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S U M  M A  11 Y

A batch slurry method of separating oil fractions has been 
investigated and developed® It has been shown that by adsorbing most 
of the oil onto an aoisorbent, 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 much less than would have 
been necessary by conventional chromatographic methods on an adsorption 
column*

By chromatographic analysis of the samples produced, it has been 
demonstrated that an equilibrium is established in each batch slurry 
stage, between concentrations in the adsorbed phase and the liquid 
phase for both polar and saturate 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 complete 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 of these isotherms to column chromatography is also discussed

A method of estimating the saturate content 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 adsorption column 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 appear to 
have a significant effect in elution analysis*



I N T R O D U C T I O N

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 in petroleum. It has been estimated that about three thousand 
compoqcls exist in detectable quantities, although many millions of 
isomers are theoi^lcally possible. So far, about 5°o 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 oil 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 
oil 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.2.

Oil 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 distillation, (ii) liquid extraction, 
(iii) liquid-solid adsorption chromatography. A more detailed 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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C H A P T E R  1. L I T E R A T U R E  S U R V E Y  O N

A D S O R P T I O N

1*1. Adsorption may be defined as the tendency of a solution to 
increase its concentration at a liquid-solid interface if by doing so the 
surface tension at the interface^is reduced.

The phenomenon of adsorption has been known 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, 
petroleum chemistry, vitamins, plant pigments, antibiotics etc.
Gas-solid adsorption has also been used, normally with charcoal, alumina 
or silica as adsorbents to purify gas streams, dry gases or extract 
valuable components present in small quantities.
An example of this is the Hypersorption Process (1 ) in which natural 
gaseis continuously passed up beds of charcoal9 Ethylene is adsorbed from 
the gas stream reducing its ethylene content from 6% to 0.1̂ , and the 
ethylene is recovered from the charcoal by desorption at over 32% purity. 
Ion exchange chromatography, and 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 "adsorbeht" was a liquid phase. This 
method has been developed at a phenomenal rate and is now a standard 
analytical tool for a whole range of compounds in chemistry, botany 
and zoology.

1.2. THE NATURE 01* 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 their rate of travel down the column depends on their rate of 
desorption*
In practice, almost all organic compounds, except saturated aliphatic 
hydrocarbons, are detained 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 water 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. 0* Connor et al ( 5 ) have shown that the latter can occur through 
grinding, or even simple handling and abrasion. This will leave Al 
ions and 0 ions, and the surface will be in an activated state.



When w&ter is adsorbed, it is ionised, and three reactions will take 
place t

0H“ Al*** - A1(0H),
H* 0“  - OH"
Al*#* * OH —  A10.0H (an incomplete reaction)

Commercial alumina is prepared by low temperature (below 700°C)
dehydration of alumina trihydrate and is a mixture of alumina, some 
AlgO^HjpO and some Na^CO^*

The ele ctrokinetio potential depends on the pretreatment® Ignition 
obelow 400 C produces little loss of surface moisture and has little 

effect,, As the temperature is raised, partial dehydration occurs, 
giving a surface of A1Q*0H or^Al^O* which is the active form of 
aluminao Ignition higher than 950 C produces AlgO^, and then the unreac- 
tivê AlpO- ,̂ and a surface layer of A10»0ft and a negative charge ®

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

Eecent work by Gumming et al U )  has shown that hydrogen bonding 
is an important factor, and that all compounds with an H atom capable 
of bonding are strongly adsorbed by AI^O^© They were able to conclude 
that the whole external solid surface was covered by a monolayer, by 
consideration of the following facts for the adsorption of phenols, 
amines and aldehydes;

a) Adsorption is very rapid, i»e* a few minutes, so that no 
penetration of the pores is occurring^

b) The shape of the isotherm is consistent with the formation of 
a monolayer with the molecules orientated end-onj



c) Calculation of the amount adsorbed and molecular dimensions 
agrees with the values of the specific srface of the powdero

Hydro gen acceptor compounds , such as nitrobenzene , are less strongly 
adsorbed than hydrogen donors, probably due to the limited number of 
fx*ee OH ions on the solid surface.

He cent wGrk by Klemm et al (7) and by G-iles and McKay ) has 
been concerned with aromatic hydrocarbons® Adsorbability is favoured by 
an increase in the number of double bonds, an increase in coplanarity, 
and a Hsymmetry number'1, based on the possible number of places where a 
molecule can attack itself to the solid,

O'Connor et al (3 ) have studied adsorption on alumina of grades 
I and IIa G-rade I is prepared by heating alumina to red heat, and 
cooling in a vacuum dessicator* G-rade II is made by exposing G-ra.de I to 
a damp atmosphere with stirring® They showed that although G-rade I had 
a higher affinity for water, G-rade II had a greater affinity for 
aromatic hydrocarbons, suggesting they were adsorbed on different sites, 
further tests on silica and cellulose showed very little adsorption of 
aromatic hydrocarbons compared with alumina* and they came to the conclu­
sion that the hydrocarbon forms an ionic complex with the alumina atoms 
which have a slight positive charge.

Little is known about desorption, but work by G-iles (3) on the 
adsorption end desorption of p*nitrophenol from water suggests that 
adsorption and desoption isotherms are not the same.

Thus, the advantage of alumina as an adsorbent are the presence at 
its surface of 0 atoms,OH , Al1** ions, and possibly Nah ions ^spending 
on its pretreatment 0 It is suggested that most types of compounds are 
adsorbed on the outer surface only due to consideration of the short 
time to reach equilibrium®
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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.

A new approach to adsorption isotherms has been introduced by 
Kipling and Tester (^ ), and Kipling and Peakall ( io)*( l |  )•
These workers have considered individual isotherms for adsorption from 
a binary mixture instead of a 11composite,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

and bound to the Al

#VA £t OH d charcoal.

CWa.t'CVtK

Mne rv jLr e- ~v-
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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 molecules, and so benzene 
can only occupy a small 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 
ather alcohol molecules in the liquid phase.
In the case of the benzene~cyolohexane 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 If 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 ), I'or nonpolar, non-ionic compounds such as hydrocarbons, 
the extent of the surface coverage is only about 0.1^. The molecules 
are adsorbed on the Al^+ sites in small isolated clusters of molecules, 
orientated end-on to the surface. The bond is probably a Tf electron 
complex with surface aluminium 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.



1.5, ADSORPTION EQUILIBRIA
c a n .  h»i M  " « m v ^ u*iK&*zA

There are two main types of adsorptions physical adsorption 
and chemisorptiono

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 ads orb ate * It is characterised by a heat of reaction 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 their identity.in .the solid structure, Chemisorption 
is normally irreversible, or only reversible under special conditions0

Physical adsorption is a reversible process in which no changes in 
structure take place, and is the type observed in chromatography*
It Is considered further in the rest of this survey,

1 ADSORPTION CmiOMTOaihmiY

Adsorption chromatography is usually carried out in a column 
containing a fixed bed of adsorbent, ahd the solution may flow upwards 
or downwards over this bed, so that maximum contact of solid and liquid 
is obtained, Various separation techniques have been developed and these 
are described below. Batch processes, although included under the 
general heading of adsorption analysis, are treated in Part IIQ

(i) Blution Analyssjj3̂
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,
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\
or by wet-packing the column in the form, of a slurry. The sample, dis­
solved in the same solvent, is then introduced to the column, and after 
it has all been charged, more of the solvent is added„ This solvent is 
called the eluting agent, or eluent» Fox1 a mftlticomponent solute, the 
eluent will normally be more strongly adsorbed than only a part of this 
solute, end the remainder of the solute can be eluted with a more strongly 
adsorbed eluent* Under the influence of the eluent, the substances in 
the sample will travel down the column at velocities corresponding to 
their adsorption characteristics* Substances which are very weakly ad­
sorbed will travel the faster, and if the column is long enough, and the 
respective isotherms are concave (see later), then each compound, or 
group of compounds, will separate into aones with ideally pure solvent 
in between*

The sketch (Figoi,2) shows the separation of four compounds by 
elution* Pure solvent emerges first, probably the prewetting volume, 
followed by pure A and pure B® These show complete separation, with the 
leading edge of the curve vertical, showing a sharp front, and tailing 
slightly at the rear, showing incomplete zone formation* Complete gone 
formation would be shown by a symmetrical G-aussian type curve *
C and D have not been completely separated and the leading edge of I) 
will in fact be a C-3) mixture*

F I G  1.2 .

Pu.r'-e. j-aohent̂ /
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In practice, moat 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 
required, and so, it is more convenient to use a series of stronger 
eluents, Examples of this have been given by the author for lubricating 
oil separations (Q. )«

The separation shown in 3?igt.1'*2, is for a mixture of compounds 
having concave isotherms with the eluent, Tbr varying shapes of isotherm, 
the elution curves will be as shown in -̂ ig«1o3«

F ig- I-3

C

STfcftVG-vYT

L
c L.

tLuT\Oî \ CuRvtS

c
iiI

V

This demonstrates the dispersive effect of convex isotherms, as 
discussed later In section 1*5*
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(ii) &r£d^ent_Eluti£n^na^si£

The 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 reduced/;;as the tailing part of the gone 
is under the influence of a higher elusting power than the front of the 
zone* This effect however, also works between the zones, so that the 
zones 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.
Narrower and higher peaks can be obtained, and this method reduces the 
possibility of one substance appearing in t?/o peaks as can happen using 
a series of solvents in a step-wise process.

(iii) Frontal Anal ŝĵ s

This method requires a large volume of the sample, 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, \.U-

Vo o



An experiment such as shown in Fig# 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) lii^l^ement^Analys^i^

In this method, the column is prewetted with a vreakly 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*

FIG. t. 5

C.

Vol UfYl € oj- EyTu&VvF

The resulting effluent curve will be as shown in 1’ig* 1 *3®, and 
in this case, if equilibrium has been reached, there should be sharp 
divisions between A,B and C. It should be noted that once the equilibrium 
has been reached, an increase in column length will not lead to any 
improvement in the separation*

This method can give good separations, but the difficulty is in 
separating the aones 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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s / * .If the carriers (A,B,C etc.**) are easily separated, from the 
components of the sample, then-good separation can be obtained (3)«

(v)

Here the adsorbeht 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 identified 
by spot tests, or fluorescent methods*



1 .5. AmORPTIQM ISO mBfS
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-liquid equilibrium diagrams used in dis- 
txllatxon«
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 shown below® (Pig® 1®7)

^ 1G- \.y

m

SoKiTe adborted 
ĉ-cl >c> rte. >\t 
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Although the isotherm depicts the equilibrium relationship between 
an adsorbent and adsorbate, it may also be used for design purposes®
T*or example its position relative to the positions of other isotherms 
shows in what order a group of components mil appear in the column 
effluent, and the tendency of the adsorption zone to sharpen or to 
diffuse ®



w

The rate of travel down the column is shown by the slope of the iso­
therm, Consider a group of compounds A,B,C,I), all with convex isotherms 
when individually brought to equilibrium with the same adsorbeht and 
solvent.

FI 6-. 1.8

m

c
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 sftivent-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 acne 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 occur in adsorption chromatography at low concentrations 
of the order of 1:1000 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 freight o



The convex isotherm, the type most common in hydrocarbon systems, 
leads to a sharpening, or a concentration of the adsorption son© in 
frontal analysis* Reference to Rig* 1*7* shows that a larger proportion 
of the solute vdll &tay in solution at than (assume 0^=20 )̂*
It follows that the substance will travel more rapidly through the column 
at higher concentrations. In elution analysis, the higher solute concen­
tration is at the leading edge of the sone, and therefore the sone will 
tend to becop̂ e more diffuse, giving rise to a ”tailing” effect.

The concave isotherm, by the same reasoning as above, will lead to 
diffusion and spreading of the sone in frontal analysis* In elution 
analysis, the regions of lower solute concentration will move faster, and 
therefore the adsorption aone will become sharper.

1 *6, MA3CHBMATICAh EXPRESSION OR ADSORPTION ISOIMERMS
Axi adsorption isotherm is a relationship between the average concen-

ijetration in the adsorbed phase, on the solid aufface y or c , and the 
equilibrium concentration in the bulk liquid phase x^ or c^» These 
concentrations are usually expressed in vol,mol. or wty&, in terms of the 
preferentially adsorbed component. In this work, it is assumed that 
adsorption and desorption take place on a molecular basis, with one 
molecule being displaced by another molecule, but since it is almost true 
to say that equal volumes are displaced, volume^ will be used here for 
the sake of convenience.

The earliest expressions were the Langmuir isotherm
k*knx$1 2y'-ii "
1+k2x*

and the Rreundlich isotherm

y* = k(x^) (where ,kg and n are constants).



Some adsorption isotherms may be expressed by these equations, 
usually at I ovj 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 (/p).

Koble and Kerrigan made assumptions on polymerisation and 
dissociation, and produced the equation;

L k - t c /
Gs -  u ™ —

1*k*(cA)

Brunauer, Emmett and Teller assumed that adsorption was multilayer 
and expressed cs in the form

_______ B1 B2 °A

d--g) i-Kb2-i)°|

For multisolute monolayer adsorption, the Langmuir isotherm 
becomes



cA Is con© of A (p.a.c.) in fluid phase•
c is conJ1 of A (p.a.c,) in solid phase.

,B2?^,n,L,k*are empirical constants 
c J.s cone1of component i in fluid phase, where i varies from A to n,

The difficulty 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 he obtained graphically.

A convenient method of expressing the isotherm may be developed 
for a binary mixture, where A is the p.a.c., according to three sets of 
conditions.

(i) Only A is adsorbed, and only A enters the pores, 
wt .adsorbent = in 
pore volume = Vp
volume of solution initially = V, of concentration xQ 
At equilibrium, concentrations are y* or a in adsorbed phase,

x* in liquid phase.
initial volume of A - VxQ
final volume of A in solution - (V-a)x*, as a volume "a" has been 
adsorbed.
;.a =: VxQ -(v-a)x* = VxQ - Vx* + ax* 
a(l-x*) = V(xQ-x*)

•a - - mls/^ absorbent®
* * c m  7 ”* 7 ”(1-x*)
It is possible that a = Vp in this case.



(ii) Both components are adsorbed9 but only adsorbed molecules exist 
in the pores.

initial concentration of A = Yx q
final concentration of A in liquid phase = x^V-Vp) 
concentration of A in adsorbed phase = y^Yp 
/.y*Yp =* Vx0 - x*(V-Vp)

$ _ x W  t xWpy ”  ™ Vp“ * Vp

y* = Y" (x0-x«) + x*

and a - y^*Vp
•\a = Y(X -x^) + xYp mis/gm.

(iii) Both components adsorbedj and the pores contain the adsorbed 
phase and also some of the bulk liquid phase* 
initial volume of A = YxQ
volume of A in pores in bulk phase ~ x*(Yp-Ya)
volume of A in bulk liquid phase = x^(Y-Yp)
volume of A in adsorbed phase ~ yWa

• jYx0 = x^(Yp-Ya) + x^(Y-Yp) + y^Ya

«%Yx0 = x^(Y“Ya) -»* y^Ya

where Ya -
vol* adsorbed

Y (x -x*) ^
*%y^ mis/

m ( Ya )
gm

m

This contains two unknowa^ y* and Ya? there being no way of deter­
mining Ya independently*



As an approximation, an expression can be derived as follows; 

amount adsorbed of A = Yx q - x^(Y-Yp)

» Y / \ xWp mis/• *a - - txrt“x) + - gm®m x o * m °

A ^ V (xq-x^) x*
* m Yp m

These two expressions would be the same if Ya=Yp, and as the 
difference could be very small, the latter expression may be used 
in some circumstances*
Large errors will occur if the pores are large, and Yp is many times 
greater than Ya* Thus dividing by Yp instead of Ya will lead to 
y* being too low*

1.7. THEORETICAL ADSORPTION STUDIES

Many 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 liquid-solid™ or liquid-liquid 
extraction, and distillation*

Adsorption Efficiency*m m  a o j  *■■» n o t  m m  k s  p 5m »

The method proposed by Pink et al (ll) was to define the most 
efficient separation as that in which an adsorbed compound, such as a 
liquid hydrocarbon, v/as recovered in excess of 98/6 purity when displaced 
with methanol* The efficiency was calculated as a percentage of the 
theoretical volume* They found that separation efficiency is c-proportional 
to tube length divided by diameter square^ and inversely proportional to 
particle size*



FIG. 1.9
HEIGHT OF ADSORPTION ZONE 

V.

L INEAR FLOW RATE 

(REP \T>)

2 0

a d s o r b e n t  s i l i c a  ge l

dow n  FLOW

\aC r<y

Z ( ? N t  f LOW  RATE.  Crr\/t



7.\

Hr

l+o

bX

'XO

i

\2

2 5 U

1^2 f Lo vJ R A T E c. *** /m x ̂

F i g- i . t o
M t l G H T  OF f t D s o R P T i o * *  z . o n £  

V
U\ U £ AC. F lo w  r(^t£

f\DbOR6£NT R^UHlNA 

£-CL\A*\ I'ib A* b 0 ̂  ̂ - 
U9 PkOW

cn i 0 col
A /i (7 Lo\
0 a' 0* col

O 5 o" C 5 1 •

m-.



This approach has heen furthered by Chambers (l3) on dovm flow 
work, who studied the separation of benzene and iso-octane by frontal 
analysis (see Chromatography Techniques)$ The variables studied were 
tube length and diameter, fluid composition and velocity«
The separation efficiency was determined in terms of the "height of 
adsorption zone, ĥ '1, this being the length of column in which the 
liquid concentration changed from xf = 0 to x# = x •
The main conclusions weres

(i) h_ increases with bed length,
(ii) An optimum flow rate was found for all diameters and lengths,

and for both alumina and silica. For tubes between 1,0 and 2,3 cms, dia#
2the relationship found for silica gel was h , where.2t Zs

0*  ̂= velocity of the adsorption zone.
Fig, 109® shows the minimum h values for various columns, givingZt
optimum adsorption conditions,

(iii) For diameters greater than 2„3cms», it was concluded that 
channelling 3.ed to divergence from the above equation, but for alumina, 
h„ was proportional to U1 for a 3o8cms»dia0 column,£jt Zs

(xv) For the system studied, solid phase diffusion was the 
controlling mechanisiju

Ibbotson (14) followed this work by a study of up-flow conditions, 
and also a variation of the liquid system, to investigate the effect 
of density difference.
He reached the same conclusions 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 1*Aetna# for silica mid 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 liquid, 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.S. (i5) for ion-exchange work, and later 
by Moison and OfHern (!&)• They, however, used this concept in calculating 
heights of theoretical transfer units (H*T.U,) and related this to 
Eeynol&s Number, bed depth and particle size*
Its use in adsorption theery was recognised by Schmelzer, Molstad and 
Hagerty (\^)* 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•

Many empirical equations have been derived for prediction of the 
separation by an adsorption column* A revie?/ of these is given by 
Badhwar (l7)* He also gives a I’eview of analytical techniques, using 
partial differential equations* He showed that?

where K a = overall solid phase mass transfer coefficient$ s
He also suggested that an empirical relationship derived by dimensional 
analysis of the form given below was possible*

H.T.U. = . U' z

Ksadp
= A(Re'z)S-1 *

s



The left-hand side is similar to the Stanton Number* and the right- 
hand side includes the sone Reynolds Number* D is diffusivity* and 
the other terms have their usual meaning* He modified an equation 
given by Lapidus and Amundson (\$) to include a diffusivity term* 
giving

and developed a method of determining

A simplified form of this equation was solved* assuming that Ug** the 
settling velocity due to density difference* and the longitudinal 
diffusibity, D, were 0. 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
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§ H A P T E R 2. O I L  S E P A R A T I O N S  B Y

c h r q m a 't o  g r a p h  y

2.1 . CHROMATOG-RAFEY OP PETROLEUM FRACTIONS

Some of the earliest work on the fractionation of petroleum 
was carried out by Lay feo)• He realised that oil samples from 
different parts of the Pennsylvania oil field were of different 
composition, ranging in colour from black and green to red and eyen 
to white* He was able to demonstrate that these oils all came from 
the same source, and had been separated by a”fractional diffusion” 
process through the porous limestone. By percolating oil through beds 
of fullers earth, he obtained many fractionations according to 
hydrocarbon type*

The first serious attempt to isolate and identify hydrocarbon 
types and individual components was begun in 1927 by the American 
Petroleum Institute under Research Project 6 (^O* A detailed study 
of chromatography, starting with the adsorption of synthetic mixtures 
on silica, led to the separation of petroleum fractions in 63,x1;|lf dia* 
columns* It was shown that it was possible to determine accurately 
the aromatic conten,t of a given sample* In a quantitatively controlled 
experiment using a synthetic mixture resembling a gas-oil fraction, 
elution with pentane, butane eis propane, separated the sample into 
aromatic and non-aromatic fractions to within of the expected 
composition.
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A gas-oil fraction was separated into samples identified as 
n*paraffins * monocycloparaffins*. alkyl bensenes* mixed aromatios and 
cycloparaffins* and polynuclear aromatics =>

A lube-oil fraction was separated on silica, by elution with 
iso-octane* bensene* and 2 propanol in sequence* On refraotionation of 
the aromatic fractions* a good separation was achieved into mono® and 
dinuolear aromatics* eluted with iso-octane* and tri©nuclear* eluated 
with bensene* It was found that alumina was better than silica for 
the separation of aromatic types0

The solvents shown in table 2<>1* have been used in the chromato­
graphy of petroleum fractions0 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 column* The first solvent 
is one vexy 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 different primary 
solvents * and found the order of increasing elution ability to be; 
n .hexane 
cyclopentane
$Ofb nehexane/2*3 dimethylbutane 
iso—hexenes
2*3 dimethyIbutane = cyclohexane - 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. SOLVENTS USED IN ELUTION CHROMATOG-EAHff,
'S.ef. Primary
2 3  o

2 3 .  

2 3  o 
2 3 ,

2I\,q

2 3 *

260

2 7  •

28 O
28 a 
2 8 o

29 o

3 0  c  

3 0  c

3 0  c

3 1  c

29 »
3 2 ©

3 3  o  

3 3 ®

3 4  o  

3 4 ©  

35o 
22,
2 8 ,

3 6 ,

28 c

n®pentane
tt
it

11

iso pent ane 
n.*heptane

tt

decane
II

iso pentane 
, o40-60 pet® 
ether 

di©isopropyl 
benaene

pentane
butane
pi'Opane
oyclohexane
n0pentane

pentane
it

it

iso-octane
iso-ootenes
n®heptane 
n« hexane

n.pentane

iso pentane

Secondary

methanol 
cyclohexanol 
iso propanol
3 me thy 1-
1 butanol 
bensene
acetone
benzene
l«octanol
cyclohexanol
diethyl ether

bensehe

C.C1,
11
it

bensene
11
tt

tt

it

1 ©pentene 

CcCl;

1 s 3 ethanol-
bensjene

chloroform
ether
acetone
methanol
2 propanol
pyridine
chloroform-

acetone
chloroform-

acetone
benzene

ether

ether

chloroforiri-acetone*
acetone bensen©
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A systematic analysis of oil samples into five homogeneous fractions 
has been described by Snyder (37)® Using an ifoil to adsorbent ratio, 
of 1/100 on alumina., the oil sample was eluted with pentane, a pentane- 
benzene mixture and a ben&ene-methanol mixture in succession®
A U-V spectrometer was used to detect the separate zones, and fractions 
containing saturated hydrocarbons, mono-aromatics, diar^omatics and 
saturated monosulphides , polyromatics and polyfunctional sulphydes, 
and owygen and nitrogen compounds were obtained® 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 (38)®

Details of large scale oil separations are given by Bomemann, 
Finlce and Heinze (3^0* They separated 2kg* of oil on silicaggel in 
a 6m® x 10cm® dia® column by elution with iso-octane, benzene and 
methanol® Further fractionation on silica gel was carried out on 
each fraction, and details of many physical properties, together 
with the results of chemical analyses 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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292o WOBK BY THE MEDICAL RESEARCH COUNCIL "CARCINOGENIC ACTION
OB MINERAL OILS COMITTEE".

Adsoi*ption 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* 
using petroleum ether* benaene* and methanol as solventsa 
By further chromatography and crystallisation of molecular complexes* 
a considerable number of compounds were isolated (40)* They were 
identified by elemental analysis u-v# spectra* the formation of 
derivatives and comparison with authentic compounds (m )#

Bo far 45 compounds have been isolated from the crude lubricating 
oilQ The carcinogens identified were all polycyclic aromatic hydro­
carbons derived from 1 #2 bensanthracene* 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 oil# The acetone extracts used by Carruthers* 
which were similar to the oils used in this thesis* contained 
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 Bay (41) * He was working on a Kuwait furfural extracted oil fraction 
known as KXy^g (boiling range 380«390°C)* which had been obtained at 
Birmingham University by distillation0 Details of this operation are 
given by King (M-3).



Ray compared the elution of KX^ (boiling range'370^375) on silica and 
alMnina* 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 and non-aromatics*

A comparison of the elution poYrers of primary solvents has been 
carried out by the author (2. ) * using petroleum ether* n.pentane* 
n .hexane* cyblohexane * carbon tetrachloride and trichloroethylene as 
primary solvents* in turn* followed by benzene and methanol.
It was found that only petroleum ether 40-60° 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 (4 4) and Ibbotson (45). 
Separations were also carried out using a series of solvents% petroleum 
ether 40-60°* n.pentane* iso-octane* n.hexane* cyclohexane* carbon 
tetrachloride, benzene and methanol* Some of these solvents 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 and 1/100 showed better separation of molecular types* especially 
of straight-chain paraffins from other non-aromatics*



2*3° ' EFFICIENCY STUDIES

Efficiency studies carried out by Chambers (\g ) * (<4-0 , (*+7) and 
Ibbotson ({4 ), as well as furthering our knowledge of the process of 
adsorption* have been with a view to obtaining improved d>&! separations 
on the large scale columns constructed by Parr (4 4 ) and Ibbotson (4 8 ). 
factors considered were; 1 ) L/D ratio*

2) direction of feed*
3) rate of fluid flow#

"Variations of these three factors have been tried, and oil separations 
have been judged to be improved, but as improvment in oil separation is 
very difficult to judge, the true value of these results is not known# 
They showed that by variations in the flow rate of 1,2 and 4 ft/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, how/ever, not sufficient to give a good design basis 
for a column for oil separation. Ibbotson obtained an increase in h^, 
the height of the adsorption zone, for 2cm to 5cm for a 5f x jr,! dia# 
column, suggesting more than 'g)Q$ decrease in efficiency for an increase 
in flow rate of 1 cny’min# to 4cn^/min,# The difficulties in relating this 
work are s

i) A different separation technique has been used#
While oil is separated by qlution, all efficiency studies have 

been carried out 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 
cannot be detected# Bor a very simple oil extract403ia carrier frontal 
analysis may be of intex'est#



V

2) The system used, iso-octane/ben&ene is not close enough to the 
characteristics of lubricating oil. samples *

Slagle and Scott (ĥ ) suggest that for a kerosene distillate, one 
can treat the sample as a binary mixture of aromatics and non-aromatics 
similar to the toluene/iso-octane system for adsorption on silica gel# 
However, the conclusion of many other research workers is that at present 
different solid-liquid systems cannot be coavparedo It is suggested that 
future work might be concentrated on studies similar to Chambers and 
Ibbotson, but using an elution technique on a synthetic test mixture 
of pure known components, similar in properties to the oil fraction 
under investigation#



3.1. INTRO DUCTION

One of the aims of the work in this thesis was to investigate 
a stagevd.se 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 therefore decided to use a test 
mixture 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 end 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 size, 
wet or dry packing*

In all cases, the technique used has been frontal analysis 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 (|if)o
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Smit carried out separations of a lubricating oil on columns of different 
diameter by elution, and found very little change in the refractive index 
of the oil fractions (Fig® 3»1•)• He concluded that the efficiency was 
independent of column diameter, providing that the oii/ adsorbent ratio 
was constants
Ibbotson compared separations of (boiling range 380™390°G) on alumina
to investigate the effect of diameter, direction of flow and flow rate
Ov), (a-s), (Mf)» Fig® 3*2® shows the results of three separations on
alumina, the figures being for eluent-free oil fractions ® fraction 1 consisted
only of non-aromatic material, and fractions 1-4 were eluted with iso-octane,
fraction 3 with benzene and fraction 6 with methanol®

5Ibbotson concluded that the 10* x gn column showed greater efficiency, due 
to the fact that more oil wasr retained on the column, after iso-octane 
treatment, to be eluted vd-th benzene® However, the 40* x l^” column gave 
a much better separation of polynuclear aromatics with benzene® The question 
of column efficiencies will be mentioned in chapter 4® The difference 
between upflow and downflow runs may or may not have been significant®

#

3.2. SELECTION 03? TEST MIXTURE AND ADSOHBENT• f i i r n m iri hit v r — n u r i T T m iiwta-in f i w i n n m niwinrfrf  i i i i - - - - - - - — - - - - - ^ n

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 analysis®
When this stage of work was first considered, it was hoped to obtain extended

IIuse of an F and M 720 gas chromatogi'aphic instrument for analysis, and
a test mixture was chosen for initial experiments®



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 
useful, then it would be possible, at some future date, to simulate an 
oil by using high molecular* weight pure components®

The components chosen were; n»hexane, methylcyclohexane, benzene, 
toluene and xylene® Data on these solvents, as well as on the adsorbents, 
are given in Appendix 1® The adsorbent used in all this work was alumina 
100-200 mesh®
The s^£ve analyses 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

oon regeneration at 430 C® Adsorption isotherm tests show that the 
adsorption capacity of the alumina has not been decreased, possibly due 
to aii increase in surface area, but further regeneration may 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®IoP®B.®P®6 has 
used mainly silica, but other workers, such as Heftmann 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 better for the 
separation of different types of aromatic molecules (34 ), (50)®
Activated charcoal has also been used (50) to give partial separation 
of straight-chain paraffins from other hydrocarbons®
Silica has been suspected of causing some chemical change in the adsorbate 
by oxidation or polymerisation, and for this reason all oil 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 (53) * Evidence 
of changes due to silica gel are given by Kay (ak)«
Alumina is known to cause changes in esters and fatty acids, but no effect 
on hydrocarbons has been recorded® Thus alumina was chosen for all this 
work, except in Experiment 20, where the relative extent of adsorption 
between alumina and silica is seen*

3.3, APPARATUS USED M B  MEANS OF ANALYSIS

The layout of the fractionating column is seen in Fig® 3°S» 
with details of the support plates in Fig®
For different siaes of columns, and variation in feed direction, or the 
use of several columns in series, the feed reservoir and support plates 
could be used in different positions®
The adsorbent, which had previously been regenerated at 45^°°? and stored 
in polythene lined drums, was kept at 115-125°C 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 one support plate in position, and at the same time vibrating the 
column with a HPifcou 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 height®
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Failure to do this efficiently sometimes led to streaking ( where the
ufront travelled down one side of the column through an easy channel, and 

instead of being horizontal was spread over up to 1ft® of the bed )6 
The column was the tdipped up to ensure it was completely full, which 
meant that there was no change of bed expansion and cracking due to 
changes in pressure*

The experiments were carried out according to the standard techniques 
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-oL0Ce on an 
F and M 720 instrument*

The operating conditions weres
- 2 columns in series : 6® x and 1 * x ^,f *
- liquid z silicone rubber 3 Jh 30 (10J&)*
- support : diatoport W*

o- injection temperature s 150 C®
o- column temperature z isothermal 80 C®

~ carrier z helium 50mls/ . ̂ ' mxn*
- detector s thermal conductivity cell®

The n®hexane, methylcyclohexane and xylene showed the presence of 
trace impurities which would have to be removed for further quantitative 
G-qLoC® analysis* However further purification was not proceeded with, 
as it was learned at this time that the instrument would not be available 
for full-time use, which was necessary for the many 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 
refractive index readings®



In spite of this* it was thought worthwhile to continue with test
mixture separations, in order to give a pointer to future work in this
field® The samples were characterised by refractive index* which showed
separation between saturates 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 

*
Abbe refractometer* which gave a refractive index for the sodium

QD line® The temperature was kept at 25 - 0*05 C by a thermostatically
controlled water bat<bh vdth external circulation® The accuracy was 
JfS 2 5- OoOOCH units® The symbol NL used throughout this thesis refers to

othe refractive index at 25 C for the sodium D line®

3.4» SUMMARY OF BXEBRIMUiTS WIl’H TEST MIXTURE (table 3»l). 

notes
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®
5® The rate of flow was kept approximately constant at 2ft o/^



r oco IY>

CMa

IV)
CSV

r oC n £

C m
0
OV

Cm r oIV) O

C moC n
C m

CD

Cm

C m

t?3
£

t5io
< b
(0dP *

h3

cd Cb 
ojjm̂

C n Cn

tel

Cn

WH *co• dI— i
Po0
gBc h

p
to

E .O'*o
p

telHCchH -OB

, c j  fcl“d  o c ;

cqcn O O C n  S

tdH *
CO

M
Po
p
Sp
Bch

O

C n
6

c o i c n

L*-3

o f c ?
HHpROO d -

ZgQ

O01r ooo

c n01
Io

IV)
CDIr ooo

o01r ooo

I p
[toCofTHoIS

p

(V>O -}fC M  C O
CD

C M
IV)00o

ei-1offi

IV)ooo

i dp ’c h

H

PP
E ,Do<1p

£3S~v] O
(V)00o

o\o
&
w

r o-■'-J
■F-

C M ro-~0CJ1
IV)00 C mOO

i d
< 3

Cn
&

E lOc*f-

Pp-dpu
chi
1S3CJ pi-i
c M
doHP1hi d owIiJS’J O P
H 4!.<!P(CchB!ch

C n

p 3
$

c nBH
j-3

t
g

jh-300ch
H *
ch
£4P

C mCn
p

cn
I

tel
C
PBch



P i & 33

x>

%
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T  ÎM ^ 5 ^



FIG 3.7

» tfH

Pv-ew€t U-5^\s r\V\«x 
T. (M 7 S w» \ ̂

£ \ u - e ^ t  "£> Cj ^  \c, \ o o 0 c f

fr« wa| u. S 
T-M 26w>\s
£Ue(\i §0 »v n  \S 1̂ 0 O^t

fc D*0



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,

i)e Wei; and dry ]3a£kin£® Experiments 25 and 26, Fig® 3°60
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 (17 ) 
that wet-packing gives greater efficiency than dry-packing for frontal 
analysisj but in this case, the advantage is not obvious®
Difficulties in handling the slurry, and slight channelling effects 
due to caking, render this method not worthwhile unless a large 
improvement in efficiency is noticed®



2) a £cj^vaj;ion Tê mperatiixeĵ  Experiments 19 and 26, Fig® 3*4®, 3®6®
The purpose of activating the adsorbent at 400 G ( when it was

assumed to have no free water adsorbed in the pores ) was to see if 
any more adsorption sites were made available.
In experiment 26, using the 400 C® activated alumina, the peak is slightly 
higher, rising at 1*436, compared with 1*432 in experiment 19, though 
the peaks are almost the same shape® This 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 hydrocarbon molecules may not compete for the same sites® As 
increasing the water content is known to reduce adsorption capacity, it 
is possible that the value of the water content is vexy important.
Work in this department by Pendlebury (5|) may give a better solution 
to this problem®

3) o Co^umn_J)iame^er0 Experiments 19, 23, 27, 28® Fig® 3*4,3*5,3*7 *
Experiment 19, using 275 gms® alumina in a 5* x gH column may be

compared with a similar experiment using 757 gms® alumina in a 3* x 1U 
column and a 5* x g" column in series (No®23)® In the lattex*, nearly 
three times 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 aliphatics® 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 sones took 
place in the wide section, while the finer separation between each 
component occurred in the narrower column®
Experiment 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®



Experiment 28, carried out in two 3ft* columns of narrow diameter, shows 
that with the use of only ZTp more adsorbent than in experiment 19* the 
separation is much better than in all other experiments, giving two 
peaks eluted with iso-octane, the fix'st 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

3desorber® This suggests that the use of a narrow column (in this case gH) 
does much to improve separation efficiency*

4)» Comparison of Silica G-el and Alumina* Experiments 19,20® 3?ig»3*4*
The silica did not give a much better separation than alumina,

although the results obtained were very different* The alumina in
experi^m&nt 19 gave slight separation of aliphatics, as seen by the

25step in gxaph 3®4* at = 1.400, and then a w1.de peak showing little
separation and a small amount held on the adsorbent to be desorbed by 
methanol* Silica, in experiment, 20, gave a very small peak with iso­
octane, containing perhaps half the aliphatics, and a very high peak 
in front of the methanol desorber containing the aromatics and also 
some aliphatics, as shown by the very gi'adual 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 aliphatics being held on 
the adsorbent, but being ©luted 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 
range is not thought to have contributed to this effect®



3)* Bi sp,l ace men t^ Ch j?oiiia-bo graphy * Experiments 17, 18, 24* Fig® 3 °3*3 °6 
Experiment 17 shows that the column was overloaded with much of 

the test mixture emerging almost unchanged® Reducing the amount of test 
mixture in experiment 18 to one third of experiment 17 shows that 
separation is beginning, but a column several times the lenth of the 
one used would have been necessary to acht|&ve 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 elution technique 
Although there is a sharp rise in refractive index, much mixing of the 
zones is evident®

6) o MeshraSii2£0 Experiments 19 and 21® Fig* 3*4® and 3®5®
It was expected that the 1 50-240 mesh* in experiment 21 would have 

given the better separation, due to the more uniform packing obtained 
with smaller particles and the greater surface area available for 
adsorption* However, only a marginal advantage was observed* The iso­
octane peaks are almost identical, in shape, but the finer alumina gives 
a higher peak in front of the methanol desorber*
G-oLaC* 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 10/S 
of methylcyclohexane °

5® Three main components, in the following order of concentration 
iso-octane, xylenes and toluene*
Methylcyclohexane and benzene in lesser concentrations, and about the 
same order of magnitude*

14® Main components iso-octane$ secondary components in order 
of concentrations toluene, xylenes, benzene*

20® Main component; iso-octane| secondary components in order 
of concentrations toluene, xylenes, benzene*



7)® Direction Experiments 19 and 22® Fig® 3*4 and 3®3®
It was concluded by Ibbotson (iq.) and Badhwar (rr) that upflow 

would give better separation where the 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 tv/o peaks 
in the iso-octane fraction* A higher peak in front of the methanol des- 
orber shows that slightly more aromatic material has been held on the 
adsorbent, and not eluted with the iso-octane®

3®6® CONCLUSIONS ON TEST MIXTURE SEPARATIONS
~~nTTWTT̂Triiip~~i' |P " ll«WH *1 r> I i* I rrm> W 11 ■ ir»rn»nii puiw wn «I®‘|' ■ i I ■■ i mi I ■mu Ilml I nl~"l III ITThu iiitimi® ii ■ I mmffl

1) ® A preliminary investigation has been made concerning the effect 
of several variables on column efficiency® These were;

Y/et 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 adsorbent i 
and column diameter have noticeable effects on elution analysis®
Several columns of narrow diameter will effect a good separation between 
aromatics and non-aromatics® Ibbotson found that for upflow on alumina
a 1*0 cm® 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®



5) ® 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 mixture should be more carefully chosen®

4) • GrfcL'i'Gdanalysis was found to be useful in showing where each 
component began and ended® When used quantitatively, it will give many 
possibilities for evaluating column efficiencies®

3 * 7 ®  P A R T I T I O N  G H R O I v ^ T O C r R A P H f

This technique was developed by Martin and Synge and
LeRosen (53)® The mixture to be separated is distributed between two 
liquid phases, one of which is adsorbed on a stationary solid support 
and the other mobile* The principle is similar to gas-liquid chromato­
graphy® (G.L.C.)- It is sometimes difficult to distinguish this 
technique from adsorption chromatography® 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 exist®
In this case, the distinction in terminology is not important®

Martin and Synge separated acetylated amino-acids on a column of 
silica on which was adsorbed an aqueous phase, using a solution of 
n0butanol in chloroform as eluent*

The application of this technique to mineral oils was carried out 
by Mair et al feq-)* They used a column packed with silica gej, 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 heptacosafluoro- 
tributylamine (^4^9) or perfluorocyclic ether (C^gF^ gO).
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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 g^s silica gel with 139 mis® of stationary phase, 
a 10 mis® sample was separated.

As the separation of normal and cycloparaffins is usually very 
difficult, it was thought worthy of investigation; but because the 
solvents above were not readily available, methanol was used as the 
stationary phase® After elution with iso-octane and benzene, nitrobenzene- 
was used as desoxher, as this was one of the few compounds more strongly 
adsorbed than methanol0

5A sample of 22 gms® of oil was charged to a 51 x column containing 
261 gms alumina® The oil used was (boiling range 375"380°C) and

= 1.546CU Further data are given in Appendix 1,
Results„

a u  rtm nun

The result of the experiment is seen in Fig® 3®100 
Most of the oil appeared in the iso-octane peak, with the refractive 
index returning to that of pure iso-octane® Droplets of methanol in 
iso-octane then appeared ( the two are immiscible ), and then benzene 
mixed with methanol, followed by the nitrobenzene desorber®
The samples obtained were bulked according to the numbers on the graph, 
and stripped of solvent®

25Nfinaction No. wjgh D r,
1 31.5 1*3409
2 32.1 1 *5332
3 9.6 1.5576
4 0.92 1o6020
 ̂ i no '̂ sufficient fox*6 0o46 {p D



This does not show much separation^ and all but Oo46j& was removed 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 
absorbability and immiscibilityp very little methanol would appear at 
this stages but it would appear before the nitrobenzene ® It could not 
have been displaced by the oil? as in this case the oil would have been 
retained on the adsorbent® It may be that lowering the coIueki load and 
the more selective use of solvent phases will give better results®
Solvents v/hich are miscible in all concentrations would improve the 
mass transfer process®

f—
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4 .1 - INITIAL CONSIDERATIONS
I

Fox' some time now* the work of the MoR*C* committee has been 
concentrated on the strongly adsorbed polynuclear aromatic compounds 
which are usually in the benzene eluate of a chromatographic .separation® 
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 i-g-” columns in this department have been shorn to give 
Treasonable separation into molecular types* particularly of aliphatic 
from aromatic material® However* for the primary separation of poly- 
nuclear aromatics (material eluted with henaene), from simpler 
aromatic material (eluted with iso-octane)* it appeared as if the co­
lumns might have been operating mox'e efficiently than necessary* with 
a resultant wastage of time®
The efficiency of the separation must be judged by the result required; 
for a completeroil 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* 
Ibbotson 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! column gave a much higher refractive index 
benzene eluate* with poorer separation of the i*est of the oil by 
iso-octane® Clearly with respect to current M*R«C* work* the 40® 
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 be saved®



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 theiWee 40s columns available would take at least two months, 
including over a week of shift work while the columns were running 
continuously• As the result of a request from Dr* Carruthers in Kxeter, 
for a large sample of the benssene eluate, the large scale batch 
slurries (see chapter 5) produced the sample from 20kg® of oil in two 
months, instead of the 11 one year plus” it would have taken on the column*

A further consideration was that for large scale separations, the 
column was not suitable as an industrial process, due to low throughput , 
high pressure drop, difficulties in packing and unloading the column, 
and excessive time required®

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

1)® Increase the oil/&dsoxbent ratio®
This would increase the throughput, but would not give a good 

benzene ®luate sample, due to overlapping of sones of other compounds* 
Also this does not solve the time problem*

2)* Vary the water content of the adsorbent®
This could make 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 bensen© 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®



4)o A very useful benzene eluate could be prepared by following 
the method of l) and rechromatographing the benzene eluate obtained; 
the time required would be twice as long however*

3)o 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 3) 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;

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

(iii) The raiding 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*



bXfeOUtttSU SURVEY &SLASE& to BATCH SUfcariW

4#2< BATCH ABSOJii ilOH PROCfcSSbS

The batch processes considered In  the lite ra tu re  ore of a 
d ifferent type from those considered in  this thesis#
Thâ  arw usually s i i l a r  to a cascade process of equilibrium distribution# 
as used in  11quid-llquid or liqu id -so lid  extraction#

A simple batch px'ooess# sim ilar to that used in  determining 
isotherms# consists of contacting a knom amount of adsorbent frith a 
solution# and adsorbing one or store solutes# preferentia lly  v ith  respect 
to ti»  solvent# The amount adsorbed can be read o ff from the isotherm 
graph# i f  the fin a l oosioontration is  anotn (fig #  4#1#)#

a
V-1 Gr l*- - l

banders (5S) improved the efficiency of batohv.ise aduomtion uhao 
using i t  in  the deoolourisation of sugar solutions rdth charcoal#
He related concent ra ti on to colour# so that ho could measure progress 
by oolouriaotric moans# The prooess was described quite well by a 
f'reundlieh isotherm in  the form n c 0 - c>

KC11

here V\ -C) Is  the amount of colour reaovod by •  gn# of oh&rooal#
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The solution enters with concentration C and leaves witho
concentration C* Fresh adsorbent is contacted with the final stage 
to adsorb amount a^* The partly spent adsorbent is then contacted with 
the penultimate stage and so on, adsorbing a smaller amount each time*
For a k stage process, only one third the amount of adsox'bent was 
required with the isotherm of Fig* 4*2© The number of stages required 
can be calculated from the equation by letting CQ - C equal A C for 
each stage*

The refining of petroleum with fullers earth is similar to the 
above process, though on a continuous scale*

4.3. SOLID-LIQUID BXmCTION ( LSACHIN6 )

Leaching is the extraction of a material from a solid with 
a solvent, and is used extensively in ore extraction, sugar beet 
extraction and vegetable oil production> the solute is usually uniformly 
distributed throughout the solid, and therefore the extraction tails 
off exponentially, as solvent penetration becomes more difficult, due 
to diffusion®



Assuming that a thin liquid film is controlling the process , the 
equation for mass transfer may be written as

eftt & ( C e-C)

dt b
A = area of solid-liquid interface M k mass solute transferred
b = thickness of liquid film K*= diffusion coefficient
C = concentration on bulk solution
C0= concentration of saturated solution in contact with the solid s

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 tank is discon­
nected and fresh charge is introduced at the far end of the tank system.
This system requires frequent 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 baff3.es*

4.4o LIQUID-LIQUID EXTRACTION PROCESSUS

In these processes, the partition between a raffinate and an 
extract phase is governed by the partition bo Efficient of the form 
C^/C2 = K at equilibrium, which corresponds to the isotherms in 
adsorption* The partition isotherms can be convex, straight or concave 
as shown in section 1 for adsorption. The attainment of equilibrium 
depends on diffusion through two films, one in each phase at the 
phase boundary*



A scheme for multiple-contact pseudocountercurrent extraction is 
shown in l?ige for the complete removal of a solute from one phase
to another (5k)«
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The solution to be extracted is divided into & convenient portions 
in separating funnels, and the funnels, or tubes, are numbered 0,1,2,«•*X\* 
The first tube, numbered 0, is shaken with an arbitrary volume of 
extractant, and the extract layer transferred to the next in line, 
tube 1* A volume of extractant equal to that used in the first stage 
is added to tube 0, and tubes 0 and 1 are equilibrated* The extract 
layer from tube 1 is transferred to tube 2, the extract frour, tube 0 
to tube 1, and fresh solvent added to tube 0*

In the case in 3?ig* 4*3*# 100 mis of a solution containing 1*000 gms# 
solute are to be extracted with lOOmls* 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*623 gms* have 
been extracted*

This can be compared with a multiple contact non-countercurrent 
method which consists of dividing the extractant into four equal parts, 
and contacting each part with the solution*
If V mis* of a solution (phase i) containing W gms* of solute are 
repeatedly extracted with 1 mis* of solvent (phase II), and W is the 
weight of solute remaining in phase I after the extraction, the 
distribution is

w / v
1 K

(W-W.) / 1

After a second extraction, Y/g gms* remain in phase I, and

¥2 = wi m i
2



Similarly, after n extractions , K7
W *1

In the previous example, it can be shovm that using the above 
equation 0*5904 gms• of solute could be extracted compared with 0*625 gins 
for the same number of operations*
If the solution and extractant were divided each into four portions, 
and contacted according to Fig* 4*5* > then 0*7265 gnis* could be 
extracted* This would involve 16 operations, and any further subdivision 
would be considered laborious*

In the case of non-linear partition isotherms, the extraction 
process is similar to that shown for sugar decolourisation in Fig* 4*2*

In Fig* 4*4*, the partition ratio is decreasing with increasing 
concentration *
If a solution of Jq gms„ solute in R gms of pure solvent are contacted 
with S gms* of pure extract solvent which is immiscible with the solution

f I &. 1+ • Ur
X

v/t. soltrfr*
W + Solvit



then a line of slope - ~  drawn through will give the distribution 
X-j y 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.

tsio-

n < j  u-.s



Fig# 4#5» shows the extraction of a mixture of proprionio and 
butyric acids, represented by ourves I I  and I I I  respectively, in  an 
eight transfer process# Tube No#8 could be withdrawn, as i t  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 sim ilar to an adsorption 
elution process#

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

Each oirole represents an equilibrium oontaot, dotted arrows represent 
the solution, or ra ffin ate  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.

o f  f

<k S o I c

F\ S’ Ur-b



A development of this technique has been the Craig 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 tubes9 the phases are mixed* and then the tubes are 
tilted to allow the extract phase to decant into 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*

4*5e PmilOTARY EXEERIMENOS IN BATCH SLUHKTING

Three experiments on oil separation were carried out on alumina
ousing a Kuwait extract oil of boiling range 375-380 C* and known as 

The oil was produced in earlier work on this project by vacuum distilla­
tion* and has been separated on the large column by Higgins (57 )«

5It was also separated by the auther on a 5* x column * using the 
elution technique described earlier« Similar results were obtained to 
those from the 401 column*

Experiment 1 was carried out using an oil/adsorbent ratio of l/5 •
It was realised that the first stage would give very little separation* 
and so it was considered worthwhile to increase the inefficiency by 
increasing this ratio in order to be able to use more oil* This could 
give samples large enough to analyse further* 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 liquid-solid contact* This volume 
was found to be about equal to the weight of alumina numerically* i»eo 
100 mis 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

A T U  £

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 oil 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.
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The spare entry point in the top was used either for charging more
liquid, cheeking the slurry temperature , or taking liquid samples * The
experiments were carried out at room temperature , which usually varied

obetween 19 aud 22 C*
The stirrer was then started,, end by observation v/as run at the minimum 
speed to keep all the solid particles in motion* and was usually about 
120 r«p*sw
Tw.o hours were allowed for equilibrium to be established* and then the 
slurry was vacuum filtered in a BUchner funnel*
To avoid any oil loss, the same piece of filter paper was used through­
out the experiment*
Mien the alumina was dry, with no free liquid in the filter cake, the 
solid was returned 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 stage* 
The iso~octane/oil solution was then freed of solvent in a rotary 
vacuum stripper (see below)*
The weights and refractive indices of all samples were then determined*

4.7. ANALYSIS 03? SAMPLES

1) » ^©i^ao^ive^Index^
o *All readings were taken at 29 C on the Abbe instrument

previously described in section 3o3» It has been reported that errors 
can arise from the use of refractive index alone to characterise oil 
fractions (28)*



20Saturates have been recorded with above the usual limit met in
lubricating oil fractions (l*43)*

20eg* 1*3 dicy clohexylcy cl ohexane = 1*494
cis decalin = 1*4811
9-n butylperhydroanthracene = 1*3049*

Aromatics exist below the usual limit (1*49)
eg* 1 pbenylo ctade cane = 1*481

1 phenyl dode cane - 1 *474
However, these compounds may only exist in trace amounts in the oil 
used, and were not thought to have any effect on the refractive index*

* Forraolite Test*.
This .was used to identify samples which contained aromatic 

hydrocarbons* The test was used as a spot test, according to the 
modification by Sagarra (5%).
!,A spot of the filtrate was taken with a glass rod, and mixed vdth five 
drops of concentrated sulphuric acid on a clean white tile* A spot of 
40/o formaldehyde was placed on the tile, and slowly mixed with the 
acid mixure* The presence of aromatics was shown by the development of 
coloured bands*

3) o S^peci/icjlravity^
This was measured at 20°C with a capillary stoppered bottle 

according to the Institute of Petroleum Standard Method (5°!)*
Some measurements were also taken at 23°C in order to determine the 
temperature coefficient in case a correlation of specific gravity 
against refractive index could be used to identify molecular types*
It was attempted to determine the B*G-* of small oil samples (approx* 
0.i-0*3^ms), but it was not possible to obtain reliable results* The 
methods used are reviewed in Appendix II*



4)» Sulphur £ontento
This was carried out according to the Institute of Petroleum 

Quarts Tube Standard Method (ŝ l)* The method consisted of burning the 
oil sample in a stream of purified air to SOp, COp and HO® The

•r V/SO p alone was absorbed by bubbling the exit gases through $fo ' v H^0o

to produce H The acid solution was titrated with -g NaOH solution
to give the sulphur wt$.

4*8. REMOVAL OF SOLVENT M OM OIL SOLUTIONS

This was carried out in a rotary film evaporator (Buchi,
Switzerland)* The flask was held at the end of a rotating arm which

owas at an angle of about 30 above the horizontal. The rotating'.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, and the solvent was condensed by a double 
surface cold water condenser, and collected in a flask.
A cold trap containing a solid CQr/ kerosine mixture protected the 
vacuum pump from solvent vapours® The system was operated at a 
pressure just low enough to enable solvent to be collected® Y/hen no 
more solvent condensed, the collecting flask was emptied, and the maximum 
vacuum of less than 1mm* 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*



4*9* EXPERIMENT DETAILS

Separation of KXg by chromatography* (see Fig® 4*8)®

N^25 = 1.5460, Column 5* x g" Downflow®
wtAlg^ ~ 265 gins» 250 mis* Iso-Octane
wt oil = 21*8 gins* 130 mis* Benzene

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

Exgerimen't_j ̂
Batch Slurry Separation of KX^® wt -&3-2°3 'i00 m̂s»s ^  oil 19*2 &mB 

Stage 1* 130 mis* Iso-Octane
" 2* 100 mis. Benzene

Stage 3® 80 mis* Benzene
lf 4* 80 mis* Methanol.

Experiment 2®
wmm «jU» » n  M e n

Batch Slurry Separation of KXg. ^  ^  .[OOgms., wt oil iS.^gms.

$ successive iso-octane stages of 100 mis* each*
2 successive benzene stages of 100 mis® each®
1 Methanol stage of 100 mis*

Ex£eriment_3^
Repeat of exp

Solvents were used exactly as in Experiment 2®
Repeat of experiment 2. ^  ̂  l00sms.5 wt oil 19*1 gms,
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TABL13 4.1

Experiment No„ Solvento Stage No
ori t 

oil, ND25"C
D\\ .

3 ®

11

Iso-ooto 
Benz* 
Bens® 
v Me OH ®

Xso-oct,
it
t»
it

Benz*
ft
it

MeOH*

Iso-oot,11
If
ft

Benz®
it
tt

MeOH®

Iso-oct®
tt
tt
tt
tt

Benz *
tt
tt

MeOH

1®
2®
3®
4®

2 ®

3®
*

5®6®

7®
8®

1 •
2 a
3®
{̂- O
5®
6 Q
7®
8®

1 •
2 0
3® 
4» 
3® 
6 ®
7®
8©
9®

33*9
34*44® 68
2*60

n m o r i M k W

75.58
38.4 
28.8 
7.61 
3.7 6 
11.42 
4*35 
1.63 
_3.8l
97.48® w w a ,  ii 111 ii i ■

42»4̂ ,
23*0
10*5
4*72
8*90
3*67
1.57
2*62

10*55

1 *5298 
1•5425 
1o3565 
1*5630

1o5265 
1 <>5348 
1.5455 
1*5564 
1.5941
1 a6008
1 o  6024
solid

1*5262
1*5360
1*5484
1 *5618 
106049 
106097 
106096
solid

1 *4490 
1*4800 
1®5306 
1*5508 
1. 5472 
1*5999 
106236 
1 e 6l50 
solid

_22*2Jt_
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4.10. DISCUSSION OF RESUL5S

The chromatographic separation gave an iso-octane portion 
which consisted of two overlapping peaks, the first being uformolite 
negative11 a The stripped oil fractions are shown in Fig«4*9 and details 
given in Table 4*1 *
The fractions were bulked according to the diagonal lines on the

25Hp v. volume of effluent graphs. The letters iuJU mean non-aromatic 
and'that each sample in the group between the diagonal lines gave a 
formolite negative reaction. The benaone eluate gave a sample of high 
.refractive index material in fraction 8e
Experiment 1 (Fig*4i>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* 
Experiments 2 and 5 (Fig# 4*10) were an improvment on this technique, 
the four iso-octane stages removing of the oil compared with 64$
on the column* This should have led to higher refractive index material 
appearing in the bensene stages, but in fact both experiments 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 liquid phase, and it is not possib3.e 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 decolourising in .Fig* 4*2 shows that only 
four theoretical equilibrium stages were used* In experiments 2 and 3$ 
eight theoretical stages were used, but on an adsorption column, using 
elution chromatography, many times that number of stages would be 
obtained, giving less contamination of fractions*
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I'feX)

eo10

U

100 wt. /



xe>N*

P I 6 L r A O  

^-trv^Q.9 6\ | fr*c-hi>"S

 I

_ J

I oo



4*11 a CONCLUSIONS

The experiments carried out so far have not shown an improve­
ment over column separations, but the results were of great interest 
in understanding the oil adsorption/ desorption process®
A refinement of this process may lead to even better separations»

<ZOJCL. 'It seems that larger fractions used te 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 (s> )*



« 0

C H A P T E R  5° F U R T H E R  B A T C H  S L U R R Y

E X P E R T  M E N T S

5.1 . 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 Exeter University for about half a 
litre of polynuclear aromatic material and the preparation of this by 
large scale batch slurry separations is described in this chapter, to­
gether with the details of the chromatographic analysis of each fraction® 
The results of all these experiments are discussed in Chapter 6®

5*2® BATCH SLURRY SEPARATION OF J  20gms. OF KX^ ̂ EXPERIMENTAL DETAILS®

The same apparatus and materials were used as previously® 
Two experiments were carried out, each using 4 iso-octane stages, 3 
benaene stages and 1 methanol stage (Expts0 4 and 5)®
The amounts used in each experiment were:

wt oil KXg % 60gms®
wt alumina t 300gms®
volume of solvents 300&ls* of fresh solvent at each stage®



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

1* for reference *
2« for chromatographic analysis*
3« 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 chromatography*

The sample analysis obtained from each stage was separated on
5alumna by elution chromatography in a 5* x g1f column* The solvents 

used were in this cases
40mls* iso-octane* prewetting solvent;
20mls* iso-octane * to rinse oil container;
'}40mls» iso-octane* for elution;
80mls* benzene* for elution;
200mls« methanol* for desorption*

The usual oil/ adsorbent ratio used for oil separations in this 
department has been l/l 2 for alumina* This has been fixed as a balance 
between the need for large samples for further analysis, and the poor 
separation due to overloading the alumina by exceeding its adsorption 
capacity* In the analyses of the batch slurry fractions however, there 
were not the required amounts of oil available (usually about 20gms•)• 
The weights separated were:
33xpt» No*
m—n i l r -*  ~i ff~iii~Tr*ntTrtir~rr<

Fraction No* wt * Oil ft adsorbent;
6 k/1 & 5/1 -j6*3sms. 16*6
Z l\/Z & 3/2 9 0 9gms « 36*6
8 bf ,4 $ 3/3 *4 6*9gnis»

1 k/1 , 2 , 3*4 & 3/1 p2*3*4 16 *  5gnis * 16*0
ifi 4/5*6,7 & 3/5*6,7 lS*#gms. 14® 3



5*3 o BESUIiTS

The results of the hatch slurry experiments are shorn in
Figs* 5® I
The chromatographic separations of the fractions obtained are depicted 
in Figs* 5*Z ” * and the refractive indices of the solvent-free
samples in these separations are shown in Figs* 3®J+ - 5.6®

The batch slurry experiments showed very similar results to those 
of experiment 2 and 3 (Fig® 4sl0®), 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 4C/ of the oil was recovered in the first stage* and about 80y> 
of the oil was removed by iso-octane altogether in four stages® Thus 
no separation of the non-aroraatics was possible® The oil from the last 
iso-octane stage was of a higher refractive index (l*56) compared with 
the last iso-octane fraction of the column separation (l*547) as shown 
in Fig® 4«9®

The graphs of refractive index v® volume of effluent show the 
effect of reduction in the oil/ adsorbent ratio® G-ood 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 that the first peak is com­
posed of straight-chain paraffins, and the beginning of the second peak 
will be branched-ohain paraffins and naphtlKenes, merging with the zone 
of mono-nuclear aromatics® Experiments 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 experiment 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, usings

30Ggms * alumina,
300gms* iso-octane,
60gmso oil ( KX^ )a

The resulting filtrate contained of the oil, and the solvent-free
product had. a refractive index of 1*3238° This product was then recont/ac
ted with fresh alumina and iso-octane in the same amounts as above, and
it was found that the filtrate contained 36$ of this product of 
25Np =1 leaving 6lffi 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$£ved0 Samples of high concentration of non-aromatic material 
may appear in the filtrates after* re contracting the oil from the first 
few stages with fresh adsorbent* This is discussed further in Chapter 6*

It is evident from these results that an equilibrium is being esta­
blished between the adsorbed phase and the fluid phase* It is notable 
that non-aromatic material appeared in stage 3, whereas it is known to 
be very waakly 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 
knowledge1 of this equilibrium is required* To investigate this, a series 
of experiments were carried out*



5.4* OIL-SOLVENT ISOTHERMS

Three series of experiments were carried outs
a)o the pore volume of the alumina was determined\
b)o keeping the oil/adsorbent ratio constant, the amount of 
solvent was varied (Expt. 14)?
c). the solvent/ad,sorbent ratio was kept constant, and the 
amounts of oil increased (Expt. 15)*

a) o Dejbermination ̂ of̂ Pore Volume^
This was carried out according to the method proposed by Innes (to) 

and developed by Harrison (m ) and Badwar (n). It has been shown to 
be comparable with nitrogen pore volume determinations to within 
0*01 mls/gms*
A sample of alumina was weighed into a conical flask, fitted with rubber 
bung° The flask was clamped onto a mechanical shaker. The dry alumina 
did not adhere to the sides of the flask on shaking. Water was added 
from a burette 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*1 ml. of water. These determinations were reproducible to within 
0*005 mls/gms. and gave an average pore volume of 0.285 mls/gms.

b). Variation £f_Volume £fraSp>lven/L
The ratio of oil/adsorbent was kept at 1/5 by using each time 

100o0gmso 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.



The results are shown in table 5*1 and depicted in ]?ig0 5*7°
After stirring for two hours.,' the slurry was allowed to settle, and then 
a volume of the solution was pipetted into a flask which was fitted onto 
the rotary film evaporator for solvent removals

TABLE 5*1T~ '"’I1*1 | 0

(n.b. i a g  n 25 = 1*5460o
Volciso-Qcto volosample»

25IA sample»fa¥3| 1 ***»

25stripped oil*
CLl̂UJ I J~“ TP*-‘ft ' ■ wtoOilo

20mls# 55ffils» 1 *4096 1 9 5140 4p5gmsP
150 35 1 .4070 1*5108 3*8
200 35 1 9 4021 1 o5246 2.6
250 35 1 ,4018 1o5222 1 ®7
500 40 1*3997 1®5234 2*1
400 60 1*3958 1*5292 2 e 2

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

/ Ac V ( Xo" X ) /
™ T7-Z-X Sms» o i l  /m ’ * ' gras adsorbent„

and the total amount of oil in the pores Y/as found by:

At = Ac * (vp-Ac)x#

At could be checked in this case by a mass balance on the recovered 
oil0 The adsorbed phase concentration = At/ vp ™
A sample calculation shows how Ac is obtained, taking the values marked 
* on tables 5* inland. 5*2*



wto oil charged ~ 20gmso density ~ 0,968 volume = 21 ©7mls<j
volume iso-octane added = 120gms. 0®o total volume of solution = l4lo7mlss
pore volume = 28.5mls. ,% volume of phase at equilibrium = 113 *2rals »

4,5wt. oil in solution = « 113*2 = I4*5gras. Awt# oil adsorbed - 5*5gras®35

20x^ - rrr^ = °*1414 gms/mls.0 141 * /

I = = 1*42 mls/gms,

x = = 0,129 gms/mls,

These values are set out in Table 5®2® and Fig, 5**7 ®

TABLe 5°2,
x gm/ml. Ac» At. 2>

*0.1 Vi 4 0.129 1 042 0,0202 0*0544 0.190
0 o 1160 0.102 1*72 0.02688 0o0532 0,186
0.0903 0.0746 2,22 0*0377 0.0561 0*197
0.0736 0.0486 2.72 0.0715 0.0819 0,288
0.0623 0.0526 3*22 0o0330 0.0463 0,163
0.0475 0.0367 4*22 0.0474 0.0644 0,226

o) . Variation injOil^_Ads£rjbentJELati^o^
For each experiment, wt® alumina = lOOgms., and vol, iso-octane 

= 200mls* The results are shown in Table 5*3* hL 9.8
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TABLE 5,3.'qf *»* H —  **■ 1IW ' Ml 1 i1 W

Wt*oil wt.oil
W*BlHiiilt I mil* Ml illl* •UMIIJJ I OP 11 IP I *•

charged © ads orbed
l| ir"— IT-■

N^strip-4 
©ped oxl©

X■"*o X V
m

A —c At Z

30gms © 4©5gms© 1 ©5104 0*130 0.126 2.31 0.0106 0.0452 0*160
33 6.6 1©5270 0.148 0.137 2.36 0.0301 0.0651 0.229
40 4.7 1 © 5200 O.166 0oi 66 2©41 0.0000 0.0473 0.166
45 1.6 1©5220 0©182 0.170 2.46 0.0356 0.0780 0.274
50 9*8 1 © 3280 0.199 O.18O 2.51 0.0582 0.1001 0.351
6o 9 ©4 1.5330 0.239 0.217 2.62 0.0736 0.1194 0.420

A comparison of these results with those of b) are shown in Fig, 5° S ° 

5.5. LARGE SCALE BATCH SLURRY EXPERIMENTS
I'•mm 1 1 w iTTnmmfTniirTTtiTTinimiinB n p  ih ii i i n m i iiIiH 'iM hbi in n ii» 1111 ■ 1 1 n iiiihi 1 ■ 111 1 1 m iif Hf iH

As about 500mls. of polynuclear aromatic material was required
A Sfor further chemical analysis at Exeter, and this represented between

5fo and 10;o of the oil, it was decided to separate 20 litres of oil by
batch slurzying. This would leave enough in each fraction on which to
carry out further tests«

The oil used was a Kuwait furfural extract, and was vadium distilled
in five runs into litre cuts. Sample Nos. 30-49 from each of the five

o oruns had an estimated boiling range of 400 C-422 C at atmospheric 
pressure * Portions of 200mls. of each of these 200 samples were taken 
to tffcake 20 litres of blended oil* The oil was designated ©
It had a refractive index of 1.5532, and a sulphur content of 5®64/£wt©

1 © Method^
The oil was divided into three portions to enable it to be handled 

in the laboratory© The seme proportions of materials were used as in 
previous experiments, i.e. numerically five times as much adsorbent and 
solvent as oil©



*

The alumina useci was 100-200 mesh* used previously on the large columns*
oand was regenerated at 450 C for eight hours* and stored in polythene

lined drums before use* Due to the large amount of material* the adsorbent
ocould not be dried at 115-120 C overnight before use* The slurrying vessel 

was a 20 gallon P^VoC* lined drum* with a 1-J" and 1" dia® hole in its 
middle, end end respectively0

The dry adsorbent (33*33kg*) was charged 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 35*53 litres*

Each 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 for 5 minutes 
every 15 minutes during the two hours® The drum was then raised on a 
bench and a piece of fine wire gauze was fixed over the 11" dia. hole with 
a "Jub1J.ee clip"® The slurry was then filtered by rolling the drum over 
until this hole was underneath* and the liquid 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®

In runs I and II* there were five iso-octane stages* two benzene 
stages and one methanol stage® Run III had six iso-octane stages* two 
benzene stages and one methanol* In addition* all the adsorbent was bulled 
end slurried with approximately 50 litres of methanol to remove any re­
maining oil in preparation for regenerating the adsorbent* This is referred 

ndto as the 2 MeOIi wash®

Each of the samples obtained was analysed by elution chromatography
5in a 5f •g" column* using 20gms* oil each time® The solvents usually 

used were as in section 5«2** i*e* .200mls« iso-octane* 80mls* benzene 
and 200 mis0 methanol* but sometimes there were varied if thought 
necessary for good elution of the sample.



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 fronto
The specific gravities of each sample were determined using a 23mls® 
standard density bottle at 20°Co The sulphur contents were determined 
by the Quarts Tube method* f ̂ cf')

2 o Oil &e£0vegy^
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 velocity, 
some was nob condensed, and the cold-traps were not sufficient to 
protect the pump from solvent vapours® To overcome this, a climbing- 
film evaporator was used which had been constructed by King in this 
department about ten years ago® A sketch of the apparatus is shown in 
fig* 3* I 0 » The evaporating section consisted of four tubes of 
diameter and about 3* high, through which the solution passed® These 
tubes were heated externally by steam or a steam/water blend according 
to the temperature difference required®
The apparatus was operated at about 30eras dig® by means of water vacuum* 
Mien the solution readied 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 film in the upper part of the tube, and much of the liquid 
was carried over into the separator*



The liquid/vapour mixture, in the form of a foam, was separated, and 
the liquid recirculated and 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/t), 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 solution was then finally stripped in 
the rotary film evaporator® With volatile solvents, much flashing 
occurred, 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 downcomer at point A to make the pressure drop in this section 
greater than in the evaporating tubes®

3o Results*
The results of the batch slurry stages are shown in 'J?ig$* 9*11 ®

The column separation of KX/- is shorn in figi® ® The vertical
2bor diagonal strokes through the «v®T® graphs show the bulking of

samples for solvent evaporation to give the fractions shown in the 
2HN-nj " ®v® wt;t of oil recovered graphs® for ea.se of reference, the sulphur

" 25contents of each fraction are shown on the N pVoWt̂ o graphs®
The separations of all the fractions, obtained from batch slurry, by 
adsox-ption chromatography, are shown in Graphs 5*lA “3*3^ °
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 Chapter 6®
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C H A P T O  6® D I S C U S S I O N  O F  R E S U L T  3

6.1® BM.QDUCTION

The results of the hatch slurry separations have been presented.
in Chapter 5*> 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 by chemical tests , and so the separation obtained
in the experiments was determined by the identification of saturate
material (paraffins and naphthenes)9 by the formolite test, and by
refractive index® The formolite test did not detect the polar material 
. and .(aromatic sulphur bearing; with sufficient sensitivity, and it was 
sometimes found that a column effluent sample of oil solution was for­
molite negative, i0e® contained no polar compounds, while the stripped 
oil fraction, with solvent-free oil, was formolite positive® Thus it 
was evident that there was some overlapping of the non-aromatic and 
mononuclear aromatic aones® The column chromatography was very useful 
in showing how jbhe batch slurry stages had separated, and gave an 
insight into equilibrium relationships being established® Due to the 
overlapping of the sjones, it did not give a complete picture, and to 
obtain this picture, it v?as necessary to provide a means of estimating 
the extent of contamination of each a one® Once this had been found, it 
should have been possible to use the column chromatography results to 
develop a general method of predicting the equilibrium relationships 
between the adsorbed and mobile phases by means of some simple physical 
property^ The column chromatography is very time-consuming, and to use 
this as a means of analysis for batch slurry stages would defeat the 
object of this new method of separation® As it is known that the



saturate material is much less strongly adsorbed that the polar 
materialj it should be possible to treat the oil as a binary mixture , 
and use the equilibrium values to analyse the batch slurry results 
and the isotherm experiments .

So2o HBIMMINATIOH Op am. CONTENT OF K8^ M B  IOC II Q 2»

A recent paper gives a comprehensive review of all tests
applied to lubricating oils . It .was deduced that refractive index is 
a useful measure of oil bulk composition«

The first thing to establish was that refractive indices of isl­

and KX 11^q  ̂g °^- samples were additive. It was known that the ben&ene- 
iso-octane refractive index v. composition graph was slightly curved,
and concave to the 45° line. A 50/50 volume mixture was found to be 
25Njj ‘ = 1.4400, whereas a calculation based on the values of the pure

components gave a value of = 1 *4430.25
‘D

A group of oil samples were taken which were obtained from the
separation of on the 40f column® The polar portions, samples 2-6,
were blended in proportion to their weights recovered. I'his was
obtained by dividing the wt.j& recovery by 5® The details are given in
Appendix 5® The proximity to the original oil was shown by the fact
that this experimental reblend was calculated to have a refractive 

25index of Kh = 1*56563 while the original oil polar portion was
25calculated to have ~ 1«5659°

25The actual of this experimental reblend was 1#56l8, showing the
same sort of difference as with bensene-iso-octane®

This polar blend was then mixed with vaxying proportions of the 
saturate portion, to give a refractive index v® wt*5& polar compounds 
graph. The resulting curve is shown in fig® 6®-?., together with 
similar experimental curves prepared by Rhodes (63) for .



II?

Rodes was separating the oil by liquid extraction, and to use triangular 
diagrams, he required tie-line data which he obtained by chromato graphing 
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»5$00, the 
relationship was not linear, due to a line of different slope being 
obtained® It is evident that Rhodes* fractions were cross-contaminated 
and that to extrapolate his correlation beyond his experimental points 
is not justified, as this would mean a rather low value of refractive 
index (i *39) for his pure saturate material® The non-linearity over 
85/6 is produced by the wide range of refractive indices of the polar 
molecules® It is possible that Rhodes* correlation is part of a curve 
shown by the dotted line in ?ig#6a1® The difficulties in this 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 some 
fractions, where the average refractive index was only 1®52 or 1#53, 
and other fractions where polar average refractive index was 1856-1»57®
The errors will increase with increased separation of the fractionsD
The method would be worthwhile, however, if it could predict the saturate j 
content of the oil to within 2-3J6®

During this work, it was realised that the methanol eluate, which j 
which had been excluded from the experimental reblend, would make a 
difference to the average refractive index of the polar portion of the 
oil®
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Ihen a proportional amount of the methanol eluate was then added to the 
25reblend of 105618, the new refractive index was 1 *5475* which was

very close to Higgins9 value for the parent oil (57)* This suggested 
that all the oil had been removed from the alumina * and that no change 
had occurred in the oil after passing down the o&lumn* The refractive 
index of the methanol eluate was calculated to he approx® 1 <>5560*
The average refractive indices of the KX oils were calculated using the 
data from Higgins, and shown in fable 6*1* They are based on the actual 
weights recovered, and exclude the methanol eluate material, as the 
refractive index of this material had not been determined*

TABLE 601

oil i

KX
2
3
4
5
6
7
8
9
10
11
12

1 ° 5 3 5 5  

1  * 5 4 - 0 7  

1  * 5 4 4 7  

1 * 54-65 
.  5 4 - 7 1  

•  5 4 - 7 2  

. 5 4 - 7 0  

* 5 4 - 5 2  

* 5 5 7 4  

1*5601 
1*5638 
1 . 5 6 7 5

25Average N 
after chrbmatD

1*5397 
1.5438 
1*5473 
1*5503 
1o5509 
1*5518

1 *5615 
1 *5545 
1*5632 
1*5656 
1*5660

HL^Sats

1 *4640 
1 *4-583 
1 o 4-741 
1 * 4 5 7 0  

1  * 4 - 6 5 9  

'j 0 461 2

1 *4568
1*4732 
1*4732 
1*4708 
1*4703

1.5637
1 *564-3 
1*5818 
1.5616 
1*5661 
1*5659

1 *5721
1 *5641 
1«5688 
1.5740 
1*5750



U (

In the case of KX^ and KX,^ 5 a decrease is shorn after chromatographyP 
and it is assumed that in this case some high refractive index material 
has been included in the methanol eluate0 It is evident from th^se 
values that there is appreciable contamination of the saturate fraction*

The results of the chromatographic separations of the samples from 
ISxptso 4 and 5 were also treated in this manner9 and a graph (Fig*6*2) 
was dram of lines joining the refractive indices of the "saturate*1 
portions j with those of the "polar** portions* The refractive indices 
of the samples ?rere then used to predict their saturate contents by 
assuming that these points laid on their respective lineso The results 
are shown in Table 6*2* <, compared with the experimental values*

TABLB 6*2*
25N-D— oil

rf af tTT r*
$jSats 0from graph* $Sats* by expt*

1.5472 KXg (Higgins) 21 *0 13*30
1 .5^60 KXg (author) 5s0 10*55
■I .5202

It ^ 7 “8 (author)
ft tt

24,5 
18*2

13*50
8*00

•1.5359 IiX̂  (Rhodes) 20*8 20*00(on silica)
1 .5355 KX.j (Higgins)

(Higgins)
Starun Kuwait 357/360°C

10*5 23*00(on alumina)
1.5465 
1 <,4983

8*5
59*0

10*00 
54.94( on silica)

1.5000 " ** ** 385/38 8°C 57*0 55*66 " tt

•i .5250 Sxpt*V5 S t.1 0 35*0 27*50
1 .5345 ** ** S t.2 . 14.5 17*32
1.5500 ** ** St*3A* 10*0 13*80
1 .5335 ** « Blend S t*1-4, 19*5 18*65
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It mil be seen that for silica the predictions are very good* suggesting 
that a more complete separation of saturate material has been obtained 
than 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 lowest 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 KX^ of 18®5$ Sats® This seemed to be a
reasonable value, and so it was checked by using it to predict the $ Sats® f
in stage 2 for example;

25Nyx oil, st«2e = 1*5345 
25lb, ,!Satson fraction = 1*4580 h2f-

Np "Polar” fraction = 1*5480*
To estimate the actual % Sats®, two unknownswjafere introduced? 

x = wt®$ of Sats»rioh fraction 
y “ wt®$ of Polar rich fraction*

Using the graph, and the "lowest and highest line” , a mass balance gave 
x = 15$, whereas it was 17*33$ by experiment® Using this low value of 
1*4490* & SrouP lines were drawn passing through 1*5460, the refractive 
index of KXg, at 20$, 25$ and 30$ saturates as shown in Pig® 6*3*
Similar algebraic mass balances using these lines also gave values of 
15/Sats® 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
25 * 25for* the Np of the saturates and use the of the polar portion as

calculated® These lines are shown in Fig*6^0
•Using a value of 1 *455 for Sats# and 1 <>5595 f°r Polar, Rhodes’ KX^ 
saturate sample is predicted by the line to contain 3*5$ polar compounds, 
and the oil to have 1 9 saturates, compared with the 20$ he obtained 
experimentally*

25Using Higgins' values, the saturate portion of 1*4640 was
estimated to contain 12$ polar compounds, giving a value of 21*2$ for 
IOĈ  * If, however, the remaining stages were also characterised by this 
line, then the saturate content was estimated to be 34°55$*
Higgins' KX^ values were then used, and the IQĈ  line (i ®455“1 »5^59) 
gave a value of 17$ Sats* The same process was carried out for the 
batch slurry stages 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 o455“1 <>3699) s
oil* estimation

using line* using exnerim,
~ttt  ’i n t i r~i^r1i i m u m i ■ nn^  i~ i T y iiin3^ m > v rn i"ia î

blended curve.
0riginal oil, 1 * 547 2 * 17$S ats * 13$S ata•-
After chromatography, 1«55l8» 12*5$ 9$
Mass balance on Higgins' column fractions 29*8$

« " " author's « " 58*7$
" " " batch slurry stages 240 9$ 21 *6$

" 11 column sep* of ,f " " 31*5$
By experiment on batch slurry sep® 17*8$

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 batch slurry stages seems to give a seasonable figure, 
it is thought that the further separation of polar material renders the 
values of over 3Q$ unreliable *
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A variation of this approach was to assume a value of the refractive 
index of the saturate content for KX^ of 20/6* A line was then drawn 
through these points (1*445* 0% Polar£ 1 *5460, 80/6 Polar)* This gave 
the % saturates of the first stage, and a mass balance gave the propor­
tions of Bats* which must be in the other fractions of Higgins' column

25separation* Lines joining the estimated of 8atse, and the fo Bats*
in the fraction were drawn, and gave the lines marked Prns• 1 -4 * , on 
Pig*6®3-o The line used for fraction 1 is obviously too high, as it 
suggests that the average refractive index of the polar compounds is 
1*57l5o The slope of the line was modified to a more reasonable value 
marked fm*l *(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 
batoh slurry stages0 These lines give a value of the polar portion 
refractive index for each fraction, and from these values, it was 
possible to calculate an average refractive index of the polar portion 
of the original oil, which was found to be 1*5766* The line joining 
1*455 to 1*57^6, i*e* joining the values estimated for pure Polar and 
Bats predicts KXg to be 22/6 Bats*
The correlation curve shorn in Fig0605.* was used for a mass balance 
over 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 separation was known to 
be not as great as in column chromatography, and this correlation 
curve predicted 'very high saturate contents for low refractive index 
fractions* As the first stage of the batch slurry separation would 
contain a large proportion of the saturates, 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*



1 1 6

The mass balance gave:
stage 25j N wt.of stage. S$Sats*from graph. wt *Sata ® gms *

1 1 *5250 48*8 (30) 14*65
2 1 =5345 29® 6 23 6»82
3 1.5455 13*2 19 2*51

4 1.5578 7.5 19 % *42

25.40
The 254 gnis of saturates are 21 *2j& of the parent oil.
Using the line 1o455-1*5766, for the batch slurry stages, a mass balance 
gave 27*5$ Sats®

6o 9 summary

It seems that a straight line relationship between the percentage 
of polar compounds and saturates cannot be used for column-separated 
fractionsj but seems to give reasonable results for batch slurry stages, 
where separation 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 naphtteaes and mononuclear 
aromatic molecules of similar refractive indices.
Taking into account the experimental results, and the estimations using 
correlating lines and curves, it seems that about 2 saturates for KX^ 
is a reasonable figure to take, though this may be erring slightly on 
the high side.
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Using Higgins* figures, for KXjq ^  a straight line between
1 o4600 and 1 ©5740 predicts 3% Bats® for EX^q g* and a mass balance
on the individual fractions gives 23%9 using the same line® From the
column separation of IOC II * experiment 30 s the average N 23 of the*10-1 2 B
polar compounds was calculated to be 1 *38130 'Ike line 1 *4-600
gives 23% Sats * for IOC H^q 12* w^ere was separated experimentally,
and a mass balance on the separated bat oh slurry stages gave 7~9%. 
experimentally* Using the same line for the mass balance on the batch 
slurry stages gave 19-21/2$ knowing that these mil tend to be too higj h, 
it seems that 12/6 is a re son able value for the non-aromatic portion 
of EX II■10-12

THEORETICS -ANALYSIS OF BATCH SI.UK11Y STACKS

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*
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It' was assumed that the separation was taking place as in ’̂ig, 605o 
F# is the weight of polar compounds in the solid, and is equal to the 
amount 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
liquid phase, per ral* of solution, excluding that which is in the porese
IViese expressions were used for the concentrations because in the 
experimental technique concentration differences were not measuredc 
Filtration gave the weight of oil in the bulk solvent phase at each 
stage e
Let the weight of polar compounds F,gms/ml* solution,in a solution with 
Vmls* of pure solvent be added to the 'weight of ails or bent 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 Yp rals/gm*

Po"(Y * W o ”) s Atj* + P ^ Y  + Viy’ - AYp)
Initial cone* ~ oil in pores + oil in liquid*

To find the equilibrium point on the curve, we require the slope of thep
line from (Pn,0) to 'Mais is given by girijp-fr * which*1however cannot be expressed exclusively in terms of Pq”, Y, Yp and A. 
If the volume of oil in the solution is ignored, ( i0e« W o ” = W ^ ” = 0 ) 
then s

Po"V = AP^ * P."(V- AVp).
In the present case, A - Y numerically, «« AYp = Y.Yp

Po"V = Ap,1 P."7(1 - Vp)p| 1 1
Y 1For small values of Yp, - = — ™ —  approx*

Fon~P "
Yp is known to be 0*285 for the alumina used in this work,

P.9 Y



In stage 2, the oil in the pores now splits up into two phases 
on addition of Yralse of fresh solvent® In this case, the volume of so­
lution is Y, as the pores are already full, and constant volume displa­
cement is assumed,

."„AP ' = AP ' + VP„"
P * *Y x ̂ 2

_  _

and similarly for succeeding stages»

The case will now he considered where the filtered o,il 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, and the oil 
is dissolved in fresh solvents

ppcv + VP " - AVp) = AP2’ + P "(V + VP2" - AVp)
'Jjhe volume of the oil in the solution is again ignored, i.e»VP ,I=VP2,,= 0,

(V - AVp) (P^n - Pg") = APg
P ' V-Vp

P^'-Pg11 A

If the adsorbent is added to the filtered solution without any 
intermediate stripping.
Stage 2: P "(V-AVp) = AP^ * P2"(V-2AVp)

= AP2' + P "(V-AVp) - P2"AVp,
(V-AVp) (P^'-Pg") = AP2' - Pg"AVp.

D II Air P,' V“AVPignoring F "AYp, 2 *
/ _  M M t n n w a M i t a

P "-P," A*] 4L



Stages ' P2"(V - 2AVp) = APy + P,"(V - 3AVp)
= AP ' + P,"(V - 2AVp) - Py'AVp.

P,1 V-2AVp
P"-P A2 , 3

VThis process will continue for* stagess i#e, when all the solution
has been adsorbeda The same equations will also apply to the saturate
fractions by replacing P with 8 *

6*b0 EQUILIBRIUM DIACvKMm EOR BATCH SLURRY STAGES*

Prom the estimate of the total amount of saturates in thp oil, 
a mass balance was set up to determine the concentrations of 3 and P 
at each sh&ge® Only the iso-octane stages were considered,as the benzene 
stages contained only very small amounts of oil® Details of all the 
concentrations are given in Appendix 3*? but an example is given here, 
taken from 2 stages of the KXg separations in experiments V 5«

wtooil charged? I20gms* v/t*aluminas 600gmso iso-octanes 600mls® at
each stagee

vrfcajS saturates in oil ~ 25% = 30gmse
wt 0 polar compounds - 90gms«
wt* separated by experiment - 24*01gms*

scale up whs, of saturates obtained by 30/24*01

Stage ;U"* "" 30
wto recovered: 48*8gms* wtoSats. 13*4 24~o7 = ^ * 7gnis0 hn liqigLd^
0«0 I3*3g*ns0 in solid phase•
wrtopolar compounds In liquid: 48*8^16*7 - 32«'lgmsc»
whopolar compounds in solid; 90-32*1 = 37o9gms0 
volume of solution % 600 * 48*8 - (600®0°285) - 477mls®



m

iconcentrations ares
S4 = 13*3/^00 - 0o0222gms/giiio adsorbent;

v* / I va\ ‘Solw.+'ioi/v.S1* ~ 16*7/477 - Oo350gnis/gê  adsorbent;
P4 = 37*9/600 ~ 0a0967gms/gmo adsorbent;

/ - /wl SoluWowP” = 32*1/477 = 0*0674gms/g®§ ̂ adsĉ bento

Stage 2*
vrbo oil recovered - 29*6gnis;

30wt a sats® in liquid - 3*13 of~n7 “ 6*42gms;
C-H- sU1

wt* sats® in solid = 13*3 - 6*42 = 6*88gras# 
wt* polar in liquid = 29*6 - 6*42 - 23*l8gms; 
wt* polar in solid - 37*9 M 23*18 - 34«72gms<>

*% concentrations ares
S4 = 6*88/600 = 0*0113
SH = 6*42/600 ss O0O107 (the solution volume is now 600mls*)
P! = 34*72/600 = 0*0580 
P,f = 23*18/600 - 0*0386

N*B* As the batch slurry stages of Huns II and 111 were very similar, 
the first five iso-octane stages df Run III were not analysed chromato- 
graphiq^ally, but the Hun II figures were assumed for Hun III*

These points for S* and SM were plotted as isotherm data in Figs* 
6„6®“6®8«>, and combined, in Fig* 6*9? the polar concentrations P1 and P(l 
are shown in Figs* 6*10-6*13*
The saturates in Bxpt* It/5 and Run III gave an isotherm of the Langmuir 
type,shown as I in Fig* 6*14J3 whereas the polar compounds and RunI 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 curves of type II must actual^ 
be parts of type IY curves*
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The combined saturates curve of Fig»6,9 has been drawn ci&se to 
the small scale batch slurry stage points of Expts, 4 and 5* continu­
ous stirring meant that these experiments would be more likely to have 
attained equilibrium than the drum rolling for Huns 1 and III,
The lower values of these Runs I and III may mean that the saturates 
are of different composition to those of KXg, 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 shorn by the dotted ourve* The polar compounds curve of Fig,
6,13 shows the same general shape, although much steeper.

The theoretical stages were constructed on the graph by using the 
relationships derived in section 6,4® faking Fig, 6»6 as an example, 
the feed concentration for saturates was 0,0417§Bis/ml, This is the point 
So".



A line of slope « (45°) was drawn 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 
Vj 8 It can only be found by trial and errors

S • V V.Vp.3"1 , 1
P A(S-S ")

In this case, both sides of the equation were equal, when = 0»02
and Su = 0o03e These were taken as the equilibrium points
Prom S,1 , the second equilibrium point was found by drawing a line 1 y
of slope g to give;

3 « _Q «
© This gave the point

S '-8
tt

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 to aero© The same procedure was carried out on the other graphs, 
and the number of stages required to reduce the concentrations to aero 
by the use of iso-octane were found from the graphs© These were;

^aturatejs Polar compounds,
k/5 12 stages 13 stages

Hun I 7 " 13 "
Hun III 8 « 20 M

An e:xperiment (34) was then carried out, similar to Hxpt© 4* 
using 3 0 0 g Di s o alumina, 3 0 0 b}1 s °  solvent at each stage© However, 80gmso 
oil were charged to investigate the effect of using a higher oil/ 
adsorbent ratio® Due to the fact that the adsorption capacity of the 
alumina for the oil seems to have been reached, exactly the same weight 
of oil remained adsorbed, as in Kxpto 4o The results are shown in Fig© 
6©l4o
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As the adsorption capacity was exceeded, it is unlikely that there were 
any saturates in the adsorbed phase, but it can be seen that seven 
iso-octane stages were required to remove of the polar compounds, 
whereas only four stages were required aocoi'ding to E*ig*6*-|4* The 
final two iso-octane stages only removed 1 #5̂  and 1 *4$ the oil 
respectively, suggesting that the isotherm curve should be steeper (i0ea 
nearer to the ordinate P*)« In Fxpt0 54 four iso-octane stages removed 
86/o of the oil, showing the small difference in solid phase concentration 
produced by successive iso-octane stages after the optimum value had 
been passed* The 20 stages estimated for the saturates of Expt* 4^5 
appeals to be too high, which means that the curve should be flatter 
(i<>ea nearer to the abscissa Su), as had been proposed from a 
-consideration of the attainment of equilibrium*

The difference between the number of stages required to reduce the 
amount of polar compounds and saturates to aero gives the number of
stages to separate the saturates from the polar compounds in the
adsorbed phase* This is important, as it may be possible to use this 
as a basis for determining the number of theoretical stages in an 
adsor^ption column| the process is not the same, as in a column adsorption 
and desorption of the oil are taking place continuously, but the same
result is obtained, and by determining the contamination of each fraction
as quantitative comparison could be used*

On recontacting the filtrate from stage 1 of an experiment similar 
to Espt.4* 5 *the second stage was represented by point B for the 
saturates in Fig*6.6. This point .is well below the equilibrium 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 
rjrocess 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 hysteresis is occurring, 
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 ({?$) and has been justified 
the rmo dynamic ally by Brunauer (b̂ ) °

For adsorption/desorption on silica, Shull et al® found that above ao
certain pore diameter (30-100 Angstrom units), hysteresis occurs for 
large molecules. A slight effect was observed with nitrogen® t.itf

S

vo <?

Fio y . \i+ a

In the case of oil adsorption, hyster&sis could occur, due to the 
fact that in stage 1 all the v$ry polar molecules, probably oxygen and 
nitrogen compounds, will remain adsorbed 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®



S'or the polar molecules* the second stage gave the point D on &‘ig®6ol0o* 
which is only slightly below the equilibrium curve* and may be due to 
experimental error* though the possibility of hysteresis cannot be 
discounted® As the polar molecules are strongly adsorbed* the a&sorption- 
desorption curve would be ejected to be much closer®

U
To estimate the theoretical stages in this process * lines were draYYn 

as derived in section 6®4° On the saturates diagram* a line of slope 
was drawn through S,n (a)* the slope being 33°* This did not*(1 , I

coincide with B* but assuming that this curve to be valid* it gives
a total of 11 stages to obtain completely saturate free oil sample0
?/hen tjiis point were reached* however* the oil sample obtained would
be so small that the value of the separation would be questionable©

0The line of slope 33 from in Pigo6«i0o for the polar fraction almost
coincides with D* and four stages are shown to reach aero concentration® 
If a hysteresis curve* slightly flatter to the abscissa* were being 
followed* then more theoretical stages would be required® An example 
taken from Expt® k/5 will illustrate ho?/ the concentrations of saturates 
are varying with these different treatments®

Addition of fresh solvent*
Initial oils 25% Sats# Stage 1® Solid phases 1 8»5/:q° Liquid phases3^ 
Addition of fresh adsorbent*
Initial oils 23% Sats® Stage 1® Solid phases 9965fL Liquid phases 47

If the process is considered similar to distillation* then the two percen 
tages underlined 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 3.iquid phase® Both these processes take place 
in an adsorption column®
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As a final comparison between batch slurry- process and column separations ,
Expt. 53 was carried out* using the same amount of material as in Expt*5
4® in a 5s x gH column,-Fig<,6,15« shows the chromatographic separation, 
and it can be seen that little separation of the oil into zones^ has 
taken place, and that almost all the oil has been removed by iso-octane0 
To remove 8Qj& of the oil required 1200mls* by batch slurrying, compared 
with only 400 mis, on t e column. Although the column was grossly 
overloaded,, a small amount of non-aromatics were isolated.
After the first 190mls , samples were taken every 50mls3 and the results 
after stripping are shown on Fig0616, The fluctuation in the refractive 
index could mean that small fractions of saturate material were passing 
over the polar-aromatic 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-octane to facilitate entry of the oils to 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*53 
has given slightly better separation than the batch slurry, it took 
3 days to complete, compared with 1 day for the batch slurry,

I

6,6, OPTIMUM NUMBSII Of STAGES FOB. SACK SOLVENT.

0,It was seen in Pig*l4« that successive iso-octane stages were 
removing less oil each time, although this meant that benzene fraction 
of high refractive index (l *625) was obtained, A benzene fraction a>ul«f 

been, obtained, however, for only half the effort, if the benzene stages had 
commenced after the fourth iso-octane stage.
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Fig. 6.-17° shows the separation of &un III by the wt./'o of the oil
entering each stage, i®ee the amount adsorbed on the alumina before 
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 mil

\T*tend to become exponential as already seen in ^ig* 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)a the type of material required, and its degree of contamination 
other molecular types*

If benzene alone were used, a curve similar to the one shorn would he 
obtained, while methanol would produce a very steep curve, showing 
almost all the oil displaced in the first stage*
To obtain a reasonable amount of oil at each stage means that the curve 
must be quite steep* 'when the 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 *

6.7„ OIMOOTSNT ISOTHEKMS.

The apparently ano^malous results obtained, as shown in Chapter 
5*, are of interest in considering the adsorption capacity of the
aluminao The surface area of the alumina used was measured by

/ \ xm AHarrison (&?} ) by nitrogen adsorption, using the formula --- ~ ,
where --- = mole s adsorbed/gm a
A = surface area of adsorbent, m2*
N = Avagadro*s Number*

e2Area of adsorbed* molecule A *



Assuming .a value of 10 A for the diameter of the adsorbed hydrocarbon 
mole cu3.es, ^

y  ~  —

“ 6.02^.10^. .100.10
2

using Harrison1s value of 140 m /gm, for the surface area. 
Assuming a molecular* weight of 300 for the oil molecules ,

300,140,4 n arqx = — — — .— ry  ™ 0,009 gmss,
6,024* .10

This means that with maximum adsorption, i,e , when the liquid concentra­
tion is 1 ,00, only 8,9^^° °il could be adsorbed in a monomolecular
layer on the surface of 10Ogms» ali.unin.ao If the diameter of the molecules 

«  -
were 12 A, then the adsorbent capacity would be only 6*2gms/10Ogms * 
adsorbents

This is in very good agreement with the isotherm results ,
In jSxpt„i4o, the oil adsorbed was of the order of 2~6gms for a vd.de 
variation in solution concentration, but the total oil in the pores 
did not rise above 8gms » In Expt, 13, the amount of oil in the pores 
rose to i2gmso, at an. oil/adsorbent tatio of 60/l00, though the amount 
adsorbed (Ac) remained at 7®36gms$

The findings of G-iles (3 ), mentioned in chapter 1, that 
hydrooarbons are only adsorbed on jS of the surface would mean that 
almost all this oil ’’adsorbed" would be in the pores, but not adsorbed *
In the light of the fact that- even saturates have been adsorbed by 
alumina, and in some cases were still present in the adsorbed phase, 
after several iso-octane stages, it seems doubtful that so little of 
the surface is used for adsorption. Physical 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 chroma­
tographic separation of the large scale batoh slurry stages is given in 
Section D of Appendix 3*

The batch slurry process does not seem to give much separation 
between sulphur compounds and the rest of the oil# Run. 1, in which the 
alumina was suspected of being less active than in the others due to 
a higher water content, gave no significant separation at all, except 
in the last two stages. Runs 11 and XII 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 11  ̂q ^ §'aTe 99®3?c* 93®5>& end 97 
recovery for Runs I-III respectively.

The chromatographic fractions gave good separation of sulphur 
compounds. After the formolite negative fractions, came fractions with 
as low as 2-35& 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 compounds. The separation may be even better if one could 
distinguish between the mereaptans 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 LQ6^b sulphur* An average molecular weight 
of 300 may be assumed, and it can also be assumed that the 13*68i/o 
saturates contain no sulphur.
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83*33$* of the oil contains all the sulphur.
-The sulphur compounds so far isolated from the oil have each 

< contained only one sdjkphur atom per mole oul©«
*9 if all molecules contained sulphur* the wt*jS sulphur would 

be | L  ,100 = 10.7$.
- The % sulphur of the polar compounds = 33*32 ^ ̂
*9 Proportion of sulphur-containing molecules = 5*37 “ 5202$*

W*1
52.2$ of 83.32 = 43*^o 

The oil consists of? 13*68$ saturates,
39*8S$> aromatics,
43.5 $ sulphur compounds.

As these sulphur compounds will have similar adsorption affinities to \ 
many of the hydrocarbons, it is apparent that to separate out the sul­
phur compounds by chromatography mil be. very difficult, and it is 
possible that only chemical methods will ensure a complete removal.
It is reasonable to suppose, however, that concentrations of sulphur 
compounds will also show concentrations of polynuclear aromatic materiale 
An investigation is being oaried out at present in this department 
by- Higgins (£?£>) into methods of removing Sulphur from lubricating oils*

6.9o SPECIFIC GRAVITIES.

These were measured at 20°C, with two measurements at 25°C, 
to give an estimation of the temperature coefficient* This is important 
for the use of specific refractivity correlations to identify molecular 
types, when the refractive index and density are required at the same 
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 than the last benzene 
stage.
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C H A P T E R  7* C O N C I U S I O N S  A N D

S U G G E S T I O N S  P O E  F U T U R E  W O R K

A* CONCLUSIONS

1)* A preliminary investigation has been carried out into several 
variables affecting column efficiency® Using a simple test mixtures 
the variables studied weres

wet and dry packingj
adsorbent activation temperature|
column diameter|
particle sissej
direction of flowj
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 narrow diameter in series«

2) • A comparison has been made between the separating powers of 
alumina and silica for the test mixtures Silica was found to have a 
much larger adsorption capacity in this case®

3)® Little separation was apparent among the aromatic components 
of the test mixtures as their refractive indices were very close®
The mixture Y/as chosen for analysis by GoL^C®* and good separation
of peaks was obtained by this means® If refraotive index is to be used 
in future^ a different test mixture should be chosen#
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4)o A number of batch slurry separations of IGĈ  have been carried 
out on alumina (Sxpts. 1-5)® These gave $00$. separation of the high 
refractive index range, and 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 saturates would
be desorbed from the alumina by one or two iso-octane stages, was found
to be invalid* In the large scale runs, small amounts of non-aro.matic

th thcompounds were detected in the 7 and 8 stages*

6)e A Kuwait oil blend known as KX II n 0 has been separated by 
large scale batch slurrying three runs* The separation in Run I was not 
as good as Runs II-III, and it was concluded that the alumina had been 
left exposed to the atmosphere and had a higher water content than in 
the other two runs*

7). The batch slurry technique has been shown to be effective in 
preparing samples of polynuclear aromatic material of low contamination, 
similar to samples produced by column chromatographic sejjaration, byt 
in a much shorter time*

8). Small scale chromatography was found to be useful for analysis 
of the fractions obtained by batch slurrying. It could also be used to 
give a finer separation of a sample produced by batch slurrying0

9)• Several methods were used to estimate the percentage of satu­
rates in the oils. A correlation curve was drawn to estimate the % 
saturates in each fraction of KX^ obtained from the 40* column. Mien 
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 can 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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1 o) o Using an estimated value for the percentage of saturates in 
the two oils under investigation, the concentrations of polar and 
saturate compounds in the solid and liquid phases were determined for 
the batch slut^y stages» Isotherms .were drawn for each type of compound, 
and using lines, the slopes of which had been derived theoa^cally, the 
theoretical number of stages for complete desorption were estimated,,

11)o On recont/acting the filtrate from stage 1 of a batch slurry 
with fresh adsorbent, concentrations were obtained which did not lie 
on the isotherm® These could be explained by either the non-attainment 
of equilibrium, or by hysteresis in the adsorption-desorption curve*

12)* It was concluded that the optimum number of stages for a given 
solvent depended on the separation required, and could be determined 
before the experiment®

13) The seemingly ano^malous results of the isotherm experiments 
were explained by consideration of the maximum adsorption which could 
take place® Assuming a monomolecular layer, the results 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,

B. ST3SSB3TIONS FOR FUTURE WORK.

i)* Investigation of several variables in batch slumpinge
a)» oil/solvent/adsorbent ratios,
b)* stirrer speed,
c)s use of different solvents,
d)» time to reach equilibrium®
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2)s The use of apparatus for hatch slurrying such that the 
adsorbent need not he transferred to a filter after each stage#
Gravity drainage through a porous disc in the bottom of the flask should 
be sufficiento The use of vacuum may upset the results by sucking oil 
off the surface or from the pores» ( In Expt$<,54<>-> the solution in the 
slurrying vessel had a refractive index of 1®4172, while the filtered 
solution was 1o4l83*)

3)* The development of a correlation curve, or family of curves,
to estima/be 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)* The use of a test mixture to obtain more information about
the equilibrium relationships being established in a batch slurry process, 
and to investigate the possibility of hysteresis curves®

5)o The use of a Gro'LoC® instrument to analyse all test mixture 
samples# This will open new possibilities to carry out efficiency studies 
in a batch slurry process and in column separations®

6)a Investigation into the difference in effect that the usual 
variables have on separation efficiency in frontal and elution analysis®

7)& By the use of test mixtures, it should be possible to estimate 
the number of theoretical stages in an adsorption column by the use of 
a batch slurry process®
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A P P E N D I X  1 •

MATERIALS USED IN THIS WORK.in M il ■ h im i iin.n m u  ii 11    ii .liint i iii Ii iin ■ i il i i ifliiji) i . ;i n» ii n  [> ii»i m  m n .  m i n i  n t  nil i l i n

ADSORBENTS.
The main adsorbent used was alumina (100-200 B.S.I. mesh) from 

Peter Spence Ltd. The silica used in Expto20 was 28-200 B0S*I0 mesh, 
from Crosfields Ltd®
The main physical properties have been determined by Harrison fol) 
and are as follows;

Alumina (100-200) Silica (28-200)
r i ( i « r i»<>iiii' m « h i i 'in * * H M M m a m n a i M  * *2 /Surface area, m /gm, 140 635

Pore volo ml/gm® 0*24 0*39
Pore diam* A 0 69.8 23«3
fa wt.ioss at 20 C. 3.2 2,77
Bulk density* 1*035 0*738
Skeletal density. 2*88 1*98

Both adsorbents had been used and regenerated previously, and a 
sieve analysis was carried out on the alumina® Pig® 1 * shows the 
results compared with those of Ibbdtson (14) for fresh aluminae 
There is a large proportion of fine particles, and this may possibly 
have been caused by several regenerations * This is a point which must 
be examined before further work is carried out using this alumina*
The pore volume of the alumina was determined using the same method 
as Harrison, and a consistent value of 0*285 gm/ml* was obtained*
This value has been used for calculations 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 amount of alumina was placed in a stoppered bottle, and a 
measured volume of benzene -is o ~o ctane mixture of known concentration 
was added, The bottle was rotated for two hours and the liquid concen­
tration was determined by refractive index measurement,
A refractive index Vo volume fo benzene graph was used with the following
pointss 25

opnTOntrjLtoon bens^ne vol.j-s. M
0 1.3890
10 1 .3990
20 1.4082
30 1.4189
40 1.4299
50 1.4400
60 1.4511
70 1.4622
80 1.4736
90 1.4852
100 1.4970

The
No,

estperimental isotherm data are given below®
25 25initial x, final x wt,alumina x ~x Ac At*”*=* 1 r=̂>U mfj— mmants*

1 • 1 #4850 0,900 1.4848 0,899 10*0012 0,001 0.0198 0.2178
2, 1*4735 0*800 1.4725 0.790 10o0025 0*01 0,0951 0,2096
3o 1,4568 0,650 1.4550 O.635 IO0OO18 0,015 0,0822 0.1824
A® 1*4378 0,478 1.4375 0.475 10,0030 0,003 0.0114 0.1204
5* 1*4225 0,335 1,4210 0.302 10,0022 0*033 0,0944 0.1384
6, 1*4086 0,202 1.4053 0.167 10,0007 0,035 0.0844 0,1104
Ac and At were calculated according to formulae derived earlier.

„ /X *»xN v ( o 0
A C  ”  —  / T'“ ’”v 5 m (1-x)y

At. = Ac * (l/p - Ao)x
and the results are shown in Fig, 2a



Erratum0
The Ac curve shorn in I,1ig02s represents the preferential 

adsorption, ioSo the difference between the amount of benzene 
adsorbed and the amount of iso-octane adsorbedo This means
that it 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 unimolecular layer on 
the ads orben1,

The wide scatter in the Ac results may be explained by the small 
concentration differences at high initial benzene concentrations,
Point Noo4° must have been an experimental error, but point No ,6 should 
not be so low0 The Ac curve should tend to a maximum which vail be the
amount of benzene which can be adsorbed as a monomolecular layer,
It should not return to zero at x  ~ 1 »0, as suggested by Cannon (61 ) 
and I'bbotson (I ly) <• Some of the scatter in these points is reduced by 
plotting At, Vo x and this should tend to the pore volume at x = 1,

After one further regeneration, the alumina was tested again and 
the results were?

x = 0,475 
Ac = 0,0722 
At = 0,1567

These are a bit below their respective curves, showing a loss in
activity after another regeneration, 

SOLVMTS, 25IK B o Ft 0O u |  J J EH tU V C E W f l f f S I

Iso-octane (2,20/}.o trimethyl pentane) 1,3890 1 00 3 1
Benzene l,Analar,f redistilled 1 o 49 7 0 80,1
Me th.anol re di s t .ille d 1,3280 64*0
N 0hexane 1*3722 68,7
(actual hexane vised contained isomers) 1*3772
Xylene o, and p, mixture, trace of meta. 1 *4925 140,0
Methyl cyclohexane 1,4242 100,9
Toluene "Ancalar" 1,4938 110,6

OILS,
The IOC series of oils were prepared at Birmingham University in a 

Stedman packed column by vacuum distillation. The oil used was a Kuwait
i Ofurfural extract, and this was fractioned into 2% C cuts which were

olater blended to 5 0 cuts and given a IOC nomenclature,



The boiling ranges were!
KXj 330-355°C

KJt2 333-360
KX^ 360-365
KX^ 365-370

370-375°C
375-380
38O-385
385-350

The residue was distilled at a later date, as it was suspected that 
this residue may contain the most biologically active fractions 0 
The following boiling ranges are approximate, being estimated from the 
still temperatures:

KXgs which was used in the first part of this work, had a refractive 
index of 1e 3460, and 8, sulphur content of 3®28/S0
K& II n a o° oil was a blend from a Kuwait furfural extract whichI U“ | c.
had been vacuum distilled into litre cuts at the B.Pa Research Centre,
Sunbun\*y-on-Thames . The boiling range of this blend was estimated to 

obet 4jOO-*422 Co Its refractive index was 1 <>3532 and its sulphur content

KX- 390-2,.00°C9
KX 400-2,/! 0
ia^ 410-420
K3E 2 2̂ 20-430



A P P E N D I X  2,

the M s n r  op small samples op oil.

The density and the refractive index of oil samples are very 
important as correlations can be used, based on these two properties, 
and are found in most petroleum reference books® For samples of known 
molecular type, the 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, e0g«- n®paraffins, dinuclear 
aromatics, etc®®®
As most of the samples produced would be of small volume (some less 
than 0a5ml®), the conventional methods could hot be used®
A® Falling; hrop^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 
literature directly concerned with oil samples, it was tried first®
This method has also been used in this department by Walmsley ((?[+) 
for the determination of the percentage of heavy water in products 
from a distillation column® The rate of fall of a droplet in a slightly
less dense immiscible fluid is governed by Stokes® Law®

gD2^ - ^ )

18
d *̂-&2 “ density difference gm/mle ~ solution viscosit;
D - diameter of droplet cm 0 poises®
v = falling velocity err/sec® g = cm/sec®



Hoiberg (&S) 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® For oil densities of 
0*953 to 0*993* a 43$ by volume ethanol solution in water was used, of 
density 0®923£mAfU
A tube of approx® 1 o3cm® diameter and 50cm* length, was set vertically
by plumbline in a constant temperature room® The temperature varied over

oa period of time from 19*5 to 20 C, but over a few hours, did not vary 
-I* omore than - 0<*05 Co Two marks were made on the tube 30cms® apart, lea­

ving sufficient space (lOcins®) at the top for the dxxjp to achieve 
constant velosity*
To produce a droplet of constant known sise, an s,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 v/hole was set in a stainless 
steel mounting®
A ethanol solution of approx® 45?̂  hy volume was prepared and its 
refractive index, viscosity and density were determined by the Institute 
of Petroleum Standard methods (5^)®
By rotating 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 vms released and its velosity measured® One revolution of the 
screw gave a volume of 0*01 ml® - 0*000lml*
The oil, used in these tests was Bun I, stage I, and its density was 
checked by Specific G-ravity and Westpha! Balance methods and found to 
be 0*9790®



The results obtained by the falling drop method were :
0.9557
0.95^4
0.9809
0.9577
0.9549
With one exception the results were of the same order, but 

consistently too low. 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. 
Iioilberg overcame this difficulty by applying a small amount of soap 
to the needle, but this did not make any difference to the results 
in these experiments.
A further series of tests gave the following results?

0.9441 
0*9440
0o9436
0.9439
0.94-52

These were remarkably consistent, but much too low, and it seemed 
obvious that there was one major factor which had been overlooked, but 
which was not apparent.

B* Bire^tjt7ei£hin£9
Small volumes of the liquid were then ejected from the syringe 

into weighing boats, and the density calculated by direct weighing* 
This method gave better results?

0.995
0.990
0.974
0.972
O.968
0.981

Although these were not consistent enough to be of value®



Co "Water ISqulvalent®
M Q  *WCC» * » U 4  ifcM

A'small sample of oil (circa 0*5gWo) was added to a 25mls* specific
gravity bottle, and weighed® The bottle was then filled up with
disti3.1ed water and weighed again, giving the water equivalent of the
oil, which was defined as the specific gravity® Although the oil was
slightly less dense than the water, by careful addition of the water,
the oil remained at the bottom of the bottle, possibly due to surface
tension effects* The results obtained s 0.9359

0*9578,
were not accurate enough, and it was thought that a larger oil sample
must be used for this to be an accurate method*

Four micro 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* 0*4ml.)* 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 ignored for this work.
The results obtained by this method wares

0*9733 
0*9822 
0*9554 
1 *0046 
1*0117 
0*9751 
0.9701

These were still not accurate enough, and so as time was valuable at 
this point, the investigations were concluded*



Conclusions
It is thought that the reason tor the failure to obtain consistent 

and accurate results were:
1)0 Small amounts of oil remaining on the syringe needlej
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 inaccuracies in the balance* The balance was seroed 
frequently, and the weights and pans dusted, but it is possible that 
one or more of the weights 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

"I’ ochanges in temperature of the order of - 0.001 C were enough to give 
variance in the results®



A P P E N D I X  3.

BIISULTS OF BATCH SLUHiiT AND COLUMN SEPARATIONSa-.*< stit*

A, Batoh Slurry Hesuits 
wtj% N, ̂vr£,sms { wfc . \ 

{gP33/ Yft N 25 wt,
,jf>. ) wt £0 N 25

■3>*
32xpt*1 •

6o5 33.9 1.5298 6,7 36.4 1,5265 CO 42 * 4 1,5262
6,6 34.4 1.5425 5*3 28.8 1*5348 4*4 23*0 1*5360
0*9 4.7 1.5565 1.4 7.61 1*5455 2*0 10,3 1,5484
0.5 206 1*5630 0,6 3.76 1*5564 0*9 4.72 10 5618

2,1 11.42 1.5941 1*7 8,9 1.6049
14*5 73.6 0,8 4.35 1 ,6008 0.7 3*67 1*6097

o«3 i»63 1,6024 0,3 1.57 1.6096
0,7 3.81 “*** 0.5 2,62 “***’

17*9 97.4 1806 97*38

Sx̂ yt Expt.5. JliXp 1/oil.
21 *9 36*5 1 ,5244 26,9 48.8 1*5258 (fresh adsorbent)
] 6 9I1. 27.4 1 ©5322 13*2 22.0 1.5350 26.9 4808 1.5238
6 6 11.0 1*5440 6,6 11 .0 1.5474 O ~7?.7 1.5038
4*1 6083 1*5540 3*4 5.6 1 *5612
:-5<7 9.5 1.5916 5.0 8.33 1.5980
2o7 4©5 1 *5974 2.5 4.16 1®5995
1 *2 2*0 1*5935 1.3 2.16 1.5994
2,1 3*5 2,4 4.0

.60*7 101,23 61,3 102,05

Hun I0 Run II. Run m .
2945 44.2 1*5512 2450 37.7 1.5350 2260 33.9 1.5358
1730 26,0 1,5560 1480 22 e 2 1.5486 1432 21,5 1.5510
800 12,0 1*5624 500 7.5 1,5666 976 14.65 1.5532
330 4® 95 1.5714 323 4.85 1.5790 441 6062 10 8681
161 2,4 1.5780 200 3.0 1,5866 239 3*59 1.5780
381 5.7 1,5824 747 11 #2 1.6196 203 3.04 1,5882
133 2,02 1 *5746 225 3.4 106224 568 8.5 1 * 6198
417 6*25 1.5336 330 4.96 1*5900 205 3.08 106222

_ 258 3*86 1 e 5884
6899 103.52 6255 93*81 —

6582 93*74
no2 “ MeOH- Wash* 97&mSo 1.5710



/ wt \

Expt. 54* (using 300gmse A1?G-, 5 80gms. oil, 300mls. solvent*)dL j)
■22 N. 25

D-
wtmis N 25

iso-oot* stages e
san ton bn Ku I&& till

benzene stages *
41 *8 52*3 1*5320 2*3 2*9 106253

18*1 1 a 541 6 1 *3 1 *6 1*6240
8*7 10*9 1 *5524 0*6 0*75 106175
3*9 4*9 1*5^84 0 * 1 0*13 — ,

2*2 2*75 1*5836 0*1 (0,1)
1 *2 1*5 1*5860 1 *2 1*5 —
1 .1 1 *4 1 *6100

(MeOH)

B0 Column Separations<
(IHWi I'rTTTiM 1 !■ J l If f  HMUMTnW.TMMrTWililiai II ■! I II ■n'tiUTT

KX . £ ^ 40* ̂coltmin ̂ Hi^g^ins^ ~SLr
OD» r~\

on 40^ ^column j(l
267 *4 22*9 1 *4640 158.2 13*3 1 *461 2
328*2 28*1 1*5120 334.6 28*8 1 * 5109
87*2 7*45 1*5540 -113.6 9*52 1 *5440
90*9 7*78 1*5625 149.1 12*51 1*5548
245® 9 21 *0 1 »6i 17 262.4 22*0 1 *6133
89*3 7*67 1*6362 156.6 13*10 1*6305
41 *3 3*54 — 51.8 4*35

1110*2 98«44 1226.3 103.58

on 40^ ^lu^^JK^gins) KX/rafcâ  f V n
author*■ SXjptaljL

66*9 5*74 1*4708 2*3 10*55 1 .4490
228.9 19*63 1.5091 6*1 28 1.4480
111.1 9*54 1*5350 3*5 15 1.5306
157*5 13*50 1*5473 1 .0 5*4 1.5508
267*2 22*90 1*5997 0.9 4*13 1.5472
229*2 19*70 1*6374 3*7 17*0 1.5999
60*3 5*l8 — 3*6 16.5 1.6236

— *t '.Jn.fJgWW*UW 0*3 1*38 1.6150
1121*1 96*20 _ _

21 *4 98.96



(gms,) wt.̂ b 25NHdu__
/ it i ̂gnis g  )
raw r i n i  i n 11 nr

wt 25ND
Frn®.
« £ 9  tk/l, §/l. 5'r-n.i]/2 5/2 E x p W .

ama ***** i£ 2 i n u  « « *  *ss*,a

4.48 27.5 — ■— 1.1 11 *25 1.4576
2.0 12,2 1,5018 0*6 6,07 1 *4642
1.5 9.2 1,5170 0.7 7*08 1 O4980
1 .0 6*2 1*5339 0,9 9*10 1 *4950
5.7 35.0 1o5700 6,1 61 o70 1*5571
0.8 4.9 10 6184 0,4

tn arn tfu q

4 * 0 4 1,6268

15*43 95*0 9.8 99*24

Fm#
ssm ih/hh. & 3y4«Sxr>to80

Wtt m  *>*m mmm SLrE ’i/±*.2s3<̂ lb®—5/jl ̂s.2̂ 3̂ 4̂ .
0.6 8,3 1,4802 1 *7 9*8 1,4498
0.4 5*5 1 *4672 1,6 9*05 1 *4595
0.4 5*5 1.5052 2.9 16.4 1 *494-8
4 . 5 61,6 1*5476 1 *  4* 7*9 1 *5110
| 19*1 1,6082 1 *3 7*35 1*5325

■“ Mqswcs* — — — 6 ,7 37*8 1,5882
7*3 1 0 0 , ® 2,1 1 1  * 9 1 , 6 0 8 2

17.7 99.95

Frn< ExEtj.12. M_I1, ,12- ix&t.
6,5 55.4 1.5382 1*2 6*0 1.4592
3*1 16,8 1.5728 1 *1 5*5 1.4898
0,7 3*8 1 o6048 ! * 2 6*0 1.5028
8,1 44*0 1,6178 1*3 6,5 1.5132
0,7 5 .8 1 *8415 1 ,2 6,0 1.5442r‘iw rain i — — 7*6 38*0 1.5830

19.1 103.8 3*7 18 *4 1.6398

17*3 86*4



/ .wtV gjftS 0Jl yA a
/ 25 i 2d -

Stage 1 *
3.4 10,9 1.4615
1 ®6 5*1 1.4900
4.0 12,8 1.5198
3*6 11*5 1*5374
1 *8 5*8 1*5578
8.3 27*0 1.5865
3.4 10.9 1,6364
0.8 2*6 1,6309
2.0 6*4 1*5455

28.9 92.9

Stage 4*iwpi'iwr

1 .2 5*7 1,4638
4*3 20.4 1 *5152
3*9 18.4 1.5446
1.6 7*6 1*5918
1*5 7*1 1.6054
7*1 33*8 1.6272
1*7 8.1 1.6456

21.3 100.8

2.9 13*4 1.5620
4 08 22.0 1*5854
1.6 7*4 1.6030
1*3 6.0 1«5838
5*2 24*0 1*5629
2.1 9*7 1.5620
3*9 18.0 1.5626
21.8 100.5

Run I8

3 2 od f g f W h i  jUii. f cu

0,9 4.43 1.4594
1 .3 6,4 1,4676
3 08 18,7 1.5082
3.6 17.2 1.5409
2,5 12,3 1*571§:
6,10 29*6 106160
1 ol 5*42 1,6452
0,1 0.49 106354

19*3 95*0

/ wt \ . - 25(gms.) wt 0% N~_ihXdj2rEs»tfMjfe£fc*£fet iorwr**<g~^ .**. m m ] y  1 m  m

S"fcfl*̂ 6 3 o
1 »8 8.98 1 o4-688
3.6 17.9 1.5050
2.7 13.4 1.5436
2.2 10,9 1.5898
6.6 32.8 106288
0o7 3.48 1.6542

lKD»&jEJE33M 5S a  1~rHfH»»ataJHWtteEa

17.6 87.6

Stage 5*irrr^ntfcn jir' Iwi n < I W r i t Stage 6>

1.4 6,8 1,4658 0.3 2.2 1.4628
4*8 23*4 1*5269 1.2 8.13 1.5300
3*9 19*0 1.5750 1.8 12.2 1.5862
1.8 8.8 1.6182 1.0 6.76 106226
6,8 33*2 1.6358 606 44.6 1*6125
0.7 3*4 1*6579 3*9 26.4 1 *5432
1*5 7*3 1*5332 — — — *— — —

14*8 100,0
20.9 101.9

Stage Q.

0.9 4 ® 4-4 1.5622
0,9 4*. 44 1.5636
3*2 -15.80 1.5644
1.8 8.88 1.5714
9*2 45.40 1.5158

15*0 78.96



Run IIa

1.2 5.66 1 *4552 1.8 6*6 1.4604 1*7 8 * 14 1 *4625
1.7 8.02 1.4619 5.4 19*6 1*5022 4*8 23*0 10 5180
5*8 27*40 1.5068 5*5 19*9 1*5340 11 *5 1*5529
2.2 10.40 1*5334 4.6 i 6*7 1 *5476 2*8 13*4 1*5660
1.8 8.50 1*5526 2.5 9*1 1*5642 5*7 27*2 1.6i70
6®o 28.30 106021 7*0 25*2 106086 0*5 2*4 1 * 6194-
1 *2 5*66 1.6310 0.8 2*9 1 © 6455 two*.,.4m

— — «««»«*. _ _ 17*9 85o64
19*9 93 * 94 27.6 100.0

Stage 4® Stage 5*«-JW4h4-IJ-UiW* 1I m i LWII1 Stage O 0
1 *o 5*05 1.4650 0*8 4.04 1*4632 0*2 0.99 1.4662
2*8 14® 2 1.5228 4*5 22.8 1*5280 4*3 21.2 1.5762
2.4 1 2.1 1.5544 2*7 13.6 1*5626 2.4 11. 8 1.6166
1 *9 9*6 1.5809 2*7 13.6 1*6084 1*7 8*4 106306
8.4 42.4 106288 6*5 32.8 1.6364 7*8 38*4 1.6392
0.7 3*54 106482 0*9 4* 54 1 * 6536 2*0 9*85 1.6324
17*2 86.89 18*1 91.38 18.4 90.64

Stage 7®wTafri-r̂TnTgjTEMttKŵ Stage 8.
.aggrtB*jir.tg?!:g?ray»». fsea*

0*2 1 .02 1.4740 0*1 0.45 1.4876
1 *8 9*2 1*5540 2*5 11 *1 106042
2c5 1 2.8 1 o-6086 1*7 7*55 106449
2.5 12.8 106218 1*1 4© 0 1*6530
7*9 40.2 106276 s 4.0 17*8 1 * 6150
2.3 11.7 1 * 6574 1 *6 7 ®1 1*5922
1*5 7 065 1*5834 8 * 4 37*4 1*5596

18.7 95*37 19*4 86.2 '



Eun III,
wt N“I>= wt *J> N. / ft \ & N. 25

Stage 6® S tage 7 0
0*8 4.0 1 *4618 0® 2 1 ®0 1 *4689
5*o 25oO 1.5364 3.2 16*1 1.5574
2*6 13.0 1.5724 4® 2 21 *1 1 a 61 1 2
1.7 8,5 10 6011 10.9 54 ®8 1.6225
7*3 36*5 1.6308 1.3 6® 53 1 * 6448
1 *2 6*0 10 6459 — => — •

— n w a g q j i w 19.8 98® 53
1806 93-0

Stage 1° Stage 9» 2 MeOH Wash,
0,1 0*49 1 a 4688 0*3 2*33 1.4765 3.1 17.4 1.6038
2*2 11.8 1 <,5642 0*2 0®93 1.4798 4.1 23.0 1.5728
2,7 13.2 la6l58 1.1 5®12 1.5691 0.5 2.81 1.6004
2,4 11 *8 1 a6318 7.2 33.5 1.6224 0,1 0.56 1,6050
9°i 44*5 1 *6308 1  * 8 8*38 1.5988 2,9 16.3 1.5956
0*7 3.43 1 a6494 5.5 25*6 1.5698 7.1 39.9 1.5374
1.7 8® 35 1 a5942 3.3 15*4 •1 >5^48 t s a m « a . C M 9  rEr*ei»42.*’S2*At*

17.8 99.97
18*9 92® 57 1 9  0 6 91 *2

of KX^ using same amounts of materials as inut pjo Column sep
e septs® 4  and 5

iso-octane eluated fractions benaene eluted fractions,
0 3 9 1 a 6 1.4568 0*3 0*53 1 *6310 2*2 3*9 1*6500
19®6 34*8 1 *4908 0*2 0*35 1.6326 0*2 0.35 1@6460
14.0 23*3 1*5338 0*2 0*35 1 *6249 < 0*1 solid
7®1 12*6 1 *5488 0*1 O.18 1*6280 < 0*1 solid
3«0 5.34 1*5674 0.1 O.18 1 .6248 0*1 0*18 1*5958
1 a 4 2*5 1.6112 0*1 0*18 1 ,6176 0*3 0*53 1o5796
0*8 1 *42 1 *6184 0*1 ■O.18 1*6280 2*2 3*90*7 1 *24 1 *5846 0*1 0*18 1*6274
0*5 00*89 1e6575 0*1 0,18 1®6222
0*3 0.53 1*6246 <0*1 1*6262
0*2 0*35 1.6311 0*1

0.1
< 0,1

O.18
0 a 1 8

1*5956 
1*6232 
1 *6101

(MeOH)



C* Concentrations for Isotherms*

jbijcpbo  4/p*e*far-r*̂ »=™-#r-»t #*r»r=- (-,25wt*reco- wt *S ats * by expt*
yered*

1.5250 13 ®4
1 *5345 5*13
1*5455 1.85 estimated
1*5578 1 *00 11

1 * 5148 5
1*5984 2*63 estimated
105965 >

24*01
§1 3IL

0*0222 0*0350 0
0,0115 0*0107 0
0*0075 0,00387 0
0*00542 0*00209 0

0
0
0
0

Run lo25, S5sss=s3:s.~=
wt*reoo~ N* wt.Sats* by expt,
R 'jiK W a .'i i i i1 i* 1 ^  i d  K i j  V m ^ w  »t t w —1 t——iryered*
2940 321

wt.Sats. wt.Sats, wt.polars wt.polars 
in soln® in solid in soln® in solid*
16*7 13.3 32*1 57*9
6*42 6*88 23*18 34*72
2, 32 4° 50 10,88 23 083
1*25 3*25 6*25 17*59

10*7 1O0I8
3*29 5.2 5*0

2*5 2*5
4.5

29-o 98 95*31
p t  pft

0967 0.0674
0580 0.0386
0398 0.0181
0293 0,0104

.0170 0.0175

.00834 0.0086

.00417 0.00415
,007 0.00705

wt.Sats. wt.Sats. wt.polars wt.polars
k a y n  * ggpa>g»jftj uy-r^ -fc^e-ar m *  *ib» tfatJ-* i» m rfbsa >■ j»-csa^ « b a

in soln* in solid in soln* in solide« ¥ * M E M 0 r i ^ t i W « « £ C V 3 ^ a  <SZ*£ET»fti6sae3e*rj«»i**i1» 14 | I M  I|H » H J  fcjj®.- c lb tafcS i *t Ca J «W  tort- a *
415 385 334-2 2525



Rurî l. ( continue cl)

§L 811 P* El
0.01155 O0O155 0.1 0.0946
0,00426 0,0075 0.0557 0.0447
0,0015 0,00276 0.0344 0.0212
0,00075 0*000752 0,0253 0.00914
0,00027 0.000420 0,021 0.00436

0.00985 0.0011

Run II.

wt. wt.Sats. wtoSats o wt.Sats* w fc *poILq.3?s
■gytyt

vrt.polars
recovered in solrx,

WOBfajaaKcjMaŵgBi
in solid

ttfSU A»MiC1t3B
in solid
hi■ 1 1 1 r nrriii n

in soln.
2260 335 5P3 278 4129 1738
1452 98 153 125 2850 1279
976 41 63*9 61 ,1 1937.9 912,1
441 16 24 0 9 36.6 1521.8 416,1
239 8 12,5 23.7 1294.3 226,5
203 6 12,5 11.2 1106.8 190,5

568 1 9.4 1.8 548.2 558,6
205 1.6 346.4 203.4
258 88.4 258,0

513
SI EL £1

0.00832 0,02 0.124 0.0666
0.00374 0.0046 0.0853 0.0384
0.00183 0.00192 0.058 0.0274
0,00108 0.000745 0.0455 0.0125
0.00071 0.000376 0.0388 0.00680
0.00034 0.000376 0.0331 0.00563
0.00054 0,000277 0,0164 0.00165

,0,0000477 o.oi04 0.000607
0.00077



D* Sulphur Contentso
■ Ulff'HH"! I llfll w I i |p | b 11 11 II | | III ll'UM'l I iJ Ti*~fT‘iliy 1 f ll

given as Sulphur of each fraction, in the same order as the weight
recovery and refractive index of the stripped oil samples in Sect* A &B«

S j  S j -  KX II 2
(Higgins) ( Higgins) (Higgins) * Expt*50*
origooil; oris.oils origoOil:■' Vif "TIT™? orig.oils Runs ■I

4, wt */'o
XX III

■ 4.53 5.02 5*20 5« 61;. St.No SphaSS Wt 9%
0*0 0,0 0,00 0,0 1 5,39 4 « 65 5,13
2*80 2,46 1*89 0,0 2 5,59 5*17 5*28
5*70 6,27 5,37 1,66 3 5,95 6,20 5*72
5»16 6 a 82 5,52 2 s 31 4 6,00 6,58 6,45
8,45 8,26 7*27 6,38 5 6,15 4*35 6022
7,77 8*77 8,25 6,90 6 5,89 8*28 6o90
4*oo 3,51 2,92 8 s 25 7 3*06 8,70 7*97

8 1*89 5*54 2*79

2nd MeOH Wash®
3,75^ 
3o 16$

Run_I*
Stage I, Stage 2o S’b£t££© 3»■a i »Tiju# Stage,.Jk° Stage 5° Stage (faHP̂a>wK&Jiiap»S0 Stage 7®d .pjhiwh Stage 8
0,0 0*0 0.0 0,0 0.0 0*0 5*17 ^ . ̂-0
0,0 0*0 3.45 4® 25 4® 15 3*95 5.14 3*59
2,82 2.20 5.52 5*78 5.92 6 . 50 4.75 2o00
6,90 0.12 7.26 7*38 8.36 8.76 3*74 0*85
5.53 5*25 8.46 5.76 7*94 5*37 1.82 1.85
6*60 7*90 — 8,04 6.40 1.09 0,35
9,40 8.15 7.36 1.17 0*66
8 o  48 
5.10

Run XXo

0.0 0*0 0 0  0 0.0 * 0*0 0*0 0*0 0,0
0,0 2*15 3*20 3-85 4.20 5.40 5.60 7.40
2.11 4.26 4*18 5.45 5*72 7*904 8.90 8.70
5*31 4«92 5.91 6*41 11.10 8*64 8.37 7.82

wrntrn* 5.84 8*50 8.40 12,70 8 *0S 7.58 3.26
7*28 7.07 5.72 7.23 12*45 6*40 7.60 5.60
6,80 7 *74 2.83 1.93



Him III,

Staff® 6. Stage 7®
■ ^ ^ a M ^ E g t r y ju J r ia

Stage 6c
e»*tirte±ei»/Qpriei«EC6va6» Stage 9®

e.o 0.0 0.0 0*0
4.42 5*90 5.96 0*0
6. 222 7*82 7*75 6*40
7.36 7*40 8*10 5*61
7.83 5*86 7*50 1 *37
7.39 6*15

2.15
1 *13 
2*58

32. Densities 0  (
1 i ia - i .in 11.■ ’

Specific Gravity )

Run lo Eunll. Run XII *

Staff®»

020 C 025...C 020 C 20°C

1 0.9789 0*9777 0*9509 0*9548
2 0.9834 0*9814 0*9718 0.9777
3 0.9914 0.9397 • 0*9813
4 1.0035 1 * 0163 1*0030
3 1.0122 1*0261 1 * 0i 74
6 1 .0214 1«0702 1*0317
7 1 *0136 1*0774 - 1 *0726“
8 1 *0134 1*0335 1*0770
9 1*0525

8ej>arat i one on a 40* column3***** KrCd *JW* *VUI K33S WtU* * tL_a£ iP._ .a
KX, m r t a m i o 1!  a

0.8412 0.8409 0.8640
0.9224 0.9197 0*9210
0.9841 0.9723 0.9609
0.9999 O.9883 0*9791
1.0690 1.0629 1 *0469
1.0998 1.0832 10O917



Reblending of
r r  mi 1 *n ■m>rr n r i m  it" " -T m— m i T m i i  u w h

Aromatic Blend®
MW n=H «*w —>**» 25Fraction No® N~ re checked wt* gms®
iw*Tn« »* < ~i 11* in r * * n ^  u r i r r i ■ a nririi-m F=*SI| j - hrtTrr~~"̂  J~— *— i -  . » . ■

1 • 1.4618 ----—
2® 1.3111 3.7370
3® 1.5440 1.8953
4 o 1.554B 2.3136
3® 106133 4.4123
6, 106300 2C6279
Refractive index of aromatic blends 1 *36l8

Mixingjof Aromat^c^Blend^wlth Satui^te Fractionôn*
wt»arams® wtpsats® wtŜ aroms N_ffrg~-± CB*1 KMra

•nwt matni 100 1 *3618
4.6232 0.5965 ’ 88*37 1.3492
4*6i01 1.5603 74.7 1.3341
4.3026 2® 3126 64.2 1.3229
4*4738 3.1639 . 38.3 1.3147
1.7434 2*1143 43*1 1.3022
1.7214 3.6476 32®1 1 *4906
1 *7144 4.8076 26*3 1.4847— - , 0 1.4618

1‘he loss in weight due to the sample required for refractive index 
was accounted for each time, as saturates were added to the same 
aromatic blend®

Reblend to_Make ParentJDilU
wt a aromatic blend <**■ 12*4326 gms® 
wt* s at urate s (fm»l)= 1*9600
vfto MeOh (frn # 6) = 0*6116
Hd25 = 1.5W5

_J£L
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