THE ADSORPTIVE SEPARATION
OF
AROMATIC HYDROCARBON MIXTURES

By
KHAIRYA ALI AL-ZAID
Doctor of Philosophy

THE UNIVERSITY OF ASTON
IN BIRMINGHAM

APRIL 1987

This copy of the thesis has been supplied on condition that anyone who
consults it is understood to recognise that its copyright rests with its
author and that no quotation from the thesis and no information derived
from it may be published without the author's prior, written consent.



o,

The University of Aston in Birmingham
THE ADSORPTIVE SEPARATION OF AROMATIC HYDROCARBON MIXTURES
Khairya Ali Al-Zaid
Doctor of Philosophy 1987
SUMMARY

A detailed study has been made of the feasibility of adsorptive puri-
fication of slack waxes from traces of aromatic compounds using type 13X
molecular sieves to achieve S 0.01% aramatics in the product.

The limited literature relating to the adsorption of high molecular
weight aromatic caompounds by zeolites were reviewed. Equilibrium isot-
herms were determmined for typical individual aromatic compounds. Lower
molecular weight, or more compact, molecules were preferentially adsorbed
and the number of molecules captured by one unit cell decreased with
increasing molecular weight of the adsorbate. An increase in adsorption
temperature resulted in a decrease in the adsorption value.

The isosteric heat of adsorption of different types of aromatic com-
pounds were determined from pairs of isotherms at 303 K to 343 K at spe-
cific coverages. The lowest heats of adsorption were for dodecylbenzene
and phenanthrene.

Kinetics of adsorption were studied for different aromatic compounds.
The diffusivity decreased significantly when a long alkyl chain was
attached to the benzene ring e.g. in dodecylbenzene; molecules with small
cross-sectional diameter e.g. cumene were adsorbed most rapidly. The
sorption rate increased with temperature. Apparent activation energies
increased with increasing polarity.

In a study of the dynamic adsorption of selected aramatic compounds
from binary solutions in isooctane or n-alkanes, naphthalene exhibited the
best dynamic properties followed by dibenzothiophene and finally dodecyl-
benzene. The dynamic adsorption of naphthalene from different n-alkane
solvents increased with a decrease in solvent molecular weight. A tenta-
tive mathematical approach is proposed for the prediction of dynamic
breakthrough curves from equilibrium isotherms and kinetic data.

The dynamic properties of liquid phase adsorption of aromatics from
slack waxes were studied at different temperatures and concentrations.
The optimum operating temperature was 543K. The best dynamic performance
was achieved with feeds of low aramatic content.

The studies with individual aromatic compounds demonstrated the
affinity of type NaX molecular sieves to adsorb aromatics in the concen-
tration range 3% - 5%. Wax purification by adsorption was considered
promising and extension of the experimental programme was recammended.
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1.0 INTRODUCTION

Petroleum hydrocarbons are valuable feedstocks for manufacturing a
variety of petrochemical products, for example liquid paraffin and waxes
which are major raw materials for the pharmaceutical, detergents and pro-
tein industries.

The purities of the liquid paraffin and waxes are the most important
factors detemmining the type of application, particularly the aromatic
content which should not exceed 0.1% by wt for the above applications.
Purification of liquid paraffins and waxes from aromatic hydrocarbons can
be achieved by using oleum treatment, hydrotreating, hydrocracking or dif-
ferent types of adsorbent such as activated charcoal, silica gel or alumi-
na silicate.

Using oleum for purification presents many difficulties such as cor-
rosion problems and difficulties in acid tar neutralization and utiliza-
tion. The hydrotreating process is expensive since high temperature, high
pressure and catalysts are required. Use of adsorbents also has same
drawbacks due to their inability to remove same alkylbenzene. This study
was therefore initiated to investigate the potential use of molecular
sieves for purification of slack waxes, i.e. high molecular weight paraf-
fins, from aromatic campounds. Molecular sieves type X, and model aromat-
ic compounds were used. Equilibrium isotherms and the kinetics of adsorp-
tion were studied.

The main objectives of this work were to investigate the use of
molecular sieves type X for dearamatization of high molecular weight wax-
es, and to fractionate the aromatic compounds according to their chemical
structure and molecular dimensions. Molecular sieves type NaX was used
for adsorption of standard models of individual aramatic compounds from
binary solutions with iso-octane.

1.1 Structure and Properties of Zeolite

Zeolites are crystalline chemically and structurally camplex materi-
als. They are composed mainly of hydrated alumino silicates of group I
and group II elements in particular Na, K, Mg, Ca, Sr, and Ba. The frame-
work contains channels and interconnected voids which are occupied by the
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cation and water molecules. The structural formula of a zeolite is best
expressed for the crystallographic cell as

M, ((Al0,) (510,) ) w0
Where M is the cation of valence n
w is the number of water molecules, and the ratio
x/y usually has values of 1-5 depending upon the structure.
( ) represents the framework camposition

Since a high degree of reproducibility is required in an industrial
separation process, uniformity in camposition and purity are necessary.
Thus any synthetic zeolite must be characterized by the following informa-
tion.

The basic crystal structure, by X-ray;

. Chemical camposition;

3. Chemical and physical properties such as stability, dehydration
behaviour, cation exchange, adsorption behaviour of gases and vap-
ours.

Most of the synthetic zeolites are monocationic or dicationic, and
have one or two different species. Zeolites in general have the power of
selectivity, i.e., they adsorb or reject different molecules. Molecular
sieve action may be total or partial. If it is total the diffusion of one
species into the solid may be wholly prevented, whilst the diffusion of a
second species occurs. If the action is partial, the camponents of a
binary mixture diffuse into the solid at different rates depending upon
the conditions eg. pressure, temperature, the nature of the mixture and
the type of zeolite.

When a solid dehydrated zeolite is exposed to gas or liquid the
intracrystalline voids and channels fill with the molecular species con-
cerned, and when filling is camplete no more adsorption occurs. If the
temperature is maintained constant, this results in an equilibrium isot-
herm.
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1.2 Porosity Structure of Zeolite NaX.

The pore volume of zeolite X has been determined fram the adsorption
of different types of molecules including water, gases, and hydrocarbons.
The water pore volume is equivalent to 7908 A3 per unit cell. Wwith most
molecules, with the possible exception of water, only the larger super
cages are occupied.

The total calculated void volume of zeolite X is 7832 A3 per unit
cell. The total calculated void volume for the large voids is 0.296 an3/g.
At any temperature the void fraction of zeolite X which can be filled is
nearly 50% of the total crystal volume. Based on the structure of the
zeolites the calculated surface areas are 1400 mz/g for NaX. There are
three types of zeolite A, X, and Y. In these there are voids of two
types:

Ls The small spherical voids comprised of the B cage with a diameter of
6.6 A° and

2 Larger voids such as the a cage (supercages 26 hedron) in zeolite X
and Y. The diameter of the spherical unit in zeolite A is 11.4 A°
and in X and Y is = 11.8 A°.

1.3 Purification of Paraffin Waxes

The purity of paraffin waxes is an important aspect in their grading.
The degree of purity required, obviously depends on the type of applica-
tion. Paraffins applied in food conservation and packaging must be odor-
less and free fram campounds, particularly polycyclic arcmatic substances,
which are toxic to the human organism. Even stricter specifications are
applied to paraffin products to be used for medical purposes.

The complete purification of paraffin waxes and paraffin liquid
involves the removal of impurities usually present in small concentrations
like unsaturated campounds, mono, bi and polycyclic aromatic hydrocarbons,
hydrocarbon derivatives containing S, N and O atoms, and heterocyclic com-
pounds. The n-alkane, branched alkane and naphthene compounds should
remain intact as far as possible.

Owing to the widespread applications of paraffin waxes, a large num-
ber of purification processes have been developed. These can be classi-
fied essentially into 3 groups:

il Treatment with chemicals
2. Adsorption
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3. Hydrogenation

1.3.1 Treatment with Chemicals

The most important agent is concentrated sulphuric acid. 1In this
process oxidation, condensation, polymerization, sulfonation and resin-
formation takes place. The final degree of the purification depends on
the camposition of the initial product, concentration of H,S0,, tempera-
ture of operation, contact time and manner of execution.

Aramatics are sulfonated, unsaturated hydrocarbons yield polymerized
products, and resinous compounds are converted via polymerization and oxi-
dation reactions into asphaltenes.

Final purification with H,SO, is sametimes used in the manufacture of
n-alkanes by urea adduct formation if the specified aromatic content must
not exceed 0.01 wt%. It could be reduced to zero, if necessary.

1.3.2 Adsorption

The simplest process, essentially purification by adsorption, is by
mixing with bleaching earth. After equilibrium has been established, the
paraffin wax is separated by filtration. Various types of fuller's earth,
activated carbon, silica gel, bauxites, or natural and synthetic alumino-
silicates are suitable adsorbents.

Cne of the most important methods for paraffin waxes purification is
the percolation process. Two alternative methods are known: the station-
ary bed method and the moving bed method. The former is more widespread
on a cammercial scale, especially in the petroleum industry.

1.3.3 Hydrogenation

Hydrogenation processes have recently been developed for purifica-
tion. The most common is the ferro-refining process. A typical catalyst
camprises molybdenum oxide, cobalt oxide and iron oxide on an alumina sup-
port. This process is considered satisfactory for the manufacture of mac-
ro and micro-crystalline paraffin waxes for food and pharmaceutical indus-
tries.

Purification by hydrogenation brings about both chemical and physical
changes of the product. It reduces S, O and N content, the diolefins are
hydrogenated into alkanes and the polycyclic aramatics into asphaltenes.
It requires a high temperature, fram 533 K, to > 703 K, since otherwise
undesirable side reactions occur, e.g. hydrocracking and increased carbon
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deposit-formation. The process is expensive since high temperature, pres-
sure and catalysts are required.

The aromatic content for the final liquid paraffin product using a
hydrogenation process is below 0.01 wt%, campared with 1.2 wt% before
treatment.

1.4 Application of Paraffin Waxes and Liquid Paraffins

The potential uses of liquid paraffins and paraffin waxes are large
and very diverse. Essentially they can be classified into 3 main groups:
) A Utilization without any chemical transformation.

Direct applications of 1liquid paraffins and paraffin waxes
arise in the paper industry, in household chemicals (polishes,
creams, candles, etc.) in cosmetics, in the food industry, and in
food preservation etc. They are utilized in matches, textiles, the
electrical industry, pencil manufacture etc.

2. Utilization as feedstock for the chemical industry.

n-paraffin can be used as feed stock for manufacturing alco-
hols, fatty acids and dicarboxylic acids by oxidation processes.

3 Manufacture of proteins and other products by the biological trans-
formation of paraffins.

Certain bacterium cultures decompose paraffin hydrocarbons in
the presence of mineral salts to produce proteins.
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2.0 LITERATURE SURVEY - ADSORPTION ON MOLECULAR SIEVES

2.1. Adsorption by Zeolites

The study of adsorption of gases and vapours on solids dates from
early times. In 1840 Damour observed that crystals of zeolites could be
reversibly dehydrated without any apparent change in their transparency or
morphology. The concept that the structures of dehydrated zeolites con-
sist of open-spongy-frameworks is due to Friedel, who observed that vari-
ous liquids such as alcohols, benzene, chloroform, carbon disulfide and
mercury were occluded by zeolites (1).

Barrer and Ibbitson (2) described an investigation of the adsorption
of hydrocarbons on chabazite. They found that hydrocarbons such as
n-propane, n-butane, n-pentane and n-heptane were adsorbed quite rapidly
at temperatures above 373 K. However, branched chain hydrocarbons, such
as isobutane and iso-octane, were totally excluded. The adsorption equi-
libria were reversible. Isotherms and isosteres were determined for same
normal hydrocarbons on chabazite and analcite, where it was shown that the
affinity of solutes for the lattice increased in the order

He < H) < 0, and CH, < CyHg < C3Hg < n-CyH,
Thermodynamic properties of the zeolitic solid solutions were obtained as
functions of charge of gas in the crystal, chain length, or temperature.
Where possible the thermodynamic data were interpreted physically.

Adsorption by molecular sieves has become the standard method of
treatment for propane and butane containing H,S and mercaptans. They per-
form well in sweetening light hydrocarbon liquids. Clark (3) used exactly
the same principles for butane or natural gasoline sweetening. In a typi-
cal process propane passes down through the packed bed of molecular sieve
to provide an outlet product free of water, HyS and mercaptans. Typical-
ly, a pressure swing arrangement is incorporated where a bed will stay on
stream for 8 hours, whilst, a second bed, which performed 8 hours service
previously, is being desorbed.

Molecular sieves are required to selectively remove the polar cam-
pounds from the relatively non-polar paraffinic hydrocarbon. Molecular
sieves do have the selectivity required to make this separation. However,
there are other campounds such as carbon disulfide, carbon sulfide and
elemental sulfur that may, or may not, be removable by molecular sieves.
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No data has been found on the ability of molecular sieves to adsorb,
or desorb, elemental sulfur fram a hydrocarbon stream, but carbon disul-
fide would be expected to be removed from a propane or butane stream if
the 0O, content was not excessive. In a typical natural-gasoline plant it
is unlikely that mercaptans, below ethyl mercaptans, will have to be
removed from gasoline. Cenerally, the narrower the cut processed, the
higher will be the molecular sieve-design capacity for sulfur compounds.

Mair et al. (4) separated paraffins from cycloparaffins and alkylben-
zenes fram cyclobenzenes by selective adsorption on Sephadex LH-20 which
was previously pre-wetted with acetone. The samples were added in an ace-
tone solution to a chromatographic column and the compounds were eluted
with acetone. The separations of dinuclear aromatic petroleum fractions
near C,g and C,; with Sephadex were superior to those obtained with ther-
mal diffusion. Separation of fractions up to C3p were obtained using a
75:25 vol% acetone-tetrahydrofuran mixture.

In 1958, Mair and Shamaiengar (5) developed a method for separating
certain aramatic hydrocarbons according to the shape and size of the mol-
ecules by introducing a mixture of aramatic hydrocarbons into a column
containing the molecular sieve adsorbent. The method was tested with mix-
tures of pure aromatic hydrocarbons and with petroleum fractions compris-
ing, respectively, mononuclear, dinuclear and trinuclear aromatics in the
Cyg to Cy5 range. Results showed that fractionation with molecular sieve
adsorbents is a useful tool for investigating the composition of the high-
er boiling fractions of petroleum, besides providing information concern-
ing the structure of hydrocarbon molecules, since separation occurs
according to the shape and size of the molecules.

In this investigation, iso-octane was used as an eluant since it can
enter the pores of both the 10X and 13X adsorbent. Its use is possible
with aromatic hydrocarbons because the latter are very strongly adsorbed
and can enter the pores even in the presence of iso-octane as demonstrated
in Table 2.1.
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TABLE 2.1

PERCENTAGE OF HYDROCARBON ADSORBED ON MOLECULAR SIEVE
ADSCRBENTS TYPE CaX (10X) and NaX (13X)

Approximate %
adsorbed on
Name Formula CaX (10X) NaX (13X)

n-Decylbenzene CrH 100 100
16 26

1,3,5-Triethylbenzene c~H 6 100
12 18

6-Decyl-(1,2,3,4-tetrahydro- C H 50 100
naphthalene) 20 32

2-Butyl-1-hexylindan cC H - 100
19 30

2-Butyl-5-hexylindan Gl 60 100
19 30

1,2,3,4,5,6,7,8,13,14,15,16- C H 5 100
Dodecahydrochrysene 18 24

Satterfield and Cheng (6) studied factors influencing selective
adsorption fram a binary liquid system on molecular sieve zeolites. They
reported that selective adsorption is caused by the relative affinity, or
interaction energy, of the molecules for the zeolite structure. On NaY
adsorbent, aromatic compounds were selectively adsorbed in preference to
paraffins and naphthenes. Within a group of aramatic campounds those hav-
ing the smallest and most compact structure, for example benzene and
cumene, were selectively adsorbed in preference to larger aramatics, e.g.
1,3,5 tri-isopropylbenzene, because the isopropyl group causes shielding
of the ring from the pore so that the bond interaction becames less impor-
tant and alkyl group interaction more significant. Thus steric considera-
tions appear to be particularly important in adsorption selectivity.

Benzene > Cumene > mesitylene > 1, 3, 5 tri-ethylbenzene »
isopropylbenzene

They concluded that for a fixed temperature, the most important factor
affecting the rate of intracrystalline diffusion in type Y zeolites is the
critical molecular diameter of the diffusing molecules. The diffusion
rate decreases with increasing critical diameter.
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Gupta et al. (7) studied liquid phase adsorption of binary and ter-
nary systems of n-paraffins on IMS-5A at 279, 291, 303 and 315 K and found
that equilibrium adsorption was independent of temperature for loadings of
hexane-heptane and heptane-octane systems. However, for pentane-hexane,
pentane-heptane and pentane-octane systems the amount of pentane adsorbed
at 303 K decreased compared with the lower temperatures.

a and B parameters, where tan a = =* and B is the mutual des-
placement as defined in the Nmtanclature,hghn be calculated fram the slope
of the adsorption isotherm at very low concentrations. The nature of the
experimental isotherms did not permit direct measurement of the slope
because of experimental limitations in the determination of equilibrium
loadings at very low concentrations.

The heats of adsorption were calculated from the slopes of the plots.
They were approximately equal to latent heats of vaporization; e.g. for
n-octane, the heat of adsorption was found to be 38.1 kJ/mol, whereas, the
latent heat of vaporization is 34.8 kJ/mol.

Adsorption of benzene from artificial mixtures of benzene and
n-heptane was carried out by Fominykh et al. (8). Experiments were con-
ducted both in the liquid and the vapour phase using synthetic zeolites of
type NaX or CaX as adsorbents. They verified that synthetic zeolites of
the NaX or CaX type possessed high dynamic activity and selectivity with
respect to benzene in adsorption either from the liquid or the vapour
phase, but the dynamic activity of zeolites decreased with the increase in
the feed rate of crude. NaX zeolites had a greater dynamic activity than
CaX zeolites.

Both physico-chemical adsorption and steric effects play an important
role in selectivity for adsorbance of one camponent from a binary mixture.
For example, Satterfield and Smeets (9) studied the steric effect for
binary liquid phase mixtures of n-octane with either n-decane, n-dodecane
or n-tetradecane to obtain a better understanding of systems where steric
effects would be expected to be daminant. They concluded that, for all
three binary systems studied, the lower molecular weight paraffin was
preferentially adsorbed on molecular sieve 5A, relative to the higher
molecular weight paraffin. They also studied briefly the adsorbance of
cyclooctane on molecular sieve type NaX fram a binary mixture containing
n-paraffin of the same carbon number. They concluded that a cycloparaffin
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in general was preferentially adsorbed from a binary mixture of
n-paraffin. Steric effects cannot explain this and the cyclic structure
must cause same physico-chemical effect more strongly than that existing
with the n-paraffins.

Aramatic hydrocarbons are the most undesirable impurity in liquid
paraffins, and there is insufficient information on their composition.
Various methods have been used for investigation of the camposition of
those aramatics such as gas liquid chromatography, UV spectroscopy and
mass spectrometry.

Siryuk and Barabadze (10) established the limit of applicability of a
procedure known as Method I through which the camposition of aromatic
hydrocarbons containing various polycyclic systems could be analyzed on
the basis of UV spectra. They were able to determine the absolute con-
tents of benzenes, naphthalenes, phenanthrenes, and anthracenes with a
relative accuracy of 10% and a sensitivity fram 0.01% to 0.1%. The advan-
tages of the method are its high sensitivity and its complete independence
of the quality, or type, of paraffins or alkylnaphthenes present in the
product. Thus this method can be used to analyze various petroleum cuts
without first removing the saturated hydrocarbons and it is applicable not
only for a cut with a 673 K end point, but also for those with a higher
boiling point. A disadvantage of the method is that the accuracy of anal-
ysis is affected by the presence of hydrocarbons with four or five con-
densed aramatic rings.

Cherednichenko et al., (11) studied the composition of aromatic
hydrocarbons present as impurities in liquid paraffins by means of a set
of methods consisting of adsorption, gas liquid chramatography, UV and IR
spectroscopy. They used three types of sample
© Sample 1: Obtained from a diesel fuel cut produced from Arlan crude.
o Sample 2: Obtained from a diesel fuel cut produced fram Sunzha crude.
o Sample 3: Obtained from a kerosene gas oil cut produced from Stavro-

pol crude.

The qualitative composition of the aromatic hydrocarbon was investigated
by means of thin layer chramatography and UV spectroscopy. The use of
thin layer chromatography could provide separation of the aromatic hydro-
carbons into monocyclic, bicyclic aramatics and phenanthrene hydrocarbons.
UV spectroscopic data could support certain tentative conclusions on the
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structure of the aromatic hydrocarbons and micropreparative gas chramatog-
raphy could determine the individual camposition of the fractions of aro-
matic hydrocarbons.

Epperly and Pramuk (12) patented a process related to the separation
of aramatics and/or non-hydrocarbons from saturated hydrocarbons and/or
olefins. More particularly, their invention related to an improved pro-
cess for the separation of aramatics from gasolines, kerosenes, lube oils
and, most important of all, the preparation of thermally-stable hydrocar-
bons for use as jet fuels for supersonic aircraft. The separation of the
aramatic hydrocarbons fram the oil was accamplished by treating it with
molecular sieve type X so that a maximum of about 3 wt. percent of aromat-
ics was allowed to remain in the product. If any greater amount of aro-
matics was present the thermal stability would not be satisfactory.

Separation of unsaturated campounds fram paraffin-rich hydrocarbon
mixtures has for a long time been carried out by treating the crude hydro-
carbon mixture with a liquid such as concentrated sulphuric acid or a
selective solvent, such as liquid sulfur dioxide or furfural. For econom-
ic reasons these processes are usually used for the primary purification.
However, for further econamical purification, e.g. down to 0.01 wt% of
aranatics, solid adsorption agents such as aluminium oxide and zeolite
molecular sieves are used.

Epperly and Pramuk's process was carried out in either the liquid or
the vapour phase. When the liquid phase was utilized the preferred temp-
erature was 294-421 K. The preferred pressure was 1 x 10° - 6.8 x 10°
N/m? and the preferred feed rate, in order to limit the aramatics in the
product to a maximum of about 3 wt percent, would be 0.4-3 w./w./hr.

Vapour phase operation is preferred. The temperature in the molecu-
lar sieve zone should be maintained at about 588-685 K. Pressure may vary
between 1.0x10° to 3.4x10° N/m?. The feed rate should be 0.5-3 w./w./hr.
The amount of feed per cycle to maintain a critical level of no more than
about 3 wt percent aramatic in the product would vary between 0.02 and 5
weight per weight of an adsorbent.

Usually aromatics are present in a typical feed to the extent of at
least 10% by weight. The aromatics and the undesired hydrocarbon and non-
hydrocarbon materials would remain on the molecular sieve. The molecular
sieve was treated with various desorbing agents e.g., steam, @0y, S0,
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C,-Cg alcohols (such as, methyl, ethyl, glycols) or halogenated campounds
(such as, methyl and ethyl chloride). Preferably, the desorption tempera-
ture should not exceed the adsorption temperature used for vapour phase
adsorption, to avoid decomposition of the adsorbed material, and the pres-
sure might vary between 1.0x10° to 3.4x10° N/m2.

Dielacher and Hansen (13) described and claimed a process for the
separation of aramatic compounds fram liquid hydrocarbon mixtures where
only traces of the aromatic occurs in the mixture. The process camprises
adsorbing the aramatic campound onto a macro-porous, dehydrated cation
exchange resin having a specific surface area of at least one mz/g and
pore diameter greater than 10 A°. They also described another process for
the purification of crude oil paraffin (slack wax) in which the liquified
starting material is treated with a dehydrated macroporous ion exchange
resin which is charged almost campletely with metal ions, in particular
silver or copper ions. This process supplies a product which fulfils the
purity requirements for the pharmaceutical industry, and is suitable for
biogenic protein synthesis, for cosmetic purposes as well as for use in
the food industry.

Aveisi, F. et al., (14) studied dearomatization of n-paraffin based
on equilibrium and kinetic processes by using zeolite type NaX without
binder. The work was conducted at 293 and 343 K, with a mesh size of 1-2
mm for zeolite. Model compounds such as tetralin, naphthalene, phenan-
threne, fluorene, thiophene, etc. were used. Iso-octane was used as a
solvent for the aramatic hydrocarbons in liquid-phase adsorption. They
concluded that the energy of interaction depends on the temperature and on
the chemical structure of the molecules.

When a molecule is attached to a long alkyl chain it weakens the net
specificity of adsorption. The presence of a thiophene ring conjugated
with an aramatic ring increases the net specific adsorption to a greater
degree than does the presence of a saturated ring. Thus the adsorptivity
from iso-octane solutions at 343 K increases in the following order:
alkyl benzene < o-decylthiophene < tetrelin < benzothiophene < acena-
phthene < 1, 3-di-p-xylyl-2 pentyl propane. At 293 K, the greatest
adsorptivity is shown by naphthalene.

The common way to evaluate adsorbents for a specific application is
to make isotherm tests, i.e. a series of experiments in which the value of
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adsorption is determined as a function of adsorbate concentration at con-
stant temperature followed by pilot column tests. The isotherm is used to
determine the feasibility of using an adsorbent for a particular applica-
tion.

Sundstrom and Krautz (15) studied the adsorption of n-paraffins from
the liquid phase on type 5A molecular sieve. They studied the effect of
molecular size, concentration and temperature on equilibrium loadings.
Experiments were performed in a 200 an’ glass vessel. Dry molecular
sieves fram a regeneration column were charged to the vessel immersed in a
constant temperature water bath. Samples of liquids were withdrawn peri-
odically with a microliter syringe and analyzed with an Abbe refractame-
ter. EBEquilibrium loadings on the sieves were calculated from the change
in concentration of a known amount of binary mixture.

The normal paraffins studied were heptane, decane, dodecane and tet-
radecane. Measurements were made at 303, 333, and 363 K. Pressure was
held constant at 98.06 kN/m? for all experimental runs. Results showed
that for binary adsorption the normal paraffin with the lower molecular
weight was preferentially adsorbed. The selectivity for the lower molecu-
lar weight paraffin was determined mainly by steric factors. The shorter
the chains the easier the paraffin could enter the cavities. The equilib-
rium adsorptive capacity of the molecular sieves decreased slightly with
increasing temperature. Over the temperature range studied, however,
temperature had a negligible effect on the equilibrium when expressed on a
volure basis, whilst on a weight basis the equilibrium loading capacity
decreased with increasing temperature.

Dorogchinskii et al., (16) studied dearamatization of a kerosene cut
by using commercial sorbent, synthetic zeolite of the fujasite type. The
content of aramatic hydrocarbons in the feed stock was 8.3 wt.%. The
experiments were conducted in continuously repeating cycles in a laborato-
ry apparatus of 0.03 m diameter and 0.37 m height, charged with 200 an® of
binder-free NaX zeolite in the form of 0.4-1.5 mm granules. The run was
conducted at 438 K with a linear feed velocity of 1 an/min. The amount of
feedstock in each cycle was 290% of the adsorbent (by volume). Desorption
was performed at 573 K with benzene as displacing agent, using 0.5 volume
of benzene per volume of zeolite per cycle. The content of aramatic
hydrocarbons in the treated product was determined by a photoelectric-
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colorimetric method and was found to be less than 0.2% by wt. The dynamic
activity of the zeolite was 3.4% by weight.

Neuzil (17) claimed, in his invention, the separation of Cg aramatic
hydrocarbons from a feed using a solid crystalline, aluminosilicate adsor-
bent. The selectively adsorbed camponent was then recovered from the
adsorbent through a desorption step employing a desorbent containing para
diethylbenzene. The Cg aromatic hydrocarbons which had been used in the
feed streams of the adsorptive separation process include ortho xylene,
meta-xylene, para-xylene and ethylbenzene. Other materials that may be
included in the feed stream, but which are not necessarily determined in
this adsorptive separation process, include relatively small amounts of
paraffins, olefins, naphthenes and other types of hydrocarbon that are
necessarily found in a Cg aromatic stream. Crystalline alumino-silicate
adsorbent Type X and Type Y zeolites were used.

Adsorption conditions included temperatures within the range from 303
K to about 623 K, and preferably within the range of about 313 K to about
522 K, and pressures within the range of atmospheric to about 40 x 10°
N/m?, and preferably within the range fraom about atmospheric to about 27 x
10° N/m?. Both liquid phase and vapour phase operations can be used in
the adsorption step but it is preferable to employ liquid phase operations
because of the reduced temperature requirements and the decreasing oppor-
tunities for any type of side reactions to occur in the separation pro-
cess.

The adsorption by CaA zeolite of normal alkanes fram dilute iso-
octane solutions at 293, 373, and 423 K is satisfactorily described by
Fal kovich et al., (18). The adsorption was calculated from Gibbs equa-
tion. They verified that the maximum adsorption is approximately equal to
the limiting adsorption value. They also found that the values of maximum
adsorption, A,, and adsorption or separation coefficient f, characterizing
collective interactions occurring in the =zeolite solution system,
decreased with an increase in temperature. This appears to be explained
by an increase in the molecular mobility in the cavities, a weakening in
their bonds with the cavity surfaces, and an increase in the effect of the
force field due to the solution.

The molar volume of a normal alkane increases with an increase in
temperature but the product of the maximum adsorption value and the molar
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volumre, termed the "limiting adsorption volume" decreased with increasing
temperature. This decrease was quite sharp in same cases. The extent to
which the large cavities were filled did not exceed 66% and usually
decreased with increase in temperature and number of carbon atams.

Heats of adsorption of ethane, ethylene and water on LiX, NaX, KX,
RbX and CsX zeolites, as well as heats of adsorption of the homologous
series of n-alcohols C,-C, on NaX zeolite, were investigated by Avgul et
al., (19). The contribution of specific interactions to the total energy
of adsorption of ethylene on zeolites was found to decrease from LiX to
CsX. The heats of adsorption of ethylene exceed those of ethane because
of specific interactions due to the m bond present. The curves of the
heat of adsorption of water have a wave-like form, especially for KX. The
dependence of the differential heats of adsorption of n-alcohols by zeol-
ite NaX on adsorption level were very large (83.6-108.6 kJ/mole) for ini-
tial values. Therefore, at room temperature it was difficult to determine
the heat of adsorption of alcohols at small coverages. The heat of
adsorption of methanol decreased with increasing adsorbate loading (a) in
the low-coverage region. The heat of adsorption of 1-butanol did not
depend to any large extent on a. Evaluation of the heat of adsorption of
camplicated molecules with branched chains, m bonds and conjugated bonds
on zeolites is still needed.

In the process of propylene polymerization, at the stage of washing
the polymer fram the catalyst complex, the unreacted propylene becames
contaminated with isopropyl alcohol and water. The spent propylene makes
up a significant part of the total volume of the raw material which under-
goes polymerization. Therefore, its recovery and recycle is a very impor-
tant problem. In order to regenerate the propylene, Gel'ms et al., (20)
used NaX zeolites. Experiments were carried out in the liquid phase in a
laboratory apparatus designed for pressures up to 1569 kN/mZ2. They con-
cluded that NaX - type zeolite is an effective adsorbent for purification
of liquified propylene from isopropyl alcohol and water. NaX zeolite was
also stable in multi-cyclic operations, e.g. after 13 cycles had been car-
ried out, the adsorption capacity of the zeolite and the degree of purifi-
cation of the propylene remained constant. The true dynamic activity of
the adsorbent sample that was used with respect to water vapour was 146
kg/m3. The static capacity of the zeolite with respect to the isopropyl
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alcohol was determined and was equal to 0.014-0.017 kg per 0.1 kg of the
adsorbent. Based upon the results obtained for the purification of propy-
lene fram alcohol and water, by the zeolite layer, a process was developed
for the industrial production of polypropylene.

Hansjoerg et al., (21) studied the adsorption of mixtures of alkanes
of medium chain length on X and Y zeolites. The heats of immersion, the
isotherms, and the separation factors were determined. The adsorption and
separation depended on the nature and sites of the zeolite cations. The
alkenes have higher heats of immersion than the alkanes due to interac-
tions with adsorption centres.

Epperly et al., (22) published an invention relating to a process for
purifying saturated hydrocarbons and/or olefins of arcmatic contents uti-
lizing zeolite adsorbent type X, having pore sizes of 6.5 to 13A with
monovalent or divalent cations. Adsorption was carried out at 588.5 K and
103.4 kN/m?. The aromatic contents in the product were less than 0.1%.

Rosback et al., (23) claimed an improved process for the separation
of olefins fram a hydrocarbon feed mixture using zeolite adsorbent type X.
The conditions used included temperatures within the approximate range of
298 to 423 K and pressures within the approximate range of atmospheric to
3450 kN/m2. They claimed an improved prepared zeolite by contacting an X
structure zeolite and an amorphous binder selected from the group (con-
sisting of silica, alumina and silica-alumina) and having a Na,0/A1,04
ratio of less than about 0.7, with an agueous sodium hydroxide solution at
ion exchange conditions, for 0.5 to 5 hours to increase the sodium cation
content to a Na,0/A1,05 ratio of greater than about 0.7 and to remove from
1 to about 15 wt% of SiO, and Al,0; fram the NaX zeolite.

The campetitive adsorption of fuel-type compounds on zeolite 13X was
studied by Jean et al. (24). They reported that in the removal of nitro-
gen campounds, oxygen campounds, and olefins from synthetic petroleum
fractions such as naphtha on zeolite 13X, both nitrogen and oxygen com-
pounds were strongly adsorbed, but the low basicity compounds such as
2,4,6 collidine were poorly adsorbed. Olefins campeted for adsorption
with nitrogen campounds only at very high concentrations.

Selectivity of adsorption of dimethylnaphthalenes on zeolites was
reported by Casellato (25). He studied the adsorption of naphthalene, of
the monomethylnaphthalenes and of 8 dimethylnaphthalenes fram n-hexane
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solution on LZY zeolite in the Na, K and Ca forms and on 13X zeolite in
the Na form. The adsorption capacity of these zeolites towards the
methylnaphthalene was relatively high, particularly of the Na-LZY form.
1,4- and 1,8-dimethylnaphthalene behaved differently, the former being
campletely excluded from the 3 LZY zeolites and the latter being excluded
also from the K-LZY zeolite. This behaviour of the methylnaphthalenes was
apparently attributable mainly to steric factors.

It is clear that there are only limited data in the literature on the
adsorption of high molecular weight aromatic compounds (such as aramatics
present in wax with a boiling range of 620 K to 720 K). The adsorption of
such campounds would be expected to involve more camplex phencmena, e.g.
due to blockage of pores. However, if their removal proved technically
feasible and economic it would greatly assist wax processing.
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3.0 A STUDY OF EQUILTBRTUM ISOTHERM ADSORPTION OF INDIVIDUAL ARCMATIC
COMPOUNDS FROM BINARY SOLUTTONS WITH ISO-OCTANE

The adsorptive separation of petroleum products and petroleum hydro-
carbons can be predicted by using physico-chemical properties of the
sorbent-sorbate system; especially the adsorption isotherm which is the
most significant property of the system. Practically, for a wide range of
applications, static methods are used for determination of the adsorption
isotherms.

The latest scientific studies show that dynamic methods can be used
for the determination of the adsorption isotherms, using liquid chromatog-
raphy columns packed with non-porous and highly porous adsorbents. How-
ever, detailed research work is required on the factors which affect the
breakthrough curves of each specific system, i.e. the plot of effluent
concentration/feed concentration versus time or volume of effluent after
passing through a specific fixed bed.

This investigation deals with the study of physico-chemical charac-
teristics of the adsorbent-sorbate system, using the static method.

3.1 Selection of the Materials

3.1.1 Molecular Sieves Type X

Molecular adsorbents which exhibit ultraporosity and which are gener-
ally used for the separation of gas, vapour and liquid hydrocarbon mix-
tures include: activated carbon, activated clays, inorganic gels (such as
silica gel), activated alumina and crystalline alumino-silicate zeolites
(molecular sieves). -

Breck (1) found that the activated carbons, activated alumina and
silica gel do not possess an ordered crystal structure and consequently
the pores are non-uniform. The distribution of the pore diameters within
the adsorbent particles may be narrow (20-50A°) or wide (20-1000A°) as in
carbons. Hence, all molecular species, with the exception of high molecu-
lar weight polymeric materials, may enter the pores.

Zeolite molecular sieves have pores of uniform size (3-10A° ). These
pores will caompletely exclude molecules which are larger than their diame-
ter. In contrast with other types of adsorbent the molecular sieves have
a high internal surface area available for adsorption due to the channels
or pores which uniformly penetrate the entire volume of the solid. The
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external surface of the molecular sieve particles contributes only a small
anount of the total available surface area, see Figure 3.1.

Barrer (26) studied the saturation capacities of water for different
types of adsorbent. He estimated that the saturation for molecular sieves
type X, silica gel and molecular sieves type A are 445, 0, 357 an3 at
Standard Temperature and Pressure STP/kg of adsorbent respectively.

Owaysi (27) studied the dynamic capacity of different types of adsor-
bent such as silica gel, alumina and molecular sieve type X, by using a
mixture of alkylbenzene in tridecane. He concluded that the dynamic
capacity for adsorption of arcmatic hydrocarbons was much higher when
using molecular sieve type X, i.e. it was 12.0, 6.0, and 4.6 g/100 g of
adsorbent for molecular sieve, silica gel and alumina, respectively.

The adsorbent used in the present work was Linde Molecular Sieve type
13 X which has the properties summarized in Table 3.1.A according to Breck
(1), and in Table 3.1.B according to characterization performed at KISR's
laboratories.



Figure 3.1
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TABLE 3.1.A

PHYSTOO-CHEMICAL AND THERMODYNAMIC PROPERTIES OF
MOLECULAR SIEVES TYPE NaX (13X)

Physical Properties

Typical Unit Cell
Contents

Naminal Pore Size ...10 Angstroms
Type of Crystal ..... Body Centre Cubic
(Diamond Structure)

Bulk Density .ececeee

POORE S osvienissain 770 kg/m
BORAS. | fai v s ienevaine 688.8 kg/m
Crushing Strength * — Beads

(4-8 Mesh) ....... 53 7.25 kg
(8-12 Mesh) ..covess 3.1 kg
Pore volume 0.352 cm3/g

820, ) 06 (5405} 106
264%86 2)106

TABLE 3.1.B

CHARACTERIZATION OF MOLECULAR SIEVES TYPE NaX

1. Mechanical Properties

a. Average length (mm)
b. Average diameter (1§m)

c. Bulk density (kg/m

2. Physical Propertieg
a. Surface area (m /9) 5
b. Pore volume (am /g)
c. Pore radius (°A)

< Chemlcal Structure in Oxide Forms

3 (WE %)
8% (wt %)
(wt %)
%er capacity (wt %)

6

39

32.
33.
1ot
19.

.448
. 302
20.

.05
.296

[o2]

U+H+H®
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3.1.2 Solvents and Adsorbate Hydrocarbons

The main objective of this investigation was to study the effect of
adsorption of low concentrations of araomatic hydrocarbons fram a binary
mixture with paraffin waxes and iso-octane using selective molecular
sieves type X. The hydrocarbons selected as models of impurities in waxes
are listed in Table 3.2.

The selection of such aramatic components was based upon Cheredni-
chenko's (11) identification of some hydrocarbons in an oil cut with boil-
ing ranges 520-630 K, such as naphthdlene, 2, methylnaphthalene, fluorene
and phenanthrene. Aveisi (14) also identified some aramatics in a high
boiling point paraffin fraction such as naphthalene, phenanthrene, fluor-
ene and alkyl-benzene. Newman (28) also identified different types of
aramatics, i.e. mono, di, tri and polynuclear, such as dibenzofuran, phe-
nanthrene, etc. in high boiling-point range petroleum fractions.

Siryuk and Barabadze (10) also identified some aramatic compounds in
high boiling petroleum cuts such as naphthalene, phenanthrene and anthra-
cene etc. by using a modified UV spectroscopy method.

3.2 Methodology

3.2.1 Molecular Sieve Preparation

The molecular sieve pellets were crushed by grinding and were then
screened using a shaker to obtain particle sizes between 1 to 2 mm in
diameter. The molecular sieve was then kept in a covered container ready
for use.

3.2.2 Molecular Sieve Activation

All zeolites have a high affinity for polar molecules particularly
water, and can, in general, be used for removing water from gases and lig-
uids and for general drying.

Activation of molecular sieves type 13 X was carried out by drying a
weighed amount in a weighing bottle in an oven to remove the water present
in the pores at 673-720 K for 4 hours. Then the weighing bottle was cov-
ered firmly and taken out of the oven and cooled down in a desiccator.
The bottle was then weighed at room temperature (~298 K).

The loss in weight was related to the water present in the molecular
sieves pores. Percentage loss was 19% + 0.5% for each run.




=4 1=

3.2.3 Solution Preparation

Several weights of each aramatic compound were weighed into a volu-
metric flask of 50 am3 volume; the range of weights are illustrated in
Table 3.3.

Iso-octane was used, as solvent and each flask was well-shaken until
all the component dissolved and a homogeneous solution was obtained.

Cumene, dodecylbenzene, naphthalene, l1-methylnaphthalene, dimethylna-
phthalene and fluorene were easy to prepare because of their complete mis-
cibility with isooctane. However, dibenzothiophene, dibenzofuran and phe-
nanthrene were difficult to dissolve and needed same heating.
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TABLE 3.2
THE PHYSICAL PROPERTIES OF THE INDIVIDUAL ARCMATIC CCOMPOUNDS
Name General Structural Mol. Wt. Dens%ty
Formula Formula g/mole g/am
303 K 343 K
Cumene CH -CH3 120.2  0.8551 0.8277
CH
9 12 Hs
Dodecyl- C H Crlisg 246 0.8495 0.8215
benzene 18 30 @
Naphthalene CH H 128.18 0.9979 0.9928
10 8
1, methyl- C H °”3 142.2  1.012 0.9923
naphthalene 11 10
CH
1,3,Dimethyl- C H ® 156.26 1.0119 0.9913
naphthalene 12 12
CHg
Phenanthrene C H @ 178.24 0.9664 0.9455
“* QO
Fluorene ¢ H 166.21 1.1864 1.1642
13 10 e
Dibenzo— € HS L 184.26 1.0835 1.0629
thiophene 12 8 ': . O
Dibenzofuran C H O 168.2 31,0778 1.0572

1248
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TABLE 3.3
QONCENTRATION RANGE OF ORIGINAL SOLUTIONS AND THEIR

BEQUILTBRIUM TIME

Range Conc. Range Conc.
of original of original Equilib. Equilib. Equilib.
Constituents solugiog solutign Mol. Time at Time at Time at
an cm3 wt

Name g/10 mole/10 303 K 323 K 343 K
Cumene 7-35 58-291 120 4 days 2days 24 hrs
Dodecylbenzene 5-46 20-191 246 4 days - 24 hrs
Naphthalene 5-35 39-273 128 4 days - 16 hrs
1, Methylnaph-  8-56  56-394 142 4 days - 16 hrs

thalene
1,3 Dimethyl- 8-58  51-371  156.26 4 days 2 days 20 hrs
naphthalene
Dibenzothiophene 3-26 16-141 184.26 10 days 2 days 24 hrs
Fluorene 4-34 24-204 166.21 10 days - 24 hrs
Phenanthrene 6-30 33-168 178.24 10 days - 24 hrs
Dibenzofuran 4-34 17-202 168.2 10 days - 24 hrs

The change in concentration of a known amount of binary mixture was
measured by UV Vis NIR spectrometer (Perkin Elmer Model 330) and the
adsorption value G was calculated fram the formula:

G = -—=———-=— Y'n.n (3.1)

where X can be calculated according to the following equation:

(0.001 ) c

o Mol. wt ) p solv. (2+2)

( 0.001 ) Co * ( 1000 - 573"1600°Co / MoI. WE solv.

The equilibrium adsorption of aramatic compounds from iso-octane
solutions on zeolite was investigated in the region of initial concentra-
tions up to approximately 5-35 kg/m3, equal to 1-5% wt.
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3.2.4 Experimental Procedure

Equilibrium measurements were made in a 100 am3 capacity, stainless
steel, autoclave of 0.14 m length and 0.03 m in diameter (Figure 3.2).

A constant temperature of 273 K was maintained during each experi-
ment by means of a water bath.

(10 cm3) of a certain concentration of an aromatic campound was
introduced into a numbered autoclave by injection fram a disposable syr-
inge. A known quantity, about 1 g, of freshly-prepared, dry activated
molecular sieve of size 1-2 mm was poured quickly into the autoclave which
was then closed fimmly.

The autoclave was immersed in the water bath at the required tempera-
ture of 303, 323 or 343 K, for a specific time (Table 3.3) to attain equi-
librium. Equilibrium was established experimentally for each compound and
temperature, by plotting the adsorption value vs. time. Wwhen no more
adsorption occurred, i.e., the value of adsorption remained constant with
time, this indicated that the maximum equilibrium was attained. Table 3.3
contains the values established for each compound and temperature.

3.3 Results and Discussion

The development and extensive commercial use of liquid phase process-
es for the recovery of pure n-paraffins and waxes by means of synthetic
zeolites is closely related to the problem of improving the feedstock
quality, mainly its hydrocarbon composition.

Little is known about diffusivity in the large-pore zeolites such as
type X and type Y that are of interest in catalysis and as noted in Chap-
ter 2, very little has been published relating to hydrocarbon molecules of
high molecular weight which are of interest in chemical processing.

The study of zeolite dearamatization of n-paraffin or waxes must be
based on adsorption equilibrium and kinetic characteristics of the process
of aromatic compound adsorption by the zeolite.
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3.3.1 BEquilibrium Isotherm Adsorption of Aramatic Hydrocarbons fram Binary
Solution With Iso-octane.

The plot of the quantity of the hydrocarbon adsorbed as a function of
equilibrium concentration gives the experimental adsorption "isotherm".

The adsorption isotherm is generally determined by two methods. The
first method, is the volumetric method: which determines the quantity of
hydrocarbon present in the system by measurement of the solution concen-
tration volume, and temperature. After exposing the activated molecular
sieves to a quantity of hydrocarbons (in the present case aromatic organic
campounds in iso-octane) in a closed system, the quantity adsorbed is
determined fram the concentration, temperature and volume of contacted
solution with adsorbents when equilibrium is attained.

The second method is the gravimetric method, which measures the
amount of gas, vapour or liquid adsorbed by weighing the sample in a
closed system on a balance, generally of the quartz-spring type. This
balance was first used by McBain and is commonly referred to as a MacBain
adsorption balance (1).

When the solution of aramatic component is contacted with the adsor-
bents, the molecules of the aramatic camponent will be distributed among
the zeolites cavities along with the molecules of the solvent. Due to
some interaction between the molecules of the camponent (adsorbates) and
the cations in cavities of zeolite crystals, adsorption occurs. These
interactions can be divided into specific and non-specific interactions.
The specific interactions can be characterized by the energy which arises
fram the constant dipole or quadrupole moments of the adsorbate molecules.

Non-specific interactions are related to dispersion, repulsion and
polarization (the energy which is related to electrostatic charges of
molecular sieves van der Waals energy).

The initial sections of adsorption isotherms for the aramatic hydro-
carbons and heterogeneous campounds are shown in Figures 3.3 through 3.8.
The points represent the experimental data determined by the Gibbs equa-
tion, and the curves were calculated from a suggested equation by Eltekov
and Kiselev (29) for pore filling in the form of multilayers referred to
as Brunauer-Emmett-Teller (BET) and expressed as:




B -

X (1-X))
G =A_ B(f-1) (3.3)
I« @EE-O %

The limiting value of maximum adsorption capacity A, and separation
coefficient f can be calculated fram a graphical solution of the (BET)
equation in the form

i e (3.4)

1
BA (1)

This was done by plotting X1 (1-X,)/G versus X; to give a straight line,
from which the slope was determined according to the following equations:

XM1-X].

G

(44
X1
The slope equals tan a = - (3.5)
A

i = —--——-l——————- =
The intercept BA- (1) b (3.6)
B = 1119;;_5&@;_ campound ] [ v -:—ﬁE.solvent ] (3.7)

then f = (tan a/Bb) + 1 (3.8)

As demonstrated by Figures 3.3-3.8, adsorption of the aramatic hydro-
carbons under study was reasonably well described by equation 3.3 and the
limiting amounts of adsorption as determined experimentally (i.e., points
on the isotherm curves) were in a good agreement with the values calculat-
ed fram equation 3.3.
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Adsorption of aramatic hydrocarbons has been classified for three
groups: mono aromatics, di aramatics and triaramatic rings.

Adsorption Isotherms for Mononuclear Aromatics.

The sorption isotherms for the two aromatic hydrocarbons cumene and
dodecylbenzene on sodium-molecular sieves 13 X at 303, and 343 K are shown
in Figures 3.3 and 3.4. Adsorption of such aramatic hydrocarbons, occurs
as a result of interaction of the M-electron system of the benzene ring
with the cations in the cavities of zeolite crystals. The benzene ring is
attached to the surface or within the zeolite cavities. The interaction
between IN-electrons and the hydroxyl groups has also been observed on
amorphous silica, although the interaction on amorphous silica was weaker
canpared to that on molecular sieves (1). However, such interaction
resulting in the strong adsorption of aromatics onto zeolite crystals, is
affected by many parameters. The zeolite is characterized by its unifomm
pore structure with the size typical of aromatic hydrocarbons. Such a
pore structure may be a cause of strong "physical" interaction with aro-
matic hydrocarbons.

The adsorption isotherms of aramatic hydrocarbons on molecular sieves
have a typical form characterized by the slightly tailed-out maximum of
Gibb's adsorption. They rise steeply and reach maximum values at equilib-
rium concentrations of the hydrocarbons in iso-octane. These equalled 8 x
1073 mole fraction for cumene and dodecylbenzene at 303 K, and 18 x 103 -
5.1073 mole fraction for cumene and dodecylbenzene respectively at 343 K.

An increase in temperature also affects the orientation of the dode-
cylbenzene molecules. Hence diffusivity increases according to an Arrhen-
ius type equation; thus the equilibrium decreases (the maximum adsorption
value for dodecylbenzene at 303 and 343 K were 0.53 and 0.38 mole/kg

respectively).
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Separation Coefficients of Mononuclear Aramatics.

Values of the separation coefficients (log f) determined for cumene
and dodecylbenzene using equation (3.3) are illustrated in Table 3.4.
These show that the logarithm of the separation coefficient log £ > 2,
indicative of a high selectivity of adsorption of these aramatic hydrocar-
bons from iso-octane solution by molecular sieves 13 X.

The free energy of adsorption depends on the temperature and on the
chemical structure of the molecules. The influence of temperature on the
adsorption of aromatic hydrocarbons shows up particularly for those mol-
ecules in which the aromatic ring is shielded by a small alkyl chain (as
in cumene) and a long alkyl chain (as in dodecylbenzene).

In general increasing the adsorption temperature fram 303 K to 343 K
resulted in a decrease in the separation coefficient for cumene, fram 3.3
to 2.5, and for dodecylbenzene, fram 3.1 to 3.0. This indicates that an
increase in the adsorption temperature results in weakening of the inter-
action of the I-bonds of the molecules of aromatic compounds with the
electrostatic charges of the cations in the cavities of zeolite crystals.
The increase in temperature also results in more rapid diffusion of the
molecules in the zeolite cavities with a consequent reduction in time for
the physical interaction to occur. The long alkyl chain connected with
the benzene ring, such as in dodecylbenzene, at a low temperature will
weaken the nonspecific interaction caompared with that for cumene. Hence
the separation coefficient of cumene at 303 K (log f = 3.3) is higher than
that for the dodecylbenzene (log f = 3.1). An increase in the adsorption
temperature up to 343 K would be expected to result in an increase in the
free energy of adsorption for dodecylbenzene molecules due to the increase
in the nonspecific interactions (total repulsion, dispersion and polariza-
tion energy) between the molecules of dodecylbenzene and cations in the
cavities of zeolite crystals. These are higher than the interactions
between the cumene molecules and the cations in cavities of zeolite crys-
tals, e.g. at 343 K the values of log f for dodecylbenzene and cumene were
3 and 2.5 respectively. Non-specific interaction is in fact characteris-
tic of the alkyl chain rather than the aramatic ring.
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Number of Molecules Occupied by Unit Cell of Zeolite Crystals of
Mononuclear Arcmatics.

At both adsorption temperatures, 303 K and 343 K, the number of mol-
ecules occupy;ng a unit cell of zeolite crystals 13X for cumene is higher
than that for dodcylbenzene (13.3, 7.1 at 303 K and 9.1, 5.1 at 343 K for
curene and dodecylbenzene, respectively). This occurs due to the molar
volume of the dodecylbenzene which is twice that of cumene. Also from
Table 3.5, the coverage of cumene molecules adsorbed by the cavities of
the molecular sieves crystals appears to be lower than that of dodceylben-
zene; i.e. the values (at 303 K and 343 K), are 47.4 and 33.3 for cumene
and 51.7 and 37.5 for dodecylbenzene respectively. This occurred due to
the steric effect in adsorption and close packing of aramatic molecules
with aliphatic chain, the coverage ratio usually decreases at higher temp-
erature.

Adsorption Isotherms of Binuclear Aromatics.

Figures 3.5 and 3.6 illustrate the adsorption equilibrium isotherms
for binuclear araomatic hydrocarbons: naphthalene, 1 methylnaphthalene and
1, 3 dimethylnaphthalene over a wide range of equilibrium concentrations
up to 32 x 1073 mole fraction at temperatures of 303 K and 343 K. These
suggest that the isotherms are ‘characterized by achievement of the maximum
of Gibbs adsorption. The isotherms rise steeply and reach maximum values
of equilibrium concentration of the aramatics in iso-octane equal to 8 x
1073 mole fraction at 303 K and 12 x 10~3 mole fraction at 343 K.

As mentioned above, with increasing temperature, the diffusivity
increased according to the Arrhenius type equation but the equilibrium
amount adsorbed decreased and this was confirmed for the adsorption of
naphthalene group which, at 343 K, had lower values of adsorption than at
303 K. This means that the temperature maximum occurs at a low amount
adsorbed, and the increased rate, owing to increased diffusivities, is
nearly compensated for by the decreased equilibrium adsorption at the
observed temperature.

Usually the aromatic with the lower molecular weight was preferen-
tially adsorbed. This is demonstrated by the naphthalene group adsorp-
tion. According to the data of Figures 3.5 and 3.6, the adsorptivity of
naphthalenes from iso-octane solutions by zeolite 13 X at 303 K and 343 K
increased in the following order:
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1,3 dimethylnaphthalene < methylnaphthalene < naphthalene

Separation Coefficients of Binuclear Aramatics.

The limiting values of adsorption and the separation coefficient for
binuclear aromatic hydrocarbons are listed in Table 3.4.

From Table 3.4 it was shown that the separation coefficients, log f >
3, for the naphthalene group. This indicates strong interactions between
the molecules of naphthalene and the local electrostatic field in the cav-
ities of the molecular sieve crystals. Increase in adsorption temperature
will lead to a decrease in the separation coefficients log f of the
naphthalene adsorbate molecules.

Number of Molecules Occupied by Unit Cell of Zeolite Crystals of
Binuclear Aramatics.

The number of adsorbate molecules captured by unit cell of the zeol-
ite crystals decreased as the molecular weight of the adsorbate molecules
increased. For example at 303 K for naphthalene only 12.3 molecules were
located in one cavity of molecular sieve crystal, whereas for 1l-methyl
naphthalene and 1, 3 dimethylnaphthalene the numbers were 11.1 and 10.4
molecules respectively. The value of adsorption will affect the total
nunber of adsorbate molecules and, as already mentioned, an increase in
adsorption temperature will result in a decrease in the value of adsorp-
tion. Hence, the number of adsorbed molecules of naphthalene group will
decrease as the temperature increases (see Table 3.5).

In similar work, Hedge (30) studied the use of molecular sieve type X
for the separation of 2, 7 Dimethylnaphthalene from 2, 6 Dimethylnaphthal-
ene. He concluded that the dimensions of the molecule are a major factor
affecting the separation process.
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Adsorption Isotherms of Trinuclear Aramatics.

The adsorption isotherms of trinuclear aromatics from a binary solu-
tion with iso-octane, over a range of equilibrium concentration (up to 24
x 1073 mole fraction) and at temperatures of 303 and 343 K are illustrated
in Figures 3.7 and 3.8. The solid curves represent calculated adsorption
isotherms and the points denote the experimental data.

Fram the adsorption isotherms, it is clear that equation (3.3) pro-
vides a good fit of the experimental data of the equilibria measured for
dibenzothiophene, dibenzofuran, fluorene and phenanthrene.

The adsorption isotherms are characterized by the slightly tailed-out
maximum of Gibbs adsorption. They rise steeply and reach a maximum value
at equilibrium concentrations of approximately 4-6 x 10™3 mole fraction
for dibenzothiophene, fluorene and phenanthrene and 14 x 103 mole frac-
tion for dibenzofuran. The adsorptivity of trinuclear aramatics from
isooctane solution at 303 K and 343 K increased in the following order:

Phenanthrene < Dibenzofuran < Flourene < Dibenzothiophene

Separation Coefficients of Trinuclear Araomatics.

The separation coefficients, log f, of the trinuclear aramatic com-
pounds dibenzothiophene, dibenzofuran, fluorene and phenanthrene is great-
er than 3 (see Table 3.4), which indicates that the interactions of adsor-
bate molecules with the cations of cavities of zeolite crystals are very
strong. In particular, the organic sulfur campounds which possess two
pairs of free electrons which have a high value of dipole moment (specific
energy). For heterogeneous hydrocarbons, such as dibenzofuran, the
adsorption bond between the oxygen atom in the ring of the aromatic cam-
pound and cations of the cavities of the porous crystals is weak with com-
parison with the one for the dibenzothiophene. This means that the inter-
actions
between the heterogeneous compounds and zeolite crystals have a specific
character. Actually the specific interaction energy arises from the
interactions between the adsorbate molecules, which have dipole or quadru-
pole moments, and the electrostatic charges of the cations in the cavities
of zeolite 13 X. Breck (1) attributed the adsorption interaction energies
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of oxygen and nitrogen organic campounds with the zeolites to cation qua-
drupole interactions. The presence of heterogeneocus atams in the organic
campounds (dibenzothiophene and dibenzofuran) causes a small difference in
the degree of separation coefficients at temperatures of 303 and 343 K.
This is demonstrated by the separation coefficients, log f, for dibenzo-
thiophene and dibenzofuran. The increase of the adsorption temperature
from 303 to 343 K does not significantly alter their separation coeffi-
cients.

The adsorption value of phenanthrene from the binary solution with
iso-octane was very low in contrast with other types of heterogenous
hydrocarbons and fluorene compounds. This is due to the steric effect
restricting migration of phenanthrene into the pores of the molecular
sieves. Adsorption of phenanthrene in the molecular sieves occurs mainly
as a result of the interaction of IN-electron density of the aramatic rings
with the cations, or the hydroxyl groups, at the cavities of the zeolite
crystals so that phenanthrene molecules are attached to the surface, or
within, the zeolite cavities. The separation coefficients, log f, for
phenanathrene and fluorene at 303 and 343 K are close.

Numbers of Molecules Occupied by Unit Cell of Zeolite Crystals of
Trinuclear Aramatics.

The numbers of adsorbate molecules occupied by unit cell of zeolite
crystals were,

At 303 K At 343 K

Dibenzothiophene 1.2 10.5
Flourene 9.7 9.2
Phenanthrene 6.8 5.6
Dibenzofuran 8.0 7.2

These data indicate that molar volume, forms and orientations are impor-
tant parameters which characterize the adsorption process. Adsorbed mol-
ecules of dibenzothiophene were distributed in the cavities of the zeolite
crystals more densely. The orientation factor for other compounds, such
as flourene, dibenzofuran, and phenanthrene has a sealing effect on the
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distribution of the adsorbate molecules in the cavities of the molecular
sieves. An increase in the molecular volume of the adsorbed molecule will
result in a reduction in their packing density within the cavities of the
molecular sieves. But the orientation effect and flexibility of the long
alkyl chain can change these assumptions. The adsorption of high molecu-
lar weight aromatic hydrocarbons and heterogeneous campounds can be clari-
fied as follows:-

The molecular sieve's specificity regarding the adsorbate molecules
can be determined by the value of the different types of interactions:
namely repulsion-interaction at small distances between the adsorbate mol-
ecules and the cations in the cavities of the zeolite crystals, dispersed
attraction, and polarization of the local electrostatic fields of the
cations of the molecular sieves crystals. The adsorbate molecules which
exhibit a constant dipole mament, such as dibenzothiophene, can interact
strongly with the electrostatic charge of the cations of the molecular
sieves crystals. If the dipole moment does not exist in the adsorbate
molecules, as in fluorene and phenathrene, then the determining factor in
the specificity of adsorption is the dispersed attraction energy. This
energy is increased by increasing the number of zeolite cations which
interact with the adsorbate molecules.

As shown in Table 3.4 the separation coefficients (log f) of aromatic
hydrocarbons and heterogeneous compounds fram solution with iso-octane at
303 K were in the order: dibenzofuran < dodecylbenzene < methylnaphthal-
ene < cumene < dimethylnaphthalene < fluorene < phenanthrene < naphthalene
< dibenzothiophene. At 343 K the maximum separation coefficient was also
obtained with dibenzothiophene; the minimum separation coefficients were
observed for cumene and methylnaphthalene.

An increase in temperature leads to an increase in the molar volume
of adsorbate molecules p given by,

TR L L (3.9)

The product of u (molar volume) and G (value of adsorption, mole/kg) gives
the limiting adsorption volume, cm3/g. The total volume of the large pore
size for zeolite type NaX has been reported to be 0.296 cm3/g (1).
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The coverage or pore filling of the adsorbate molecules can be
defined as the ratio between the limiting adsorbate volume and the total
volume of the large pores of the molecular sieves. The number of mol-
ecules adsorbed by one gram of molecular sieves can be determined by mul-
tiplying the value of adsorption by the Avogadro's number.

The number of adsorbed molecules, Np, per unit cell of molecular
sieves can be calculated by

P S T < . N (3.10)

The value of the limiting adsorption, and number of adsorbed mol-
ecules per unit cell are demonstrated in Table 3.5. At a temperature of
343 K, the number of adsorbed molecules of hydrocarbons, such as dodecyl-
benzene, cumene, naphthalene, l-methylnaphthalene, 1,3-dimethylnaphthale-
ne, dibenzothiophene and phenanthrene, decreased as a result of an
increase in temperature. The lowest numbers of adsorbed molecules were
for phenanthrene and dodecylbenzene. This indicated that molecules which
have enough active energy can migrate through the cavities of zeolite
crystals; conversely molecules, such as dodecylbenzene and phenanthrene at
343 K, diffused through the pores of the molecular sieves at low velocity
because these hydrocarbons have insufficient activated energy to equal the
diffusivity of the other hydrocarbons. Barrer and Ibbitson (2) and Breck
(1) found that the apparent activation energy for diffusion in chabazite
increased with chain length of the hydrocarbons. Hence, as would be
expected, with an increase in temperature to 343 K, the number of adsorbed
molecules per unit cell for the dodecylbenzene (5.1 molecules) was lower
than for cumene (9.1 molecules/unit cell).

3.4 Conclusions

1. Type 13X molecular sieves exhibited a high affinity towards aramatic
campounds. Those campounds having the smallest and most campact
structure or lower molecular weight, and more polar campounds, were
selectively adsorbed in preference to the compounds, of large criti-
cal molecular diameters, or with higher molecular weights, or mol-
ecules with long side chains.
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The equilibrium adsorptive capacity of the molecular sieves
decreased with increasing temperature, over the temperature range
studied.

The maximum experimental values of adsorption, G, were approximately
equal to the theoretical limiting adsorption values, A, for each
canpound. The values of separation coefficient, f indicate that the
individual aromatic molecules were strongly adsorbed by NaX zeolite.
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4.0 A STUDY OF HEAT OF ADSORPTION OF INDIVIDUAL ARQMATIC COMPOUNDS USING
MOLECULAR STEVES TYPE 13 X

The magnitude of the adsorption heat is a useful criterion for dif-
ferentiation of the structure of the adsorbing molecules. The greatest
values of adsorption heat observed in physical adsorption are for molecu-
lar sieves (zeolites) which arise from the interactions of active cations
in zeolite crystals with adsorbate hydrocarbon molecules.

When molecules with m-bonds, as in aramatic hydrocarbons, or polar
functional groups, or in heterogenecus compounds, are adsorbed by porous
crystals of zeolite sieves, they interact very strongly with the exchange
cations of zeolite cavities (31) and (32). The magnitude of this addi-
tional contribution to the total interaction energy depends on the type,
charge, radius, position and concentration of the exchange cations, degree
of decationization, type of zeolite, and chemical structure of adsorbed
molecules. The particular features of the structure of importance are the
nature of the m-bonds, the value and localization of dipole and quadrupole
moments, and the presence of a free electron pair in the adsorbed mol-
ecule. In the present study changes of the heat of adsorption were inves-
tigated for different types of aromatic and heterogeneous campounds on
X-type molecular sieves.

Usually all processes of physical adsorption are exothermic. For
adsorption to take place the free energy change, AG must be negative fram
the thermodynamic relation.

AG = AH - TA S (4.1)

The change in enthalpy, AH, is negative since the change in entropy, AS,
is negative because the adsorbate molecules are in an ordered configura-
tion. Three heats of adsorption are of relevance,

1. The isothermal integral heat of adsorption. This is the total heat
involved in the adsorption process fram zero adsorbate loading to
sane final adsorbate loading (filling rate) at a constant tempera-
ture.

s The differential heat of adsorption. This is the change in integral
heat of adsorption with a change in adsorbate loading. It is depen-
dent upon pressure (or concentration), temperature, and adsorbate
coverage or loading (1).
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3. The isosteric heat of adsorption is derived fram adsorption isost-
eres. It is obtained from a plot of the log of the concentration in
mole fraction versus the reciprocal of the absolute temperature,
1/T, at a constant adsorbate loading, a m3/kg, by means of the
Clausius-Clapeyron equation.

Fram pairs of isotherms at different temperatures (303 K and 343 K)
q?so may be calculated by:

q
_25%3_-1_111‘1_.)__ - (4.2)
Equation (4.2) can be written as,
Ty= 'T
1 2
o5l = 18.8 T, log —-—;f-- (4.3)

where T,, T, are the adsorption temperatures, equal in this work to 303 K
and 343 K respectively, and X1, X, are the equilibrium concentrations at
different temperatures and at constant adsorbate loading (a) for each
adsorbate hydrocarbon. The isothermal integral heat of adsorption can
also be obtained from isosteric heats. As shown in Figures 4.1 to 4.9, a
plot of logarithim of concentration log X versus 1/T gives a straight line
with a slope equal to qf /R at different fractional coverage from which

the limiting isosteric heat of adsorption can be calculated. Alterna-
tively, the isosteric heat of adsorption can be calculated from isotherms
using the Clausius-Clapeyron equation as shown in equation (4.2).

Figures 4.5 and 4.6 present isosters for 1, 3 dimethylnaphthalene and
for dibenzothiophene at three different temperatures 303, 323, 343 K, at
different fractional coverages.

The superscript a in equation 4.2 is an indication that the isosteric
heat of adsorption must be calculated at a fixed coverage of adsorption.
Thus, if qf_ is assumed to be independent of temperature, equation 4.2

iso
suggests that a plot of InX versus 1/T will give a straight line of slope

q?so/R'
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Figure 4.10 is a plot of the calculated isosteric differential heats
of adsorption as a function of the coverage. This shows that isosteric
heat curves for cumene and dodecylbenzene increase monotonically up to
coverage 11 x 1072 m3/kg.

The corresponding values of isosteric heat obtained using equation
4.3 and Figure 4.10 show that the interaction energies between the adsor-
bate molecules of cumene and dodecylbenzene with cations of zeolite crys-
tals were greater than those between the iso-octane molecules and the
cations of zeolite crystals. The energy required to leach-out the iso-
octane molecules fram sites within molecular sieves using the adsorbate
molecules of cumene and dodecylbenzene in the range of low concentrations
was 26.25 kJ/mole and 4.2 kJ/mole respectively. Hence the adsorbate mol-
ecules of cumene interacted with cations of zeolite crystals more strongly
than dodecylbenzene molecules. The increase in isosteric heat of adsrop-
tion for cumene is due to the strong interactions between the m-bond of
the cumene and electrostatic charges of the molecular sieves. Increase in
the length of the alkylchain attached to the benzene ring will weaken the
m-bond of the benzene ring, and result in weakening of the interactions
between the adsorbate molecules and eletrostatic charges of the molecular
sieves.

In addition to the interaction energies between the n-bonds of adsor-
bate molecules and the molecular sieves, there are other types of the
interaction at maximum coverage rate of the cumene and dodecylbenzene e.g.
dispersion energies of interaction and repulsion interaction over a small
distance between the adsorbate molecules. The increase in the isosteric
heat of adsorption with coverage has been attributed not only to
adsorbate-adsorbent interactions but also to mutual interactions between
the adsorbate molecules (33), (1). Dubinin (34) also found that after
filling the adsorbent centres by adsorbate molecules such as cyclohexane,
benzene, and n-pentane, a free space may remain in the zeolite cavities
for adsorption as a result of the manifestation of both dispersion forces,
(adsorbent-adsorbate-interaction) and the forces of interaction between
the adsorbate molecules themselves which are influenced by the force
adsorbent field.

Figure 4.11 shows the dependence of isosteric heat of adsorption on
the coverage for different types of hydrocarbons, viz, naphthalene,
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1-methylnaphthalene and dimethylnaphthalene. The maximum heat of adsorp-
tion was for 1l-methylnaphthalene, and the lowest for naphthalene; dime-
thylnaphthalene had an intermediate value of heat adsorption. The isos-
teric heat of the naphthalene group decreased with increase in the cover-
age of adsorption, because the most active sites of the molecular sieves
had been filled and addition of further molecules resulted in weakening
adsorbent-adsorbate interaction. The behaviour of the dimethyl-
naphthalene was different since continued increase in the pore filling
resulted in a further increase in the isosteric heat. This second stage
increase in the isosteric heat is explainable in terms of adsorbate-
dispersion interaction, i.e., adsorbate-adsorbate interactions influenced
by the electrostatic charge field of the molecular sieves. Orientation of
the dimethylnaphthalene molecules also has an effect on the increase in
the isosteric heat with increase in the loading (filling). In this case
orientation assists adsorbate-adsorbate interactions.

The observed behaviour of the isosteric heat with the level of adsor-
bate loading, or coverage, of different aromatic hydrocarbons corresponds
in general with that reported by previous investigators. Khudieve (35),
reported differential heats of adsorption for benzene and toluene at cov-
erages of 50 x 10™> and 40 x 107> m3 STP/kg respectively on molecular
sieves 13X; the calculated values of the isosteric heats were 73 and 77.28
kJ/mole respectively. This demonstrates that addition of the alkyl group
to the benzene ring leads to an increase in the heat of adsorption. Fur-
thermore it confirms that the results of previous workers are similar to
those obtained in this study for adsorption of naphthalene group compounds
on molecular sieves type NaX.

Figure 4.12 illustrates the relationship between the isosteric heat
of adsorption and the coverage for the trinuclear aramatic hydrocarbons
fluorene and phenanthrene, and the heterogeneous campounds dibenzothio-
phene and dibenzofuran. The fluorene molecules exhibit a maximum heat of
adsorption at the lowest coverage rate. An increase in the filling
results in a decrease in the heat evolved because the most active sites of
the zeolite have been filled and the addition of further molecules appears
to result in weaker adsorbate-adsorbent interaction energies.

The differential heat of the phenanthrene as a function of adsorption
loading behaves in a similar manner initially to fluorene, i.e., the ini-
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tial heat is high but drops off to a minimum. Further increase in the
loading results in the isosteric heat increasing to a maximum as the pore
volume of the molecular sieves becomes filled. In this instance, the max-
imum is the result of mutual interaction between the phenanthrene mol-
ecules. Since fluorene has a more symmetrical configruation than phenan-
threne, orientation of the fluorene molecules is more easily accamplished
and the interactions between the adsorbate molecules of fluorene with
electrostatic charges of molecular sieves will consequently be higher.
The magnitude of the isosteric heats of adsorption and their variation
with the level of adsorbate loading or coverage have been studied by pre-
vious workers. Barrer (36) found that the differential heats of adsorp-
tion at coverage rate of 50% were 73.5 and 77.7 kJ/mole for benzene and
cyclopentane on NaX respectively. This demonstrates that the geometrical
structure and symmetricity had an effect on the heat of adsorption, simi-
lar to that noted in the present work with phenanthrene and flourene
adsorbed molecules.

The variation in isosteric heat of adsorption with loading for the
heterogeneous aromatic compounds dibenzothiophene and dibenzofuran is
exemplified in Figure 4.12. Two effects are shown for dibenzofuran,

5 A a high initial heat of adsorption, characteristic of the cation qua-
drupole interactions plus interactions of the m-bond of aramatic
nuclei with electrostatic charges of the cation cavities of zeolite
crystals and

ii. a minimum followed by a maximum heat of adsorption with increase in
loading.

The following increase of the isosteric heat is due to interaction between

the adsorbate molecules. The magnitude of the decrease in the isosteric

heat of adsorption accompanying an increase in loading arises because the
most active centres of the molecular sieves have been filled. The addi-
tion of more molecules leads to an increase in the isosteric heat due to
interaction between the adsorbate molecules. The magnitude of the
increase in isosteric heat for dibenzofuran is attributable to a strongly
directional interaction between the eight dibenzofuran molecules within
each unit cell. The increase in the heat of the adsorption for dibenzofu-
ran is related to the strong specific interactions which can be formed
from an additional hydrogen bond with negatively-charged oxygen atoms of
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the zeolite structure. The conjugation of the electrons of the oxygen
atam with m-bond in dibenzofuran molecule causes a more uniform distribu-
tion of the electron density in this molecule. Heats of adsorption for
dibenzothiophene are larger than for dibenzofuran and the molecular sieves
show a greater affinity for the dibenzothiophene molecules. The isosteric
heat of adsorption for dibenzothiophene was calculated at a high loading
rate. At low coverage the adsorbate molecules of the dibenzothiophene are
localized in the cavities of the molecular sieves. As the cavities of the
zeolite crystals are filled with dibenzothiophene molecules, the filled
surface will acquire more energy due to the quadrupole interactions and
the interactions between the m-electron system of aromatic rings with the
cation or the hydroxyl groups of zeolite crystals. The increase in the
coverage will also result in a mutual interaction between the adsorbate
molecules of dibenzothiophene.

A particular example is the adsorption of different type of compo-
nents such as carbon dioxide provided by Kiselev (33). The effect of
isosteric heat of adsorption for carbon dioxide was studied as a function
of adsorption loading. It was observed that the isosteric heat of adsorp-
tion behaved in a similar manner in the present work, i.e., the initial
heat was high, decreased to a minimum, then rose to a maximum as the pore
volure became filled. The last maximum was the result of mutual interac-
tion between four carbon dioxide molecules within one cavity of the struc-
ture of the molecular sieves.

Figure 4.13 shows the relationship between the isosteric heat of
adsorption versus coverage for all the aromatic components studied. The
lowest heat of adsorption at 3-5 x 10° m3/kg i.e. at low coverage was for
dodecylbenzene and phenanthrene, whilst at high coverage 14 x 105m3/kg
the highest heat of adsorption was for dibenzothiophene.

4.1 Conclusions

Heats of adsorption of pure aromatic compounds on NaX zeolites were
calculated. The data show that the most important criteria affecting the
interaction between the adsorbate molecules and the cations in the zeolite
crystals are the nature of the m bonds, the value and localization of
dipole or quadrupole moments, and the presence of a free electron pair in
the adsorbed molecule.
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5.0 A STUDY OF EQUILTBRTUM ISOTHERM ADSORPTION OF AROMATIC MIXTURES
(EXTRACT FRACTTONS) FROM BINARY SOLUTIONS WITH ISOOCTANE

5.1 Introduction

The adsorption properties of porous crystals of molecular sieves, and
in particular their faculty for adsorption from liquid solutions, depends
upon the concentration and nature of the components, upon the composition
and structure of the molecular sieves, and upon temperature.

Adsorption of individual aramatic and heterogeneous compounds from
iso-octane results in selective adsorption from solutions of those mol-
ecules whose sizes are smaller than the windows of the zeolite channels.
This ability to adsorb molecules according to their geometry leads to high
selectivity of separation of many liquid mixtures. If, however, molecules
can freely penetrate into zeolite cavities adsorption will be determined
by interaction of these molecules with zeolite.

Zeolite type 13X (NaX) is a specific adsorbent capable of strong
selective adsorption of heterogeneous and aromatic compounds of high
molecular weight. This property was utilized to study the relationships
between Gibbs adsorption of extract fractions and their initial mole
fractions. Equilibrium isotherms were determined for 3 extract fractions
at two different temperatures 303 and 343 K.

The heats of adsorption of extract fractions using the same type of
molecular sieves were determined by the isosteric method.

5.2 Experimental Procedure

The literature contains a considerable amount of multicamponent
adsorption data for inorganic gases. The bulk of the published data deal
with mixtures of organic vapours or inorganic adsorbates at liquid nitro-
gen temperatures (90 K).

Joubert and Zwiebel (37). studied the adsorption isotherms of oxygen,
nitrogen, carbon dioxide, and sulfur dioxide as a mixture on hydrogen-
mordenite at several temperatures in the range of 273-373 K. SO, and CO,
were found to exhibit considerably greater affinity for the adsorbent than
0, and N,.

As already discussed molecular sieves have a high affinity to adsorb
standard, individual aromatic compounds. Their advantage in industrial
applications is in removing impurities, e.g. aromatic compounds, from wax-
es resulting from dewaxing of the slack wax after extraction of heavy dis-
tillates to produce different types of lubricating oils.
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To study the effect of adsorption of aramatic mixtures from binary
solution with waxes, aromatic mixtures (extracts) were prepared by extrac-
tion of petroleum heavy distillate (623-753K) with phenol. 5% of water in
phenol (12.5g H,O in 237.5g phenol) was added to 125 g of a heavy distil-
late cut and mixed by stirring at 328K (above the aniline point of the
cut). The mixture was left to settle for 3.6 ks. Two layers separated: a
top layer (raffinate) and a bottom layer (extract). The raffinate layer
was washed several times with 10% NaCH solution and finally dried over-
night using calcium chloride granules. The extract layer was washed with
300 an® of dichloromethane CH,Cl, and 800 an’ of 10% NaCH and left to set-
tle for 1.8 ks. The bottom layer was then recovered and washed several
times with 250 am3 of NaOH, then with water. Finally CH,Cl, was removed
by evaporation in a rotary vacuum evaporator to obtain the free extract
which was then dried over-night using calcium chloride. The extract was
vacuum distilled to yield three fractions,

Extract Fraction 1, boiling point range 633 - 653 K
Extract Fraction 2, boiling point range 673 - 693 K

Extract Fraction 3, boiling point range 713 - 747 K

Standard methods were used for the determination of the physico-
chemical properties of the aramatic extraction fractions given in Table
5.1. Using Van Ness and Van Westen's method (38) the structural groups of
the aromatics extract fractions were determined and are illustrated in
Table 5.2.
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TABLE 5.1

PHYSTCO-CHEMICAL PROPERTIES OF DIFFERENT TYPES OF AROMATIC
EXTRACT FRACTIONS

Test Required Reference Units Extract Extract Extract

No.

Fraction Fraction Fraction
5 1 2 3

Boiling point
range

Density at

303 K
343 K

Refractive
index at 293K

Kinematic vis.
at 373 K

Saturates
Aramatics
Resins
Sulfur

633-653 673-693 713-747
K K K

IP160 or 190 kg/L 0.9977 1.0154 1.0493

D 1747

IP 71

BAM 74

Coulaonax

0.9707 0.9884 1.0223

- 1.5682 1.5808 1.6002

cst 3.490 4.640 20.26

% wt 9.5 5.2 2.1
88.4 8L.7 90.4
2.1 3.1 7.5

% wt 3.83 4.14 5.19

TABLE 5.2

STRUCTURAL GROUP ANALYSIS OF DIFFERENT FRACTIONS OF EXTRACTS
(ASTM D3238-74) VAN NEES AND VAN WISTON METHODS

Ex- Den- Ref.
tr- sity Ind.
act at at
No. 293K_ 293K
kg/m310'

Carbon Content, Wt% No. of Rings

a R ¥y %p Ry, Rp Ry

1 1.0042 1.5682 293 3.8

2 1.0219 1.5808 320 4.1

3 1.0558 1.6002 366 5.1

47.1 63.4 16.2 36.5 1.7 2.6 0.9

52.1 62.7 10.5 37.3 2.1 2.8 0.7

57.0 65.7 8.7 34.2 2.6 3.4 0.8
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The adsorption isotherms of the aramatics extract fractions were
determined using Analar iso-octane as inert solvent. The static method
was used for the determination of the adsorption isotherms of these
extract fractions from binary solutions at temperatures of 303 and 343 K
using the method discussed in Chapter 3.

The time needed to reach the adsorption equilibrium was: 864 ks for
extract fraction 1, 902 ks for extraction fraction 2 and 1296 ks for
extract fraction 3 at 303 K. At 343 K it was 86.4 ks for extract fraction
1, 90 ks for extract fraction 2 and 130 ks for extract fraction 3. The
concentrations of aromatic extract fractions before, and after, adsorption
were determined using ultraviolet spectrametry.

5.3 Results and Discussion

Adosrption Isotherms of Extract Fractions.

The adsorption isotherms of aromatics extract fractions from iso-
octane solutions on type 13 X molecular sieves was investigated over a
range of initial concentrations from 5 to 35 kg/m3, equivalent to 1-3%
aramatics by weight. The adsorption values of the extract fractions were
determined using Gibbs free energy method as in Chapter 3. The initial
sections of the adsorption isotherms for the three extract fractions are
shown in Figures 5.1 and 5.2.

The points represent the experimental data which were determined by
Gibb's equation and the curves were calculated using the BET equation
(Brunauer-Emmett-Teller) for multilayer adsorption system. The value of
maximum adsorption capacity A, and separation coefficient f were deter-
mined from the graphical solution of the (B.E.T.) equation and are pre-
sented in Table 5.3.

As illustrated in Figures 5.1 and 5.2, for equilibrium isotherm
adsorption of the extract fractions there was good agreement between
adsorption values derived theoretically using B.E.T. equation (i.e., the
solid curves) and the adsorption value determined experimentally using
Gibbs method of calculation (i.e. points on the isotherm curves). This
means that the mechanism of adsorption of extracts using molecular sieves
is in agreement with the theory for a binary system shown for individual
aromatic compounds in Chapter 3.

Table 5.2 shows that the extract fractions generally consisted of
naphtheno-aramatic compounds. An increase in the boiling point of the
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fractions resulted in an increase in the aramaticity and in sulfur con-
tent. The three extract fractions exhibited an affinity for adsorption on
molecular sieves as illustrated in the equilibrium isotherms. Hence,
there is an interaction between the active sites of the molecular sieves
and m-bond of the aromatic compounds of the extract fractions. There are
also specific interactions, since the polar compounds, i.e. the sulfur
compounds, have strong interactions with the electrostatic field of the
molecular sieves crystal. Figures 5.1 and 5.2 show that the adsorption
isotherms of extract fractions have a form typical of the adsorption isot-
herm of an individual aromatic campound. They rise steeply and reach max-
imum values at equilibrium concentration of the extract fractions equal to
6 x 1073 to 10 x 1073 mole fraction at 303 K and 4 x 1073 to 8 x 10~3 mole
fraction at 343 K.

The maximum value of adsorption for the extract fractions is very low
compared with the isotherms of the individual aramatic campounds due to
the camplexity of the molecules. Increase in the molecular weight of the
extract fraction affects the diffusion rate of the adsorption and results
in a decrease in the adsorption value as shown in Table 5.4. Increase in
molecular weight from 293 to 366 led to a decrease in the adsorption value
fram 0.31 to 0.11 for the first to third extract fractions respectively at
303 K and from 0.3 to 0.09 at 343 K.

Separation Coefficients of Extract Fractions.

The separation coefficients, f, was determined for each of the 3
extract fractions and are illustrated in Table 5.3. The separation coef-
ficient log £ > 2 indicate a high selectivity of adsorption of these aro-
matic compounds from the extract fractions. The increase of the molecular
weight of the aramatic campounds in the extract fractions from 293 to 366
resulted in a decrease in separation coefficients. The separation coeffi-
cients (log f) for the three extract fractions changed by increase of the
temperature fram 303 to 343 K. At lower temperatures the high molecular
weight extract fractions must be activated to permit the adsorbate mol-
ecules to penetrate through the crystal of the molecular sieves. The
increase in the energy level of the adsorbate molecules results in
increased diffusivity of the compounds; hence they are able to penetrate
rapidly through the cavities of the molecular sieves. The steric effect
also affects the diffusivity of the adsorbate molecules through the cavi-
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ties, i.e. the critical diameter of the aromatic compounds present in the
extract fraction. Depending upon the aperture diameter of the molecular
sieves, there is a hind rance effect on adsorption. High molecular weight
aramatic compounds tend to block the surface of the crystal of the molecu-
lar sieves thus preventing the diffusion of other molecules. This is dem-
onstrated for the third extract fraction see Table 5.3. Table 5.4 illus-
trates the limiting values of adsorption, and number of adsorbate
molecules occupied per unit cell of the molecular sieves.

Number of Molecules Occupied by Unit Cell of Zeolite Crystals Of Extract
Fractions

Table 5.4 shows that the numbers of adsorbate molecules captured per
one unit cell of molecular sieves decreased as the molecular weight of the
extract fractions increased. For example, at 303 K for the first extract
fraction only 4.2 molecules were located in one unit cell of molecular
sieves, whereas for the second and third extract fractions, 2.5, 1.5 mol-
ecules respectively were located in one unit cell.

Increase in temperature resulted in an increase in the mobility of
molecules adsorbed in cavities of zeolite crystals. Hence the number of
adsorbate molecules in the cavities will decrease as the temperature of
the adsorption increases. This can be seen from Table 5.4. Increase in
the temperature from 303 to 343 K led to a decrease in the number of
adsorbate molecules captured by one unit cell of the molecular sieves to:
4, 2.3 and 1.2 for the extract fractions 1, 2 and 3 respectively.

It was shown in Chapter 3 that the maximum adsorption values for
individual aromatic compounds by zeolite 13X were for the more campact
molecules such as cumene and for molecules with the more delocalized elec-
tron density such as naphthalene and for the more polar campounds such as
dibenzothiophene. It can be assumed that first stage of the adsorption of
the aramatic compounds of the extract fractions would therefore camprise
adsorption of lower molecular weight aromatics and the second stage
adsorption of polar molecules that possess a high dipole mament. As the
sulfur content increased in the extract fractions, the adsorption value
decreased (see Table 5.4). The adsorption of sulfur campounds results in
a reduction in the packing density of adsorbed molecules into cavities of
the zeolite crystals. Adsorption of high molecular weight aramatic hydro-
carbons and heterogeneous compounds such as sulfur compounds using zeolite
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13X can be caused by specific and nonspecific interactions between the
adsorbing molecules and cations of the cavities of zeolite crystals. The
adsorbate molecules which possess constant dipole moment, such as sulfur
aramatic compounds, can interact very strongly with the electrostatic
Charges of the cavities of the molecular sieve. This results in blockage
of the pores of the molecular sieves and hence decreases the adsorption
value.

As shown in Table 5.4 the adsorption efficiency of the extract frac-
tions from solution in iso-octane at 303 and 343 K were in the order:
third fraction < 2nd fraction < 1st fraction.

5.4 Conclusions

Unlike solvent extraction, adsorption by silica gel or alumina, or
azeotropic distillation, which are used principally to separate hydrocar-
bons according to type of molecule, this investigation shows that molecu-
lar sieves type 13X can be used successfully for separation of multi-
component aromatic caompounds from petroleum fractions, according to the
shape, and size of the molecules. This is practicable despite the low
adsorption values compared with adsorption values for the pure aramatic
compounds. However, a reliable method is required for the prediction of
equilibrium adsorption data for mixtures from the isotherms of pure campo-
nents.
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6.0 A STUDY OF HEAT OF ADSORPTION FOR EXTRACT FRACTIONS ON MOLECULAR
SIEVES TYPE 13X

6.1 Determination of Heats of Adsorption for Extract Fractions on
Molecular Sieves Type 13X

The adsorption properties of zeolites are determined by the geametry
of the opening of the channels in porous crystals and by the chemical com-
position of their skeleton. Zeolites are specific adsorbents because
their surface carries positive charges concentrated in exchange cations,
while the negative charges are distributed over the internal bonds of com-
plex (AlQ4)”. This determines the adsorption properties of zeolites.
With respect to polar molecules of the extract fractions which are capable
of specific interaction with the surface of the molecular sieves type X,
the attachment of these molecules will be at specific sites of cation cav-
ities. The heat of adsorption associated with electrostatic interactions
can be calculated from the Clasius Clapeyron equation mentioned in Chapter
4. As discussed earlier, heats of adsorption may comprise two contribu-
tions, specific and non-specific heats of adsorption. The heat of adsorp-
tion of aromatic compounds is solely due to non-specific interactions
whereas the hetero-aromatic compounds also have a specific contribution.
The evaluation of the heats of adsorption by molecular sieve at small and
high pore filling have been calculated from adsorption isosters for the
extract fractions in the range of temperatures 303 - 343 K.

Different types of camponents are present in extract fractions such
as polar campounds, aromatic hydrocarbons in which the rings are shielded
with alkyl chains, naphthalenes, etc. Therefore the heat of adsorption of
these hydrocarbons consists of specific and non-specific interactions. If
the adsorbed molecules are aramatic rings with m bonds or with polar func-
tional groups as in the sulfur compounds, then these molecules interact
strongly with the exchange cations of the molecular sieves. The most
important features of the component's structure are the nature of the n
bonds, the value of localization of the dipole and quadropole moments, due
to the presence of a free electron pair in the adsorbed molecule. The
heats of adsorption were calculated fram pairs of isotherms at tempera-
tures of 303 to 343 K. Figures 6.1, 6.2 and 6.3 illustrate the isosters
of adsorption of the extract fractions at different coverages.
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Figure 6.4 is a plot of the calculated isosteric heat of adsorption
as a function of the coverage of each extract fraction on molecular sieves
13X. It demonstrates that the interaction energies between the adsorbate
molecules of the extracts with molecular sieve crystals are greater than
those between the iso-octane molecules and the crystals. The heat
required for removing iso-octane molecules fraom cavities of the zeolite
crystals by molecules of extract fractions at low concentrations were 14,
20 and 19 kJ/mole for the 1st, 2nd and 3rd extract fractions respectively.
With extract fraction 1 and 2, by increasing the pore filling, the heat of
adsorption decreased. This indicates that at higher temperatures (343 K),
the concentration of the molecules of aromatic extract fractions 1 or 2 in
the zeolite cavities decreased and interaction between them became weaker.
As a result, the isosteric heat of adsorption for these extract fractions
depends on coverage. During the adsorption of the aramatic components on
zeolite, the electro-negative nature of the sulfur atoms led to an addi-
tional specific interaction with zeolite cations.

During the earlier stage, the heat of adsorption of the 2nd extract
fraction was higher than that of the first fraction. This can be attrib-
uted to the increase in the specific strong interactions between the polar
campounds of the 2nd fraction and electrostatic charge of the cations of
molecular sieves. The concentration of polar compounds in the 2nd frac-
tion was higher than in the 1st fraction. The aramatic content was also
higher. So that the total m bond, dipole and quadrupole moments of the
2nd fraction would be higher.

Sulfur Content Aramatic Content
Extract Fraction 1 3.8 88.4
Extract Fraction 2 4.1 91.7

During the early stage of coverage, the heat of adsorption of the 3rd
fraction was high, indicative a strong interaction between the total
n-bonds and free pairs of electrons of sulfur compounds with the electro-
static field of the molecular sieves. An increase in the packing of the
adsorbate molecules of the 3rd fraction resulted in a slight decrease in
the heat of adsorption. Further increase in the coverages led to a slight
increase in the heat of adsorption which can be explained as follows: Mol-
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ecules of the third fraction have a high content of sulfur (5.2 wt%) and
heterogenecus compounds in the form of resins (resin content 7.5 wt%).
This percent is high in comparison with the first and second fractions
(resin contents of 2.1 wt% and 3.1 wt% respectively). The heterogeneous
molecules of the third fraction can interact specifically not only with
the electrostatic field of zeolite but also with themselves forming mutual
bonds creating longer side chains, or bigger molecules of larger critical
diameter. Therefore, the adsorption value will be lowered and the number
of molecules adsorbed by one unit cell of molecular sieves will be less
than expected (see Table 5.4). This can be attributed particularly to the
steric effect, i.e., the geometry of the adsorbed molecules. This also
results in a decreased heat of adsorption because the polar campounds and
the polycycloaramatic campounds present in the resin or the extract itself
possess a large molecular diameter, i.e., larger than the critical diame-
ter of the zeolite cavity. During adsorption these molecules block the
window of the pore site thus hindering penetration by molecules of smaller
diameter, such as naphthenes and mono or diaromatics. Since molecules
having dipole, quadropole moments and free electron pairs, can diffuse
very quickly and be directly adsorbed ahead of the mono and di-aromatic
molecules forming a multilayer resistance.

This sumarizes factors in the reduction of the interaction between
the extract molecules and the electron density of the zeolite sites. Thus
the total value of isosteric heat of adsorption will be lower than the
heat of adsorption of individual aromatic campounds discussed in Chapter
4.

6.2 Conclusions

Heats of adsorption of extract fractions were considerably less than
those of the individual aromatic compounds described in Chapter 4. An
increase in complexity of the extract fraction resulted in a reduction in
the heat of adsorption.
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7.0 KINETICS OF ADSORPTION OF INDIVIDUAL AROMATIC COMPOUNDS FROM BINARY
SOLUTTIONS WITH ISO-OCTANE USING MOLECULAR SIEVES

7.1 Introduction

The kinetics of adsorption depend upon mass transfer of the adsorbate
molecules through a pellet or through a layer of the molecular sieves at a
certain rate. The rate of adsorption is always controlled by the mass
transfer resistance and the temperature rather than by the intrinsic sorp-
tion kinetics. Therefore factors affecting the rates of diffusion of
hydrocarbons in molecular sieves are of significant importance in the use
of zeolitic catalysts in reactors and of zeolitic sorbents in separation
processes under dynamic conditions.

The transient flow of hydrocarbons within the adsorbent consists of
three stages:
1s Transfer of the adsorbate material from the solution to the external

surface of the adsorbent.

2. Diffusion of the adsorbate molecules through the pore window to the
surface of the adsorbent crystal, and

3. Migration of the adsorbate molecules inside the cavities of the
adsorbent.

The kinetics of sorption are governed by two distinct diffusional
resistances; the macropore resistance of the pellet and the micropore
resistance of the zeolite crystals. To interpret kinetic data for such
systems, it is therefore necessary to take account of both diffusional
processes although, under certain conditions, either of the resistances
may be rate-controlling.

Under equilibrium conditions, the quantity of sorbate molecules
occluded by the zeolite crystals is generally very much greater than the
quantity remaining within the macropores of the pellet. Adsorption within
the micropores may be neglected and the adsorbate molecules occluded with-
in the zeolite crystals may be treated as a single adsorbed phase.

The adsorption velocity is limited by the slowest stage of adsorp-
tion. Hence the sorption kinetics in the small pores of zeolites such as
type A, erionite, and chabazite can be controlled. There are difficulties
in controlling the sorption kinetics in zeolites types X and Y because the
diffusion in the open framework of these types of molecular sieves is rap-
id and is not easily measured by conventional methods, particularly for
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adsorption of molecules of very small kinetic diameter such as low molecu-
lar weight gases.

The migration of molecules is generally described as an activated
diffusion process with activation energies ranging from 0.5 to 19 k cal/g
mole. The migration of adsorbate molecules depends on two factors:

1. energy considerations which determine the direction of the process,
i.e., to result in a decrease in the free energy of the system,

and

ii. the steric factor which determines the ability of the adsorbate mol-
ecules to migrate through the cavity window of the pores.

Hence the adsorption isotherm is influenced by both these effects.

The rate of diffusion of adsorbate molecules within the pores of
molecular sieves is related to the probability of the transition of the
molecules through the windows between adjacent cavities. This probability
is proportional to:

E. -E
exp (-2-gz2) (7.1)
An increase in the interactions between the adsorbate molecules and the
molecular sieves leads to a decrease in the E, and the mean lifetime of
the adsorbate molecules inside the pores of the crystal will increase.
The migration of the adsorbate molecules in the pores will be retarded.

The energy of adsorbate molecules in the pores is equal to the dif-

ference between their energy in the gas phase and the heat of adsorption.

E=H-q (7.2)

Equation 7.2, implies that an increase in the heat of adsorption will lead
to a decrease in the energy of adsorbate molecules in the pores. This
also results in an increase in the lifetime of the adsorbate molecules in
the pores, thus decreasing the rate of adsorption.

A decrease in adsorption rate is also attributable to the increase in
the energy of adsorbate molecules at the boundary of two pores. This
energy camprises energy of interactions of adsorbate molecules with
cations distributed in the channels of the sites of the molecular sieves
plus the energy of dispersion interactions with oxygen ions.
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The potential of these interactions decreases sharply with increase
in the distance between the nearest neighbours of the active sites of the
molecular sieves. Hence an increase in the critical diameter of the
adsorbate molecules results in a sharp increase in this energy level.

If the critical diameter of adsorbate molecules is approximately
equal to the effective diameter of the aperture of the macropore, physical
adsorption will occur. The effect of the low affinity of macropores to
adsorb hydrocarbon molecules is observed only over a specific temperature
range. An increase in the temperature up to a specific limit results in
an increase in the adsorption value. This occurs due to the input of
excess activation energy to the process so that the adsorbate molecules
can penetrate into the pores of the molecular sieves crystal.

In kinetic studies, it is important to clarify how diffusion coeffi-
cients within zeolites are related to:

1, Intracrystalline channel geometry and dimensions.

2. Shape, size and polarity of penetrant molecules.

35 Presence of molecules of impurity in channel.

4. Structural changes brought about by penetrants.

5. Structural damage associated with physical and chemical treatment.
6. Concentration of penetrant within the crystal (1).

However, information on these topics relating to high molecular weight
aramatics as penetrants is still limited.

7.2 Literature Survey

Barrer and Ibbitson (39) found that the pressure of the gas (concen-
tration of the adsorbate molecules) and the temperature significantly
affected the rate of occlusion of adsorbate molecules inside the pores of
molecular sieves. They considered that from the kinetic point of view,
adsorbate molecules could be divided into three categories:

R = molecules occluded extremely rapidly
L = molecules occluded slowly at room temperature
C = molecules excluded from the zeolite lattice

Most of these groups were defined but little is known about the kinetics
of the adsorption of high molecular weight compounds in the large-pore
zeolites, such as type X and type Y, of interest in catalysis. Little has
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been published regarding the kinetics of adsorption of such types of com-
pound. Diffusion constants and activation energies have been determined
for the adsorption of gases, medium chain-length hydrocdbon molecules and
sare light and medium aramatic hydrocarbons on mineral zeolites, synthetic
zeolite and modifications of both. The modifications include the effect
of cation replacement, decationization, and the effect of a pre-adsorbed
polar campound such as ammonia, 0O,, or C0. The results support the model
of diffusing molecules encountering a periodic potential field within the
zeolite. Various calculations were made of these potential fields.

In early work on the rate of adsorption by zeolite, Barrer and Ibbit-
son studied the kinetics of occlusion of different hydrocarbons such as
n-hydrocdbons and different polar compounds, e.g. NH; and H,0, using dif-
ferent types of zeolitic solids such as chabazite and active and inactive
analcite. A relationship was found between the kinetics of occlusion of
hydrocarbons in the molecular sieves,

il S %

0. -0,

(7.3)

K/ depends on particle size and the diffusion constant D. The latter
depends on the temperature and the concentration of the adsorbate mol-
ecules in the zeolite. Plotting (. - .. - Qo) versus vt illustrates the
kinetic behaviour of the adsorption.

Barrer and Ibbitson also stated that as the molecular weight increas-
es the diffusion coefficient decreases and consequently the rate of
adsorption in zeolites decreases. The rate of adsorption depends upon the
cross-section of the solute molecule; for example ethane (CoHg) propane
(C3Hg) and isobutane (Iso C4Hyp) have cross-sectional diameters of the
order of 4.0, 4.89 and 5.50 A° respectively. Molecules with a cross-
sectional diameter £ 4.0 A° are taken-up by minute channels. Molecules
with a cross-sectional diameter equal to 4.89A° (n-paraffins) are occluded
by a slow process of diffusion, in which an energy of activation is needed
to move the molecule along the interstitial channel from one position of
maximum sorption potential to another. Molecules with cross-sectional
diameter 2 5.58A° (isoparaffin and aromatic hydrocarbons) are totally
excluded.

Based on these results Barrer and Ibbitson suggested a method of
measuring cross-sectional diameters of molecules. They also concluded
that:
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5 The rate of sorption is decreased as the chain length increases;
ii. The rate of occlusion decreases as the concentration of the solute
within the zeolite increases;

and
iii. The sorption rate is increased exponentially by rise in temperature.

Barrer and Brook (40) studied the kinetics of sorption for various
gases in zeolites by a volumetric method under both constant pressure and
constant volume conditions. They studied the kinetics of occlusion of
methylchloride and methylamine in chabazite degassed at 673-693 K but
found them too rapid to be followed quantitatively. The occlusion rates
of the larger molecules CHFCI,, CHyCl,, CHF3, (CHg)oNH, C3Hg and CyH,
could however, be measured conveniently. They found that whilst diffusiv-
ity decreases activation energy E, increases considerably as the chain
length, or the cross-section of the diffusing molecules, increases. Com-
paring three molecules of comparable size and shape in which polarity
increases - C3Hg, CH)Cl,, (CH3),NH, E, undergoes a large increase in the
same order. This arises because a polar molecule is attracted more
strongly to each cationic equilibrium position than a non-polar molecule.
The molecule with a dipole is likely to require a higher energy to break-
away and jump to the next equilibrium position.

Eberly (41) reviewed the study by Ruthven et al. of the relationship
between critical diameter of different types of hydrocarbon and their
adsorption rate upon different types of molecular sieve. He stated that
as the critical diameter of the hydrocabons increases the rate of adsorp-
tion decreases. He also studied the activation energy for gases on natu-
ral chabazite and found that they increased with increase in the length of
hydrocarbon chain. The heavier hydrocarbons n-CgH;, and n-C;H,¢ were
appreciably sorbed only at elevated temperatures. The diffusivity was
found to decrease as the amount of material initially sorbed increased.
Activation energy was determined for C3Hg on 5A molecular sieve and a val-
ue of 14.63 kJ/mole was reported. The long chain, n-Cy 4H3y had a high
activation energy of 67.29 kJ/mole. Activation energies were reported for
various sorbates on zeolites 3A and 4A.

A study of the rates of adsorption of highly purified liquid hydro-
carbons in NaY and HY was made by Satterfield and Cheng (42). The criti-
cal molecular diameters were evaluated from bond lengths, angles and van
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der Waals radii. The results with NaY clearly showed that the diffusivi-
ties increase quite markedly with decreasing molecular size, e.g. hexade-
cane diffused at a rate > 20,000 times faster than 1,3,5 triisopropylben-
zene. Also 2,4,6 trimethyl-aniline, containing a permanent dipole, dif-
fused at a much slower rate than the 1,3,5 trimethylbenzene even though
the molecular diameters are identical. This is attributed to the higher
energy of interaction between the polar molecule and the surface cations.
Similarly, 1,3,5 triisopropylcyclohexane diffused at a faster rate in Nay
than 1,3,5 triisopropylbenzene even though the former molecule has a larg-
er diameter. This is again due to the higher energy of interaction
between the aramatic m electrons and the zeolite surface.

Loughlin et al. (43) studied sorption of n-butane from two different
samples of Linde 5A zeolite crystals at 323 K and under camparable butane
pressures (2000-4770 N/mz). There were significant differences between
the sorption curves and diffusivity due to the difference in pore diameter
and size distribution. Diffusion was shown to depend strongly on the con-
centration of the adsorbate and not on the zeolite type.

As mentioned in Section 2.1, Satterfield and Cheng (6) focussed their
study on elucidating two aspects,

i. the relationship between the size and physicochemical properties of
the diffusing molecule and its rate of diffusion in type Y zeolite
in either the Na or H form,

and
ii. the relationship between unidirectional, that is single component,

diffusion and counter diffusion in binary systems.
They studied diffusion of cumene in cyclohexane and mesitylene in cyclo-
hexane on NaY zeolite at 303 K. Mesitylene, which has the largest criti-
cal molecular diameter 8.4 A° diffuses much slower than cumene which is of
smaller critical diameter (6.8 A°). They also studied the adsorptivity of
2,4,6 trimethylaniline (mesidine), which has a similar molecular shape and
size to mesitylene but is an aromatic amine. The diffusion rate of mesi-
dine is much slower than that of mesitylene, indicating that steric con-
siderations were by no means the only factor determining diffusivities in
zeolites. Other factors affect the mobility of diffusate, resulting fram
strong interactions between molecules and zeolite. The diffusion coeffi-
cient for mesitylene at 303 K in NaX was about 10 times that of mesidine.
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In the unidirectional studies, the activation energy was 37 kJ/mole for
mesitylene and 71 kJ/mole for mesidine. It can be postulated that, due to
the presence of the amine group, mesidine interacts more strongly with the
zeolite than does mesitylene.

The effect of the zeolitic cation was also studied and the diffusivi-
ty was found to increase with an increasing degree of ion exchange con-
verting NaY to HY. The cation effect can also be explained fram the
viewpoint of molecule-zeolite interactions, but this was not demonstrated
in the diffusion rate for mesidine (amine group) which was similar in the
two forms of Y zeolite.

Ruthven et al., (44) presented diffusivity data for ethane, ethylene,
propane, propylene, cyclopropane, n-butane, 1l-butene, cis-2-butene, and
trans-2-butene in Linde 5A zeclite. The diffusivity was found to increase
with increase in sorbate concentration. As would be expected, for diffu-
sion of small molecules in larger pore zeolites a concentration-dependent
mobility was observed.

Activation energies for different hydrocarbons were determined and it
was found that as the molecular diameter of the sorbate molecules increas-
es the activation energy increases. Propylene, 1-butene and trans-2
butene all have the same critical diameter 2.65 A°, and the diffusivities
and activation energies for these species were found to be similar.
Cis-2-butene has a considerably larger critical diameter, and its activa-
tion energy was found to be greater. This provides strong evidence that
activation energy for zeolite diffusion is determined by the critical
diameter of the molecule and that other factors such as molecular weight,
chain length or type of bond are only of minor significance.

Ruthven et al., also studied the kinetics and equilibria of sorption
of light hydrocarbons and some other simple non-polar molecules, in 5A
zeolite. They showed that many features of the sorption kinetics and
equilibria may be explained by simple theoretical considerations.

Fal'kovich et al. (18) studied kinetics of adsorption of n-decane,
n-tetradecane, n-hexadecane, and n-heptadecane from iscoctane solutions by
granules of Ca A-zeolite at 293, 373 and 423 K. They found that the dif-
fusion coefficient for n-heptadecane was increased, then remained constant
for a definite period as the zeolite cavities were filled, and finally
decreased rapidly near the equilibrium point. It was concluded that the
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diffusivities of all the n-alkanes studied had similar values and did not
depend on the length of the hydrocarbon chain, but there was a general
rise in diffusion coefficient values with increasing temperature. Activa-
tion energies appeared to depend only slightly on chain length of the
alkane. It was shown that at 373 and 423 K activation energies were
41.8-62.7 kJ/mole while at lower temperature range 293 and 373 K they were
12.5-16.7 kJ/mole, indicative of a change in the nature of the diffusion.

Doetsch et al., (45) studied the kinetics and the equilibrium of the
sorption of n-heptane in 5A zeolite. A satisfactory interpretation of the
equilibrium data was obtained on the basis of a simple theoretical model
in which it was assumed that there were both active and inactive sites
within each crystal of the zeolite lattice. Other workers have attributed
the difference between active and inactive sites to the presence of the
cation, which generates the electrostatic energy necessary for activation.
These sites might correspond to the region close to the cavity wall in
which adsorption was energetically favourable giving rise to localized
adsorption, and the central region of the cavity in which the sorbate was
less strongly bound with greater rotational and translational freedom.
The difference in mass transfer increased strongly with sorbate concenta-
tion. The limiting diffusional activation energy for n-heptane was 31.3
kJ and this value was somewhat higher than the activation energy for the
lighter paraffins in the range Cy—Cy.

Caro et al. (46) studied sorption of n-decane from a nonadsorbing
liquid solvent. The nature of the solvent and traces of impurities were
found to significantly affect the rate of sorption. They also studied
sorption of n-decane in cyclohexane, ethyl- and butylbenzene and found
that blocking effects caused by the solvent molecules strongly interacted
with the outer crystal surface. Hence they concluded that sorption rate
depends strongly on the nature of solvent. It was demonstrated that when
using cyclohexane as a solvent the probability of n-decane entry into the
zeolite micropores through the crystal surface is at least three orders of
magnitude higher than when using ethylbenzene. This is attributed to weak
interaction of the cyclohexane molecules with the outer crystal surface
due to the difference in the molecular structure between cyclohexane and
ethylbenzene.
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Ruthven and Doetsch (47) studied equilibrium isotherms for four
hydrocarbons n-CgHy,, CgH,,, CgHg and CgHgCH; in specially-prepared, sam-
ples of 13X zeolite with crystal size 16.5 ym at 409 to 513 K and pres-
sures of 13.3 to 13300 N/m?. Extensive diffusivity data were presented
showing the dependence on sorbate concentration and temperature. Over the
range of the experimental measurements, the diffusivities for the Cg and
C, species in 13X sieve were 10712 to 10713 m2/s. Diffusional activation
energies for the Cg and C,; hydrocarbons in 13X sieve ranged from 21 to 26
kJ/mole.

Ruthven and Derrah (48) developed a simple transition state theory of
zeolitic diffusion of methane CH, and tetrafluorcmethane CFy in 5A zeol-
ite. Theoretical diffusivities were calculated for CH, and CF, in 5A
zeolite and found to agree well with experimental data. Experiments were
carried out over a range of pressures fram 400 to 40000 N/m?. The isot-
herms for tetrafluoromethane were essentially linear (Henry's law region)
and the diffusivities were found to be independent of concentration.

Vavlitis, et al. (49) reported sorption and diffusion data for
n-pentane, n-octane, and n-decane in Linde S5A zeolite crystals. The dif-
fusivities of these hydrocarbons all increased strongly with concentra-
tion, and the activation energy increased monotonically with carbon mm-
ber. The experiments were conducted at 520-620 K. Diffusion of pentane
was found to be relatively rapid and heat effects were found to be signif-
icant, whilst octane and decane diffused more slowly.

Fal'kovich et al. (50) studied the kinetics of adsorption of aromatic
hydrocarbons and organic sulfur compounds from binary solutions in isooc-
tane at a concentration of 0.01 mole fraction at 293 K using crystals of
binder-free NaX zeolite. Benzene and naphthalene exhibited very similar
adsorption rates. Replacement of four hydrogen atoms on the benzene ring
by symmetrically-located methyl groups (durene) led to a slight decrease
in the adsorption rate. The adsorption process was much slower when the
benzene ring in the molecule was conjugated with a thiophene ring (benzo-
thiophene) or was shielded by a long alkyl chain (alkylbenzene). The rate
of adsorption was found to be similar for phenanthrene and fluorene.

The adsorption rate was shown to depend on the size of the molecules
and upon the temperature of the process; the lower the temperature and the
greater the sizes of the molecules, the flatter was the curve for this
relationship.
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The values of effective diffusion coefficient and the apparent acti-
vation energy of same of the aramatic hydrocarbons and organic sulfur com-
pounds were reported. The greatest diffusion was shown by molecules with
two condensed rings. If the benzene was conjugated with a thiophene ring
(thionaphthene), or shielded by a long alkylchain (alkylbenzene), the dif-
fusion coefficients for such molecules were smaller. An increase in temp-
erature to 343 K increased the rate of diffusion of the organic sulfur
campound molecules to a greater degree than in the case of the alkybenzene
molecules.

A study of kinetics of high-temperature sorption of C10~C19 n-alkanes
on 5A zeolites was reported by Amerik and Novikov (51). They studied the
sorption and desorption kinetics of Cy0-Cy9 n-alkanes on CaA zeolite with
or without CaO binder and on MgA zeolite with or without MgO + CaO binder.
They found that sorption was a rapid process, 90% of the alkanes were
adsorbed in S240 s. Desorption was much slower, it took 18-108 ks,
depending on zeolite type, molecular weight of the alkane, temperature and
pressure. Thus the proper choice of desorption conditions can be used to
separate C,;-C,g alkanes in the dewaxing of lubricating oils.

Most of the literature indicates that in a porous adsorbent, the dif-
fusional mechanism is generally controlling. Therefore, adsorption pro-
cesses are frequently treated as diffusional problems. Diffusion coeffi-
cients for liquids adsorbed in zeolite crystals have often been calculated
from experimental transient uptake curves on the assumption that the sys-
tem may be regarded as isothermal. Because of the heat of adsorption,
this approximation is only valid if the adsorption rate is slow campared
with the rate of heat transfer. The significance of thermal effects in
zeolite of molecular sieves type X was demonstrated in the experimentation
described in Chapters 4 and 6. During adsorption measurements, the temp-
erature rose fram 303 - 343 K i.e. 40° and the form of uptake curves devi-
ated significantly from the curve for an isothermal system, at 303K; they
were faster in the initial region and slower in the final approach to
equilibrium. There are two distinct effects. The increase in the initial
uptake rate is due to the temperature dependence of the diffusivity while
in the later stages, the sorption rate is related to the equilibrium posi-
tion.
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In accordance with most previous investigations, the zeolite crystals
were treated as hamogenecus media in which the rate of transport of mol-
ecules was characterized by an effective diffusion coefficient, and the
flux was assumed to follow Fick's law,

Ja <P = (7.4)

At least two pore structures generally exist inside a zeolite pellet.
Since zeolite can rarely be synthesized or found as large particles,
reasonably-sized pellets are formed by compaction of micron or submicron
particle size crystallites. The macropore structure is defined as that
existing in the pellet between the individual zeolite crystals. If the
dimensions of this structure are such that the mean free path of the dif-
fusing molecule is greater than the pore diameter, Knudson type diffusion
occurs in which the diffusivity is given by,

-5 | & i)

For a material having a distribution of irregularly-shaped pores, the
average pore radius can be defined as 2v/A, where v and A are the pore
volune and surface area of the macropore structure, respectively. This
diffusivity, D, does not depend on pressure or concentration and is inde-
pendent of the presence of other gases. It depends only upon the tempera-
ture (T1/2).

It is difficult to devise a generalized equation relating the zeoli-
tic diffusion constant to the properties of the adsorbed molecules, size
and shape of the intracrystalline pore, concentration and temperature.
The diffusing molecules are always in intimate contact with the pore
walls, so the flow depends strongly upon these variables and upon the
chemical nature of the pore walls themselves. These factors contribute to
the general non-ideality of zeolitic diffusion. Hence, the diffusivity is
generally a function of pressure or more explicitly, a function of the
concentration of sorbed molecules. The dependence is frequently expressed
as
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9 In P
D=D, &FT& (7.6)
As stated earlier, the relationship between pressure (P) and concentration
of sorbed molecules (C) can often be expressed by the Langmuir isotherm in
which case

d1n P/3 InC = 1/(1-6)

D= ——zopm (7.7)

The limiting diffusivity at zero sorbate concentation is considered to be
a more fundamental constant. It is equal to D only in the case of a lin-
ear adsorption isotherm in which case 3 1In P/3 In C = 1.

Timofeev (52), Ruthven (53), Novoselova (54) and others all reported
that surface diffusion coefficients vary with the amount adsorbed. The
general form of these dependencies is typified as described below.

Surface diffusion has generally been analysed in terms of energy con-
siderations. Since a molecule gives up heat during adsorption, the pro-
cess is exothermic; this energy barrier must be overcame before desorption
occurs. However, before a molecule gains sufficient energy to desorb, it
may acquire enough energy to move along the surface. This requirement
would be expected to be less than for desorption since there is no change
in state. The surface diffusion coefficient can then be expressed in
terms of the distance between sites and the average time a molecule
resides at a site.

2
D, =84t (7.8)

T has been related to the period of vibration of the molecule by,

A

T=T, exp (—f&. (7.9)

The period of vibration is approximated to the time required to cover
the jump distance at the molecular velocity.
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5
T~ g (7.10)

where V - mean molecular velocity
Substitution of equations 7.9 and 7.10 for Dy yields,

DS ~1/4V § exp (—EA/RT) (7.11)

This equation yields surface diffusion coefficients in the range of 1072
or 10710 m?/s. The value is highly sensitive to the activation energy
and, to a lesser degree, to the jump distance which is very difficult to
evaluate.

Bquation 7.11 is frequently written with the constants cambined as,

Ds = Do exp (—EA/RT) (7:.12)

where D, is constant and -E, is the activation energy for the diffusion
process. Equation (7.12) shows that diffusion in zeolite is strongly
dependent on temperature. It generally increases exponentially with this
variable as expressed by the Arrhenius type of relationship (Barrer,
1949).

Equation (7.12) has been used to evaluate activation energies by
plotting Dy against 1/T,

i\ TR gl%_P__)

T

(7.13)

Barrer reported activation energies in the range of 8.3 to 83.6 kJ/
mole for different types of hydrocarbon gases (26). Barrer and Brook (40)
had studied the kinetics of sorption of various gases in zeolite and
obtained values for mean diffusion coefficients of C3Hg, n - C4Hy - CHZCJ.Z
and (CHj3),-NH at several temperatures in chabazite type molecular sieves.
They developed a method for determining true diffusion coefficients and
their dependence on the concentration of the diffusing species in the
region where the kinetics follow a t1/2 diffusion law. The diffusion
equation was solved for diffusion in cubes, parallelopipeds, spheres and
cylinders. They proved that edges, corners and curvature had no effect on
the slope of the t1/2 giffusion law for small times. It takes the form,
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As an approximation, 2A/v may be replaced by an average 2A/v, which cannot
however be specified exactly. The kinetics equation 7.14 may be written,

Q% - 9 2A (Dt \)1/2
o T ( = ) (7.15)
IftheQ°=0att=0, then,
% 2a (bt )12
G; = —"; (-ﬁ,-- ) (7.16)

There are numerous publications concerned with diffusion and adsorp-
tion kinetics in the various ion forms of zeolite A involving adsorbates
such as the permanent gases and hydrocarbon molecules (44), (1). In these
studies the rates of adsorption of both argon and nitrogen were found to
decrease rapidly with decreasing temperature. For an assembly of spheri-
cal or cubic particles of zeolites, the equation at constant pressure (or
concentration) is:

% - % 2 (Bt)/2 _6 (Dt )12

- = = (7.17)
Q Qo v r iy

o

This applies for small amounts of adsorption.

Henry's law confirms such relationships for the adsorption isotherms.
Over large ranges of adsorbate concentration, D depends on the concentra-
tion and the t1/2 law is not applicable. The diffusion coefficient calcu-
lated by any of the preceeding methods is an effective coefficient. If %
=0 at time t = 0, then

R LA .20

From equations 7.17 and 7.18 the value 1/r,, where r, is the radius of the
spherical particles, can be replaced by A/3v.
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In the present work measurements were made for determination of
kinetics adsoprtion value, rate of adsorption, diffusion coefficient and
activation energies of pure aromatic hydrocarbons and aramatic campounds
containing heteroatoms from binary solution with iso-octane over molecular
sieves type 13X.

7.3 Methodology

Materials: Kinetic adsorption was studied using different types of
aramatic campounds, viz, mononuclear, di and trinuclear campounds as list-
ed in Table 3.2. The quantities used depended upon the chemical structure
of the campound and upon the field of interest, namely the removal of
traces (1-3%) of aramatic compounds from waxes.

Hence the maximum concentration used for cumene, dodecylbenzene i.e.,
mononuclear compounds; and for naphthalene, 1, methylnaphthalene and 1,
3-dimethylnaphthalene, i.e., dinuclear camponents was 30 kg/m3. For
dibenzothiophene, fluorene, dibenzofuran and phenanthrene i.e., trinuclear
campounds it was only 20 kg/mf due to difficulty in dissolving them in
isooctane. The molecular sieve type was 13X (NaX) with the properties
listed in Table 3.1. The method of activation is sumarised in 3.2.2.

7.3.1 Experimental Procedure

Fifteen clean, dry, numbered autoclaves were prepared. 10 an’ of a
solution, e.g. cumene in isooctane, of known concentration was withdrawn
by disposable syringe and poured into each autoclave.

1.0 gram of freshly-dry, activated molecular sieve was poured quickly
into each autoclave. The cover was closed firmly and the autoclave
immersed into a waterbath at the desired temperature of 303 K +1. The
time was calculated fram the moment of contacting the molecular sieves
with the solution. After specific time intervals of 15 s, 30 s, 60 s, 120
s, 300 s, 900 s, 1800 s, 2700 s, 3.6 ks., 7.2 ks., 14.4 ks., 22.7 ks.,
32.4 ks., 45 ks., and 90 ks. each autoclave was taken out of the bath
quickly, opened and the solution decanted into a numbered test tube. Its
concentration was then determined by UV spectroscopy. If maximum equilib-
rium adsorption was reached, then there was no need for testing for a
longer time. Alternatively, a longer time was allowed until maximum equi-
librium adsorption was achieved.
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The same procedure was repeated for all aramatic compounds at temper-
atures of 303 K and 343 K.

7.4 Results and Discussion

Many investigations have been reported on the sorption of gases and
liquids, both in the pure state and as mixtures on zeolitic materials.
Much of this work has been concerned with equilibrium studies, and less
extensive studies have been made of rates and kinetics of sorption.

Rate of adsorption clearly depends on temperature; it generally
increases exponentially with increasing temperature.

This investigation was concerned with,

1. The relationship between the size and physicochemical properties of
the diffusant molecule and its rate of diffusion in type X zeolite
(Nax) .

2. Effect of temperature on the rate of diffusion.

Kinetics of adsorption in temms of Gy as a function of vt, where G
is the amount of adsorption at time t, was studied in detail for mononu-
clear aramatic campounds (cumene, dodecylbenzene), dinuclear campounds
(naphthalene, 1 methylnaphthalene, 1-3 dimethylnaphthalene) and trinuclear
compounds  (dibenzothiophene, phenanthrene, fluorene and dibenzofuran).
NaX zeolite crystals were used at two temperatures, 303 and 343 K, and at
initial concentrations of ~ 30 g/L for the mono and the dinuclear hydro-
carbons and ~ 20 g/L for the trinuclear species.

The rate of adsorption at 343 K was rapid and equilibrium was reached
within several hours. With cumene the equilibrium was reached within 5.4
ks whilst with dodecylbenzene equilibrium was reached after just 3.6 ks.
With naphthalene, 1-methylnaphthalene and 1-3-dimethylnaphthalene, it
took 5.4, 14.4, 3.6 ks respectively to approach equilibrium. 1In the case
of trinuclear compounds all of them took 23.4 ks to reach equilibrium
except phenanthrene which tock 176.4 ks.

The rate of adsorption at 303 K was slower and therefore more time
was required to reach equilibrium. For cumene it took 14.4 ks and
remained steady up to the measurement at 86.4 ks. With dodecylbenzene
equilibrium was reached after 48.6 ks and a slight decrease was shown
after 86.4 ks. Naphthalene, 1-methylnaphthalene and 1-3 dimethylnaphthal-
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ene had reached equilibrium after 86.4, 86.4 and 50 ks respectively the
rate of adsorption decreased with further times. In the case of dibenzo-
thiophene and phenanthrene it required 54 ks and with fluorene and diben-
zofuran 90 ks to reach equilibrium.

Figures 7.1 and 7.2 show typical kinetic curves for adsorption, e
mole/kg and g/g, versus vt for cumene and dodecylbenzene in isooctane on
NaX zeolite at 303 K. Since dodecylbenzene has a larger critical molecu-
lar diameter it diffuses much more slowly than cumene; thus the maximum
equilibnum adsorbance was 1.15 mole/kg for cumene whilst for dodecylben-
zene it was only 0.52 mole/kg. In the case of dodecylbenzene this could
be due to steric hindrance restricting its passage into the pores. The
effect of increasing the temperature from 303 to 343 K, is shown in Fig-
ures 7.3 and 7.4, for the kinetic adsorption Gy mole/kg and g/g for cumene
and dodecylbenzene fram isooctane at 343 K on NaX zeolite pellets. Figure
7.3 shows that the maximum adsorption value for cumene was 1.15 mole/kg;
for dodecylbenzene it was 0.52, i.e. slightly higher than at 303 K.

Temperature does not appear to have a great influence on adsorption
value in the case of monoaromatics, but as mentioned earlier, affects the
time to reach equilibrium. Maximum equilibrium was reached within 5.4 ks
at 343 K for cumene; at 303 K it was reached after 14.4 ks for the same
inlet concentration.

For dodecylbenzene, maximum equilibrium was approached within 3.6 ks
at 343 K and within 48.6 ks at 303 K. This could be due to the
temperature-dependence of the energy of interactions. Increasing the
temperature from 303 to 343 K enhanced the mobility of the molecules
towards the molecular sieves pores. This accelerated the interactions
between the bonds of the adsorbate molecules and the electrostatic charge
of the zeolite crystals resulting in a more rapid approach to equilibrium.
Of greatest interest is the time dependence of the relative adsorption
G¢/G, (where G is the adsorption at the mament of time t; G_ is the equi-
librium adsorption). This relationship expresses the degree of the satu-
ration of the sorption capacity at any given time. For the adsorption of
aramatic hydrocarbons from binary solutions with isooctane, the relation-
ship between the G./G, and vt, at temperatures of 303 and 343 K are illus-
trated in Figures 7.5 and 7.6. These show that the adsorption kinetics at
intermediate degrees of coverage of the zeolite void spaces follow a lin-
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ear relationship, i.e., the kinetics are determined by the rate of inter-
nal diffusion. Figures 7.5 and 7.6 show that equilibrium points for
curmene and dodecylebenzene can be achieved at temperature 343 K faster
than at 303 K, i.e., the rate of adsorption increases with increase in the
temperature.

The rate of adsorption depends on the rate of diffusion of the sor-
bate component to the activated molecular sieve crystals, the relative
size of the molecule and pores, the strength of the adsorptive forces, and
the temperature. The sorption rate decreases with increasing molecular
weight of adsorbate molecules as shown in Figure 7.7. The rate of adsorp-
tion for cumene is higher than that for dodecylbenzene, and this affects
the loading capacity of the adsorbate molecules. At higher temperatures,
the rate of sorption is higher, but the capacity of the molecular sieves
is reduced. At 303 K, as shown in Figure 7.7 the rates of adsorption for
cumene and dodecylbenzene were lower than that for the same camponents at
343 K (Figure 7.8).

Because of their industrial importance diffusion in zeolites has been
extensively studied. For diffusion of hydrocarbons in open structures of
the X and Y zeolites only very limited data are available, although such
information is of considerable practical importance in view of the wide-
spread use of zeolites as cracking catalysts.

Figures 7.9 and 7.10 show effective diffusivities plotted against
coverage rate for cumene and dodecylbenzene at 303 and 343 K. At 303 K
the diffusivity initially increased gradually with coverage rate both for
cumene and dodecylbenzene; it reached a maximum at coverage rate of 0.6,
then decreased to equilibrium to a minimum with De 3.4 x 1012 m2/s for
cumene and 1.1 x 10712 m2/s for dodecylbenzene at 303 K. The maximum De
values were 18.5 x 10712 and 10.5 x 10712 m2/s respectively.

Figure 7.10 shows that at 343 K the diffusivity reached a maximum at
a coverage rate 0.47 then decreased to reach equilibrium for cumene at
9-13 x 10712, and for dodecylbenzene at 13.6 x 10712 m2/s. The diffusiv-
ity for cumene molecules was higher than for dodecylbenzene at 343 K.
This can be attributed to the smaller critical diameter of cumene campared
with the dodecylbenzene molecule, in which the benzene ring is shielded
with a long alkylchain which prevents it penetrating easily through the
molecular sieves pores. With temperature increase fram 303 K to 343 K the
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orientation factor apparently played a major role in the case of dodecyl-
benzene where the diffusivity increased to 13.6 x 10712 at equilibrium.
At lower coverage rates the diffusivity reached a maximum of 37 x 10712
m2/s for cumene, and slightly lower, 34 x 10712 m2/s for dodecylbenzene.

It has been suggested that when the diffusing molecule is large rela-
tive to the sieve aperture, the dominant diffusion mechanism involves sin-
gle activated jumps between cages. When the molecule is relatively small,
a multiple jump mechanism becomes dominant (53), (45).

Breck (1) studied the diffusion coefficient for different types of
hydrocarbons such as CH, and n-C;H,, on synthetic sodium zeolite at temp-
erature 25 K. The diffusion coefficients were found to decrease with
increasing molecular size: hence the diffusion coefficient for cumene with
a short alkyl chain would be expected to be more than for dodecylbenzene
which is shielded with a long alkyl chain (CoHys) .  Adsorption kinetics
and diffusion of cumene at 303 K over molecular sieves type NaY were stud-
ied by Satterfield and Cheng (42). They found that the diffusion coeffi-
cient at coverage rate G¢/G, = 0.3 was equal to >700 x 10717 m?/s. By
comparison the diffusion coefficient for cumene at 303 K at G/G, = 0.3 in
the present study using molecular sieves type NaX was equal to 15.5 x
10712 m2/s, (see Table 7.1). Therefore, the ratio of Si/Al in the molecu-
lar sieves has a major effect on the kinetics of adsorption; the increase
in the ratio of Si/Al leads to a decrease in the diffusion coefficient:
for Na¥Y and NaX the ratios of Si/Al are 1.5-3 and 1-1.5 respectively.
Hence the filler in the molecular sieves significantly affects the kinet-
ics of adsorption.

In the case of the naphthalene group, Figures 7.11 and 7.12 illus-
trate kinetic curves for adsorption Gy mole/kg and g/g vs vt for naphthal-
ene 1, methylnaphthalene and 1-3 dimethylnaphthalene at 303 K. It appears
that the maximum equilibrium adsorbance were 1.0, 0.6, and 0.47 mole/kg
respectively. The higher rate of adsorption for naphthalene in comparison
with 1, methyl and 1,3 dimethylnaphthalene can be attributed to the strong
interaction between the bond of the two adjacent rings of naphthalene and
the cationic charge of the zeolite.

The presence of one methyl group decreases the negativity of the
electron charge of the m bond of the two adjacent rings thus weakening the
interaction between the 1, methylnaphthalene molecules and the cation of
the zeolite lattice.
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The presence of two methyl groups in 1, 3 dimethylnaphthalene results
in a reduction in the adsorption value to a greater extent (0.47 mole/kg)
due to more delocalization of the negative charge in the naphthalene ring.

Figures 7.13 and 7.14 show kinetic adsorption Gy mole/kg and g/g for
naphthalene, 1, methylnaphthalene and 1, 3 dimethylnaphthalene at 343 K on
NaX zeolite pellets. It is clear that the maximum adsorption values for
the three components were much higher at 343 K, than at 303 K. They were
attained more rapidly, and the equilibrium declined rapidly with time
after reaching maximum equilibrium.

For naphthalene the maximum adsorption value was 1.3 mole/kg; this
was reached within 5.4 ks whereas at 303 K it was reached after 86.4 ks.
In the case of 1, methylnaphthalene the maximum equilibrium value of 0.91
mole/kg was approached after 14.4 ks, whilst at 303 K it was approached
after 86.4 ks. For 1,3 dimethylnaphthalene equilibrium was approached
after 3.6 ks but took 50 ks at 303 K; the maximum adsorption value was 0.7
mole/kg at 343 K whilst it was 0.47 mole/kg at 303 K.

Decrease in time to reach equilibrium and the increase in the maximum
adsorption value with temperature increase can be explained in terms of
increasing mobility of the mlecules in the solution, thus increasing the
diffusivity of such molecules to pass into the molecular sieve pores. The
interactions created between the bonds of the adsorbate molecules and the
high energy electrostatic charges of the zeolite crystals allow more mol-
ecules to migrate from the isooctane solutions through the windows of the
molecular sieves pores. Hence an increase in the adsorption value and a
decrease in the time to reach equilibrium can be achieved by increasing
the temperature to a certain limit.

Figures 7.15 and 7.16 illustrate kinetic data for the adsorption of
naphthalene, 1, methylnaphtalene and 1, 3 di-methylnaphthalene at 303 and
343 K in temms of G./G, as a function of v/t. These show that the rate of
adsorption of the naphthalene group at 303 K was not a linear function and
was slower than at 343 K.

The filling rate of the naphthalene group at 343 K was very rapid and
reached a maximum more rapidly than at 303 K. This can be attributed to
the increase in the temperature activating the hydrocarbons, thus facili-
tating penetration of the adsorbate molecules into the cavities of the
molecular sieve crystals, because the intracrystalline diffusion rates
increase with increasing temperature.
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Whilst there are numerous publications concerned with adsorption
kinetics and diffusion in the various ion forms of zeolite A and Y, little
is known about kinetic adsorption of aramatic compounds in zeolite type X
(NaX). TIllustrative data for determination of the rate of adsorption of
different types of naphthalene groups using molecular sieves type NaX at
different temperatures 303 and 343 K are shown in Figures 7.17 and 7.18.
The rate of the adsorption dG./dt of naphthalene, 1l-methylnaphthalene,
and 1,3 dimethylnaphthalene increased rapidly with increasing temperature
during initial packing of the molecular sieves. As shown in Figures 7.17
and 7.18 the rate of adsorption of the naphthalene group decreased with
increasing adsorption value. This indicates that the packing of the voids
of the cavities of the molecular sieves crystal significantly affects the
rate of adsorption. The first packing stage will be in the form of a mon-
olayer which is followed by multilayers of packing. The thick package of
adsorbate molecules will eventually close the aperture cavities, thus
hindering penetration of sorbate molecules through the cavities of the
molecular sieves. This will lead to a decrease in the rate of adsorption.

Increase in temperature will result in more rapid packing of the
adsorbate molecules in the molecular sieve crystals. Figures 7.17 and
7.18 show that the best packing in the cavities is for naphthalene, then
1-methylnaphthalene followed by 1,3-dimethylnaphthalene. This action can
be attributed to the interactions between the m-bond of naphthalene with
the electrostatic charge on a site within a molecular sieve. When the
naphthalene ring is shielded by one or two methyl groups the interactions
will be weakened. The kinetics of sorption have been studied for mononu-
clear aromatic hydrocarbons such as cumene and dodecylbenzene, and values
have been obtained for diffusion coefficients of these hydrocarbons. It
is of interest in this work to study the diffusion resistance of same aro-
matic hydrocarbons which have large molecular diameter such as naphthal-
ene, l-methylnaphthalene, and 1,3-dimethylnaphthalene. Figures 7.19 and
7.20 illustrate the dependence of diffusion coefficient on the rate of
adsorption for naphthalene, l-methylnaphthalene, and 1,3-dimethylnaphtha-
lene at temperatures of 303 and 343 K. The diffusion coefficients have
been determined using the formula of Barrer and Brook, equation 7.18, tak-
ing into account the granule shape and the particle size of the adsorbent.
At the lower values of coverage rate the diffusion coefficient was lower
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at the higher temperature. Increasing the coverage rate of adsorption
resulted in an increase in the diffusion coefficient upto a limit, where
the voids of the molecular sieve crystals would be filled < 0.6. The pen-
etration of the adsorbate molecules through the voids of adsorbent crys-
tals would be decreased and this results in a decrease in the diffusion
coefficient.

Figure 7.19 illustrates the change of diffusivity versus coverage
rate for naphthalene, 1, methylnaphthalene and 1, 3 dimethylnaphthalene at
303 K. With naphthalene there was a regular decrease in the diffusivity
as the coverage rate was increased to reach a minimum at equilibrium. Its
diffusion rate corresponded to 0.56 x 10712 m%/s and maximum diffusivity
was observed at 0.19 coverage rate where De corresponds to 14 x 10712
m2/s. 1, methylnaphthalene exhibited a rapid decrease in the diffusivity
with increasing coverage rate fram 33 x 10712 m2/s at 0.29 coverage rate
passing through a minimum of 0.57 x 10712 m2/s as saturation was
approached. With 1, 3 dimethylnaphthalene diffusivity increased gradually
from 12 x 10712 m?/s at 0.18 to reach a maximum intermediate value at
0.375 coverage rate where De corresponds to 23 x 10712 m2/s; it then
decreased gradually to reach equilibrium where the rate of diffusion was
1.1 x 10712 m2/s,

Figure 7.20 demonstrates the change of diffusivity vs coverage rate
for naphthalene, 1, methylnaphthalene and 1, 3 dimethylnaphthalene at 343
K. Clearly the three camponents behaved in a similar manner. Their dif-
fusivities increased gradually to approach an intermediate maximum then
fell off gradually to a minimum at equilibrium. The maximum diffusivities
for naphthalene, 1, methylnaphthalene and 1, 3 dimethylnaphthalene were 20
x 10712, 18.5 x 10712; and 31 x 10712 m2/s respectively associated with
coverage rates of 0.5, 0.33 and 0.57 in each case. The diffusivities at
saturation were 3.4 x 10712, 3.3 x 10712 and 3.6 x 10712 respectively in
the same order.

Fal'kovich et al. (18) studied the adsorption kinetics of naphthalene
fram binary solution with isooctane at 293 K over crystals of binder-free
NaX zeolite. The diffusion coefficient of naphthalene at coverage rate
G¢/G, = 0.5 was reported as 17.0 x 10711 m?/s, whereas in the present
investigation the diffusion coefficient at 303 K and G¢/G, = 0.5 was 6 x
10712 /s, using molecular sieves type NaX with 20 wt.% of inert filler.
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Clearly, then the 'inert' filler or binder has an effect on the kinetics
of adsorption and the filler by itself hinders the penetration diffusivity
of the molecules; because the number of the micropores in the filler are
more than in the binder free zeolite. Transition of adsorbate molecules
occurs fram one pore to another in the molecular sieve crystals (i.e., in
macropores) and any decrease in the macropores would therefore be expected
to result in a decrease in the diffusion coefficient.

Figures 7.21 and 7.22 demonstrate kinetic curves for adsorption G
mole/kg and g/g vs vt for dibenzothiophene, fluorene, phenanthrene and
dibenzofuran at 303 K on NaX zeolite. The maximum equilibrium adsorbance
for dibenzothiophene was clearly much higher than for the others 0.49
mole/kg. The maxima for fluorene and phenanthrene were close to each oth-
er 0.44, 0.41 mole/kg respectively but for dibenzofuran it was very low,
0.25 mole/kg. This can be explained since the presence of the sulfur atom
with two pairs of lone electrons increases the activity of the dibenzo-
thiophene. Thus the molecules penetrate through the pores of the zeolite
crystals more easily, and interact with the cations present on the surface
of molecular sieve pores more strongly, and so increase the value of the
equilibrium adsorbance. But comparing the critical diameter of cumene
with dibenzothiophene molecules, obviously cumene has a smaller critical
diameter and a more campact molecule, resulting in a higher adsorbance
value and faster approach to equilibrium.

In the case of fluorene the presence of just one pair of electrons
will affect the activity of the molecule to a lesser extent than with
dibenzothiophene. Dibenzofuran molecules would have less negativity than
the two others; thus a lower value of equilibrium adsorbance. Dibenzofu-
ran appeared to have the lowest value of equilibrium adsorbance and the
longer time needed to reach equilibrium. This can be related to the ster-
ic hindrance effect.

Figures 7.23 and 7.24 indicate kinetic curves for adsorption Gy mole/
kg and g/g vs vt hr for dibenzothiophene, fluorene, phenanthrene and
dibenzofuran at 343 K on NaX zeolite pellets. Figure 7.23 shows that the
maximum adsorption value for the whole group (trinuclear arcmatic com-
pounds) were higher at 343 K than at 303 K, namely 0.85, 0.766, 0.63, and
0.48 mole/kg respectively. The time to reach equilibrium at 343 K was
within 23.4 ks for all of them.
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An increase in adsorption value with temperature can be attributed to
a gain in high energy from the surrounding medium. Mobility of the mol-
ecules facilitates orientation of molecules of critical diameter so that
they penetrate more easily and rapidly through the pores of the molecular
sieves, and interact more strongly with the electrostatic charges of the
cations of the zeolite crystals.

The value of adsorption of dibenzothiophene, fluorene, phenanthrene,
and dibenzofuran decreased rapidly with decreasing temperature from 343 to
303 K. At the higher temperature linear portions of the kinetic curves
correlate with the v/t for the first hour of adsorption. Dibenzothiophene
exhibited the greatest value of adsorption at both temperatures, indicat-
ing that the total interactions between the dibenzothiophene molecules and
electrostatic charges of molecular sieves are very high. This is attribu-
table to the n-bond of aromatic hydrocarbons of the aromatic ring in the
dibenzothiophene, and also to the free pair electrons of the sulfur which
has a dipole moment which interacts strongly with the electrostatic ions
of the molecular sieve crystals.

For the polar compounds the free pair of electrons of sulfur are
stronger than the pair electrons of the oxygen; hence the interactions
between the dibenzothiophene and molecular sieves are higher than those
between the dinenzofuran and crystals of the molecular sieves. From the
kinetic curves in Figures 7.21, 7.22, 7.23 and 7.24, the lowest adsorption
value is for dibenzofuran, suggesting that the oxygen atom in the dibenzo-
furan weakened the total interactions between the dibenzofuran molecules
and cation of molecular sieve crystals.

The dependence of the coverage rate of adsorption on t1/2 has been
studied for the above mentioned hydrocarbons. Results of this study have
been illustrated in Figures 7.25 and 7.26 at temperatures of 303 and 343
K. The fractional amount sorbed was linear with the square root of time
within certain limits. Therefore Fick's law of diffusion, as expressed by
equation (7.4), could be utilized. As shown in Figure 7.26 the saturation
point was reached faster at 343 K but phenanthrene was slower than the
others. This means that during the initial stages the adsorption was very
fast according to Henry's law. However, after a short period the rate of
adsorption slowed down, due to the decrease in the effective diameter of
the pore of the molecular sieve crystals. The diffusion rate of the phe-
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nanthrene molecules was hence very slow and a longer time was required to
achieve the saturation point. The adsorption rate of phenanthrene was
lower at 303 K than at 343 K.

An increase in the temperature of adsorption will tend to increase
the instability and the activation of adsorbate molecules. This will
increase the diffusivity but reduce the adsorption on the packing, because
any increase in temperature will weaken the interactions between the
m-bond of the molecules and active site of the pores in the molecular
sieve crystals. More time was needed to achieve the saturation point for
adsorbate molecules at the lower temperature than for adsorption at high
temperature. Figures 7.25 and 7.26 suggest that the dipole mament of the
sulfur atom in dibenzothiophene is stronger than that of the oxygen atom
in dibenzofuran. It appears therefore that at both temperatures the
interactions between the dibenzothiophene and active sites of the molecu-
lar sieves are higher than with dibenzofuran. The rate of adsorption of
trinuclear aromatic hydrocarbons and polar compounds are of special inter-
est. Figures 7.27 and 7.28 illustrate the dependence of rate of adsorp-
tion on the value of adsorption for these compounds.

The rate of adsorption dGi/dt of dibenzothiophene, dibenzofuran,
flourene and phenanthrene were measured at temperatures of 303 and 343 K
and the results are illustrated in Figures 7.27 and 7.28. These show that
the increase in the value of adsorption leads to a decrease in the rate of
adsorption. This was consistent for all hydrocarbons at the two tempera-
tures. It also appears from Figures 7.27 and 7.28 that during the initial
stage of adsorption the rate of adsorption is very high and diffusion of
hydrocarbon molecules is very rapid. However, the rate decreases rapidly
due to blockage of the pores. For dibenzofuran blockage of adsorbate-
molecules was camplete at 0.3 mole/kg at 303 K and 0.5 at 343 K, hence the
rate of adsorption reduced to zero. This means that when diffusion of
these molecules in a zeolite channel is subjected to attachment on the
active sites they cluster around the channel of located cations thus hind-
ering penetration of more adsorbate molecules into the pores of the molec-
ular sieve crystals. Adhesion is due to the cation-dipole interactions.
This adherance of adsorbate molecules on the active sites of the molecular
sieve crystals has a different efficiency for each aromatic campound in
the order: dibenzofuran < fluorene < phenanthrene < dibenzothiophene at
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303 K. At 343 K the efficiency has the order: dibenzofuran < phenan-
threne < fluorene < dibenzothiophene. Increase in temperature will acti-
vate the adsorbate molecules of phenanthrene to adhere more strongly to
the active sites of the molecular sieves, which (i.e. after G = 0.7 mole/
kg) will subsequently prevent further molecules penetrating through the
channels of the molecular sieves. This will result in a decrease in the
rate of adsorption at the higher temperature, as shown for 343 K in Figure
128

Experimental data regarding the relationship between the effective
diffusion coefficient De and the coverage rate for adsorbate molecules of
trinuclear aramatic and polar compounds are presented in Figures 7.29 and
7.30. The data were obtained using molecular sieves type 13X at two temp-
eratures, 303 and 343 K. The diffusivities of relatively large organic
molecules, e.g. trinuclear aromatic campounds, from the liquid phase in
NaX are related to the molecular diameter and to the interactions of the
adsorbate molecules with the cations in zeolite crystals. For all hydro-
carbons the diffusion coefficient had an optimum value, i.e. at the ini-
tial stage of coverage rate the diffusion coefficient increased; subse-
quently it decreased, and reached the minimum at a coverage rate Gr/G, =
0.8 - 1.0. At 303 K the diffusion coefficients for phenanthrene and
fluorene were lower than for the polar campounds. This indicates that the
interaction of these aramatic compounds with active sites of the molecular
sieve is higher than for polar compounds.

Dibenzothiophene molecules were an exception. Increase in the temp-
erature fram 303 to 343 K will lead to an increase in the interactions of
phenanthrene molecules with active sites of the molecular sieves and so
result in an increase in the diffusivity of phenanthrene at the higher
temperature. At a higher coverage rate (G¢/G, ~ 0.5) the diffusion coef-
ficient of dibenzofuran is higher than that of dibenzothiophene. The
critical diameter of both molecules seems to be similar but the interac-
tions of dibenzothiophene with molecular sieves were higher than for
dibenzofuran, because the dipole moment of the sulfur atom in dibenzothio-
phene is stronger than the dipole moment of the oxygen atom in dibenzofu-
ran and this action will result in a decrease in the diffusivity of the
dibenzothiophene, at both temperatures.
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Figure 7.29 shows a plot of diffusivity versus coverage rate for the
trinuclear campounds: dibenzothiophene, fluorene, phenanthrene and diben-
zofuran at 303 K. Dibenzothiophene, fluorene and phenanthrene exhibited
similar behaviour to the naphthalene group at 343 K. Diffusivities start-
ed at a low value, increased slowly to reach a maximum, then decreased
sharply to a minimum. The maximum diffusivities were 15 x 10712, 6.3 x
10712 and 6.3 x 10712 m2/s respectively at a coverage rate 0.34. In the
case of dibenzofuran the diffusivity decreased gradually to reach a mini-
mum at a coverage rate of 1,i.e. at equilibrium, and the maximum diffusion
rate was 24 x 10712 m?/s at 0.24 coverage range. Figure 7.30 illustrates
diffusivity versus coverage rate for trinuclear aramatic compounds at 343
K.

The diffusional behaviour of the four camponents is seen to be quali-
tatively similar. Their diffusivities increased slowly to approach an
intermediate maximum then declined to reach a minimum value at saturation.

Maximum diffusivity, m?/s at 0.5 coverage

14.5 x 10712 dibenzothiophene
16.0 x 10712 fluorene

9.5 x 10712 Phenanthrene
17.0 x 10712 dibenzofuran

The minimum diffusivities corresponded to 1-3 x 10712 m2/s for the four
species.

No significant influence of temperature was found for the diffusivity
of dibenzothiophene molecules particularly in the initial coverage rate
region (0.2 - 0.5), see Table 7.1. This was contrary to the behaviour of
other species in this group for which diffusivities increased very marked-
ly when the temperature was raised from 303 to 343 K due to their
increased mobility.

7.5 Activation Enerqgy

The activation energies for the adsorption of aramatic campounds by
zeolite type 13X fram isooctane solutions at concentrations of 0.015 mole
fraction are listed in Table 7.2.

These were calculated from the differences in the logarithm of effec-
tive diffusion coefficients, De, with the reciprocal of the difference of
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absolute temperatures at a coverage rate % = 0.5, by applying Eyr-
ing's equation

25058 ) (7.19)

A plot of De versus (1/T) is not linear, indicating that the nature of the
diffusion is different at different temperatures.

TABLE 7.2
APPARENT ENERGIES OF ACTIVATION FOR DIFFUSION IN MOLE-
CULAR SIEVES TYPE 13X (NaX) ATA(I)VERAGERA’IEC;’ 0.5.

Temp. Range E E

Sorbate K K cal/mle  ki/mhle
Cumene 303 - 343 3.4 14.2
Dodecylbenzene o 4 5.7 24.0
Naphthalene o » 6.8 28.0
1, methylnapthalene " " 3.7 15.6
1, 3 dimethylnaph- # " 2.0 8.6
thalene
Dibenzothiophene " # 0.7 27
Fluorene " . 6.2 26.0
Phenanthrene " " 2.9 12.5
Dibenzofuran . " e 0y | 11.0

The energy needed for activation of dodecylbenzene molecules to pene-
trate through the pores of the molecular sieves is approximately 24.0 kJ/
mole compared with 14 kJ/mole for cumene. Although cumene molecules
exhibit a higher adsorption value, due to their stronger interactions with
the electrostatic charges of the molecular sieve sites, the activation
energy required to break-away from the attracted sites and jump from one
equilibrium position to another is less. This can be attributed to its
canpact structure, since its critical diameter is much less than that of
dodecylbenzene which has a long alkyl chain attached to the ring. Hence
cumene molecules can penetrate through the molecular sieve pores more eas-
ily, with less energy consumption.
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In the case of naphthalene groups, the naphthalene molecules required
a higher activation energy, 28.0 kJ/mole, than 1,methylnaphthalene, and
1,3 dimethylnaphthalene which required just 15.6 and 8.6 kJ/mole respec-
tively to attain the equilibrium point. This can be attributed to the
fact that the polarity of naphthalene is higher than that of
1,methylnaphthalene, in which the methyl group is present, and of the 1,3
dimethylnaphthalene, in which two methyl groups are present since the
adsorption value increases as the polarity increases. Thus the interac-
tion of naphthalene molecules with molecular sieve sites is much stronger
than that of 1,methylnaphthalene and 1,3 dimethylnaphthalene molecules.
Hence the naphthalene molecules require more energy to break away and jump
from one equilibrium position to another than 1,methylnaphthalene and 1,3
dimethylnaphthalene. Polarity in the sorbate molecules contributes sub-
stantial energy barriers to diffusion along the channels of molecular
sieves and to overcame these energy barriers, to permit the sorbate mol-
ecules transition fram one pore to another, the sorbate molecules have to
be activated by gaining a certain amount of energy. The more polar the
molecules the more activation energy is required. This is clear in the
case of the naphthalene group where naphthalene required 28 kJ/mole to
overcame the energy barriers to diffuse through the pores of the molecular
sieves, whereas 1,methylnaphthalene required 15.6 kJ/mole and 1,3 dime-
thylnaphthalene 8.6 kJ/mole.

The activation energy for the third group, the trinuclear aramatic
campounds  (dibenzothiophene, fluorene, phenanthrene and dibenzofuran),
were determined and their values are also illustrated in Table 7.2. The
lowest activation energy value was for dibenzothiophene, although it
exhibited a higher adsorption value at both temperatures, because it poss-
esses a strong polarity due to the sulphur atom in which two free electron
pairs are available.

The activation energy for dibenzothiophene molecules was lower than
for the other aromatic compounds in this group. This is attributable to
the energy barriers of the pores for transition of a dibenzothiophene mol-
ecule from one equilibrium position to another being much less than for
the other trinuclear compounds, i.e. it consumed just 2.7 kJ/mole. For
fluorene molecules 26 kJ/mole were required to transmit a molecule from
one equilibrium position to another, because fluorene molecules are
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strongly attracted to the molecular sieve sites. By comparison phenan-
threne and dibenzofuran required 12.5 and 11 kJ/mole respectively. Since
the adsorption value for phenanthrene is higher than that for dibenzofu-
an, phenanthrene molecules required a higher activation energy to break
away and jump from one equilibrium position to another. However, dibenzo-
furan molecules are less attracted to the sites of molecular sieves
because the interaction between the electrostatic charges of the molecular
sieves and dibenzofuran molecules are very weak, thus neading a lower
activation energy.

7.6 Conclusions

Solutes of araomatic components are adsorbed in the lattices of active
zeolites, at rates which are a function of their cross-sectional diameter.
Molecules with small cross-sectional diameter (e.g. cumene 6.8 Ao) are
taken-up very rapidly by a process resembling free diffusion. The rela-
tively larger cross-sectional diameter molecules are taken-up by a slower
diffusion process because their mobility in the zeolitic channels is
greatly reduced due to geametrical obstructions.

The rate of sorption tends to decrease considerably when a long
alkylchain is attached to a benzene ring (e.g. dodecylbenzene), because of
steric hindrance and intermolecular interactions; therefore the diffusion
coefficient would be expected to be significantly reduced. The sorption
rate is increased exponentially by a rise in temperature.

Apparent energies of activation were determined for all individual
aramatic camponents and found to increase as the polarity increased, (the
exception was dibenzothiophene) and with increase in the side chain
attached to the aramatic ring (e.g. dodecylbenzene). This is explained by
the stronger interaction of the polar campounds with the cations of the
zeolite crystals than the non-polar compounds, so that such molecules then
require a higher energy to break-away and jump to the next equilibrium
position.

Thus these results have shown that for thorough treatment of a paraf-
finic feedstock to remove traces of aromatic hydrocarbons and organic
sulphur compounds, there may be kinetic hindrance due to the low diffusion
coefficients of the molecules of these compounds at low degrees of cover-
age rate of the zeolite void spaces.
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8.0 KINETICS OF ADSORPTION OF EXTRACT FRACTIONS FROM BINARY SOLUTIONS WITH
ISOOCTANE USING MOLECULAR SIEVES TYPE 13X

8.1 Results and Discussion

As shown in Chapter 7, the diffusivities of aromatic and polar com-
pounds, as single components in the liquid phase into zeolite type NaX (13
X) at specified temperatures are predominantly affected by the critical
molecular diameter of the diffusant and the specific and nonspecific
interactions between adsorbate molecules and active sites of the molecular
sieve crystals. To extend this study to the dearamatization of waxes it
was necessary to investigate the kinetics of adsorption of the multi-
canponent aromatic compounds referred to as the extract in previous Chap-
ters. Three fractions fram the extract were selected for this study. The
physico-chemical characteristics and structures of these fractions are
listed in Tables 5.1 and 5.2.

The experimental data obtained relating to the kinetics of adsorption
of the three fractions at temperatures of 303 and 343 K are shown in Fig-
ures 8.1 to 8.4. These demonstrate that an increase in temperature from
303 to 343 K resulted in an increase in the adsorption value for each of
the three fractions. The rate of adsorption at 343 K was more rapid, and
the saturation point was reached within a shorter time, than at 303 K.
The adsorption value vs. time for the fractions was in the order:

extract 1 > extract 2 » extract 3

The heavier molecular weight extract had a lower adsorption value, which
can be attributed to the critical diameter of the adsorbate molecules.
The complexity of the components present in the extract fractions
increased with their boiling point. Thus extract fraction 3 was more com-
plex and more polar with long side chain components, i.e. the critical
diameter of the components were much bigger than the aperture of the
molecular sieve pores. Hence, due to the steric effect, penetration
through the pores was more difficult resulting in a lower adsorption val-
ue. From Table 5.1, the resins content in the first extract fraction was



-164~-

lower than in the other two fractions. The resin materials have a differ-
ent structure from the poly-aromatics and polar compounds. They have a
low adsorption efficiency on the molecular sieves and can be easily
occluded on their surface; this can result in blockage of the pore aper-
tures and hindrance of any further diffusion through the channels.

Of greatest interest is the time dependence of the relative adsorp-
tion St, where Gy is the adsorption at the mament of time t; and G,
is the maximum adsorption. Figures 8.5 and 8.6 illustrate the relation-
ship of Ct with vt for three extract fractions. The degree of satu-
ration of the sorption capacity at a given moment can be judged from Fig-
ures 8.5 and 8.6. The kinetics of adsorption at initial and intermediate
degrees of coverage of the zeolite void spaces follow a linear relation-
ship. Hence the kinetics are determined by the rate of internal diffu-
sion, usually described by Fick's equation taking into consideration the
shape and size of the adsorbent grains. In this case the particle size of
the molecular sieves was 1-2 mm. At 303 K the degree of coverage of the
void spaces of the molecular sieves for the second extract fraction was
higher than the other two fractions. This indicates that the structure of
the extract fraction had a strong effect on the coverage rate, since the
naphthene rings are smaller than the other two fractions and these
naphthenes weakened the interactions between the aromatic canpounds and
the active sites of the molecular sieves.

Increase in temperature fram 303 to 343 K facilitated interactions
between the m-bond of the aromatic compounds present in the extract frac-
tions and the active sites of the molecular sieve crystals. Activation of
the molecules enabled them to penetrate faster through the pores of the
molecular sieves.

The rate of adsorption of the three extract fractions from solution
with isooctane were measured on zeolite type NaX (13X) at 303 and 343 K.
The results are shown in Figures 8.7 and 8.8.

At 303 K the rate of adsorption for highly polar compounds present in
extract fraction 3 was slow, due to the high percent of resins present and
its high molecular weight. The rate of adsorption was much higher for the
first extract fraction due to the low percent of resins and lower molecu-
lar weight. An increase in temperature would be expected to increase the
rate of adsorption since at a higher temperature the molecules will be
occluded more.
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As the adsorption value increases so the rate of adsorption decreas-
es; this can be explained as follows: As the absorbate-molecules occlude
in the cavities of the molecular sieves, the polar compounds in the
extract will firstly interact very strongly with the cations of the active
sites. This will result in multi-component adsorption which tends to
block the pores of the molecular sieve and the aperture diameter will be
decreased. Adsorbate molecules which follow will not be allowed to pene-
trate through the channel of the cavities and the rate of adsorption will
diminish.

At the lower temperature the rate of adsorption for the strongly
polar compounds in extract fraction 3 was slow both because of the high
percent of resins present and its high molecular weight. The rate of
adsorption was much higher for the first extract fraction due to the
reduced resin content and lower molecular weight. An increase in tempera-
ture increased the rate of adsorption. At higher temperatures the mol-
ecules would tend to be occluded more, but as the adsorption value
increases the rate of adsorption decreases.

Measurements of the kinetics of adsorption were conducted by the
volumetric method, under both constant concentration (~ mole fraction) and
constant volume conditions. Under these conditions the diffusion coeffi-
cients of the three extract fractions were determined taking into consid-
eration the value of adsorption at a certain time t, versus the total vol-
ume of the pore, and the external surface area of the crystallites. The
results of the calculated effective diffusion coefficient are illustrated
in Figures 8.9 and 8.10, where they are plotted against the coverage rate
of the molecular sieves 935 at temperatures of 303 and 343 K. These
indicate that, at 343 K, as the polarity increased and the sorption cover-
age rate increased the diffusivity decreased in the order:

extract 3 < extract 2 < extract 1

As shown above, the polarity of the sorbate molecules contribute substan-
tially to the energy barriers to diffusion along the interstitial chan-
nels.

At the lower temperature of 303 K extract 2 had a higher diffusion
coefficient. This was due to the easy transition of the adsorbate mol-
ecule from one pore to another, because the interactions were weak and
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allowed the adsorbate molecules of extract fraction 2 to jump to the next
equilibrium position in the cavity of the molecular sieve crystal. Fig-
ures 8.9 and 8.10 show that an increase in the coverage rate resulted in a
decrease in the diffusion coefficient.

Table 8.1 presents calculated values of the activation energy for the
three extract fractions at different coverage rates. The activation ener-
gy increased considerably as the molecular weight of the extract fractions
decreased. Extract fraction 1 contained aromatic molecules which are
attracted more energetically to the cations in the active site of the
molecular sieve. Consequently these molecules which exhibit positive
interactions, require a higher activation energy to break-away, and to
allow the adsorbate molecules to jump to the next pore with a higher equi-
librium level. Activation energies for the three extract fractions were
calculated had the following order:

extract 1 > extract 2 » extract 3

To separate traces of aramatic campounds from the wax fractions, it
is preferable to start with a low molecular weight and sulphur-free lube-
oil fraction. This will yield a better, higher quality of purified wax
fraction.
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TABLE 8.1

AVERAGE DIFFUSION COEFFICIENTS AND ENERGIES OF ACTIVATION
FOR EXTRACT FRACTIONS IN MOLECULAR SIEVES TYPE 13X (NaX)

Gr Dex 102 De x 1012 1og De IogDe Iog ILog E E
-~ mé/s m2/s 303 343 De = De Kokl kD)
G, 303 343 343 303 /mol mole
K K K K
Extract 1
0.6 21 1.5 -6.67 -7.82 1.15 13.09 54.7
[ W 8.5 1 -7.07 -8 0.93 10.58 44 .22
Extract 2
0.6 33.5 7 -6.47 =7.15 0.68 7.74 32.36
0.7 17-5 4«5 "'6045 ""7-34 0159 6-71 28-07
0.8 8 ] -7.09 -7.52 0.43 4,89 20.46
Extract 3
0.6 19 45 -6.72 -6.34 0.38 4,32 18.08

0.7 5.5 22 -7.25 =6.65 0.6 6.831 28.5
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9.0 THE DYNAMIC ADSORPTION OF AROMATIC OOMPOUNDS FROM BINARY SOLUTION IN
ISOOCTANE AND N-ALKANES

9.1 Introduction

Establishment of the basic criteria for isothermal dynamic adsorption
in a fixed bed of adsorbent is based upon the equilibrium isotherm and the
kinetics of adsorption which characterize the external and internal mass
transfer. The dynamic adsorption characteristics can usually be deter-
mined from the breakthrough curves, which identify the change in concen-
trations of gases or solution of the adsorbate molecules after passing
through the fixed bed of the adsorbent, versus time or volume.

Consideration of the technical feasibility of the dearomatization of
the waxes or n-paraffins using adsorption generally requires a study of
the dynamic process of adsorption using fixed adsorbent beds and a wide
concentration range. 1In this investigation, however, a narrow concentra-
tion range, < 5 wt%, was used since the objective was to study the adsorp-
tion dynamics of low aromatic campounds from waxes or n-paraffins.

9.2 Theoretical Background

The basic theory of dynamic adsorption was given by Michaels (55).
He studied the dynamic adsorption of sodium ions from solution with sodium
chloride over a packed bed of acid-form cation exchanger particles at a
constant flow rate.

Michaels found that if the concentration of metallic cation in the
effluent from a fixed-bed ion exchange column is plotted as a function of
the total volume of effluent collected, a characteristic S-curve (Figure
9.1) is obtained. The 5% exit concentration is designated the break-
through point of the bed. If operation of the colum is continued, the
concentration of metallic ion in the effluent rises until it reaches 95%
of the effluent value; this point is termed the exhaustion point, at which
the exchange zone has moved out of the bed and the exchanger is, for all
practical purposes, exhausted. Rates of adsorption in fixed bed dynamic
systems may be described by using the mass transfer zone concept. The
Mass Transfer Zone (MIZ) is the volume of the efficiency in which the con-
centration of adsorption in the bed increases from nominally 5% to 95%.
This is useful since it characterizes the behaviour of adsorbate in the
bed in terms of flux and concentration gradient.
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Michaels theories are now applied to the analysis of large scale coan-
mercial adsorption and ion-exchange processes.

For the dearamatization of waxes or n-paraffins using a fixed bed of
molecular sieves type X, Michaels theory can be applied if the following
requirements are satisfied,

o The fixed bed should be uniformly packed.

o The velocity, the temperature and the composition of the influent
should be constant.

o There should be no radial gradient of temperature, concentration or
velocity.

o The initial temperature of the adsorbent and the influent should be
approximately equal. _

o There should be no phase change and no chemical reaction.

o Adsorption heat effects are negligible.

Under these conditions the effluent volume versus concentration
S-curve will give a true picture of the concentration variations through
the packed bed of molecular sieves (Figure 9.1). When the concentration
of the aramatic in the effluent waxes or n-paraffins reaches 95% of the
total concentration X,, the influent flow would be stopped.

The time, 6,, required for the exchange zone to move its own height
up through the bed under steady-state conditions is proportional to the
volume of effluent, V, (Figure 9.1):

Hence
92=Vz/(Uf) (Acs) (9.1)

Similarly, the time, 6, required for the zone to reach at the top of
the bed is proportional to the total volume of effluent collected: Vips

Op = Vp/Up A (9.2)
Except for the period of time during, which it is being formed at the
beginning of the process 6¢, the velocity of the zone through the bed at a
constant rate is determined by:
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U 9 it (9.3)

The height of the mass transfer zone (MI'Z) can be determined from,

e
h,= U, 6, =h, ('E,fz_éf ) (S5

The only unknown in equation (9.4) is the zone formation time, Of.
This can be estimated as follows: The quantity of aramatics removed by
the bed from the breakthrough point to exhaustion may be determined graph-
ically (Figure 9.1) from:

v
Q, = jVT C -c)av (9.5)
E

If, however, the bed was campletely occupied by the arcmatic hydrocarbons
then the full capacity of the packed bed would be approximately equal to:

o) = C_V (9.6)

F = = A (9.7)
where fram Figure 9.1 the total Q, is equal to the area of abc; and Q
max. is equal to area abcd.

If F=0 (i.e., if the packed bed is fully-saturated by the aromatics
within the zone at steady state), the time of formation of the zone at the
bottom of the bed would be expected to be nearly equal to the time
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required for the zone to descend a distance equal to its own height, 0.
after steady-state is reached. Conversely, if F=1.0 (i.e., if the packed
bed within the zone at steady state is essentially free of the aramatics
being removed), the time of formation Of would be very short.

A simple relation for estimating zone formation time which satisfies
the limiting conditions is,

0 = (1—F )ez (9.8)

In many cases the S-curves are found to be symmetrical, so that F=0.50,
and 6¢=0.5 6,.

Based on these assumptions, the height of the mass transfer zone can
be calculated fraom the S-curve using equations (9.4) and (9.8):

v
hr( s [l-FJB ) - h’I'( —z(].—F}V ) (9.9)

or for symmetrical curves

Vv
h, = by (oo ) o

For any fixed bed unit operating at constant feed flow rate for which the
S-curve has been determined, the total capacity of the bed can be calcu-
lated by graphical integration of the relation:

~C Ja
4 ATy o
o

Similarly the effective, or working, capacity of the molecular sieves
can be determined by calculating the area above the S-curve up to the
breakthrough point.



Cp = G (9.12)
The breakthrough capacity of the bed may be determined fram,

& = G (hr,;r(l—F)hz) (9.13)

The adsorption efficiency y is a relationship between Cg and Cp which
can be determined by:

Yy = -z = (9.14)
Cr hyp

Hence the efficiency of the packed bed can be determined by calcula-
tion of the dynamic properties such as height of mass transfer zone h,,
dynamic effective capacity Ag and adsorption efficiency vy.

9.3 Literature Survey

Ahmetovic and Sevel-Cerovecki (56) studied the possibility of prepar-
ing low aramatic solvents by passing refinery fractions of gasoline, white
spirit and kerosene over molecular sieve 13X. The experiments were car-
ried out in a glass colum of 25 mm diameter and 400 mm height for gaso-
line and 700 nm height for kerosene and white spirit.

Dynamic equilibrium capacity was calculated and the height of mass
transfer zone and height of unused mass transfer zone were calculated from
S-curves.

They concluded from their results that molecular sieve 13X can be
used for dearomatization of such refinery streams and the optimal condi-
tions of velocity and temperature for laboratory experiments were for gas-
oline 0.26 an/min and temperature 293 K, and for white spirit and kerosene
0.4 to 0.6 an/min and temperature 310 K. Within the range of rates from
0.2 to 0.8 a/min the heights of mass transfer zone were:
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for gasoline at 293 K h, = 173 mm
for white spirit at 310 K h, = 174 mm
for kerosene at 310 K h, = 270 mm

Bolotov et al. (57) developed a method for calculating the quantity
of displacing agent exchanged on the zeolite in the cyclic release of
n-paraffins. The method is based on traditional concepts of adsorption
technology (saturation capacity of the zeolite, exit curve for adsorption
of n-paraffins, isotherms of ammonia adsorption by the zeolite) and also a
mechanism of n-paraffins adsorption by zeolite under dynamic conditions
that takes into account the formation of three zones in the zeolite bed: a
saturated zone, a mass transfer zone (in this zone, the concentration of
n-paraffins changes from the original concentration to the breakthrough
concentration), and an unoccupied zone.

The method of calculation was tested on commercial units for the
adsorptive recovery of paraffins on CaA zeolites. The mean temperatures
of the zeolite bed at the ends of the adsorption and desorption stages
were found to be 640 K and 660 K, respectively. The calculated quantity
of exchanged ammonia, was found to be 14,661 kg/hr in camparison with a
value of 14,628 kg/hr measured in the unit. So the calculated results
were in satisfactory agreement with the actual data.

Michaels (55) and Collins (58) studied the factors affecting the mass
transfer zone such as temperature, molecular sieves type, particle size,
feed concentration and feed flow rate.

Rasmuson (59) studied the influence of adsorbent particle shape on
the dynamics of fixed beds in general. Calculations showed that if the
area-to-volume ratio of the slabs, cylinders or spheres is the same, iden-
tical breakthrough curves are produced for short and long contact times.
In the intermediate range the first breakthrough times are in the order,
spheres < cylinders < slabs which indicates a greater number of macropores
in slabs compared with spheres and cylinders.

Dorogochinski et al. (16) studied the influence of the mass transfer
zone on the dynamic adsorption of aromatics fram a kerosene cut in a
packed bed colum, of length 370 mm and diameter 30 mm, using binder-free
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molecular sieves NaX at 573 K. The mass transfer zone h, was found to
equal 150 mm indicating that the efficiency of adsorption was very high.
Fominykh et al. (8) studied the dynamic adsorption efficiency of separa-
tion of aramatic hydrocarbons from mixtures with paraffins or naphthenes
over molecular sieves type NaX and CaX. The synthetic zeolites NaX and
CaX were found to possess high dynamic activity and selectivity with
respect to benzene. The dynamic activity of the zeolite decreased with
increase in the feed flow rate.

Fominykh found that an increase in the aromatic concentration in the
feed resulted in a reduction in the dynamic activity of NaX zeolite.

Kehat and Rosenkranz (60) studied separation of n-hexane from a solu-
tion in benzene using molecular sieve type 5A. They utilised a single,
coiled copper, colum 3.68 m long and 7.2 mm i.d., packed with 110 g of
molecular sieve 5A in the form of 1-2 mm granules. Heating was provided
by coils and the temperature could reach 673 K. All runs were made with
one feed concentration, 6 mole % n-hexane in benzene, and one adsorbent
bed. The same adsorbent gave results reproducible within 5% after > 720
ks of operation. Runs were made at 423 K, 473 K, and 523 K and pressures
of 266, 466, 666 and 999 kN/m?2. The maximum sieve capacity of 11 kg of
n-hexane per 100 kg of adsorbent was achieved at the higher temperatures
and higher pressures. Increased flow rate reduced the time of adsorption
more than it reduced the capacity of the adsorbent. For example, at 523
K, doubling the flow rate reduced the breakthrough time by 4, and the
adsorption capacity by 2.

Epperly et al (61) claimed a process for the separation of aramatics
(1-3 weight percent) and/or nonhydrocarbons from saturated hydrocarbon
and/or olefins and for the separation of olefins from saturated hydrocar-
bons. The process was particularly related to the purification of satu-
rated hydrocarbons and/or olefins, especially n-paraffins, utilizing a
zeolite adsorbent and a displacing agent. The process comprises two
steps, i.e. adsorption and desorption, both preferably carried out in the
vapour phase in a fixed bed at about atmospheric pressure. The process
can also be operated in the liquid phase. Suitable displacing agents for
the process include SO,, NH3, QO,, C; to Cg alcohols, glycols, halogenated
campounds, and nitrated compounds. The adsorbent included any zeolitic
adsorbent having pore sizes of 6.5 to 13 A°; molecular sieve of type 13X
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or 10X of mono or divalent cations were preferred. 1In general the amount
of feed per cycle was 0.02 to 2; for Cyp to Cyg hydrocarbons the preferred
amount per cycle was 0.03 to 0.7 wt./wt. The time of adsorption was 900
to 10 s;the time for desorption was from 20 to 1 s. Five examples are
given of varying operating conditions and the purity of the products
obtained. The aromatic content which was varied fram one cycle to another
ranged within 0.1 to 0.02% by weight, and the preferred temperature ranged
between 495 and 720 K.

Roger and Macnab (62) described a process for separating straight-
chain hydrocarbons from mixtures with branched-chain and/or cyclic hydro-
carbons. These mixtures had boiling points within the range 400 - 720 K.
The mixture was contacted with a fixed bed of 0.9-2.4 m length of 5A
molecular sieve. In a first stage the straight chain hydrocarbons were
selectively adsorbed. The sieve bed was purged in a second stage to
remove surface-adsorbed and interstitially-held hydrocarbons from the
sieve. In the last stage, the adsorbed straight chain hydrocarbons were
desorbed. The experiments were conducted isothermally in the vapour phase
and process temperature was within the range 598-648 K for gasoline feeds-
tock, 623-673 K for kerosene and 653-693 K for gas oil. The preferred
pressure varied with the feedstock, i.e. for gasoline it was 266-666
kN/m?, for kerosene 100-230 kN/m? and for gas oil 30-200 kN/m2. The feed
rate to the adsorption stage was 1.0-2.0 volume of feed/volume of molecu-
lar sieve/60 s. The n-paraffin yield was 3.0% sieve weight/3.6 ks with a
purity of 97.5% weight and a carbon number distribution substantially sim-
ilar to the feed. By desorbing from both ends of the bed simultaneously,
the n-paraffin yield was increased to 3.5% sieve weight/3.6 ks

Epperly et al (63) presented a process for removing cyclic constitu-
ents such as cyclic paraffins and aromatics from fuels. The fuels were
first subjected to dehydrogenation to convert the naphthenes into arcmat-
ics. It was then contacted with a molecular sieve adapted to selectively
adsorb the aromatic campounds. Ammonia was employed both to reactivate
the catalyst and to desorb the molecular sieve. The fuels obtained by
this process exhibit improved luminometer numbers and are useful as super-
sonic jet fuels. 1In their first invention the feedstock was kerosene
boiling between 440 and 520 K. The feed was initially dearamatized by
adsorption in a type X molecular sieve, and then passed into the dehydro-
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genation zone over an alumina catalyst. Two beds of catalyst were uti-
lized each containing 40 g of catalysts. Ammonia was utilized as desor-
bent agent; it was fed at the same temperature and a rate of 1.8
wt/60s/wt, and pressure was maintained at 100 kN/m2. Significant amounts
of aramatics were produced in the bed, demonstrated by an increase in
refractive index of the product from 1.4230 to 1.4271.

After 2 wt/wt of feed had been passed over the bed a product with an
aramatic content of about 1.8% by weight was collected. Deactivation had
occurred, but appreciable activity was maintained. Adsorption removed
about 60% to 99% of cycloparaffins and aromatics from the original cyclic
campounds, and the product constituted a fuel with a luminometer number of
about 75 to 130 compared to an original value of about 50.

Mahto et al. (64) studied the separation of n-paraffins from kerosene
and gas oil using adsorption on molecular sieves. A 0.65 m long, 2.5 mm
diameter stainless steel colum containing 5 A molecular sieve as 1.5 mm
pellets was used in this study. Recovery under equilibrium loading, and
efficiency of the column, were studied as a function of temperature. It
was found that the time for equilibrium loading continucusly decreased
with increasing temperature. Although the total volume of normal paraf-
fins adsorbed on the sieves decreased, the percent volume recovery
increased up to a certain temperature after which it started to decrease.
The maximum loading was found to be 20 g and 26 g per 100 g of dry molecu-
lar sieves for kerosene and gas oil respectively at 293 K (room tempera-
ture). They compared the results obtained from this adsorption process
with those from the urea process; the amount of n-paraffins recovered were
7 and 12 per 100 g of urea for kerosene and gasoline respectively. Hence
the former was more efficient and more economic. An optimum adsorption
temperature existed for each petroleum fraction.

Denisenko et al. (65) reported certain aspects of the quantitative
determination of naphthenic, n-paraffinic, and isoparaffinic hydrocarbons
in mixtures of naphtha and gasoline by using molecular sieves type 13X.
It was concluded that there was essentially no irreversible adsorption for
C5-Cy hydrocarbons on 13X molecular sieves in gas chramatography.

Lauder and Rolfe (66) invented a cyclic vapour-phase, pressure swing
process for the separation of n-paraffins from a mixture with non
straight-chain hydrocarbons, for example, aromatics, cycloparaffins and
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isoparaffins. The steps in the process were adsorption, purging, and
desorption using 5A molecular sieve.

The feed stocks which they recaommended were gasoline, kerosene or gas
oil fractions, i.e. fractions which boiled within the ranges 350-473 K,
423-573 K and 473-723 K. The preferred operating temperatures for differ-
ent feedstocks were 573-650 K for gasoline, 623-673 K for kerosene and
650-710 K for gas oil. Preferred adsorption pressures also varied with
the feed stock i.e. from 33-2000 kN/m? for gasoline to 33-330 kN/m? for
kerosene and gas oil. The preferred feed rate to the adsorption stage was
1.5-3.0 v/v/60 s. The durations of the adsorption, purge and desorption
stages were 60-300 s, < 180 s and 120-600 s, respectively.

Al-Ameeri and Owaysi (67) studied the separation of n-paraffins fram
petroleum fractions such as straight-run kerosene, and naphtha-kerosene
blend by adsorption on 5A molecular sieves. They compared the efficiency
of the adsorption process with the efficiency of urea adduct formation as
an alternative separation technique. The purity of the isolated
n-paraffins was 96.6% by adsorption and ranged between 85-91% using the
urea adduct process. The dynamic capacity of the molecular sieves was
found to be 21.35 g of paraffins/100 g of adsorbent when straight run ker-
osene was used and 14.61 when naphtha kerosene blend was used. The pour
point of the denormalized kerosene was reduced by 32% to 92% which is a
large improvement and tenders the fuel suitable for cold climatic applica-
tions.

Schirmer et al (68) studied the measurements of the equilibrium
adsorption of n-paraffins of medium chain length such as n-decane,
n-dodecane, n-tridecane, n-tetradecane, n-hexadecane and n-octadecane on
synthetic zeolites 5A in the range of temperature from 550-700 K. The
heats of adsorption of all n-paraffins investigated showed a distinct
dependence on the degree of pore filling. The heats of adsorption of the
n-paraffins of medium chain length increased linearly with increasing num-
ber of carbon atams.

Hedge (30) achieved a practical method for separating 2, 6 dimethyna-
phthalene (DMN) from 2, 7 dimethylnaphthalene in a dimethylnaphthalene
concentrate mixture using sodium type Y molecular sieve. Selective
adsorption of 2, 7 dimethylnaphthalene was accamplished in a column 20 mm
i.d. and 0.9 m in length. The mixture of 2, 6-DMN and 2, 7 DMN was pumped
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into the bottom of the column. At the end of the DMN charge, the desor-
bent benzene, O-xylene or toluene was pumped into the bottom of the colum
to desorb the 2, 7 DMN adsorbate. Effluent from the column was taken in
small cuts and analyzed by gas chromatography. The adsorbent colum was
held at a temperature just below the boiling point of the desorbent to
speed diffusion into the sieve particles. A study of the breakthrough
curves for the 3 desorbents showed that benzene allowed a rapid break-
through of 2, 7 DMN. Toluene allowed a faster equilibrium to be reached
than O-xylene; thus it was superior at higher flow rate and the best
desorbent.

Epperly et al. (22) developed a novel process for removing benzene,
olefins and sulfur compounds from feed streams by adsorption with 13X
molecular sieve. The resulting feed can then be used for isomerization
and paraffin alkylation, since these aromatic and olefin compounds tend to
retard the isomerization reaction. Naphtha feed was preheated to a pre-
ferred temperature of about 380-470 K, i.e. it was a vapour phase process.
The pressure was 100-400 kN/m? and the flow rate 0.5-3.0 w/w/60 s. The
feed entered the contacting zone where aramatics were stripped-off by
fresh 13X molecular sieve. The dearomatized hydrocarbon stream then
passed into a condenser, where it was cooled down; and then to the isamer-
ization reactor. At, or just before, breakthrough the adsorption step was
terminated and the heat purge stage cammenced at 570-630 K, to desorb the
aramatic mixtures which might be used as high grade gasoline. The occur-
rence of breakthrough was identified by refractive index measurements or
ultraviolet absorption analysis of the effluent stream.

Faninykh et al. (8) studied the adsorption of benzene from mixtures
of benzene and n-heptane. Experiments were conducted in both the liquid
and vapour phase and the adsorbents used were synthetic zeolites of type
NaX or CaX of 1.5-2 mm size which were activated at 623 K for 10.8 ks.
The adsorbers comprised glass tubes of 22 mm diameter and 200 mm height;
the charge of zeolite was 10 g. In experiments carried out in the liquid
phase, the stream of the feedstock was directed upward from below; in the
vapour phase experiments flow was in the reverse direction. Samples of
the dearomatized product were withdrawn in 1 ml lots and analyzed for ben-
zene by refractive index nDZO. Breakthrough was observed when the refrac-
tive index of the filtrate became > 1.388. The liquid phase process was
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conducted at room temperature and the vapour phase process at 418-423 K.
At a given height of adsorbent layer, its dynamic activity changed appre-
ciably with an increase in the feed rate. From the data obtained the
dynamic activity of NaX zeolite was found to be somewhat greater than that
of CaX zeolite under similar conditions. The dynamic efficiency of zeol-
ite decreased with an increase in benzene concentration from 4-20 vol.%.
Also, the higher the concentration of the component being adsorbed the
more rapidly breakthrough occurred. Multiple-cycle operations were used,
and for desorption heating the adsorbent at 573 K and applying vacuum of
98 kN/m? for 10.8 ks allowed the zeolites to be used repeatedly.

9.4 Experimental Investigation

Methodology.
A pre-weighed quantity of molecular sieve was activated by calcina-
tion in a muffle furnace at 720 K for 14.5 ks (See 3.2.2). The equipment

for dynamic studies, shown in Figure 9.2, camprised

Identifying Item
Number
1. A receiver of 500 am3 capacity with

a heating jacket. This was used for the
n-alkane and the wax to be purified from
the aramatic content

Preheater of capacity 20 an.
660 mm long, 16 mm diameter column.
Collectors.

Pulsation pump, RBF 0.09/4.71 RPM 1400
MPL SS 8c ex Bauknecht, U.K.

6. Vacuum pump, BS 2511/12 RPM 1425 ex
Edwards, U.K.

oo w N

The pump was pre-calibrated by using a burette. Its outlet was con-
nected to one neck of the preheater.

The adsorption colum comprised a glass tube; the desired temperature
was maintained by means of an electrically-heated coil wrapped around it
and insulated by a glass tube of 17-18 mm i.d. covered with insulation
material. The column temperature was measured with thermocouples connect-
ed to an electrical controller-regulator to maintain the temperature at
the desired level.
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9.4.1 Experimental Procedure

1.

The column was filled with freshly-activated, molecular sieve and
the temperature was maintained at 473 K under vacuum to avoid any
air or moisture adsorption.

The vacuum pump was replaced by the pulsation pump, and the column
was cooled, or heated up, to the desired temperature. The mixture
was then passed through the preheater to the column at a linear
velocity of 0.21 an/min . When the mixture contacted the adsorbent,
the time t; was recorded.

The mixture was run through the layers of adsorbent and when it
reached the top layer of the colum (near the exit) time t, was
recorded.

The exit valve was connected to the automatic collector with all
sample tubes numbered.

The collector was switched on. When the first drop had been col-
lected into the first tube, it was regulated to move to the second
tube after a set time, e.g. 600 s.

The samples collected were analyzed for aramatics content using
ultraviolet spectroscopy.

The run was continued until the UV analysis showed the aromatics
content in the sample was the same as the original content, i.e.
equilibrium was established. The run was then stopped.

9.4.2 Calculation of Design Parameters

The efficiency of the adsorption colum was measured by the length of

working layer (h,),

6. =0 6

oo ey

Dynamic capacity Ay was determined fram the equation:

Ay =} (cho - W.C )

The effective coefficient of utilized layer (y) was determined according
to the equation:
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hy, - (1-F)h,

e O

9.5 Results and Discussion

9.5.1 Effect of Aromaticity on Dynamic Adsorption Process

The solution of dynamic adsorption problems is related basically to
the motion of the mass transfer front of the adsorbate molecules among the
fixed bed of the adsorbent in the colum. This mass transfer exhibits a
variation of adsorbate concentration with the coverage rate of adsorbate
molecules in the void volumes of the adsorbent, i.e. the dynamic adsorp-
tion is associated with a breakthrough curve which describes the behaviour
of the adsorption activity of the adsorbate and its saturation point
(equilibrium point).

The dynamic adsorption of the aromatic compounds from solution with
isooctane varied with process temperature, adsorbent type and particle
size, height of the adsorbent bed, feed flow rate, type of the solvent,
the adsorbate structure and adsorbate concentration in the solution.

The dynamic adsorption from solution in isooctane was studied for
three types of aromatics; mononuclear aramatic hydrocarbon such as dode-
cylbenzene, dinuclear aramatic hydrocarbon such as naphthalene and trinu-
clear organic compound such as dibenzothiophene. The process conditions
were:
adsorbent particle size 1-2 mm
height of the adsorbent bed 660 mm
diameter of the adsorbent bed 16 mm
feed flow rate 0.42 an3/60s
adsorption temperature 343 K
the concentration of the aromatic compound (the adsorbate) in the
solution isooctane ranged between 3-4 weight percent
Since the objective was to identify the effect of aramaticity, opera-
tion at a range of temperatures and flow rates was not justified.

Breakthrough curves were determined for the three aramatic compounds
and are illustrated in Figure 9.3. The length of the working or utilized
layer h,, dynamic capacity Ay and the effective coefficient of utilized
layers y were calculated and are presented in Table 9.1.

Q6 O O O ©
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TABLE 9.1

DYNAMIC PROPERTIES FOR ADSORPTION OF DODECYLBENZENE, NAPH-
THALENE, AND DIBENZOTHIOPHENE FROM ISOOCTANE AT 343 K

Parameters Dodecylbenzene | Naphthalene | Dibenzothiophene

h,, (mm) 111 47 58
y 90 95.7 94.7
Ag 4.5 12.9 6.6

From the kinetics of adsorption (Chapter 7) it was concluded that
adsorption is controlled by internal diffusion, i.e. the rate of fluid
adsorption is related to transport of the adsorbate molecules in the cavi-
ties of the zeolite particles. Therefore any increase, or decrease, in
the height of the working layer of the adsorbent bed and changes in the
adsorption efficiency of the packed bed are attributable to the type of
adsorbate molecules.

It is clear from Table 9.1 that at 343 K, naphthalene possessed the
best dynamic adsorption properties, followed by dibenzothiophene and with
dodecylbenzene last.

Comparison of these data for the behaviour of these campounds under-
going dynamic adsorption with the data obtained on adsorption isotherms
(Chapter 4), indicates similar trends. For example, the numbers of mol-
ecules captured per unit cell of adsorbent in adsorption isotherm studies
were 5.1, 11.4 and 10.5 for dodecylbenzene, naphthalene and dibenzothio-
phene respectively at 343 K; the dynamic efficiency shows the same trend
i.e. the dynamic adsorption efficiency was highest for naphthalene and
lowest for dodecylbenzene.

From Table 9.1, an increase in the polarity of the adsorbate mol-
ecules resulted in an increase in the dynamic adsorption efficiency. This
is attributable to the strong interactions between n bonds of the arcmat-
ic compound and the electrostatic charge of the cations present in the
adsorbent. With adsorbate molecules of dodecyl benzene the alkyl chain
attached to the benzene ring shields the aromatic ring and thus weakens
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the interaction between the aramatic ring of the adsorbate material and
the cations present in the adsorbent. Therefore it has the lowest dynamic
capacity. 1In the case of dibenzothiophene the sulfur atom, which possess-
es two pairs of electrons, results in high dipole moments and hence strong
interactions between the cations of the adsorbent and the dibenzothiophene
molecules. However, it has a negative effect in continuous adsorption
because such a sulfur compound will block the surface of the pore cavi-
ties. This phenomena of pore blockage leads to a lower dynamic capacity
(6.6 g/100g of adsorbent at saturation point), compared with naphthalene
which has the highest dyanmic capacity (12.9 g/100g of adsorbent). As a
result, the heights of the working layers for dynamic adsorption of dode-
cylbenzene, naphthalene, and dibenzothiophene were 111 mm, 47 mm and 58 mm
respectively. Due to the higher affinity of molecular sieve type 13X to
adsorb polar aramatic compounds, the adsorption efficiency of naphthalene
was 95.7% whilst for dibenzothiophene and dodecylbenzene it was 94.7% and

90% respectively.

9.5.2 Effect of Solvent on Dynamic Adsorption Process:

This study covering adsorption of naphthalene molecules from solu-
tions using different types of solvents such as isooctane and n-alkanes
(n-decane, n-dodecane, n-tetradecane) confirmed that the solvent has a
significant effect on the adsorption of aramatic campounds. The feed flow
rate was maintained constant at 0.42 am3/60 s, the height of the packed
bed was 660 nm, and the concentration of napthalene in each solvent was 3
weight percent.

The breakthrough curves for the dynamic adsorption of naphthalene
from solutions using the different types of solvents are presented in Fig-
ure 9.4. Table 9.2 illustrates the working or utilized layer h,, the
adsorption efficiency y and the dynamic capacity Ay for the adsorption of
naphthalene fraom each type of solvent.
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TABLE 9.2

DYNAMIC PROPERTIES FOR NAPHTHALENE ADSORPTION
FROM DIFFERENT TYPES OF SOLVENT AT 343 K

Parameters Naph/ Naph/ Naph/ Naph/
Isooct. Decane Dodecane Tetradecane
h,, (rm) 47 166 168 179
y 95.7 84 82 83
Aq 12.9 8.3 2.2 5.1

Kiselev and Lopatkin (69), found during adsorption of different
n-alkanes such as n-hexane and n-pentane over molecular sieve type X, that
an increase in the number of carbon atoms of the n-alkanes resulted in an
increase in the heat of adsorption. Hence the cations on the surface of
the molecular sieve were concluded to have non-specific interactions with
the heavier n-alkanes. It was also found that the heat of adsorption
increased with coverage and reaches a maximum near saturation.

The adsorption of naphthalene molecules from different types of sol-
vent increased with decreasing molecular weight of the solvent. The ease
of mass transfer of the naphthalene molecules through the pores of the
molecular sieve will depend on the type of solvent. The rate of leaching
out of naphthalene molecules from the solvent differed; increase in molec-
ular weight, i.e. number of carbon atoms, of the solvent resulted in dif-
ficulty in leaching-out naphthalene molecules.

The working layer, or utilized layer, increased with an increase in
the carbon number of the solvent. Conversely the dynamic capacity and
adsorption efficiency decreased with an increase in the carbon number of
the solvent (see Table 9.2).
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9.5.3 Purification of Paraffin Waxes from Aramatic Compounds:

As explained earlier, the purity of paraffin waxes is an important
aspect in their grading. The required purity depends upon the field of
application. For example, paraffin waxes for use in food conservation and
packing, must be odourless and be free from compounds damaging the human
organism, particularly mono, di, and polycyclic aromatic substances. Sim-
ilar, but even more stringent, specifications apply to paraffin products
for medical purposes.

As mentioned in Chapter 1.3, the slack waxes produced from heavy
petroleum fractions using a dewaxing process nommally require further
treatment for reduction of arcmatics, olefins, or sulfur campounds. Fin-
ishing usually employs sulfuric acid treatment, hydrogenation, or a combi-
nation of both. However, the levels of purity achievable are generally
unsatisfactory. The increasing demand for high purity waxes has made it
necessary to seek econamic methods of purification of waxes from arcmatic
hydrocarbons.

The results of the equilibrium isotherms, the kinetic adsorption, and
the dynamic adsorption studies of different types of aromatic campounds
from solution with iso-octane and n-alkanes have shown the high affinity
of molecular sieves type NaX to adsorb the aromatic campounds within a
limited range of aromatic concentration (3-5 wt. percent). Thus slack
waxes with an aramatic content S 5 wt. percent can be purified from these
aramatic hydrocarbons using molecular sieves type NaX.

9.5.3.1 Effect of Temperature on Dynamic Adsorption Process

The dynamic adsorption of aromatic compounds from slack waxes, to
produce highly purified waxy materials, was studied under the following
conditions:
adsorbent particle size 1-2 mm
height of packed column 660 mm
diameter of the packed column 16 mm
flow rate 0.42 an3/60 s
o concentration of aramatics in the slack waxes 4.8 wt %.
To reduce the viscosity of the liquid paraffin (wax) and to increase its
fluidity, and hence rate of the migration of aromatic campounds in the
internal cavities of the molecular sieve crystals, adsorption was conduct-
ed at high temperature in the range 363 - 583 K.

2l = e o A o
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Figure 9.5 illustrates the breakthrough curves for the adsorption of
aromatic compounds at temperatures of, 363, 383, 423, 443, 543 and 583 K,
respectively. The dynamic properties of adsorption were determined
according to the symmetry of the breakthrough curves, at different temper-
atures and at a different coverage rates of adsorption, at C./C, = 1 and
at C./Cy = 0.5. Table 9.3 and 9.4 illustrate the dynamic properties of
adsorption of aromatics from slack waxes at Cp/C, = 1 and C¢/Cy = 0.5.

TABLE 9.3
DYNAMIC PROPERTIES OF LIQUID PHASE ADSCORPTION OF AROMATIC
COMPOUNDS FROM SLACK WAX AT DIFFERENT TEMPERATURES AND AT

Cp/Cp = 1
Parameters 363 K 383 K 423 K 443 K 543 K 583 K

h, ,mm 822 783.9 . Tl4 497.8 477 504.6
Y% c 9 28.7 38.3 57.8 57.3 64.0
A, at e o | 4.8 8.2 8.4 9.2 12.9 10.4
d Cb
TABLE 9.4

DYNAMIC PROPERTIES OF LIQUID PHASE ADSCORPTION OF AROMATIC
COMPOUNDS FROM SLACK WAX AT DIFFERENT TEMPERATURES AND AT

Cy/Cq = 0.5
Parameters 363 K 383 K 423K 443 K 543 K 583 K
h, ,mm 252 364.5 410 283 203.5 220
Ad at E‘E - 0-5 009 2-0 200 3-0 3-7 2-9

[e]

When the molten waxes were brought into contact with molecular sieve
type 13X, the aromatic compounds were adsorbed. Figure 9.5 shows the
breakthrough curves at different temperatures. These demonstrate the
increase in concentration of the aromatics after a certain time; it rises
slowly to reach a saturation point following which no more adsorption of
aromatics occurs. The saturation value corresponds to complete filling of
the internal voids of the molecular sieves crystals, and this point
depends on several variables including temperature.
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Clearly fram Figure 9.5 up to a temperature of 543 K the time to
breakthrough increased as the temperature increased; however the break-
through time was longer at 543 K than at 583 K. An increase in the pro-
cess temperature resulted in slower adsorption of aromatics fram liquid
wax and hence approach to the saturation point required a longer time.
Packing of the bed is therefore more efficient at the higher temperatures.
However, diffusivity of the adsorbate molecules of aramatics in the molec-
ular sieves cavities increases with increasing temperature, thus there was
a decrease in the rate of adsorption as shown in Figure 9.5 for tempera-
ture 583 K.

As shown in Table 9.3 the adsorption of aromatic compounds from waxes
at low temperatures has no positive effect on dynamic adsorption and the
mass transfer zone exceeds the column length 660 mm, which means that the
separation process is not efficient. This may be due to the difficulty of
leaching ocut the high molecular weight n-alkanes (waxes) by the aramatics.
An increase in the number of carbon atams in the n-alkanes results in a
decrease in the rate of adsorption of the aramatic compounds as explained
in 9.5.2. 1In the case of dearamatization of waxes the existing n-alkanes
in the waxes act as solvent for compounds in the range C;g-C35; this has a
negative effect on dynamic adsorption at low temperatures, because these
long chain n-alkanes cause blockage of the pore cavities thus hindering
entry of the aramatics and greatly decreasing the rate of adsorption.

Fram Tables 9.3 and 9.4 the efficiency of the adsorbent at low fill-
ing rate, C¢/C, = 0.5, was apparently higher than the efficiency at satu-
ration point C./C, = 1. This can be explained since during the initial
filling of the voids, the interactions between the aramatic campounds and
the cations present in the molecular sieve cavities is very strong. After
accumulation of multilayers of adsorbate molecules, the physical interac-
tions are reduced until saturation point is approached; the effluent will
then have a similar aromatic content to the original feed and no more
adsorption occurs.

Due to the diffusion mechanism described earlier, increase in the
adsorption temperature to 583 K will tend to'increase the transition of
aromatic molecules between the two adjacent cavities. The value of
adsorption would therefore be expected to be lower and this is shown in
Table 9.3. The dynamic capacity at 583 K was 10.4 g/100g of molecular
sieves, and 12.9/100g at 543K.
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9.5.3.2 Effect of Concentration On Dynamic Adsorption Process:

The effect of aromatic concentration in the slack waxes on the dearo-
matization process was studied for the following conditions:
adsorbent particle size 1-2 mm
height of the adsorbent bed 660 mm
diameter of the adsorbent bed 16 mm
feed flow rate 0.42 an3/60 s
Adsorption temperature 543 K
Breakthrough curves for dearomatization of the waxes at initial aromatic
concentrations of 4.8 and 1.8 wt % are illustrated in Figure 9.6. This
indicates that at low concentration of aramatics (up to 0.01), the volume
of purified waxes collected was 300 mls, while at aramatic concentration
of 4.8 wt % the volume was 190 mls, i.e., the dynamic capacity of adsorp-
tion of aromatic hydrocarbons from waxes was higher at lower aramatic con-
centrations.

The breakthrough time with low aromatic contents was longer than for
waxes of high aramatic contents. The reason is that the packing density
of aramatics in the pores of the molecular sieves for waxes with low aro-
matic content (1.8 wt %) is better than that for waxes with high aramatic
content (4.8 wt %).

Because of the limitations of the molecular sieves for adsorption of
aramatic hydrocarbons to produce a high purity effluent from waxes con-
taining a high percent aromatics, a longer colum or multistages (multicy-
cles) of dearomatization i.e. a series of packed beds would be required.

QO DG

9.6 Conclusions

1. Of the three individual aramatic campounds studied dodocylbenzene
exhibited the lowest effective coefficient and dynamic capacity
together with the highest utilized layer. Dibenzothiophene was more
readily adsorbed. Naphthalene exhibited the best dynamic adsorption
properties (Table 9.1).

2, Of the four solvents investigated the best adsorption properties
were associated with the lowest number of C atoms, ie. isooctane
(Table 9.2).

3. In wax purification the dynamic properties involved with an increase
in temperature up to an optimum at 543K. (Tables 9.3 & 9.4). The
dynamic capacity decreased with an increase in feed concentration.
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10.0 A MATHEMATTCAL MODEL FCOR FIXED BED ADSORPTION SYSTEMS

10.1 Development of a General Model for the Dynamic Behaviour of a Fixed
Bed Adsorber

The mathematical modelling of adsorption of solutes fram liquids, or
gases, on solid beds is camplicated since each of the numerous mechanisms
which can be postulated has some practical basis. Certain problems have
been solved campletely whilst others, in which more camplex mechanisms are
assuned, have been solved only partially by either linearizing approxima-
tions or numerical methods (70).

Assure a typical adsorption system camprising a column or bed filled
with a packed material. A fluid is passed through the colum and a compo-—
nent is transferred from the fluid phase to the solid phase. Since the
solid is static, the composition of the fluid changes with time in the
solid phase and with time and space in the bulk. Therefore, conditions in
the colum are unsteady-state in character.

Consider the adsorption column shown in Figure 10.1, in which,

Voidage = €
Interstitial Velocity =V
Solute Concentration = c moles/unit volume of fluid

Let bed cross section = 1.0.
Let n moles of solute be adsorbed in unit volume of packing.

ac
eV (c+§552)
ac an
s 3t 6z + (1—8}51-:52 % &8z
f
evVc z

e

Figure 10.1. Fixed Bed Adsorption Column.
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Then a material balance on the fluid phase contained in an element of
unit cross-section and height, 8z, in time interval, st, gives,

Rate of input = gVc &t

ac
Rate of output -=sv(c+§§qsz)6t

Rate of accumulation in time interval &t

In fluid voids = £ 62 g% &t
Adsorbed on zeolite = (1-g) 6z on 6t

at
The partial differential equation for the material balance is:

ac ac on
eVe &6t - eV (c+5562 )Gt =552.§E5t+(1_3) 52§E.Gt

where g% is the rate of adsorption on the packing

oc oc an
&5z "¢ st Q-8
ac ac an
or eV 52 + E 51—: + (l—EJ 'a“E = 0
Rearranging
oc oc , 1-&  an
Ve Tttt m om0 (10.3)

Equation (10.1) is the conservation equation.
Now let the following variables be defined as:

.= (£-%) (10.2)

where Z = and Y is the time after the feed

2
\%

reaches the plane at z.
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Now
( gE )t = (gi )z (gg t+ (gﬁ )Y (g’g (10.3)

From Equation 10.2

(3’5‘ )t= <+ % and %é )t= 5 (10.4)
(gi)t= ‘%; (§§)z+ %(%z)y (10.5)
or
v & - G- 8g), (10.6a)

and from Equation 10.2

(%) - (3 (10.6b)

Cambining both parts of Equation 10.6 gives, on insertion into Equa-
tion 10.1;

ac ac oc 1-¢ on
58 TU8Y Yl +('E )55? ® .0
or
ac on
trasg =0 (10.7)
1-¢

where a = o

Equation 10.7 is linear with two dependent variables.

Fram the Figure 10.1,
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on —yk) = 1 9E
BEL° o Dt R TRl ke
where a = adsorbent area per unit volume of packing

K = overall mass transfer coefficient.

b
I

mole fraction of solute in the liquid phase.

x* = mole fraction of solute at the liquid-solid interface.
Then
By definition
X
.= b M
where
p = liquid density
M = molecular weight
and so
= o B 9R
Ka (x b )- ot 3z (10.8)

Assuming that the interphase equilibrium distribution takes the form

X* = mn+b (lO-SJ

where n = the moles of adsorbed camponent per
unit volume of the solid phase
and m and b are empirical constants

()% - (x-x) - - ( 2zB—) 2 (10.10)
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Define

8 = Kam.y (10.11)

s Eég_fi*)z (10.12)
X

W o (10.13)
xO
x*

g (10.14)
xO

where X is the feed concentration.

In temms of these variables, the differential equations and boundary
conditions become

5-9—— = W = wk (10015)
T T 10.16
aN . ( L )
with
wx = 0 at 8 =0 for all N (10.17)
and
w o at N =0 for all o (10.18)

The boundary conditions provide for the introduction of a step into a
bed initially free of the adsorbable component.

Using the Laplace transformation:
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W - WX (10.19)

212

SWX = W - WX (10.20)
using the initial condition presented as Equation (10.17).

Fram Equation (10.20)
L= 0 JRRE S . S (10.21)
Using Equation (10.21) in (10.19)

—3‘;? - (gfi) w (10.22)

and the boundary condition, presented as Equation (10.18), in the form

eS|
[
ni-

at N=0 (10.23)

leads to

(10.24)

(10.25)
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Then using Equations (10.21) and (10.25)

ey
. aN o Stl
Ty 55 (10.26)

From Tables of Transform Relations, reference (71), (72)

ui=z

: e ——— I, (2 /Ng) (10.27)
S

Invoking the translational properties of the Transform:

-6
oS ot T8 L /Ng) (10.28)

8
wh u g ® f e I, (2 /No8). de (10.29)
(e}
Now
-N -
(& )N = e &1 (2 /i) (10.30)

and so using BEquations (10.15), (10.16) and (10.18)

- )= (), (10.31)
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N
e T J‘ o~ (N*+8)

o
in which N* is a dumy variable.

N /N*9) . dnx (10.32)

Equation 10.32 enables estimates to be made of the change in concen-
tration with time of adsorbate leaving a specific fixed bed, of known
height and voidage, at any given throughput. Hence, a breakthrough curve
may be predictable using equilibrium isotherm and kinetic data.

The limitations are,

1. Equation 10.9 relates to linear equilibrium data, whereas, as dis-
cussed in Chapter 5, in reality this was not the case.

2s Since 1 mm particles were used it may be assumed that external dif-
fusion was controlling. (The case for pellets may be different).
In the laminer flow regime the correlation of K¢ data is imprecise;
therefore predictions may be inexact pending the availability of
more data.

Nevertheless this model is a starting point for further detailed analysis.

As an example of the approach to be used, the adsorption of naphthal-
ene fram isooctane is considered in Appendix J.
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11.0

11.1 Overall Conclusions

The conclusions arising from each separate experimental, or mod-
elling, study were given earlier. Therefore only the overall conclusions
and significance will be discussed.

It has been demonstrated that the dearomatization of slack wax using
NaX zeolite can, within the parameters investigated, yield wax containing
< 0.01 % aromatics. Thus the process merits further investigation for
high purity wax applications (Chapter 9).

The study of equilibrium isotherms for adsorption of pure individual
aromatic compounds showed that those of lower molecular weight and more
campact structure were preferentially adsorbed, and the number of adsor-
bate molecules captured by one cage or unit cell of the molecular sieve
decreased as the molecular weight of the adsorbate molecules increased.
An increase in the adsorption temperature resulted in a decrease in the
value of adsorption, indicative of a decrease in the number of adsorbate
molecules captured by one unit cell (Chapter 3).

In the kinetic studies using different aromatic compounds the diffu-
sivity tended to decrease considerably when a long alkyl chain was
attached to a benzene ring such as in dodecylbenzene. Molecules of small
cross-sectional diameter, e.g. cumene, were taken up at a high diffusion
rate. The sorption rate was increased by a rise in temperature. Apparent
energies of activation increased as the polarity increased (Chapter 7).

Separation of multicomponent aromatic compounds (extract fractions)
was successfully conducted in spite of the low adsorption values campared
with pure individual aromatic compounds. These lower values were due to
the complexity of the components in the extract fractions (Chapter 5).

The concentration of aromatics in the feed had a very significant
effect on the achievable wax purity; therefore any commercial process
should commence with a feed containing low molecular weight aromatics and
with a low sulphur content.

11.2 Recamendations for Future Work

Clearly the dynamic studies on the purification of liquid paraffins
or slack waxes to get liquid paraffins or waxes of high purity, i.e < 0.01
wt % aromatics, are incomplete and a great deal of work needs to be done.
However, the process 1is sufficiently promising to justify further
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research. The following future work is recommended, using the apparatus

and techniques already tested.

1, Determine the optimum conditions for dearamatization of wax. This
will involve studying the effects of,

a. Varying temperature of operation and velocity , the most
important parameters. The preferred temperature will be in
the range of 473 to 573 K.

b. Change in flowrate which should be within 0.5 - 4 volume of
feed/volume of adsorbate/hr.

e Particle size within the range 0.5 to 2 mm.

d. Change in column height which should be varied up to 1 m.

2. Investigate multicyle adsorption with, and without, intermediate
reactivation of the adsorbent particles. Attempt to find the opti-
mum desorption agent, consisting of a polar or polarizable material
having an appreciable affinity for the zeolite adsorbent compared
with the material desired to be desorbed. The possible desorption
agents for the process include NH3, Ny, @O, C; to Cg alcohols such
as methanol and propanol.

Following campletion of 1 and 2 the preferred process should be test-
ed on the existing KISR, dual-tower, adsorption pilot plant.
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APPENDICES
A. CHEMICAL ANALYSIS

The determination of small quantities of aromatic hydrocarbons in
highly-refined waxes and oils on the basis of UV absorption spectra was
established by Siryuk et al (10). Using the recommended methods arcmatic
contents can be determined down to 0.01% with a relative accuracy of 10%.

The method (Gost 9437-60) by Siryuk et al., can be used to determine
aramatic contents from 0.2 to 2%. A rapid method (Method No. 1) also
enables the composition of aramatic hydrocarbons to be determined by means
of ultraviolet absorption spectra. This method gave estimates of the con-
tents of benzene, naphthalene and phenanthrene hydrocarbons when present
in amounts from 0.01 to 100%.

The calculation of such aromatic hydrocarbons uses a system of equa-
tions set up on the basis of average coefficients:

255
Cén = 0.008 KZOO + 0.163 K230 - 0.042 K255
C%P = 0.001 K200 - 0.008 K230 + 0.331 K255

where C,p, Cyp, Cap, are the contents of benzene, naphthalene, and phenan-
threne nuclei, in % by weight; K200+ K230, and Kogs are the specific
extinction coefficients of the sample with analytical wave lengths of 200,
230, and 255 nm (K=D/C.d.) where D is the optical density; C is the con-
centration of the sample in g/L; and d is thickness of the layer in mm.

The contents of benzene, naphthalene and phenanthrene hydrocarbons
(Cphr G- Cp) are determined in accordance with the formulae:
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C.. M0.87
ab
Cb S 100%
.. MO8T
an
Cn = ___I'ia-'___ 0100%
S M 0,87
-y ks
CP = 168 .100%

where M is the molecular weight of the sample; 72, 120 and 168 are the
total weights of the carbon atams present in benzene, naphthalene and phe-
nanthrene nuclei; 0.87 is a fraction representing the total weight of car-
bon in relation of the average molecular weight of the sample.
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B. CALIBRATION OF INDIVIDUAL ARQMATIC COMPOUNDS

For determination of concentration of individual aramatic campounds,
calibration curves were plotted by weighing different known quantities of
each aromatic compound and dissolving it in solvent (isooctane). The
absorbance was measured by UV, with a cell path length of 0.1 am, e.g.
Qumene

1s 1ml/25 ml = 34.2 ug/ml
2, 1 ml/10 ml = 85.5 ug/ml
3. 2 ml/10 ml = 171.0 ug/ml
4. 3ml/10 ml = 256.5 pug/ml
5% 4 ml/10 ml = 342.0 ug/ml and so on.

Their absorbance were:

at 208 nm 0.318
0.771
1.505
2.255

3.025

The calibration curve was made by plotting the absorbance (values from UV)
versus the concentrations ug/ml. A straight line passing through the zero
point was obtained.

Accordingly any unknown concentration of cumene was determineable
according to the calibrated curve. This was repeated for each of the
individual aromatic compounds. Example calibration curve for cumene.
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C. DETERMINATION OF EXPERIMENTAL VALUE OF ADSCRPTION FOR
INDIVIDUAL AROMATIC OOMPOUNDS

C.1 Preparation

Different concentrations for each aromatic were prepared by dissolv-
ing a specific weight of the aromatic in isooctane solvent. Example,
Dodecylbenzene: -

Flask (1)
2.3005 g/50 ml i.e. = 0.04601 g/ml --->
Flask (2)
1.5880 g/50 ml ——-> 0.03176 g/ml ---»
31760 ug/ml -—> 31.76 g/L
Flask (3)
1.2875 g/50 mlL ---> 0.02575 g/mlL --->
25750 pg/ml —_> 25.75 g/L
Flask (4)
0.7213 g/50 ml. —> 0.014426 g/ml —->
14426 pg/ml -—> 14.426 g/L
Flask (5)
0.5561 g/50 mlL i.e. = 0.011122 g/ml -->

11122 ug/ml i.e. 11.12 g/L
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Flask (6)
0.3999 g/50 mlL i.e. = 0.007998 g/ml -->
7998 ug/ml i.e. 7.998 g/L

Flask (7)
0.2404 g/50 ml i.e. = 0.004808 g/ml -->
4808 pg/ml i.e. 4.8 g/L

Flask (8)
0.2068 g/50 ml i.e. = 0.004136 g/ml —->
4136 ug/ml i.e. = 4.136 g/L

C.2 Experimental Results

The concentration in each flask was determined by UV spectroscopy and
the results are shown in Table C.1.

Column No. 1 is weight of molecular sieve in each autoclave for each
concentration. Colum No. 2 is original concentration of individual aro-
matic in isooctane g/L. Colum 3. Original concentration of individual
aramatic in isooctane C, mmole/L. i.e. for dodecylbenzene, molecular
weight is 246.

46.00 _
-53'6-‘— = 0.19166 mole/L

= 187 m.mole/L

Colum 4. Concentration of the aromatic in isooctane after adsorp-
tion. g/L (by WV).

Colum 5. Concentration of the aromatic campound in isooctane after
adsorption C m.mole/L.

Colum 6. Mole fraction before adsorption can be determined by the
equation:-
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0.001. Co (m.mole)

X =
o 1000-(Mol. wt. aram) (Co) p_isooctane
L G ( p aram ) (Mol. wt.isooctane)
e.g.
x o {0.001) x (187)
°  o.001 (287) + (1000 - -(248) (187) "} (0.8825 )
L 0.187 r
Xo = "0.187 + 5.6557 = 0315
- 318 %1072
Colum 7 Mole fraction after adsorption
x 0.001 x 125.2
1 "7(246) (125.2) 0.6829
0.001 x 125.2 + ( 1000 5558 ) ( e )
0.1252
0.1252 + 5.7622 ~ 0-02126
- 21,2 x 1073

Colum 8 Number of moles of aromatic campounds n;

_ Weight (g) _ 0.046 x 10ml _
L Wt %y 746 = 0.0019

Column 9 Number of moles of solvent (isococtane) n,

_ (10 mls X piso 0.692) - 0.46
o= 114.2

= 0.0566

Column 10 is the summation of number of moles

Jnyn, = 0.0019 + 0.0566 = 0.0585



=223~

Colum 11 is value of adsorption G in mmole/g according to Gibb's
equation

(Xo-xl) E“lnz

m

G =

_ (31.5 - 21.2) 0.0585 _ 0.6025 _
G 171409 = 1.1405 - 0.528 mmole/g

A similar calculation was used for all other concentrations to deter-
mine equilibrium values of adsorption.
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D. DETERMINATION OF THECRETICAL VALUE OF ADSCRPTION FOR
INDIVIDUAL AROMATIC OOMPOUNDS

Theoretical value of adsorption was determined by modified B.E.T.
X, (1-X,)
equation, by plotting values of —l_é__l

fraction after adsorption to give a straight line: (see Figure D.1).

versus (X;) mole

X, (1-X,) 0.0212 (1-.0212)
F e = 0.0393
G 07538 .

Example for one point =

= 39.3 x 1073

Fram the straight line tan q, A, b, B, £, log f were calculated:

tan a =

SN TR
]
[38)

tan a =

EPII—-

= 0.5

(ST Ezsn—-

Am =

Theoretical value of adsorption is = 0.5 mmole/g

b (intercept) = 1.0 x 1073
_ Molar volume of the aramatic

B - Molar volume of the solvent
‘. (gMol. wt.) aramatic ) ( p isooctane )
3 p aramatic (Mol.wt.) isooctane

- B8as) (i3

e
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.". Separation Coefficient f =
tan a

: 2 R 1
= 5ok + L= L3177 .4
1.7 x 0.001 i '
log £ = 3.07

Consequently, G (theoretical values of adsorption) were determined,
according to B.E.T. formula:

B A, (£-1) X(1-X)
1+ (BE-1)X

First assumption for X were established and values for G were calcu-
lated.

X G
0.0001 0.12
0.0005 0.3
0.001 0.38
0.005 0.46
0.008 0.478
0.02 0.48
0.025 0.48
0.03 0.48

Then theoretical equilibrium isotherm curve for dodecylbenzene at 303
K was plotted and experimental adsorption values were placed on the curve
(See Figure D.2). The same method of calculation was applied for all aro-
matic components at 303, 323 and 343 K, respectively.
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X1(1—X1) X 10
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TR
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1
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Mole Fraction X,10 5
Figure D.1



Adsorption value, G mole/kg

=2 a=

0 1 LY =5 ! 1 1
8

12 16 20 24 28
Mole fraction X 10 3

Fig. D.2. Adsorption isotherms of dodecylbenzene on pellets of
zeolite NaX (13X) at 303 K.

o Experimental G value
Solid line : Theoretical G value
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The following equations were used for determining the number of mol-
ecules occupied by 1 unit cell. For example for dodecylbenzene at 303 K:-

Molar volume y = o aramatic
- D T 3
= 078295 289.5 an”/mole
GM = 0.528 x 289.5
3
m.mole an
g ° mole
- Soig ot an’/
1000 g ° mole - ©- g
Cowtac Cu _ 0.528 x 289.5 _ , o

V. T 10 0.2
o 00 x 96
Number of molecules adsorbed by one gram GN =

0.528 X 6.023 x 1023

1000

20

= 3.18 x 10

Nuarber of molecules adsorbed by one unit cell & -

0.528  6.023 x 1023

= 7.1
1000 .45 x 1020
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E. CALCULATION OF HEATS OF ADSORPTION

To determine the isosteric heat of adsorption the following calcula-
tions were applied:-
Example: Dodecylbenzene

Value of Adsorption, G m.mole/g = 0.528
' p at 303 K = 0.8495
Mol. Wt. = 246
- 9.528 &
G = TIESE % 246 = 0.1298 g/g
Coverage, a = g—%%gg = 0.1528 cm3/g
- 15.3 x 102 cm3/g

The same calculation was applied for all G mmole/g values to get cov-
erages, a cm3/g at 303 and 343 K, see Figure E.1.

Thus g2 heat of adsorption at certain coverage (a) were calculated by
applying:

a 9 In X
U so s (a““z" )
¢ i
1.987 x 2.303 log A X
5. R
303 343
4,58
0.0004 19 AX

11450 (log X303 = 109 X, o )

Example from Figure E.1 at: a = 11 x 10~2 cm3/g.



3
(em /g)

. 1% 40

Coverage

16+

=230

= T T
4 8 12 16 20 24

Mole Fraction X 103

Fig. E.1. Adsorption isotherms for dodecylbenzene on pellets of
zeolite NaX (13X) at 2303 K and X 343 K.
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q = -11455 (log 0.001 - log 0.004)
= -11455 (-3 -(-2.39)
= -11455 (.6)
= -6986 cal/mole
= -6.98 Kcal/mole = 4.18 X 6.98 = 29.2 kJ/mole

For other coverage values see Table E.1l.

TABLE E.1

CALCULATED HEAT OF ADSORPTION VALUES AT DIFFERENT COVERAGES
FOR DODECYLBENZENE ON MOLECULAR SIEVE (NaX)

a c:m3/g x.103 x.103 Log X Log X q kJ/mole
\52 303 K 343 K 303 K 343 K iso
11 1.0 4.0 =3.0 -2.39 29.2
10 0.9 2.5 =3.0 =26 19.2
9 0.8 1.5 -3.1 =2.8 14.2
8 0.6 0.8 -3.2 =3.01 9.2
7 0.3 0.4 =-3.5 -3.4 4.8

6 0.2 0.3 -3.6 -3.5 4.8
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F. CALCULATION OF N-D-M. METHOD
Van Ness and Van Westen Methods

Extract 1
Measurements at 20°C
n = 1.5682 S% = 3.83
d = 1.0042 Mol. Wt. = 293
v = 2.51 (1.5682 - 1.4750) - (1.0042 - .8510)
2.51 (,0932) - .1532
= 0.2339 - 31532
= 0.0807
@ = (1.0042 - 0.8510) - 1.11(1.5682 - 1.4750)
= 0.1532 - 0.1034
= 0.0498

If v is +ve
%C, = 430 (.0807) + 3660/293

A
34.7 + 12.49
47.19
Percentage of aramatic carbon CA = 47.19
If o is +ve
% CR = 820 X - 35 + 10000/M

= 820 X .0498 - 3x3.83 + 10000/293
= 40.836 —  11.49 + 34.129

= 63.475

Percentage of carbon in total (Aramatic and Naphthenic rings)
Naphthenic rings) structures

% CR = 63.475
% CN =% Ck =% CA
= 63.475 - 47.19
= 16.285
Percentage of naphthenic carbon = 16.285
% CP =100 - % Ch
= 100 - 63.475
= 36.525

Percentage of parraffinic carbon = 36.525
R 0.44 + 0.55 Mv

A
.44 + .055 x 293 x .0807
1.74
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* Average No. of aramatic rings/molecule
R = 1074

A
1.33 + .146 M (0 - .005 S)

1.33 + .146 x 293 (.0498 = 4005 (3.83) )
1.33 + 42.778 (.03065)

]

o

2.64
Average total No. of rings/molecule
RT = 2.64
B, o B ¢ By
= 2.64 - 1.74
= 0.90

Average No. of Naphthenic ring/molecule

RN = 0.9
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G. CALCULATION OF PARAMETERS OF KINETICS OF ADSCRPTION

Values of adsorption for different individual aromatic compounds
were determined at different times for the maximum concentration by
applying Gibbs equation. Example for dodecylbenzene at 303 K is
shown in Table G.1.

Column No. 1 is weight of molecular sieves in each autoclave for

certain period of time.

Column No. 2 is concentration of dodecylbenzene in isooctane

after adsorption for certain time in g/L.

Colum No. 3 is concentration of dodecylbenzene in isooctane

after adsorption for certain time in mmole/g.

Colum No. 4 is the time period for adsorption in hr.

Colum No. 5 is square roots for the time period for adsorption

in hr.

Column No. 6 is the original mole fraction.

Column No. 7 is mole fraction at certain period of time.

Column No. 8 is summation of the number of moles.

Colum No. 9 is value of adsorption in mole/kg at certain period

of time Gi.

Colum No. 10 is value of adsorption in g/g at certain period of

time G;.

Colum No. 11 is rate of adsorption gg[—: where each value

of adsorption was divided by the period of time e.qg.

Qlll = 2. 2.

Colum No. 12 is the relative adsorption St where each val-

ue of adsorption was divided by the maximum value of adsorption

(0.52), e.q. g_%% = 0.21.

Column No. 13 is Diffusivity De and it was calculated according

to the following equation
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where
v
Fo. 0.025
since
7 e -
v z.
-
v r,
. A ¥
5T A r,
. « particle size r,=1-2mm, i.e. ~ 1.5 m = 0.075 am
. A = et
& 3y 0.075
RS T
¥ .. DieE5
at t 3 minutes
3.14 2 2
De o Z}_(-j;lgﬁ (0.21) (0.025)
= 1.2 % 1077 /s

= 1.2 x 10711 n?/s
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H. CALCULATION OF ACTIVATION ENERGY

Activation energy was determined for each aromatic compound
by applying the equation:-

3 1n De
B, =Ryt
T
E, =1.98x 2.3 (log Des,3 _ 1og Deyy, )
1 1
303 323
4.58
Ex = o000z 1094 De
E, = 11450 (logDe,,, - logDe,, )
Gy
Example from Figure H.1 at g = 0.3
E, = 11450 (-6.4723 + 6.9706)
= 11450 x 0.4982
= 5705.5 Kcal/mole
E, = 5705.5x 4.186 = 23.8 kJ/mole

See Table H.1.
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TABLE H.1

ENERGIES OF ACTIVATION FOR DIFFUSION OF DODECYLBENZENE
IN MOLECULAR SIEVES TYPE 13 X (NaX)

Gt pe.108

De.108

Log De Log De Log De-Log De E
Go 303K 343 K 303 K 343 K 343 303 kJ/mole
an“/s an“/s
0:3  10.75 33.75 -6.9706 -6.4723 0.4982 23.748
055 10.5 335 -6.9788 -6.4749 0.5038 24.01
0.7 8.0 31.0 -7.0969 -6.5086 0.5883 28.039




Dilfusivity De X 1012, 1112/5
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40 -
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20

1=
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1 I I T 1

2 4 6 8 1 Gt/G

Fig. H.1. Effective diffusion coefficient D, of dodecylbenzene

as a function of degree of coverage rate of NaX zeolite
pores. At®303 K and X 343 K.
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I. EXPERIMENTAL CHARACTERIZATION OF MOLECULAR SIEVE*

I.1 Pore Volume and Surface Area

The surface area was determined by B.E.T. method using a Micrameri-
tics Surface Area Analyser (model-Digisorb 2500). Pore volume was meas-
ured by adsorption and condensation of nitrogen at liquid nitrogen temper-
ature using the same adsorption unit.

I.2 X-Ray Defraction

X-ray defraction, which indicates, the crystal structure and chemical
camposition of the material was used. The instrument used was a Phillips
X-Ray Defraction type PW 1050.

* The methods and procedures are fully described in Catalyst Characteri-
zation Handbook, 1984. KISR Publication No. 1464 (Edited by A. Stanislaus
and M. Absi-Halabi).
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J. APPLICATION OF MODEL PROPOSED IN CHAPTER 10
Adsorption of naphthalene from isooctane solution in a fixed bed of
NaX molecular sieves with a height of 66 cm at a temperature of 343 K.

Flowrate = 0.42 an3/min.

Equation 10.32 in the form,

w = 1-¢? INe‘N I, (2 /NO).aN
@]

could be used to estimate the change in concentration of the adsorbed cam-
ponent in the liquid phase with time at any plane by reference to the
graphical solutions, provided as plots of X/X, versus time, in Figs. 216
and 216a by Hougen and Watson (73).

Using the Nomenclature of Chapter 10,

<
]

‘-1-
I

o Pl TR
8 = Ka.m.Y
Ka.a.M
N = =—=--- 4
P
K = overall mass transfer coefficient (———’-139]—' ————— )
area x time

(]
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z = 66 an
0.42
x (1.6)% % 0.6 x 60

V = intersticial velocity

LS
4
= 0.0058 aw/s
= 0.35 an/min
zZ = 2 = 189 min
-G - 3
6 6 c:rn2
a = Iinterfacial area per unit = - 0,15 40 =3

volume of packing P S

M = 114 g/mol

p = 0.66 g/cm3

- R
¥ M

X = mole fraction of solute in liquid
n = moles adsorbate per unit volume of packing

X*¥* = m.n+ b
The requirement is therefore to evaluate K (or K'), m and b.

Evaluation of K (or K')
Assuming that external diffusion is rate controlling, kf for this
case may be estimated fram published correlations.

4. O VI
Now Rep e

where 4 = 0.35 cp = 0.35 x 102 9/am
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Particle diameter dp is between 0.1-0.2 =

Density of the mixture p

0.04 + 0.621

V = superficial velocity
- Ss42 = 3.48 x 10~ an/s
7 % (1.6)% x 60
=5
Henos ' Ba 0.15 x 0.66 X §é48 %x. 10
P 0.35 x 10
- 9.8 x 1072

So that operation is in the laminar flow regime.

i) Using the correlation
' sh = 3.45 pe”*®
For this purpose,

D = diffusivity of solute in the solvent.

- 7.ax108 [ ( Og X My " :4?YA)0.6

where My is molecular weight

g is surface tension for solvent = 1.0

Hy is viscosity in cP.

0.15 an

0.04 x 0.993 + 0.960 x 0.647

0.661 gn/an’
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D = 7.4 %108 [ (1.0 x 114)1/2 243 57E
0.35 x (147.6)°"
= 3.8%x10° an’/s
Superficial velocity V' = 3.48 x 107> aw's
d . V' -3
R S f 0.15 x 3.48 x_éo f
3.8 x 10
0.5
And Sh = 3.45 (13.7) - 12.8
S P L TR LR AT S
£ 0.15 :
Alternatively use may be made of,
ii)
ko + €
Yoo il OPC 7 BACENSRE AR
v P
so,
e o Ve o Py
- Re0+5 Sc273 £
Since € ~ 0.4
0.35 x 10”2
and sc = Eo oo o -z = 140
P25 0.66 X 3.8 x 10
0.81 3.48 x 1073
" [ 2.0 2/ 0.4
(9.8 x 107293 x (140)2/3

8.34 x 10°¢ aws.

Alternatively,
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iii) ]fffp * 1

T D 1x33:7
D T e XBI6E
Assuming
=5 -4
k, = 13:7X3.8x10° _ 9.6 x 10" _
T 3.6 € X 0.15 E
Finally
k ks 0.66
prodesf Ry f 5 [grol ]
M 144 2

but wide variations are apparent in the predictions of kg fram existing
correlations (i.e. by a factor of 10 or more).

Approximation of Equilibrium Data
Assume x* =m'n' provides an approximate description of the equilib-
rium data.

3 le

From Figure 3.6, x* ~ 5 x 10 ~ 0.8 x 10~ goe o

RNEE §x10
% 1

n 0.8 x 107
Bulk density of powdered adsorbent = 0.770 g/c:m3

m

Assuming the voidage, € = 0.4,

Catalyst density, p = '(i_ZGTZT

]
=
50
(o]

e

g
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m = mp adsorbent
' -3
m 5 X 10
Of M = ———ge——p—— =
padsorbent ~ T 073 ¢ 1.28
3
o 5 N
Calculation of N and 6§
@ = Kamy
For example
K = 3.24 x 1073 x 2:88 gzg;t_e
an s
2
a = 40 9115
an
3
. an___
m = 4.9 gTDIe
0 = 3.68x10°Y (sec) = 0.221 Y (min)

where the time-scale is from 0 --> 100 min
after breakthrough is detected.

=
]

M
kfaaﬁ.z =kfaa.z

ke = 3.2 x10° @

o
I
[
o
|
|
1



-247-

1~0.4
“ '5:&‘“) e
z 66
SENN 0.0058 S
N = 3.24x10° x40 x 1.5 2 (s)
= 0.194 Z (sec) = 11.7 Z (min)
Discussion

Because of the difficulties in predicting k and hence K, the use of
the graphical solution in reference (73) is not justified. Moreover
internal diffusion, and the fact that not all the entire superficial sur-
face will be available, are likely to be important. For example if

k alQ;Q _____
s Ia= &
b )
s  0.15 x 0.6 " £

for the case of naphthalene (which exhibited the best dynamic properties)
However, same relevant deductions can be made from the analysis.

Firstly, it can be shown that N is equivalent to the Number of Trans-
fer Units, i.e.

In the example chosen therefore the Mumber of Transfer Units was of the
order of 100 to 1000.

Secondly, the relationship between 'active' operating time of the bed
and the period for breakthrough can be examined.
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Y = 0 when t=§ = 189 min

N is large, as is the adsorptive capacity of the bed, so that a relatively
long time will elapse before the adsorbate concentration at the exist > 0.
The period of breakthrough will be comparatively short relative to the
'active' life of the bed. (In fact reference to Figure 9.3 shows that the
breakthrough period was of the order of 100 minutes).
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NOMENCLATURE



* G
8
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Adsorbate loading, ma/kg

Total surface area, rn2

Column cross-sectional area, nm?'

Dynamic capacity g of the adsorbate/100 g of the adsorbent

The maximum quantity of the adsorption capacity of aroma-

tic compounds covering 1.0 g of molecular sieves

Coefficient of mutual displacement, = the ratio
between molar volumes of aramatic campound and
the solvent (iso-octane)

Adsorbate concentration, g/c:rn3

Adsorbate concentration in moving phase g/cm3
Effective, or working, capacity of the molecular sieves
Original concentration of aromatics in the feed, g/c::m3
Specific total capacity of the packed bed

Adsorbate concentration at time t, g/t::m3

Percent of aromatic carbon

Percent of carbon in total aramatic and naphthenic
rings structures

Percent of naphthenic carbon

Percent of paraffinic carbon
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Diffusivity or diffusion constant, m?/s
Limiting diffusivity at zero sorbate concentration, m2/s

Knudson diffusion coefficient, m2/S

Surface diffusion coefficient, mz/s

Concentration gradient
Energy of adsorbate molecules in the pores
Activation Energy needed for a jump

Potential energy of adsorbate molecules at the
boundary of one pore

Potential energy of adsorbate molecules at the
boundary of an adjacent pore

Symmetricity factor

Separation coefficient, a function characterizing collec-
tive interactions occurring in the zeolite solution system

Adsorption value, mole/kg

Adsorption value at time t, mole/kg
Maximum adsorption value, mole/kg

Free energy change
Energy of adsorbate molecules in gas phase

Change in enthalpy



~252-

Total height of the packed bed, mm

Height of mass transfer zone (utilized zone), mm

Rate of transfer of molecules per unit area

Boltzman's constant

Factor depends on diffusion constant

Mass transfer coefficient aw/sec. in Chapter 10
Mass of zeolite used in the adsorption, g
Molecular weight, g/mole

Molecular weight, g/mole

2

Avogadro's number = 6.023 x 10 . molecules/mole

Number of unit cells/g of molecular sieves
0

0.45 x 102
Number of moles of solute in solution
Number of moles of solvent in solution

Heat of adsorption

Isosteric heat of adsorption, kJ/kg K
Quantity occluded at time zero

Quantity occluded at time t
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Total aramatic campounds occupied by the molecular

sieve, g

Quantity occluded at time infinity

Pore radius, mm

Radius of spherical particles, mm

Gas constant

Average number of aramatic rings per molecule
Average number of naphthenic rings per molecule
Average total number of rings per molecule

Percent sulphur
Change in entropy
Time of the effluent passing through the packed bed, hr

Absolute temperature
Feed flow rate, cm3/s
Rate of descent of exchange zone, an/s

Total pore volume, an’

Velocity of fluid through the interstices of the
bed in.aw/s.

Average volume occupied by molecular sieve

Total volume of effluent collected up to break-through

point, c:rn3
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Vip Total volume of effluent collected up to equilibrium
point, am’

Y. Volume of effluent, collected from mass transfer
zone, an’

W, Weight of the mixture passed through the adsorbent, g

W, Weight of the mixture leaving the adsorbent, g

XS Mole fraction in solution before adsorption

X, X Mole fraction in solution after adsorption

z Bed height, in Chapter 10

VA Time required to displace fluid hold up in

the column, in Chapter 10

s Distance moved in a single jump

% Summation symbol

P Density, g/c.‘m3

¢ Fraction of adsorbent surface covered by adsorbate, in
Chapter 7.

ef Time of formation of zone
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Time until the break-through point

Time to the equilibrium point

Time for the exchange zone to move from break-through
to equilibrium point

Adsorption efficiency

Average time a site is occupied by a molecule between

Jjumps or, a specific time period

Period of vibration

Molar volume

Porosity
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