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PREFACE

The purpose of this study was to determine the
feasibility of separating normal-hydrocarbons from binary
or multicomponent mixtures by selective adsorption with
Linde Air Products Company "Molecular Sieves".

Specific studies were made on the adsorption capacity
of the Molecular Sieves at definite charge rates with
charge stocks of known composition.

Particular emphasis was also placed on increasing the
octane number of refinery stream samples of catalytic
reformate and light naphtha, by the adsorption of their
low octane number normal-paraffin components.

The author wishes to express his gratitude to Dr.
John B, West for his guidance and suggestions throughout
the course of this work.

Sincere appreciation is also due the Continental Oil
Company for furnishing the materials and equipment
required for the experimental studies.

Above all, the author is most deeply indebted to his
wife, Sue, for her patience and comnsideration throughout

his graduate studies.
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CHAPTER I
INTRODUCTION

In the latter part of 1954, a new adsorbent material
was announced by the Linde Air Products Company, a
division of Union Carbide and Carbon Corporation. The
material was trade-named "Molecular Sieves® because it
will separate liquid and gaseous materials on the basis
of a difference in molecular size.

The material was classified as a synthetic adsorbent
with high selectivity. The following possible appli-
cations in process operations or research were suggested
by Lindel.

1. Hydrocarbon separation; for example, straight
chain from cyclic and branched chain hydrocarbons.

2. Recovering unsaturates from waste gas streams;
for example, ethylene, acetylene, propylene.

5. Gas purification; for example, removal of un-
wanted substances such as carbon monoxide and dioxide,
ammonia, hydrogen sulfide and mercaptans.

4, Drying liquids such as transformer oils, ethanol,

toluene, benzene, pyridine and others.

lLinde Air Products Company, Technical Bulletin,
Form 8614, January, 1955



Chemically, the new materials are synthetic zeolites,
quite similar to many natural clays and feldspars. The
atoms of sodium, calcium, aluminum, silicon and oxygen
in the Molecular Sieves (mainly in the form of sodium or
calcium aluminum silicates) are arranged in a definite and
consistent crystalline pattern. The structure contains a
large number of cavities, interconnected by a number of
smaller holes or pores. These cavities and pores are very
uniform in size. When the water of hydration is driven
off, the crystalline structure retains its form and it is
strong enough to be brought up to red heat without
breaking down.

The empty cavities have a strong tendency to recap-
ture the water molecules driven off during manufacture.

If no water is present, they will accept almost any mater-
ial that can pass through the pores and into the cavities.
This property is the reason for the material's ability to

separate hydrocarbon molecules selectively.

Linde research groups have been working on the devel-
opment of Molecular Sieves since the late 1940's and
started a test marketing of the material in March, 1954.

Two types of Molecular Sieves have been developed,
differing only in the size of the pore diameter.

The first, Linde type 4 A, a sodium aluminum silicate,
has a pore opening of about 4 Angstroms in diameter and
can adsorb molecules with a diameter of less than 4

Angstroms.



The second, Linde type 5 A, is a calcium aluminum
silicate, with a pore opening of about 5 Angstroms
diameter.

The Linde 4 A material will permit ethane molecules
to enter the pores but will not admit propane or larger
molecules. Linde type 5 A material, with a larger pore
opening than the 4 A, will permit the adsorption of
straight-chain hydrocarbons like normal-hexane, but not
branched-chain iso-hexanes or cyclics like benzene or
cyclohexane. Table I gives the molecular diameters of
some of the molecules separated by Molecular Sieves.

An extremely desireable property of either type of
Molecular Sieve is that it may be reactivated to it's
original state. The reactivation is performed by simul-
taneous heating and purging with a dry inert gas. This
permits the same batch of Molecular Sieves to be used
again and again in a cyclic process.

Due to the unique properties of Molecular Sieves
-and their availability as a new material in the field of
adsorption, it was decided to make a study of their pro-
perties in special applications, as a basis for this study.

The initial problem was to determine the effect of
varying liquid velocity and charge stock composition to
an adsorption column under controlled conditions.

The removal of normal-paraffins from specific refin-
ery streams was also obtained and the accompanying rise

in the octare rating of the product was determined.



. TAPLE I

MOLECULAR DIAMETERS®

Material _ Angstror Units
Helium o . 2.66
Hydrogen o ‘ 2.76
Uxygen ‘ S 2,92
Anmonia - 5b06"-
- KHitrogen 5«14
Carbon Pioxide IR
liethane , 4,0
Ethane ' 4.0
Propane and heavier 4,89
n-paraffins :
»Isa~ﬁutane and heavier 558
iso-parafiins -
Benzene | ‘ : _ 5.0
Methyl Cyclohexane : 57

2Glasstone, Samuel., Textbook of Physical Chemistry,
Second Edition, 1946, 1194-1210, P. Van Nostrand Company.



CHAPTER II
REVIEW OF THE LITERATURE

The Linde Molecular Sieves are a synthetic zeolite
with a chemical composition and crystalline structure
similar to a naturally occuring zeolite known as
chabasite. Zeolites are classified as hydrous silicates
occuring as natural minerals in volcanic rocks, often in
t%g form of large crystals. Brunauer3 stated the formula

2
Brunauer also stated it has been found from X-ray

for chabasite is CaO.A1205.4 8102.6 H.O.

examination that the water molecules in zeolites are not
held by ordinary valence bonds, but merely fit into the
vacant spaces in the lattice of the aluminum, silicon,
oxygen and metal atoms. On dehydration, part of the water
is removed and the spaces can then be filled by other
molecules. The six molecules of water can be removed
from the chabasite crystal by simultaneous heating and
purging or evacuation. The dehydration leaves the frame-
work of the crystal unchangedj only when 93 per cent of
the water is removed does the structure begin to collapse.
Crystallographically, chabasite is based on a three
dimensional network of silica tetrahedra, in which one-

third of the silicon is replaced by aluminum ions.

5Brunauer, Stephan. The Adsorption of Gases and
Vapors. Volume 1, Physical Adsorption, Princeton
University Press, 1945, %66



The replacement gives rise to an excess negative charge,
which is balanced by the incorporation of positive ions.
In nature, calcium is the most common positive ion but it
can be substituted by other positive ions, such as sodium,
potassium, barium, copper, etc.

In 1916, Smith4 presented the chemical analysis of

five samples of minerals classified as chabasite.
TABLE II

CHEMICAL ANALYSIS OF CHABASITE

Component Weight per cent
8102 46.64 - 48,82
A1203 18.06 - 20.04
Ca0 5.01 - 8.81
SroO 0.02 - 0.60
K20 0.3 = 2.13
HaEO 0.3 - 3.81
H20 21.56 - 22.09

Investigation of the adsorption properties of
chabasite were made in 1921 by Nacken and Wolff5. An
apparatus was developed for measuring the volume of gas
adsorbed under various physical conditions. It was
determined that dehydrated chabasite strongly adsorbs

4G.F.H. Smith, Mineral Mag., 17, 274-304 (1916)

PR. Nacken and W. Wolff, Centr. ¥in. Geol., 364<72
(1921)
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air, nitrogen, carbon dioxide, and illuminating gas. In
one experiment, chabasite took up fourteen times it's own
volume or 1.3 per cent by weight of nitrogen.

The effect of wvarious temperatures on the dehydration
of chabasite is described -by Rothmunde. Samples of
chabasite were allowed to stand over 1 N. sulfuric acid
at 250 Ce. until they took up a definite quantity of water.
They were then heated at a definite temperature for thirty
minutes and then hydrated as before. This was begun at
100° C. and the temperature raised 500 C. each time until
the temperature had reached 1000° c.

It was found that the adsorption of water by chaba-
site was completely reversible up to 600° ¢c. At 800° c.
the chabasite became "dead burnt" and would no longer
adsorb water under the prescribed conditions.

In 1928, Schmidt’/ investigated the adsorption of
seventeen various gases by chabasite. It was found that
the nine smaller molecules with diameters of less than
4 R, gave normal adsorption values, but the eight larger
molecules showed smaller adsorption or none at all. He
concluded that ethylene is the largest molecule that gives
normal adsorption.

The phenomenon of allowing the smaller molecules to

penetrate into the pores of the adsorbent while the larger

V. Rothmund, Rec. trav. chim., 4%, 329-39 (1925)
70. schmidt, %. phys. Chem., 133, 263 (1928)



molecules are shut out, was termed "persorption" by J. W.
McBain®.

In 19%3%, Porter9 reported the adsorption on chabasite
of tahe liquids; water, methanol, formamide, formic acid,
and methyl cyanide.

Rabinowitsch and Wood10

investigated the effect of
base exchange on the adsorptive capacity of chabasite.
They found that the replacement of calcium by sodium ions
had only slight effect on hydrogen adsorption, but elim-
inated almost completely the nitrogen adsorption.
Replacement of calcium by potassium ions cut down very
strongly both the hydrogen and nitrogen adsorption. They
explained the results by discussing the sizes of the
three ions involved.

The sodium ion with a radius of 0.98 R. was slightly
smaller than the calcium ion with a radius of 1.06 ﬁ,,
but each calcium ion is replaced by two sodium ions in the
base exchange. This is sufficient to prevent the entry of
the larger nitrogen molecules into the very fine pores of
chabasite, but hydrogen can still enter readily. The
potassium ion, with a radius of 1.3%3 R. is large enough to
shut out even the hydrogen molecules.

Adsorption data and thermodyramic properties of

8J. W. McBain, Colloid Symposium Monograph,4, (1926)
93. L. Porter, J. Physical Chem., 37, 361-66, (1933)

10Rabinowitsch and Wood, Trans. Far. Soc., %2, (19%6)



chabasite with various normal and iso-paraffins were
presented by Barrer and Ibbitsonll. The adsorption of
helium, argon, nitrogen, methane and ethane occured very
rapidly. The adsorption of normal-paraffins (propane,
normal-butane, normal-pentane and normal-heptane) occured
fairly rapidly at temperatures of 100° C¢. and higher.

Hydrocarbons with side chains (iso-butane, iso-
pentane and iso-octane) were totally excluded under all
conditions. Vhen adsorption occured, equilibrium was
reversible and could be approached from the sorption or
desorption sides.

In 1940, the Linde Air Products Company organized
a research group to study adsorption and adsorbent
materials. It was during the course of this study that
the synthetic zeolites known as Linde Molecular Sieves
were developed.

In late 1954, an announcement was made in technical

12 that Linde had developed the olecular

publications
Sieves to the extent that several tons had been marketed
and production of the various types of sieves was
sufficient to provide small quantities of the wvarious
types to interested laboratories.

An illustrated brochure was distributed by Linde

11
R . Barrer and D. A. Ibbitson, Trans. Faraday

Society, 40, 195-206, (1944)
12Chemical & Engineering News, 3%2:4786, Nov. 29, 1954
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describing the various properties of the Molecular Sieves
and some of their applicationsl5.

The subject of liquid hydrocarbon separation was
briefly covered by Linde in their technical bulletin on
"Hydrocarbon Purification"l4.

An adsorption column containing Linde type 5 A -

olecular Sieve pellets one-sixteenth inch in diameter
was used in all of their experiments.

The first experiment was the separation of normal-
tetradecane from a mixture containing five weight per
cent normal-tetradecane in benzene. A loading of 8.8
per cent by weight of normal-tetradecane was obtained on
the Molecular Sieves, before the breakthrough of the
normal-tetradecane. The breakthrough was determined by
measuring the refractive index of the effluent. An
equilibrium loading of 10.7 weight per cent normal-
tetradecane on the Molecular Sieves was obtained.

After draining the column, the liquid remaining in
the pellets was removed by evacuation. The adsorbed
normal-tetradecane was then removed by the adsorbent by

steaming the bed at 250o C. and condensing the desorbed

vapor. Refractive index measurements on the benzene and

lBLinde Air Products Company, Technical Bulletin,
Form 8614, Linde olecular Sieves For Selective Adsorption,

January, 1955.

41inde Air Products Company, Technical Bulletin,
Hydrocarbon Purification, Form 860%, December, 1954,
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normal-tetradecane indicated the materials recovered were
approximately. 99.9 mol per cent pure.

- The second experiment discussed was the separation
of normal-heptane from a mixture of 11.% mol per cent-.
n&rmal~hé@%ane in methylcyélahexane.‘ A loading of 3.2
weight per cent normal-hepbane on the adsorbent was debter~
mined before the breakthrough of the normel-hepbane. 4An
eguilibrium loading of 10.4 weight per cent normal-
heptane on the adsorbent was. obbtained. ' The adsorbed
norral-heptane was rewmoved by heabing the loclecular Sieves
to,§509 C. and purgliag with one liter per minube of dry
nibrogen. |

. The third experiment was tThe purification of

commercial grade iso-pentane by remaving-its normal—
hydrocarbon impurities. The nonmal—hyéfocarbbn impurities'
were present at a concentration of 9 weight per cent.
The breskthrough point of the normalehydrocarbon:impﬁrities
was nob d@termined. On desorption of the Molecular Sieves
a normal-hydrocarbon loading .of about .12 weight per cent
was obtained. Infra-red analysis on the initial colwm

effluert did not debtect any normal-hydrocarbons.



CHATTER TIIT

MATERIALS AND EQUIPMENT

The adsorbent used in all of the experinents was a
sample of Linde type 5 A liolecular Sieves. The sieves
were in the Iorm of extruded pellets, approximately
1/16 inch diameter and 3/16 inch length. Physical and
chemical properties for this type of leolecular Sieve
are presented in Table X,

The normal-heptane was ASTY normal-heptane prepared
by The Phillips Petroleum Company as a Knock Ingine Test
Reference Fuel. The National Bureau of Standards reported
test results on a saumple from the origimal lot. The
test results are presented in Table XI.

The nitrabtion-grade toluene was supplied by tGhe
Colorado Fuel and Iron Company. Analysis by a General
Electric mass spectrometer indicated a purity of 99.1
volume per cent toluene, The refractive index ab 68° .

was 1.4960. ﬁ05515

reported the refractive index of
toluene at 68° F. to be 1.49685.

The samples of catalytic reformate, light naphtha,
and catalytic cracked gasoline were stream samples fronm
refinery processing units. Physical data on the refinery
samples are presented in the Appendix.

l5ﬁossg e Po, Physical Constants of the Principal

Hydrocarbong, Fourth ¥dition, 194%, The Texas Company.

12
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A schematic diagram of the equipment is shown in
Figure 1.

The‘pump-used in all of‘the experiments wag a ldltom
Roy "minpiPunp® with a volume metering éontral, The pump
was calibratedwbefore proceeding with thevexpeﬁimeﬁtg and
found to be readily controlled between pumpimg rates of
100 Ho 1100 ml. per hour. | "

$he adsorption column was a 2.5 cm. i.d. Pyrex glass
tube, 4 f@éﬁ»l@ﬂg* with bail Joint connections. A glass
tube was added to provia@ a ligquid eutlet six inches
below the top of the adsorption column,

Indentations in the adsorption calumn,'twe inches
ffom,the bobttom, provided a geat for a 20 megh stainless
steel gauze serving as a packing suppart.

4 2 mm. i.d. Pyrex tube was sealed at the lower tip
and placed 20 inches into the middle of the adsorpbion
column, The tube sexrved as a thermal Wéll for the iron-
constanbtan thermocouple ﬁsed $o control reacﬁivatiom
tenperatures. |

| A botal of 405.0 grams of new,‘Limde type 5 A
liolecular Sieves were charged to the column. This was
equivalent to a volume of 578 ml. of adsorbent.

The column was completely wrapped with two 6-I%.
lengths of Briskeat flexible electric heating tape. The
tapes had a maximum rating of 700 watts each and were

connected in parallel bto grovide a maxinum heat outputb
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of 1400 watts.

The heating bape was wrapped with l-inch wide fiber
glass tape to prevent the slipping of the heating tape on
heating. |

The entire heating section was insulated with one

iach

Q

&

f magnesia insulation.

A 110 volt, 15 ampere outpub powerstab was wired %o
the heating btape connections., A thorough check was nade
o insure thaﬁ”the connections were secure and each tape
was funchtioning properly.

Adapbters with ball joint connections were designed
for each end of the adsorption column to control the lig-
uid or gas fluw.dﬁriﬁg the various phases of the operation.

A vacnum-jacketed condenser was constructed with a
cooling coll approximately two feet in length. The con-
denger would hold approximately 0.5 liter of dry ice and
‘acetvone at -110Y F.

7@@ﬁdeﬁ8&te receliver #1 was a graduated 58 ml. bube
‘with a specially installed gas outleb 5i@e~aﬁm;

Stainless steel tubing was used etween bthe ligquid
charge bottle and the miniPump and also between the mini-
Pump and the base of the adsorpbion column.

Short secticns of polyethylene tubing were used to
make the connections between the glass and metal tubing.

The entire sysbtem was checked for leaks by evacuation
and then observing the rate of pressure increase in the

systen with a mercury manocpeter.



16

Phe iron-constantan thermocouple wire‘was number 30
B. & 8. gauge. The thermocouple wire was méée'by~the
Leeds and Northrup Company.

A Teeds and Northrup étandard potentioneter was used
in conjunction with the thermocouple wire. The potent~
iometer was frequently checked during each run to insure
that it was standardized.

A single e¢ylinder of Linde high pressure nibtrogen
was adequate for The purge gas reguired during the react-
ivation of the sieves. |
| The nitrogen regulabor was combined with a Hoke-
Fhoenix nitrogen flowmeter in a single unit. The
nitrogen floﬁmeﬁer bad been calibrated at flow rates of
0.25 to 20.0 liters of nitrogen per mimube at standard
temperabure and pressure by the manufacturer. Several
runs were made to confirm the indicated calibration.

Bilicone sbop-cock grease was used on all glass stopw
cecks to insure proper working action. No grease was
placed on the ball-joint fittings in order to reduce
sample conbamination te a minimum.

letal spring clamps were placed on ¢ach ball-joint
connection to mainbain a tight seal.

An Abbe "60" refractometer, bvhermostatically con-
trolled at 68° F., was used for all refractive index
determinations. The refractometer was calibrated with
standard test sauples furnished by the manufacturer

before each series of samples was Gtesbed.



“he analytical balance was a Gram-atic balance made

in Switzerland by E. Mettler. ALl weights were bullt into

the balance. The bvalance was checked with a set of

[}

standard weights supplied by the Figher Scilentific Company.



CHAPTER IV
EXPERIMENTAL WORK

The experiments were all based on liquid adsorption
using Linde type 5 A Molecular Sieve pellets with a
diameter of one-sixteenth, inch.

. Fhe experimnental work was divided into three phases.
The first phase was to debermine the equilibrium capacity
of new sieves for normal-hepbtane in a stabic system.

The second phase was to determine bthe capacity of
the sieves ab specific ligquid charge rates with synthetic
charge sbtocks of known composition. .

-+ .. Bwo synthetic mixtures of ASTM normal-~heptane and
nitration-grade toluene were carefully prepared. The
first mixture was a blend conbaining 5.0 weight per cent
normal~heptane in nitrabtion-grade toluene. The second
mixture was a blend containing 10.0 weight per cent
normal~-heptane in nitration-grade toluene.

Four experimental runs were made on each synthebic
mixture at liquid hourly space velocities of 0.416, 0.832,
1.248, and 1.664. These specific charge rates were
seleetbed to bracket the miniPump pumping range of 0 %o
1.872 liquid hourly space veloecity.

The third phase consisted of passing several multi-
conponent mixtures through the adsorption bed and

determining the exbtent and type of normal-paraffins

18
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adsorbed by the lolecular Sieves. The méterials tested
were nitration-grade toluene, catalytic reformate, lighb
naphths, and catalytic cracked gasoline. HResearch octane
nurbers were determined on the catalytic reformate, light
naphtha, and catalytic cracked gasoline, before and after

the removal of components adsorbed by the sieves.

Eguilibpium capacilby for normal-heptane.

Approximately 60 grams of new, type 5 A M@lécular
Gieves were placed in a clean, 250 ml. glass stoppered
Frlenmeyer flask, The weight of the flask and sieves was
determined with the aid of an amalytical balance.

| Approximately 100 ml. of ASTH normal-heptane were
then added to the flask. A vigorous release af,a@sarbed
gas was noted immediately and bubbles were stillnbeiﬁg
ewitted from the sieves five minutes later.
. The benmperature of the flask increased slightly bub
was not accurately determined. |

The glass stopper was replaced when the gas rabe
had declined sufficiently. The flask and contents were
allowed to stand with periodie aglbtation for ﬁwéﬁﬁyhiour
hours at a consbant temperature of 77 Fa

The excess normal-heptare was removed by eva@@ratioﬂ
With'a vaéuum maintained at approximately 4 mm. Hg
absolute pressure. At thirty minute intervals the flask
was removed and the contents were reweighed.: After two
hpurs the weight was consbant and was recorded.

The amount of normal-hepbtane adsorbed was found te
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be 6.8032 grams for 59.4879 grams of Molecular Sieves.
Thig is equivalent te a weight loading of 11.44 per cent

normal-heptane.,

separation of normal-heptane from nitration-grade toluenes
The two charge stocks of normal-heptane and -
nitration-grade toluene had the following physical pro-

perbies.
TABLE III

PHYSICAL PROFPERTIES OF SYNTHETIC BLEEDS OF
NORMAL~HEFPTANE AND NITRATION-GRADE TOLUENE

Runs 1-4

Weight per cent n-heptane

>
Volume per cent n-heptane ~—  6.25

Weight per cent nitration :
grade toluene 95,00 90,00

Volume per cent nitration ,
grade toluene 93,95 - 87.06

at 68° F. 1.4888 1.4818

Buns 1 and 5 had chafge rates of 4.0 ml, per min.,
&nnska and © héd charge rateé of 8.0 ml. per wmin., rums
% and 7}bad charge rates of 1236 ml, perimin.* and runs
4 and 8 were made at a charge rate of 16.0 ml. per min,

411 funs were made at atmospheric pfessuré and an
iﬁitial adsorpﬁioﬁ bed tenmperature of 77Q F. XNo attempt
was made to mainbain the sieves at isothermal conditions.

Phe first four TUnS were made with the blend of
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5.0 weight wser cent normal-heptane in nitration-grade
toluene as the charge stock. A total volume of one liter
of effluent was réé@vered»@uring each of the runs.
Beparate fractions were coilected from each 50 ml. of
effluent during each run o0 determine the refractive index
of each 5 % increment of effluent. The twenty cuts were
more than-adequaﬁe to determine the breakthrough point

of the normal-heptane in the effluent.

The breakthrough point was determined as the point
during each run when the refractive index of the effluent
toluene was lgwarithan the refractive index of the origine
al nitravion-grade toluene.

. The refractive. index of each fraction was debermined
and the normal-heptane content could be evaluated from
the correlation presented in Figure 8. |

"Experimenﬁal data determinedton»the cuts from runs
1vthrough 4 ‘are presented in Table XII.

A temperature rise of 20° F. was noted in the adsorp—
tion bed during each run.

‘Runs 5 through 8 were msde with the blend of 10.0
Weight per cent normal-heptane in nitrabtion-grade toluene
as the charge stock, Since theicharge stock'con%ained
twice the weight of normal-heptane as the charge in the
first four fﬁnsy the total column throughput was reduced
ﬁOISOO nl. The same mumber of cubs were made as in the
first four fuﬁs,-therefore, thevvolume of each cut was

reduced to 25 ml.
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The refractive index of each cut was determined and
the composition evaluated from the correlation presented
in Figure 8.

Experimental data determined from runs 5 through 8
are presented in Table XIII.

The maximum temperature rise in the adsorption bed
during runs 5 through 8 was 20 to 250 F.

The reactivation of the sieves was duplicated as
closely as possible to maintain their adsorption capacity.
The procedure followed was to drain the liquid from the
adsorption column. The liquid trapped in the wvoid spaces
was removed by slowly heating the adsorption bed to 150o
F., while purging with dry nitrogen flowing down through
the sieves at the rate of two liters per minute.

A sharp rise in the adsorption bed temperature was
noted when the last traces of liquid were evaporated.
When the adsorption bed temperature reached 200° F. the
nitrogen purge rate was reduced to 0.5 liter per minute
and the powerstat was adjusted to provide a heating rate
of approximately 50 F. per minute.

The effluent gas flow was into the #l1 condensate
receiver and then to the condenser cooled with acetone
and dry ice.

When the adsorption bed temperature was 660° F. the
powerstat was adjusted to maintain the temperature con-
stant. Purging was continued for one hour at the final

temperature to permit the sieves to attain equilibrium.
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The volume of condensate recovered during the final
thirty minutes of purging was nil.

The column was allowed to cool to room temperature
after each run.

Experimental data from the reactivation of the sieves
during the eight runs on blends of normal-heptane in
nitration-grade toluene are presented in the following

table.
TABLE IV

MATE IAL RECOVERED FROM DESORPTICN OF THE
MOLECULAR SIEVES ON RUNS 1-8

Run No. Normal-Heptane Recov. Sieve Lo ding n, at 68°F.

Vol.-ml. Wt.-gms. Wt. per cent
1 5%.0 36 .4 9.0 1.%889
2 44,1 30.4 7.5 1.5888
3 46,9 3243 8.0 1.5892
4 47.9 32.9 8.2 1.%889
> Sh .4 57 4 9.3 1.2882
6 51.0 55.1 8.7 1.%882
7 51.% 353 8.8 1.25882
8 49.6 34.1 845 1.%882

Adsorption of hydrocarbons from multicomponent mixtures.

The refractive index values on the toluene effluent

rom the first eight runs were often higher than the
refractive index of the original nitration-grade toluene.
Since the refractive index of the nitration-grade toluene

was 1.4960 and the refractive index of the ASTM normal



24

hepbane was 1.3878, any value obtained on the effluent
toluene higher than 1.4960 would indicabte the removal of
impurities from the nitrabion grade Uoluene by the sieves.

DO8815 reported the refractive index of pure Toluene
is 1.49685 at 68% ®, Refractive index values obtained on
the initial toluene samples during the first eight runs
were as high as 1.4968.

In an attempt Lo determine the impurities present in
the nitration-grade toluene a tobtal of 2500 ml. of toluene
was passed through the adsorption column. . Refractive
index values were obtained on the effluent toluene at
definite intervals. The charge rate to the column was 10.0
ml. per minube. The rate was equivalent to a liguid
hourly space velocity of 1.04.

Experimental data are pﬁesenﬁed in Table AV.

On regeneration of the sieves, 6.8 ml. of liguid
welghing 4.8 grams were recovered. This was @quivalenﬁ
to a sieve loading of 1.2 weight per cenb.

The liguid was found To be essentlially pure normal
octane on analysis by infra-red spectrophotometry. The
toluene conbent of the liguid was less than 0.1 volune
per cent. The abserption spectrum was almost identical
with a comparison sample of pure normel-octane obbained
from the Phillips Petroleun Company.

The normal-~octane content of the nitration-grade
toluene was determined as 0.54 volume per cent.

The final phase of the experimental work on complex
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nixtures was to determine the type and amount of materials
adsorbed by the Nolecular Sieves from samples of catalytic
reformate, light naphtha, and catalytic cracked gasoline.

Research octane numbers were obtained on the catalytic
reformate, light naphtha, and catalytic cracked gasoline
before and after contact with the sieves.

A charging rate of 10.0 ml. per minute was maintained
during the runs. The procedure folloved on regeneration
of the sieves was the same as that previously established
during the initial runs.

Catalytic reformate.

Two runs were made with catalytic reformate as the
charge stock. The catalytic reformate contained 46.1 per
cent paraffins, 1.0 per cent olefins, 14.5 per cent naph-
thenes, and 38.4 per cent aromatics.

Physical tests of the catalytic reformate are pre-
sented in Table XVI.

A total of 400 ml. of product was recovered during
each run. Separate fractions were collected every 100 ml.
and the refractive index of each fraction was determined.

A temperature rise of 540 F. was noted in the adsorp-
tion bed during each run.

On regeneration of the sieves, %4.7 ml. of liquid,
weighing 2%.7 grams, were recovered from each run. This
was equivalent to a sieve loading of 5.9 weight per cent.

The first three 100 ml. fractiouns from each run ere

combined and tested to determine the octane rating.
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The refractive index readings on the first three 100
ml. fractions from each run were found %o be essentially
the same while bthe refractive index of the fourth 100 ml.

fraction indicated the partial breakthrough of noraal
The research octane ratvtings are presented in the
following table.
TABLE V
RESEARCH OCTANE RATINGS ON CATALYTIC REPFPORMATE

Originel Sample Column Effluent

Unleaded 79 4 88.9
+0.5 ce TEL* 4.8
+1.0 cc TEL | 83 .4
+2.0 cc TEL 914
+3.0 cc TEL 9%.6 98.7

*Petraethyl lead per gallon of sample

-

Ldditional data are presented in Table XVI.

Idght Naphtha.

Two runs were made with light naphtha as the charge
stock. The light naphtha contained 50.1 per cent paraffins,
0.9 per cent olefins, 46.7 per cent naphthenes, and 2.3 per
cent aromatics.

A btotal of 400 ml. of product was passed through the
column during the initial run, This was reduced o 300 ml.

of product on the final run when the refractive index
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values from the initial run indicated almost a complete
breakthrough of the materials being adsorbed after 300 ml.
of effluent had been recovered. Fractions were taken
every 100 ml. and the refractive index of each fraction
was determined.

A temperature rise of 24° F. was noted in the adsorp-
tion bed during each run.

The effluent receiver was placed in an ice bath dur-
ing each run to minimize the loss of low boiling materials
present in the charge stock.

On regeneration of the sieves a slight amount of non-
condensable white smoke with a pleasant odor was emitted
from the condenser when the regeneration temperature
reached 600° F. in the adsorption bed.

A total of 27.5 ml. of condensate weighing 18.7 grams
was recovered from the initial run. This was equivalent
to a sieve loading of 4.6 weight per cent.

A total of 27.0 ml. of condensate weighing 18.% grams
was recovered from the final run. This was equivalent to
a sieve loading of 4.5 weight per cent.

The two portions of desorbed materials were combined
and distilled to determine their boiling range. Physical
tests on the charge stock and desorbed material are pre-
sented in Table XVII,.

The first 300 ml. of effluent from the initial run
were combined with the 300 ml. from the second run and

the octane ratings determined. Refractive index values



from the cuts indicabed that approximately 50 % of the
original normal-paraffin content remained in the samples

tested for octane rating. The ratings were as follows:
TABLE VI
RESEARCH OCTANE RATINGS ON LIGHT NAPHTHA

Original Sample Column Effluent

Unleaded 57.3 64.7
+ 0.5 cc TEL* 654
+ 1.0 cc TEL 68.7
+ 2,0 cc TEL 7546
+ 3,0 cc TEL 78.6 8%.5%

*Tetraethyl lead per gallon of sample

Catalytic cracked gasoline.

Only one run was made on catalytic cracked gasoline
due to difficulties encountered on regeneration.

The catalytic cracked gasoline contained 27.5 %
paraffins, 8.3 % olefins, 14.0 % naphthenes, and 50.2 %
aromatics.

A total of 400 ml. of product was recovered during
the run. Fractions were collected every 100 ml. and the
refractive index of each cut was deterwmined.

The column receiver was kept in an ice bath during
the charging to minimize the loss of low boiling materials
present in the charge stock.

The adsorption bed temperature rise was 24° 7,
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The charge to. the adsorption column had a yellow
col&f while the effluent was initially clear. The color
gradually became darker until 1t was the same color as
the charge stock.

On regeneration, a considerable amount of non-
condensible white smoke with & pleasant odor was emitted
from the condenSer when the temperature reached 600° F.
in the adsorption bed.

The yield of condensabe recovered was very low. A
total of 10,1 ml., of condenséta weighing 6.9 grams was
recovered. This was equivalént to a sieve loading of
1.7 weight per cent.

The first 300 ml. of effluantwerecombiﬁed and the
octane ratings were determined. There was sufficlent

sample for only cne rating on the column effluvent.
TABLE VII
RESEARCH OCTANE RATINGS ON CATALYTIC CRACKED GASOLINE

Original Sample Column Effiuent

Unleaded 87 4 88.8
+ 0.5 cec TEL* 91.2 | |

+ 1.0 ec TEL 92.8

+ 2.0 cc TEL | U .5

+ 3.0 cc TEL 95.8

*Tebraethyl lead per gallon of sample

Physical data are presented in Table XVIII.



CHAPTER V
RESULTS AND DISCUSSION

The ability of the Linde type 5 A Molecular Sieves
0 adsorb normal-paraffins from a mixture containing
iso-paraffins, naphthenes, and aromatics was definitely
gsztablished during the various runs.

The Molecular Sieve equilibrium loading of 11l.44
weight per cent normél—heptane, as determined by a static
test, was slightly higher than the value of 11.3 weight
per cent determined by Linde in their work.

The maximum capacity of the sieves for normal-heptane
was not determined during the runs made on blends of
normal-heptane and nitration-grade toluene. As shown
by the data in Figure 2 and Figure 3%, maximum capacity was
almost obtained in the final portion of the runs.

The breakthrough point of the normal-hepbtane from
the sieves was dependent upon the liquid charge veloclity
eand the concenbration of the normal-~heptane in the charge
stock. As the liguid velocity through the column was
increased, the yield of normal—he?tane free product was
decreased for a givern charge stock. As the concentration
of normal-heptane in the charge stock was indreased thé
yield of normal-heptane free product was loﬁer.

Figures 2 and 3 show the breakthrough point of the

350
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normalnheptané at definite liquid charge rates.

The increase in purity of the initial toluene eff-
luent from the gieves over the purity of the original
nitration-grade toluene was due to the removal of 0.54
velume per cent normal-octane impurities present in the
nitration-grade toluene.

Figure 4 presents a semi-logarithmic plot of the
breakthrough point of the normal-heptane as a function of
liguid hourly space vélocity.and thé concentration of
.nérmal heptane in the charge stock. |

Pable IV shows the sieve loading during the runs on
hermai~heptane and nitration-grade toluene varied from
7.5 to 9.5 weight per cent. For a given charge stock
the weight per ceﬁt sieve loading should have decreased
as the charge rabe to the column increased. The sieve
loading résults.for runs 2, 5, and 4, do'nbt show a
decreasing trend. |

The graphical results of»Figure 2 apd Figure 3
indicate a consistent lower trend in the amount of mater-
ial adsorbed as the éharge rate is increased.

The inconsistent results for runs 2, %, and 4, as
shown in Table IV, are probably dﬁe to slight experimental
errors in the regeneration of the liolecular Sieves and
. subsequent recovery of the desorbed materials.

The adsorption loading of the sieves during runs 5
through 8 was more consistent. The more consistent results

were partially due to improved experimental’techniques.
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The adsorption forces present in the llolecular Sieves
were not evaluated in this work bubt an indication of their
magnitude may be realized from the temperabures reguired
to reactivate the sieves as shown in Table XIV and Table
XIX.

Table XIV presents the regeneration data from the
initisal runs during the separation of normal-heptane from
nitration-grade toluene., As indicated by the refractive
index values on the desorbed mabterial, the condensate
recovered was almost pure normal-heptane with slight
traces of normal-octane present.

Normal-heptane has a boiling point of spproximately
209O F, at standard conditions, however it was found that
little if any normal-heptane was desorbed at 209o . and
over one-half of the desorbed normal-heptane was not re-—
covered until the bed Temperature reached approximately
550° F. The vapor pressure of normal-heptane at 550€> F.
is approximately 500 psia. The normal-heptane was above
its critical temperature of 512.6O F. before the desorp-
tion of the sieves was at maximum rate.

The lMolecular Sieves removed trace impurities of
nornal-octane from nitration-grade toluene. The capaclity
of the sieves for the normal~octane was only 1.2 weight
per cent but due to the low concentration of the normal-
octane a total volume of 500 ml. of practically pure
toluene was recovered before the breakthrough of normal-

octane.
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The sieve temperatures during desorption of the
normal-octane as shown in Table XIX, indicate a bed Lemper-
ature approximately 100° P. higher was required when
normal-octane was being desorbed than when normal-heptane
was the desorbed material.

The results obtained from the catalytic reformate
runs indicated that the presence of iso-paraffins, naph-
thenes, and aromatics in a charge stock with a considerable
boiling range, would not interfere with the removal of the
normal-parafiins present.

The sieve loadiung at equilibrium of 5.9 weight per
cent was lower than expected from the results obtained in
runs 1 through 8 on the separation of normal-heptane from
nitration-grade Toluene.

The normal-hydrocarbons removed from the catalybtice
reformate had approximately the same boiling range as the
original catalytic reformate.

The beiling range of the normal-paraffing removed
from the light nephtha was also approximately the same as
the original sauple.

The amount of normal-paraffins present in the cataly-
tic reformate was approximately 10.0 per cent of the
original volume or approximately 22 per cent of the total
paraffin content .«

The octane number improvement of the catalytic refor-
mate by the removal of essentially all of the normal-

paraffins by the lMolecular Sieves ig shown in Figure 5.
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The improvement of ten octane numbers on the unleaded
sawples oi catalytic reformate and five ectane uumbers on
the maximum leaded samples definitely established the
degrading effeect of the normal-paraffins on tie octane
number of the original catalytic reformatbe.

Removal of the normal-paraffin convent of the cabaly-
tic reformate drastically reduced the volume of tetraethyl
lead required for a given octane number level.

An equilibrium sieve loading of 4.6 weight per cent
was obbtained on the light naphtha. This low value may
have resulted from the partial fouling of the sieves in
a prior run ou cabtalytic cracked gasoline.

The amount of normal-paraffins present in the light
naphtha was approximately 16 per cent of the original
volume or approximately 50 per cent of the total paraffin
content.

The results obtained from the light naphtha runs
indicated a substantial octane number improvement may be
obtained from the removal of the normal-paraffins,

The octane number improvement of the light naphtha
was approximately seven octane numbers unleaded and five
cctane numbers on the maximum leaded samples. The samples
tested had only 5C per cent of the normal-paraffinsg re-
moved so the octane number improvement on the complete re-—
nmoval of the normal-parafiins could be expected Lo be
double the experimental values. The estimated octane num=~

bers for total normal-parafiin removal are shown in Fig. 6.
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The experimental run on catalytic cracked gasoline
was very disappointing. On regeneration of the sieves
a low yield of desorbed material was recovered and a
conslderable amount of non-condensable gases were emitted
from the condenser.

he adsorpbion bed temperature rise of 24° 7, during

]

the charging pertion of the run indicated a considerable
amount of materials were being adsorbed on the sieves.

The removal of color bodies from the catalybtic crack-

0]

ed gasoline was obtained during the initial stage of the
TUun.

The high olefin content of the catalytic cracked
gasoline could have been respounsible for the regeneration
difficulties. It has been reported by a Linde represent-
ative that normal-olefinsg adsorbed by the‘Mcleculér
Sieves will polymerize on heating to the required regen-
erabtion temperatures., Further work on charge stocks of
known composition would be required to definitely estab-
lish the reascon for the thermal decomposition of part of
the adsorbed materials.

Trouble was encountered during several of the runs
with the formation of hydrates in the condenser coil. In
some cases the vent line was completely plugged and it was
necessary to stop the nitrogen purge through the system
and back pressure the condenser line to remove the depos-
its.

Another serious problem was the removal of the



liquid held in the vouids between the sieves after the
column had been drained.

- The most eflfective method of removal was o evap-
orate the ligqulid present by passing warm nitrogen
Through the adsorption bed until a rapid temperature rise
indicated that the bed was dry.

The method of drying the adsorption bed by maintain-
ing a vacuum on bhe system was found to be very btime
consuming and inefficient.

In one attempt the adsorption bed temperature dropped
to 40° T, during the drying procedure and the rabe of
evaporation of the trapped liquid at that temperature

was negligible.



CHAPTER VI
“PARASORB" UNIT PROPOSAL

To proﬁide further information on the feasibility
of utilizing liolecular Sieves in a commercial process,

a cursory study is presented on their use in adsorbing
the normal-pasraffins present in a sﬁream of 4500 Dbbls.
per day of catalytic reformate;

The pﬁrpose of the unit would be Hto remove the low
ochane nﬁmber'components from the catalytic reformate
aud provide a superior'mOtor fuel.,

The normal-paraffins removed from the catalytic re-
formate could be used in the manufacture of petrochem-
icals, or further processed by isomerization to improve
the octane rating.

The experimental results obtained from runs'9_énd 10
on catalytic reformate served as the basis for yields and
opetating conditions.

One assumption was made that future dévelopments
in the manufacture of the Molecular Sieves will provide a
new type of Molecular Sieve as a spherical pellet with
high reSistance'éo abrasive action. This feature would
permit the use of a moving bed of sieves in an adsdrption.
towef and continuous regeneration in suitable equipment.

A schematic diagram of %he proposed process is shown

in Figure 7.
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Charge stock to the unit would be 4500 bbls. per
gtream day of catalytic reformate from a catalytic
reforming unit. The charge stock would have an unleaded
octane rating of approximately 80 and a leaded octane
rating of 94,

The effluent from the adsorption section would be
4050 bbls. per stream day of essentially normal-paraffin
free product. The ocbane number of the effluent would
be approximately 89 unleaded and 99 leaded.

The volume of normasl-paraffins recovered would be
450 bbls. per stream day. The normael-paraffins present
in the desorbed material would be normal-heptane, normal-
occtane, normal-nonane, and normal decane.

The weight of Molecular Sieves in the tTotal system
would be approximately 100,000 pounds. The circulation
rate of the sieves would be 76,000 pounds per hour, with
a normal-paraffin loading of 6.0 weight per cent on
leaving the adsorption section.

The adsorpbtion Gower would contain approximately
45,000 pounds of Linde type 5 A lMolecular Slieves. The
fresh feed of catalytic reformate would enter the base of
the adsorption tower and leave near the top.

The lolecular Sieves would enter the top of the
adsorption tower and slowly move down the tower by seti-
ling. A mechanical conveyor would remove the spent sieves
from the base of the adsorption tower.

The counter-current flow would permit the maximum
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saburation of the sieves leaving the adsorpbion tower.

The sieves would pass t0 a drying zone where the
extraneous ligquid would be removed by evaporation. The
saturated gases from this section would pass To a cooler
and then to a separator. The liquid condensate would be
recycled to the adsorption column while the gas would be
charged to an absorption system to permit the recovery of
the traces of hydrocarbon present.

The dry sieves would proceed to the reactivation
section where they would be healbed o 660° F. and simul-
taneously purged with an inert gass

The hot gases from this section would also pass
through a cooler and separator. The condensate would be
essentially puve normal-paraffins. The cooled gas would
be compressed and then serve as a gas 1lift to return the
reactivated sieves To the top of the adsorption tower.

The flow of compressed gas would cool the sieves and
permit the recovery of a substantial amount of the heat
required to ralse the sieves to 6600 F.

The use of an oxygen-~free gag in the reactivation
system would be required to reduce the hazards of having
an explogive mixture in the system and alsc to prevent
the oxidation of hydrocarbons to undesireable compounds.

The main energy requirement of the entire unit would
be in the heat input to the drying and desorption sections.

The total heat load is estimated as follows in

Pable VIIT.
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TARLE VIII
"PARASORB UNIT" HEATING LOAD

Heating reguirement B.T.U. per hour

Latent heat required to remove
the extraneous liquid. 2 3080,000

Heat required to ralse sieves
from 200° F, to 660° F. 9,120,000

Heat of desorption required by
normal-paraffins at 900 B.b.u.

per pound. 4,110,000
Latent heat of normal-paraffins 617 4,000
Sensible heat of the normal ’

paraffins 695,000
Allowance for heat loss | 1,378,000

TOTAL 18,000,000

Auxiliary heating in the form of internal hesabing
colils would be reguired in the reactivation section to
reduce the volume of gases required to furrnish the heating
cequirements. The flow of the hot gas and the sieves
would be counter-current for meximum efficiency.

An elutriastion system would be required to remove the
Molecular Slieves fines frem the system. It was estimated
that 300 pounds of new sieves would be required dalily to
mgintain a constant invenbtory in the btobtal system.

The fines éould be returned to The manufacturer for
repelleting since the powder would be the same type of
material as the original pellets.

An economic study is presented in the following table.



TABLE IX
ECONOMIC STUDY OF PROPOSED "PARASORB" UNIT

Present Proposed
Systen _System_
Daily Value of Product | -

189,000 gals. @ 12¢/gal. $ 22,680
170,100 gals. @ 1l4¢/zal. . $ 23,814
18,900 gals. @ 8¢/gale. _ 1,512
TOTAL § 22,680 $ 25,326
Expenses-~Daily
Fuel @ 15¢ per million B.t.u. 70
Labor - 12 hours @ $3.00/hour %6
Make-up liolecular Sieves '

300 lbs. @ $1.00/1b. 50
Tlectricity @ 0.7 ¢/kwh. o 10
Water @ 10 ¢/1000 gals. 3
Maintenance 60
Overhead- ins., taxes, elc. ‘ _ 120

Total $ 655
WET VALUE OF PRODUCT $ 22,680 $ 24,691
DIFFERENCE | ' + $ 2,011
Cost of "Parasorb” Unit*

4500 bbls. @ $2.75/bbl. $ 1,237,500

100,000 1lbs. lMolecular Sieves
@ $1.00/1b. 100,000
~ TOTAL $ 1,337,500
Annual difference of product values, |
$2,011 x 350 days annual operation & 70%,850
Less depreciation - 8 year basis: 167,187
NET PROFIT BEFORE TAXES ﬁ. 535,665
Taxes at 52% annual rate - __ 278,545
ANNUAL PROFIT AFTER TAXES $ 257,118
Per cent return annuallyon investment 19.2%

*The 0il and Gas Jourmal, Vol. 54, Ne. 50, 135



CHAPTER VII
SUMMARY AND CONCLUSIONS

The adsorption capacity of the Molecular Sieves was
found %o be a function of the liguid velocity in the
adsorption bed and the concentration of the normal-
paraffing in the charge stock.

Essentially complete reactivation of the Molecular
Sieves was obtained on heating to 660" F. and purging
with dry nitrogen.

Trace guantities of pure normal-octane were recover-
ed from nitration-grade toluene.

Egquilibrium capacity of bthe sieves varied from 1.2
weight per cent on the @urificatiaﬁ of nitration-grade
toluene to 11.44 weight per.cent on the adsorpilon of
normal-heptane from pure normélmheptane.

The removal of 10.0 volume per cent norﬁal hydro-
carbons from cabtalytic reformate increased the research
octane number of the effluent from 7%.4 to 88.9 unleaded
and from 9%.6 to 98.7 with 3.0 cc. of tetraebhyl lead.

The removal of 50 per cent of the normal-paraffin
content of a light naphtha increased the unleaded octane
rating from 57.% to 64.7 and the leaded ratings from 78.6
to 8%.%.

A sample of cabtalytic cracked gascline was found to

contain materials readily adsorbed by the sieves.

48
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On regeneration of the sieves, however, the magority
of the materials adsorbed were thermally unstable and
were converted bto non-condensible gases and non-volatile
deposits on tThe Molecular Sieves.,

Future studies in this field could be wide and varied
because of the recent development of the lolecular Sieves.

Possible studies might include:

1. liethods of reactivation of the Molecular Sieves
when thermally unstable compounds are adsorbede.

2. Determination of the extent and nature of
nornal-hydrocarbon impurities in commercial grade samples
of benzene, iso-octane, etc.

The effect of adsorption bed btemperabure on the

M

rate of adsorption.
4, The effect of pressure on the rate of adsorption

from liguid charge stocks.,
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REFRACTIVE INOEX, N,, 68° F.
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PROPERTIES OF

fulk density

Heat of water
adsorphtion

Specific heat
at 25)09 Ce

Surface area

16

TABLE X
LINDE TYPE 5 A NOLECULAR SIEVESL®

- 4% 1bs., per cubic foot

1800 B.t.u. per 1b. of water

- 024

- 750 square meters per gram

“Linde Air Products Co., Techmnical Bulletin,

General Information on Molecular Sieves, Types 4 A
and 5 A. Form 8605 December, 1954
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TABLE XI

PHYSICAL DATA ON ASTM NORMAL<HEPTANE

Boiling point, 760 mm. Hg, °C. 98.418
Freezing point, ASTM, °C. -90.684
Density at 20° C., gms./ml. 0.68385

Refractive index, ny at 20° C. 1.3%8779



TABLE XIT

EXPERTHMENTAL DATA ON THE SHEPARATION OF HNORMAL-HEPTANE
FROW 5,0 WEIGHT PER CENT NORLAL-HEPTANE IN NITRATTION
GRADE TOLUENE

o
=
9
L

<

Charge rate-ml/min. - 4.0 8.0 12,
L.H.S.V, 0416 -0.8%2 1.248 1.664

Refractive Index Data

Cut no. Praction Hun 1 Run 2  Run 3% Run 4
| i 0 - 50 1.4968 1.4968 1.4968 1.4966
2 50 - 100 1.4968 1.4968 1.4908 1.4965
% 106 -~ 150 1.4968 1.4967 1.4968 1.4965
24 150 - 200 1.4968 L.4966 1.4968 1.4965

5 200 - 250  1.4968  1.4965 1.4968 1.4965
6 250 - 300  1.4968  1.4965 1.4967 1.4964
7 300 - 350  1.4968  1.4965 1.4066 1.4964
8 350 = 400  1.4967  1.4965 1.4966 1.4963
9 400 — 450  1.4967  1.4964 1.4965 1,4960

10 450 < 500 1.49606 14964 1.,4064 1.4955
11 500 - 550 1.4966 14965 1.4957  1.4951
12 550 — 600  1.4965  1.4958 1.4951 1.4943%
1% 600 - 650 1.4064 1.4950  1.4944  1.4937
12 650 ~ 700  1.4961  1.4947 1.49%7 1.49%0
15 700 - 750 1.4954 1.49%6  1.4950 1.492%
15 750 - 300 1.4942 L4824 1.4921  1.4918
17 &S00 - 850 1.4926 1.4914  1.4914 1.4913%
18 850 -~ 900 1.4911 1.4907 1.4910 1.4908
19 900 ~ 950  1.4902  1.4903 1.4904 1.4904

20 950 ~1000 1.489% 1.4896 1.4899 1.4900



TABLE XIII

EXPERIMENTAL DATA ON THE SEPARATION OF NORMAT~HEPTANE
FROM 10.0 WEIGHT PER CENT NORMAL-HEPTANE IN WITRATION
GRADE TOLUENE
Charge rate—ml/min; 4,0 8.0 12.0 16.0
L.H.8.V. 0416  0.832  1.248  1.664

Refractive Index Data

Cut no. Fractich' Bun 1 Run 2 Run 3 Run 4
1 0 - 25 1.4967 1.4967 1.4967 1.4967
2 25 - 50  1.4967 1.4967 1.4967 1.4967
3 50 - 75 1.4967 1.4967 1.4967 1.4967
n 75 — 100 1.4966 1.4067 1.,4967 1.4967
5 100 - 125  1.,4966 1.4967 1.4967 1.4966
6 125 - 150 1.4966 1.4967 1.4967 1,4966
7 150 - 175  1.4966 1.4967 1.4966 1.4965
8 175 - 200  1.4966 1.4967 1.4963 1.4960
9 200 - 225  1.4966 1.4966 1.4960 1.4957

10 225 = 250  1.4966 1.4966 1.4958 1.4950
11 250 - 275  1.4965 1.4960 1.4952 1.4044
12 275 - 300 1.4964 1.4955 1.4043 1.4935
13 300 - %25  1.4961 1.4950 1.4935 1.4925
4 325 - 350 1.4955 1.4939 1.4921 1.4913
15 350 = 375 1.494% 1.4925 1.4910 1.4906
16 375 - 400  1.4924 1.4909 1.4897 1.4893
17 400 - 425  1.4907 1.4892 1.4885 1.4883
18 425 - 450  1.4885 1.4877 1.4871 1.4874
19 450 - 475  1,4863% 1.4861 1.4861 1.4865
20 495 - 500  1.4847 1.4844 1,4850 1.4856



TABLE XIV

VOLUNE OF NORMAL-HEPTANE RECOVERED ON REGENERATION

Sieve

gemp. o

_F. Bun 1 Bun 2 Run % Run 4 Run 5 Run 6 Run 7 Run
250 2.0 1l 1.0 3.8 5.2 3.7 3.6
300 7.1 4.6 6.5 10.3 9.2 8.3
350  11.6 6.0 8.2 8.8 14,1 12.5 12.0 12.9
400 12,2 6.8 - 9.2 10.5 17.5 14,8 15.5 15.8
450 9.8 13.2 13,0 19,0 19,5 18,1 18.5
500 13.9 12.4 16.6 16.4 24.6 27.2 22.0 22.6
550 20.0 25.4 31.0

600  30.9 28.8 29.5 30.4 37,5 36.6

650  39.5 34.0 36.5 39.1 45.4 41.2 43,0 41.7
660* 53,0 44.1 46.9 47.9 S4.4 54,0 51.0 49.6

*After 1 hour.

8
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TABLE XV

60

EXPERINENTAL DATA ON THE PURIFICATION OF NITRATION-GRADE

TOLUENE
Charge rate-ml /min. 10.0
L.E;S.V. 1.04
Refractive .Index Data |
| Cut ‘1\"[0 Fra;cti-on |
1 0 - 100
2 100 - 200
3 200 - . 300
4 300 - 400
5 400 - 500
6 1500 - 1500
v 1500 ~ 2500
Normal-octane, ny, at 68° F. = 1.597«’—%15

n, at 68° 7.
1.4968
1.4969
1.4969
1.4969
1.4968
1.4966
1.4961




TABLE XVI

EXPERIMENTAL DATA ON CATALYPIC REFORMATE

Catalytic Bffluent® Desgorbed

Physical Tests - Reformate  Composite Material

APT Gravity 55.9 50.6 73,0

Reld Vapor Press. -

psi, 2.9

n, at 68° F. | 1.4300 1.4377 1.389%

ASTYM Distillation, °F. |
TBP 155 - 156%

5% 175 . 176

10% 178 . 183
20% 200 192
50% 210 200
40% 220 205
50% 231 212
60% ony 218
70% 257 - 226
80% 276 237
90% 301 260
95% 325 292
P 563 338
Recovery, ml. 98.5 97,0

*Bagsed on 50 ml. of sample

Refractive Index Values, 68° ¥,

Cut No. ‘Fraction Run 9 Run 10
1 0 - 100  1.4378  1.4376
2 100 = 200  1.4%88  1.4%83%
3 200 ~ 300  1.4378  1.4%74
4 300 = 400  1.4350  1.4342



TABLE XVII

EXPERTMBENTAL DATA ON LIGHT NATHTHA

Light = Effluent Desorbed
Physical Tests Naphths  Compogite  Material
APL Gravity 62.7 - 728
Reid Vapor Press.
psi. | 2.6
n, ab 8° », 1.4050  1.4077 1.%89
ASTY Distillation, CF.
IBP 180 186*
5% 190 194
10% 193 198
20% 197 202
30% 200 205
4.0% 204 208
50% 209 212
60% 212 | 216
70% 217 222
80% 225 229
90% 240 246
95% 246 . 268
EP 28% 302
Recovery, ml, 99.0 98;5

*Based on 50 ml. of sample

Eefractive Index Values, 68° F.

Cut No. Eraction Run 13 Run 14
1 0 < 100  1.410% 14104
2 100 - 200  1.4073 14074
3 200 - 300 1.4057 1.4052
4 300 - 400  1.4050 -



TABLE XVIIT

EXPERIMENTAL DATA ON CATALYTIC CRACKED GASOLINE

Catalytic
Cracked = Effluent  Desorbed
Physical Tests Gasoline  Composite  laterial
API Gravity ’ 55,8 *
Reid Vapor Press. ' "
psi. - 4.6 . :
n, at 68° F. . L.A304  1.4347 1.3851
ASTY Distillation, °F.
B8P 124 ‘ #
5% 142
10% 164
20% 184
50% 206
40% 232
50% 26%
60% 292
70% 321
80% 354
8% 283
95% 404
EP ' 431
Recovery, ml. 98.5

*Insufficient sample for tests.

Refractive Index Values,,68° ¥,

Cut No. - Fraction Run 11
1 0 - 100 1.,4347
2 100 = 200 1.4%48
3 200 - 300 1.4345
4 300 - 400 1.4530



TABLE XIX

MATERIATL, RECOVERED DURING REGENERATION

Sieve

Ggup. . , _ J o
T Run 9 Run 10 Run 11 Run 12 Run 13 Run 14
300 1.0 1.4 2.5 1.3 24
350 44 4.6 5.5 3.8 4.3
400 6.1 7.0 4,0 8.0 749
450 9.0  10.8 5.2 11.2 12.6
500 15.0  15.1 6.1 15.6  16.4
550 - 22.8 7.8 20.4  20.8
600 25.0  25.4 8.2 23.5
650 284  29.2 9.0 1.1 25.3% 25.7
660* 34,7 34.7  10.1 6.8  27.5  27.0

*After 1 hour
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