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ABSTRACT

This thesis represents a pioneer study on the possible role of
changes in silica gel characteristics on its adsorptive capacity. It
was hypothesized that the elevated pressure and temperature commonly used
in regeneration of the gel in commercial processes might consequently
alter the structure.

It has been shown for the first time in a semi-quantitative way,
that the adsorptive capacity is a function of the pressure and tempera-
ture of regeneration. It has further been found that the time of such
exposure, i.e., the number of cycles has also affected the adsorptive
capacity of silica gel by changing its surface area due to a change in
regeneration pressure.

Also the adsorptive capacity of silica gel has been found to be
a function of surface area and pore volume. It would appear that any
combination of time and pressure that caused a given reduction in sur-
face area would yield a given capacity for the material studied and that
pore volumeAand surface area are dependent variables. Either may be used
to characterize gel behavior with pressure and time.

X-ray diffraction was used to investigate the quantitative
reasons that affect the adsorptiye capacity of silica gel. Three differ-

ent types of investigations were performed on silica gel.
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1. Effect of temperature alone under atmospheric pressure.

2. Effect of repeated heating to high temperature and cooling

to room temperature.

3. Effect of regeneration temperature and pressure as used

under commercial conditions in adsorption plants.

A1l three types of investigations have shown a change from high
order to low order diffraction patterns as temperature, pressure, and
number of repeated heating and cooling increase, i.e., all three types
investigations have shown a gradual gain in crystallinity.

It has been also possible for the first time, to correlate the
effect of increased relative intensity of the different diffraction pat-
terns with other variables, e.g., surface area, adsorptive capacity, in
an empirical type of equations. Such equations can be used as a basis

for future investigators to further explare this area.
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THE EFFECT OF REGENERATION TEMPERATURE AND PRESSUBE
ON THE ADSORPTIVE CAPACITY OF SILICA GEL IN
A HYDROCARBON ENVIRONMENT

CHAPTER I
INTRODUCTION

Silica gel finds widespread application as an absorbent for
water and/or hydrocarbons in the petroleum industry. Fixed bed units
consisting of two or more towers are employed. Once a tower becomes
saturated with the desired adsorbate(s), it is regenerated by passing
hot gas through it for the purpose of "éfripping" the adsorbate from
the surface.

In the most common three tower plant, one tower is adsorbing,
one is being regenerated and the third is being cooled. The exact means
of accomplishing this mechanically varies fréh plant to plant, Regard-
less of the other differences, it is customary to regenerate at system
pressure until the outlet gas ‘emperature attains 450-500°F. Said
pressure customarily varies from 400-1200 psig.

Silica gel is an amorphous solid which possesses a surface
area of 200-800 square meters per gram by virtue of being honeycombed
throughout with capillaries. From a thermodynamic viewpoint all the
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amorphous materials are somewhat unstable. According to classical con-
cepts, the physical state of a substance depends on a balance between the
kinetic energy of the molecules and the potential energy of the forces
of interaction that bind these same molecules (or aﬁoms) together. This
balance depends on both pressure and temperature. There is not as much
difference between gases and liquids as between liquids and solids. Gases
and liquids differ in that the potential energy of the latter has become
a significant factor. We characterize this by means of density and vis-
cosity. When the potential energy exceeds the kinetic, the system passes
over to the solid state. The lowest possible particle energy (most or-
dered system) exists when said particles have an ordered symmetrical
arrangement. Therefore all solids ultimately progress toward a crystal-
line structure.

Amorphous materials such as silica gel, although they are "solid"
to the touch, are basically fluids with a very high viscosity. Given
enough time at ambient conditions they too would become crystalline.

This raises the question as to whether or not use of elevated
temperatures and pressures for regeneration of silica gel in commercial
processes accelerates such crystallization to a measurable degree. Both
temperature and pressure would potentially produce a more ordered ar-
rangement based on both thermodynamic theory and past observations with
other amorphous materials. Any such crystallinity produced would result
in less surface area and less effective adsorption capacity. Such change
would be additive with any other changes in surface characteristics or
contamination by thermal cracking that inevitably occurs to at least

some degree at elevated temperatures.
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Past experience has shown that the adsorptive capacity of silica
gel degrades with usage. It falls rapidly during the early life and then
gradually levels out to produce a capacity versus time curve that has
the general shape of a portion of parabola. In commercial units it is
known that this degradation results from cracking of the heavier hydro-
carbon molecules which "plug®? the capillaries, heavy oils that cannot be
easily regenerated (commonly called "heel"), and precipitation of sulfur
and its compounds. One or all of these is present to some degree in
any commercial unit. Consequently, it is customary to relate the ef-
fective life of any adsorbent bed to the level of such contamination
present. Depending on this level, bed life will vary from a few months
to five years, the average being about two years. Surprisingly enough,
no formal consideration has ever been given to the possible role that
regeneration temperature and pressure might play in the degradation.
The primary purpose of this investigation has been to ascertain the
effect of these parameters. A series of controlled tests were made in
. which all of the above factors normally considered to affect degrada-
tion have been minimized to a point that they could have no measurable
effect on capacity. All runs were made with a lean natural gas con-
taining over 99 percent methane which will not crack or form a signifi-
cant film. Consequently, any significant change in adsorptive capacity
would necessarily be dependent on a change in the basic structure of
the silica gel. Precise measurement of pore size, surface area, and
x-ray diffraction patterns of silica gel were made in. order to have a
quantitative picture of any changes in characteristics which might

accompany a loss in capacity.
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Knowledge of this behavior is of extreme importance to the
petroleum industry. It would lead to a means of optimizing the regen-
eration portion of the cycle with a potential saving of millions of
dollars in reduced heat requirements, silica gel costs and plant down-

time.



CHAPTER II
PREVIOUS WORK

A great deal of attention has been focused on the mathematical
models by which one may predict dynamic adsorption performance.(8’9’1o’
11,14,15,17,24,25,27) pimost none have been directed toward the effect
of pressure and temperature on silica gel characteristics. Degradation
of silica gel in service has been recognized but its inclusion in system
design has at best been qualitative. Consequently it has been presumed
(although never proven) that protection of the adsorbent from delete-
rious materials was the primary problem. It is interesting to note

though that noticeable degradation occurred even when contamination did

not appear to be a significant factor.

Silica Gel Behavi. -

Most of the X-ray diffraction work on silica gel has been
performed either under vacuum or atmospheric pressure, at_high temper-
ature., The Debye-Scherrer camera or powder method (12) has been pri-
marily used.

Patrick, Froyer, and Rush(34) determined that the capillaries
in silica gel began to close when the gel was heated to 700° C.

Milligan and Hachford'??) made a study on the effect of ele-
vated temperatures on silica gel having a surface area of 380 m?/grm.

5



6
Samples were heated two hours at temperatures from 200° C to 1000° C;
they reported that in no case did X-rays reveal any crystallization.
Kreger and RiesSB7) as well as Bastick,(B) believed that there
is a growth of a crystalline phase at the expense of the amorphous dis-

persed phase.

Milliken, Mills and Oblad(BO) noted that, with 2 per cent A1203,
a gel which had been heated to 1000° C gave us a much stronger pattern
of cristobalite than silica gel containing no alumina. On the other hand
with still more alumina the cristobalite pattern became weaker. The
most significant point is that small amounts of alumina greatly strength-
en the cristobalite pattern in silica after the gel is heated to high
temperature.

Raccawski and Richter(2?) concluded that the S10, in the silica
gel had a sign of crystallization. Also Krejci and Ott(23) reported
that freshly prepared silicic acid gels contained crystalline centers
of colloidal dimensions.

Evidence of a change from the amorphous to a crystalline form
has been evidenced although the exact mode and degree of such change
has not been clearly defined. 1In a very general way this confirms the
hypothesis that an amorphous material will ultimately become crystal-
line. It is simply a matter of what set of conditions will accelerate

this process enough such that it becomes a matter of practical concern.

Dynamic Adsorptien.
Physical adsorption is a reversible phenomenon, and is the

result of intermolecular forces of attraction between molecules of the
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solid and the substance adsorbed. From recent studies of the hydration-
and dehydration of silica it now seems fairly certain that the surface
of silica gel is ordinarily covered with a monolayer of hydroxyl groups,(zg)
generally termed "bound water"; and that when silica gel is heated, this
layer is partly removed without sintering the silica, leaving the surface
negatively charged.

Michaels' approach has been used in this work to analyze adsorp-
tion performance because of its simplicity and it yields good results
for both single and binary systems.(zs) Its utility for characterizing
the behavior of multicomponent gases is questionable, but served the
purposes of this work.

Michaels used the principle of ion exchange which is essentially
a chenical reaction between an electrolyte in solution and an insoluble
electrolyte with which the solution is contacted. The mechanisms of
these reactions and the techniques used to bring them about are analo-
gous to adsorption.

The unsteady-state aspects of fixed-bed adsorption and the many
factors which influence the adsorption make such computations for the
general case most complicated. Michaels' simplified treatment is limited
to adsorption from dilute feed mixtures, where the adsorption zone is
constant in height as it travels through the adsorption column, and where
the height of the adsorbent bed is large relative to the height of the
adsorption zone . Many industrial applications fall within these res-
trictions.

Inasmuch as this approach will be used to analyze the results

of this work, a detailed development of the method is included.
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FIGURE A, Concentration of Adsorbent in Effluent versus Time.

Figure A represents an idealized breakthrough curve. This
results from the flow of a solvent gas through an adsorbent bed, enter-
ing with an initial solute concentration Yo. The breakthrough curve
is steep, and the solute concentration in the effluent rises rapidly
from essentially zero to that in the incoming gas. Some low value Yp
is arbitrarily chosen as the break point concentration, and the adsor-
bent is considered as essentially exhausted when the effluent concen-

tration has risen to some arbitrariiy chosen value YE, close to Yo'

- Vz _
®2 i‘I - BE GB (1)
where Gz = time required for exchange zone to move its own height
down through bed under steady state conditions
V, = volume of effluent during time 6,

Vg = velocity of gas
A = total column cross sectional area.

- Similarly, the time required, ©p, for the zone to establish itself at
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the top of bed and to move down out of bed is proportional to total
volume of effluent collected Vgp of
v
T @
Except for a period of time, 6p, when the zone is forming at
the beginning, the zone is descending through bed at constant rate

determined by

v, = 1 (3)
2 8g-&

il

where: hp total height of bed

velocity of zone front.

Vz
Therefore height of exchange zone hZ = Vg Sz
e
hy = hp —2_ (4)
2 eE_eF
The only unknown is 6p which is zone formation time.
During the passage of the zone, the quantity of hydrocarbon

adsorbed from breakthrough to exhaustion of bed is

VE
Qg = (Yo - ¥) av (5)
Vg
where: Qg = total amount adsorbed
VB = volume of effluent collected to breakthrough
Vg = volume of effluent collected to dynamic equilibrium
Yo = concentration of adsorbate in influent

concentration of adsorbate in effluent

=
1]
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If the adsorbent in the zone had been substantially free of

adsorbed components

Qz max = Y.V, (6)

Hence the fraction of adsorbent in the zone which possessed adsorption

capacity is

If

If

1]

L
I QZ ) Vg (Yo -Y) av

o (max) " T, (7)

0 very little material is adsorbed in the zone so it must
have been well saturated.

Therefore 8p = ez

1 the zone must have been substantially unsaturated and

the following relation satisfies this limit.

op = (1-F) e, (8)

Substituting 6p in equation (4)

h = _}ﬂ'.—qgg_ (9)

S A

Bed Length

Concentration of Adsorbate Versus Bed Length
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Q = Qg *Q AR X

capacity of desiccant at saturation under the conditions

n

where XT
of the run in question
= weight adsorbate per unit weight of desiccant
an = bulk density of desiccant

Qg = total adsorbate on bed at breakthrough

Therefore

Qp Qp

= = — —&
Xp A g hp Total Bed Wt. grm bed (10)

Similarly

S8 _em (11)

Xg = — :
B Total bed wt. grm bed

X-Ray Diffraction

Inasmuch as X-ray diffraction plays a key role in the conclusions
drawn from the data, a brief review of the pertinent knowledge is in-
cluded.

X-rays are known to be electromagnetic radiations of exactly
the same nature as light but of very much shorter wavelength. X-rays
used in diffraction have wave lengths in the range of 0.5 -~ 2.5° a
(°A = 1 x 10~8 cm), vhereas the wave lengths of visible light is of the
order of 6000°A.

Electromagnetic radiation, such as a beam of x-rays, carries
energy. The rate of flow of this energy through a unit area perpendicu-
lar to the direction of motion of the wave is called the intensity I.
In absolute units, the intensity is measured in ergs/cm?/sec, but thié
measurement is inconvenient and most x-ray intensity measurements are

made on a relative basis, in arbitrary units.(12)
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X-rays are produced when any electrically charged particle of
sufficient kinetic energy is rapidly decelerated. Electrons are usually
~ used for this purpose. The radiation is produced in an x-ray tube which
contains a source of electrons and two metal electrodes. The high vol-
tage maintained across these electrodes, rapidly draws the electrons
to the anode or target, which they strike with very high velocity. X-

rays are produced at the point of impact and radiate in all directions.(21)

K.E. = eV = -é-m.v2

where: e = charge on electron
V = voltage across the electrodes
m = mass of electron (9.11 x 10'28 grm)
v = velocity just before impact.

K
4
25‘kv

~

Z

ore{

(2]

S

)

+

5

L]

X-Ray Spectrum of Molybdenum Versus Voltage (Schematic)
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When the rays coming from the target are analyzeds12) they are
found to consist of a mixture of different wave lengths, and the vari-
ation of intensity with wave length is found to depend on the tube
voltage.

The smooth curves corresponding to applied voltages of Z0 kv
or less are called white or continuous radiations. On the other hand
when the voltage on an x-ray tube is raised above a certain critical
value, characteristic of the target metal, sharp intensity maxima
appear at certain wave lengths, superimposed on the continuous spectrum
called characteristic lines.

These lines fall into several sets referred to as K, L, M, etc.
The K 1lines of a molybdenum tartet have wave lengths of about O.7°A,
the L 1lines about 5°A., and the M 1ines still higher wave lengths.
Ordinarily the K 1lines are useful in x-ray diffraction, the longer
wave length being too easily absorbed.

The radiation from a copper target have been used to carry out
this work due to the fact that at 30 Kv the Ky lines of a copper tar-
get have an inteusity of about 90 times that of the wave length imme-
diately adjacent to it in the continuous spectrum.

Laue, a German physicist (1912), reasoned that if crystals were
composed of regularly spaced atoms which might act as scattering centers
for x-rays, and if x-rays were electromagnetic waves of wave length
about equal to the interatomic distance in crystals, then it should be
possible to diffract x-~rays by means of crystals.

Bragg, an English physicist (1913), later successfully analyzed

the Laue experiment and was able to express the necessary conditions
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for diffraction in a somewhat simpler mathematical form. Bragg defined
a diffracted beam as a beam composed of s large number of scattered rays
mutually reinforcing one another, i.e., in phase with one another. The
diffraction essentially is a scattering phenomenon in which a large
number of atoms cooperate. Since the atoms are arranged periodically
on a lattice, the rays scattered by them have definite phase relations

between them.

When a beam of x-rays strikes an extended crystal face and

is reflected in the Bragg sense, the phenomenon is not a surface reflec-
tion, as with ordinary light. Parallel to the face is an effectively
infinite series of equispaced atomic planes which the x-rays penetrate
to a depth of several million layers before being appreciably absorbed.
At each atomic plane a minute portion of the beam may be considered to
be reflected. For these tiny reflected beams to emerge as a single

beam of appreciable intensity, they must not be absorbed in passing

through lsyers nearer the surface as they emerge. Far more importantly,
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the beams from successive layers must not interfere and destroy each
other. Bragg demonstrated these conditions in the following manner.
The previous figure shows a section of a crystal, its atoms
arranged on a set of parallel planes A, B, C, D, perpendicular to the
plane of the drawing and spaced a distance 4! apart.(12) Assume that
a beam of wave length jl is incident on the crystal at an angle O,

called the Bragg angle.

Consider rays 1 and 1a in the incident beam. They strike atoms
K and P in the first plane of atoms and are scattered in all direc-
tions. Only in the directions 1' and 1a!' will these scattered beams be
completely in phase and reinforce each other. They do so because the
difference in their length of path between the wave fronts XX' and

YY' is equal to zero.(12)
QKk=PR = PKcos®-PKcos® = 0

Rays 1 and 2 are also scattered by atoms K and L, and their path
difference is
ML +LN = d' sin® +d' sin ®
Scattered rays 1' and 2' will be completely in phase if this path dif-
ference is equal to a whole number n of wavelengths or if:
ndl = 24' sin®
Such a formula is called the Bragg Law.

Since sin © cannot exceed unity

g.dl = sin 8 1

n] must be less than 2d

For diffraction, the smallest value of n is 1 (because n =0
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corresponds to the beam diffracted in this same direction as the trans-
mitted one and it cannot be observed). Therefore, the condition for

diffraction at any observable angle 206 1is:
A <2

Crystal Single Atom

A single atom as shown in the figure scatters an incident beam
of x-rays in all directions in space, but a large number of atoms ar-
ranged in a periodic array in 3-dimensions to form a crystal, as shown
in the figure, scatters (diffracts) x-rays in relatively few directions.
It does so because the periodic arrangement of atoms causes destructive
interference of the scattered rays in all directions except those pre-
dicted by the Bragg law. In these directions constructive interference
(reinforcement) occurs.

The curve of scattered intensity I vs. 26 for a crystalline
solid is almost zero everywhere except at certain angles where high
sharp maxima occur; these are the diffracted beams.

The non-crystalline solids have a structure characterized by a
lack of periodicity which can usually be improved when such solids are
subjected to a certain high temperature and pressure.

The liquids are characterized by an almost complete lack of
periodicity. Finally there are the monatomic gases which have no

structural periodicity whatever.
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CHAPTER III
APPARATUS

The experimental portion of this work consists of 3 major
subdivisions.
I - Adsorption measurements
ITI - X-ray diffraction analysis

IIT - Surface area and pore volume data

I - Adsorption

Adsorption measurements were performed in a carefully instru-
mented, pilot-sized adsorption unit where percentage error is less than
3%. The adsorption columns were 3 inches in diameter and could be varied
in length from 4-15 feet. The gas used was taken from the Oklahoms Nat-
ural Gas Company line serving the City of Norman, Oklahoma; and compressed
to the desired pressure by a 15,000 SCF per hour, compressor. Unloaders
on the crank end allowed discharge reductions of 100%, 75%, 50% and 25%,
permitting a wide range of gas flows to be used. The compressor is
driven by a 60 H.P., 220 V, 3 phase electric motor.

The dry compressed gas is cooled to the desired temperature by
sending it through the large coil of an air cooler. The gas is further

cooled by passing it through a double pipe heat exchanger.” Water is

18
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cooled by a 100,000 Btu per hour cooling tower and is supplied to the
tube side of the heat exchanger by a small centrifugal pump. The gas
is then passed through activated carbon towers before it reached the
adsorption towers.

A predetermined amount of liquid hydrocarbon is injected by a
proportioning pump. Pumping rate is varied by either changing the length
of the stroke of the plunger or changing the speed of rotation. Fluid
injected by the pump is vaporized by a steam jacket and mixed with the
gas prior to entering the adsorber.

Measurement of the gas flow rate was obtained with a standard
orifice meter, utilizing flange taps and a high pressure water manometer
to measure the pressure differentials.

The gas was analyzed with a CEC 26-212 gas chromatograph which
can sample the emitted gas stream at desired intervals (2, 3, 4, etc.
minutes). Temperatures in the towers were measured by thermocouples
connected to a temperature recorder. A check on gas gravity was kept by
means of Kimray gravitometer. (See Figure A for a complete flow sheet
diagram).

To illustrate further the items discussed above, photographs
showing various portions of the laboratory and related equipment are

included as Figures (B) through (J).

II - Xeray Diffraction
The x-ray work was done by XR-6 diffractometer furnace and by

the standard Norelco type diffractometer.
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The basic function of both diffractometers are the same except
that the former has a heating element in order to investigate the effect
of temperature of the phase changes of the substance being investigated.
The following is a brief description of the x-ray diffractometers
used in this work.
The Norelco type diffractometer and the XR-6 model furnace dif-
fractometer consist of the following major parts:
1. Control
2. High voltage generator
3. Cooling system
4. Electronic circuit panel

5. High angle goniometer

1 - Control
It consists of a stepless variable auto-transformer operable
under load, a continuously variable x-ray tube current control operable
under load, an x-ray and rectified filament stabilizer including all
necessary switches connectors. The high voltage can be varied from O

to 60 KVP and the x-ray tube current from 2 to 50 Ma.

2 - High Voltage Generator
It consists of a high voltage transformer providing excellent
regulation, two high voltage rectifier filament tragsformsrs, a high
voltage x-ray filament transformer mounted in a single oil-filled water
cooled tank. The high voltage end-grounded generator provides full-

wave rectified high voltage up to 60 KVP at 50 Ma continuously.
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3 - Cooling 3ystem
It includes a radiator located in the transformer tank, a
solenoid valve, a high-flow-rate filter, a pressure regulator and high
and low pressure-limiting switches, as well as connections for circulat-

ing cooling water through the x-ray tube.

4 - Electronic Circuit Panel
The complete assembly contains the following components (as
arranged from top to bottom).
a. 8special electronic recorder
b. clock panel
c. scaler and rate meter
d. geiger counter and amplifier circuit power supply
e. overall stabilizer for high voltage generator.

The vertical steel cabinet contains:

a. an auto-transformer assembly which provides regulated

and filtered 115 volt supply for the electronic
circuits,
b. a special fan for circulating air built into the

back of the cabinet.

5 -~ High Angle Goniometer
It is a high precision instrument for the direct measurement
of the angular position (2 ), and intensities of x-ray diffraction
phenomena. The instrument consists of a rigid frame driven by an elec-

tric motor and appropriate controls.
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Mounted to the goniometer are: the principal protractor, the
detector, the soller slits, the defining and scatter slit assemblies,
the filter and the specimen holder. The instrument is designed for
supplying diffraction data within a Bragg angle range from -38° to O
to 180° (2 6°). The drive motor operating through the clutch and the
worm transmission, provides for constant angular velocity of the main
gear through either increasing or decreasing angles.

The XR-6 model has 3 groups of parts more thanwthe Norelco
type.

1 - Pressure (or vacuum) chamber which is mounted on

2 - Shaft - adjustment plate assembly

3 - Heater specimen plate which is mounted on the
firewall inside of the:pressure chamber.

The pressure chambes is chrome plated inside and out to provide
the best possible heat reflection.

The mounting shaft is provided with a water-cooled barrier
which keeps the shaft at room temperature. The pressure cap is held in
place firmly by 3 knurled-head cap screws. Beryllium windows are mounted
in the pressure cap with Teflon gaskets which permit diffraction angles
from 0° to 140° (2 8). The standard windows are only 0.03" thick.

To illustrate the items discussed above, photographs showing
the various parts of the x-ray diffractometers are shown from Figures

(K) through (0).

IIT - Surface Area and Pore Volume

This part of the work was performed in the W. R. Grace Company
laboratories in Clarksville, Maryland, using conventional apparatus
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both surface area and pore volume measurements. They have one of the
best equipped laboratories in the United States for work of this type
and thus have a precision capability that far exceeds that of equipment

available to the author.



CHAPTER IV
PROCEDURE

The following steps have been used to obtain the necessary data:
Five samples grade 3-8 mesh Davison silica gel were regenerated at
500°F. using available natural gas (mainly methane) for 40 cycles, at
1200, 1000, 800, 600 and 400 psi respectively, without adding any
heavy hydrocarbons on the gel.
One sample has been regenerated for 80 cycles (as in Step 1) at
800 psi.
X-ray analysis has been performed on all samples prior to any heavy
hydrocarbon injection.
Pore volume and surface area measurements werevalso carried on the
gel prior to hydrocarbon injection.
Al1]1 six samples used in Step 1 and 2 were subject to only cne ad-
sorption cycle using normal pentane (C5H12); and by keeping the
varisbles affecting the dynamic adsorption constant.

Summary of Procedure
Each sample (about 17 pounds of silica gel) was placed in the

3-inch towers and heated to a temperature of 500°F to 520°F at different

pressures; 1200, 1000, 800, 600 and 400 psi respectively. Temperatures
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were recorded at regular intervals in the towers by the appropriate
thermocouples.

Except for the first and last run of each series, when a con-
trolled amount of n-pentane was adsorbed, all runs were conducted using
a gas consisting of substantially pure methane (greater than 99 percent).
Although the initial run could cause a small amount of film contamination,
it would be common to all series of runs and would not affect the rela
tive results.

When the exit temperature of the tower reached the desired
regeneration temperature, valves on the tower were switched to cool the
gel to about 100°F. Cycle time on each sample was kept as constant as
possible (30 minutes). After 40 cycles of continuous heating and cooling,
the sample was removed from the tower and replaced by another sample.

In order to investigate the effect of cycle number, a sixth
sample of 03 Gel ﬁas kept in the tower for 80 cycles.

The total weight was recorded for each sample before and after
the regeneration process as well as the height of silica gel in the
tower. About 20-30 grams of each sample was kept for x-ray analysis and
for specific surface area and pore volume measurements. The rest of the
gel was sealed in a can and labeled with a symbol in order to be used in
later adsorption rums.

Before starting the adsorption runs on the silica gel, each
sample was regenerated to 500°F - 520°F, cooled to 100°F, saturated with
the desired adsorbate (n-pentane), re-regenerated back and then cooled.
The first regeneration was to remove the initial moisture content of the

gel which varies between 4-7 per cent, and the second regeneration was
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to clean the adsorbate from the gel. The regeneration process was per-
formed by by-passing the towers and the effluent stream recycled through
a salt bath bed heated to 500° - 600°F. (See Figure A). The hot gas
entered the top of the tower to be regenerated and the extracted mater-
jals (water vapor or hydrocarbons) were passed through the small coil of
the air cooler and the liquid trapped before the gas was vented to the
atmosphere.

When the tower of silica gel was ready for the experiment, the
temperature and the flow rate of the inlet gas stream were adjusted to
desired values. Flow was then diverted from the column to the by-pass;
the steam was turned on to help vaporize the injected hydrocarbon.

Gas samples from this rich stream were analyzed with the chroma-
tograph, which was set on a three minute cycle. When the composition had
been adjusted to the desired value, the flow was then turned to the main
column and the adsorption experiment begun. Samples of the effluent gas
from the columns were analyzed periodically to define the "break out"
curve.

When the effluent gas composition had become identical to the
inlet composition, and had remained at a steady value for several min-
utes, the experiment was terminated. Gas was continuously vented from
the sampling header to insure a gas analysis which was representative
of that flowing through the adsorber at any given time.

In order to investigate the effect of regeneration temperature
and pressure on the adsorption capacity of the adsorbent, the parameters
were kept as nearly constant as laboratory equipment permitted. The

inlet temperature of the influent gas varied from 91.08°F to 94.2°F.
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The tower pressure (Pg) and the orifice pressure (P,) were very consistent
in all the runs--800 psig and 105 psig, respectively. The amount of gas
flowing through the towers (Q) varied from 2,765 to 2,772 SCF/Hr. The
triplex pump gave good injection rates that varied from 41.86 grms/min
to 42.68 grms/min of normal pentane. The veloclty of the gas and the mole
per cent of adsorbate were substantially constant from one run to the
other. The velocity of the gas was 19.1 - 19.2 ft/min and the mole per

cent of adsorbate ranged from 1.05 - 1.07 mole per cent.

X-ray Procedure
Two to four grams of silica gel were ground to 40 mesh with

a plattner steel mortar, then ground to 80 mesh in a porcelain mortar.
. The sample was placed into the standard aluminum sample holder of the
diffractometer. Diffraction spectra of each sample specimen were ob-
tained. A preliminary evaluation of x-ray tube and counter types indi-
cated that copper radiation and the scintillation counter were most
efficient in producing and detecting silica gel spectrum.

Various scan rates, time constants and slit sizes were also

tried. The following settings were used for all the patterns:

1 - multiplier - 1.0 2 - scale factor = 4 x 0.6 & 4 x 0.8
3 - time constant = 4.0 sec 4 -~ base line reading = 20.0

5 - window reading = 97.0 6 - operating voltage = 900

7 -KI=35 8 - Ma = 18

9 - slit size = 1° 10 - chart speed 4" per minute

In contrast to the many sharp diffraction peaks from crystalline

material, silica gel produces only a single broad peak on a strip-chart
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recording. This peak will be referred to as the "maximum." The "maximum"
coerSponds in origin to the so-called diffraction riqg that occurs on
powder photographs. (No film work was done during the course of this
study.)

Each silica gel sample was scanned three times between 14° and
32° (2 o degree). Several characteristics of the resulting 'maximum" were
measured: areas (using planimeter), heights and widths of the different
patterns, averaged over the three runs.

To investigate the effect of heating and cooling on the gel, a
sample was heated in a furnace to 950°C and cooled to room temperature.
After each cycle, the x-ray pattern was recorded. Finally the sample was
left in the furnace for 4 days at 950°C and a last pattern was recorded
after the sample had been cooled down to room temperature.

With the XR-6 model a sample was placed in the sample holder and
the temperature increased from 200°C to 1000°C, at 100°C intervals. When

the temperature stabilized in each case, the pattern was recorded.

Surface Area and Pore Volume Measurement W. R. Grace

a) Surface area measurements were performed using the "Precision-
Shell" apparatus based on the B.E.T. method (Brunauer, Emmett, Teller).(é)

A known weight of adsorbent was placed in a bulb connected to the
necessary manometers, pressure gauges, etc. After the adsorbent was heated
and evacuated, a known quantity of gas under test was admitted and brought
to equilibrium with the adsorbent at a known temperature, and the pres-
sure measured. If the volume of the bulb less that of the adsorbent (dead
space) is known, the quantity of unadsorbed gas can be calculated and the

amount adsorbed thus obtained.
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b) Pore volume measurements: If a liquid of low volatility and
viscosity is added slowly to an adsorbent, its free-flowing property re-
mains while the liquid fills the microscopic pores through capillary
forces, until all pores are saturated with fluid.

Water has been found to be an ideal agent for filling the pores

of silica gel, resulting in a clearly-defined "caking end point."(18)

The apparatus consists of: a 4-ounce bottle; a burette (50 ml.)

and a torsion balance.

Pore volume = % - 0.01 ce/grm.

A

water used to reach end point, ml

1]

S weight of sample grms
0.01 = correction factor
ce/grm = estimated water required to bring about caking after

pores are filled.



CHAPTER V
ANALYSIS OF RESULTS

This investigation is the first dynamic study of record which
has isolated the variation of silica gel physical properties with time
from the other factors causing degradation of capacity. Except for char-
acterization runs at the beginning and end of the test period which used
a gas containing pentane, all gas used consisted of substantially pure
methane. This means that factors such as surface contamination, thermal
cracking, sulphur deposition and the like were negligible. Furthermore,
any such degradation for these reasons, however small, would be constant
throughout the runs and would not affect the relative validity of the
results.

The data cleg{ly show that high regeneration pressures and
temperatures affect the adsorptive capacity of silica gel. All, or most,
of the degradation in capacity may be attributed to a basic change in
the character of the silica gel.

Tables 1 through 6 (Appendix A) show the summary of data points
(C/Co versus time) obtained with the chromatograph, as well as the basic
calculations of different parameters used for the computer program.

Figure 1 is a plot of (C/Co,) versus time for samples A, B, C, D,
and F regenerated at 1200, 1000, 800, 600 and 400 psig respectively (for

37
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40 cycles). This figure shows that sample A (regenerated at 1200 psig for
40 cycles) has an earlier break-through time (GB) and an earlier equilib-
rium time (GE) than the other four samples. A decrease in the values of
Og and 6 results in a corresponding decrease in QT. Consequently, Sample
A has less dynamic adsorptive capacity than Sample B. By the same token,
Sample- B-has less dynamic adsorption thatn Sample C, etc.

Figure 2 is a comparison between Samples C and F regenerated at
the same pressure (800 psig) but for different number of cycles. Sample
C was regenerated at 40 cycles and Sample F at 80 cycles. Sample C shows
a better adsorptive capacity than Sample F, but the difference is not
very pronounced. The difference in break-through time (6p) between the
two samples was only 49 seconds. The equilibrium time (GE) varied only
about 60 seconds. This probably indicates that in the early life of
silica gel, regeneration pressure has much more effect on the gel than
the number of reactivation cycles.

Table 7 (Appendix A) is a summary of results obtained. A
general increase in both the break-through time (GB) and the equilibrium
time (GE) is obtained as regeneration pressure decreases. This increase
is also reflected in the capacity of the gel at break-through (Xﬁ) and
at saturation (XT). From the results obtained it is also noted that
Sample F which was regenerated to 80 cycles had less dynamic capacity
than the same Sample C regenerated to only 40 cycles, as expected.

Figure 3 is a plot of time to break-through time (éB) and
equilibrium time (QE) versus regeneration pressure after 40 cycles. The
plot shows a gradual decrease in both values of 8g and 8p as regeneration

pressure increases. In a common dynamic adsorption process, a decrease in
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Og or 6g may be due to a change of one parameter or more which may affect
the results. Since all adsorption experiments in this work were performed
by keeping all variables (gas velocity, bed pressure, particle size, gas
temperature, injection rate, etc.) constant, this decrease in the values
of OB and SE may be attributed to regeneration pressure.

Figure 4 is a plot of the capacity of silica gel at break-through
(Xg) and the capacity of silica gel at saturation (Xp), versus regenera-
tion pressure after 40 cycles. It is noticed that the plot of Xp versus
regeneration pressure has followed a reversed S-shape curve, with a
small increase in the values of XB in the interval of 1200-100 psig re-
generation pressure and a rather high increase of XB between 1000-800
psig. This is probably due to the same changes of ©g at those pressures.
The numerical value of Xz is related to 8g by the following relation:

% a %

Xn - _B _
B = {otal bed wt. - total bed wt.

Hwnce at constant injection rate (q), a change in the value of e will
obviously cause a change in the value of Qp- XT versus regeneration
pressure had nearly followed a straight line relationship up to a regen-
eration pressure of 700 psig. Such a relationship may be useful in pre-
dicting the value of Xy at any regeneration pressure within the interval
1200-700 psig.

Figure 4(a) shows the variation of capacity with both adsorbent
exposure and regeneration pressure. Only one series of tests was made
beyond 40 cycles in order to ascertain the possible continued effect of

time. Inasmuch as the number of cycles used is less than one per cent
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of the total adscrption exposure during a year's use, the drop of about
11 per cent shown in this figure is significant. The change in slope
with time is very gradual which indicates that the ultimate degradation
in capacity is undoubtedly significant.

Table 8 (Appendix A) shows the data for surface area, pore
volume and particle density of samples A, B, C, D and E. Figure 5 is
the plat of data from Table 8. A gradual decrease in both surface area
and pore volume values results as the regeneration pressure increases.
These values seem to follow an asymptotic trend as regeneration pressure
increases which probably means that at very high regeneration pressure,
the effect of pressure will be substantially less.

Inasmuch as the loss in capacity was accompanied by correspond-
ing losses in surface area and pore volume while the particle density in-
creased, it appears that they are interrelated. Figure 5(a) clearly
shows that surface area is truly dependént on exposure time and pressure.
The cross-plot of the data shown in Figure 5(b) shows capacity is a func-
tion of surface area and pore volume. Since the 80 cycle data fall on
the same smooth curve with the 40 cycle data, it would appear that any
combination of time and pressure that caused a given reduction in sur-
face area would yield a given capacity for the material studied.

The data shown in Table 8 confirm the logical conclusion that
pore volume and surface area are dependent variables and that either
may be used to characterize gel behavior with pressure and time. Devel-
opment of a model that would express the relationship of these variables
with regeneration pressure, capacity and time would require a long range

study beyond this or any single other thesis. However, it has been
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possible to develop a series of equations that relates Xp with the several
pertinent parameters at 800 psia regeneration pressure. These in turn
permit one to relate the variables with each other.
The following equations were developed, by the polynomial curve

fitting using the least square method:

X, = 0.098 - 0.0006575 (N,) +9.25 x 1076 (§,)? - 5.0 x 1078 ()3

where N, = number of regeneration cycles to 500°F at 800 psia.

Xp = 0,307 - 5.4 x 1074(S.4.) - 1.04 x 1076(5.4.)% +2.36
x 1072 (s5.4.)>

where S.A. = surface area in m?/grm.

Xp = 1,106 ~ 3.69(P.V.) - 5.47(P.V.)2 + 7.12(P.V.)3 + 51.08(P.V.)%
+ 62.0P.V.)> - 260.0(P.V.)6

where P.V. = pore volume in cc/gram.

Inasmuch as pressures in the vicinity of 800 psia is very common, the
above equations furnish a means of estimating the effect of the parameters
shown on each other.

The x-ray diffraction portion of this study provided a valuable
insight into the specific causes of the above noted changes.

Table 9 through 11 (Appendix A) summarize the results of x-ray
diffraction work. It may be noted from these tables that when the re-
activation pressure of the gel increases, the peak height and the area
under the patterns increase (see Figures 7 through 11). On the other
hand, the width of the patterns (W) at hilf maximum intensity increases
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when regeneration pressure decreases. In normal x-ray diffraction
interpretation a broad flat pattern denotes a non-crystalline case and
lack of periodicity. On the other hand, a steep narrow peak reflects
the existence of a crystalline substance.

Figure 5(c) shows that the relative intensity of the x-ray
diffraction patterns appears to be a continuous function of gel surface
area. Figure 6 shows the relationship with relative intensity and width
of the patterns obtained. These data enable one to expand the number of

characterizing parameters. It was also found that

-32.4 + 7.66(8.4.) x 1072 + 4.48 x 10~9(8.A.)3

- 7.5 x 1078(s.4.)3 - 2.47 x 10-10(5.4.)4

0.055543 + 0.126611 (I/I,) - 0.115098 (I/Io)2

S

The standard deviation in the previous equations vary vrom 0.01 to 0.05.
The ability of the x-ray diffraction apparatus to quantitatively show
changes in crystallinity, and the systematic changes in these patterns
with the other variables shown above, makes it evident that the decrease
in capacity is accompanied by accelerated rate of crystallization of the
amorphous gel.

The effect of repeated heating and cooling of the gel at atmos-
pheric condition was investigated. Figure 10 shows the different pat-
terns of silica gel recorded on the x-ray diffractometer after 7 cycles,
i.e., after the sample has been heated to 950°C and then cooled to room
temperature seven times. Not much difference is noticed in the patterns

after cycles 1 and 2; after cycles 3 and 4, the gel has shown some
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increase in crystallinity. During cycles 5 and 6, the growth of the
crystal was noticed at an angle 26 = 21.89. A relative decrease in the
width of the patterns was also obtained. During cycle 7, the sample was
left in the fornace for 4 days at 950°C. The recorded pattern after
cycle 7 has proven that the gel has been heated enough.to show a clear
peak at an angle 26 = 21.8°, and that an improvement of the structural
regularity of the crystals has occurred in such a way that some of the
x~-ray diffracted beams are in phase, i.e., reinforcing one another, at
an average "d" spacing = 4.05 °A.

If after 7 cycles the gel has gained some crystallinity, such a
gel is also expected to gain more crystallinity when used under adsorption
plant conditions: for 4000-5000 cycles under 600-1000 psi.

This proves that pressure and temperature above a certain range
cause the molecules to become mobile enough to align themselves in accor-
dance with the demands of crystal growth. In other words pressure and
temperature cause silica gel to change from a high order diffraction
pattern to lower order ones, i.e., from a high number of "d" spacing
arrangements to a less number of "d" spacing which in turn helps rein-
forcing the diffracted beams of x-ray in accordance ﬁith the Bragg law
of diffraction.

The identification of the formed crystal when silica gel is
subject to repeated heating and cooling under high pressure is difficult
due to the complicated phase relations of silica gel, which contains
about 99.71% SiOz.- Under atmospheric condition "low-quartz" is formed
at about 573°C and "high-quartz" is formed at temperatures between

573°C and 870°C. Over 870°C and up to 1470°C "tridymite® is formed.
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On. heating "high-quartz" to about 1670°C, it melts and the liquid produced
would tend to crystallize to "eristobalite."” (See reference 14a).

Since, in the commercial preparation of silica gel the amorphous
state is usually produced by cooling the melt (1670°C) rapidly, where the
internal friction increases so greatly that the molecules are unable to
form a crystalline lattice; and from the available results of the x-ray
patterns, we can conclude that the formed crystal is likely x-cristobalite
vhich is formed at a Bragg angle 20 = 21.89,

Figures 7-11 illustrate the above principle applied to the sub-
ject investigation. Three runs are shown for each condition to illustrate
the reproducibility of this measurement. As regeneration pressure in-

creases, the average "d" spacing decreases due to an increase in the Bragg

angle.

Effect of Temperature Only
In order to investigate the effect only of temperature on the

adsorptive capacity of silica gel, the XR-6 furnace was used at atmos-
pheric pressure. It was noticed that up to 400°C (Figure 12) the tem-
perature has almost no effect on the gel, i.e., the width (W) at half
maximum intensity seems to be the same. This basically confirms opera-
ting experience which indicates little if any temperature effect on
performance to 600°F. At 700°C and atmospheric pressure (Figure 14),
silica gel shows a gradual increase in crystallinity and a decrease in
the value of (W). Such crystallinity increases with the increase of
heating on the gel till 1000°C is reached.

Jigure 18 is the recorded pattern of silica gel when it was

heated to 1000°C and left to cool down overnight at room temperature
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EFFECT OF TEMPERATURE ON SILICA GEL DIFFRACTION PATTERNS
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EFFECT OF TEMPERATURE ON SILICA GEL DIFFRACTION PATTERNS
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and atmospheric pressure. It is noted that this pattern shows a higher
gain in crystallinity. The value of (W) seems to decrease consider-
ably and the broad hollow shape which appeared at lower regeneration
temperature is now a sharp steep pattern. This proves that silica gel
can-stand up to very high temperature under atmospheric pressure without
gaining much crystallinity. On the other hand, the process of heating
to a very high temperature (Figure 18) and cooling the gel to room
temperature, causes the gel to change gradually from an amorphous sub-
stance to a partly crystalline one.

The above x-ray diffraction results, which show the relative
effect of pressure and temperature on change in crystallinity, would
all tend to produce a lower capacity. Although the relative change in
crystallinity is pronounced, it is doubtful whether the absolute amount
of crystallinity is sufficient to cause the degradation in capacity
noted. This is not to say that development of crystallinity would not
be a significant factor during the commercial life of silica gel which
could easily involve as much as 20,000 cycles. Rather, it is recogni-
tion of the fact that gel fatigue, closing of pores, etc., are other
possible factors that have not been investigated which could play a

role. Regardless of the reasons, the proven loss of capacity is what

is significant.



intensity

After Seventh Cycle

After Sixth Cycle

After Fifth Cycle

After Fourth Cycle

After Third Cycle

After Second Cyc

After First Cycle

32° 28° 24° 20° 16°

2e bragg ange
FIGURE 19

69



CHAPTER VI

CONCLUSIONS
This pioneer study has shown for the first time that exposure
of amorphous silica gel to elevated pressures and temperatures for rela-
tively short periods of time causes rapid changes in its characteristics.
Specifically, it has been noted that:

1. The decrease in surface area and pore volume has been
accompanied by a corresponding decrease in capacity for
normal pentane.

2. A corresponding change in the character of the x-ray
diffraction patterns occurs. These patterns show a change
from high to low order diffraction patterns, i.e., a grad-
ual increase in crystallinity is occurring.

3. For a given exposure time, loss in capacity increases
with increased regeneration pressure at constant temper-
ature.

L. Heating silica gel to a high temperature (above 900°C) at
atmospheric pressure and then cooling it to room tempera-
ture increases crystallinity faster than continued high
heating (below 900°C).

5. As regeneration pressure increases, the average "d" spacing
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of the patterns decreases due to an increase in the Bragg
angle and an increase of particle density.
6. An increase in the relative intensity (I/Io) of silica
gel is accompanied by a decrease in the surface area (S.A.)
and the adsorptive capacity (Xp) of silica gel.
Based on these observations and data correlations presented, it
has been possible to develop a semi—quanéitative understanding of the
interrelationships among the variables investigated. A basis is provided

for future investigators to explore this area in greater depth.
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APPENDIX A

TABLE 1

Regeneration Pressure 1200 psi

Semple A
Time Min

. o Cs c/Cq
18 4 2.0 0.048
21 7 7.1 0.172
24 10 16.5 0.399
27 13 25.5 0.617
30 16 31.3 0.758
33 19 35.3 0.856
36 22 37.5 0.908
39 25 39.0 0.944
42 28 40.0 0.968
45 31 40.6 0.983
48 34 41.3 1.000
51 37 41.3 1.000

Co = 41.3

03 GEL
3" tower (east)

wt. of gel = 17.58 1lbs.

= 7,981 grms.
T (av) = 60.4°F
T (av) = 93.3°F
Pg(av) = 800.0 psi
w(av) = 18.05 inches
P (av) = 105.0 psi
I.R. = 42.3 grms

Q = 36.27 x 1.24 x 1.Q x /18.05x210

44,.97 /3790

44..97 x 61.57

276 SCF/HR

v = 2.0102 x 1769 x 553.3
815

t

19.2 ft/min
= 42.3 x 50.1
mole % S w DE x 100
= 1.06%
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TABLE 2

T.T. = 13.0
Regeneration Pressure 1000 psi
Sample B
Time Min

. o Cy c/C,
18 5 2.1 0.048
21 8 7.6 0.174
24, 11 16.8 0.383
27 14 24.9 0.568
30 17 31.3 0.713
33 20 35.4 0.806
36 23 38.5 0.875
39 26 39.9 0.908
42 29 41.0 0.935
45 32 L2.4 0.965
48 35 43.6 0.993
51 38 43.8 0.997
54 41 43.9 1.000

C, = 43.9
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03 GEL
3" tower (east

17.62 1bs

wt. of gel

= 7,999 grms

L I I T I T I 1|

72.49x1.0x /6.96x210
72.49 /1462

72.49 x 38.24

2.772 SCF/HR

v = 0.0102 x 2722 x 551.08
815

19.2 ft/min

42.68 x 50.1 x 100

mole %
72 x 2772

1 007%



TABLE 3
T.T. = 19.0 03 GEL
Regeneration Pressure 800 psi 3" tower (east
Sample C wt. of gel = 17.61 lbs
= 7,995 grms
Time Min y
C c/C
t ta 2 ©
2/ 5 1.1 0.025 T (av) = 60.0°F
T (av) = 92.0°F
27 8 4.3 0.100 P (av) = 800.0 psi
w (av) = 695 inches
30 I 12.5 0.292 P (av) = 105.0 psi
33 1 22.0 0.515 I.R. = 42.5, grs/nin
36 7 289 0.675 Q = 72.49 x 1.0 x /6.95x210
“ 23 364 085 = 72.49 x 38.21
45 26 37.8 0.883 = 2,770 SCF/HR
48 29 39.4 0.921
v = 9.0102 x 2770 x 552
51 32 40.6 0.949 815
54 35 41.8 0.975 = 19,1 ft/min
57 38 L2.6 0.995 < 50.1
mole % &LL— x 100
60 41 42.8 1.000 x 1770

=107 %



T.T. = 9.0

Regeneration Pressure 600 psi

69

TABLE 4

Sample D
Time Min
. 6 Cy c/c,
14 5 0.5 0.013
17 8 2.9 0.070
20 1K 9.8 0.232
23 14 20.3 0.481
26 17 26.6 0.633
29 20 30.9 0.735
32 23 34.1 0.811
35 26 35.8 0.850
38 29 37.4 0.888
41 32 39.2 0.930
by 35 40.2 0.955
47 38 41.6 0.988
50 41 42.0 0.998
53 44 42.1 1.000
C, = 42.1

03 GEL

3" tower (east)

wt., of gel = 17.83 1lbs

I T TR

= 8095 grms

°p
op
.0 psi
inches
05.0 psi

42,47 grms/min

B

=3 ®O
S£TE
N o

Q = 72.49 x 0.9954 /7.0 x 210

72.16
72.16 x 38.35
2767 SCF/HR

1470

v = 0.0102 x 2767 x 554.2

815
= 19.1 ft/min
= 42.47 x 50.1
mole % A 39e x 100
= 1.06%
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TABLE 5
T.T. = 10.0 03 GEL
Regeneration Pressure 400 psi 3" tower (east)
Sample E wt. of gel = 17.68 1lbs
= 8,207 grms
Time Min /
C c/C
5 o
t ta
15 5 0.4 0.010 T (av) = 63.6F
T (av) = 92.8°F
18 8 2.0 0.045 P (av) = 800.0 psi
W (av) = 7.0 inches
21 11 8.7 0.201 P (av) = 105.0 psi
IoR- - 41 086 gI'ms/min
YA 14 20.0 0.460
27 17 26.6 0.611 Q = 72.49 x 0.9966 x /7.0 x 210
= 72.24 /1470
30 20 31.4 0.721 = 72.24 x 38.35
= 2,770 SCF/HR
33 23 34.6 0.795
36 26 26./ 0.837 v = 0.0102 x 2770 x 552.8
8.5
39 29 38.4 0.882
= 19.2 ft/min
42 32 39.8 0.915
mole % = 41.86 x 50.1 x 100
45 35 41.2 0.946 72 x 2770
L8 38 LR .4 0.974 = 1.05%
51 41 43.1 0.991 .
54 by 43.5 1.000

Cy = 43.5



T.T. = 10.0

Regeneration Pressure 800 psi (80 cycles)

Sample F
Time Min

. ‘. Cs c/c,
15 5 0.2 0.038
18 8 6.2 0.152
21 1 13.5 0.331
2, 14 21.1 0.517
27 17 28.3 0.692
30 20 32.5 0.794
33 23 35.3 0.863
36 26 36.5 0.893
39 29 38.0 0.929
42 32 39.2 0.959
45 35 41.0 0.981
48 38 40.5 0.990
51 A 40.9 1.000

C0 = 40.9
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TABLE 6

03GEL

3" tower (east)

wt. of gel = 17.73 1bs
= 8,049 grms
T (av) = 65.66°F
T (av) = 91.38°F
P (av) = 800.0 psi
w (av) = 7.0 inches
P (av) = 105 psi
I.R. = 42.0/ grms/min

Q = 72.49 x 0.9946 x /7.0 x 210

= 72.900 /1470
= 72,099 x 38.35
= 2,765 SCF/HR

v = 0.102 x 2765 x 551.38

815
= 19,1 ft/min
1 =Q.04x 20.1
mole & = A o5
= 1.06%

x 100
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TABLE 6(a)
T.T. = 12.0 03 GEL
Fresh Sample (not subject to 3" tower (east)
regeneration)
Sample E! wt. of gel = 17.62 lbs
= 7,999 grms
Time Min
Cs C/Cq
t tg
18 6 0.3 0.007 T. (av) = 63.0°F
1L (av) ='93.19F
21 9 1.7 0.039 PB(av) 800.0 psi
w (av) = 7.0 inches
2/, 12 8.0 0.185 P, (av) = 105.0 psi
. g, = 42.01 grms/min
25 15 18.2 0.419
30 28 25.0 0.574 Q= 72.49 x 1.0 x /7.02 x 210
= 72.49 /1470
33 21 30.1 0.692 - 72.49 x 38.35
36 24 33.4 0.765 = 2,779 SCF/HR
39 R7 35.2 0.811 r = 0.0102 x 2779 x 553.1
81
42 30 38.0 0.872 2
= 19.25 ft/min
45 33 39.0 0.900
Mole % = 42.01 x 50.1 x 100
48 36 41.0 0.940 ole % 2 % 2779
51 39 41.9 0.962
= 1.052%
54 42 42 .4 0.975
57 45 43.0 0.992

60 48 43.5 1.000
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TABLE 7
SUMMARY OF ADSORPTION RESULTS

Ads. 1Inlet Flow Rate Bed Bed Mole Inj. Reg.
Code Run Gel Press. Temp. G v Length Dens Percent Rate Pressure

33117 A 101 800 93.3 3003 19.31 210.2 891 1.0629  42.30 1200

3311 B 101 800 91.2 3007 19.26 210.9 0.830 1.0713 42.6 1000
3311 C 101 800 92.0 3005 19.28 209.0 .898 1.0686 42.54 800
3311 D 101 800 94.2 3001 19.33 216.9 .876 1.0629 41.27 600
3311 E 101 800 92.8 3005 19.30 211.5 .891 1.0515 41.86 400
3311 E' 101 800 93.1 3006 19.25 211.0 .890 1.0532 42.01 0
3311 F 101 800 91.4 2999 19.22 211.1 .958 1.0579 42.04 200 .

N: E' = run on a fresh gel.

v Reg.
Run Time E Time B_Time F__F Q7 Bed Wt.,  XT Xp Y2 _Cycles
A 26.0 4.7 13.36  .371 333 17.57 .0669 .0251 16.62 40
B 30.2 5.1 15.79  .371 398 17.61  .0771 .0273 14.58 40

C 32.0 6.4 16.40 .358 390 17.61 .0833 .0344 13.34 4O

D 34.2 7.1 1741 .357 410 17.83 .0879 .0372 12.88 40
E 35.2 7.8 17.87 346 396 17.68 .0905 .0411 12.17 40
F 35.1 8.2 18.02 .330 374 17.62 .0908 .0451 11.51 0
G 51.2 5.6 16.11  .371 400 17.72 .0790 .0293 11.39 &0
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TABLE 8
Sample Pressure Surface Area Pore Volume Particle Density

psi m?/grm cc/grm grm/cc

A 1200 561 0.31 1.34

B 1000 684 0.38 1.23

C 800 668 0.39 1.21

D 600 691 0.40 1.19

E 400 727 0.42 1.17
*F 800 658" 0.38 1.23

*Sample regenerated for 80 cycles.
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TABLE 9
Sample Pressure Peak Height Relative Intensity

psi Inches I/Ic
A 1200 3.38 1.000
B 1000 2.90 0.858
C 800 2.86 0.846
D 600 2.17 0.642
E 400 2.05 0.607
E! 0 1.91 0.562

*E! = fresh sample of gel.
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TABLE 10

Sample Pressure Area Under Pattern Relative Area
psi in Under Pattern

A/Aq

A 1200 13.4 1.000

B 1000 11.8 0.891

C 800 11.6 0.866

D 600 9.2 0.687

E 400 8.5 0.634
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* TABLE 11

Width of Patterns Relative
Sample Pressure At Half Maximum Width
Height
psi in W/,
A 1200 3.35 0.835
B 1000 3.70 0.923
c 800 3.89 0.970
D 600 3.96 0.988
E 400 4.01 1.000




