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PREFACE

The purpose of this research was to study the separation
of n=paraffing from cyclic and branched chaln hydrocarbons
with Linde Company Melecular Sieve‘type SA.,

Equilibrium and dynamic capaclty of the Molecular Sieves
for n-paraffinsg wers determined,

A series of experiments for separation of different n-
paraffins from c¢yclohexanhe was made to investigate the influ-
ence of n-paraffin molecules on the separation characteristics.
‘Another serieg of experiments for the separation of n<heptane
from different nonadsorbed golvents was made to investigate
the influence of different solvent material on the separation
characteristics.

The studles were carried oubt by determining the change
of composition of different cuts of the effluent taken at
definite time intervals. Analysis of the various cubts was
by refractive index measurements.

I wigsh to express my thanks and appreciation to Dr. John
Bes West for his guidance and constructive criticism during
the course of the research work,

Indebtedness 1s acknowledged to Continental 0il Company
for furnishing part of the equipment used in this study and
chromatographic analysis of some of the samples,

The fellcwship awards by the Dow Chemical Company for

the support of my graduate progream is sincerely apprecilated,
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CHAPTER I
INTRODUCTION

"Molecular Sieve'™ is the trade-name of a new series of
syhthetic adsorbents developed in 195l by Linde Company, a
division of Union Carbon and Carbilide Corporation. These
adsorbent materials are synthetic zeolites, similar to many
natural clays and feldsparss.

In Molecular Sieves; the atoms of sodium or‘calcium,
silicon, sluminum, and oxygen are arranged in a definite
crystalline pattern containing many small cavities, inter-
connected by a number of still smaller pores, The cévities
and pores of Moleecular Sieves are uniform in size. Unlike
other adsorbents, Molecular Sieves have rather unusual selec-
tivity which is determined by the size and nature of the mol=-
ecule that is to be adsorbed and the sieve pore size.

Molecular Siévés usually contain water molecules in the
cavities which can be driven off by heating. The physical
structure of the crystal does not collapse or rearrange upon
losing water., The dehydraﬁéd Molecular Sieves thus obtained
contaln a network of empty cavities and pores. The cavities
in Molecular Sieves crysbtals have a very high affinity for
water molecules. In case no water is present, they will

accept almost any other material that can get into the cavities

1



and be adsorbed on thelr interior surfaces. This sieving
action, combined with their adsorptive capacity, is the
reagson for the ability of Molecular Sieves to separate mate-
rials on a highly selective basis, Table I lists & number of
materials which may be or may not be adsorbed by Molecular
Sieves type LA and G5A,

Several types of Molecular Sieves with different pore
diameters for each type have been developed. The smallest,
type 3A;, is a potassium aluminum silicate with a pore diam-
ebter of asbout 3 Angstroms, and can adsorb molscules whose
diameter i1s less than 3 Angstroms. Type LA 1s a sodium alum-
inum silicate and 5A is a caleium aluminum silicate. Type
10X and type 13X have correspondingly larger pore diameters of
10 Angstroms and 13 Angstroms respectively.

An extremely important factor i1g the regeneration of the
Molecular Sieves to their original state, so that they can be
used over and over again, This iz performed by simultaneous
heating and purging with a dry inert gas or by evacuation at
a low pressure, With proper regeneration techniques, Molec~
ular Sieves have undergone 15,000 adsorption and regeneration
cycles in the course of some vapor phase hydrocarbon separa-
tion without loss of their high adsorptive capacity (18).

Because of the unique features of Molecular Sieves as a
new adsorbent, it is desirable to make a detailed study of
their adsorptive @haracteristics,

The purposge of this work was to study the separation

characteristics of several n-paraffins in various nonadsorbed



TABLE I

ADSORPTIVE SELECTIVITY OF MOLECULAR SIEVES (34)

Adsorbed on type

LA and SA

Water

Carbon dioxide
Carbon monoxide#
Hydrogen sulfide
Sulfur dioxids
Ammonia

Nitrogen#, Oxygeni
Me thanei#, Methanpl
Ethane, Ethanol
Ethylene

Acetylens
Propylene
n=-Propanol

Ethylene

Adsorbed on type

Not adsorbed on eil-

TA but not LA

Propane and higher
n=paraffins up to
at least Clh

Butene and higher
n=olefing

neButanol and
higher n-alcohols

Cyclopropans

"Ereon" 12

ther type LA or GA

Iso=butane and all
ilgso=~paraffins

Iso=propanol and all
iso-, secondary, and
tertiary alcohols

Bezens and all aroma-
tics

Cyclohexane and all
cyclics with at least
Li-membered rings
Carbon tetrachloride
Hexachlorobutadiene
"Freon" 11l

"Fpeon" 11

Sulfur hexafluoride

Boron trifluoride

Molecules larger than
5.0 Angstroms

s#Appreciable quantitles of these low boiling materials

are adsorbed only at temperatures below =20°F.



solvents., Static equilibrium capacity for different n-paraffins
and the dynamic separation of the n-paraffins using a fixed bed

column were investigated.



CHAPTER II
REVIEW OF THE LITERATURE

The chemical composition and physical structure of Linde
Molecular Sieves are similar to a mineral known as chabazite
which occurs mostly in basaltic rocks, and occaslonally in
gneiss, syenlte, mica schist and hornblendic schist. Chabazite
is essentially a natural hydrous calelum aluminum silicate,
usually containing sodium and potassium., Dana (19) stated that
its composition is somewhat uncertain. He found that the com=-
position usually corresponds to BGa, Nag)Alzsiholzj ) H20.
The crystal has a golor from white to flesh-red, and a three
dimensional structure of silica tetrshedra wlth one~third of
the silicon atoms being replaced by aluminum lons. In nature,
calcium is a common p@sitive ion for replacément. The phenom=
enon of a positive ion replacing an equivalent quantity of
-another positive ilon is called base exchange.

The hydrated water molecules can be removed by simulta-
neous heating and evacuation. The pore space thus formed 1is
capable of being filled by other molecules which can get inte
-the pores.

. In 19169 Smith (51) analysed five samples of minerals and
classified them as chabaziteo

Weigel and Steinhof (52) found that water, methyl alcohol,



ethyl alcohol, and formic acid are adsorbed in considerable
amounts by chabazite, with a quickly attained condition of
equllibrium. Acetone, ether and benzene are only slightly
adsorbed or no£ at all, MeBain (38) concluded from this that
the pore diameter of chabazite must be 5 Angstroms or less.

The adsorption of ssventeen gases by éhabazite was deter=
mined by Schmidt (48) in 1928, He found that ammonia, oxygen,
argon, hydrogen, carbon monoxide, carbon dioxide, methane, and
ethylene gave normal adsorption values, but that ethane, pro-
pylene, dimethylacetylene, butylene, benzene, butylalecohol,
ether and hexamethylene showed smaller adsorption than ex-
pected or none at all, Ethylene is the largest molecule to
give normél ad sorption.

Ethane, with a diameter of L.7 Angstroms, has difficulty -
in penetrating into the pores of chabazlte, and the larger
molscules of ether, benzene, and hexamethylene cannot penetrate
at all, Schmidt found that the maln pore diameter of chabazite
is somewherse between L.l an@ a7 Angstroms. The smaller adsorp-
tion of the larger molecules occurs elther on the external sur-
faces of the crystallites or, what is more probable, the adsorb-
ent contains a small percentage of larger sized pores.

The phenomenon for adsorbents with very fine pores al-
lowing smaller molecules to penetrate Into their pores and
shutting out the larger ones was called "persorption" by
McBain (37, |

Beba (2) continued the persorption experiments on chaba-

zite using additional gases besldes some of those already



mentioned. He found that extensive adsorption was cbtained
with carbon dioxide, methyl alcohol, and methylamine; very
small adsorption with ethyl alecohol and ethylamine. The
dividing line was a molecular diameter of L.l Angstroms, that
of me thylamine.

Rabinowitseh (L}}) investigated the adsorpiion phenomena
of gases on chabazlte at very low temperature. He found that
at liquid air temperature and 300 - ;00 mm. pressure chaba-
zite adsorbg more hydrogen than nitrogen, This msans that a
congiderable fraction of the pores can admit hydrogen mole=-
cules but are too narrow teo admit nitrogen.

Rabinowitsch and Wood (L5) investigated the effect of
base exechange on the adgorptive eapacity of chabazite in
1936, Sodium and potassium lons were used to replace the
calcium., They found that the replacement of calecium by
godium ions had only slight effect on hydrogen sdsorption,
but eliminated almost completely the nitrogen adsorption.
Replacement of caleium by potassium ions cut down very
gstrongly both the hydrogen and nitrogen adsorption.

In 1938, Barrer (3) determined the adsorptlon isotherm
for argon, hydrogen, nitrogen and helium in the temperature
range 629 to 384°K., It was shown that zeolites consisting of
three-dimensional nstworks such as @hgbazite can adsorb enor=
mous quantities of gases, Thé adsorpéion of argon or hydro-
gen by chabazite 1s equal in volume to the water vapor removed
during the dshydration of the adsorbent. Of the gases for

which the wvan der Waals adsorpticn energy was reported,



nitrogen had the largest valuse., Adsorption measurements for
ammonia on chabazite in the temperature range 294°K to 626°K
were alsc made.

Emmett and DeWitt (21) measured the adsorption of nitro-
gen, oxygen, hydrogen, argon, carbon dioxide and n~butane on
partially dehydrated chabazite near the respective boiling
_points of the gases. Chabazite, when only 50% dehydrated,
adsorbs no nitrogen at -195°C, but will adsorb considerable
hydrogen at =195°C and carbon dioxide at -78°C, The amount
of n-butane taken up by the chabazite dehydrated about 96
per cent was almost negligible, amounting to about 1 ml, per
gram at a pressure of 200 mm. at 0°C,

Sorption rates and equilibrium were studied by Barrer
and Ibbitson (8) in 194k for the following gases: oxygen,
ammonias, hydrogen chloride, methane, ethane, propsne, n-
butane, iscbutane, n-pentsne, isopentasne, n-heptane and iso=
octane. When the minerals were sultably outgassed, the sorp-
tion of helium, argon, nitrogen, oxygen, methane and ethane
occurred in chabazites at very great velocitys Propane,
n=butane, n-pentane and n=heptane were‘sorbed fairly rapidly
at temperatures of 100 - 300°C, Hydrocarbons with side chalns
were totally ei@luded under all conditions., The sorption was
reversible and could be approsched from ths adsorption or
desorption side. Isothermg and isosteres were determined for
theflatti@e increased in the ordsr helium< hydrogen< oxygen,
or argon< nitrogen, or msthane < ethanse < propane< n-butane.

Barrer and Robins (11) studied a sorption of oxygen,



argon, and nitrogen on chabazlite at -183°9C for the pure gases
and for mixtures of argon and oxygen, and argon and nitrogen.
There are mutual interference effects in mixtures. These
effects depend on the relative affinities between the gases
and the sorbents., There is no evidence of enhancement of
sorption in any single case.

Barrer and Rees (10) worked on molecular diffusion in
crystales modified by polar sorbates. The systems Ilnvestl-
gated were hydrogen (at m19MOC)§'hydrogen9 oxygen, nitrogen,
argon (at -183°C) in ammonia=chabazite; and argon (at -183°C)
in propane=hydrogen-chabazite. Over a relatively narrow
range in the progressive additions of water, ammonia, and
me thylamine, the diffusion coefficients of the permanent
gages or of ethane decreaged by a factor of 103 or 10”, SO
that diffusion was very ssensitive to the presence of critical
quantities of modifier. The amount of modifier that produced
a glven effect upon the intrascrystal diffusion coefficients
depended on its molecular structure. The larger the molecule
and the larger and wider the intracrystslline channels of the
modifier, the smaller th@ amount that was required., A quane
titative treatment of diffusion in a system of isolated intra-
crystalline channels was developed based on the assumption
that each modifier molecule introduced an abnormally high
potential-energy barrier opposing diffusion.

Barrer and Rees (9) alsc studied the polar sorbates as
modifiers of zeolitie crystals. Systematic additions of polar

molecules (ammonia, water, methylamine ) to chabazite had a
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profound effect on the subsequent occlusion of nonpolar gases
(hydrogen, oxygen, nitrogen, argon, and ethane). In ammonia=-
chabazlte the saturation sérption of argon, hydrogen, nitrogen
and oxygen at =183°C and of ethane at -78°C, decreased at first
nearly linearly with amount of ammonia up to a narrow critical
range of interstitial ammonia concentrations. Thereafter, the
amount of permanent gases sorbed fell away sharply and ap-
proached zero asymptotically. As sorption temperatures were
increased for argon to =78°C and 20°C, this critical region
disappeared. Sorption corresponded elther to an interstitial
fluid or to cluster formation sbout intracrystalline sites in
such a manner that the maximum number of molecules in the
cluster varied with thse size of the sorbate molecules., Iso=-

. therms for one type of cluster formation were derived.

In 195, Barrer (5) stated that chabazite takes up slowly
the n=paraffins propans to nmhgptane and rapidly methane, ethane,
and molecules with smaller diménsionseﬂ The minimum diemster of
the_channél is about L,0 Angstroms. It can be used for the
separation of the lower n=paraffins from isoparaffins, aromatics
and naphthenes, Most of the simpler me thane derivatives are
rapidly oecluded, those of ethane slowly, so they can be sep-=
arated. Temperature has an important effect on the relative
separation; the separstion ecan also be modified by treatment
of the chabazite with small amounts of water, ammonia, etc.,
or by treatment with solutions containing ammonium and var-
ious metallic lons. Hydrogen-chabazlte has a larger pore

size and oeccludes propane very rapidly.
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The sorptive properties required by the crystal structure
of chabazite from theoretical considerations and compared with
known experimental properties were studied by Kington and Laing
(25) in 1955. A set of large channels proceed through the
crystal parallel to the axlis of three-fold symmetry, all
other channels being smaller and ineffective for sorption of
argon and molecules of similar size., The slx membered sil=
icate ring provided a pogition of maximum potential energy,
l.e., a "squeeze point," for all sorbate molecules larger
than argon. The sorptive properties of the chabazite struc-
ture proposed by Wyart (53) weres 1. Hydrogen, oxygen, helium,
nitrogen, neon and water readily sorbed; 2. Argon was a
borderline case, showing a small or negligible sectivation
energy for scrption, activation energy less than desorption
energys 3. Me thane in the freely rotating state requires
an activation energy of 7 to 1l keal/mole; L, Molecules
larger than methane require an activation energy greater than
14 kcal/moleg 5, The sorptive properties for argon and mol-
ecules of gimilar size are those of a system of parallsl
nonconnecting channels and not those of an Interconnected
network. The use of sorbate molecules that pass into the
lattice with an activation energy must result in pore diam-
eters greater than the equlilibrium diameter and thus greater
than the values requlred by the X-ray data.

The dewvslopment of Linde Molecular Sieves has been con-
ducted since the late 1940's., In late 1954, Linde Company

announced Molecular Sieves as their new product in the fileld
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of selective adsorption.

Illustrated bulletins (30, 31, 32, 33, 3l;) were pub-
lished by Linde deseribing some of the properties and
applications of Molecular Sieves.

Four experiments on liquid hydrocarbon separation were
reported in Linde's work (32)., They are separation of n-
tetradecane from benzene, separation of n-heptane and methyl-
cyclohexane, purification of isopentane, and removal of
unknown impurities from n-dodecane and isogafrole,

In 1956, Breck et. al. (1) of the Linde Company reported
a study of the properties and crystal structure of synthetie
zeolite, type A. The new zZeclite is represented by the for-
mula: Naj, [(A10,)1, (810,)y5] +27 H,0. The structure is
cuble, and is characterized by a three-dimensional network
consisting of cavities 1ll.l Angstroms in diameter separated
by eircular openings Lhe2 Angstroms in diameter. Removal of
the crystal watervleaves a stable crystalline solid con=-
talning mutually connected intracrystalline volds amounting
to ;5 volume per ecent of the zeocllite. A high capacity adsorb-
ent is produced which readlly ceccludes molecules of certain
8ize and shape but excludes others, Scdium ions, aceessiblé
to the intracrystalline voids or pores, undergo cation ex-
change readily in aqueous solution, Replacement of sodium
ions by calcium ions effectively enlarges the pore opehings
so stralght chain hydrccarbons are readlly adsorbed but
branched chaln hydrocarbons are excluded,

Experimental work included chemical analysis, physical
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properties, X-ray diffraction, electron diffraction, infrared
absorption spéetra, thermal stability, decomposition products,
ion=exchange reaction and adsorptlon studies.

The molecular sieve character of the type A zeolite is
evident from the experiment. At -196°C9 the type A zeolites
adsorb oxygen but not’nitrogen, and at_room.temperature e thane
and ethylene oxlde but not propans or cyclopropane, The
adsorption of propylene (5,0 Angstroms) but not propane
(11«9 Angstroms) shows that the zeolite is more selective for
unsaturated hydrocarbons. The calciume~exchanged type A zeo-
lite adsorbs larger molecules such as cyclopropans, and
normal hydrocarbons up to n=tetradecane but not benzene or
lsobutans. ;

Ziégenhain (55) investigated the effect of varying liquid
velocity and charge stock composition to an adsorption colum
under controlled conditions. Two synthetic mixtures of 5.0
weight per cent and 10.0 weight per cent n-heptane in toluene
were prepared., As the liquld charge velocity through the
column wag incrsased, the yield of n-heptane free product was
decreased for a given charge mixture, As the concentration
of n-~heptane in the charge stock was increased, the yield
of n=heptane free product was lower,

The removal of stralght chaln hydreocarbon from specifiec
refinery streams was also carried out and the increase in
cctane number of the product was determined.

In 1957, Schwartz and Brasseaux (U49) studied the sep-

aration of n<heptane, n-octane, n-nonane and n-descane from
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nonadsorbed hydrocarbon sgolvent and olefin free petroleum
digtillates by Molecular Sieve adsorption. A series of eight
synthetic hydrocarbon mixtures was tested. The first three
were 7O voluﬁe per cent, 50 volume per cent and 30 volume per
cent of n-~heptane in methylecyclohexane mixture. The frontal
analysils technique was used in all cages and eluate fractions
were collected by gravity flow without the use of pressure or
vacuum, The refractive indices of all_eluate portions were
determined at 25,0°C., The n-paraffin content of the fraction
was computed by a refractometric method which should only be
applied to distillates of known boliling point range and free
of olefins and water. The results of varying the n-heptane
concentration confirm those obtained by Ziegenhain (55).
Increase in charge rate and concentration df'n-heptane in the
charge stock gave less n-heptasne free product.

The results for 50 volume per cent of n-heptane in methyl-
cyclohexane, 2,2,L~trimethylpentane and toluene showed an in-
flection point in the frontal analysis curve which could not
be easily exélained, Four other mixtures were analyzed to
determine the cause of the inflection point obtained. This
inflection point was found due to the sorption of a small
amount of one of the aromatic constituents of the feed.

Two distlillate blends from an East Texas Crude were
analyzed to determine the elution curves which were similar
to that of the previous one, These tests indicated that a
n-paraffin free fractlon can be obtalned from distillate

mixtures. Batch tests of n-paraffin and nonadsorbed solvent
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(n-heptane in 3-methylheptane, n-heptane in methylcyclohexane,
n=heptane in teoluene, n-octane in toluene and n-decane in
E,E,Antrimethylpentana) also indicated that n~heptane, n=octane
and n=decane were preferentially sorbed from the mixtures,.
Nelson, Grimes and Heinrich (41) investigated the sorp=-
tion of n-paraffins and n-olefins in petroleum distillates
as an analytical technique., The total weight per cent of
n=paraffins and n-olefing was cbtained by measuring the
welght of sorption tube before and after adsorption. n-Par-
affins were determined by analyzing the product obtained by
aclid treatment of the distillate, and the n~olefins were

obtalned as the difference between the two analyses.,



CHAPTER III
MATERIALS AND EQUIPMENT

Materials
Linde type BA Molecular Sieve was used in all the
experimental work. Properties of thils type of Meclecular

Sieve are presented in the following table,

TABLE II

PHYSICAL AND CHEMICAL PROPERTIES OF LINDE
MOLECULAR SIEVE TYPE BA (33)

Particle size - Pellets of 1/16 in.
diame ter
Bulk density - L3 1b. per cu. ft.
Particle density - lel grams per cc,
Heat of water '
adsorption - 1800 B.tsu. per 1b.
water

Specific heat

at hO@C o= 0019
at 250°C - 0.2l
Alklinity in water - PH 9 to 10.5

Pure grade n-pentane, n-hexane, n-heptane and n-octane
obtained from Phillips Petroleum Company were used in all
experiments as adscrbate.

Solvents used were technical grade cyclohexane and 1so-=
propylbenzene, and pure grade isooctane, methylcyclohexane and
ethylbenzene.,

16
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Typiecal properties of all materlals are presented in

Appendix A,

Equipment

The equipment used for the separation was that developed
by Ziegenhain except for modificatlion of the feed system. A
diagram of the equipment is shown in Figure 1,

Charge stock to the column was fed by gravity from a
charge bottle three asnd one~half feet gbove the outlet of
adsorption:column, The fluld head was sufficient to obtain
steady flow at flow rates of 0.5 to 30 ml./min.

The flow rate was measured by a rotamster made by Flsher
& Porter Company.

A 2.5 ¢m, I.d. Pyrex glass tube, I feet long with ball
joint connections on each side was used as adsorption column,
8ix Inches below the top of the adsorption column, a sids
glass tube was installed for liquid outlet.

A 20 mesh stainless steel gauze was used to support the
sleves, It was held in place by indentations ftwo ineches from
the bottom of the adsorption column, |

An iron=-constantan thermocouple (number 30 B, & S.
éauge) made by the Leeds and Northrup Company was used to
meagure the reactivation temperature in the colum. A 2 mm,
I.ds Pyrex tube extending 20 inches into the middle of the
adsorption column served as a thermal well for the thermo-
couple.,

The column was thoroughly wrapped with two 6 foot sec=

" “tionsg of Briskeat flexible electric heating tape. The maximum
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rating of each tape was 700 watts and the maximum heat out-
put of 1100 watts was delivered when they were connected in
parallel, |

l-Inch wide fiber glass tape was used to wrap the heating
tape to prevent possible slipping.

The entiré>system of.heatiﬁg elements and column was
surrounded with one inech of magnesia insulation.

A 135 volt, 7 1/2 ampere output powerstat made by the
Superior Eléctri@ Company was connected with the heating
tape to adjust ﬁhe.rate of temperature lncrease in the
columne

A total.bfv385977 grams of new Linde type 5A (Lot No.
53Lly) Moleeular Sieve was. placed in the column, This was
equivalent to a volume of Séo ml.

Conﬁensate receiver #1 was a graduated 50 ml. glass
tube placed dire@tly under the column. A side-arm weas designed
for purging gas ouﬁlet whiech in turn connected with condensate
receiver #2.

Condensate receiver #2 was a graduated 30 ml, buret with
a water jJacket, Cooling water flowed upward to reduce ths
amount of low BOiling scomponents vaporized.

A vacuum- jacke ted condenser was built with a cooling
coll about twc feet long. The condenser held approximately
500 ml., of dry ice and acetone cooling mixture at a tem-
perature of éllOOF.
| Stainlesé steel tubing was used between the liguid charge

bottle and the rotameter, and also between the rotameter and
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the bottom of the adsorption column.

Short sections of polyethylene tubing were used to make
the eonnecﬁions between the glass and glass, glass and metal
tubing.

The entire system was checked for leaks by evacuating
and then observing the rate of pressure rise in the system
with a mercury manometer, A pressure rise of 1.5 inches |
per hour for thres hours was noted. The system was con-
sidered to be tight enough for experimental work,

Thermocouple wire was connscted to a Leeds and Northrup
Company double-range portable potentiometer. The potentio-
me ter was checked before each run to insure standardization.

A ¢ylindser of Linde high pressure nitrogen was used as
purging gas required for the deéorption cycle., A Hoks~FPhoenix
nitrogen regulator was connected to the eylinder to regulate
the purging gas flow., A Fisher & Porter Company Flowrator
was Installed between the regulator and adsorption colum to
measure the amount of nitrogen gas for purging use, The Flow-
rator had been ¢alibrated at flow rates of 0.6 to 30,0 liters
of nitrogen per minute at room temperature 2500 and atmospher-
le pressure,.

Dow Corning silicone stopcock grease was used on all glass
stopcocks, Metal spring clamps were used on each ball joint
connection to insure a tight seal,

A Spencer refractometer, thermocstatically controlled at
20°¢, was used for the determination of all refractive in-

dices. Calibration of the refractometer with standard test
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sample was carried out before each geries of samples was
tested. | |

A congstant temperature bath was set wp for the refrac-
tometer. |

An analytical balance made by Flsher Scientific Company
was used in small quantity welghing. A larger one made by
Eimer and Amend Laboratory Supplies was used in preparing all
the synthetic mixtures., The former was checked with a set of
standard weights (Class S-1) supplied by E. H, Sargent &
Company. The latter was checked with a set of standard
weights (Class C) supplied by Eimer and Amend Laboratory
Supﬁlies,

A Cencec Hyvac vacuum pump manufactured by Central
Scientific Company was used in evacuating the whole system
and removing the excess neparaffing in determination of

equilibriuwm sieve capacity.



CHAPTER IV
EXPERIMENTAL WORK

Linde type BA Molscular Sieve pellets with 1/16 inch
in diameter and 3/15 inch long were used for all experi-
ments. Adsorpticn was carried out in ligquid phase.

The experimental work was carried out in four parts.
The first part was to determine the equilibrium capacity of
n-paraffins on the sleves, The sepond was to study the
adsorption and desorption characteristics of n-paraffins in
a synthetlic mixture of known composition. The third was to
study the adsorption and desorption characteristics of mixed
n=paraffins in a synthetic mixture of known composition. The
fourth was the purification of branched chain and cyclic

hydrocarbons.

Equilibrium Capacity for n-=Paraffins

New samples of type BEA Molesular Sieve were put in a
250 ml, Erlenmyer flask. The sieves were activated to de=-
sorb any materials that were possibly adsorbed on new sieves,
so that aceurate equilibrium capaclty could be determined.
Activation was done by evacuating the flask to absoclute
préssure of 1.0 inch Hg., with simultaneous heating at 350°C
for ten houwrs. An impurity content of 2,43 weight per cent

was found.

22
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Approximately 20 grams of activated sieves were placed
in & 250 ml, Erlenmyer flask and the weight determined using
an analytical balance.

Approximately 70 ml. of pure grade n-paraffins were
added on the sileves. Adsorbed gas was vigorously released
at first and the bubbling continued for about five minutes.

The temperaturs of the flask and contents increassed
slightly but was not dstermined.,

A cork stopper was placed on the flask after the bub-
bling had c¢sased. The flask and contents were then period=-
ically agitated by hand for forty-elght hours at an average
room temperature of éBOF to assure equilibrium point having
reached. |

The excess amount of n-paraffinsg was removed by evac=
uating the flasgk to 1.30 inch Hg. absolute pressuwe., For
n-~pentane and n-hexane, the flask and contents were removed
from the wvacuum lins and rewelighed at intervals of thirty
minutes, After three hours, the weight was constant and
was recorded. For n=heptane, n-octane and water, the flask
and contents were reweighed at two hour intervals. After
ten hours, the weight was constant and was recorded.

Separation of n-Paraffins from Cyeclic and Branched Chain
Hydrocarbons

The first phase of the study was the geparation of n-
paraffing from technical grade cyclohexane., Four synthetic
mixtures with the composition snd propertles shown in Table

ITIT were prepared.
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The new gisve bed was reaetivated to ﬁemove any possiblé ,
impuritiés contained, The bed was heated to ééOOF and kept
at that temberature for one hour, while purging with dry nitro=-
gen at a rate df twovliters‘per minute,‘ Impurities of l.2 ml.
welghing 1,17 grams were obtained., The net weight of the
sieves in column was then 38h,60 grams. The recovered mate=
rial had a refractive ihdex value of 1,3330 at 20°C, This is

the value reported fof pure water.

TABIE IIT

PHYSIGAL PROPERTIES OF SYNTHETIC N-PARAFFINS
3 IN CYCLOHEXANE MIXTURE

Run No,  Mixture Wood Vol.#  np?0 Mixture

n=pentans v 5,00 6.15 .;'

1 @yelohexanej» - 95 OO' 93.85 lsh201
n-hexane 5°OO ' 5,87

2 cynl@hexane» 95,00 9,29 1.4208

3 n-heptans | o 5.00 5.71 '1 1212
@yelwhexane . 95400 91,13 i
n-oc tane ’ 5000 5.5l |

L eyelohexane 95,00 oL 16 1.4218

A @harge'rate of 10 ml, per minute was maintained for
all the runs which were carried out at atmosphépic presgsure
and room temperature. |

The initial and maximum bed temperatures during adsorp-
tlon were recorded. |

A tobal voluﬁe of 1,500 ml, of effluent was obtained for
each run. Thirty cuts of 50 mle of effluent for each were

taken to determine the refractive index values. which showed
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the change of compositlon from n-=paraffin free product to the
original synthetic mixture, Outlet concentration was equal
to inlet concentration in the finsl portiéns of the run.

The breakthrough point was also determined. It was
defined as the point during sach run when n-paraffins were
appeared in the effluent. The n=paraffin content of the
effluent was interpolated from the correlations presented
in Figures>8 and 9 which were inferpolated from the pure
materials and the synthetic mixtures.

Experimental data determined on runs 1=l are presented
in Table XII., Regeneration of the sieves was earried out by
first draining off the excess liquid., The liquid trapped in
the vold spaces was removed by slowly heating the adsorption
column to =a bemperaturé of 150°F in a period of approximately
one and one=half hours. During heating, the column was purged
wlth dry nitrogen at a rate of 2 liters per minute.

The rate of purging was reduced to 0.5 liter per minute
when the bed temperature reached 150°F, The powerstat was
then adjusted to glive a rate of temperature increase aboub
5OF per minute until the bed temperaturs reached 200°F,

The regeneration characteristics of the sieves were
then noted for each run., No ligulid was recovered 1in tempere
ature range 150°F te 300°F for run 1, or 150°F %o 200°F for
run 2 and run 3., This inbermission of liquid flowing out thse
column was noted. Refractive index values of the liquid
recovered before and safter the intermisgsion indicated that

pure n-=paraffins were recovered after the intermission.
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During run U, 7.5 mle of liquid, assumed to be n-octane
because of the refractive index value, was recovered on conden-
ser #1 in the temperature range 150°F tb 200°F,

When the regéneration temperature‘reached 660°F, adjust=
ment of the powerstat was made to keep the temperature constant.
Purging of the sieves was continued for one hour on run 1 and
run 2, one and one-half hours on run 3, and two hours on run
i to permit the sieves to reach an equilibrium state.

The purging gas passed through condensate receiver #1,
and then to the acetone and dry ice mixture condensers

The adsorption column was then cooled to room temperature
after each run. This completed one cycle,

Data on regeneration of the sieves for all the runs are
presented in Table XVIII,

The second phase of this experiment was to study the
separation of n-=heptane from different pure or technical
grade cyclie hydrocarbons. Three synthetic mixtures with the

following physical propertles were prepared.

TABLE IV

PHYSICAL PROPERTIES OF SYNTHETIC N-HEPTANE
IN CYCLIC HYDROCARBONS MIXTUHE

Run No. Mixture Wﬁa% Vol.% ano Mixturs
R 6200 ohide b2
6 e%&?ﬁggﬂiene M | 9%:38 92 25 1°u$91
7 iggiggzgibenzene 9?:88 9%:%% 1.4839
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The same sxperimental procedurse as in previous runs was
followed. On regensration, no liquid was recovered in the
temperature rangs 150°F to 250°F for run 5. For run 6, a bed
temperaturs of 250°F was maintained for an hour since the
recovered effluent was still the synthetic mixture. Samples
“were taken frequently to determine the refractive index values
during this period until a short intermission of liguid flowing
out the bed was noted. The liquid recoversd after the inter-
miési@n was n=heptans. For run Ts the bed btemperatburs was
kept at 250©Flf©r two hours until apn intermission occured.
There was no liguid recovered until the bed temperature rsached
GlOOFo

Purging at 660@F was G@ﬂtihﬂ@d’f@r ocne and ons<half hours
for sach run. |

All @xpafimental data ars presentsd in LAppendix B.

The third phase was 1o étudy the geparation of neparaffins
from pure grade isococtane. Two synthetic mixtures with the

following physical propertiss wers prepared.

TABLE V

PHYSICAL PROPERTIES OF SYNTHETIC N-PARAFFINS
~ IN ISOOCTANE MIXTURE

Run No. Mixture Whe% Vol.% nDQO Mixturs
nepentane 5,00 5.56
8 iscoctane 95,00 9y lily 1.3698
nehexans 5,00 5«29 ‘
9 isooctans 95,00 Sl 71 1.3901

Exp@wimental progedure was the same as that established

during previous runs.  On regensration, no recovery was obtained
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in the temperature range 150°F to 300°F for run 7, and in the
range 150°F to 250°F for run 8., Purging of the sileves was
continued for one hour in both cases,

Experimental data of this series are also presented in

Apprendix B.

Separation of Mixed n-Paraffins from Cyclic Hydrocarbons

A gynthetic mixture of n-pentane, n-hexans and n<heptane
in technical grads cyclchexans with the following rhysiecal

properties was preparsd,

TABIE VI

PHYSICAL PROPERTIES OF MIXED N-PARAFFINS
- IN CYCLOHEXANE MIXTURE

Run No., Mixturs Who% Vol.% np20 Mixture
n-pentans 1.66 2.08
n-hexane 1.67 1.97
10 neheptane 1.67 1.91 1.4206
ayelohexane 95,00 oli.ohL

The adsorption eyele was similar to the previcus runs.

No liquid was recovered on regeneraticn in the temperature
range 150°F to 250°F,

Chromatographic analysis was utilized to determine the
distribution of differ@nt n=paraffins in the efflusnt at dif-
ferent time intervals., Eight typical samples were chosen from
thirty euts. The adsorbate samples were also chromatograph-
ically analyzed to show the composition quantitatively.

Purification of Commercial Grade Methylpentane and Technical
Grade Gy@l@hexane

Commercial grade methylpentans contains about 85% 2« and
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3-methylpentane, The balance is composed principally of
2,2=dimethylbutane, 2,3=-dimethylbutane, n-hexane and cyclo-
rentane, Typical properties are presented in Table X.

A total volume of 1700 ml. was passed through the sieve
bed. A%t definite intervalsglsamples were taken and refractive
index values were determined. A charge rate of 24,0 ml, per
minute was maintained.

Technical grade cyclohexans has a minimum purity of 95
mol per cent. Other components are mainly 2, lj=dime thylpentane
and l,l-dimethylcyclopentans. A total volume of 1000 ml. was
passed ﬁhpough the adsorption column te remove the possible
straight chailn hydrocarbons contained. Twenty fractions of
50 ml, for sach were taken and the refractive index values
were determined, Chargse rate wasulh ml., per minuts.

Experimental data for purification runs are presented in

Table XVI and XVII,



CHAPTER V
RESULTS AND DISCUSSION

Separation characteristics of Molscular Sleves for n=
paraffing from branched chain and e¢yelic hydrocarbong ars
dependent on both the adsorbate and the solvent material of
a mixture, The results cobtained are interpreted in the fol=-

lowing sections.

Equilibrium Capacity of Mqlécular Sieves for n~Paraffing

Experimental data are presented in Table XI., The fol-

lowing table lists the adsorptive capacity at equilibrium,

TABIE VII

e EQUILIBRIUM CAPACITY -OF n-PARAFFINS
.. . ON TYPE 5A MOLECUIAR SIEVE

Adsorbate Equilibrium Capactiy Wte%
Sample 1 Sample 2

n-pentane 9,15 8.62

n=hexans 9.94 9,60 9,71

n=heptane 12.00 - 11.91

n=o¢ tans 13,19

water 19.55

The difference betwsen the batehes varied from 0.54% for

n-pentane, 0.34% for n-hexans, and 0.09% for n-heptans. This
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shows a smaller deviation as the carbon number increases. The
reason is probably that lower boiling n=paraffins exert greater
vapor pressure at any definite temperature. Llittle difference
in vacuum and period of evacuation causes greater deviation
for lower bolling n-paraffins than for the high boiling ones.

The equilibrium capacity of Molecular Sieves as a funce=
tion of the molecular weight of adsorbed n=paraffins is shown
in Pigure 2, This shows that the sieves have greater affinity
for the higher boiling n-paraffins than the lower ones. This
is similar to the result obtained by Barrer and Ibbitson (8),
who found that the affinity between n<hydrocarbons and the
chabazite lattices was frequently considerable and increased
as the chaln length increased.

Water adsorption on the sieves was also determined as
19.55 weight per cent.

Effect of Molegular Structure on the Separation of n-Paraffins
from Cyclohexane

The dynamic capacity of n-pentane, n-hexane, n-heptane
and n-octane from the cyclchexane mixture was also ploﬁted VSe
molecular welght as shown in Flgure 2. This alsoc shows that
the sleves have greater affinlity for the higher boillng n-
paraffins than the lower ones. The dynamic capacity is cor=
respondingly lower than the equilibrium capacity. The approach
to equilibrium capacity is 60,2% for n-pentane, 69.5% for n-
hexane, 76.8% for n-heptane, and 82.0%bfor n-octane, This
shows that higher boliling n-paraffins were adsorbed more

rapidly than the lower ones.
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The curves in Figurs 2 were fitted by the method of least
squares. The standard error of estimate for equilibrium capac-
ity and dynamic sievs @apacity was determined to be 0.35 and
0,31 respectively.

Figure 3 shows the changse of composition for different
cuts of runs l=lj, and the breakthrough point of neparaffins,
Approximately 700 ml. of n-paraffins free cyclohexane recovered
during the separation of n-octans from cyeclchexans was noted
from the Figurs. Similarly, 600 ml., 700 ml., and 600 ml. of
n=paraffin free cyclchexane recovered during the separation of
n=heptane, n=hexane, and n-pentane from cyclochexane were also
noted for the other runs. It may be seen from the flgure that
the rate of n-parsffin adsorption on the sieves was approx-
imately the same for these four runs in the beginning, but that
the lower bolling n-paraffins were removed morse slowly as the
runs prograssed,

Material balan@esrwepe caleculated for each run. For the
-goparation of n-heptane and n-cetane from gyclohexene, the
amount of n-heptans or n-octans recoverad plus that remalning
in the efflusnt was sequal to the amount contained in ths orig-
inal mixture which passed through the column. For the separa-
tion of n-pentane and n-hexane, losges of 20 per csnt of the
theoretical amount of nepentane and 8 per cent of n-hsxans
were noted respectively.

A study was then made to determine the losses. n-Pentanse
exerts approximately a ten times greaber vapor pressure than

n-heptans and four times that of n-hexans at a same btemperature.
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For a binary mixture of n-pentane and cyclohexane, n-pentane
is richer in ths wvapor phase and leaner in the liquld phase
within a container,

The evaporation of n-pentane from the charge bottle,
from the efflusnt sample bottles, during the measurement of
refractive index, and during the period the effluent came out
the column was estimated to be ninety per cent of the total
losse The loss in ths effluent sample bottle was verified by
noting the inersase of refractive index of the synthetic mix-
tures at the time they were prepared and after overnight which
is about the periocd betwesn gathering the effluent and the
refractive indsx analysisg of the effluent sample. The increase
of refractive indsx indicated the loss of n-pentane to vapor
phase.

The loss in purging of the bed was also caleculated as
approximately ten per cent of the total loss., This makes an
error about 0.5 weight per cent on the dynamic loading of n-
pentane, An srror about 0.2 weight per cent on the dynamic
locading of n-hexane was alsc obtained,

Other losses were also investigated and wers found to bs
comparatively small.

The breakthrough curve determined in Figure 3 for n-pen-
tane should actually have a little lower position because of
the loss of n-pentane in the effluent sample bottles. The
upper part of the curve for the n-hexans separation run shows
a alight inconsistancy which 1ls probably due to the loss of

n=hexane aﬁd amall experimental errcors dus to control of ths
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constant temperature of the refractometer and the subsequent
refractive indsx reading, The lower part of the four curves
shows & consistent trend that the higher position of the curve
indicated mors neparaffins wers remoﬁed from the synthetic
mixture.

Figure LI shows the result of separation of n-heptane
frbm varicus solvent materials, Separation of n<heptans from
isopropylbenzens had an instantansous breakthrough of n=heptans
with a low capacity on ths sieves.

Ziegenhain's work (55) on separation of nwhégtane from
toluene was algé plotted in the Figurs. |

The sieve loadings, 3.1 weight per cent for séparation
of n-heptans from isopropylbenzene, 7.7 weight per éent from
ethylbenzene and 8.2 welght per cent from toluene, were ob=-
tained respectively., The longer and branched chain on aromatic
ring showed greater interference in the removal of n-heptanse
from the stream.

Sieve loading of 8.6 weight per cent on separation of n-
heptans from methyleyclchexane and 9.5 weight per cent on thatb
from cyclohsxane indicates that methylcyclohsxane had greater
influence than eyclohexans.

Effect of Chain Length on the Separation of n-Paraffins from
lsooctanse

Figurs 5 shows the separation of nepentane and n-hexane
from iscoectane, n-Hexane and n-pentans had a dynamic loading
of 6,6 weight per esnt and 3,9 weight per cent respectively.,

The fact that the sieves had greater affinity for higher
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boiling n-paraffins is also verified in this gseriss of runs.
The breakthrough curve indicates that more n-hexane was
removed than n-=pentane.

Effect of Mclscular Structure on the Separation of Mixed
n-Paraffins from Cyclohexane

A sieve loading of 5.6 weight per cent was obtained for
a mixture., BRefractive index of condensate on receiver #1
was 1,3831 which 1s close to the value of n-heptane (20). Con-
densate in receiver #2 had a refrsctive index value 1.3760
which is close to that of n-hexane (20), Receiver #1 was at
room temperature and a greater proportion of the higher boiling
components was collected. Receiver #2 should collect more
lower boiling components which were condensed cn the dry ice
and acetone condenser, Curve showing the change of compogie-
tion was plotted in Figure 6.

Chromatographic analysis of eight typical samples was
not satlsfactory due to the logs of lower n-paraffins from
the samples pricr to analysis. Curve showing composition
change by this method was alsc plotted in Figure 6. The
difference bstween the two curves indicates the ioss of n-
paraffing, especially nmpenténe9 from the samples for chromato-
graphie anaiysiso The individual distribution eurve for each
n=péraffin component is not shown in the Figure,

Thé distribution of neparaffin in the combined Peéovery
of receiver #1 and #2 was 3.1 weight per cent of n-pentane,
33.8 weight per cent of n-=hexane, 62.7 welght per cent of n-

heptane and 0.l weight per cent cyelohexane., This result of
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separation of mixed n-paraffins from cyclohexane shows that
higher bolling neparaffins were predominately adsorbed on the
sieves., Similarly, silica gel, activated alumina, and acti=-
vated carbon (BM) have a tendency to adsorb the heavier and
higher boiling point components of a mixture in preferencé to

the lowsr boillng ones.,

Regeneration

Volume of solute recovered for runs l=)} was plotted as
a functicn of sieve bed temperature as shown in Figure 7. It
was noted that the higher boiling n-paraffins had a wider de-
sorbing range., A combination of adsorption and desorption
cycle Indicated that higher boiling ne-paraffins were more easily
adsorbed, and the desorption staried at a lowsr temperature com=
pared with that required for lower bolling ones. However,
longer period and higher temperature were requlred in attaining
the equlilibrium state for higher bolling n-paraffins,

From desorption data, it was noted that the meleeules
were so strongly held in the cavities of the sieve, that high
regeneration_temperature was required, n-=Pentane has a boiling
point of 96.9@F3 and n-hsxane has a boiling point of 155,8°F,
No n=pentane and n-hexane wers recovered at their boiling point
range. Over ons-half of the materials were recovered after the
bed temperature resched 50°F, The vapor pressures of nepentane
and n-hexane at LS50°F are approximately 50 atm and 28 atm respec-
tively. n=Psntans and n-hexane wers above or just at theilr
critical tempsratures of 386,5°F and [j55°F respectively, before

the reactivation of the sleve bed reached a2 maximum rats.
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L3
n=Heptane and n-occtans have boiling points of 209,1°F and
258°2°F regpsctively. Over one-half the materials were
recovered afbter the bed temperaturse reéched SSOOF, The correse
ponding vapor pressures are approximately 35 atm and 22 atm.
n-Heptane and n-octane wers above or close to thelr critical
temperatures of 512°F and 5A5°F respectively, before any
appreciable amount was desorbed.

The refractive indices of the recovered n-heptane and n-
octane are those of the pure grade materials., Recovered n-
hexane and n-pentans had refractive indices higher than that
of the starting material, They were possibly contaminated by
traces of the materials obtained in the range from room tem=-

perature to 150%F which were left on the container wall,



CHAPTER VI
SUMMARY AND CONCLUSIONS

Dynamic capacity of n-paraffins on the sieves varled from
339'weightvper cent for separation of n-pentane from iscoctane
to 10.7 weight per cent for separation on n-occtane from cyclo=-
‘hexane., Equilibrium capacity of neparaffins varied from 8,8
welght per cent for n-pentane to 13,19 weight per cent for n=
octane. It was found that Molecular Sieves had greater affin-
ity for higher boiling n~paraffing in both dynamic and static
conditions. Higher boiling n—paréffins wers algso preferentially
adsorbed from a mixture of n-=pentane, n=hexane and n-heptane
in cyclqhgxan@o

Se paration ernuheptane from various solvents (toluene,
ethylbenzene, cyclochexane and methyleyclohexane ) showed thatb
longer and branched chain on the cyelic ring of the solvents
had greater interference for n-heptane separation. The lower
dynamic sieve capacities were correspondingly obtained,

As a consequence of this work, further studies might
include the following phases.

l,_ The effect of adsorption temperature and ligquid chsarge
pressure on the rate of adsorption.

2. Separation and regeneration charactaristies of un=

saturated and branched chain hydrocarbons.

L



L5
3s Separation characteristics of sgtraight c¢hain hydrc-
carbons in vapor phass,
. BSeparation characteristics of multicomponent mixtures

containing unsaturated or both saturated and unsaturated hydro=

carbons,
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APPENDIX A

PROPERTIES OF MATERIALS USED AND REFRACTIVE
INDEX OF SYNTHETIC MIXTURES
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TABIE VIII

TYPICAL PROPERTIES OF PURE
GRADE n-PARAFFINS (2)

51

‘naPentaﬁé,angxane n-Heptane n-Octane

Freezing point, °F =201.7 = =139.9 =131,3 =701
Boiling point, oF - | 96,9 155,8 209.1 25802
Sp. gr. at 60/60F 0,631 0.665 0,689 0.706

at 20/LiC 0,626 0660 0,684 0.703
API gr. at 60°F 92.8 81.60  TheO 68.8
Vapor preasurs . '
A% 70%F, psia 8.7 2,146 o= -
At 100°F, psia 15,7 L+ 96 1,62 0.65
At 1309F, psia ' 2643 9,16 - -
ny at 20°C 13575 1.3749  1.3876  1.397h
Literature value (20) 1.357L8 1.37486  1.3876L  1.39743
Flash point, °F =56,6 =10 L2 72
Color, Saybolt +30 +30 430 +30
Sulfﬁr content, wt, % <0.005 - - -
Acidity Not acid Not acid Nobt acid Not acid
Nonveolatile matter None None None None

Pure grade = 99 mol per cent minimum purity.



TABLE IX

TYPICAL PROPERTIES OF PURE GRADE BRANCHED
AND CYCLIC HYDROCARBONS (L2)

Nonvolatile matter None

Pure grade =- 99 mol per cent minimum purity.

Mo thyl=
BEthylbenzene c¢yclohexane Isooctans
Freezing point, OF =139.3 ~196°2 =161.0
Boiling pointg OoF - 277.1 213,7 210.6
Sp. gr. at 60/60F  0.872 0.773 0.696
at 20/LC 0,867 0.770 0,692
API gr. at 60°F 30.8 51.6 71.8
Vapor pPeSSuré
At T0°F, psia 0.15 - 0.8
At 100°F, psia 0.37 1.65 1.7
At‘ZLBOOF9 psia 0.85 - 3.3
np at 2000 1.14959 1.1;228 1.3912
Literature value (20) 1.L959L 1.42312 1,391L5
Flash point; °F 71.6 22 L0
Color, RSaybolt +30 +30 +36
Sulfur content, wt. % - - <0.01
Acidity Not acid Not acid Not acid
Nons

None
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TABLE X

TYPICAL PROPERTIES OF TECHNICAL GRADE AND
COMMERCIAL GRADE HYDROCARBONS (L42)

. Isopro=
Cyclohexane pylbenzene Methylpentane
(tech. grade) (tech.grade) (comm. grade)

Freezing point, OF 139.6 =141 L -
Boiling point, OF 177.4 306.3 -
Sp. gr. at 60/60F 0,77l 0.866 0,661,
at 20/LC - - -
API gr. at 60°F 50.7 31.9 81.5
Vapor pressure
At 70°F, psia - : 0.07 -
At 100°F, psia 3.20 0,20 6.5
At 130°F, psia - 0.47 -
np at 20°C 1.4238 1.14906 1.3748
Literature value (20) 1742623 1.491L6 -
Flash point, °F ; ' < Lo 115 <=20
Color, Saybolt - 30 +30 430
Sulfur content, wh. % 0.0029 - 0,01k
Acidity _ Not acid Not acid Not acid
Nonvolatile matter ﬁone None None

Technical grade = 95 mol per cent minimum purity

Commercial gréde - about 85% 2= and 3-methylpentane
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. EXPERIMENTAL DATA
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TABIE XI

EXPERIMENTAL DATA ON EQUILIBRIUM CAPACITY OF
N-PARAFFINS ON MOLECULAR SIEVE TYPE A

61

Adsorbate Wt, of sample (gm.) Wt, adsorbed (gm.,)
n-pentane 21.8120 | 2.0020
19,7500 1.7020
n=hexane 20,6565 2.0615
B 22.1110 2.1215
20,2300 1.9650
n=heptans 20,1010 2.1105
21,0500 2.5130
n-octane ‘ 19.8185 2.6165
water 20,1660 L.0010

Averags room temperature - 68°F



TABLE XII

62

EXPERIMENTAL DATA ON THE SEPARATION OF NwPARAFFINS FROM
5.0 WEIGHT PER CENT N-PARAFFIN IN CYCLOHEXANE MIXTURE

Charge rate - 10 ml./min.

Flowrétor reading = 1,28

Refractiveqlpdethata

Cut No. Fraction(ml.) Run 1
1 O had So 10&238
2 50 = 100 1.4238
3 100 - 150 1.4238
b 150 = 200 1.4238
5 200 = 250 1.L4237
6 250 = 300  1l.4237
T 300 - 350 1.4237
8 350 = LOoO 1.L237
9 100 = L50  1.L4237
10 450 = 500 1.L4236
11 500 = 550 @ 1.4236
12 550 = 600  1.4235
13 600 - 650 1.4235
1l 650 = 700 1.L232
15 700 = 750  1,4229
16 750 = 800 1.Lh227
17 800 = 850 1l.Lh224
18 850 -« 900 1.L222
19 900 = 950 1.4219
20 950 = 1000  1.4h217
21 1000 - 1050 1.L4215
22 1050 = 1100 1l.Lh211
23 1100 = 1150 11,4208
2l 1150 = 1200 1l.L204
25 1200 - 1250 1l.L202.
26 1250 = 1300 . 1l.h202
27 1300 - 1350 1.4202
28 - 1350 - 1400 1l.L201
29 1,00 - 1450 1.h201
30 1450 = 1500 1.4201
Initial bed temp. °F 65
Maximum bed temp. °OF 81
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TABIE XITII
EXPERIMENTAL DATA ON THE SEPARATION OF N-HEPTANE FROM
5.0 WEIGHT PER CENT N-HEPTANE IN METHYLCYCLOHEXANE,
ETHYLBENZENE AND ISOPROPYLBENZENE MIXTURE
Charge rate - 10 ml./min.
Flowrator reading - 1.15 1,20 1.20

Refraetive Index Data

Cut No, Fraction(ml.,) Run 5 Run 6 Run 7
1 0 - 50 1.4228 1,4959 1.4905
2 50 - 100 1.4228 1.4959 1.4902
3 100 - 150 . 1.4228 1.14959 1,898
L 150 = 200 1.4228 1.4959 1.4891
5 200 - 250 1.4228 1.1958 1.,4882
6 250 = 300 1.4228 1.4958 1,L4870
7 300 = 350 1,228 1.4958 - 1.14866
8 350 = L00O 1.4228 1,4955 1,4855
9 400 - 150 1.4228 1.4951 1.4850

10 450 = 500 l.Lh227 1,4948 1.4847
11 500 = 550 1.h227 1.4941 1.14846
12 550 = 600 1. h227 1.493) 1.48L5
13 600 - 650 1.4226 1.4930 1.484Y
1L|. 650 bt 700 lo L|.226 loLI-926 loL|.8L|.2
15 700 - 750 10L|.226 loL|.922 10L|.8}41
16 750 = 800 1l.}4225 1.4918 1.48L0
17 800 - 850 1.4225 1.4913 1.4840
18 850 = 900 1,22l 1.4910 1.4839
19 900 = 950 1.4223 - 1.4907 1.4839
20 950 = 1000 l.4221 1.490) 1.4839
21 1000 - 1050 1.4220 1.4901 1.4839
22 1050 = 1100 1.4219 1,4898 1.14839
23 1100 = 1150 1.4217 1.4896 1.4839
2l 1150 = 1200 1.4215 1.489L 1.1839
25 1200 = 1250 1.4213 1.4893 1.4839
26 - 1250 = 1300 1.5211 1.4893 1.4839
27 1300 = 1350 © 1l.Lh211 1.4892 1.4839
28 1350 - 1,00 1.4211 1.4892 1.4839
29 1400 = 1450 1.5210 1.4891 1.4839
30 1450 - 1500 1.4210 1.4891 1.4839
Initial bed temp. OF 65 68

o 3|
oo

Maximum bed temp. °OF "85 85



TABLE XIV
EXPERIMENTAL DATA ON THE SEPARATION OF N-PARAFFINS FROM
5.0 WEIGHT PER CENT N-PARAFFIN IN ISOOCTANE MIXTURE
Charge rate - 10 ml./min.

Flowrator reading - 1,0

Refractive Index pata «

Cut No. Fraction(ml, ) Run 8 Run 9
1 0= _ 50 . 1.3912. 1.,3912
2 SO = lOO 103912 103912
3 100 = 150 1.3912 1.3912
Iy 150 - 200 1.3912 1.3912
5 200 = 250 1.3911 1.3911
6 250- = 300 1.3911 1.3911
T 300 = 350 1.3911 1.3911
8 350 = L0O 1,2911 1,3911
9 00 = 150 1.3911 1,3911

10 150 = 500 1.3911 1,3910
11 500 = 550 1.3910 1.3910
12 550 - 600 1.,3910 1.3910
13 600 = 650 1.3910 1,3910
lll. 650 - 700 103910 103910
15 700 -« 750 1.3910 “1.3909
16 750 = 800 1.3910 1.3909
17 800 - 850 1,3910 1.3909
18 850 - 900 1.3910 1.,3908
19 900 = 950 1.3909 1.3908
20 950 = 1000 1.3908 1.3907
21 1000 = 1050 1.3906 1,3906
22 1050 - 1100 1.390L 1.,3905
23 1100 = 1150 1.3902 1.390h
2L 1150 = 1200 1.3901 1.3903
25 1200 - 1250 1,3900 1.3902
26 1250 - 1300 1,3899 1,3901
27 1300 = 1350 1.3899 1,3901
28 1350 = 1L00 1.3898 1.3901
29 lL].OO nd 1}_!.50 103898 103901
30 1450 = 1500 1.3898 1.3901
Initial bed temp. °F 7h T2

Maximum bed temp. OF 89 92



TABIE XV
EXPERIMENTAL DATA ON THE SEPARATION OF 5.0 WEIGHT PER CENT

MIXED N-PENTANE, N-HEXANE AND N-HEPTANE IN
CYCLOHEXANE MIXTURE

Charge rate - 10 ml./min.,
Flowrator reading - 1.20

Refractive Index Data

Cut No. Fraction(ml. ) Run 10
l O = 50 lo)_|.238
2 50 = 100 1.14238
3 100 - 150 1.4238
L 150 - 200 1.4238
5 200 = 250 1.4237
6 250 - 300 - 1.4237
7 300 - 350 1.L237
8 350 = LoO 1.4237
9 ‘ LoOo = U450 1.4237

10 150 = 500 1.1236
11 500 = 550 1.4235
12 550 = 600 l.h23L
13 500 = 650 1, 4233
1 650 - 700 1.4231
1 700 = 750 1.4229
16 750 = 800 1.4227
17 800 - 850 l.4225
18 850 - 900 1.4222
19 900 = 950 1.L220
20 950 = 1000 1.4218
21 1000 = 1050 1.1215
22 1050 = 1100 1.4213
23 1100 = 1150 l.4211
2l 1150 = 1200 1.4209
25 1200 = 1250 1.4208
26 1250 = 1300 1.4207
27 1300 - 1350 1.4207
28 1350 - 1400 1.4206
29 14,00 - 1450 1.14206
30 1450 = 1500 1.4206
Initial bed temp. OF 8l
Maximum bed temp. OF 96



TABLE XVI

EXPERIMENTAL DATA ON THE PURIFICATION OF
COMMERCIAL GRADE METHYLPENTANE

Charge rate - 2 ml./min,

Flowrator reading - l.

Refractive Index Data

Cut No,

-~ O VUL &~ W o H

8

50

Fraction(ml, )

0
100
200
300
00
500
900

1300

Initial bed temp.
Maximum bed temp.

o

L

1

100
200
300
400
500
900
1300
1700

Run 11
1.3760
1.3760
1.3760
1.3759
1.3751
1.3749
1.3748
1.3748

60
78

66



TABLE XVII
EXPERIMENTAL DATA ON THE PURIFICATION OF
TECHNICAL GRADE CYCLOHEXANE
Charge rate - 1.0 ml./min.
Flowrator reading = 1,32

Refractive Index Data

Cut No, Fraction(ml, ) Run 12
1 0 - 50 1.L2L2
2 50 = 100 1.42L40
3 100 - 150 1.1238
L 150 = 200 1.238
5 200 - 250 1,1,238
6 250 = 300 1.1;238
7 300 - 350 1,1238
8 350 - 40O 1.1238
9 LoO - U150 1.4238

10 450 - 500 1.4238
11 500 = 550 1.4238
12 550 = 600 1.1238
13 600 - 650 1.4238
14 650 -~ 700 1.1238
15 700 - 750 1.4238
16 750 - 800 1.4238
17 800 - 850 1.1238
18 850 - 900 1.4238
19 900 - 950 1.1238
20 950 - 1000 1.1238
Initial bed temp. °OF 56

Maximum bed temp, OF 59



Run No., and

TABLE XVIII

MATERIALS RECOVERED ON REGENERATION OF
THE MOLECULAR SIEVES ON RUN 1-10

Dynamic Loading

Adsorbate

O oo N o0y Ul EFowonn -

=
o

(n=Cc)
(n=Cg)
(n-Cqy)
(n-Cg)
(n=C7)
(n-Co)
(n-C7)
(n-C3)
(nmcé)
(n-Cg)

(n=-Cz)
(n-C5)

n=Paraffin Recovery

Vol,=ml, Wte=gm, Wts per cent
33.3 19.9 5.2
1340 26,2 6.8
53,2 366 9.5
59.3 410 10,7
48,9 32.8 8.6
1349 29.6 7.7
17.7 12,0 3.1
2l 2 15.0 3.9
39,1 25.5 6.6
32,8 21.6 5.6

68

np at 20°C
#L #2

- 1.3592
1.3751 1.3760
1.3876  1,3876
1.397h  1.3974
1.3878  1.3877
1.3903  1.3899
1.3880 1.3889

- 1.3575
1,3761  1.3750
1.3831  1.3760



TABLE XIX

69

VOLUME OF N-PARAFFIN RECOVERED ON REGENERATION FOR RUN 1=l

Sieve Run 1 Run 2 Run 3 Run L
250 - - - 2.2 2.2 - 5.5 -
300 - - 0.5 6.2 6.5 - 10.1 -
350 - 3.9 2.0 9.3 11.5 - 11.0 -
Lo - 11.0 he2  11.7  16.0 1.0  12.0 -
450 - 15.2 é,o 15.0 18.9 1.} 13,1 -
500 -  18.6 7.2  17.8 21.1 1,8 16.0 0.1
550 - 24,8 9.2 20,4 23.9 1.9  20.0 0.2
600 - 29,6 11.0 20.8 27.5 2.0 25.1 0.l
650 = 32,7 13.5 22,2 34,0 2.1  33.0 0.6
660% = + 33,3 1lL.0 4+ 29.0 }42.8 + 10.4 L8.2 + %,6"w
33,3 ml. L43.0 ml. 53,2 ml, 59.3 ml,

L

ale

L
-

Run 3 - after 1 1/2 hours

Run L} - after 2 hours

Run 1 and'Run 2 = after l hour

Volume recovered in range 150°=200°0F



' TABIE XX

VOLUME OF N-HEPTANE RECOVERED ON REGENERATION FOR RUN 57

Sileve
temp.,
Oop

250
300
350
1,00
450
500
550
- 600
650
660%.

# After 1 1/2 hours

Run 5
#1 #2
5.0 -
9.8 0.7
- 13,5 1.4
15.5 2.8
17.5 b3
20.0 5.0
23,0 6.5
- 26,5 8.2
34,9 + 1h.0
48.9 ml,

Run 6
ot
1.6 -
ho -
6.0 -
8,1 -

10.5 -

W0 0.7

18,0 1.0

23,9 1.7

36.5 4+ 7.)

43.9 ml,

Run 7

=

3.5
1l2.2 +

0.7
5.5

17.7 ml.

70



TABLE XXI

71

VOLUME OF N-PARAFFIN RECOVERED ON REGENERATION FOR RUN 8-10

Sieve
temp.
op

250
300
350
Loo
450
500
550
600
650
6604

Run 8 Run 9
#1 #2 #1 2
- - - 1.6
- 2.8 3.1 be2
- 762 5.8 740
- 10.4 70 9.2
- 1.2 8.1 11.3
- 18.0 10,0 1.2
- 22,0 11.5 1é,5
- 2.2 13.5 19.6
-+ 2.2 1.1 + 25.0

2h.2 ml, 39.1 ml.

4 After 1 hour

Bun 10
#1 #2
- 1.0
- 3.4
0.5 6,0
1.0 8.0
1.k 9.2
3.5 10,8
6.0 12.3
10,0 13,8
14.5 18.3
32,8 ml.
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