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A batcoh slurry method of separating oll fractions has been
investigated and developed. It has been shown that by adsorbing most
of* the oil onto an adsorbent, and then desorbing it in stages; a frac-
tion rich in polynuclear aromatic compounds can be obtained.

The time taken to prepare this fraction was muech less than would have
been necessary by conventional chromatographic methods on an adsorption
columne

By chromatographic analysis of the samples produced,; it has been
demonstrated that an equilibrium ig established in each batch slurry
stage, between concentrations in the adsorbed phase and the liguid
phase for both polar and sabturate compounds. Isotherms showing the
relationship between the amount adsorbed and the amount in the bulk
liquid phase have been determined for both types of compounds.

These isotherms have been used to estimate the number of theoretical
stages required for complebe desorption of each type of molecule, and
also illustrate the separation taking place between saturate and

polar molecules at each stage of a batch slurry process.

Application off these isotherms to column chromatography is also discussed

A method of estimating the saburate conbent of an oil sample
based on refractive index has been investigated, and a correlation
depending on the type of separation used on the oil has been suggested.

An investigation into the separation of a test mixture by elution
chromatography in an adsorpbion columm has been carried out. It was
found that several of the variables which have been reported to affect

the separation considerably in frontal analysis did not gppear to

have a significant effect in elution analysis.




INTRODUCTTION

A systematic analysis of the light lubricating oil fraction of
petroleum has now been carried out for a number of years, and has deve-
loped along two main courses. In the U.S.A. a large programme sponsored
by the American Institute of Petroleum, known as Research Project 6,
has been concerned with the isolation and identification of individual
compounds 1in petroleum. It has been estimated that about three thousand
compodcls exist in detectable quantities, although many millions of
isomers are theoi”lcally possible. So far, about 5°0 compounds have been

identified.

In this country, the work has its origins in Lancashire cotton
industry, where mill-workers were liable to develop skin cancer due to
contact with o0il used on the machinery. This disease became known as
"mulespinners cancer”™, although it was also recognised in various forms
in the coal-tar and shale-oil industries.

Legislation was introduced to ensure the use of refined oils between
certain limits of density and viscosity, but this did not attack the
roots of the problem, and so, in 194$> work was started on lubricating
0il analysis with a view to identifying individual carcinogenic compounds.
This was sponsored by the Medical Research Council, in conjunction with

the Institute of Petroleum Research Group No.?Z2.

0Oil separations were carried out in the Department of Chemical
jSngineering at Birmingham University, and since 1356 at the University

of Manchester Institute of Science and Technology.



The methods used were (i) low pressure distbillation, (ii) liquid extraction,
(iii) liquid-solid adsorption chromatography. A more detalled account is
given elsewhere by the author (2 ). All three of these methods have been
used at Manchester, although the main emphasis has been on column

chromatographic separations.

Part I of this thesis describes some preliminary investigations
into column separations using a five-component test mixure. Part II is

concerned with widening the application of adsorption to include a

batch slurry process.
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CHAPTER 1 LITERATURE SURVEY ON

T U A AR R S B I DY I Sas R e e (T S

Tele Adsorption may be defined as the tendency of a solution to
inerease 1its concentration at a liquid-solid interface if by doing so the

surface tension at the interface-is reduced.

The phenomenon of adsorption has been lmown for many years, but the
first recorded experiments were the classic work of Tswett, a Russian
botanist, at the turn of the century. As he was working with naturally
occurring pigments he called the processchromatography. Nowadays much
of the work is performed on colourless compounds and the term"adsorption
analysis" is preferred by many workers.

Following Tswett's work, and that of Day (see Chapter 2), many applications
were found for solid-liquid chromatography in the field of dyestuffs,
petrolsum chemistry, vitemins, plant pigments, antibiotics etc.

Gas=s0lid adsorption has also been used, normally with charcoal, alunina
or silica ag adsorbents to purify gas streams, dry gases or extract
valuable components present in small quantities,

An example of this is the Hyperserption Process (1 ) in which natural
gaszis continuously passed up beds of charcoale Ethylene is adsorbed from
the gas stream reduecing its ethylene content from &% to 0.1%, and the
ethylene is recovered from the charcoal by desorption at over 92% purity.
Ion exchange chromatography, end paper chromatography have been developed
from these techniques to effect fine separations of very small quantities

of materials,.




In 1951, James, Martin and Synge developed what is now known as
gas-liquid chromatography (G.L.C). They were interested in separating
fatty acids and devised a method in which the sample was vaporised in
an inert gas stream, and the sample components were distributed
between a stationary liquid phase on an inert solid support, and the
inert gas stream. It was found that good separation was achieved
between the components and the mechanisms were very similar to adsorption
chromatography except that the "adsorbent" was a liquid phase. This
method has been developed at a phenomenal rate and is now a standapd
analytical tool for a whole range of compounds in chemistry, botany

and zoology.

Tele THE NATURE OF ADSORPTION

When a number of solutes are passed down a column, the relative
positions taken by each solute depend on their free energy of adsorption,
while theix rate of travel down the column depends on their rate of
desorption.

In practice, almost all organic compounds, except saturated aliphatic
hydrocarbons, are betained on alumina, and as alumina has been used in

this work, most of the discussion will refer to alumina.

It is well known that interfaces between wabter and non-conducting
solids have a charge arising from an electrokinetic potential. This
may be due to various causes, such as ionization of groups in the solid
surface, orientation of the solvent molecules at the interface, or
unsatisfied charges in the solid surface causes by previous mechanical
treatment,
D.J. O'Connor et al (5 ) have shown that the latter can occur through
grinding, or even simple handling and abrasion. This will leave mt

ions and On"ffions, and the surface will be in an activated state.




Tthen water is adsorbed, it is ionised, and three reactions will take

place: B bt
0H A1 - AL(0H) 3
H + 07 = o0H

A7 4 oH ~ AL0.0H (an incomplete reaction)

: : . 0
Commercial alumine is prepared by low bemperature (below 700 C)
dehydration of alumina trihydrate and is a mixture of Y alumina, some

A1205@H20 and some Nazce-a

The electrokinetic potential depends on the pretreatment. Ignition
belOW"ADOOC produces little loss of surface molsture and has little
effect. As the temperature is raised, partial dehydration occurs,
giving a surface of ALQ.CH o:c‘XAlEO3 which is the sective form of
alumina, Ignition higher than 95000 produces A1203’ and then the unreac-

tivedAlPQE, and a surface layer of AlO.OH and a negative charge.

An examination of the relative retention of various types of
molecules can give clues to the type of bonding iuvolved. Strong
adsorption is favoured by high polarity and an increase in the number
of polar substituents or esromatic nuclei.

Recent work by Cumming et al ((, ) has shown that hydrogen bonding
is an important factor, and that all compounds with an H atom capable
of bonding are strongly adsorbed by A1203° They were able to conclude
that the whole externsal solid surface was covered by a monolayer, by
congideration of the following facts for the adsorption of phenols,
amines and aldehydes:

a) Adsorption is very rapid, i.¢. a few minutes; so that no
penetration of the pores is ococurring;

b) The shape of the isotherm is consistent with the formation of

a monolayer with the molecules orienteted end-on;




¢) Calculation of the amount adsorbed and molecular dimensions

agrees with the values of the specific scface of the powder,

Hydrogen acceptor compounds, such as nitrobenzene, are less strongly
adsorbed then hydrogen donors, probably due to the limited number of

free 0H dons on the solid surface.

Recent work by Klemm et al (77 ) and by Giles and McKay (% ) has
hesn concernad with eromatic hydrocarbons. Adsorbability is favoured by
an increase in the number of double honds, an increase in coplanarity,
and a "symmetry number", based on the possible number of places where a

molecule can attack itself to the solid.

0!'Commoxr et al (5 ) have studied adsorption on alumina of grades
I and IX. Grade T is prepared by heating alumina to red heat, and
cooling in a vacuum dessicabor. Grade II is made by exposing Grade I to
a demp atmosphere with stirring. They showed that although Grade I had
a higher affinity for water; Grade II had a greater affinity for
aromagtic hydrocarbons, suggesting they were adsorbed on different sites.
Further tests on silica and cellulose showed very litile adsorptvion of
aromatic hydrocarbons compared with alumine, and they came to the conclu-
sion that the hydrocarbon forms an ionic complex with the alumina atoms

which have a slight positive charge.

e

Little

o]

known about desorption, but work by Giles () on the
adsorption and desorption of p.nitrophenol from water suggests that

. o, .
adsorption and desgption isotherms are not the same.

Thus, the advantage of alumina as an adsorbent are the presence at
its surface of O atoms,OH“ , a1 jons, and possibly Na® ions gepending
on its pretrveatment., It is suggested that most types of compounds ave
adsorbed on the outer surface only due to consideration of the short

time to reach equilibriume.




G-iles estimated the amount of coverage of alumina by aromatic hydro-

camons to be about 0,1>v, and in small isolated clusters, end-on oriented.

and bound to the Al

A new approach to adsorption isotherms has been introduced by
Kipling and Tester (” ), and Kipling and Peakall (i0)*(l| )*
These workers have considered individual isotherms for adsorption from
a binary mixture instead of a llcomposite,f one. Their work is based on
the theory that in physical adsorption the adsorbed layer is one
molecule thick on the solid surface. They have also shown that chemisorp-
tion takes place to a much greater degree than has ever been thought.
The process creates new surfaces on which physical adsorption can follow:
e.g* the lower aliphatic alcohols may be chemisorbed on alumina to give

OiSt and OH groups. These preferentially adsorb other hydroxyl groups,

Kor example, consider the system ethyl alcohol-bsnzene, adsorbed

SA £LOH d charcoal.

& t'CVtK

[ <l Mne w Jre- ~
N (b ke Oo. Co-"CO <



They concluded that on alumina the alcohol molecules are held by hydrogen
bonds to the surface OH groups, these bonds being much stronger than
the van der Waals bonds holding the benzene moleculms; and so benzene
can only occupy a smell fraction of the surface. In the case of charcoal,
it interacts strongly with the benzene molecules; while the alcohol

OH group is likely to be directed away from the solid surface towards
ether alcohol molecules in the ligquid phase.

In the case of the benzene~cyclobhexane system, benzene was found to be
always preferentially adsorbed, and the size and orientation of the
molecules was nearly the same., Thus the relative adsorption depends only
on the difference in interaction between the strong T bonding with the
aromatic molecule, and the weak interaction with the saturated cyclic

molecule,

An investigation into the nature of adsorption on alumina is given
by Giles (3 ). For nonpolar, non-ionic compounds such as hydrocarbonsg
the extent of the surface coveriage is only about 0.1%. The molecules
are adsorbed on the Alg+ sites in small isolated clusters of molecules,
orientated end~-on to the surface. The bond is probably a T electron
complex with surface aluminiuvm atoms. This suggests that much of the
theory derived later for the plotting of adsorption isotherms may be
without a valid foundation, and more work needs to be done on the

process of adsorption for a weakly adsorbed hydrocarbon.




Tods ADSORPTION EQUILIBRIA

- There are two main types of adsorption: physical adsorpiion
and chemisorption,

Physical adsorption occurs when the bond formed between the liquid
or gas and the solid surface is due to dipole interaction and electro~
static forces.

Chemisorption refers to the formation of a chemical bond between
adsorbent and adsorbate., It is characterised by a heat of veaction as
much as ten times higher than that of physical adsorption, and differs
from an ordinary chemical reaction in that the reacting atoms of the
solid surface retain thelr identity in the solid structure. Chemisorption
is normally irreversible, or only reversible under special conditions.

Physical adsorption is a reveﬁsible'prooess in which no changes in
structure take place, and is the type observed in chromatography.

It is considered further in the rest of this surveyo

T edio ADSORPTTION CHROMATOGRAPHY

Adsorption chromatography is usually carried out in a column
containing a fixed bed of adsorbent, and the solution may flow upwards
of downwards over this bed, so that maximum contact of solid and liguid
is obtained. Various separation techniques have been developed and these
are degscribed below. Batch processes, although included under the

seneral heading of adsorption analysis, are treated in Part TI.

L e )

'The packed column is wetted with the first solvent to be used in

the elution process, This can be either by introducing it in the feed,




or by webt-packing the column in the form of a slurry. The sample, dis-
solved in the same solvent, is then introduced to the colum, and after
it has all been charged, more of the solvent is added. This solvent 1is
called the eluting agent, or eluent., For a mUlticomponent solute, the
eluent will normally be morve strongly adsorbed than only a part of this
solute, and the remsinder of the soluite can be eluted with a more strongly
adsorbed eluent, Under the influence of the eluent, the substances in
the sample will travel down the colum at velocities corresponding 4o
thelr adsorption characteristics., Substances which are very wealkly ad-
sorbed will trevel the faster, end if bthe column is long enough; and the
vespective isotherms ave conewwe (see later), then each compound, or
group of eompounds, will sepavate into zones with ideally pure solvent
in between, |
The sketeh (Fig.1.2) shows the separation of four compounds by

elution. Pure solvent emerges first, probably the prewetbing volume,
followed by pure A and pure B. These show complete separation, with the
Jeading edge of the curve vertical, showing a sharp front, and tailing
slightly at the rear, showing incompiet@ zone Tormation. Complete zone
formation would be shown by a symmetrical Gaussian type curve,

C end D have not been completely separated and the leading edge of D

will in fact be a C-D mixture,

FIG 1.2

So]ut&
Conc”

Pure SolvenT

Volume of Effluent




In practiees, most of the substances could be eluted with a single
solvent, due to the following of an adsorption isotherm, but for very
strongly adsorbed compounds, an infinite column of eluent would be
reguired, and so, it is more éonvenient to use a series of stronger
eluents, Bxamples of this have been given by the author for lubricating
0il separations (2 ).

The sepavation showmn in Fig.l1.2. is for g mixture of compounds
having concave isotherms with the eluent. Tor varying shapes of isotherm,

the elution curves will be as shown in Fig¢105e

Fieg +. D3
, ADSORETION 150 T ERMS /
Cq . | Yy
7 ; , i
- _ CoNCAVE
STRAVGWT c oNVERF
i )
L L:f/,/////
CL

ELuTion CRRVES
|
|
|

N

This demonstrates the dispersive effect of couvex isotherms, as

discussed later in section 1.5.




‘"he operation is the same as in elution analysis, but the eluent
is a mixture of solvents, usually a binary mixture in which the proportion
of the stronger eluent increases uniformly. The advantage of this method
is that blurring of the zones is reduegd,:as the tailing part of the zone
is under the influence of a higher eluyting puwer than the front of the
zone. This effect however, also works between the zones, so that the
gones will tend to be closer together,
The rate of increase of elution power will depend on the relative
adsorbabilities of the substances in the sample.
Narrowexr and higher peaks can be obtained, and thig method reduces the
Possibility of one substance appearing in two peaks as can happen using

a series of solvents in a step-wise process,.

[ R N e

This method requires a large volume of the sampls, as the sample
is passed continuously down the column, usually prewetted with a solvent,
until the sample emerges with the same composition as the feed and the
column is saturated., During passage down the column, each substance
will travel with a different velocity, and so will separate according

to adsorption affinity.

FIG | L
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An experiment such as shown in Fige. 1.4. cannot give a quantitative
analysis of the sample, but will give an idea as to the number of com-

ponents present, which in many cases is all that is required.

(iv) Displacement Analysis

In this method, the column is prewetted with a weakly adsorbed
solvent, and the sample is then charged usually in a solution of this
same solvent. A solvent is now charged to the column which is more
strongly adsorbed than any component of the sample. The components will
separate among themselves, and the most weakly adsorbed ®ill appear

first in the effluent.
F1G 1.5
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The resulting effluent curve will be as shown in Fig. 1.5., and
in this case, if equilibrium has been reached,; there should be sharp
divisions between A,B and C. It should be noted bhat once the equilibyxium
has been reached, an increase in colum length will not lead to any

improvement in the separation.

This method can give good separations, but the difficulty is in
separating the zones of pure substances. This can be overcome by
CARRIER DISPLACEMENT ANALYSIS, in which a substance which is adsorbed
intermediately between the substances to be separated. For a simple

mixture, it should be possible to place a carrier between each component.
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If the carriers (A,B:C etC..s) are easily separated, from the

components of the sample, then. good separation can be obtained (3 ).

P R YT R

Here the adsorbent is bound by an adhesive onto a glass plate.
The sample is introduced as a spot on the adsorbeht (alumina and
silica are frequently used), and the plate is then held vertically in a
vessel containing the eluent. The eluent travels up the plate, and the
spot is eluted to form bands of its components. These can be identilied

by spot tests; or fluorescent methods.




1e5. ADSORPTTION IHOTHERMS

An adsorption isotherm is a representation of the equilibrium
relationship between the amount of solute in the stationary phase, and
the amount of solute in the mobile phase at a constant temperature.

It can be compared with vapour-liguid equilibrium diagrams used in dis-
tillation.

The isotherm of a system can most easily be determined by contacting a
binary mixture of known concentration with a known weight of adsorbent,

The three main types of isotherm are shovn belowe (Fige 1.7)

S i‘r'a‘?('h. t

M= Masgq o& solute ac".g‘,oc’(s@& ;
fe” mass oo adsorbent
€ =z <onc® _oé solute :
V. l\lwﬂl ek‘\&Q

ConCav L

Although the isotherm depicts the eguilibrium relationship between
an adsorbent and adsorbate, it may also be used for design purposes.
For example its position relative to the positions of other isotherms
shows in what order a group of components will appear in the column
effluent, and the tendency of the adsorption zone to sharpen or to
diffuse.




The rate of travel down the column is shown by the slope of the iso-
therm. Consider a group of compounds 4,B,C,D, all with convex isotherms
when individually brought to equilibrium with the same adsorbent and

solvent.

FiG. \. 8

If this group of compounds were to be separated on a column, then
A, being the least adsorbed, would appear at the bottom of the column

first. This family of curves is only true for one shdvent-solute-adsorbent

system, and by varying the system, the curves may be more or less separated,

and their positions may be interchanged, leading to better separations.

The same principles apply also to concave, and straight isotherms.
The sharpness of the zZone varies according to the type of isotherm,
and ‘to the technique used.

The simplest case is the straight isotherm, where the proportion of
solute in the adsorbed phase does not vary with concentration. These
conditions only occuf in adsorption chromatography at low concentrations
of the order of 41:1000 solute:adsorbent ratios. They are observed more
frequently, however, in partition, and ion-exchange chromatography.

Once the zone has formed, it will travel at constant rate, giving a zone
of constant height ,



The convex isotherm, the type most commun in hydrocarbon systems,
leads to a sharpening, or a concentration of the adsorption zone in
frontal analysis. Reference to IFige 1.7. shows that a larger proportion
of the solute will gtay in solution at C, than C, (assume 02=201).

It follows that the substance will travel more rapidly through the column
at higher concentrations. In elution snalysis, the higher solute concen-
tration is at the leading edge of the zone, and therefore the zone will

tend to become more diffuse, giving vise to a "tailing" effect.

The concave isotherm, by the same reasoning as above, will lead to
diffusion and spreading of the zone in frontal analysis. In elution
analysis, the regions of lower solute concentration will move fasbter, and

therefore the adsorption zone will become sharpers.

1.6. MATHEMATTCAL EXPRESSION OF ADSORPTION ISOTHERMS

An adsorption isotherm is a relationship between the average concenw~
tration in the adsorbed phase, on the solid suiface y$ or ¢ , and the
equilibrium concentration in the bulk liguid phase x* or c®. These
concentrations are usually expressed in vol,mol. or wt%, in terms of the
preferentially adsorbed component. In this work, it is asswned that
adsorption and desorption take place on a molecudar basis, with one
molecule being displaced by another molecule, but since it is almost true
to say that equal volumes are displaced, volumef) will be used here for

the sake of convénience.

The earliest expressions were the Langmuir isotherm

k1k2x$

x.
y“;.\‘ R —

1 "i' k: 2}{*
and the Freundlich isotherm

V& = k(xﬁ)n (where k?’kZ and n are constants).




Some adsorption isotherms may be expressed by these equations,
usually at low concentrations, as their derivations are based on the
assumption that no solvent is present in the adsorbed phase, and therefore
in this case y% is equal to wt. solute adsorbed/ unit wt. adsorbent,
which is usually written as "a',

The Freundlich isotherm is a simple empirical relationship based on
experimental observation.

The Langmuir isotherm is derived from theoretical considerations and
has been developed by other workers to satisfy more realistic
conditions (/4-).

Koble and Kerrigan made assumptions on polymerisation and

dissociation, and produced the equatvion:

Brunauer, Emmett and Teller assumed that adsorpiion was multilayer

and expressed ¢g in the form

G = mmmmgmmmmm T
A
(1- 4%) 1+(Bz—1)~g

For multisolute monolayer adsorption, the Lengmuir isotherm

becomes

k* ¥ ¢
GS . :‘é_;amé-mé-u

n

T+ i:ﬁki ei




) is oond of A (peaec.) in fluid phase.
¢ is cond of A (p.a.c.) in solid phase.
B1,Bz,k,n,i,k',ki are empirical constants

. n - . . .
¢;1s cone of component i in fluid phase, where 1 varies from A to n.

The diffioculty with many of these expressions is that the many
constants are difficult to determine for a particular system, although

in a logarithmic form some constants can be obtained graphically.

A convienient method of expressing the isotherm may be developed
for a binary mixbture, where A is the pe.a.c., according to three sets of
conditions.

(i) Only A is adsorbed, and only A enters the pores.

wt.adsorbent m

pore volume = Vp

volume of solution initially = V, of concentration X,

At equilibrium, concentrations are y® or a in adsorbed phase,
x% in liquid phase.

initial volume of A = Vxg

final volume of A in solution (V-a)x*, as a volume "a" has been

i

adsorbed,

Joa = Vi ~(V-a)x® = Vx, - VxS + ax®

a(1-x%) = V(x,-x¥)

el = Y Ef?jffz mla/gm adsorbente.
(1-x%)

It is possible that a = Vp in this case.




(ii) Both components are adsorbed, but only adsorbed molecules exist
in the pores.

initial concentration of A = VX,

final concentration of A in liquid phase = x¥(V-Vp)

concentration of A in adsorbed phase = y¥Vp

Sy = Vx - x¥(V-Vp)

' Vxo x™W  x®Vp
&6’. - v o e ofe e e e’
TTEW T W Vp

y%‘* = %}; (xo-—xt‘:) 4 X

and a = y®.Vp
el = V’(Xo-xﬁ*) + xVp mils/ gMe

(iii) Both components adsorbed; and the pores contain the adsorbed
phase and also some of the bulk liquid phase.
initiel volume of A = Vx

volume of A in pores in bulk phase = x¢( Vp-Va)

volume of A in bulk liquid phase =  x¥(V-Vp) where Va =
volume of A in adsorbed phase = yi¥Va vol. adsorbed
.:‘fxo = x¥(Vp-Va) + x*(V-Vp) + y¥Va

SoVx, = x¥(V=Va) + y¥Wa

]

v (x -;c*) Lk
.aCy& = - -——S-—--._ g mlS/gln

m( Va) m

This contains two unknowag y= and Va, there being no way of deter-

mining Va independently.
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As an approximation, an expression can be derived as follows:

amount edsorbed of A = Vx_ - x%(V-Vp)

. v x3Vp mls/
sl = Ei (XO ) + .-IE_- gmoe
V (xp=xd x®
W = e —-:-Quutuno bt
and y m Vp m

These two expressions would be the same if Va=Vp, and as the
difference could be very small, the latter expression may be used
in.scme circumstances.

Large errors will occur if the pores are large; and Vp is many times
greater than Va. Thus dividing by Vp instead of Va will lead to

y¥ being too low,

Tolo THIORRTICAL ADSORPTION STUDIES

Meny theoretical treatments of adsorption can be found in the
literature, some derived from experimental results, and some derived from
analogies to other unit operations such as liguidw-solid=- or ligquid-liquid

extraction, and distillation.

Adsorption Efficiency.

The method proposed by Fink et al (1) was to define the most
efficient separation as that in which an adsorbed compound, such as a
liquid hydrocarbon, was recovered in excess of 9 7% purity when displaced
with methanol., The efficiency was calculated as a percentage of the
theoretical volume. They found that separation efficiency iscproportional
to tube length divided by diameter squared, and inversely proportional to

particle size.
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This epproach has been Purthered by Chambers (13) on dowm flow
work, who studied the separation of benzene and iso-octane by frontal
analysis (see Chromatography Techniques). The variables studied were
tube length ahd diameter, flluid compesition and velocity.

The separation efficiency was determined in terms of the "height of
adsorption zone, hz", this being the length of column in which the
liquid concentration changed from x¥ = O to x% = X e

The main conclusions weres

(1) h, inereases with bed length,

(ii) An optimum flow rate was found for all diameters and lengths,
and for hoth alumina and silica. For tubes between 1.0 and 2,5 cms, dia.
the relationship found for silica gel was hz = ‘ldDgU“z » Where
U’z = velocity of the adsorption zone,.

Tige 1.9, shows the minimum hz values for wvarious columms, giving

optimum adsorption conditions.

(iii) For diamebers greater than 2.3cms., it was concluded that
chennelling led to divergence from bthe above equation, but for alumina,

hz was proportionah to U‘Z for a 3.8cms.dia. columm,

(iv) For the system studied, solid phase diffusion was the

controlling mechenisn.

Ibbotson (14) followed this work by a study of up-flow conditions,
and also a variation of the liquid system, to investigate the effect
off density difference. ‘

He reached the same coneclusions as Chambers about the controlling

mechanism, but for up~flow, he found no optimum velocity., Fig. 1.10.
shows typical results for 2.6 cms. dia, columns on alumina., However,
optimum diameters of {.homs, for silica and 1.0 cm. for alumina were

found,




He also found that if the density of the p.a.c. is greater than that

of the displaced liguid, then up-flow gives greater efficiency. In a
comparison of up and down-flow, the latter was more efficient for small
diameters (below 1.4), while up-flow was more efficient for diameters
of 1¢4 to 2.6 cms.

The concept of an adsorption zone, and its use in column efficiencies,
was developed by Michaels A.5. (15) for ion-exchange work, and lategr
by Moison and O'Hern (l@). They, however, used this concept in calculating
heights of theoretical transfer units (H.l.U.) and related this to
Reynolds Number; bed depth and particle size.
Its use in adsorption theary was recognised by Schmelzer, Molstad and
Hagerty (19). They made an extensive study of the system toluene-
n.heptane-silica gel, and by using the H.T.U. concept were able to
accurately predict the shape of the breakthrough curve in columnar

separations.

Meny empirical equations have been derived for prediction of the
separation by an adsorption column. A review of these is given by
Badhwar (17). He also gives a review of analytical techniques, using

partial differential equations. He showed that:

vhere K & = overall solld phase mass transfer coefliclent;
He also suggested that an empirical relationship derived by dimensional

analysis of the form given below was possible.

X . adp d
_ﬁ____ = 1 g1 e -.ﬁ.., -C ]3_1 £ . ‘_EE
v, Aety) LDs o lg ) Ug)

b




ALy

The left-hand side is similar to the Stanton Number, and the vight-
hand side includes the zone Reynoldg Number, Ds is diffusivity, and
the other terms have their usual meaning. He modified an equation
given by Lapidus and Amundson (18) to include a @iffusivity term,
giving

e . s —— eap

PG _ude _3lugd) _dc | 1-E x9Cs
ox> d¥Ix D¢ 3t FS Qt

and developed a method of determining %&; 0
A simplified form of this equation was solved, assuming that Ug., the
settling velocity due to density difference, and the longitudinal
diffusivily, D, were O, He was thus able to predict the effluent
curve for columns up to 10 cms in length, but suggested a different
method of solution to predict the performance of larger columns, as
the computer was not large enough to store all the necessary instructions

and data.
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CHAPTER 2, 0IL SEPARATIONS BY
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2070 CHROMATOGRAPHY OF PRIROLEUM FRACTTONS

Some of the earliest work on the fractionation of petroleum
was carried out by Day (R0). He realised that oil samples from |
different parts of the Pennsylvania oil field were of different
composition, renging in colour from black and gréen to red and even
to white. He was able to demonstrate that these oils all came from
' the same source, and had been separateéd by a"fractional diffusion!
proceés through the porous limestone. By percolating oil through beds
of fullers eaxrth, he obtained many fractionations according to

hydrocarbon type.

The first serious attempt to isolate and identify hydrocarhon
types &nd individual components was begun in 1927 by the American
Petroleum Institute under Research Project 6 (R1). A detailed study
of chromatography, starting with the adsorption.of synthetic mixtures
on silica, led to the separation of petroleum fractions in 63'x13" dia.
colums, It was shown that it was possible to determine accurately
the aromatic content of a given sample. In a quantitatively contrelled
experiment using a synthetic mixture resembling a gas-oil fraction,
elution with pentane, butane ew propane, separated the sample into
aromatic and non-aromatic fractions to within 1% of the expected

composition.
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A gas-oil fraction was separated into samples identified as
neparaffins, monocycloparaffins, alkyl benzenes, mixed aromatbics and
cycloparafiins, and polynuclear aromatics.

A lube-o0il fraction was separated on silica by elution with
iso-octane, benzene, and 2 propanol in sequence, On refractionation of
the aromatic fracﬁibns, a good separation was achieved into mono, and
dinuclear aromatics, elubed with iso=-octane, and tri.nuclear; eluated
with benzene, It was found that alumina was better than silica for

the separation of aromatic types.

The solvents shown in table 2.1, have been used in the chromato-
graphy of petroleum fractions. In most cases, the last solvent, usually
an alcohol or other highly polar compound, has been used as a desorber
to remove all remaining adsorbate from the colunn. The first solvent
is one very weakly adsorbed, and in fact some of those used are among

the most weakly adsorbed known,

Irish and Karbum (22) eluted a lube-oil with differvent primary
solvents, and found the order of increasing elution ability to be:
n.hexane
cyclopentane
50% n.hexane/2.3 dimethylbutane
iso~hexenes
2,3 dimethylbubane = cyclohexene = n.heptane. _

Only 2.3 dimethylbutane and n.heptane were sufficiently weak to
separate the oil eluted by n.hexane, but using a lower column load,

even n.hexane would separate the fraction into peaks.




TABLE 2.1, SOLVENGS USED IN ALUTION CHROMATOGRAPHY .
Ref. Primary Becondary Tertiary
23 nepentane methanol
23 3 cyclohexanol
23 i iso propanol
230 " 3 methyl-
1 butanol
2.  iso pentane benzene
25¢  neheptane acetone
26, t henzene
27. decane lesoctanol
28, " cyclohexanol
28.  iso pentane diethyl ether
28,  10-60° pete U
ether
29,  di.isopropyl
~ benzene
30, pentane
%0s butane
30, propane
31.  c¢yclohexane
29. n.pentane benzehe 133 ethanol-
benzene
32, pentane CeClh_ chloroform
33 " " ether
330 " " acetone
34, dso-octane bengene meflianol
3ke  imo=octenes # 2 propanol
35, no.heptane # pyridine
22, n.hexane " ehrtoreform-
acetone
28, nepentane " chloroform—
acetone
36, n L.pentene henzene
28, iso pentane ether

CoCl4

gther

chloro%
ace

acetone

AT

QJ I -
ong

bhenzene
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A systemetic analysis of oil samples into five homogeneous fractions
has been described by Snyder (37). Using an il to adsorbent ratio.-

of 1/100 on aluinina, the oil sample was eluted with pentane, a pentane-
benzene mixture and a benzene-methanol mixture in succession.

A U~V spectrometer was used to detéet the separate zones, and fractions
containing saturated hydrocarbons, mono-aromatics, diaryomatics and
saturated monosulphides, polyromatics and polyfunctional sulphides,

and owygen and nitrogen compounds were obteined. The average contami-
nation by overlapping of fractions was 3%. By analysing these fractions
on a low voltage mass spectrometer, over {1500 compounds have been
identified,

Snyder has also described a method of separation at much lower

concentrations which give linear adsorption isotherms 658)5

Details of lamrge scale oil separations are given by Bornemann,
Minke and Heinze (39). They separated 2kg, of oil on siliecaggel in
a ém, x q0cm, dia. column by elution with iso-octane, benzene and
methanol. Further fractionation on silica gel was carried out on
each fraction, and details of meny physical properties, bogether
with the results of chemical anslyses are given. A review of methods
of ring analysis is also given, and two designs for continuous solvent

stripping of the filtrate are described.
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2420 WORK BY THE MEDICAL RESEARCH COUNCIL "CARCINOGENIC ACTION
OF MINERAT OILS COMMITTERE",

Adsoxption chromatography was first used in this project by
Carruthers at Glasgow, and later at Exeter Universities. He separated,
on alumina, a picric acid extract from an acetone extracted Kuwait oil,
uging petroleum ether, benszene, and methanol as solvents.

By further chromatography and cr%sﬁallisation of molecular complexes,
2 considerable number of compounds were isolated (0)» They were
identified by elemental analysis u-v. spectra, the formation of

derivatives and comparison with authentic compounds (w1 ).

S0 far 45 compounds have been isolated from the crude lubricating
0ile, The carcinogens identified were all polyeyelic aromatic hydiro-—
carbons derived from 1.2 benzenthracene, which were not recognised
previously as being constituents of uncracked mineral oils. No new
carcinogen has yet been identified, though it is suspected that there
are unknown carcinogens in the oil.

One difficulty in chemical investigation has been the high sulphur
content of the Kuwait 0il. The acetone extracts used by Carruthers,

which were similar to the oils used in this thesis, contained 5-&f%
sulphur, and it was estimated, assuming one atom of sulphur per molecule,
that 35-40% of the molecules contained sulphur,

Adsorption was first used in the Department of Chemical Engineering
by Ray (L2). He was working on a Kuweit furfural extracted oil fraction
knovm as K¥7.g (boiling range 380-390°C), which had been obtained at
Birmingham University by distillation. Details of this operation are

given by King (+3).




30

Ray compared the elution of KX5 (boiling range 370%375) on silica and
alimina, and found silica to give the better separation. However,
several changes were noted in the silica runs, when the samples were
tested biologically, as the samples had reduced activity, suggesting
oxidation or polymerisation had occurred. Alumina was thought to have
a slight effect, though not as much as silica. By refractionation of
some oil samples produced by elution, he was able to obtain good

separation of aromatics end non-aromatics.

A comparison of the elution powers of primary solvents has been
carried out by the author (R ), using petroleum ether, hgpentane,
n.hexane, cytlohexane, carbon tetrachloride and trichloroethylene as
primary solvents, in turn, followed by benzene and methanol.

It was found that only petroleum ether 40«600 was a better eluent than
iso~octane, This justified the rather arbitrary choice of iso-octane for
elution chromatography in the work of Ray, Parr (+u4) and Ibbotson (4.5).
Separations were also carried out using a series of solvents: petroleum
ether 40—6009 n.pentane, iso-octane, n.hexane,; cyclohexane, caxrhon
tetrachloride, benzene and methanol., Some of these sodvents had very
similar adsorption characteristics, and much mixing was observed,

giving rise to a type of gradient elution effect. Without more sophis-
ticated means of analysis, it was not possible to say whether the
resulting oil separation was significantly better than when using

only one primary solvent. It was suggested that at least one solvent
between iso-octane and benzene would give better separation of polynuclear
aromatic materials. Reduction in the oil/adsorbent ratio from 1/12 to
1/24 end 1/100 showed better separation of molecular types, especially

of straight-chain paraffins from other non-aromaticse.
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2350 © BFFICTENCY STUDIES

Efficiency studies carried out by Chambers (13 ), (a6), (u7) and
Tbbotson {i4), a3 well as furthering our knowledge of the process of
adsorption, have been with & view to obtaining improved Os1 separations
on the large scale columns constructed by Parr (4u.) and Ibbotson (48),.
Factors considered were: 1) L/D2 ratio,

2) direction of feed,

3} rate of fluid flow.
Variations of these three factors have been bried, and oil separations
have been Jjudged to be improved, but as improvment in oil separation is
very difficult to judge, the true value of these results is not knowne
They showed that by variations in the flow rate of 1,2 and 4 4/hr.,
the 2ft/hr, run showed the highest benzene peak, and better separation
of the iso-~octane peaks, suggesting more efficient adsorption on the

alumina.,

This work is, however, not sufficient to give a good design basis
for a column for oil separation. Ibbotson obtained an increase in h 5°
the height of the adsorption zone, for 2cm to Som for a 5' x 2u dla
column, suggesting more than EQQm decrease in efficiency for an increase
in flow rate of {em/min. to jem/min,. The difficulties in relating this
work are:

1) A different separation technique has been used.

~ While oil is separated by &lution, all efficiency studies have
been carried oubt using a frontal analysis technique, and the shape of
the effluent curve has been investigated. This technique is not suitable
for the separation of a complex oil, as individual groups of compounds
carmot be detected. For a very simple oil extracijcns carrier frontal

analysis may be of interest.




2) The system used, iso—octana/benzene is not close enough to the
characteriatics of lubricating oil. samples.

Bagle and Scott (LA) suggeét that for a kerosene distillate; one
can treat the sample as a binary mixture of aromatics and non-sromatics
similar to the toluene/iso-octane system for adsorption on silice gel.
Howevey, the conclusion of many other research workers is that at present
different solid-liquid systems cennot be compared. It is suvggested that
fubture work might be concentrated on studies similar to Chambers and
Ibbotson, but using an elution technique on a synthetic test mixbure
of' pure known components, similar in properties to the oil fraction

under investigation.
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3ela INTRODUCTION

One of the aims of the work in this thesis was to investigate
a stagewise slurry process for the separation of a lubricating oil,
and to compare the separation with that obtained by the use of a column.
It was realised that to make an accurate comparison, a lubricating oil
was not a good experimental material, due to difficulties in analysis
and comparison of fractions. It was therefowe deéided to use a test
mixbure of pure hydrocarbons. A series of column separations were
carried out using this test mixture, not only to provide a means of
relating the efficiency of a batch slurry process to column efficiency,
but also to obtain some idea of the relationship between the effect of

column variables using elution and frontal analysis methods.

Much work has been carried out over the past years in this
department into the efficiency of the adsorption process using either
silica gel or alumina. The variables studied have included:

direction of flow,

column diameter,

nature of adsorbent,

particle sisze,

wet or dry packinge.
In all cases, the technique used has been frontal analyéis with a
binary mixture, usually benzene-iso-octane. The only previous approaches
to the problem of relating frontal analysis to elution analysis studies
have been by Smit (33 ) and Ibbotson (iL).
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8mit carried out separations of a lubricating oil on columns of different
diameter by elution, end found wery little change in the refractive index
of the oil fractions (Fige'3,1.). He concluded that the efficiency was
independent of colwm diameter, providing that the oil/ adsorbent ratio
was constant. _
Ibbotson compared separations of KK7_8 (boiling renge 380m39006) on alumina
to investigate the effect of diameter; direction of flow and {low rate
(Mf), (u5), (1) » Fige 3020 shows the results of three separations on
alumina, the figures being for eluent-free o0il fractions. Fraction 1 consisted
only of non-aromatic material, and fractions 1-4 were eluted with iso-octane,
fraction 5 with benzene and frection 6 with methanol.

Ibbotson concluded that the 10' x g" colum showed greater efficiency, due
to the fact that morve oil waw retained on the column, after iso~octane
treatment, to be eluted with benzene, However, the 40" x 13" column gave
a much betiter separation of polynuclear aromatics with benzene. The guestion
of column efficiencies Wili be mentioned in chapter 4. The difference

between upflow and downflow runs may or may not have been significant.

3.2 SELECTION OF TEAT MIXTURE AND ADSORBENT

The major difficulty with oil separations is the accurate analysis
of the column effluent. One way of overcoming this is to use a synthetic
test mixture composed of a small number of simple components in similar
proportions of molecular type as the original oil. The synthetic should
be amenable to some simple form of anelysis.
When this stage of work was first considered, it was hoped to obtain extended
use of en'T and M 725‘gas chromatographic instrument for anslysie, and

a test mixture was chosen for initial experiments.
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However, as only a very limited use of the instrument was possible; the
results have been analysed mainly by refractive index. If it had been
realised that this method of analysis would have to be used, a more
suitable test mixture could have been selected. If the method proved
ugseful, then it would be possible, at some future date, to simulate an

01l by using high molecular weight pure components.

The components chosen were: n.hexane, methyleyclohexane, benzene,
toluene and xylene., Data on these solvents, as well as on the adsorbents,
are given in Appendix 1. The adsorbent used in 21l this work was alumina
100-200 mesh.

The sdfve analysés show a higher proportion of fine material than in
that used by Ibbotson. This is probably due to handling, sintering due
to heat of adsorption released, and perhaps most important, sintering
on regeneration at !4,5000° Adsorption isotherm tests show that the
adsorption capacity of the slumina has not been decreased, possibly due
to an increase in surface area, but further regeneration mey affect the

pore structure and pore volume of the adsorbent.

The two main adsorbents which have been used in the separation of
petroleum fractions are alumina'and silica gel. The A.L.P.R.P.6 has
used mainly silica, bub other workers, such as Heftmenn and Giles (3 ),
have only worked with alumina. Silica has been found to have a greater
adsorption capacity, though alumina has been found to be betler for the
seperation of different types of aromatic molecules (2l ), (S0).
Activated charcoal has also been used (50) to give partial separation
of straight-chain paraffins from other hydrocarbons.
Silica hes been suspected of causing some chemical change in the adsorbate
by oxidation or polymerisation, and for this reason all dil separations

carried out in connection with the M.R.C., work have been on alumina.
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The effect may possibly be reduced by Jacketing all columns with cooling
water to dissipate the heat of adsorption, which is greater for silica
than alumina. It has also been suggested that the action of daylight

can give rise to coloured compounds from oil fractions (%3 ). Evidence

of changes due to silica gel are given by Ray (42).

Alumina is known to cause changes in esters and fatty acids, but no elffect
on hydrocarbons has been recorded. Thus alumina was chosen for all this
work, excepl in Experiment 20, where the relative extent of adsorption

between aluminae and silica is seen,

3.3, APPARATUS USED AND MEANS OF ANALYSIS

The layout of the fractionating column is seen in Fig. 3.8,
with details of the support plates in TFig. 3.9
For different sizes of columns, and variation in feed direction, or the
use of several colums in series, the fleed reservoir and support plates
could be used in different positions.
The adsorbent, which had previously been regenerated at 45000, and stored
" in polythene lined drums, was kept at 115“12500 for at least 8 hours
before use, and then allowed to cool in a dessicator, Packing was
carried out by pouring the alumina through a funnel into the column,
with onesupport plate in position, and at the same time vibrating the
colum with a "Pifco" hand massager. When all the alumina was charged,
the column was vibrated over its whole external surface to ensure even
packing., This took about 5 mins. and was continued until there was no
further fall in the bed heighto
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Failure to do this efficiently sometimes led to streaking ( where the
front travelled down one side of the column through anléasfichannels and
instead of being horizontel was spread over up to 1ft. of the bed ).

The column was the tdpped up to ensure it was completely full, which
meant that there was no change of bed expansion and cracking due to

challges in pressure.

The experiments were carried out according to the standard technigues
of displacement or elution analysis. Measured volumes of the solvents
were charged to the feed reservoir, and thence to the column. The
three~way-tap system meant that liquid could be charged with no change

in the pressure of the system.,

The components of the test mixture were analysed by G.L.C. on an
¥ and M 720 instrument.
The operating conditions were:
- 2 colums in series ¢ 6' x 4" and 4' x 3"
~ liquid : silicone rubber S.E. 30 (10/%).
-~ gupport ¢ diatoport W,
- injection temperature : 150009
- column temperature 3 isothermal 80°c.
- gcarrier : helium SOmII,s,/min

o

-~ detector : thermal conductivity cell.

The n.hexane, methyleyclohexane and xylene showed the presence of
trace impurities which would have to be rewmoved for further quentitative
GoLoCo analysis. However further purification was not proceeded with,
as 1t was learned at this time that the instrument would not be available
for full-time use, which was necessary for the meny hundreds of samples
envisaged. Five samples from Experiment 21 were analysed to give an

indication of what was happening in the column to supplement the

rafractive index readings.
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In spite of this, it was thought worthwhile to continue with test
mixture separations, in order to give e pointer to fubture work in this
field, The samples were characterised by refractive index, which showed
separation between satiwrates and aromatics, although separation
between the aromatic molecules themselves was difficult to follow due
to the similarity of the refractive indices. The instrument was an
Abbé refractometer, which gave a refractive index for the sodium

D line. The temperaturve was kept at 25 Z 0.05 °c by a thermostatically
controlled water batgh with external circulation. The accuracy was

LS 00,0001 units. The symbol N €5 used throughout this thesis refers to

D
0
the refractive index at 25 € for the sodium D line.

LI SUMMARY OF EXPERIMUNTS WINH TEST MIXTURE (table 3.1).

Botes

1. The final desorber was methanol in all cases.

2, The letters H,M,I,B,T,X, refer to n.hexane, methylcyclohexane,
iso-octane, benzene, toluene and xylene respectively.

3, The rate of flow was kept approximately constant at 2%/ .




TABLE 3.1,

Expt.No.Graphio. Type E_H.m.m.w . Column Adsorbent -
0% Tdow. Mesh, Tho, Adr Dry or Prewet Iest . Zluent,
~==s5ige Sorbent. Wel D mwl =sdlvent. —mixture.
) i W. . faciet=)
17 3s30 Displacement Dowm 5% m.__ Alumine $00=200 300 Dry L5ml K. . 415m1.HBTE -
18 tt W : i [} 1" i n 281, it [ Sml HBTX =
19 LR Zlution 1] [0} " It . © 275 ] n 5ml . FMBTX 150mL.I
20 I 1 " " Silica i 28-200 344 " u " 400ml.I
24 3.5. " " i Alumina " 1450=240 27k " " " "
29 [ t Up 2 w n 400-200 280 [0 " " "
23 " " muoss staag " o 180 " 60mLE " 80m1.T
Up 5. 8 : 277
2k 3¢60 Displacement as above w v " as above " 20ml .H " -
25 " Elution Down 55" = 400° C. S 280  Wet - I " 80m1. X
26 " " it m. N m._ [ t " NmO wH.uw PWEH H [ tt
27 3.7 n " 51,40 n 120°¢, " 813 weor " !
28 " W DoTmn 5. m: 1 " , 1 o2L8 " " " 35ml,.T
ww 51, m: , T 0 3 ’
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3.5,  DISCUSSION OF RESULTS

Due to the fact that only refractive index was used to
characterise the samples obtained, a complete analysis of the results
is not possibleo However, various trends can be observed, and the
difference in refractive index between the aliphatic and aromatic
compounds enables an estimation of the separation acheived to be made.
The efficiency of separation was judged by the separation of aliphatic
and aromatic compounds, the separation of individual compounds and the
amount retained on the adsorbent after elution to be displaced by
methanol, It was not possible to use the formolite test due to the

presence of traces of aromatics in almost every sample.

1). Wet and dry packing. lixperiments 25 and 26, Fige 3.6

It can be seen that the dry packing in experiment 26 gives the
higher peak, even though the difference in primary solvents used meant
that expt. 25 would have been expected to give the higher peak, due to
the higher refractive index of iso-octane. However, a small amount
of test mixture has been retained on the adsorbent for desorption by
methanol in the wet-packing run. It has been reported elsewhere (7 )
that wet-packing gives greater efficiency than dry-packing for frontal
enalysis; but in this case, the advantage is not obvious. |
Difficulties in hendling the slurry, and slight channelling effects
due to caking, render this method not worthwhile unless a large

improvement in efficiency is noticed,




2)e Activation Temperaturs. Zxperiments 19 and 26, Figa 3oltey 300
The purpose of activating the adsorbent at AOOOC ( when it was
assumed to have no free water adsorbed in the pores ) was to see if

any more adsorption sites were made avallable.

In experiment 26, using the 40000, activated alumine, the peak is slightly
higher, rising at 1.436, compared with 1.432 in experiment 19, though
the peaks are almost the same shape. [his suggests that adsorption may
not necessarily be affected by water content of the adsorbent, due to
the fact that different bonding mechanisms are involved, and that water
and hydrocarhon molecules may not compete for the same sites. As
increasing the water content is known to reduce adsorption capacity, it
ig possible that the value of the water content is wery important.

Work in this department by Pendlebury (5]) may give a better solution

to this problem.

3). Column Diameter. HExperiments 19, 23, 27, 28, Fige 30b,3.5,3.7.
Experiment 19, using 275 gms. alumina in a 5' x g" colwm mey be
compared with a similar experiment using 757 gms. alumina in a 3' x 1"
column and a 5% x g" column in series (No.23). In the latter, nearly
three btimes as much adsorbent has been -used, and the separation has been
improved as the aromatics have been held on the adsorbent and were quite
well separated from the aliphaticse. This shows the improvement due to
increasing the adsorbent/ adsorbate ratio. The use of a narrow column
after a wide column meant that the primary separation into zones took
place in the wide section, while the finer separation between each
component occurred in the narrower colum.
Bxperiment 27 shows the use of a large diameter column containing the
same weight of adsorbent as in Expt. 23. In spite of a streak which
resulted in some mixing of the methanol front, it can be seen that the
separation is not as good as No., 23, with no sudden increase in refrac-
tive index of the effluent,
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Bxperiment 28, carried out in two 5ft. columns of narrow diameter, shows
that with the use of only 27% more adsorbent than in experiment 19, the
separation is much better then in all other experiments, giving two

- peaks eluted with iso-octane, the first one being almost entirely non-
aromatic,; and a high peak in the methanol front showing good separation
between the iso-octane eluent, the aromatic material and the methanol y

desorber. This suggests that the use of a narrow column (in this case g,)

does much to improve separation efficiency.

o e mom i ROV SeGd WO Mo ST ASe ewstTiE BB REW OO s e

The silica did not give a much better separation than alumina,
although the results obtained were very different. The alumina in

experigment 19 gave slight separation of aliphatics, as seen by the
. 25

D

separation and a small amount held on the adsorbent to be desorbed by

step in graph 3.4, at N = 1,400, and then a wide peak showing little
methanol. Silica, in experiment, 20, gave a very small peak with iso-
octane, containing perhaps half the aliphaties, and a very high peak

in front of the methanol desorber containing the aromatics and also

some aliphatics, as shown by the very gradual rise from iso-octane (1.389)
up to the peak at 1,494, It is thought that deactivating the silica in
some way would have resulted in none of the aliphaties being held on

the adsorbent, but being eluted with iso-octane, giving good separation.
This demonstrates the greater adsorption capacity which silica gel has
compared with alumina for hydrocarbons. The difference in particle size

renge is not thought to have contributed to this eifect.
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Bxperiment 17 shows that the column was overloaded with much of
the test mixture emerging alwost unchanged. Reducing the amount of test
mixture in experiment 18 Lo one third of experiment 17 shows that
geparation is beginning, but a column several times the lenth of the
one used would have been necessary to achdfve separation into zones of
pure components. Using two columns in experiment 24 shows an improvement,
but the result is still nowhere near as good as using an elutvion technique.
Although there is & sharp rise in refractive index, much mixing of the

zones is evident.

6). Mesh Size. Experiments 19 and 21, Fige 3eko and 3.5
It was expected that the 150-24,0 mesh. in experiment 21 would have

given the better separation, due to the more uniform packing obtained
with smeller particles and the greater surface area available for
adsorption. However, only a marginal advantage was observed. The lso-
octane pesks are almost identical in shape, but the finer alumina gives
a higher peak in front of the methanol desorber,
GoLaCo analysis of some samples from experiment 21 showed how the
experiment was progressing. The samples numbered on the graph were
described as follows:

1« The bulk of the sample formed by hexane, with less than 107
of methylcyclohexane,

5+ Three main components, in the following order of concentration
iso=octane, xylenes and toluene.
Methylecyclohexene and benzene in lesser concentrations, and about the
same order of magnitude.

14 Main component: iso~octane; secondary components in order
of concentration: toluene, xylenes, benzene,

20, Main component: iso-octane; secondary components in order

of concentration: toluene, xylenes, benzene,
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It was concluded by Ibbotson (jn.) and Badhwar (17) that upflow
would give better separation where fhe more .. strongly adsorbed component
was also of the higher density. In this case, the S.G. of the aromatics
was about 0.86, and the aliphatics about 0.7. It can be seen that
upflow in experiment 22 gives slightly better separation into two peaks
in the iso-octane Fraction. A higher peak in front of the methanol dese-
orber shows that slightly more aromatic material has been held on the

adsorbent, and not eluted with the iso-octane.

366, CONCLUSTONS ON THST MIXTURE SEPARATIONS

1), A preliminary investigation has been made concerning the effect

of several variables on colum efficiency. These were:

Wet and dry packing,

Activation temperature,

Column diameter,

Particle size,

Direction of flow,
A comparison between alumina and silica has also been made, and the

techniques of elution and displacement chromatography have been compared.

2). From these experiments, it seems that the amount of adsorbant -
and column diameter have noticeable effects on elution analysiss
Several colums of narrow diameter will effect a good separation between
arometics and non-aromatics. Ibbotson found that for upflow on alumina
a 1.0 cmo, dia. column was the most efficient, and this is in agreement
with these studies, In experiments 23, 27 and 28, the flow was upwards
in the narrower diameter columns, but in this case the effect of upflow

was not distinguishable from other effects.
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3)e It was not possible to detect much separation among the aromatic
components due to the very similar refractive indices. For a small

detailed study, a test mixbture should be more carefully chosens.

L) EileCsanalysis was found to be useful in showing where each
component begen and ended. When used quantitatively, it will give many

possibilities for evaluatbting column efficlencies.

3670 PARTITION CHROMATOGRAPHY

This technique was developed by Martin and Synge (57) and
LeRosen (52). The mixture to be separated is distributed between Two
ligquid phases, one of which is adsorbed on a stasionary solid support
and the other mobile. The principle is similar to gas~liquid chromato-
graphye. (G.L.Co)o It is sometimes difficult to distinguish this
technique from adsorption chrometography. If adsorption takes place
to the extent that a multilayer is formed, and the adsorbed layer acts as
a solvent, then the conditions for partition chromatography existe

In this case, the distinction in terminology is not importent.

Martin and Synge separated acetylated amino-acids on a column of
silica on which was adsorbed an aqueous phase, using a 1% solution of

n.butanol in chloroform as eluent,

The application of this technigue to mineral oils was carrxied out
by Mair et al.(sq)o They used a column packed with silica gel, on which
was adsorbed methyl cellosolve, or methyl carbitol. The sample of oil
was charged to the top of the column and was followed by hepteacosailuoro~

tributylemine (0439)3N or perfluorocyclic ether (018F160}“
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As the fluoro. chemical passed down the column, an interchange of
molecules took place, The paraffins concentrated in the mobile phase,
while the cycloparaffins concentrated in the adsorbed phase. Using a
column containing 155 gms silica gel with 139 mls. of stationary phase,

a 10 mls, sample was separated.

As the separation of normal and cycloparaffins is usually very
difficult, it was thought worthy of investigation; but because the
solvents ebove were not readily available, methanol was used as the
stationary phase. After elution with iso~octane and benzene, nitrobenzene
was used as desorber, as this was one of the few compounds more strongly
adsorbed than methanol.

A sample of 22 gms., of oil was charged to a 5' x 8" colum containing
261 gus elumine. The oil used was KX (boiling range 375-380°C) and

25
ND ? = 1.5460, Further data are given in Appendix 1.

Results.

The result of the experiment is seen in Iige 3.10.
Most of the oil appeared in the iso-octane peak, with the refractive
index returning to that of pure iso-ectane. Droplets of methanol in
iso~octane then appeared ( the two are immiscible ), and then benzene
mixed with methanol, followgd by the nitrobenzene desorber.
The samples obtainéd were bulked according to the numbers on the graph,

and stripped of solwvent.

25

_ . .
fraction No. wto N~

1 3105 15409

2 321 15382

1 9.6 15576

b 0,92 1 .6020

2 0.46 . e e 1A 25

6 0,46 § not sufficient for Ny

7 -

7502%




This does not show mich separation, and all but O.46% was vemoved by

the iso-octane. The reason for the appearance of methanol after iso-octane
is not clear. It was expected that due to their great differences in
.adsorbability and immiscibility, very little methancl would appear at

this stage, but it would appear before the nitrobenzene. It could not
have been displeced by the oil, as in this case the oil would have been
retained on the adsorbent. It mey be that lowerdng the columm load and
the more selective use of solvent phases will give better results.
Solvents which are miscible in all concentrations would improve the

mass transfer process.

SMIANCHESTER |
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CHAPTER 4, BATCH SLURRY S EPARATIONS
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doto INTTTATL CONSTDERATIONS

For some time now, the work of the M.R.C. committee has been
concentrated on the strongly adsorbed polynuclear aromatic compounds
which are usually in the benzene eluate of a chromatographic separabion.
To obtain samples for further analysis, it was necessary to go through
the whole process of elution chromatography, including elution with
iso-octane,

The 40" x 1%“ columns in this department have been shown to give
reasonable separation into molecular types, particularly of aliphatic
Prom aromatic material, However, for the primary separation of poly-
nuclear aromatics (material eluted with benzene), from simpler
aromatic material (eluted with iso-octane), it appeared as if the co=
lumnns might have been operating morve efficiently than necessary, with
a resultent wastage of time,

The efficiency of the separation must be judged by the result required;
for a complete.oil separation, the column is nowhere near efficient

enough to give separation into zones of pure compounds.

Reference to Fig. 3.2. shows an example of this efficiency.
Ibbhotson concluded that the 10 column was the more efficient, as more
oil was eluted with benzene, showing that it had been retained on the
adsorbent. However the 40" columm gave a much higher refractive index
benzene eluate, with poorer separation of the vest of the oil by
iso-octane. Clearly with respect to current M.R.C. work, the LO!
column has given the best result. If the separation of the iso-octane
eluate material could be cut out altogether, a great deal of effort

could bhe saved,
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As well as efficiency considerations, time was also an important
factor. To complete the separation of 3kg. of oil, by charging 1kg. to
each of‘the*kree 40% columng available would take at least two months,
including over a week of shift work while the columns were rurming
continuously. As the result of a request from Dr. Carruthers in fxeter,
for a large sample of the benzene eluate, the large scale batch
slurries (see chapter 5) produced the sample from 20kg. of oil in two

months, instead of the "one year plus" it would have taken on the column.

A fucther consideration was that for large scale separations; the
colum was not sultable as an industrial process, due to low throughput
high pressure drop, difficulties in packing and unloading the column,

and excessive time reguired.

It seemed that the possible ways to overcome these difficulties
included the following:

1), Increase the oil/adsorbent ratio,

This would increase the throughput, but would not give a good
benzene gluate sample, due to overlapping of zones of other compounds.
Also this does not solve the time problem.

2). Vary the water content of the adsorbent,

This could meke the separation less efficient, with only the
strongly adsorbed material remaining on the adsorbent, but is still
time~consuming.

3). Using a longer column.

This would give good separation of a benzene eluate, and by using
the same oil/adsorbent ratio the throughput could be increased.
However, the pressure drop would be greater, and it would be even

more time-consuming than above,
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I). A very useful benzene eluabe could be prepared by following
the method of 1) and rechromatographing the benzene eluate obtained;
the time required would be twice as long however.

5). As the part of the oil required was the most strongly adsorbed,
and therefore the most difficult to desorb, the oil could be completely
adsorbed onto an adsorbent, and then the part not required could be
desorbed. As this would be a batch process, the time factor could be
overcome easily, and there would be no pressure drop considerations.
Alternative 5) was considered further, as at the time it seemed to
have the following advantages:

(i) by the simple mixing of a large volume of oil and adsorbent,
the problem of time became negligible;

(ii) It was thought that several stages of contact between the
oil-saburated adsorbent and an eluting solvent would leave only that
part of the oil which was required;

(iii) The mi.xing and filtration stages, with the accompanying
evaporation of the oil solutions and distillation of solvents, could
easily be carried out on a large scale. "Scale up" did not depend

on time, as with using larger adsorption columns.
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442< BATCH ABRSOJii ilOH PROCfcSSbS

The batch processes considered In the literature ore of a

different type from those considered in this thesis#
Tha® arw usually siilar to a cascade process of equilibrium distribution#

as used in 11quid-liquid or liquid-solid extraction#

A simple batch px'ooess# similar to that used in determining
isotherms# consists of contacting a knom amount of adsorbent frith a
solution# and adsorbing one or store solutes# preferentially vith respect
to ti» solvent# The amount adsorbed can be read o ff from the isotherm
graph# if the final oosioontration is anotn (fig# 4#1#)#

V-1 Gr I*- -

banders (5S) improved the efficiency of batohv.ise aduomtion uhao
using it in the deoolourisation of sugar solutions rdth charcoal#
He related concentration to colour# so that ho could measure progress
by oolouriaotric moans# The prooess was described quite well by a
freundlieh isotherm in the form ncl - o
KCTl

here W -C) Is the amount of colour reaovod by * gn# of oh&rooal#
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The solution enters with concentration C0 and leaves with
concentration C. Fresh adsorbent is contacted with the final stage
to adsorb amount aze The partly spent adsorbent is then contacted with
the penultimate stage and so on, adsorbing a smaller amount each time,
For a 4 stage process, only one third the amount of adsorbent was
required with the isotherm of Figs 4.2. The number of stages required
can be calculated from the equation by letting CO -~ C equal AC for

each stage,

The refining of petroleum Wwith fullers earth is similar to the

above process, though on a continuous scale.

ho3e SOLID-LIQUID EXTRACTION ( IEBACHING )

Leaching is bthe extraction of a material from a solid with
a solvent, and is used extensively in ore extraction, sugar beet
extraction and vegetable oil pwdduction; the solute is usually uniformly
distributed throughout the solid, and therefore the extraction talls
off exponentially, as solvent penetration becomes more difficult, due

to diffusions
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Assuming that a thin liquid film is controlling the process, the

equation for mass transfer may be written as

ant KA(CS~C)
at b
= area of solid-liquid interface M = mass solute transferred
thickness of liquid film K'= diffusion coefficient

= concentration on bulk solution

Q O T
H

= concentration of saturated solution in contact with the solid

In a simple countercurrent system for coarse solids, the solid is
contained in a number of tanks and the solvent flows through each in
turn. The first vessel contains solid which is almost extracted, and
the last contains fresh solid. After a time, the first ftank is discon-
nected and fresh charge is introduced at the far end of the tank system.
This system requires frequenit interruption, and countercurrent flow
is not obtained in the units themselves. A true continuous process is
obtained in a classifier in which the solid is moved countercurrent to

the liquid by means of a rake with baffles.

deolo LIQUID-LTIQUID EXTRACTION PROCESSES

In these processes, the partition between a raffinate and an
extract phase is governed by the partition bedfficient of the form
01/02 = X at equilibrium, which corresponds to the isotherms in
adsorptions The partition isotherms can be convex, straight or concave
as shown in section 1.5. for adsorption. The attainment of equilibriun
depends on diffusion through two films, one in each phase at the

phase boundary.
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A scheme for multiple-contact pseudocountercurrent extraction is

shown in Fig. 4.3. for the complete removal of a solute from one phase

to another (56).
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The solution to be extracted is divided into n convénient portions

. in separating funnels, and the funnels, or tubes, are numbered O;1,2;cceN
The first tube, numbered O, is shaken with an arbitrary volume of
extractant, and the extract layer‘transferred to the next in line,

tube 1. A volume of extractent equal to that used in the first stage

is added to tube O; and tubes O and 1 are equilibrated. The extract

layer from tube 1 is transferred to tube 2, the extract from: tube O
to tube 1, and fresh solvent added to tube O,

In the case in Fige Le3e; 100 mls of a solution containing 1,000 gms.
salute are to be extracted with 100mls. solvent. The solution and extract
solvent are both divided into two portions. As the extract portions
are moved to the right, they pick up more solute until 0.625 gms. have

been extracted.

This can be compared with a multiple contact non-countercurrent
method which consists of dividing the extractant into four equel parts,
and contacting each part with the solutien,

If V mls. of a solution (phase I) containing W gms. of solute are
repeatedly extracted with 1 mls, of solvent (phase II), and W} is the
weight of solute remaining in phese I after the extraction, the
distribubion is
W, /v
5 o o = K
(W—-“?I,l) /1

A. KV
t o i - A o e ovry e e
v W= Wopsry

After a second extraction, W, gus. vemain in phase I, and

T KV 2
Vo =Wy gprr = W gper)




. . n
Similarly, after n extractions , Wﬁ =W ( “"“;

In ﬁhe previous example, it can be shown that using the above
equation 0,5904 gms. of solute could be extracted compared with 0.625 gms.
for the same number of operations.

If the solution and extractant were divided each into four portions,
and contacted according to Fige Le3., then 0,7265 gms. could be
extracted., This would involve 16 operations, and any further subdivision

ywould be considered laborious.

In the case of non-linear partition isotherms, the extraction

process 1s similar to that shown for sugar decolourisation in TFige. 4.2.

FlG L. L
X

wi solafe
wt splvant

n axtract

wheolute 4 «a%k‘guﬁg
gt\ Hl \8' \3’ H’ wt. ¢pt V’J?.nT ‘

In Fige &sks, the partition ratio is decreasing with increasing
concentration,
If a solution of y, gms. solute in R gus of pure solvent are contacted

with 8 gms. of pure extract solvent which is immiscible with the solution,




then a line of slope - ~ drawn through will give the distribution
Xy in the two phases at equilibrium* To reduce the solution con-

centration to , N stages would be needed.

If a continuous countercurrent process were carried out, in a
packed column for instance, then the number of theoretical stages could
be found from the partition isotherm graph.

For partially miscible solvents, ternary equilibrium diagrams are used.

The separation shown in Fig. 4*3# can be represented graphically.
For a two component solute mixture, due to different partition ratios,

the components will move at different rates along the line of tubes.

n<j u-.s



Fig# 4#5» shows the extraction of a mixture of proprionio and
butyric acids, represented by ourves 11 and 111 respectively, in an
eight transfer process# Tube No#8 could be withdrawn, as it contains
essentially butyric acid, and replaoed by an empty tube# After
proceeding one stage further, tube 8 could again be withdrawn and
replaced by an empty tube# Soon however, proprionio acid would appear
in significant quantities# This is very similar to an adsorption
elution process#

The process can be represented diagramatically as shown in Fig# 4#t>#

of f
%S oI ¢

F\ S’ Ur-b

Each oirole represents an equilibrium oontaot, dotted arrows represent
the solution, or raffinate phase, and the solid arrows represent the
extraot phase# The volumes at each stage are always the same, due to
the inti'oduct'ion of fresh extractant.



A development of this technigque has been the Cralg automatic counter-
current distribution apparatus containing up to 400 tubes, The solution
is placed in each tube, and the extractant placed on top of it. By varying
the angle of the tubes, the phases are mixed, and then the tubes are
tilted to allow the extract phase to decant inbto the adjacent tube,

At the end, the extract can be removed, and replaced by fresh solvent,
By recycling this last extract phase to the first tube, many thousands
of transfer stages can be obtained, resulting in the complete separation

of otherwise inseparable material.

4ebo PRELININARY BXPERTMENTS IN BATCH SLURRYING

Three experiments on oil separation were carried out on alumina
using a Kuwait extract oil of boiling range 375—38000, and known as KX6a
The 0il was produced in earlier work on this prodest by vacuum distilla-
tion, and has been separated on the large columm by Higgins G57)o
It was also separated by the auther on a 5' x §¥ column, using the
elution technique described earlier., Similar results were obtained %o
those from the 40' column, _

fxperiment 1 was carried out using an oil/adsorbent ratio of 1/5
It was reélised that the first stage would give wery little separation,
and so it was considered worthwhile to increase the inefficiency by
increasing this ratioc in omder to be able to use more oil. This could
give samples large enough to analyse fﬁrthero The amount of solvent
used in each stage was determined by the amount needed to form a slurry
which could be stirred to give good ligquid-solid contact, This volume
was found to be about equal to the weight of alumina numerically, i1.e.
'100 mls solvent with 100 gms. alumina. Only one iso-octane stage was used,
and as not much separation was obtained, experiments 2 and 3 had four
iso-octane stages in order to leave only high refractive index material

on the adsorbent.




APPARATUS AND TECHNIQUE

Analytical data on all materials used are given in Appendix 1
The apparatus, shown in Fig* 4»7#> consisted of a wide-nerck reaction
vessel, open to atmosphere through a conderser, and an anchor stirrer

the same shaoe as the flask, driven by a variable speed motor

ATU £

v\

The alumiha was kept at 115-125 C for 8 hours, and allowed to cool in
a closed vessel* It was then quickly weighed into the reaction vessel,
and about half the iso-octane was poured in to saturate the adsorbent
and dissipate any heat of adsorption produced by the oil. The weighed
amount of o0il was then poured in and the weighing bottle washed with
more iso-octane. The remainder of the i30-octane was then added, and

the flask top was fitted.



doll

The spare entry point in the top was used either for charging more
liquid, checking the slurry temperature, or taking liquid samples. The
experiments were carvied out at room btemperature, which usually waried
between 19 and 22005

The stirrer was then started, and by observation was run at the minimum
speed to keep all the solid particles in motion, and was usually about
120 Tepolo

Iwo hours were allowed for equilibrium to be established, and then the
slurry was vacuum filtered in a Blichner funnel.

Lo avoid any oil loss, the same piece of filter paper was used through-
out the experiment,

When the alumine was dry, with no free liquid in the filter cake, the
solid was reburned to the reaction vessel, and an equal volume of
fresh solvent to that used in stage I was charged.

Stirring was carried out for another two hours, and so on for each stag
The iso-octane/oil solution was then freed of solvent in a votary
vacuum stripper (see below).

The welgbts and refractive indices of all samples were then determined.

JioT o ANAIYSIS OF SAMPLES

1)« Refractive Index.

o mom swm eDm oo

»
A1l readings were taken atb 2500 on the Abbe instrunent

previoualy described in section 3.3, It has been reported that errors

can arise from the use of refractive index alone to characterize oil
fractions (28),
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Saturates have been recorded with N @0 above the usual limit met in

lubricating oil fractions (1.48), ’
ege 1.3 dicyclohexyleyclohexane ND20 = 1494
cis decalin = 1.4811
9-n butylperhydroanthracene = 15049,

Arvomatics exist below the usuel limit (1..49)
eg. 1 phenyloctadecane = 1481
1 o7

However, these compounds may only exist in trace amounts in the oil

1 phenyldodecane

it

uged, and were not thought to have any effect an the refractive index.

i com Eom WG Sax RTe Gme s

This was used to identify samples which contained aromatic
hydrocarbons, The test was used as a spot test, according to the
modification by Sagarrva (53).

"A spot of the filtrate was btaken with a glass rod, and mixed with five
drops of concentrated sulphuric acid on a clean white tile. A spot of
LO#% formaldehyde was placed on the tile, and slowly mixed with the
acid mixure. The presence of aromatics was shown by the development of

coloured hands.

L= e e

This was measured at EOOC with a capillary stoppered bottle
according to the Institute of Petroleum Standard Method (54).
Some measurements were also taken at 2500 in order to determine the
temperature coefficient in case a corrvelation of specific gravity
against refractive index could be used to identify molecular types.
Tt was attempted to determine the S.G. of small oil samples (approx.
0.1~0.3gms), but it was not possible to obitain reliable results. The

methods used are reviewed in Appendix IT.
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This was carried out according to the Institute of Petroleum
Quartz Tube Standard Method (59). The method consisted of burning the
0? 802 and Hgoe Tf;;
50, alone was absorbed by bubbling the exit gases through 3% v HO,

0il sample in a stream of purified air to SO

to produce Hzﬁogf The acid solution was titrated with ?5 NaOH solution

to give the sulphur wtf.

4.8,  REMOVAL OF SOLVENT FROM OIL SOLUTTONS

This was carried out in a rotary film evaporator (Buchi,
Switzerland). The flask was held at the end of a rotating arm which
was at an angle of about 30° ebove the horizontal. The wobatink flask
was kept in a water bath at approx. 60°¢C.

Evaporation took place from the thin film of liquid adhering to the

glass surface on rotation, snd the solvent was condensed by a double
surface cold water condenser, and collected in a {lask.

A cold trap containing a solid 002/ kerosine mixture protected the

vacuum pump Ffrom solvent vapours. The system was opebated at a

pressure just low enough to enable solvent to be collected. When no

more solvent condensed, the collecting flask was emptied, and the maximum
vacuum of less than jmm. Hg. was applied for about 20 minutes.

A non=hydrocarbon=-soluble grease, prepared according to I.P. Standards

was used to obtain air tight Joints.
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4606 EXPERIMENTAL DETATLS

Expeximent 11.

Separation of KXg by chromatography. (see Fig. 4e8) .

ND25 = 15460, Column 5' x g" Dovwnflow,
th1203 = 265 gmse 250 mls. Iso-Octane
wt 0il = 21.8 gms. 130 mls. Benzene

Desorber Methanol
Volumes of solvents used were in proportion to those used on the

L0' colummne.

e wmws  megy  auum | mnos

Batch Slurry Separation of sza wi A1203 100gmse, wht 01l 1%.2 gms.
Stage 1. 130 mls, Iso-Octane

* 2. 100 mls. Benzene
Stage 3. 80 mls., Benzene

" L., 80 mls. Methenol.

Experiment 2.

Batch Slurry Separation of KX . .
6° wt A1203 100gms o, wt 0il 18.4gms,

B successive iso-octane stages of 100 mls. each.
2 successive benzene stages of 100 mls. each.
1 Methanol stage of 100 mlse.

G e TRES e MED

Re ime
Repeat of experiment 2, wt A1203 100gms.; wt oll 19.1 gmso.

Solvents were used exactly as in Experiment 2.
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Ll;{&BIﬁS 2-]- 01 o

wtdh of original

Bxperiment No. Balvent. Stage No. o0il, ND25°b%wa@J
: Or

g, ISO""QCto 1e 5509 4 05298
Beng. P Bhols 105425

Benzs 3 e L}-o 68 1e 5565

- vMeOH, Io 2,60 105630

15258

2 ISO"OG";G 1o 36012- 1 35265
" 20 28,8 105348

" 20 ‘ I &1 105455

i beo 3.76 1. 5564

~ Benz. Se 11 o442 15944

" 6o 4o35 106008

" 1o Te 63 1 06024,

WMeQH, 8 IS _éz{i‘l solid

2248

3. Iso=-0cta 1o 420 15262
oo 2e 23%,0 105360

" 3. 1065 1.5484

" Lo L.e72 1.5618

Benz. He 8.90 1 6049

" 6o 3.67 16097

" I 1e57 16096

MeOH 8o _2,62 solid

1o Iso-octo e 10,55 1044190
" 2o 28.0 14800

" e 16,0 1.5306

" Lo Bol 15508
, " 56 5e13 10 BU72

Benz. Go . 170 105999

" 7o '1695 1 06236

" 8. 1038 16150

MeOH 9. 03 golid

e o -
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431006 DISCUSSION OF RESULTS

The chromatographic separation gave an iso-octane portion
whicﬁ consisted off two overlapping peaks, the first being "Fformolite
negative', The stripped oil fractions are shown in Fig.h.9 and details
given in Table 4.1
Therfractions were bulked according to the diagonal lines on the
NDE'3 Ve volume of effluent graphs, The letters N.A. mean non-aromatic
and- that each sample in the group between the diagonal lines gave a
formolite negative reaction, The benzene eluate gave a samople of high
refractive index material in fraction 8.

Bxperiment 1 (Figol.9.) does not show very good separation, the reason

being that not enough material was displaced from the alumina by the

~iso-octane, This means that the benzene has displaced a lot of low

refractive index material, giving a fraction of mixed hydrocarbon types.
Experimenﬁs 2 end 3 (Fige 4o10) were an improvment on this technique,
the four iso-octane stages removing 75-80% of the oil compared with 64
on the columr. This shouvld have led to higher refractive index material
appearing in the benzene stages,; but in fact both expefiménts gave

much lower indices,

This must have been because of isotherm considerations,-at all
concentrations, and with all solvents, some of the oil will be in the
bulk liguid phase, and it is not possible to obtain complete separations
by this means., It must be assumed that there will be always some
contamination of fractions in batch stages.

Reference to the sugar decodourising in Fig. 4.2 shows that only
four theoretical equilibrium stages were used. En experiments 2 end 3,
elght theoretical stages were used, but on an adsorption column, using
elution chromatography, many ftimes that number of stages would be

obtained, giving less contamination of fractions.
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batt. CONCLUSIONS

The experiments carried out so far have not shown en improve-
ment over column separations, but the results were of great interest
in understanding the oil adsorption/ desorption process.
A refinement of this grocess may lead to even better separations.
It seems that larger fraotionS§§é§ %@ be obtained, which can be resepa-
rated by chromatography, so that the course of the process can be
studied, with reference to the appearance of non-aromatic and polynuclear
aromatic material in each fraction.
The use of a test mixture may also help to overcome some of these

problems, by more efficient analysis. (see Chapter b ).
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CHAPTER 5, FURTHER BATCH SLUERRY
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51, INTRODUCTION

Following the analysis of the results of experiments 2 and 3,
it was decided that a larger scale of operation was required, to
provide large enough samples for further analysis by chromatography.
It was thought necessary to start with approximately six times the oil
used previously, and this was separated in two experiments to give a
check on the reproducibility of the process.

On completion of the analysis of these experiments, a request was
received from Dr. Carruthers at Txeter University for about half a

litee of polynuclear aromatic material and the preparation of this by
large scale bateh slurry separations is described in this chapter, to-
gether with the details of the chromatographic enalysis of each fraction.

The results of all these experiments are discusbed in Chapter 6.

5.2, BATCH SLURRY SEPARATTON OF 120gms. OF KX . EXPERIMENTAL DETATLS .

The same apparatus and materials were used as previously.
Two experiments were carried out, each using 4 iso-octane stages, 3
benzene stages and 1 methanol stege (Expts. & and 5).
The amounts used in each experiment were:

wh oil KXg 3 60gms »

wt alumina s 300gms o

volume of solvent: 300mls. of fresh solvent at each stage.




Bl

As the two experiments were found to be reproducible, the corresponding
stages were blended to give a larger sample for analysis; each iso-cctane
fraction was divided into three parts:

1. for reference,

2¢ Tor chromatographic analysis,

3o for blend of all iso-octane fractions to be chromatographed
for comparison purposes,
There was not enough benzene fraction to divide in this way, and so all

the benzene fractions were blended for chromatographys

The sample analysis obtained from each stage was separated on
alumina by elution chromatography in a 5' x g“ column. The solvents
used were in this cases '

| LOmls. diso~octane, prewetting solvent;
20mls. iso-octane, to rinse oil container;
140mls, dso-octane, for elubtion;
80mls. benzene, for elution;

200mls. methanol, for desorption,

The usual oil/ adsorbent ratio used for oil separations in this
department has been 4/12 for alumina. This has been fixed as a balance
between the need for large samples for further enalysis, and the poor
separation due to overloading the alumina by exceeding its adsorption
capacity. In the analjyses of the batch slurry fractions however; there
were not the required amounts of oil available (usually about 20gmse).

The weights separated were:

LExpts Noo Praction No. whe oilo adsorbent/oil ratio.
6 /1 & 5/1 16038ms o 16,6
7 /e & 5/2 9,9gms » 3606
8 43,4 & 5/3 ), 6.9gms .« 2548
2 /152,350 & 5/1,2,3,h  16.5gms. 16,0
19 4/5,6,7 & 5/5,6,7 18 ofogms o 14e3
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5 @ 3 e . RESUIETS

The results of the batch slurry experiments are showm in
Figse Dol and5. o
The chromatographic separations of the fractions obtained are depicted
in Figse 5. = 5.3 , and the refracitive indices of the solvent-free

samples in these separations are shown in Figs. 5.l ~ 5.8,

The bateh slurry experiments showed very similar results to those
of experiment 2 and 3 (Mig. 4.10.), but the benzene stages did not give
fractions of quite as high refractive index, =1.60 in Expt. 5 compared
with 1,61 in Expt. 3.

About 40% of the oil was recovered in the first stage, and about 80k
of the oil was removed by iso~-octane altogether in four stages. Thus
no separatién of the non-aromatics was possible. The oil from the last
iso-octane stage was of a higher refractive index (41.56) compared with
the last iso-octane fraction of the column separation (4.547) as shown
in Fig. 49, |

The graphs of refractive index v. volume of effluent show the
effect of reduction in the oil/ adsorbent ratioc. Good separation into
two peaks is shown in the iso-octane eluate of Expt. 6, the first of
which is wholly non-aromatic. It is likely bthat the first peak is com-
posed of straight~chain paraffins, and the beginning of the second peak
will be brenched-chain paraffins and naphthenes, merging with the zone
of mono-nuclear aromatics. Lxperiments 8 and 9 also show good separation,
but the oil concentrations are too low for good separation of the peaks

to be observed.
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A further expériment was carried out to try and obtain better
separation of the large fraction from the first stage of the batch
slurry, The first stage was carried out in the normal manner, using:

300gms » alumine,

500gmse iso-octane,

G0gms o oil ( KXg )o

The resulting filtrate contained 4L.8% of the oil, and the solvent-free
product had a refractive index of 1.5238. This product was then recontpfac-—
ted with fresh alumina and iso-octane in the same amounts as above, and
it was found that the filbtrate contained 36 of this product of
Ngb = 71,5038, leaving 64% of this product remaining adsorbed on the
alumina. Thus it seems probable that, by the addition of two or three
stages, good separation at both ends of the refractive index scale could
be ach&€ved, Samples of high concentration of non-aromatic material
mey appear in the filtrates after recontyacting the oil from the first

few stages with fresh adsorbent, This is discussed further in Chapter 6,

It is evident from these results thet an equilibrium is being esta-
blished between the adsorbed phase and the fluid phase., It is motahle
thet non-aromatic material eppeared in stage 3, whereas it is known to
be very weakly adsorbed on alumina., In chromatographic separations,; it
is displaced by iso-octane, instead of being eluted, as is slightly
more strongly adsorbed material. To explain these results further, a
knowledge of this equilibrium is reguirved. To investigate this, a series

of experiments were carried out.
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Dot OTL~SOLVENT ISOTHERMS

Three series of experiments were carried out:

a). the pore volume of the alumina was determined;

b). keeping the oil/adsorbent ratio constant, the amount of
solvent was varied (Expt. 14);

¢). the solvent/adsorbent ratio was kept constant, and the

amounts of oil increased (Bxpt. 15).

a)e Determination of Pore Volume,

This was carried out acoording to the method proposed by Imnes (60)
and developed by Harrison (b)) and Badwar (\7). It has been shown to
be comparable with nitrogen pore volume determinations to within
0,01 mlg/gmse
A sample of alumina was weighed into a conical flask, fitted with rubber
bung. The flask was clamped onto a mechanicsl shaker. The dry alumina
did not adhere to the sides of the flask on shaking., Water was added
from a burebtte until the alumina first adhered to the sides of the
flask, It was assumed that at this point the pores were full of water,
and that the water on the surface of the particle caused this adhesion.
Using 25gms. of alumina, the method was sensitive to the addition of
0.4 ml. of water., These determinations were reproducible to within

0,005 mls/ems. and gave an average pore volume of 0.285 mls/gms.

The ratioc of oil/adsorbent was kept at 1/5 by using each time
100.0gms . alumina, and 20.0gms. oil, It was not possible to work in the
region of high oil concentration, using a small amount of solvent, due

to the impossibility of stirring the mixture.
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The results are shown in table 5.1., and depicted in Fig. 5.7,
After stirring for two hours, the slurry was allowed to settle, and then
a volume of the solution was pipetted into a {lask which was fitted onto

the rotary film evaporator for solvent removal.

- (M.B. KXg ND25 = 1e5460. )
volois0=0cto vOlosample. §E25sample, ﬂﬁzﬁstripped oil. wt.oil,
® 20mls, 35mls, 1 4096 105140 Lo Hgms o
150 35 14070 145108 3.8
200 35 104021 105246 2.6
250 35 104018 15222 Tef
300 40 13997 16523 201
100 0 13958 105292 2.2

The oil/solvent isotherms were calculated according to the formula:

KXo=X )

= LN i
che = g (7=x"y gus. oil / gns adsorbent,

and the total amount of oil in the pores was found by:
At = Ac + (vp-dc)x.

At could be checked in this case by a mass balance on the recovered
0il. The adsorbed phase concentration = At/ vp = y.
A sample calculation shows how Ac is obtained, taking the values marked

o

® on tahles B.fdand H.2.
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wbo oil chax‘géd = 20gms, density = 0,968 .volume = 27.7mls.
volume iso-octane added = 120gms. o%botal volume of solution = 141.7mls.

pore volume = 28.5mls. &»>volume of phase at equilibrium = 113.2mls.

wte. 011l in solution = g—%é o 11302 = 14ebgmse Wb, 0il adsorbed = Hobgmse.
20 .y .
XO = ‘Tj{-.;]_:;f = Qe [l!‘iii' ng/mlSo
VoIl g,
Rl Ty e 1o42 mls/gms.
b5

X = i = 0,129 gms/mls.

These values ave set out in Table 5.2, and Fige 5. 7 o

PABLE 5,26
Xo em/ml. x gm/ml, I‘%QW’LA@_, Acs At o
*Q o141 0,129 1 olt2 0,0202 00544 0,190
0,1160 0,102 1072 0.,02683 0.0532 0,186
00,0903 - 0.0746 2,22 0,0377 0,056 0.197
0,0736 0.0486 2.72 0.0715 0.0849 0.288
0.0623 0,0526 3,22 00,0330 0,0463% 0,163
0.0L75 0,0367 5022 0.0474 0,064y 0,226

For each experiment, wt. alumina = 100gms., and vol, iso-octane

= 200mls. The results are shown in Table 5.3. and F(a 5.8
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TABLE 5.3
NP L T
Wheoil wteoil N -strip- X, x v W At i
charged.adsorbed.ped oil, m

jongo lpangSo 10510)4- 00'530 Oo'} 26 2;31 000106 00011-52 00160
35 6.6 165270 0,148 00137 2,36 0,0301 0.0651 0,229

LO 4.7 1.5200 0,166 0,166 2.1 0,0000 00,0473 0,166
45 1.6 105220 0,182 0,170 2,46 0,0356 0,0780 0.274
50 9.8 105280 0,199 0,180 2,51 0,0582 0,1007 0,351
60 9ol 165330 0.239 0,217 2,62 0,0736 0,119% 0,420

A comparison of these results with those of b) are shown in Fige 5.9 .

5250 - LARGE SCALL BATCH SLURRY EXPERIMENTS

As about 500mls. of polynuclear aromatic maﬁérial was required
for further chemical analysis at BExeter, andé%his represented between
5% and 107 of the oill, it was decided to separate 20 litres of oil by
batch slurrying. This would leave enough in each fraction on which to
carry out further tests.

The oil used was a Kuwait furfural extract, and was vacuun distilled
in five runé into litre cuts. Sample ﬁoso 30-49 from each of the five
runs had an estimeted boiling range of 400°C-422°C at atmospheric
pressure. Portions of 200mls. of each of these 200 samples were taken
towbake 20 litres of blended oil. The oil was designated,KKJI1o_12 °
It had a refractive index of 1.5532, and a sulphur content of 5.64%wt.

1o Method.

The oil was dévided into three portions to enable it to be handled
in the laboratory. The same proportions of materials were used as in
previous experiments, i.e., numerically five times as much adsorbent and

solvent as oil.
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The alumina used was 4100-200 mesh, used previously on the large columns,
and was regenerabed at AﬁOOC for eight hours, and stored in polythene
lined drums bhefore use., Due to the large amount of material, the adsorbent
could not he dried at'115—12000 overnight before use. The slurrying vessel
was a 20 gallon P.V.C. lined drum, with a 13" and 1" dia. hole in its
middle. and end respectively.

The dry adsovbent (33.33kg.) was chargped to the drum and about 20
litres of iso-octane were poured in, The oil followed this,; and then the
rest of the iso-octane to make up 33.33 litres.

Iach stage was in the drum for at least two hours, and in the absence
of a drum~roller, the drum was rolled about the laboratory Tor 5 minutes
every 15 minutes during the two hours., The drum was then raised on a
bench and a piece of fine wive gauze was fixed over the 1%" dia. hole with
a "Jubilee c¢lip". ‘The slurry was then filtered by wrolling the drum over
until this hole was underneath, and the liguid drained into a receiver,
Air pressure was used to speed the filtering process, The adsorbent remained

in the drum all the time, and fresh solvent was added at each stage.

Tn runs I and 1T, theve were five iso-ochane stages, two benzene
stages and one methanol stage. Run TIT had six iso-ochbane sddges, two
benzene stoges and one methanol. In addition, all the adsorbent was bulked
and slurvied with approximately 50 litres of methanol to rewove any re-
maining oil in preperation for regenervating the adsorbent, This is veflerred

KR 4.1 nd‘ T e
t0 as the 2 MeOH wash.

Bach of the samples obtained was analysed by elution chromatography

. 5 . . .
in a 5'.g" column, using 20gms. oil each time. The solvents usually

uged were as in section 5,2,, j.e., .200mls. iso-octane, 80mls, benzene
and 200 mls, methanol, bubt sometimes there were varied if thought

necessary for good elution of the sample,
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The volumes used will be seen from the refractive index v. volume of
effluent graphs, as there are sharp changes in refractive index at each
solvent front.

The specific gravities of each sample were determined using a 25mls.
standard density bottle at 20000 The sulphur contents were determined
by the Quartz Tube method. (59)

2. Qil Recovery.

—— e Mmoo bE

Due to the fact that only a limited amount of iso=-octane was available

(approximately three times that required for -one stage), the solvent-oil
separation was a limiting factor for each stage. The rotary film evapo-
rator, although it could easily have been made continuous, only had an
evaporation rate of about two litres/hr. To improve on this meant that
the pressure had to be kept very low. This gave the vapour high velosity,
some was not condensed, and the cold-traps were not sufficient to
protect the pump from solvent vapours. To overcome this, a climbing=-
film eveporator was used which had been constructed by King in this
depertment aboutv ten years ago. A sketch of the apparabus is shown in
Fige 5,10, The evaporating section consisted of four tubes of "
diameter and about 3' high, through which the solution passed. UThese
tubes were heated externally by steem or a stean/water blend according
to the temperature difference required.

The apparatus was operated at asbout 30cms.Hg. by means of water vacuum,
When the solution reached boiling point,-a plug of vapour shot up the
tube, and partially condensed on coming into contact with liquid

falling down the sides of the tube, Thus some vapour passed right through
the apparatus into the condenser, more evaporation took place from the
thin liquid £ilm in the upper part of the tube, and much of the liguid

was carried over into the separator.
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The ligquid/vapour mixture, in the form of a foam, was separated, and

the liguid recirculated end mixed with fresh feed. A continuous gravity
feed of solution was used, and when the column-head temperature showed
that the solution was very concentrated (usually 90-95%), it was evacuated
from the apparatus by a secondary vacuum system. The recovered solvent
was also removed in the same manner, and a throughput in excess of 6
litres/hr. was acheived., The oil solubtion was then finally stripped in
the rotary film evaporator. With volatile solvents, muech flashing
ocourred, and the solution shot up the liquid downcomer and over it into
the solvent receiver. To overcome this a roll of wire gauze was inserted
in the downcouwer at point A to make the pressure drop in this section

greater than in the evaporating tubes.

3. Results.

The results of the batch slurry stages are shown in Figd. 5.l =5= e
The column separation of KXy is shown in Tigd. 507 =5 . The vertical
opr diegonal strokes through the ND25aVoVo graphs show the bulking of
samples for solvent eveporation to give the fractions shown in the
ﬁD25evo wh% of 0il recovered graphs. For ease of reference, the sulphur
contents of each fraction are shown on the ND25cvowt%§gra9hse
The separations of all the fractions, obtained from batch slurry, by
adsorption chrbmatogr&yhy, are shown in Graphs 5.2 ~D.2Ql.
The results of all the solvent stripping operations, as well as the sul-
phur contents and densities are given in Appendix 3.

These results will be discussed in Chapteir 6.
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CHAPTER 6, DISCUSSION OF RESULTS
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Golo INTRODUCTION

The results of the batch slurry separations have been presented
in Chapter b, together with a few observations on the graphs obtained,
The main aim of the work was to separate from the oil homogeneous
polynuclear aromatics of high refractive index. However these are not
readily identifiable hy chemical tests, and so the separation obtained
in the experiments was determined by the identification of saturate
material (peraffine end naphthenes), by the formolite test, and by
refractive index, The formolite test did not detect the polar material
(aromatié“gtlphur bearing) with sufficient sensitivity, and it was
sometimes found that a column effluent sample of oil solution was for-
molite negative, l.e. contained no polar compounds, while the stripped
oil fraction, with solﬁentmfree oil, was formolite positive, Thus it
was evident that there was some overlapping of the non-aromatic and
mononuclear aromatic zones. The column chromatography was very useful
in showing how the batch slurry stages had separated, and gave an
insight into equilibrium velalionships being established. Due to the
overlapping of the zones, it did not give a complete picture, and to
obtain this picture, it was necessary bto provide a means of estimating
the extent of combamination of each zone. Once this had been found, it
should have been possible to use the column chromatography results to
develop a general method of predicting the equilibriuwm relationships
between the adsorbed and mobile phases by means of some simple physical
proverty: The column chromatography is very time-consuming, and to use
this as a meéns of analysis for batch slurry stages would defeat the

object of this new method of separation. &As it is known that the
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saturate material is much less strongly adsorbed that the polar
material, it should be possible to treat the oil as a binary mixture,
and use the equilibrium values to analyse the babeh slurry results
and the isotherm experiments.

. tueate \
6020 DETERMINATTION OF THi CONTENT OF KX, AND KX 3110

-12°

A recent paper (LR) gives a comprehensive review of all tests
applied to lubricating oils. It was deduced that refractive index is
g .usefvl measure of oil bulk composition.

The first thing to establish was that refractive indices of KXG

and KX 1110‘12 0il samples were additive, It was known that the benzene-

iso-octane refractivé index v. composition graph was slightly curved,
' o]

and concave to the 45 line, A 5Q/50 volume mixture was found to be

2h

ND 7 = 14400, whereas a calcgéation bagsed on the values of the pure
components gave a value of ND = 4430,

A group of oil samples were tbaken which were obtained from the
separation of KX6 on the 40' column. The polar portions, samples 2-6,
were blended in proportion to their weights recovered, This was
obtained by dividing the wi.f recovery by 5. The details are given in
Appendix 3, The proximity to the original oil was shown by the fact
thet this experimental reblend was caleculated to have a refractive

25

index of NDh = 1.5656, while the original oil polar portion was

2
caleulated to have N > = 15659,

D
2
2 of' this experimental reblend was 165618, showing the

The actuél ND
same sort of difference as with benzene~iso~octane.

This polar blend wgs then mixed with varying proportions of the
saturate portion, to give a refractive index v. wie% polar compounds
graph. The resulting curve is shown in Fig. 6.1., btogether with

similar experimental curves prepared by Rhodes (b3) for KX% °
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Rodes was separating the oil by liguid extraction, and to use triangular
diagrams, he required tie-line data which he obtained by chromatographing :
some of his samples on silica, and blending the polar and saturate por-
tions in various percentages. He then plotted the points for the original
sample on each curve; and by Joining this points, obtained his experimental
correlation. He concluded that for refractive indices above 1.5500; the
relationship was not linear, due to a line of different slope being
obtained. It is evident that Rhodes' fractions were cross—contaminatied
and that to extrapolate his correlation beyond his experimental points
is not Jjustified, as this would mean a rather low value of refrgctive
index (1.39) for his pure saturate material. The non-linearity over
85% is produced by the wide range of rvefractive indices of the polar
molecules., It is possible that Rhodes'! correlation is part of a curve
shown by the dotted line in Figeb.1. The difficulties in fthis approach
must not be underestimated, and it was thought that the major sources
of error would be:

i), the impossibility of defining a refractive index for the pure
saturate material;

ii). the separation between the polar molecules producing sowme
fractions, where the average refractive index was only 1.52 or 1.53,
and other frgections where ?olar average refractive index was 1.56~1+57.
The errors will increase with increased separation of the fractions.
The method would be worthwhile, however, if it could predict the saturate

content of the oil to within 2-3%.

Durxing this work, it was realised that the methanol eluate, which
which had been excluded from the experimental reblend, would meke a
difference to the average refractive index of the polar portion of the
0il,
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When a proportional’amount of the methanol eluate was then added to the
reblend of ND25 1.5618, the new refractive index was 1.5475, which was
very close to Higgins® value for the parent oil (57). This suggested
that all the oil had heen removed from the alumina, and that no change
had occurred in the oil after passing down the odlumn., The vefractive
index of the methanol eluate was calculated to be approx. 1.5560,

The average refractive indices of the KX oils were calculated using the
data from Higgins, an& shown in Table 6.1, They are based on the actual
weilghts recovered, and exclude the methanol eluate material, as the

refractive index of this material had not been detexrmined.

TABLE 601,

. .25 o Average N = 25 o5
oil, N “original after chromat. gﬂ EENETS gﬁmggo
KX 1 1.5355 165397 1. 5.640 105637

2 105407 105438 1.4.583 105643
15047 15473 1 o704 1.5818

b 15465 145503 104570 145616
5 105471 15509 1 01659 105661
6 15472 1.5518 1 4612 125659
7 145470 S— S —
8 15452 105615 104568 105721
? 105574 145545 14732 1056k
10 1 5601 145632 1.4732 15688
11 . 1.5638 125656 1 04708 15740

12 1.5675 1+ 5660 104703 125750
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In the case of KK9 and KX1¢, a decrease is shown after chromatography,
and it is assumed that in this case some high refractive index material
has been included in the methanol eluate. It is evident from thése

values that there is appreciable contemination of the saturate fraction.

The results of the chromatographic separations of the samples from
Lxpts. 4 and 5 were also treated in this manner, and a graph (Fig.6.2)
was drawn of lines Joining the refractive indices of the "saturaie"
portions, with those of the "polar" portions, The refractive indices
of the samples wexe then used to prediet their saturate contents by
assuming that these points laid on their respective lines. The resulis

are showm in Table 6,2., compared with the experimental values.

TABLE 602,

E@iﬁ il YSats.from gravh. &ats, by exph.
15472 KK, (Higgins) 21,0 1330

1 45460 KX (author) 550 10655

15202 KL, g (authof) 2he5 13.50

" " " 1842 8,00

105359 KX, (Rhodes) 20.8 : 20,00(on silica)
15355 KX, (Higgins) 10.5 23,00(on alumina)
145465 Kxh_(Higgins) 8.5 10,00

1.4983 St.run Kuwait 352/36000 59,0 5L .90 (on silica)
15000 woomow. 385/388°%C 57,0 53,66 " o
165250 Bxptad/5 Sbe1s 330 2750

1,535 * " 8te2e 1405 1732

15500 L " S5t.3/ le 10,0 1380

1453355 " " Blend Ste7-ls 19.5 18,65
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It will be seen that for silica the predictions are wvery good, suggesting
- that a more complete separation of saburate material has been obtained
then with alumina. The reduction in the oil/adsorbent ratio to as low

as to 1/36 in stage 2 did not lead to good agreement by this method.

It was reasoned thatacloser approach to the correct line might be

to use the lowegst refractive index value of the saturates, and the
highest value for the polar compounds. These were 1.4490 and 1.5680,
This predicted a value for KK6 of 18,54 Sats. This seemed to be a
reasonable value, and so it was checked by using it to predict the 5 Satse,
in stage 2 for examples

Nn’i 0il, §te2e = 1.5345

N "Sats." fraction = 4.45H80
I\TD25 "Polar" fraction = 1.5480,
To estimate the actual % Sats., two unknowns were introduceds

who6 of Sats.rich fraction

]

X
y = wto% of Polar rich fraction.

Using the graph, and the"lowest and highest line" , a mass balance gave
X = 15, whereas it was 17.32% by experiment. Using this low value of
1.4490, a group of lines were drawn passing through 1.5460, the refractive
index of KKg, at 2075, 25% and 30% saturates as shown in Fig. 6.3,
Similar algebraic mass balances using these lines also gave values of
158ats. It was obvious that the method was not sensitive enough, as
large changes in the lower range of refractive index gave rise to only

small changes in P, the polar fraction,




Another approach to this problem was to assume an average value
21

-
for the N 25 of the saturates and use the N 25 of the polar portion as

D D

calculated. These lines are shown in Fig.6.3.

Using a value of 1,455 for Sabs, and {.5595 for Polar, Rheodes' KX

1
saturate sample is predicted by the line to contain 3.5% polar compounds,

- and the oil to have 19.2% saturates, compared with the 20% he obtained

expevimentally.
| Using Higgins' values, the saturate portion of ND25 1640 was
estimated to contain 12% polar compounds, giving @ value of 21.2% for
KX1= If, however, the remaining stages were also chavacterised by this
line, then the saturate content was estimated to be 3L4.55%.
Higgins‘ Kf¢ values were then used, and the KK6 line (10455-105659)
gave a valve of 17% Sats. The same proéess was carried out for the
bateh slurry stvages and then for the fractions produced from these
samples in Expts. 6,7,8,9,12. The results of these calculations are as
follows, using the KX line (1.455~).5659):

oil. gstimation
using Ki - line. using exnerim.
“
blended curvei

Original oil, 1.5472. 1758 ats 1378ats .-
After chromatography, 1.5518. 120 5% 9%
Mass balence on Higgins' columm fractions 29.8%
f 1t 1] author! s u 1t 38 °7’j}(‘;
" " " " batch slurry stages %0 9% 21 .65
" " colum sep. of " " " 31 ¢ 55
By experiment on batch sluryry sep. 17 o854

It is noticeable from the above that the more the separations, the more
divergent do the predictions of saturates become. Although the mass
balance on the bateh slurry stages seems to give a reasonable figure,

it is thought that the further separation of polar material rvenders the

values of over 304 unreliable,
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A variation of this epproach was to assume a value of the refractive
index of the saturate content for KK6 of 20%. A line was then dram
through these points (1.445, 0F% Polar; 1.5460, 80% Polar). This gave
the % saturates of the first stage, and a mass balance gave the propor-
.bions of Sats. which must be in the other fractions of Higgins' column
2 of Sats., and the % Sats.

D
in the fraction were drawn, and gave the lines marked Frns. 1-k.; on

separation. Lines Jjoining the estimated N

Fige6-Bo The line used for fraction 1 is obviously too high, as it
suggests that the average vefractive index of the polar compounds is
1957459~Th8 slope of the line was modified to a more reasonable value
marked fron.d.(A). This makes little difference to the mass balance, but
shows that the fraction will contain polar molecules of the mononuclear
aromatic type. The points shown are of the same form as Rhodes'
correlation curves, and were used to perform a mass balance over the
bateh slurry steges. These lines give a value of the polar portion
refractive index for each fraction, and from these values, it was

" possible to caloulate an average refractive index of the polar portioﬁ
of the original oil, which was found to he 1.5766. "The line joining
1.455 to 1.5766, il.e. Jjoining the values estimated for pure Polar and
Sats., predicts K{ to be 22% Sats.

The correlation curve shown in Fig.6.B8. was used for a mass balance
ovaer the batch slurry stages, but was modified to give a reasonable
value for the first stage, bringing the curve nearer to the straight
lines. This was felt to be Justified, as the separatioﬁ was known to
be not as great as in colwmn chromatography, and this correlation
~curve predicled very high saturate contents for low refractive index
fractions, As the first stage of the bdﬁch slurry separation would
contain & large proportion of the saburetes, it was important to
estimate this stage reasonably accurately. From the experimentally
determined saturate content, the curve was modified in the lower

refractive index regions.
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The mass balance gave:
25

stage ﬁD__ who0f stage. “Satssfrom graphe whedabts.ems.
1 105250 48,8 (30) e 65
2 15345 29.6 23 6,82
[
3 1 0 5455 1342 19 2451
4 15578 1.5 19 @-42

25:40
The 254 gms of saturates are 21.2% of the parent oil,
Using the line 1.455-1.5766, for the batch slurry stages; a mass balance

gave 27.5% Satbs,

0030 S UMMARY

It seems that a straight line relationship between the percentage
of polar compounds and saturates cannot be used for columw-separated
fractions, but seems to give reasonable reéults f'or batch slurry stages,
where separvation among the polar molecules is not as great.

A correlation curve has been shown to be of value in predicting the
saturate content of oil samples, It is possible that a family of curves
should be used according to the extent of the oil separation. This will
take into account the appearance of the nephthenes and mononuclear
aromatic molecules of similar refractive indices.

Taking into account the experimental results, and the estimations using
correlabing lines and curves, it seems that about 25% saturates for KX6
is a reasonable figure Lo take, though this may be erring slightly on

the high sides
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Using Higgins' figures, for XX s & straight line between

1012

1.4600 and 1.5740 predicts 9% Sats. for K , and a mess balance

10-12
on the individual fractions gives 23%, using the same line. From the

column separation of K IT PP experiment 30, the average ND25 of ‘the

10
polar compounds was calculated to be 1.5815. The line 1.5815=1.4600
gives 23% Sabs. for KX II1O~12’ where 11.50% was separated experimentally,

and a imass balance on the separated bateh slurry stages gave 7-9%

experimentally. Using the same line for the mass balance on the batch

slurry stages gave 19-21%; koowing that these will tend to be too hig h,

it seems that 12% is a resonable value for the non-aromatic portion

of XX IT °
y0-2

Oolto THIEORETTCAL ANALYSIS OF BANCH SLURRY STAGES.

A theoretical treatment was carried out in order to estimate
the number of stages required for a given separation, The polar
concentrations P were considered, but the same argument follows for the

saturate concentrations. .
/ e en
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It was assumed that the separation was tbaking place as in fig. 6.5,

P! is the weight of polar compounds in the solid, and is equal to the
emount adsorbed plus the amount in the liquid phase in the pores, per
gram of adsorbent. P" is {the weight of polar compounds in the bulk
ligquid phase, per ml, of solufion, excluding that which is in the pores.
These expressions were used for the concentrations because in the
experimental technique concentration differences were not messured,
Filtration gave the weight of oil in the bulk solvent phase at each
stege.

Let the weight of polar compounds P,gms/ml. solution,in a solution with
Vmls. of pure solvent be added to the weight of adsorbent Agms. This

oil will be partly adsorbed, along with some of the solvent, and will
split up as follows, assuming the oil density is equal to 1, and'letting

the pore volume be Vp mls/gme.

i

Po"(V 4+ VPo") AB' o+ P, "V o+ et - AVp)

Initial conc. = oil in pores 4 oil in liquid,

To find the eguilibrium point on the curve, we requlra the slope of the

line from (P",0) to (P1"3P1|)e This is given by ﬁﬁ“imﬁ , Which

however cannot be expressed exclusively in terms of 1 Po', V, Vp and A,
If the volume of oil in the solution is ignored, ( i.e. VPo" = VPq" =0 ),
thens:

POV = AP.' 4 P (V.= VD).
In the present case, A = V numerically, o. AVp = V.Vp
on POMV = AP1‘ ps P1"V('1 - Vp)

N Pt
For small values of Vp, f - approXe
* Po" P, "
Vp is known to be 0,285 for the alum;na used in this work,
P ! v

® @ -‘&;-;.nmwihsm oy e s e e — -
=]

Po"-0.715P, " A
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In stage 2, the oil din the pores now splits up into two phases
on addition of Vmls. of fresh solvent. In this case, the volume of so~-
lution is V, as the pores are already full, and constant volume disnla-
cement is assumed,
cqoa'lp ! = .APQ. L VP2"

1
- V P t __139!
A P
2

and similarly for succeeding stages.

The case will now be considered wherve the filtered oil solution
is contacted in successive stages with fresh adsorbent.
Stage 1 is similar to stage 1 above.
Stage 2. Assume that the solution for stage 1 is stripped, end the oil

is dissolved in fresh solvent:

P,l"(V + VP, " = AUD) = AP.* + P?_"(v o+ Wz" ~ AVp)

| 2

The volume of the oil in the solution is again ignored, ioeaVP1"zVP2"= Q.

o {V - AVp) (P1" - PZ") = AP?'
P2' Velrp

o B e e )

°° P1"HP2" - A
If the adsorbent is added to the filtered solution withouﬁ any
intermediate stripping,
tage 2: P, "(V-AUp) = ap,' o+ P(V-24Vp)
= AP, 4 PZ"(V~AVp) - P, "AVD,
so (V-avp)(P,"-P,") = 4P,' ~ P "AVD,

' et
ignoring PQ"AVP, Py V-&p

SN e pAA VN e o TR (IR oy e oom A e

" o
P1 P2 A
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Stages Pz"(V - 2AVD) A?ﬁ' e ?3"(\? - 3AVD)

= AP ' PV - 24V - P_"AVp.
. P3‘ V-24Vp

00 empmpieuy DI s smeasm
P a9 o it
5 .P3 A
This process will continue for Kg; stages, 1.6, when all the solution
has been adsorbed. The seme equations will also apply to the saturate

fractions by replacing P with S.

.6059 EQUILIBRIUM DIAGRANMS FOR BATCH SLURRY STAGES.

From the estimate of the total amount of saturates in thg oil,
a mass balance was.set up to determine the concentrations of & and P
at each stage. Only the iso-octane stages were considered,as the benzene
stages contained only very small amounts of oil. Details of all the
'concentrations are givén in Appendix 3., but an exampie is given here,
token from 2 stages of the KX6 separations in experiments L/5e

wt.oil charged: 120@ms° who.aluminas 600gws. iso~octahe: 600mls. at

' ' each stage.
whofb saturates in oil = 2554 = 30gms.

wt. polar compounds = J0gms.
wbe separabted by experiment = 24.0igms.
s scale up wis. of saturates obtained by 30/24.01

Stage 1.

wt. recovered: 48.8gms. wh.Sals. 13.4 29 .. = 16.7gms, in 1iq%%d
nha

2)-‘}-0 O'] Se ¢

Q0

o 13.3gms. in solid phaseo

wt,pdlar compounds in liquid: 48.8%16.7 = 32.1gms.
Wtopolar compounds in solid; 90-32.1 = 57.9gmso

volume of solution : 600 + 48.8 - (600,0°285) = 477mls.




. ,
% concentratlions are:

8 = 13,3/600 = 0.0222gms/ems adsorbent;

8" = 16.7/477 = O°350gmaﬂgﬁg &Eééééégt;

P! = 57.9/600 = 0,0967gms/gne adsorbent;

P" = 32,4/477 = 000674_51113/@% adtsibent,
Shage 2.

who 0il recovered = 29,.6gus;

wto sabs, in liguid = 5,13 EﬂggT = Gol28ms

whte sats. in s01id = 13%.3 = 6.42 = 6,88zms;

whbo polar in liquid = 29.6 - 6,42 = 23.18gms;

wte polar in solid = 57.9 = 23,18 = 34.72gms.
o concentrations are: '

8 = 6.88/600 = 0.0145

S" = 6.42/600 = 0,0107 (the solution volume is now 600mls.)

P! = 34,72/600 = 0,0580

P" = 23%,18/600 = 0,0386

N.B., As the bateh slurry stages of Runs II and III were very similar,
the first five iso~octane stages 8F Run ITT were not analysed chromato-

graphigelly, but the Run II figures were assumed for Run III,.

These points for S' and S" were plotted as isotherm data in Figs.
6o6a=6e8. and combined in Fige 60,93 the polar concentrations P' and P"
are shown in Figs. 6.10-613,

The saturates in Expt. 4/5 and Run IIT gave an isotherm of the Langmuir
type,shomn as I in Fig. 6.14.B whereas the polar compounds and Runl of
the saturatesgave an isotherm of type 2. However, both these curves must
tend to a maximum, when the amount in the adsorbed phase is equal to

the pore volume, and therefore those cuvrves of type II must actually

he parts of type IV curves.
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The combined saturates curve of Fig.6.9 has been drawn cddse to
the small scale bateh slurry stage points of Expts. 4 and 5, as conbinu-
ous stirring meant that these experiments would be more likely to have

- atteined equilibrium than the drum rolling for Runs I and III.

The lower values of these Runs I and IITI may mean that the saturates
are of different composition to those of Ko and a different isotherm
has been obtained, If equilibrium had not been obtained, the points would
tend to move in the direction of' the arrows, and this seems to be a
more likely explanation. Thus, at equilibrium, the isotherm would be of
the form shown by the dotted curve. The polar compounds ewyve of Fig.
6.13 shows the same general shape, although much steeper,

The theoretical stages were constructed on the graph by using the
relationshipe derived in section 6.4. Taking Fig. 6.6 as an example,
the feed concentration for saturates was 0.0417gms/ml. This is the point

Son 'y




A line of slope g (450) was drawa through So", to cut the equilibrium
curve at A. This line gives the relationship between the two phases
for negligible pore volume, For a larger value of pore volume, which
must be taken into account, the slope of the line will be greater than

v
% o Lt can only be found hy trial and errors

t by "
S1 v V.Vpos1

S5, " P A(s-s,‘")
In this case, both sides of the equation were equal, when 81' = 0,02
and S" = 0,03, These were taken as the equilibrium points 51' & 81"0
From 81' , the second equilibrium point was found by drawing & line

v .
of slope gz %To give:

~~~~~~~ o This gave the point Sg's

This process was repeated as shown in the diagram, giving a total of
12 stages to reduce the concentration of saturates in the stationary
phase o zero. The same proocedure was carried out on the other graphs,
and the number of stages reguired to reduce the concentrations to zero

by the use of iso-octane were found from the graphs. These were:

Saturates Polar compounds
Expto 4/5 12 stages 13 stages
Run T 7 " 15 n
Run IIT 8 " 20 "

An experiment (54) was then carried out, similar to Bxpte 4,
using 300gms, alumina, 300mls. solvent at each stage. However, 80gms.
0il were charged to investigate the effect of using a higher oiL/
adsorbent ratio. Due to the fact that the adsorption capacity of the
elumina for the oil seems to have been reached, exactly the same weight
of o0il remained adsorbed, as in Expt. 4. The results are shown in Fig,

65 1 i}.o
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As the adsorption capacity was exceeded, it is unlikely that there werse
any saturates in the adsorbed phase, but it can be seen that seven
iso-octene stages were required to remove 91w of the polar compounds,
whereas only four stages were required according to Fig.b.14. The

final two iso-octane stages only removed 1.5% and 1.4% of the oil
respectively, suggesting that the isotherm curve should be steeper (i.e.
nearer to the ordinate P'), In Bxpt. 54 four iso-octane stages removed
8654 of the oil, showing the small difference in s0lid phawme concentration
produced by successive iso-octane stages after the opbimun value had
been passed. The 20 stages estimated for the saturates of Lxnt. 4/5
appears to be too high, which means that the curve should be flatter
(i.2. nearer to the abscissa S"), as had been proposed from &

congideration of the attainment of equilibriuvm,

The difference between the number of stages required to reduce the
amount of polar 6ompounds and sabturates to zero gives the number of
stages to separate the saturates from the polar compounds in the
adsorbed phase., This is important, as it mey be possible to use this
as a basis for determining the nuwber of theoretical stages in an
adsorption columnj; the process is not the sawme, as in a column adsorption
and desorption of the oil are taking place continuously, but the same
result is obtained, and by determining the counbtamination of each freaction

as quantitative comparison could be used,

On recontacting the filtrate from stage 1 of an experiment similar
to Axptele, the second stage was represented by point B for the
saturates in Fig.6.6, This point is well below the equilibriwm curve,

and can be accounted for in a number of ways.




It is possible that with fresh adsorbent the polar compounds are quickly
attracted to the active adsorption sites, and the adsorption- desorption
process to reach equilibrium would be slow. Inaccuracies may have
occured in the small scale weighings, and the concentrations will
similarly be in error. It is also possible that hyster®sis is oceurring,
and that the adsorption isotherm is similar to the dotted curve, while
the desorption curve is the equilibrium isotherm already obtained.

This effect has been observed by Shull et al ((8) and has been justified
thermodynamically by Brunauer (H9).

For adsorption/deﬁorption on s%lica, Shull et al. found that above a
certain pore diameter (30~100 Angstrom units), hysterfsis occurs for

‘lgrgﬁwpg}eculeae A slight effect was observed with nitrogenofhé&Jua)

)
o]

N
In the case of oil aﬁsorption, hyster®sis could occury; due to the
fact that in stage 1 alllthe véry polar molecules, probably oxygen and
nitrogen compounds, will remain ddsorbed even after many successive
desorptions with iso-octane. If, however, the filtrate, containing sa-
turates mono and dinuclear aromatic molecules, is contacted with fresh
adsorbent, there are new active sites, and those molecules which would

normally be in solution in a desorption process will be in the adsorbent

phase,



For the polar molecules, the second stage gave the point D on ¥ig.6.10.,
which is only slightly below the equilibrium curve, and may be due to
experimental error, though the possibility of hysterfsis cannot be
discounted. As the polar molecules are strongly adsorbed, the adsorpvion-

desorption curve would be expected to be much closer,

)
To estimate the theoretical stages in this process, lines were drawn

as derived in secbion 6.4. On the saturates diag ram, a line of slope
Y:§E~ was drawn through §, " (&), the slope being 35°, This did not
coincide wmth B but absumlng that this curve = to be valid, it gives

a total of 11 stabes to obtain completely saturate free o0il sample.
When this point were reached, however, the oil sample obtained would

be so small that the value of the separation would be guestionable.

The line of slope 350 from P1" in Fige6e10. for the polar fraction almost
coincides with D, and four stages are shown to reach zero concentration.
If a hyster@sis curve, slightly flatter to the abscisse were being
followed; then more theoretical stages would be required. An example
taken from Expt. 4/5 will illustrate how the concentrations of saturates

are varying with these different treatments.

Addition of fresh solvent,
Initial oil: 25% Sats. Stage 1. S0lid phase: 18.5%. Liquid phase: 3l
Addition of fresh adsorbent,

Tnitial oil: 25% Sats. Stage 1. Solid phases 965k, Liquid phases L7.4¥.

If the process is considered similar to distillation, then the two percen:
tages uvnderlined should be compared, as one represents a concentration
of the polar compounds on the adsorbent, and the other the concentration
of the saturates in the liquid phase., Both these processes take place

in an adsorption column,
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been obtained, however, for only half the effort, if the benzene stages had

148

As a Lfinal comparison between bateh slurry process and column separations,
Bxpt. 5 was oarrled out, u31ng the same amount of material as in Expte.
4o in a 5% x 8" colum, Fig.6.15. shows the cniomatographlc separation,
and it can be seen that 1ittle separation of the oil into zonesy has
‘taken place, and that almost all the oil has been removed by iso-cctane,
To vemove 80j% of the oil required 1200mls. by bateh slurrying, compared
with only 400 mls, on t.e colum., Although the colum was grossly
overloaded, a small amount of non-aromatics were isolated.

After the first 190mls, samples were taken every 50mls, and the results
~after stripping are shown on Wig,616. The fluctuation in the refractive
index could mean that small fractions of saturate material were passing t
over the polar-arvomatic material. This could have happened because of
the large volume of oil charged, and the necessity to dissolve it in

a small amount of iso-occtane to facilitate entry of the oils té@ the
column. The first oil solution samples were being collected while the
last of the oil was entering the column at the top, Although Expt.b>

has given slightly better separvation than the bateh slurvy, it took

3 days to complete, compared with 1 dey for the babech slurry.

6,60 OPPINUNM NUMBER OF STAGES FOR BACH SDAVENT,

b, '
It was seen in Pig.14. that successive iso=ccbane stages were
removing less oil each time, although this meant bthat benzene fraction

of high refractive index (1.625) was obtained. A benzene fraction could have

commenced after the fourth iso-~octane stage
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Pige 6,17. shows the separation of Run IIT by the wt.j% of the oil
entering each stage, i.e. the amount adsorbed on the alumina hefore
addition of a fresh solvent. Run III is used as an example because it
had the most iso-octane stages. The decrease in weight of oil will
tend to become exponential as alrtady seen in Yig. 6&%%{, and there should
be an optimum point to change solvent. The points to be considered are:
i). the labour and solvents required for many stages§
ii). the type of material required, and its degree of contamination
by other molecular types.
If benzene alone were used, a curve similar to the one shown would he ’
obtained, while methanol would pwoduce a very steep curve, showing
almost all the oil displeced in the first stage.
To obtain a reasonable amount of oil at each stage means that the curve
must be quite steep. When Tthe amount of oil in any stage is considered
to be too small; the next solvent is used. This changeover point may

be decided before the experiment, and will depend on the experimental

conditions.

6e70 OIL~SOLVENT TSOTHERNS

The apparvently anoXxmalous results obtained, as shown in Chapter
5., are of interest in considering the adsorption capacity of the

alumina. The surface area of the alumina used was measured by

T . . . . . 11 :
Harrison (b)) by nitrogen adsorption, using the formula s ﬁ%“ P
) 1
where el moles adsorbed/gm,
2
A = surface area of adsorbent, m .

N = Avagadro's Number,

(-]

Amﬁ Area of adsorbed. molecule Azo




| Bl

-]

~ Assuming a value of 10 A for the diameter of the ddsorbed hydrocarbon

molecules, I
140,103,

=) 0100,10

X = -

B 6,020.10 16

\ . 2
using Harrison's value of 140 m"/gm., for the surface area.
Assuminé a molecular weight of 300 for the oil molecules,
-3 LL. ei-'«
X = = 290 1‘0 ’5 = 0,089 gms,
6,024, 410

This means bthat with maximum adsorption, i.e. when the liquid concentra-

tion is 1.00, only 8.9gus., of oil could be adgorbed in a monowmolecular
layer onoﬁhe surface of 100gms. alumina. If the diameter of the molecules
were 12 A, then the adsorbent capacity would be only 6.2gms/100gms.
adsorbent, »

This is in very good agreement with the isotherm resulbs.
In Exptellde, the oil adsorbed was of the order of 2-b6gms for a wide
variation in solution concentration, but the total o0il in the pores
did not rise above 8gms. In Bxpt. 15, the amount of oil ih the pores
rose to 12gms., ah en oil/adsorbent datio of 60/100, though the amount

adsorbed (Ao) remained at 7.36gns,

The findings of Giles (3;),'mentioned in chapter 1, that |
hydrocarbons are only adsorbed on 0,1% of the surface would wean thet
almost all this oil "adsorbed" would be in the pores, but not adsorbed.
In the light of the fact that even saturaives have been adsorbed by
alumina, and in some cases were still present in the adsorbed phase,
after several iso-oclane stages, it seems doubtful that so little of
the surface is used for adsorption. FPhysical adsorption of a similar

order to the conditions assumed above must be taking place.




6.8, SULPHUR CONTENTS ,

The sulphur content of each fraction obtained from the chromaw
tographic separation of the large scale batch slurvy stages is given in
Section D of Appendix 3.

The batch slurry process does notv seem to give much separation
between sulphur compounds and the rest of the oil, Run I, in which the
alunina was suspected ofnbeing less active than in the others due to
a higher wabter content, gave no significant separation at all; except
in the last two stages. Runs IT and IIX had low sulphur contents in the
first stages, rising to a maximum in the benzene stages; and decreasing
in the methanol stage.

A mass balance on the sulphur contents of the batch slurry stages
compared with the original oil KX 1110_12 gave 99.5%, 93.5% and 97.2%

recovery for Runs I-ITY respectively.

The chromatographic fractions gave good separation of sulphur
compounds . After the formolite negative fractions, came fractions with
as low as 2«34 sulphur, with the maximum sulphur content in the first
benzene fraction, The fact that the last fraction, the methanol eluate,
contained so little sulphur suggests that it consists mainly of oxygen
and nitrogen compouﬁdﬂa The separation may be even better if one could

distinguish between the mercapteons and thiophenes in the oil,.

An example will give an idea of the amount of sulphur compounds in
the oil. Run II, stage 1, has 4.65% sulphur. An average molecular weight
of 300 mey be assumed, and it can also be assumed that the 13.68j

saburates contain no sulphure.
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2o 83.32% of the oil contains all the sulphur,
~The sulphur compounds sao far isolated from the oil have each
¢ contained only one aﬂmphur atom per nolecule,

* .

eo if 211 molecules contained sulphur, the wi.% sulphur would

b(-) ';:-En e 00 = 1037%0
-00 . . 5465 »
- The § sulphur of thé polar compounds = 33735 «100 = 5.57jc

:. Proportion of sulphur-containing molecules :~5.57 = 5202%.

s ]

_ 107 )
52,2% of 83032 = 43.5%,

Se The oil consists ofs 1346855 saturates,

39.82% aromatics,

4365 9% sulphur compounds.
#s these éulphur compounds will haee similar adsorption affinities to
many of the hydrocarbons, it is apparent that bo separate out the sul-
vhur compounds by chromatography will‘be‘very difficult, end it is
possible that only chemical methods will ensure a complete removale
Tt is reasonable to suppose, however, that concentrations of sulphur
compouhds will also show concentrations of polynuclear aromatic materiald
An iﬁvestigation is being caried oub at present in this department
by Higgins (b6) into methods of removing sulphur from lubricating oils.

6490 SPRCIFIC GRAVITTES,

These were measured at QOOC, with two measurements at 2500,
to give an estimabion of the temperature coefficient, This is important
for the use of specific refrectivity correlations to identify moleculaxr
types, when the vefractive index and density ave required at the saume
temperature. The details are given in Appendix 3, section E.
A steady increase in specific gravity is apparent for each run, with
the methanol stage equal to or slightly less thén the last benzene
stages |
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SUGGESTIONS FOR FUTURE WORK

A, CONCLUSTONS

1) A praliminary\investigation has been carried out into several
' variables affeclting column efficiency. Using a sim@le test mixture,
the variables studied were:
- wet and dry packing;

adsorbent activation temperature;

column diameter;

particle size;

direction of flow;

adsorbate/adsorbent ratio.
It was found that the amount of adsorbent and the column diameter were
the only variables to have a marked effect on the separation of the
test mixture. Using a fixed amount of adsorbent, the maximum separation

could be obtained by using several columns of narvow diameter in series,

2). A comparison has been made between the separating powers of
alumina and silica for the test mixture, Silica was found to have a

4,

much larger adsorption capacity in this case,

3). Little separation was apparent among the eromatic components
of the test mixture, as their refractive indices were wvery close.
The mixture was chosen for analysis by G.L.C., and good separation
of peaks was obtained by this means. If refractive index is to be used

in future, a different test mixture should be chosen,
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L) . A number of bateh slurry separations of KK6 have been cerried
out on alumina (Expts. 1-5). These gave £ood separation of bthe high
refractive index range, end about 10/ of the oil was recovered by benzene

and found to have a high refractive index (above 1.60).

5). One of the initial suppositions, that all the saturgbes would
be desorbed. from the alumina by one or two iso-octane stages, was found
“to be invalid. ITn the large scale runs, small amounts of non-aromatic

compounds were devected in the 7Lh and Bth stagess

6)o A Kuwait oil blend known as KX 1110“12 has heen separated by
large scale bateh slurrying three runs. The separation in Run I was notb
as good as Runs II-IIT, and it was concluded that the alumina had been
left exposed to the atmosphere and had a higher water content than in

the other twe runs,

7). The batch slurry technigue has been shown to be effective in
preparing samples of polynuclear aromatic material of low contamination,
similar to samples produced by column chromatographic separation, but

in a much shorter time.

8). Small scale chromatography was found to be useful for analysis
. of the fracltions obtained by bateh slurrying. It could also be used to

give a finer separation of a sample produced by batch slurrying.

9)e Several methods were used to estimabe the percentage of satu-
rates in the oils. A correlation curve was drawn bo estimate the $%
saturates in each fraction of KX6 obtained from the 40' column. When
this curve was applied to batch slurry stages, it was modified to give
the same result as for the column-~separated fractions. It seems that a
correlation curve cen be used to estimate the percentage of saturates
in an oil by refractive index only, but the shape of this curve will

depend on the history of the fraction to be estimated.
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10) o USiﬁg an estimated value for the percentage of saturates in
the two oils ﬁnder investigation, the concentrations of polar and
saturate compounds in the solid and 1iq&id phases were determined for
the batch slq#ﬁy stages. Isotherms were drawn for each type of compound,
and using lines, the slopes of which had been derived theo%@éallys the

theoretical number of stages for complete desorption were estimated.

11) o On recontyacting the filtrate from stage 1 of a batéh slurry
with fresh adsorbent, concentrations were obtained which did not lie
on the isotherm, These could be explained by either the nonw-attainment

of equilibrium, or by hyster®sis in the adsorption-desorxrption curves

12)» It was concluded that the optimum number of stages for a given
solvent depended on the separation required, and could he determined

before the experiment,

13) The seemingly anoymalous vesults of the isotherm experiments
were explained by consideration of the maximum adsorption which could
take place, Assuming e monomolecular layerx, the resulls agreed very

well with a calculation based on an average molecular diameter.

14) . The determination of sulphur contents has been shown to be
useful in giving a guide as to the separation being obtained in batch

slurries and chromatography,

Be SUGGESTTIONS FOR FUTURE WORK.

1). Investigabtion of several variables in batch slurrying.
a). oil/solvent/adsorbent ratios,
b). stirrer speed,
¢)o use of different solvents,

d)e time to reach equilibrium,
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2)» The use of apparatus for bateh slurrying such that the
adsorbent nsed not he transferred to a filber after each stages
Gravity drainage through a porous disc in the bottom of the flask should
be sufficient. The use of vacuum nay upset the results by suecking oil
off the surface or from the pores. ( In Expty.5h., the solution in the
sturrying vessel had a refractive index of 14472, while the filtered

solution was 1.4183.)

3)» The development of a correlation curve, or family of curves,
to estimate the percentage of saturates in the oil by means of refractive
index. The obtaining of uncontaminated saturate and polar samples will

be an essential prelude to this.

4)s The use of a test mixbure to obtain more information about
the equilibrium relationships being established in a bateh slurry process,

and to investigate the possibility of hyster®sis curves.

5)s The use of a Gl.Co instrument to analyse all test mixtuve
samples, This will open new possibilities bo carry out efficiency studies

in a batceh slurry process and in column separations.
6) . Investigation into the difference in effect that the usual
variebles have on separation efficiency in frontal and elution analysise.
7). By the use of test mixtures, it should be possible to estinmate

the number of theoretical stages in an adsorption column by the use of

a2 bateh slurry process.
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APPENDIX 1.

- wrw o

MATERTALS USED TN THIS WORK.

ADSORBENTS o

The main adsorbent used was alumina (4100~200 B.S.I. mesh) from
Peter Spence Ltd, The silica used in Expt.20 was 28-200 B.S,I, mesh,
from Crosfields Lbd,

The main physical properties have been determined by Harrison ((})
and are as follows:

Alunina (100-200)  Silica (28-200)

Surface area, m%/gm, 140 635
Pore volo m%/gmw Oe2h 039
Pore diams & 69,8 2343
5 wteloss at 20 C, 522 2,77
Bulk density. 1.0356 0,738
Skeletal density. 2,88 1098

Both adsorbents had been used and regenerated previously, and a
sieve analysis was carried out on the alumina. Fig. 1. shows the
results compared with those of Ibbetson (1) for fresh alumina.

There is a large proportion of fine particles, and this may possibly
have been caused by several regeherations, This is a point which must
be examined before further work is carried out using this slumina.
The pore volume of the alumina was determined using the sesme method
as Harrison, and a consistent value of 0,285 gm/mlo was obbained.
This value has been used for caleulations in this thesis.

The activity of the alumina was checked by isotherm determinations using|

the benzene/iso-octane system,
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A weighed smount of alumina was placed in a stoppered boltle, and a
measured volume of henzene-iso-octane mixture of known concentration
was added. The bottle was rétated for two hours and the liquid concenw-
tration was determined by refractive index measurement.

A refractive index v. volume % benzene graph was used with the following

pointss 25
concentration benzene voleje. Ny
0 103890
10 1e3990
20 | 9}.3,082
30 1 o"—!—'] 89
40 14299
50 '1 ola‘l.‘-oo
60 14511
70 1 OZ!—622
80 14736
S0 104852
100 14970
The experimental. isotherm data are given below.
NOaNﬁz initial Xo QEQEfigg& x Wt°@i££&ﬂ&.£0:§ Ac At

1a 1 31{-8)0 09900 4 921.8}«}8 0:899 100001 2 0500'} OnO', 98 0921 78
20 1e4735 0,800 1.47256 0.790 10,0025 0,09 0.0851 0,2096
3o 1.4568 0,650  1.4550 0.635 10,0018 0,015 0,0822 0.1824
ho 1.4378  0.478  1.4375 0475 10.0030 0,003 0.0114  0.1204
e 1.4225 06335 1.4210 0,302 10,0022 0,033 0,094k 041384
6o 1:4086 0,202  1.4053 0167 10,0007 0,035 0,08k4  0,110L

Ae and &t were calculated according to formulae derived earlier.

-X
A Q
.A.C o ﬁ éi—:;i)-*a

Ab = 4+ (Vp = Ac)x

and the results are showm in Fig. 2.




Erratum,

The Ac curve shown in Fig.2, represents the preferential
adsorption, i.e. the difference between the amount of benzene
adsorbed end the amount of iso-octaene adsorbed. This means
that 5t will in fact return to zero at x = 1, when no iso-
octane is present. The curve shown as "Ac estimated” actually
represents the total benzene adsorbed, and at x = 1 will be
equal to the amount necessary to form a unimolecuder layer on

the adsorbent,

The wide scatter in the Ac resullts may be explained by the small
concentration differences at high initial benzene concentration

S
Point Noo.l, must have been an experimental evror, but point No.6 should

0o

not be so low, The Ac curve should tend o a maximu which will be the

amount of benzene which can be adsorbed as a monomolecular layer.

Tt should not return to zero at x = 1,0, as suggested by Cammon (1)

and Ibbotson (1L4). Some of the secatter in these points is reduced by

plotting At. v. x and this should tend to the pove wolume at x = 1,
After one further regeneration, the alumina was tested again and

the resulbs weres

X = 0.275
Ac = 0.0722
At = 007567

These are a bit below their respective curves, showing o loss in

activity after another vegeneration,

SOLVANTS .

7 B,Pt,

“Dsum e
Igso-ootene (2.20k. trimethyl pentane) 123890 100,47 OC
Benzene "Analar" redistilled 104970 80,1
Methanol redistilled 1.3280 64,0
N,hexene 1.3722 68.7
(actual hexene used contained isomers) 1B LL2
Xylene o. and p, mixture, trace of meta, 1 4925 140,0
ethyl cyolohexanse 1 o202 100.9
Toluene "Ancalar" 164936 110.6

OILS.

The KA series of oils were prepared at Birmingheam University in a
Stedmanfpaoked column by vacuum distillation. The oil used was a Kuwait
furfural extract, and this was {ractioned into 2%00 cuts which vwere

(o)
later blended to 5 C cuts and given & KX nomenclature.



The boiling ranges wexre:

KK, 350-355C Ki,  370-375°C
KX, - 355~360 KXg 375~380
KX 4 360-365 1@{7 380-385
KK, 365-370 Kig 385~390

The resthdue weas distilled at a later date, as 1t was suspected that
this residue may contain the most biologically active fractions.
The following boiling ranges are approximate, being estimated from the

still temperatures:

K, 390-400°C
KK, o A400-410
KX, 410420
KK,  420-430

KEge which was used in the first part of this work, hed a refractive
index of 1.5460, and a sulphur content of 5,28k,
XX Il1om12°

had been vaeuun distilled into litre cubts at the B.P., Research Centre,

This oil was a blend from a Kuwalt furfurel extract which

Sunburyy-on~Thames. The boiling range of this blend was estimated to

0 :
be: 400422 C. Its refractive index was 1.5532 and its sulphur content
-5,5 @{-?’ga
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THEE DENSTITY OF SHALL SAMPLES OF OIL.

The density and the refractive index of oil samples are very
important as corrvelations can be used, based on these two properties,
and are found in most petroleum reference books. For samples of known
molecular type, bthe number of carbon atoms per molecule can be estimated;
and for samples of known molecular weight, the type of molecules present
can be discovered. The batch slurry samples were not homogeneous enough
for these correlations to be applicable, but it was foreseen that most
of the fractions produced by chromatography of the batch slurry samples
would contain mainly one molecular type, e.8. n.paraiflins, dinuclear
aromatics, etceos
As most of the samples produced would be of small volume (some less

then O.5ml.), the conventional methods could not be used.

Ao Falling Drop Method.

A method which has been applied to lubricating oil samples is the
falling drop method, and as this was the only reference in the
literabure directly concerned with oil samples, i1t was tried first,
This method has also been used in this department by Walmsley (bL)
for the determination of the percentage of heavy water in products
from a distillation colum. The rate of fall of a drpplet in a slightly

less dense immiscible fluid is governed by Stokes' Law,
o 2 sl

solution viscosity
poises.

it

d -d, = density difference gm/ml
D = diameter of droplet cm ¢

v = falling velocity om/sec.

H

v]

9841 cw/seco




Hoiberg (65) has determined the densities of oil samples by timing the
rate of fall of small droplets in ethanol solution. The concentration
of ethanol was varied according to the appropriate density of the oil
sample, to give a constant density difference. Por oil densities of
0,953 to 0,993, a L45% by volume ethanol solution in water was used, of
density O,923gmﬁmla

A tube of approx. 1.3cm, diameter and 50cm. length, was set vertically
by plumbline in a constent temperature room., The temperature varied over
a pveriod of time from 19.5 to QOOC, but over a few hours, did not vary
more than = 0.05000 Two marks were made on the tube 30cms, apart, lea-
ving sufficient space (1Ocms.) at the top for the drop to achieve
constant velosity.

Lo produce a droplet of constant known size, an "Agla" micrometer
syringe was used, This consisted of a precision bore all-glass syringe
with a No.76 stainless steel needle., The movement of the plunger was
regulated by means of a micrometer, and the whole was set in a stainless
steel mounting.

A ethanol solution of approx. 45% by volume was prepared and its
refractive index, viscosity and density were determined by the Institute
of Petroleum Standard methods (59).

By rvotating the micrometer screw, an oil drop was formed under the
surface of the solution, and by a sudden upwards movement of the syringe,
the drop was released and its velosity measured. One revelution of the
screw gaee a volume of 0,0iml, % 0,0001ml,

The oil used in these tests was Run I, stage I, and its density was
checked by Specific Gravity and Westphal Balance methods and found to

be 0.9790.




The reswlits obtained by the falling drop method were:

069557
0.956h.
0.9809
0.9577
0.9549

With one exception the results were of the same order, but
consistently too lowe. The ethanol solution was checked by refractive
index, but no change was detected which would indicate dissolution
of the oil. It was noticed that a small amount of oil remained on the
tip of the needle, and this may have accounted for the low results.
Hoilberg overcame this difficulty by applying a small amount of soap
to the needle, bubt this did not make any difference to the resuvlts
in these experiments.

A further series of tests gave the following results:

069444
009440
0,9436
0.9439
[O)% 9!*552

These were remarkably consistent, but much Hoo low, and it seemed
obvious that there was one major factor which had been overlooked, but

which was not apparent,

B, Direct Weighing.

omp ecay  mme eiw T

Small volumes of the liquid were then ejected from the syringe
into weighing boats, and the densibty calculated by direct weighing.
This method gave better results:

0.995

0,990

099715-

0,972

0,968
0,984

Although these were not consistent enough to be of value.




Co Water Equivelent,

A'small sample of oil (ecirca 0.5gm.) was added to a 25mls. specific
gravit& bottle, and weighed. The bottle was then filled up with
distilled water and weighed again, giving the waber equivalent of the
oil, which was defined as the specific gravity. Although the oil was
slightly less dense then the water, by careful addition of the water,
the o0il remained at the bottom of the bottle, possibly due to surface

tension effects., The results obtained ¢ 0.9359
0.9578,

were not accurate egough, and it was thought that a larger oil sample
must be used for this to he an accurate method.

Four mboro pipettes were then made, and calibrated with distilled
water. It was not possible to calibrate them with mercury, due to the
small size of the tubes (approx. O.kml.). The correction to be added
to the weight of water in the tube to enable the specific gravity to
be quoted "in vacuo" was calculated to be 0,0000522, and the correction
was igunored for this works.

The wvesults obtained by this method were:

0.9733
0.9822
09554
1,004 6
1 901 17
0.9751
09701

These were still not accurate enough, and so as time was valuable at

this point, the investigations were concluded,




Conclusions

It is thought thal the reason for the failure to obtain consistent
end accurate resulbts were:

1) Small amounts of oil remeining on the syringe needle;

2), Local fluctuations in temperature in the constant temperature
room., The close presence or the breath of the experimentor, or there
being more than one person in the room, will lead to errors, especially
by the setting up of eddy currents in the ethanol solution;

3), Possible inaccurescies in the balence. The balance was zeroed
frequently, and the weights and pans dusted, but it is possible that

one or more of the weighbs were not as indicated.,

It is recommended that the falling drop method be pursued in the
future, with the tube set in a thermostatically controlled water bath
to avoid temperature fluctuations. Warmsley observed that small
changes in temperature of the order of il 0.00100 were enough to give

variance in the results,
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RESULTS OF BATCH SLURRY AND COLUMN SEPARATTONS

Ao Bateh Slurry Resultse

(gﬁ’g o) who% }}11)53 (gﬁ{éi) W ovo EDEE Lg@sil whoji R’Dﬁz
Bxptaio Expte2e Bxpto3o
6.5 3%3.9 1.5298 6.7 36.h 15265 8.1 h2.L  1.5262
6c6 :54‘0}-!‘ 1 9521‘-25 503 28 08 1 55311.8 Zg..ql.} 25(:0 9 e5360
0.9 he7 165565 ol Te®1 15455 2,0 10,5  1.548L
0.5 2.6 1.5630 0.6 3.76 1.55H6kL 069 [e72 1.5618
R — 2.1 11042 105941 17 8.9 1.6049
1he5 75.6 0.8 L4o35 11,6008 07  3.67 1.6097
0.3 163 1.6024 03  1.57 1.06096
0.7 381 s 0.5 2,62 -
179 97k 18.6 97.38
Bxpbelo EBxptab. BxptedJe
21,0 36,5  4.524 26,9 4B.8  1.5258 (fresh adsorbent)
16l 27d 15322 132 22.0  1.5350 26,9 L4B.8  1.5238
6.6 110  1.5440 6.6 11.0 15470 Se7 105038
ol 6,83 1.5540 3ol 5.6 1.5612
2507 9.5  1.5916 5.0 8,33 1.5980
207 "-!-05 1 ¢597)4' 2@5 lf-e"'6 1 05995
102 2,0  1.5935 1.3  2.16 1.h994
207 305 . 20)-1 ‘L!*oo sk
60,7 10123 6103 102,05
Run I. Run Tl Run TIT.
2045 Lh.2  1.5512 2L50 377 15350 2260 33.9 105358
1730 26,0 1.5560 1480 22.2 1.5486 1432 21.5 15510
800 12.0 1.5624 500 7.5  1.5666 976 14o65 1.5532
330 495 1.5714 323 L85 1.5790 Wi 6,62 1.5681
161 2.4 1.5780 200 3.0  1.5866 239 3.59 1.5780
381  Be7  1.582L Th? 112 1.6196 203 3.04 1.5882
135 2,02 1.5746 225 Fu 1.6224 568 8.5 1.6198
AT 6625 1.5336 330 L4.96 1.5900 205 3,08 1.6222
258 3@86 i 0588).§-
6899 103,52 6255 93481
6582 98,74
2% Meoy Washs 97gms. 15710




e 2
(ah8.) whett N2 i

e (gms,o)

W o0

25
Ny

Bxpbe Ok (using 300gms. AL 0y , 80gus. oil, 300mls. solvent.,)

iso-oct. stages.

4 8 52a5 1 05520 203
145 1847 1.5416 o3
8@7 1099 1 055214* 006
369 he9  1.568L 0.1
2.2 2,75 1.5836 0,1
102 165  1.5860 102
1ol 1ol 146900

B, Column Separations.

e o bT wow wes  noe e Bagtei,

KX, on 40! column (Higgins) KX,

29
1.6
0.75
0013

(0a1)
15

bensgne stages.

10,6253
’] @ 6 2)-}-0
16175

-

(MeOH)

on 40'_column (Higgins)

267k 22,9  1.46L0 15842 1343

328-2 28 o} 1 351 20 3323-116 2808
87.2 7«45 1.5540 113.6  9.52
90,9 778 1.5625 1599 12651

22{‘509 21 oO 1 56'1 17 26204 2200
89o5 7@67 1 06362 15606 'TZ)a'IO
2%-'1 93 3@5!-3- —— 5T 08 15-635
11102  98add 122663 103458

KX, on 40! column (Higgins) Kig_

6649 BTk 14708 243
228.9 19,63 1.5099 641
1111 o5k 15350 3¢5
1575 13.50 15473 1.0
267.2 22,90 1.5997 0.9
229.2 19,70 1.6374 37

603 5.18 - 3.6

0.3

112461 96620 s

om ema e

! a',-}-61 2
1e 51 09
1 o 5Z~!'Z§-O
15548
1.6133
1.6305

164490
1 ,l}lgBO
15306
15508
15472
165999
106236
146150




(g}g}%o) Wto% N.{

25
)

Traoly/1 8/1 Bxptebs

holB 2745

1.5018
15170
15339
15700
106184

Ernel/ 3ok 825 BrptaBs

2.0 1202
T1e5 9.2
1,0 6.2
5.7 35.0
098 409
1548 95.0
0.6 8e3
Ool}- 505
Oud 5.5
heb  61.6
1 al{i ‘1901
7.3 100.0

E@Eﬁﬂ/@mé919“5é5gﬁgjé.é?%ﬁhﬂgﬂ

605 350&
3.1 16,8
0.7 348
8. 4 L0
0.7 3.8
19.1 103.8

124602
1 91-1-672
1 05052
15076
14,6082

Te 5382
1.5728
16048
166178
1a6415

(g:?nggo) wheie N

25

Bty

Frnel/2 5/2 Bxpteds,

Tel 11625 1.4576
0.6 6,07 1.4642
0.7 7,08 1.4960
009 '9 o] 0 1 014-950
6ol 61070 1.5571
Ooli 4604  1.6268
9.8 99,24
P.:.r&'.{“}l/lsgsqési-_“f’é’ln&%gj o 3}:3‘29_%,&9&
Te7 906 14496
166 9005 14595
2.9 164 1,498
'191&- 709 1051']0
1:3 7435 1.5325
6.7 37.8 1.5682
21 1149 1.6082
177 99.95
u.h;l1o_12m.§;£ﬁéég°
1e2 6.0 1.4592
1o 5eb 1 013.696
1ed 6.0 165028
103 6.5 1.5132
'] 02 600 1 051}2}-2
7.6 38,0 1.5830
307 '180)-}- 1 96.398
173 Bbek




(_gﬁlrgo) wtet N

25

e ° -

MO WD P
8
O OO ONF

|

e}
o
S

\O

Lo
549
100
Teb
701
17

2‘1 v3

Du-m
S‘tag‘e 1
10.9  1.4615
5t 14900
12,8  1.5198
115 153574
508 1 05578
27,0  1.5865
109  1.636L
2.6 1.6309
Geli 15455

T

9209

S 'tage éto
5 e 7 1 o)-!-638

20e4  1.5152
18@15- 1 052’31'2'6

7.6 1.5918
7 o1 1 « 6054
33,8 1.6272
8u1 1062&56
1008
Stage 7.

1 ,5 al{— Te 5620
22 90 1 ° 5852!-
7ol 1.6030
6.0 1.5838
2)4”90 1 65629
9.7 105620
18,0 1.5626

urpacTEy,

100.5

—— e aT  wy n
e Tt St s S ok et

g%% ) Wbl NDEE

Stage 2.
0.9 Lol 1 all-59l!'
1 03 6a}-l~ 1 oi;.676
368 48,7 1.5082
306 '!702 '105)-}-‘09
235 1293 105718
Gote 2906  1.6160
161 Belt2 1 061;“52
0cl  0ok9 1.635k

193 95,0

Stage Ho
1 QI-I- 698 1 01&658
l.L.;S 25 azj. 1 ¢5269
309 19,0 15750
1.8 8.8 1.6182
6*8 3..?)02 1 06358
067  3Beh  1.6579
105 73 105332

20,9 101.9

S'b&ﬁeﬁéa
0a9 ikol.‘l{* 1 e5622
0,9 Lol 105636
302 ‘]5980 '1 056"-.")4'
‘1 08 8088 1 057'11{-
9.2 4540 11,5158

15.0 78,96

. 2
(glis,)  whedb gﬂmf
Stage 3.
1.8 8,96 11,4688
596 i709 105050
2@7 13el{- 1 054-36
2.2 109  1.5898
6.6 32,8 1.62808
0.7 3,48 4.6542
’ 706 87 06
Stage 6.
Ooz? 202 1 01{-628
1.2 8.13 1.5300
108 1242 15862
1.0 6,76 1.6226
636 1{13-06 '1 061 25
309 204 1.5432

1}‘!*68 10000




i o o e s e s
2ot —t——t—t>

. 2 . " 5
(g}gg o) Wt nf;:"(’ “N'D“i (gﬁ‘{g c) V\rt c?t‘ ‘“‘ED'?—% (@;E{g o) Vm’t e% 'D‘LDE::
sStage J. ntage 2o Stege 3.
102  5a66 1.4552 1.8 6.6  1.4604 107  8Boll 1.4625
1.7 8402 1.4619 5ol 196  1.5022 4o8 23.0 1.5180
568 27 02{-0 1 35068 595 1999 1 0531-{0 202}- 11 05 4 05529
262 '?O!)l'o g 053314‘ 2'5-06 il 607 g @515-76 2.8 15#‘.‘- 1 05660
1.8 8,50 1.5526 2.5 91  1.5642 5.7 27.2 1.6170
6.0 28,30 1,.6029 7.0 25,2 11,6086 05 2.4 41,6194
102 566 1.6310 0.8 2,9 11,6455 e
———— e 17.9 85,64
199 93,94 27,6 100,0
Stage L. Stage B. _Stage 6,
1.0 5,05 1.4650 0.8 LoOh 4.4632 0.2 0.99 9.4662
2.8 1he2 1.5228 lebh 22,83  1.,5280 ho3 2102 1.5762
2ok 1201 145544 2.7 13.6  1.5626 2ot 110 8 1.6166
1.9 9.6  1,5809 2,7 13.6  1.608L 1.7 8ake  1,.6306
8ol 42.4 1.6288 6.5 32,8  1.636k 7.8 38,4  1.6392
Oo? 50511- '1 0611‘82 009 1595}-}- '1 06536 290 9;'85 1 96321{-
17.2 86,89 1861 9138 18k 90,64
Stage 7. Stage 8.
0a2 /} 902 'j a)+7}{-o Oe'] 002{~5 Jf 02J—876
108 962  1.5540 2.5 11.1  1.6042
2.5 12,8  1.6086 Te7 7055 1.6L449
2a5 '32:;8 106213 ‘101 L}*ao ul ¢6550
7.9 240.2 1.6276 o0 178  1.6450
293 '1'?02 '20657‘11- 106 7@‘1 1 eb922
Teh  7.65 1.583L 8ol 374 1.5596
18@7 95a57 '?9012- 8602




g e e e s e e e
o e e i T e e e

2 e
({ggg o) wb.% 1_:{]}:2 (eng ! o) Whlbh _sz ngga) wh 0% l&;ﬁ,
Stage 6. Stage 7.
0.8 4.0 1.4%8 0.2 1.0 1.4689
5.0 25,0 1,536l 3.2 16s7  1.557h
206 "5300 1@572)4- L.'~92 2'1 o] 106112
4 w? 8 a5 1 56011 '1009 515-08 1 36225
7.3 36,5  1.6308 13 6053 1.6448
102 6,0 106459 .
N 19,8 98.53
18.6 93,0
Stage 8. Stage 9. 2" yeon Wash,
0.1 0,49 1.4688 0.5 2033 1.4765 3e1 47.h 16038
2.2 11.8  1.5642 0.2 093 11,4798 Lot 23,0 1.5728
2,7 13.2 1.6158 101 5412 1,569 0.5 2,81 1.6004
2ol 11.8 1,638 Te2 33,5 1.6224 Ol 0656 4.6050
9o'i i}-)-!-éﬁ 1 06.308 1 08 8#38 1 a5988 249 ']603 1 05956
Q.7  3ek3 1,609 5.5 25,6 41,5698 Tol 3909  1.537L
1 a? 8‘:35 1 a591-[-2 303 150}4- - 0562-5‘8
- 1768 99497
18=9 92&57 1906 91!2

Bxpte 53, Column sep. of K}{6 using same amounts of umaterials as in
exptse 4 and 5.
iso-octene eluated fractions. benuzene eluted fractions,

0.9 1.6  1.4568 0.3 0,53 1.6310 2.2 3.9  1.6500
196 5 o5 14908 0.2 0635 1.6326 0.2 035 16460
1.0 23.3  1.5338 0s2 035 16249 < 0,1 solid

71 12.6  1.5488 Oel 0,18 11,6280 <0479 solid

3.0 5o.3h 105674 Ot 0,18 1.6248 0.1 0,18 1.5958

Tol 205 146112 0.9 0.18 1.6176 0.3 0eB3 105796

0.8  1.42 1.6184 0.1 -0.18 1.,6280 2,2 3.9 we  (MeQH)

Oa7  1.2b 1.5846 0.1 0018 1.6274

0.5 00,89 1.6575 0ol 0618 1.6222

0,3  0.53 1.6246 <0, 1.6262

0.2 0635 1463119 01 0618  1.5956

Ost 0,18 11,6232
<01 16107




C. Concentrations

For Isotherns.

NEarecor E&ﬁf
veredo
48,8 145250
29@6 195311-5 )
1302 165455
7:5 1+5578
10,7 105148
562 145984
2@5 ']a5965
ko5
Sl
0.0222
0.0115
0.0075h
0,0054.2
Whereco- EDE?_
yered.
2940
1730
800
329
159
379
135
417

Bxpte 4/5.
wh.Sats. by expts wt.Sabs. wt.Sats. wh.polars wi.polarsg

in soln, in solid in soln., in solid,

134 16.7 1563 3241 51.9
5e13 6.42 6.88 2%,18 372
1.85 estimated 2, 32 4.6 50 10.88 2%.,83
100 " 1.25 5025 6425 1759

10.7 10,18
2,63 estimated 3229 He?2 5,0
2.5 2.5
L5
21,01 29,98 95,31
Sll 1:“ P"
0.0350 0.0967 000674
0.0107 0.0580 00,0386
000387 0.,0398 00,0181
0.00209 0.0293 00104
Ooo'l 70 0001 75
0.0083, 0.0086
0 0001{-’1 7 0 oOOll-"l 5
0,007 0.,00705
Run La

2 ot a1 i $305 we n

whoSats, by expt. wt.Sats. wt,Sats. whte.polars wh.polars

in solns in solid in soln. in solid.

321 415 385 3542 2h25
188 2435 142 1855 1487
72 92 50 1147 708
19 25 25 83 304.
¢ 14 9 698 145

8 9 3028 370
202 135

_— _— Al
619 797 5991




s 1 S" PI Ptl
0,01155 0,0155 0ol 0.0946
0.004.26 0,0073 0.,0557 0.0047
0.,0045 0.00276 00344, 0.0212
0,00075 0,000752 0,0253 0000914,
0.00027 0,0004.20 0,024 0,00436
0,00985 0.0011
Sun Llo
W, wt.Sats. Wh.Sabs.  wh.Sabs.  wbepolars  wh.polars
recovered by expt.s in soln. in solid in solid in soln,
2260 335 522 278 5129 1738
14352 98 153 125 2850 1279
976 L 63.9 64 o1 19379 91241
L4 16 2409 36,6 1521.8 41601
239 8 1265 2347 12903 22645
203 6 1205 112 1106,8 190.5
568 1 9914 1 08 52+8°2 55806
205 166 3h6.0h 203 .4
258 88 .4 258,0
513
S [} S 1] P! P!l
0.0083%2 0.02 06124 0.0666
0.00374 0,0046 0,0853 0.0384
0.00183 0.,00192 0.058 00,0274
0.00108 0,000748 0.0455 00425
0.00071 0.000376 0.,0388 0.00680
0.0003),. 0000376 0.0339 0.00563
00,0005, 0.000277 0,016l 0.004165
, 0.0000477 0.0104L 0.000607

0.00077




De Sulvhur Contents.

given as %wt. Sulpbur of each fraction, in the same order as the weight
recovery and refractive index of the stripped oil samples in Sect. A &B,

KX KX KX KX II
(Higggns)( Higggns) (ﬁzgéins)'ﬁxnt13512 .
orig.0ils orig.oll: orig.oid: orig.oils Runs I It 11T
lebH3 5,02 5420 5,60 St.Noewbel whel who
0.0 0,0 0.00 0.0 1 5e39 465 5.13
2&80 2e~’-}-6 1 @89 090 2 5959 5017 5&28
5s70 6.27 5.37 166 3 5,95 6.20 5,72
5.16 6.82 5,92 2031 L 6,00 6,58 6.45
80"1!‘5 8326 7027A 6058 5 6815 2{'035 6922
777 B8e77 8,25 6,90 6 5.89 8.28 6,90
1,00 3651 2,92 8.25 7 3,06 8.70 7.97
8 189 5o5h 2679
nd 3°75,
27 MeOH Wash. 3.16%
Run Io
Stage 1. Stage 2. Stage 3. Stage L, Stage 5. Stage 6. Stage 7. Stage 8,
0,0 0.0 0,0 0,0 0.0 0.0 5617 La 4O
0,0 0.0 3.14-5 2-!-@25 4-015 3@95 5'1““«" 5059
2,82 2420 5.5b2 5,78 5.92 6,50 he?h 2,00
6,90 6.12 7026 7.38 8,36 8.76 307k 0.85
553 5.25 8,46 5.76 LS 5.37 1.82 1.85
6060 1690 o 8eol!~ 6ell~o 7409 0035
9,40 8,15 7636 1417 0.66
801-}*8 _—
5010
Run IT,
0.0 0.0 0.0 0.0 " 0,0 0.0 0.0 0,0
Ooo 2915 3020 3«:85 }-}-020 5:2]-0 5960 701{-0
211 4o 26 L.18 5:45 5.72 790, 8.90 8.70
5.9 4e92 5.9 6.4 11610 8,6k 8.37 7.82
— 5:81’!{_ 8050 8.1}.0 12@70 8006 7558 :‘5526
7.28 707 572 Te23 1245 6,40 7060 5.60
6,80 Toll 2,83 1093




Run IIT

i e e e v s e i

Stage 6, Stage 7. Stage 8. Stage 9.

6.0
43&2
6,222
7436
7483
7439

0,0

5420
782
70&0
586

B, Densities.

Stage.

0.0 0,0
5,96 0.0
7075 60&0
8.10 561
150 ' 1@37
6.15 1013
2:15 2,58

( Specific Gravity )

Ruﬂ'Ie

20°C

WO o~ O\ W N

0.9789
0.9834
09914
1.0035
10122
1&0214
ey 36
100154

EERIIO

o}

25.¢ 20°¢

0.9777 0.9509
069814 0,9718
0.9997
100163
10261
1.0702
10774
10535

Run ITT.

20°¢

0.9548
0.9777

' On9813

10030
10174
1e 3ﬁz
1.0726
1.0770
1.0525

O . .
Separations on_a A40' columm, at 20 _C. (Miggins, 57)

%,

O QBI!}-‘1 2
0!9224
0998Q4

0.9999
1,0690

150998

KXG K&

ik SR
08409 0.8640
0.9197 0.9210
0.9723 0,9609
0,9883 ‘ 069791
100629 150469

71,0832 " 10917




- 'y Reblending of sze

Aromatic Blend.

25

Fraction No. N, rechecked Whe gms,
1 & ' 1 31—5618 mmmmmmmm
24 15111 5¢7570
Je 105440 1.8953
beo 105548 2.5136
5e 1.6133 beole125
6o 16300 2.6279

Refractive index of avomatic blend: 1.5618

lixing of Avomatic Blend with Saturate Fraction,

wWh.aroms. WiesabLS
4, 6232 065965
ll‘e 61 01 1 05603
4., 5026 2:5126
b 738 341659 |
1o 44 21143
167294 3.6476
16714 11,8076

The loss in weight due
was accounted for each
aromatic blend,

Reblend to Make Parent

w3 wwms voem MStd WTAY gere GBE mao EoRE L weRE

who aromatic blend 4

wte saturates (frn.i)s=
wbe MeOh (frn.6) =
. 2

NP = 15475

I s wam ke Smey  EEE

25

wharoms. Ny~
100 1.5618

© 88,57 154092
7‘&}-:7 4 ¢5§1+‘1
6l 2 165229
58 [ 5 Te 51 )-}-7
o1 15022
3241 104906
2663 104847
0 14618

to the sample required for refractive index
time, as saturates were added to the same

-

1244326 gmse
19600
0.6116
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