AT 50°C

t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
1.0 34,22 5.5 30.87 4.0 28,63
1.5 33.68 6.0 30.68 19.0 28.35
2.0 33.08 6.5 30.41 21.0 28.05
2.5 32,50 7.0 30.38 30,0  27.82
3.0/ 32.34 7.5 30,10 . 37.0 27.79
3.5 32.04 - 8.5 . 29.73 °  146.0 27,56
4.0 31.74 - 9.5 29,45 61.0 27.59

e,

5,0 - . 3L 11.0 . 29,12

an
)
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TABLE 72
ETHANE ADSORPTION ON TYPE 4A COMPRESSED POWDER FROM
0.50 ATMOSPHERE TO 0.75 ATMOSPHERE AT 50°C ;\
S~
t,min Q,cc/g t,min Q,cc/g t,min Q,cc/g
0.5 37.52 3.0 39.30 87.0 41.16
/ . :

1.0 37.91 ) 5.0 39.69 93.0 41.12
1.5 38.30 6.5 40.00 106.0 41.12

2.0 38.71 18,0 - 40.69

2.5  39.00 52,0 40,99



TABLE 73

- ETHANE ADSORPTION ON EVACUATED TYPE 4A COMPRESSED POWDER

-t,min

1.0
105
2‘0

2.5
3.0

3.5
4.0
4.5

5.0 '

5.5
6.0
6.5
7.0
7.5

AT 0.50 ATMOSPHERE AND 50°C

Q,cc/g

8.31
10.95

'12.97

14.76
16.34
17.64
18.10

19.68

20.53
21.43
22.08
22.87
23.39
24,02

t,min-

/

8.0
8.5
9.0

10.0

11.0

12.0

13.0

15.0

16.0

17.0

18.0

22.0

25.0 |

32.0

- Q,ce/g

24.28
24,80
25,20
26.04
26.84
127,36
27.89
28.92

29.18

29 .44
29.7u
30.67
31.27
32.01

t,min

38.0
44,0
52.0
60.0
72.0
95,0

126.0

153.0

210.0

238.0

278.0

806.0

" 864.0

Q,cc/g

32.81
33.00
33.53
33.76
34,17
34.60
34,66
34.80
35.11
35.31
35.L44y

 36.51
36.51
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—



~ APPENDIX II

Check of Computer Program.
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If theoretical equations are not available to check the results
of the computer program, then a change in the nunber of intervals into
which the particle is subdivided can be examined. For example,
if the equations based on finite difference methods in the computer
program are correct then a change from 21 to 11 intervals will not
change'the results.i This was done in the case of the sphere and the
results are shown in Figure 42. The agreement between the results
based on 21 and 11 inte.rvals’is_very close.

v
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FIGURE 42: T

Comparison of Change of Number of Intervals in

the Computer Program as 2 versus Tifor the
Sphere at B = 0.0.

: 11 intervals
: 21 intervals i

0
0
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APPENDIX III

Reproducibility of Experimental Results.

=1
!
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This section is concerned with the reproducibility of the
experimental results. Runs were repeated through the experimental
portion and Figure 43 is typical of the results. The agreement is
very close as shown for Ethane adsorption on Type 4A compressed powder
at 0°C and 1 atm. The experimental readings were always _within 0.1 cc.
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FIGURE 43: - ‘

Check on the Reproducibility of Experimental
Results as Q versus /Time for Ethane on Type
4A Compressed Powder at 1 atm. and 0.

0 : Original Experimen
0 : Check :





