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INTRCDUCT ION

Naphthalene is the most abundant single ccmpouhd of coal
tar. It occurs in about 7-8% concentration in horizontal retort
tars, in about 3% concentration in vertical retort tars, while in
coke oven tars, the concentration varies between 7% and 12% the
average being about %%. This large variation.is due to the different
sources of coke oven tars. Low temperature tars contain only traces of
naphthalene and casequently are not of great importance from the
point of view of naphthalene extraction.

The industrial demand for naphthalene has, in the past,
been restricted and this has influenced the quality of naphthalene
extraéted, in that only the simplest forms of extraction were econamically
attractive. According tp the Ministry of Power Statistical Digest,

the total anmal production of all grades of naphthalene in the U.K. far

the years 1950, 1955, 1956, 1957, 1959 and 1960 was as follows.

(See Table 1.)

TABLE 1

PRODUCTION OF NAPHTHALENE IN UNITED KINGDQM

Year Total Production
in Tons
1950 39,900
1955 50,000
1956 52,100
1957 , 49,600
1959 ' 62,600
G DT ZN 1960 ﬁ 74,200
Mo MAY wgea

13 :
L



In 1955, the total production figures for the year were as
follows:- 574,931 tons of horizontal retort and intermittent vertical
retort tar, 1,256,879 tons of contimious vertical retort tar and
1,101,294 tons of coke oven tar.

The total potential production of naphthalene was, therefore,
nearly 180,000 tons as ageinst an actual production of 50,000 tons. This
vast difference between the potential naphthalene available and the
actual amount extracted is mainly due to the restricted demand for
naphthalene, Another factor which has contributed to the low production
of naphthalene has been the attitude of industry to treat naphthalene as a
by-product during the production of other materials. Consequently maximum
plant efficiency has been directed towards production of the main material,
such as light aramatic fractions for the manufacture of motor spirit. In
récent years, the demand for phthalic anhydride for use in the manufacture
of resins and plasticisers, and the demand for intermediates for dyestuffs
and other fine chemicals, has increased considerably. In response, the
demand for suitable grades of naphthalene has also increased, bringing
with it a demand far better and more efficient forms of extraction fram
the crude coal tar.

Before discussing the more theoretical aspects of naphthalene
extraction, it is considered appropriate to give a brief outline of
the traditional methods of naphthalene extraction, in view of the fact
that modern separation processes still follow the same general sequence

of operations.



The traditional method consists firstly, in the distillation
of the crude tar through a simple pot still or a contimious pipe still,
to produce an o0il containing approximately 50% naphthalene and boiling
over the range 170°-250°C, The naphthalene containing oil is then
allowed to cool to atmospheric temperature, generally in open, unlagged
pans, and the arystals separated from the excess oil by gravity draining,
or, alternately by mechanical pressing.

The solid naphthalene cake, which still contains same 25-3(f
adhering oils is then remelted and subjected to chemical washing in the
following manner:-

Sulphuric acid of 94~96% concentration is employed to remove
basic camponents such as pyridine and dimethyl pyridines and to remove
others through condensation and polymerisation reactions. Water washing
is then employed to remove excess acid and any water soluble products
formed after the acid treatment, followed by a final washing with 10%
sodium hydroxide solution to remove phenolic compounds and to neutralise
the oil. The oil washed in this manner is then distilled through a pot
still to produce naphthalene of approximately 94-96% purity, the grade
required for phthalic  anhydride manufacture.

The modern approach to the extraction of naphthalene still
follows the same general outline? in that a naphthalene oil is first
obtained fran the crude tar. Further separation of the naphthalene oil
is then achieved either by fractionation or by crystallisation followed

by mechanical separation.



Mechanical separation involves either centrifuging, gravity
draining or oil extrusion. Occasimnally, a cambination of both physical
.and mechanical processes are employed together.

The technique of sublimation is a further method of separation
which could be applied to the naphthalene oil immediately after chemical
washing. This method however, is not anployed,‘ since it tends to
produce a naphthalene of purity higher than the specified phthalic
anhydride grade (94-96% naphthalene) with a correspondingly lower
recovery. The method does find occasional use in the further purification
of phthalic anhydride grade naphthalene.

Referring to the farmer techniques of physical and mechanical
separation, a loss of naphthalene inevitably occurs, and the problem
facing the plant chemnist or chemical engineer in the tar industry, resolves
itself into the proper choice of the best sequence of‘ operations to
achieve, under the conditions peculiar to his refinery, the maximum
econanic yield of naphthalene of specification quality.

Chenical analysis of the naphthalene o0il shows that only
50-55% of the oil is naphthaiene, ana that the remaining 45-50% contains
a widé range of compounds which can be grouped into three categories,
namely acidic, basic and‘neutral.

Acidic Group

Canpounds belonging to this group are essentially phenolic in
character, and can in theory be removed by washing the oil with caustic

solution. However, it has been observed experimentally, that the
solubility of phenols in ceustic solution, decreases with the mmber of

alkyl groups attached to the mucleus., Since increased molecular weight



Acidic Group (Cont'd)

is associated with increased boiling point, there are inevitably traces
of high boiling phenols presert in the oil even after washing with

caustic solution.

Basic Group

Canpounds comprising this group are pyridine, quinoline, and
their associated hamologues. Washing of the oil with dilute sulphuric
acid will remove most of the low boiling bases, but the high boiling
bases, such as quinoline and isoquinoline are not campletely removed with
dilute acid washing. Washing of the oil with concentrated acid is not
practicable at this stage, since polymerisation occurs, resulting in

the formation of unwanted resinous material, and loss of naphthalene

occurs, through the farmation of sulphoric acids.

- Neutral Group

Canpounds within this group are thionaphthene, methyl
naphthalenes, dimethyl naphthalenes, indene, and ofher campounds not
removed by treatment of the oil with acid and caustic solution. Their
removal must, therefare, be achieved by alternate means.

Within these three groups are campéunds which can effect
seriously the efficiency of any separation technique applied to this system

The system of naphthalene.eXtraction in operation at the works
of Nbfth Eastern Tar Distillers, at the time of this investigation was
capable of upgrading a naphthalene oil containing between 5% and 60
naphthalene, to give a product containing 96% naphthalene and with a
52% recovery figure. (Recovery is the term-used to denote the quantity

of available naphthalene recovered fram the oil).




WASHED

[PHTHALFENE

FRQM

TCN PIPE

The system shown diagrammatically below consisted of:-
DIAGRAM 1

ORIGINAL SEPARATICN SYSTIRM

—>——{ Crystalliser > DISttlJrléition 1 N
OIL 80% Naphthalene 967 Naphthalene
STILL I/ OVERALL RECOVERY 53%

EXCESS OIL

(1)

(2)

Primary distillation of a crude tar mixture through a WVilton

. continuous pipe still (see Diagrem 8 for description and flow

diagram) to give a naphthalene oil boiling over the range
190-25000. Since the Wilton still delivers five product
sidestreams, of which the naphthalene oil is one, it was
possible through adjustment of the sidestream temperature

range, to concentrate the bulk of the naphthalene in the

one fraction. A certain amount (approx. 15%) of the naphthalene
is inevitably lost in the two sidestreams above and below the

naphthalene oil sidestream.

The naphthalene oil sidestream was then washed with a 105
caustic solution to remove phenolic campounds, after which, the
washed oil was allowed to coolmaturally in open unstirred
crystallisers. After crystallisation, the excess oil was
allowed to drain gravitationally fran the bottan of the

crystalliser.
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(3) The crystallised product with a naphthalene content of approx.
8d%, and a recovery figure of approx. 80%, was then fractionated
through a contimious twih-column distillation unit (see diagram
-~ flow sheet ) to give an overhead product containing 96%

naphthalene, and with a recovery figure of 65%.

Thus the overall recovery of product containing 96%
naphthalene, through the two separation stages, amounted to 52% of the
available naphthalene in the naphthalene-oil system.

Although a product coﬁtaining 96% naphthalene, satisfied the
purity specification of "phthalic anhydride" grade naphthalene, a
recovery figuré of 52% was considered to be very low, and indicated poor
efficiency at some stage or stages in the separation sequence. Thus an
investigation was undertaken to increase the recovery figure fram 5%
to a minimum of 90%, whilst at the same time, maintaining the desired
product purity of 96% naphthalene. Therefore, the investigation was
based on a study of the physical and chemical factors affecting the
efficiency of each of the available separation processes, with a view

to developing a new or modified separation sequence capable of achieving
the desiréd recovery and naphthalene purity.

The modified system deQeloped as a result of this work has
been operéted successfully at the works of North FBastern Tar Distillers

Limited, and has shown a substantial improvement over the original

system.
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THE PRCDUCTION OF NAPHTHAIENE OIIS

Naphthalene oils are produced fram crude tar by distillation
in either a simple pot still, or in a contimucus pipe still. The
boiling range of the oil lies between 170°C.and 250°C and the yield of
0il on the tar varies between 8% and 1% accarding to the origin of the
tar. This primary distillation process is very important in that it
determines the chemical camposition of the oil, and heﬁce the relative
ease of fufther separation. The emount of naphthalene present in the
oil is épproxﬁnately 50%, but this figure depends upon the degree of
separation achieved in the distillation unit and on the type and nature of
the crude tar. In general the separating power of a tar distillation
unit is very low, and the main factor is the camplexity of the tar being
distilled.

It is known that certain phenolic campounds present in the tar
are capable of foming azeotropes with naphthalene(1) and this causes a
considerable "spread" of naphthalene throughout the distillation range.
Thus for a tar containing phenolic. campounds, the yielﬁ of naphthalene
in the oil would Be less than that obteained for a tar relatively free
fran phenolic campounds, when distilling over the same temperature range.

From the consideration of naphtha1ene recovery alone, it is
better to operate the primary distillation stage to produce a larger
quantity of a more dilute oil, thus ensuring a greater naphthalene

recovery. Unfortunately this practice can lead to difficulties during
crystallisation as will be shown later.

Table 2 shows the variation of naphthalene concentration with

type of tar and type of distillation unit in operation.
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THE CHEMICAL COMPOSITICN CF THE NAPHTHALENE OIL

At the present time, same ninety campounds (2) having boiling

points within the range 170°C to 250°C have been identified in high and

medium temperature ;ta.rs. Fran this mmber, 42 canpounds are phenolic,

2l are basic and 6 are either nitriles, smides or acids. Treatment of

the hot naphthalene oil with caustic solution to remove phenolic compounds

and with acid to remove basic compounds, would leave 18 campounds to be

removed by alternative means. These compop.nds together with their

boiling points and crystellising points, where known, are shown in Table 3.
The list of compounds shown in Table 3 is intended to show

the range of campounds which can be present in a naphthalene oil and the

implication is not that all these campounds are present in every

naphthalene oil.

TABLE 3
POSSIBLE CQMPONENTS (OF WASHED NAPHTHALENE OIL
o o
Campound B.Pt. C C.Pt. C

6~ Methyl Coumarone 190.0 -
Durane 191.0 80.0

5- Methyl Coumarone 192.0 -
Tsodurene ) 195.0 (=) 24.1
Acetophenone 202.,0 20.5

4~ Methyl Hydrindene 203.0.- -
Prehnitine 203.5 é-) 6els
Tetralin 207 ols -) 35.8
4~ Methyl Indene 20843 -

3.6 Dimethyl Coumerone 216,0 -
Dodecane 216.53 -
Naphthalene 217.9 80.3
Phenyl Ethyl Ketone 218.0 19.5
4.5 Dimethyl Coumarone 221.0 -
Thionaphthene 221.5 31.3

4.6 Dimethyl Coumarone 222.0 -

2~ Methyl Naphthalene 241,1 34e5

1- Methyl Naphthalene | 2u.7 (-) 30.6
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GENERAL METHODS OF SEPARATTION

It has previously been stated that two types of separation
are available for the naphthalene~oil system, namely fractionation and
mechanical means. Fractionation can be either batch ar continucus,

whilst mechanical separation refers to centrifuging or oil draining.

FRACTIONATION

Contimuous fractionation is encountered more frequently in
industry than batch fractionation. This trend is in general due to:-
(a) reduced process costs resulting from continucus operation
of the column at steady conditions.
. (b) relative ease of operation arising fram the constant feed
quality and to the steady state conditions existing vithin fhe

column.

The separation of a binary system is considered first since this
is the simplest type of system encountered, and the principles involved
during the ahalysis of such a system can be discussed mare fully. Finally

the separation and analysis of the multi-camponent system is discussed.

Binery Systems

To determine the separating power of the column or alternately,
the degree of separation which can be expected from a given column, it is
necessary to determine the change in composit ion of boty liquid and vapour

fram plate to plate, throughout the column. The degree of separation

achieved depends upon four main factors:-
(1) the relative volatility of the components

(2) the ratio of reflux returning dovm the column to vapour
rising up the column (reflux ratio)

(3) the height and cross sectional area of the column

(4) the degree of contact between liquid and vapour which can
be attained within the column
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Binary Systems (Cont'd)

Factor (1) is fixed by the nature of the camponents to be
separated
Factor (2) is dependent upon operating conditions and can be
varied within limits imposed by the column design.
Factor (3) is fixed, depending upon the column design.
Factor (4) is dependent upon the design of the column packing and
on the relative amounts of the two phases present i.e. reflux ratio.
The classical methods available for determining column separating
power can be considered under three general headings , namely:-
(1) plate to plate calculations
(2) graphical methods
(3) algebraic methods

(3)

The first plate to plate method developed by Sorel consisted
of calculating the enriclment from plate to plate, by equating the amount
of energy and matter entering and leaving each plate and by assuming that

canplete equilibrium between liquid and vapour occurred on each plate.

PLATE n+l
I /} V‘n + LYH-I
PLATE N !
pLATE N~
In this manner Sorel was able to relate Yn and X, for each

plate throughout the column, where Y - mole fraction of mare volatile

canponent in vapour on plate n.

xn' 1 mole fraction of more volatile camponent in liquid on

plate n + 1.
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Binary Systems (Cont'd)

Successive application of this treatment to each plate in turn
rendered the method very tedicus and involved a considerable amount of
trial and errar work, especially far cases where a large mmber of plates

were involved.

Accardingly the method has been modified by later workers (&)
in order to simplify the necessary calculations. Four assumptions are
generally made nemely:-

(a) Sorels' original agsumption of complete equilibrium at each plate.

(b) the latent heat of vaporisation per mole of the components are
the same, so that condensation of one mole of vapour releases
sufficient heat to vaporise one mole of liquid.

(c) the camponents obey Raoults' law.

(d) the column is adiabatic and no heat of mixing occurs.

Conditions (b) and (c) are nomally approximately true but
condition (a) ‘is never achieved in practice. Thus the sel?aration achieved on
an industrial column will be less than that expected fran the mmber of
thearetical plates upon which camplete equilibrium is assumed. The
- percentage of the thecretical separation actually achieved is known as the
plate efficiency of the column.

With the application of the above assumptions the relation between

Yn and 2 S becanes a straight line with slope equal to -8 where:-

0 - total moles of overflow fram one plate to the next per unit time.
V - total moles of vapour passing fran one plate to the next per unit time.

On the basis of the necessary operating variables being fixed, the equation

between Yn and X, is campletely defined. Plate to plate calculations

+ 1
are thus made very much easier but still tedicus for a large mmber of plates.
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The observation that the relation between Yn and X041 above
the feed plate and Ym and X below the feed plate, corresponded to the
(5)

equations of two straight lines, led McCabe and Thiele to suggest
incorporating the two lines on the same diagram as the equilibrium curve,
thus giving a graphical solution to the number of steges required. The
main advantages of this graphical method are:-
(1) speed of manipulation, especially where a moderate mumber
of plates are involved.
(2) the effects of equilibrium changes and operating

conditions can be visualised.

(3) 1limiting operating conlitions are easily determined.

Several mathematical ecpgtions have been developed for pre-
dicting column performance, such that in certain special cases an
eiementary substitution in a formula will give the desired result. The
best known of these equations are probabls;-the Fenske and Underwood
equation(6), the Lewls equation(7) and the Smoker equation(a). The
Fenske and Underwood equation relates the number of theoretical plates
in the column t§ the relative volatility for ideal solutions, assuming
the column to be operating under total reflux. The Fenske-Underwood

equation can be expressed as:-

e (2)(3)

4a

log X

where X q = mole fraction A in liquid

x e - mole frac{:ion B in liquid
3 a ~— mole fraction A in vepour

4y 6

-~ mole fraction B in vapour
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The Smoker equation sgain involves the relative volatility
but hés been developed to enable the predictién of the plates necessary
to effect a given separation between any desired concentrations and at any
fixed reflux ratio. Although for a mumber of specific caées, these
equations are useful for obtaining a quick result, in general, the
canplex farm of the equations limits their application.

The above, brief discussion of thé better known methods
available for analysing and predicting column performance (binary
systems) can be found fully discussed in a rumber of stardard texts,
such as, "Elanepts of Fractional distillation" - Robinson & Gilliland, and
"Chemical Engineering" - Coulson & Richardson.

Multi-Eanponent Systems
Fundamentally, the estimation of the number of theoretical

plates requiréd for the contimious separation of a multi-camponent

mixture, involves the same principles as those given for a binary

mixture. Thus the operating 1ine‘equations for each camponent in a multi-
canponent mixture are similar in form with those given for binary mixtures.
However, in the case of the binary system, fixing the total pressure anmd
the concentration of one camponent in either the liquid or vapour,
immediately fixes the temperature and camposition of the other phase, i.e.
at a given total pressure, a definite relation exists between x and ¥,
allowing the construction of the x, y equilibrium curve. In the case of a
multi-component mixture of n components, in addition to the pressure, it
is necessary to fix (n - 1) concentrations before the system is completely
defined. Thus fhe X, y curve is a function not only of the physical

characteristics of the other ccamponents but also of their relative amounts.
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Multi-Component Systeus (Cont'd)

To obtain experimentally the equilibrium relationships for
such a system, requires considerable data, and one of two methods of
simplification are usually adopted.

(a) For many systems, particularly those consisting of chemically
similar substances, the relative volatilities of the camponents
remain constant over a wide range of temperature and composition.
Assume a mixture of camponents A, B, C, D, etc. to have mole
fraction X9 Xy X5 Xy e't';c. in the liquid and Yo Yo Vo0 ¥g

etc, in the vapour, then

ya+Yb+yc+yd+ R X EX) =1.
and ya+yb+yc+yd+ @as s s s0s 000060000 =1

Therefore ¢f abic_g + bbf_Q + & cb_}_c_g + evese =1

Xy % b Ip

Where,, denotes the relative volatility of camponents A and B.

0ol ab
Therefore fd ab'xa = _x_lz
Ip*
ard Yy = %
' 5 of ab.¥a
since Ya o ab X
— ab. —
I .
then Yy = oK ab, *a
20( ab. ¥a.

Thus the liquid and vapour campositions can be related through
the relative volatility.
(b) An alternative method, particularly useful in the petroleum'
industry is to use the simple relationship:- Vo = Kxa.

Where K is a function of the pressure, temperature and component.




Multi-Canponent Systems (Cont'd)

(b) (Cont'a) _
K values are known for a wide range of hydrocarbons and thus

for special cases it is possible to use this relationship.

The above discussion assumes that the complete composition of
the liquid at some position in the column is known, as a starting point
for thé calculation. This is not necessarily the case, and the difficulty
arises fran the fact that there are a limited number of independent
variables which will define the distillation process, therefore, it is
not possible to select arbitrarily the camplete composition of a liquid
or vapour at some position in the distillation system.

The estimation of the liquid or vapour camposition at same

position in the distillation system can best be considered by a study

of the variables involved in the system. The mmber of variables in-
volved is considerable and includes such factors as:- the number of
canpounds in the feed and products; the camposition and quantities of
feed and products; the quantities of interstage liquid and vapour flows;
the number of plates or stages in each section of the column; the
temperature and pressure on each stage; and the heat supplied to, and
rejected by the system. Some of the variables are intensive in nature,
and accordingly refer to the thermodynamic properties of the fluids, thus
being independent of the quantities involved. The remaining variables
are extensive in nature and refer to the relative quantities of material
and energy, such as feed, products and heat supplied.

In a design calculation, it ié neceésary to determine the
degree of freedom of the distillation system, or alternately, the
number of independent variables which must be fixed in order to define

the system completely. This has been discussed by Gilliland and Reed(9)
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‘Multi-Canponent Systems (Cont'd)

who showed that for a rectifying column, consisting of a total condenser
a reboiier, a feed plate, n theoretical plates above the feed plate, and
m theoretical plates below the feed plate, the degree of freedam for a
system involving C.components.is given by:-

PsC+2n+2m + 10

To derive this equation, it is necessary to determine initially

the total intensive and extensive variables, by application of the laws
of conservation of matter and energy and the second law of thermo-
dynamics to each plate and section of the column. The determination
of the intensive or thermodynamic variables involves, in addition, the
use of the phase rule, which predicts the number of thermodynamic
variables which must be arbitrarily set before an equilibrium system
becanes invariant.

Although the phase rule is fundamental, it applies only to
the thermodynamic variables, and accordingly, to obtain the total
intensive and extensive variables, it is necessary to include the ex-
tensive quantity variables. Once the total variables for all sections
of the system have been evaluated, the overall degrees of freedam of
the system are given by the difference between the total intensive and
extensive variables and the number of equilibrium relations involving
these variables.

In a design calculation, it is usual to define the camposition
and conditions of the feed, the operating pressure of each plate, ard
the heat gain or loss to or fram each plate and the condenser. Applica-
tion of the above technique to these four items, gives a total of
C + 2n + 2m + 6 variables, leaving four more variables still to be fixed.
Tn the case of a binary mixture, the choice of two independent terminal
concentrations will accordingly define the system campletely, and thus

give the canplete campositions of the distillate and residue.
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Multi-Canponent Systems (Cont'd)

Tn the case of the multi-camponent system, the complete
canposition_of residue or distillate is still not determined, and it is
necessary to estimate either the distillate or residue canposition before
proceeding with the calculation. If, after calculation, a canponent
material balance is satisfied, then the estimate was correct. Thus a

" certain amount of trial and error work is necessary.

In the selection of two terminal concentrations it is
convenient to select two key components, the light key canponent and the
heavy key compongnt. The former is the more volatile component whose
concentration it is desired to control in the bottam product, and the
latter is the less volatile component whose concentration is specified
in tﬁé distillate. If attention is concentrated on the key components,
it is often possible to simplify the handling of complex mixtures.

In the particular case of the naphthalene-oil system, the
approach to fractionation must be essentiallj'embirical since direct
application of the standard technique is not possible because of lack
of equilibrium data. If the camplete quantitative analysis of the oil and
the vapour pressure-temperature relationships of each of the camponents
were known, it would be possible to calculate the degree of separation
and thus the subsequent enrichment, of naphthalene oil on a column of
given separating power. However, a camplete analysis of a naphthalene
0il is a difficult problem, and as yet, no such analysis is available.
Furthermore the analysis obtained and the subsequent data on the indi-
vidual components would be applicable only to the particular oil iﬁ
question., Even if the analytical data were available, the time and amount
of work required to determine the degree of separation achieved on a |

given column would be considerable.
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Multi-Canponent Systems (Cont'd)

A further difficulty arising fran the camplexity of the
naphthalene-oil, is that of azeotrope fbrmation.

The formation of azeotropes fram coal tar mixtures has been
studied extensivély in Poland in recent years. In fact, a Polish

(1)

worker Swietoslawski' /, considers coal ter and its fractions as
polyazeotropic mixtures. Naphthalene itself forms numerous azeotropes,
both binary amd ternéry, during the distillation of the oil, ard many of
- these azeotropes have boiling poirits very close to that of naphthalene.
Typical compounds which form these azeotropes are certain
phenolic compounds such as cresols, and certain basic campounds. ¥hilst
most of these campounds are removed by the initial chemical treatment of
the oil, they are not all removed, and conseéuently, during fractionation,
canplete separation of the naphthalene is impossible. A higher degree
of separation is of course possible by the use of a high separating power
column, but the benefit gained is offset by the operating costs of such
a column, |
A 1list of the ageotropic mixtures formed with naphthalene is
shown in Table 4.
TABLE L4

OBSERVED AZEQTROPIC MIXTURES FORMED WITH NAPHTHAIENE

Canpound B.Pt, OC B A}Z’Z t;gpzf
Meta-cresol 202.2 .202.08
p~ethyl phenol 218.8 215.0
Catechol 245.9 217.45
ethyl aniline 206.0 205.0

b ,




Thus to determine the degree of separation achieved by
 fractionation on a given column, it is necessary to consider more
empirical methods, which in general, tends to reduce the system

to a pseudo binary state.
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Bupirical Treatment

(10)

A method has been developed by Rose and Sweeney , for
calculating the distillation curve for a phenol free naphthalene-oil
system. The method has been applied to batch distillation only, and
stipulates only one condition, namely, that pure or nearly pure naphthalene
must occur at same stage in the distillation product.

The method considers a multi-camponent mixture as containing
a number of binary mixtures, to which the McCabe Thiele technique can
be applied. Thus for a three camponent mixture L, N and H, where L is
the most volatile, H is the least volatile and N is the intermediate
(naphthalene) camponent, two curves for distillate camposition against
percent distilled are calculated in the usual manner, one for the L,

N binary and one for the N, H binary. These results are then cambined
consistent with the charge composition, to predict a similar curve for
the ternary case.

The first stage in the procedure is to carry out two fractional
distillations, one at atmospheric pressure and the other at some rediced
pressure. Fran the boiling point curves, the relative volatilities of
the three components can be calculated. The results of the atmospheric
distillation are plotted as shown in Diagram (@), relating percent
naphthalene with percent distilled and overhead 'temperature with percent

distilled.
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DIAGRAM 2

ATMOSPHERIC DISTILIATICN OF NAPHTHALENE OIL

% NAPHTHALENE

B
BOILING POINT %

NAPHTHALENE

.

WEIGHT % DISTILLED

At atmospheric pressure, there is a constant-boiling material

distilling at about 216°C indicated by point B. This material is

~ approximately 96% nanhthalene and is treated as the N canponent. There

is a definite plateau in the boiling point curve (point C) and this
canponent and everything that boils higher is treated as the H camponent.
Similarly there is an inflection at point A, and this material is treated
as the L canponent. The relétive amounts of canponents L, N and H in
the charge are determined fram the area under the camposition curve and
the area outside the curve.

The L, N binary is considered first, and on the basis of a
binary containing only L and N, the values of L and N can be calculated.
Fran the above information and the calculated relative volatilities,

a McCabe-Thiele diagram can be plotted for a given number of theoretical
plates and fimed reflux ratio. The values of x; can then be found

for values of X where x., and X, represent the weight fractions of




-2 -

-the L camponent in the distillate and residue respectively. The
Rayleigh equation which relates the fraction of the original charge
remaining in the pot, to the pot and distillate camposition is then used

against percent L + N distilled, Values of x, are then

to calculate x 4

d
converted to weigh fractions of pure naphthalene, and the pefcent of
L + N distilled is converted to percent of total charge distilled.

The N, H binary is taken to consist of all the H canponent and
énough N component to give an Xq value close to 1.0. Using the McCabe-
Thiele and Rayleigh methods as before, X3 is calculated to weight fraction
of pure naphthalene (in this case X4 refers to the N camponent) and the
percent of the last half of charge is converted to percent of total
charge distilled.

The data resulting fran the two binary calculations are then
used to predict the curve of weight fraction of naphthalene in distillate
.against weight percent distilled. This is the essential information
required for estimates of yield and purity for a given column.

As previously stated there is one necessary assumption to be
made in order to calculate the N, H part of the curve, namely that pure
N must appear inbthe overhead at scme point. If this occurs, then it
can be stated that :-

(1) all the heavy camponent in the charge remains in the pot.

(2) all the light camponent has been removed.

Thus there is actually a binary in the still at this point and

the Rayleigh calculation procedure applies.
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This assumption however, may apply for naphthalene oils
derived fram petroleum sources, but does not apply when the oil is of
coal tar origin. It has previously been stated that naphthalene oils
contain a mmber of campounds boiling very close to naphthalene (see

table 3) and the overhead product must inevitably be contaminated. The

extent of this contamination can be seen by a reference to Table 8a

(page &l ) where a naphthalene oil on fractionation through e 50

“theoretical plate column, gave a maximum product purity of 9%h. Thus

the treatment will break down when applied to coal tar naphthalene oils.
Practical application of this treatment to the recovery of naphthalene
fram coal tar oils has resulted in the "“top" and "bottam" fractions
containing, the célculated amount of naphthalene, but the purity of the
naphthalene fraction itself being 2-% lower than the calculated purity

A further empirical treatment has been developed by Briggs,
Waddington and McNeil(12) wherebj the purity and recovery of naphthalene
are related mathematically to the separating power, expressed as plate
equivalents, of a batch column, the procedure being based upon data
obtained fran a minimum of three laboratory fractionations.

The method is based upon the fact that when a phenol free

naphthalene oil of coal tar origin, is distilled batchwise and the

naphthalene cantent of the distillate plotted against the amount distilled,

a curve symmetricel or nearly so, is usually obtained (see Diagram 3).

(1

1)
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DIAGRAM 3
NAPHTHATENE DISTILLATION CURVE

NAPHTHALENE
WEIGHT %

B

WEIGHT % DISTILLED

The diagrem shows that the maximum naphthalene content occurs
close to'fhe mid-point of the distillation. An alternative and mcre
directly informative method of expressing the data for a fractionation
is to plot percentage naphthalene content agalnst percentage recovery of
naphthalene, using data for fractions symmetrically distributed about
the centre of the curve (line A.B. DiagramZ). For example, take the
fraction boiling 1% before and 10% after the line AB, and call this the
20 fraction._-Calculations based on consideration of the areas under the
curve, give the recovery or percentage of the available naphthalene
contained in the given fraction, and the averagé naphthalene purity of
the fraction. This gives a point on a purity-recovery graph. Similarly
poiﬁts for the 4, 80%, etc. fractions may be obtained and a line drawn
on a plot such as Diagram L representing all data for a given degree
of separation. Similarly other lines may bé drawn representing data for
different degrees of separation. Such a plot gives a visual picture
of the relatioﬁships between numbers of plate equivalents, purity,

recovery and fraction width for a given naphthalene oil, It is however,

purely a chart expressing experimental data, though it is possible to
extrapolate data in the following manner.
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DIAGRAM L

DESIGN CHART FOR A NAPHTHALENE OIL

20% Fraction

LO Fraction

80

Fraction

% Recovery

EXTRAPOLATTON OF EXPERIMENTAL DATA

If one takes the maximum purity of>naphthalene obtained in a
batch fractionation (y), the initial naphthalene content (x) ard the
number of plate equivalents (n) used to obtain this product, then the
above terms can be related by an expression:- |

n

= A X s (1)

100 - y 100 - x

where A is a separation factor whose value for a given oil depends on
the relative volatilities of naphthalené'and the remaining canponents in
the overhead, and those in the pot, and on the degree of separation
achieved. Tt is, therefore, an arbitrary constant dependent upon the
characteristics of the naphthalene oil.

When the values for the meximum concentration of nanhthalene
obtained by subjecting the same naphthalene oil to batch distillation
at different degrees of separation are plotted against the calculated
values for A (derived fran equation 1) a linear relationship is observed,

as shown in Diagram 5.
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DIAGRAM

RELATION BETWEEN PEAK NAPHTHALENE PURITY
AND SEPARATION FACTCR
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SLOPE M

WEIGHT %
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Thus an equation of the form:-

y=C-m [ R -
may be used to represent the variation of A with y, and constant (m) beirc
the slope of the line, and C being the intercept on the y axis when A = 1.
i.e. the higﬁest attainable naphthalene purity. If instead of the peak
purity, which may be considered as the condition of zero récovery, the
average naphthalene conténts for samne finite recoveries are taken and
these values inserted instead of y in the equation, the values of &
obtained at different plate equivalents are also found to be linear with y.

The lines relating the value of the seperation factors to the
naphthaléne contents for the zero,-#Q% and 80% recovery are shown in

Diagrem 6. These values are derived from the curves in Diagram L, the

design chart.
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DIAGRAM 6

AVERAGE PERCENTAGE NAPHTHALENE AGAINST SEPARATICON FACTCR
FPOR VARIOUS PERCENTAGE RECOVERIES

(% Recovery

L% Recovery

80% Recovery

SEPARATION FACTOR A

It ‘i's interesting to note that the lines show.;m in the diagram,
21l converge at a meximum value of (y), when A is equal to unity. This
maximum velue of (y) represents the highest naphthalene purity vhich it
is possible to obtein fram the given oil, by fractionation, even at
infinite numbers of vlate equivalents. Thus this maximum value of (y)
is in effect a measure of the amount of material in the oil which either
forms azeotropes with naphthalene or boils at exactly the same temperature.
Since a1l the necessary variebles are now related, it is possible to
calculate, the purity or recovery of naphthalene that can be obtained
fran a given batch column. of known plate equivalents.

In this treatment it is implied that tae separation is dependent
on numbers of plate equivalents only and not on reflux ratio. This is not
the case, and to achieve the separation mquﬁed, the fef’lu.x ratio must

be above the minimum value irrespective of the mumber of plate equivalents.

‘With this proviso, the method has been found to be satisfactory for the

design of columns for the recovery of naphthalene fram naphthalene oils

by batch fracticnation (13 )
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This particular treatment of the batch fractionation of
nephthalene oils is based upon the empirical finding that naphthalene
o0ils gave symmetrical distillation curves. Contimious distillation,
in which the oil is partially separéted in a first column, to remove
lighter boiling camponents with a minimum amount of naphthalene, and the
bottams fram the first column then separated in a second column into a
naphthalene fraction and a high boiling fraction, is a much more
difficult problem. Rigorous plate by plate calculations are not at
present possible owing to the lack of analytical and physical data
concerning the individual components of the oil. A semi-empirical treat-
ment for the continucus separation of naphthalene oils is at present

being developed at the laboratories of the Coal Tar Research Association,

but no data is at present available.
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SUMMARY OF FRACTIONAL DISTILIATION AND ITS
APPLICATION TO THE NAPHTHALENE OIL SYSTEM

Batch or continuous fractional distillation can be employed
as a separation technique applicable to the naphthalene oil system. Its
use, however, is very limited. The complex nature of the naphthalene oil
and the subsequent lack of analytical and physical data concerning the
0il, prevents a rigorous plate by plate calculation of the degree of
separation to be expected fram a given column, and any such estimation
must, therefore, be based on a more empirical approach. The occurrence
in the oil system of azeotrope forming camponents and other close boiling
canponents indicates that a column of high separating power would be
required to obtain both a high purity naphthalene and a high recovery
of naphthalene. A calculation* based on the batch distillation approach
of Briggs, Waddington and McNeil(lz), shows that to obtain an 8(f
recovery of 96% naphthalene fram a naphthalene 0il of coke oven source,
a column of nearly 200 plate equivalents would be required. Since the
purpose of this thesis is to develop a method capable of producing a
90% recovery of 96% naphthalene, then batch fractionation or continuous
fractionation is clearly unsuitable as a single operation.

Continuous fractionation however, does provide a satisfactory
method for obtaining a high recovery of intermediate purity naphthelene
(approximately 80%) prior to further seperation by alternate means.

A high recovery is possible in this case, since naphthalene purity and
recovery are inversely proportional, and the column operating conditions

can be adjusted to maintain a constant product purity.

% Method described on page 25.
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CRYSTALLISAT ION

Since crystallisation is employed as a preliminary operation
to further oil separation, it is essential to be able to determine the
type and nature of the crystals produced under varying operating con-
ditions, such as rate of cooling, degree of agitation, final temperature
attained in the crystalliser and to be able to determine the effect on
crystal structure resulting from the different types of impurities
present in the crystalliser.

The overall process of crystallisation can be considered to
occur in two stages, namely, nucleation and crystal growth. In the case
of a pure solution, mucleation must occur first, but in the case of an
impure solution where solid particles are present, then crystal growth
can begin immediately, utilising the solid particles as mclei.
ﬁucleation

The formation of nuclei in the case of a pure solution or melt
is generally considered to follow a sequence in which collision of two
molecules occurs followed by collision with a third.moleculé and so on.
Short chains or flat monolayers can then form, upon which the crystal
lattice cen then develop. This rapid construction process can only
. continue in regions of high supersaturation and even then the rucleus
must first attain a certain critical size in order to achieve stability.
A pictorial representation of the spontaneous mcleation regions is

given by Miers(ls), in the form of a temperature-concentration diagrem.
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A more rigorous treatment of spontaneous mcleation can
be developed by considering the various energy requirements of the
systen. Utilising the Gibbs-Thamson equation for the vapour pressure
of a liguid droplet, an expression can be derived which gives a
measure of the work of nucleation in tems of the degree of super-

saturation of the system. .

W' M et (1)

i.e. W=
3 (RTp Ln§)?
where W = work of nucleation
S = supersaturation of system
M = molecular weight
“U = surface energy of droplet éer ﬁnit area

/O = density of droplet

When the solution is saturated, S = 1 and Ln.S = O, thus
the amount of energy required for mucleation is infinite. Conseguently,
spontaneous nucleation cannot occur in a solution which is just
saturated. Conversely, any supersaturated solution can nucleate
spontaneocusly, since there is some finite work requirement associated
with the process.

A further relationship between the excess free energy of the
system and the size of the nucleus shows that nucleafion can only

continue when the nucleus attains a certain critical size.

The rate of nucleation can be expressed in the form of the

Arrhenius reaction velocity equation:-

N = A exp ("AG) ceeeeseess (2)
RT

whereld ¢ = overall excess free energy of the particle

j.e. the work of nucleation W.
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Fran equations (1) and (2) :-

Nehoop, | 6 5 M7
3 R'ST?/GQ.(L“.S)?.

Thus the rate of nucleation is shown to depend upon three

main variables, namely, temperature, degree of supersaturation and
interfacial tension.

The dependance of mucleation rate upon temperature is an
important factor in determining subsequent crystal size. Reduced
temperature results in increased supersaturationand consequently
increased nucleation rate; thus rapid cooling will lead to the formation
of a large number of nuclei and subsequent small crystals, whereas slow
cooling produces relatively few nuclei and subsecuent large crystals.

The effects of impurities upon mucleation are variable.

Solid particles present in the system act as condensation nuclei
thus initiating the process of nucleation. Soluble impurities can
effect the rate of nucleation by acting as nucleation accelerators
or inbibitors, depending upon the system in question and on the type
‘of impurity.

Crystal Growth

The rate of crystal growth in a solution is dependent upon
the concentration and temperature of the liquid at the crystal surface,
on the degree of agitation, and on the type and nature of the
impurities present.

On the basis of temperature-concentration dependence, the

question of heat and mass transfer arises. The resistance to heat and

mass transfer lies mainly in the leminar sub-layer close to the crystal

surface, and thus increasing the relative velocity between liquid and
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Crystal Growth (Cont'd)

crystal surface through the medium of agitation, will increase the
transfer rate and consequently increase the crystal growth rate. In
the case of a solution, mass transfer is more important than heat
transfer, and thus a concentration gradient between liquid and crystal
surface is necessary. Thus increased liquid concentration results in
increased crystal growth rate.

In the case of a melt, heat transfer is the important factor,
and thus a temperature gradient is required. Increasing the degree of
‘supercooling, therefore, improves the heat fransfer, and consequently
increases the crystal growth rate.

The effects of jnpurities are variable., Certain soluble
impurities will retard crystal growth by adsorption onto the crystal
surface, whilst others are adsorbed onto one specific crystal surface
only, thus modifying the shape of the crystal. A further type of
impurity can interfere with the crystal structure as in eutetic and
mixed crystal formation.

The mechanism of crystal growth is not at all clear. Many
attempts have been made to explain the mechanism, and these can be
broadly classified under three general headings, namely "Surface Energy",
"Diffusion", and "Adsorption - layer" theories.

>Surface energy theories are based on the postulation of Gibb£l7)
and Curie(ls), that a growing crystal assumes a shape, such that the

surface energy is a minimum. The diffusion theories originated by

(19) (20)

, and Whitney , and Nernst(zl), assume the contimuous

Noyes
deposition of matter on a crystal surface at a rate proportional to the

e bulk of

(22)

. difference in concentration between the deposition point and th

the solution. Adsorption - layer theories first introducéd by Volmer
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Crystal Growth (Cont'd)

assume crystal growth to be a discontinuous process, proceeding by
adsorption, layer by layer, onto the crystal surfaces.

The eariier surface energy approach has largely fallen into
disuse, whilst recent modifications have been based on the adsorption-
layer theory. Such a modification is the spir,1 growth theory of
Frank(23) who has suggested that material depositién occurs at the
site of a structural dislocation at the crystal surface.

In the case of the crystallisation of naphthalene from a
pure melt, the variation of operating conditions such as rate of
cooling, degree of agitatioﬁ, final temperature attained etc. and
their effects on the growth and size of crystals obtained are
reasonably well established. However, for the naphthalene-oil system
where there is a high degree of impurity, the effects of thése
variables are not so well known. The effects on the crystal structure
arising fran the presence of impurities is of particular importance
during the crystallisation operation, since crystallisation is
invariably followed by some form of mechanical separation such as
centrifuging, and the overall degree of separation achieved is to
a great extent, dependent upon the crystal purity obtained during

crystallisation.
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Crystal Contaminants

Recently it has been found that amongst the many campounds
present'in the naphthalene oil, are:compounds capable of separating
out with the naphthalene and recent work by Brigés(zh) has shown that
impurities in crystal naphthalene occur as:-

(1) Inter-crystalline, that is as mother liquor on the

crystal surface or trapped in the crystal interstices.

(2) Intra-crystalline, that is as mixed crystals with
naphthalene or impurities which have crystallised with

the naphthalene as eutectics.

The first type of coﬁtaminant, i.e. inter-crystalline oils
would be expected to increase in quantity with decreasing crystal size,
and it has been found(zs) that ﬁﬁen a sample of naphthalene oil is
crystallised under different conditions and the crystals filtered ar
centrifuged, the crystal purity decreased with increasing rate of
crystallisation, corresponding to decreased crystal size.

If the crystals are washed during centrifuging with a
detergent solution, there is a slight increase in crystal purity.

It is apparent that surface oil is being removed by centrifuging,
but when the crystal surface area. increases, as with small crystals,
the amount of surface oil increases.

However, beyond a certain point, contimued detergent
washing has no further effect. Thus, the detergent sclution is able to
remove surface oil but has little or no effect on inter-~stitial oils.

The second type of contaminant consists of substances forming
mixed crystals or high melting eutectics with naphthalene. A large

mmber of naphthalene crystals of- phthalic anhydride grade quality

. . . 1vsed
have been purified by zone melting techniques and the impurities analys
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Crystal Contaminants (Cont'd)

s . 26
by gas-liquid chrcxnatography( ). The major camponents of the

impurities have been identified and are tabulated in Tableg 5a and 5b.
Table 5a shows those campounds forming mixing crystals
and Table 5b shows the campounds forming eutectics and the eutectic

melting points.

TABLE ba
Canpounds forming Mixed Crystals
Thionaphthene
Quinoline
Iso-quinoline
Indene
TABLE
Canpounds Forming Eutectics Melting Point of
Butectic ©C
B -methyl naphthalene 255
2.6 dimethyl naphthalene 60.5
2,3 dimethyl naphthalene 5442
diphenyl 39.2
acenaphthene - 51l.4
flourence 57.0

It is well known that if camponents capable of forming mixed
crystals are present, then they will form continuously during
crystallisation and be distributed throughout the crystal structure.
Furthermore, the amount of camponents forming mixed crystals in the
naphthalene crystal will depend Iﬁrjmarily on the quantity of such material
present in the naphthalene oil and the final crystallisation temperature.
Rate of crystellisation, agitation, and detergent washing will have no
effect on the crystal purity provided no super saturation occurs.

Similarly the amount of eutectic forming material will depend
on the quantity of such campounds present in the naphthalene oil, and

particularly on the temperature at which the crystals form. Crystals

allowed to form above the melting point of any given eutectic will
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Crystal Contamination (Cont'd)

contain much less of this impurity than crystals allowed to form
below this temperature. The great importance of controlled
crystallisation on the impurity distribution within the naphthalene
~crystal can be demonstrated, by an experiment carried out at the

(27).

Coal Tar Research Association

A sample of crystallised naphthalene was washed with
successive portions of a solvent such as methanol and the material
dissolved by each portion analysed. The analysis results shown in
Table 6, indicate that the outer crystal layers are richer in
impurities than the inner core. Thus, as nucleation begins at
approximately 80°C, then impurities will build up successively as
the falling temperature crosses each eutectic point (see Table 5b).
Mixed crystal formation will ccmmence however, fram the point of
nucleation.

TABLE 6

FEFFECT OF SUCCESSIVE WASHING OF CRYSTAL NAPHTHALENE

Wash

Naphthalene Content
of Undissolved Portion 0 lst 2nd 3rd | 4th

91.3 [96.1 [97.0 |97.2 |97.k |[97.8

Analysis of material
removed by solvent

extraction

Wt. % Naphthalene - 58.9 | 82,0 | 91.5 | 95.2
Wt. % Thionaphthene - 3.3 | 2.6 | 1.6 | 1luk
Wt. % Quinoline - L.5 | 2.3 | Lk | 0.9
Wt. % -methyl naphthalene - 15.1 ] 7.0 | 2.5 | 2.9
Wt. % Diphenyl - 1.7 | NIL | NIL NIL
Wt. % 2,6 and 2.7 dimethyl _ 0.5 |N1L N | v

naphthalene
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Crystal Contamination (Cont'd)

The concept of impurity deposition within the crystal as
deduced fram Table 6 is altered campletely however if the crystallising
conditions are such that super saturation or shock cooling of the oil
can occur. In this case, naphthalene crystals came out of solution
at a temperature lower than normal and the quantity of intra-
crystalline impurities is increased.

The effect of stirring or agitation during crystallisation
is that it tends to prevent supersaturation. An opposing factor
however, is that agitation prevents the formation of large crystals and
thus increases the quantity of interstitial impurities in the drained
crystal,

The experimental evidence now acquired, enables some of the
puzzling features of naphthalene crystallisation to be accounted for.
In the case of tﬁe Prb-Abd(28) type process, in which naphthalene oil is
crystallised in water cooled, stirred, tanks and the resulting slurry
centrifuged, followed by hot water or dilute caustic washing on the
centrifuge it is easier to produce phthalic anhydride grade naphthalene
(78.0°C crystallising point) if the oil is of vertical retort origin,
than if it is of coke oven origin. Oils derived fram vertical retort
tars, normally contain considerably less of the materials liable to

form eutectics with naphthalene and thus yield crystals more amenable

to further purification by washing.
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Crystal Contemination (Cont'd)

Concerning the yield of naphthalene recovered by crystallisation,
the amount recoverable will depend on the solubility of the naphthalene
in the oil at the lowest temperature attained in the crystalliser. A
mumber of isolated results for the solubility of naphthalene in various
tar oils have been quoted by different workers. For exﬁmple Warnes(29)
has quoted results for two naphthas, cresylic acid and a heavy tar oil at
(30)

an unspecified temperature; Thodes and Eisenhower have given results

for a heavy naphtha (boiling range 15hpC - 18800) and a high aramatic
fraction (239°C - 303°C). Potashnikov(zl) has given results for two
acid and base free fractions boiling 195°C ~ 267°C and 224°C - 306°C.

Although there are a mmber of inconsistencies, the available
data suggests that the solubility of naphthalene decreases the further
the boiling range of the oil is removed fram the boiling point of
naphthalene. The data provided by Thodes and Eisenhoﬁer indicates
that the solubility of naphthalene is increased by the presence of

cresols in the oil.

Table 7 shows the results obtained by Potashnikov for the
two given oils, and Figure 1 shows the results for the light oil

fraction (naphthalene oil range).



TABLE 7.

SOLUBILITY COF NAPHTHALENE IN LIGHT AND HEAVY OILS.

Wl % —
Light 0il 195 - 267°C. Heavy 0il 22k - 306°C

Te%gfrature During Heating | During Cobling | During Heating | During Coolinggﬂ
0 9.99 9.81 9.60 9.80
5 12,50 | 12.37 11.12 11,56
10 1465 15.25 13.88 1412
15 16.87 17.22 17.16 17.33
20 20.65 20,20 20,00 19.66
25 22,68 22,91 22,83 24,20
30 26.23 27.02 28.92 29.54
35 29,7k 29.70 5149k 32.02
L0 33435 34,02 36.02 36497
L5 37.20 37.75 52,53 42,48
50 42.56 143,36 47.96 48.80
55 48.80 47.98 5084 54,30
60 60.27 60,40 61.60 60.82
65 71.19 70.83 6930 70.49
70 80,32 79ebidy 79.27 79.66
75 90.02 90.47 M .66 91.37
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Crystal Contamination (Cont'd)

The results obtained by Potashnikov are considered to be the
most applicable and are used as the basis for all solubility determination

During the process of crystallisatioﬁ, the final temperature
attained in the crystalliser is generally 15-20°C. Cooling to
temperatures below 1500, requires the use of refrigeration equipment,
and fran Tables 2 and 7 it can be seen that the extra yield of
naphthalene is not an econamic gain in view of the extra equipment
required.

Consider naphthalene oil No. 2 in Table 2. Cooling of this
oil fram 15OC to OOC, would reduce the naphthalene lost in the oil
fran 8,2% to 4.T% i.e. it would increase the recovery of naphthalene
as drained material from 79.3% to 82.%%.

i

Type of crystalliser in operation

Crystallisation of naphthalene oils can be achieved either
in batch or contimuous crystallisers. From the point of view of
crystal purity the important factor is the degree of temperature
control which can be achieved in the crystalliser. Thus the rate
of cooling in any one crystalliser will depend on the heat transfer
fran the semi-solid mass, and as such, the design of the crystalliser
must take into account the special requirements for minimum impurity
deposition within the naphthalene crystal.

In general practice, crystallisation is frequently carried out
batchwise in either unstirred, atmospherically cooled tanks, or in
indirectly cooled, stirred tanks.

The former types of crystalliser has the advantage of:-
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Type of crystalliser in operation (Cont'd)

(1)
(2)

(1)

(2)

(3)

(1)

(2)

(1)

(2)

simplified process handling

the formation of large crystals which can be easily freed fram
interstitial and surface oils

The disadvantages are:-

large time interval to camplete crystallisation cycle
loss of naphthalene by evaporation

fire and health hazards due to presence of vapour

The latter type of crystalliser has the advantages of:-
shorter crystallisation cycle |

reduced evaporation losses and subsequently reduced fire
and health hazards

The disadvantages being:-

production of smaller crystals containing a greater quantity
of contaminating oils

greater complexity of process handling

Fran an overall point of view, the indirectly cooled,

stirred type of crystalliser is the more efficient, and in fact forms the

-basis of the majority of naphthalene crystallisers used in this country.

A mumber of other devices have been patented, but as far as is

known, are not actually used. Same of these devices are listed below:-

(1)

A Russian patent(32) suggests contimious crystallisation by
spraying a cooled slurry of naphthalene plus oil together with
air at an elevated pressure, into a chamber with linen filters,
allowing the oil to drain and removing the naphthalene

contimiously.
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Type of crystalliser in operation (Cont'd)

(2) A simple type of contimious crystalliser patented by an Italian
finn(BB), allows oil to be fed contimuously to a vertical

container with a funnel shaped bottam and rotating discharger.
The oil is cooled by means of a cooling fluid in the jacket,
and crystals depositing at the bottam are discharged to a
centrifuge, and the liquid is removed through an overflow
pipe. The nature of the resulting crystals can be controlled
by the temperature of the cooling fluid and the rate of

| crystal discharge.

(34)

(3) An early British patent suggests cooling the naphthalene
oil by passage through a series of water cooled tubes, the
walls of the inner tube being kept free fram crystals, and
the crystals kept moving by a rotating shaft and worm
conveyor,

(4) A more recent technique, consists of spraying the naphthalene
oil, onto a rotating‘water cooled drum, the crystals being

scraped off the drum continucusly by a knife edge.

In the latter two devices, the crystals produced are very

small, and consequently, the amount of surface and interstitial oil

is increased.
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CENTRIFUGING AND DRAINING

Following directly after crystallisation, the naphthalene
crystals are separated fram the excess oil either by a simple draining
or centrifuging. The essential difference between the two techniques,
apart fram speed of operation, is that, whilst centrifuging further
purification can be achieved by water or detergent washing of the
crystals on the centrifuge.

In the case of straightforward oil draining, the separating
force is entirely gravitational, and consequently a considerable amount
of oil is left adhering to the crystal surface.

In the case of the centrifuge, the force developed by

centrifugal action is given by the equation:-

Pos oW
&R

where F = force developed in lbs,

W = weight of rotating assembly plus load (1b. mass)

V = peripheral velocity of assembly (f.p.s.)

R = radius of rotating assembly from axis of

rotation (ft)

If N = speed of R\PM., then V = 21T RN

0
Substituting for V and 'g'

P = 0.00341 WRN2

Fran this equation it can be seen that the separating force
developed by the centrifuge, is directly proportional to:-

(1) the speed of rotation

(2) the distance of the mass to be centrifuged fram the axis

of rotation
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Centrifuging and Draining (Cont'd)

Increasing the speed of rotation will increase the purity
of "qhe crystal by removing more of the surface oil on the crystal.

Occluded oils or oils trapped within the crystal and impurities of the
intra-crystalline type will not be removed however great the speed of
rotation.

Present day centrif‘ugeé employ a perforated basket to hold the
crystal slurry and the cake of naphtia lene builds up from the cuter wall
of the basket in towards the axis of rotation. Consequently, in a system
of this type, there will be an impurity gradient across the crystal cake.

The highest degree of naphthalene purity vﬁll occur on the edge of the
cake furthest removed from the axis of rotation.

When discussing centrimgihg or draining, it is necessary to
consider the yield of naphthalene obtained or alternately, the loss of
naphthalene in the drained oil.:

Centrifuging or draining is normally carried out at atmospheric
temperature and although when centrif‘ugiﬂg, there may be a slight temp'erature
rise within the crystal slurry due to friction effects, for purposes of
calculation, the drained oil is assumed to be at atmospheric temperature.

| The calculation for naphthalene yield and recovery is based on
determining the loss of naphthalene to drained oil, when upgrading a
naphthalene of given purity to one of higher purity. It is necessary to
know the solubility of naphthalene in oil at #he given temperature and also
the initial and final naphthalené purities. Solubility values are obtained
from the solubility curve of Potashnikov, and naphthalene purities are

obtained fram the curves drawn up by Curtis (Figure 2), relating naphthalene
(35)
[ 4

crystallising point with purity
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Centrifuging and Draining (Cont'd)

A calculation of this type is given in Appendix 3.

OIL EXTRUSION
0il extrusion is a method of oil separation, now practically
obsolete, The method consists of applying pressure to crystallised
naphthalene at normal of elevated temperatures. Although the degree
of separation is high, the product recovery is low due to the oil

saturation., Thus this method is not discussed further,
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EXPERIMENTAL WCRK

INTRCDUCTION

The original system of naphthalene separation in operation
at the time of.this investigation was known to be inefficient at scme
stage or stages in the process.

Accordingly, the investigation was designed to study the
processes available for the separation of naphthalene fran naphthalene
oils, in order to gain a better understanding of the physical and
chemical factors involved, and to ultimately improve or modify the
system so as to increase the overall efficiency.

Owing to the presence of certain specific plant equipment,
namely, a twin column, continuous distillation unit, a naphthalene oil
crystalliser and a Pilot scale centrifuge, the scope of the investigation
was limited to the above Plant equipment.

An outline of the investigation is given below:-

Fractionation

(1) Nephthalene oil (fram the Wilton Tar Still) fractionated through
Laboratory column - to study naphthalene distribution, recovery
and purity.

(2) Naphthalene o0il washed free fram phenolic campounds and fractionated

through Laboratory column - to study the effects of phenolic

canpounds during fractionation.

(3) Naphthalene oil washed free fram phenolic campounds and fractionated
through Plant Distillation Unit - to study recovery and purity of

naphthalene product - at Plant scale.
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EXPERIMENTAL WORK (CONT'D)

Crystallisation and Centrifuging

(1)

(2)

(3)

Naphthalene oil washed free fram phenolic campounds, crystallised
and centrifuged at Laboratory scale - to study effects of operating

conditions on recovery and purity of naphthalene.

Laboratory crystallisation and centrifuging of Plant distilled
naphthalene o0il - to study effects of cambination of two separation g

processes.

Plant scale crystallisation and centrifuging of Plant distilled

naphthalene o0il -« to study cambined separation process at Plant scale,
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EXPERIMENTAL WORK (CONT'D)

DESCRIPTION OF EQUIRMENT USED

LABORATCRY SCAIE

Fractionating Column A

48" length, 3" diemeter, packed with 1/16" Dixon Gauze.
Separating power at total reflux and boil up rate of 1000 mls/hr. -
50 theor.etical plates, determined by calibration with n - heptane -
methyl cyclo-hexane mixture.

(Separating power determined fram refractive index measurements
on the overhead and boiler prodﬁcts, ‘after column pref;looding and
attaiment of total reflux, and subsequent reference to a refractive

index - separating power calibration chart).

LABCRATCRY FRACTICONATING @OLUMN
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FXPERIMENTAL WORK (CONT'D)

TABORATCRY SCALE - Fractionating Column A (Cont'd)

Charge contained in a 1500‘m1. pyrex boiler, heated by an
electric mantle, the power to which was controlled by a Simmerstat unit.
A reflux meter was employed to control the reflux ratio under operating
conditions. Boii up rate was set by means of a boil up meter. The
fractionating column was maintained in an adiabatic state by a
concentric tube carrying a heater winding, surrounded by a concentric
glass tube. Power to the heater winding was supplied by a variable

voltage transformer.

Crzstallisation

Cooling rate 5°C/hr. with continuous agitation. Initial
temperature of oil - 9000.
0il contained in a cylindrical glass tube surrounded by a

temperature controlled water bath.

Centrifuging

10.5 ins. M.S.E. bowl centrifuge
Centrifugal force - 1000 x g

Time - 4 mins.
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EXPERIMENTAL WORK (CONT'D)

PLANT SCALE

APV - Naghthalene Distillation Unit

(See Flow sheet - Diagram ’7)
Description
Twin column contimuous unit.
Colunn I - TForerunnings column
Height 15 f't.
Diameter 3 ft.
APV West fractionating column incorporating 14 APV
West type trays.
Fitted with tubular type steam heater.
Column operating pressure - 26"/Hg. produced by a
single phase steam ejector.
Column II - Naphthalene column
Height 15 ft.
Diemeter 4 ft. 8 ins.
APV West fractionating column incorporating 14 APV
West type trays.
Fitted with tubular steam heater.
Column operating pressure - 28"/Hg. produced by a two
phase steam ejector.
Process
Feed liquor at a temperature of 80/85°C is drawn under
positive head, through a mesh strainer toc the feed pumps. The feed is
then pumped through a steam jacketed pre-dehydration heater. Water

vapour is separated fran the feed in a jacketed dehydration or flash
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EXPERIMENTAL WCRK (CONT'D)

Process_(Cont'd)

vessel maintained at a vacuum of 15"/Hg. Vapours from the flash chamber

are drawn through an absorbing column (filled with a suitable wash 0il)
operating under a vacuum of 25"/Hg, so that any entrained naphthalene
is removed by the wash oil. The remaining vapours are drawn through a
jet condenser to remove water vapour, and then through a single rhase
s£eam ejector to remove any penngnent gases.

The dehydrated feed fram the flash chamber fhen gravitates
to a final feed prehgater am then into Column I, which is maintained
at a vacuum of 26"/Hg. by means of the steam ejector. From the
fract ionating column, an overhead fraction is recovered via an
evaporative condenser. The condenser is vented tc the absorbing column
to remove any further entrained naphthalene. Part of the condensed
overhead fraction is returned to the column as reflux, whilst the
remainder flows to a storage vessel.

The residue fran Column I is then delivered to the feed
plafe of the naphthalene column (Column II), this column operating under
a vacuum of 28"/vg, produced by a two phase steam ejector. The over-
head fraction fram this column (approximately 805~ naphthalene) is
delivered, after condensation and separation of a reflux stream
to a sealed vessel. The heavy residue fram the column is discharged

to a further sealed vessel,
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EXPERIMENTAL WORK (CONT'D)

Crystallisation
Crystalliser:
Dimensions
Capacity

Surface Aresa

Stirrer Motor H.P.

27 ft. x 7 £t. 6 ins. diameter
8000 gallons

635.5 sq.ft.

145

Stirrers of gate type driven on a horizontal axis.

Cooling Rate 1° to 2°C per hour (water cooled).

Centrifgge:

Sharples C-20 De-hydrator (perforated basket)

Basket Diameter
Centrifugal force
H.Pl

Max. cycle time

20 ins.
980 x g.
20

300 secs. (on autcmatic control)

Operating Sequence of Centrifuge

Screen rinse - spin load - spin idle - cake rinse -

spin dehydrate - spin unload.

The above terms are defined as follows:-

Screen Rinse

. Washing the centrifuge screen with oil to remove surplus

naphthalene.

Spin load

Entry of the feed into the centrifuge.

Spin Idle

Removal of oil.
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EXPERIMENTAL WORK (CONT'D)

Operating Sequence of Centrifuge (Cont'd)

Cake Rinse

Washing of the cake with detergent etc.

Spin Dehydrate

Removal of surplus moisture.

Spin Unload

Automatic removal and discharge of cake.
Crude Tar Distillation Unit
(See Flow sheet - Diagram §).

Description

Contimuous pipe still, distillation column and fractionating

column.
Pipe Still - 0il fired furnace
Distiliation Column - Height 35'0"
Diameter 6'Q"
Number of plates - 13 (Wilton Patent design)
Fractionating Column - Height 54'0"
Diameter L'6"
Mumber of plates - 37 (Wilton Patent design
Process

Crude tar is pumped tirough a heat exchange system camprising
of an exhaust steam-crude tar heat exchanger, a heat econamiser and a
pitch-crude tar heat exchanger. From the heat exchange system, the tar
enters the distillation column (secondary flash chamber) where light oils

are removed. The tar after flowing down over the plates, leaves the

base of the column, to be pumped via the recirculation pumps to the pipe
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EXPERIMENTAL WCRK (CONT'D)

Crude Tar Distillation Unit (Cont'd)

Process (Cont'd)

still. On leaving the pipe still, the tar enters the upper part of the
distillation column (primary flash chamber) where further light oils are
removed. A portion of the residual tar (pitch) is bled off, passing
through the pitch-tar heat exchanger, whilst the remainder overflows
into the éecondary flash chamber and descends to the base of the column
along with the incaming crude tar.

‘ Fran the top of the distillation column, the light oils are
fed to the baée of the fractionating column. Fram the fractionating
column, four sidestreams are removed and an overhead fraction. Part of
the overhead fraction after condensation is returned to the column as
reflux.

The bulk of the naphthalene (85%) in the crude tar is
concentrated into the third sidestream (from the column base) amd is
referred to as the naphthalene oil fraction. The remaining 15%

naphthalene is lost to the two adjacent sidestreams.
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EXPERIMENTAL WORK (CONT'D)

METHODS CF ANALYSTS

The quentitative estimation of the campounds encountered

during the investigation was based on the following methods of analysis.

Naphthalene

Naphthalene purity determined fram depression of melting point
and subsequent reference to a calibration curve.

Phenolic Campounds

Phenolic compounds were determined by extraction fram the
naphthalene oil with a 10% wt/wt caustic soda solution. Treatment of the
caustic extract with hydrochloric acid resulted in the formation of free
phenols. The iqdividual phenols were not identified.

Quinoline

Quinoline determined as basic nitrogen utilising Dumas Nitrometer

method.

Thionaphthene

Thionaphthene determined by formation of sulphur dioxide and
subsequent volumetric determination of sulphuric acid formed by absorption
of sulphur dioxide with hydrogen peroxide.

Methyl Naphthalenes

Alpha and beta methyl naphthalenes determined by vapour
phase chranatography. (Determined in Laboratories of Coal Tar Research

Association - Leeds).
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THE LABORATCRY FRACTIONATION OF NAPHTHALENE OIL (WASHED)

(Washed with a 10% ceustic solution to remove phenols)

Method

A 1000g. charge of naphthalene oil fram the Wilton still, was
washed with caustic solution and fractionated through laboratory column
A. The distillate was collected into fractions and a naphthalene purity
determination done on each fractic;n (naphthalene purity estimated from
crystallising point determination).

Fractionation results and details are shown in Tables 8a and 8b,

TABLE 8a
FRACTIONATION OF NAPHTHALENE OIL (WASHED)

Distillate Temperatu:ge Crystallising Naphthalene
Fraction in gms. Range C Point C Purity %

L2 o4 177 - 202 0il

" 17.0 1202 - 205 0il
2442 205 - 208.7 0il
1800 20807 - 21L|- 32.00 340%
17.5 21, - 216 50,00 51.00
20,0 216 = 217.2 63470 70.10
17.1 217.2 - 218.0 66480 75.20
2343 218.0 = 219 . 70,00 80430
32.0 219 - 219.4 TheiO 88,60
71.0 219.4 = 219.7 76435 92,10
52.0 219.7 - 219.7 76455 93.00
L5.2 219,7 - 219.7 76 .60 93.10
37.0 219.7 - 219.7 76.30 92,20
32.0 219.7 - 219.7 7640 92.21
47.9 219.7 - 219.8 76.36 92.20
45,9 219.8 ~ 219.8 76.35 92.20
37.0 219,8 - 219.8 76432 92.19
48.0 219.,8 - 228 76.08 92.00
47,1 228 = 230 75.82 91.30
55.0 - 7240 84,90

Residual heavy oil discarded
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TABLE 8b

The light oil fractions boiling below 216°C are referred
to as Forerunnings, and the solid naphthalene fractions

are referred to as Product.

DETATIS OF FRACTIONATION

Crystall(i)sing Reflux [Boil Up |Available [Maximum
Point “C Ratio | Rate Naphthalene |Crystallising
mls/hr % Point

Charge 57.8 - - L - -
Forerunnings - 1 25/1| 600 - -
[Product 75.60 5/1 600 84.7 76.60

Discussion of Results

Practionation of the washed naphthalene oil through 50
theoretical plate laboratory column did not give the desired 90%
recovery of 96% purity naphthalene (corresponding to a crystallising
point of 78.QOC). The highese purity attained was 93% and the .recovery
of available naphthalene was 84.7%. From Table Ba;, it can be seen, that
the overall naphthalene purity is well below 93%. Consequently to attain
a purity approaching the desired 96%, with a recovery figure of 9k,
would require a fractionating column of formidable proportions.

It was then decided to campare the above results with those
obtained by fractionation of an unwashed naphthalene oil through the

same column.
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THE LABORATORY FRACTICNATION OF NAPHTHALENE OIL (UNWASHED)

A 700g. charge of unwashed naphthalene oil to which had
been added a quantity of phenolic oil, to increase the total phenolic
content, was fractionated through Column A. The conditions of
fractionation were similar to the former case. As before, the
distillate was collected into fractions, and a naphthalene purity
determination done on each fraction.

Fractionation results are shown in Table 9.

TABLE 9

FRACTIONATION CF UNWASHED NAPHTHALENE OIL

roction i | R | TRV | AT
30.0 150-201 43450 43,40
51.3 201-205 43450 45450
48.5 205-207 59.00 - 49,60
5042 207-210 50420 51.30
40.0 210-212 58.0 61.50
46.0 212-224 66.50 75.00
51.8 224=237 61.00 66,00
48.0 237-243 54400 56,00
52.0 243-250 52450 54,00
42,0 250-257 46.00 146,00
46.0 257=260 53.00 43,00
32.0 260-269 - -
20.5 269-280 - -
Oils above 280°C discarded
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The distillation fractions.collected fran the last experiment
were each washed with a hot 10% solution of caustic soda, Separation
of’the aquecus layer and subsequent treatment with dilute hydrochlaric
;cid, liberated the free phenols. The weight of the phenols produced
fran each fraction waé measured and also the weight of the washed oil
measured. From the weights of the washed oil and liberated phenols, the
loss of oil, if any, occurring during washing can be calculated.

The results of this experiment are shown in Teble 10 and

Figure 3.
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TABLE 10.

NAPHTHALENE LOSS AFTER CAUSTIC WASHING OF OIL.

Weight of Weight of Total Weight Weight of | Weight of | % Phenols | % 0il Loss
Fraction Fraction loss (g) Phenols non- (wt).
Before After phenolic :
Washing Washing 0il (g)
(g) ()
5143 3743 14.0 10.0 L0 1943 7.8
48,5 36,9 1146 8.0 346 16.5 7ok
50.2 40,6 9.6 6.6 3.0 13.7 6.0
NTO.O uhfnm m.N UON N.O m.o m.o
46,0 L4240 3.6 2,2 1ot 4.8 341
51.8 50.6 142 1¢2 0] - 0
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DISCUSSION OF RESULTS.

Fran Table 9, it can be seen that very poor fractionation is
achieved when distilling an unwashed naphthalene oile The maximm
purity attained in this case was only 75% ccmpared with 93% in the
case of the washed oil. |

Furthermore the.spread of nsphthalene through the distillation
range is considerable, and is mainly due to the formation of low
boiling azeotropes between naphthalene and certain of the phenolic
canpounds.,

The results shown in Table 10 and Figure 3, show that with
increasing phenol content, thefe is an increasing weight loss of oil,
During the washing treatment, it is inevitable that a quantity of non-
phenolic oil will be removed along with the caustic extract, but there
is no reason to assume an increasing loss'of non-phenolié oil with
increasing phenol content. The increasing weight loss could however,
be accounted for, on the basis of a theory suggested by Swietoslawski,
namely that in a naphthalene-oil system, the presence of phenolic
canpounds increases the solubility of naphthalene in the non-phenolic
oil. ‘Thus with increasing phenol content, the solubility of naphthalene
in the non-phenolic oil increases and although the volume of non-phenolic
0il lost mechanically, mey remain constant, the total weight would increase,

due to the presence of naphthalene in solution.
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THE LABORATORY CRYSTALLISATION AND
CENTRIFUGING OF WASHED NAPHTHALENE OIL

METHOD
Semples of washed naphthalene oil were crystallised at a
cooling rate of SOC/hour, with agitation fram 9OOC down to ZOOC, OOC,

and - SOC. The samples were then centrifuged at 1000 x g for 4
minutes. After centrifuging, the purity of each sample was determined.
Results are shown in Table 11.

TABLE 11.
LABCRATORY CENTRIFUGING OF WASHED NAPHTHALENE OIL

Batch | Temperature of g;ﬁg %f C.P‘F.bof Pur%ty of { Z;vﬁ;:;iy
No. | Centrifuging | _i7o4 Solid’C | Solid % | Nephthalene
1 20 58.0 75.10 90.00 91.50

2 20 5540 75.25 90.30 87.00

3 20 52.8 76.00 92,00 85.00
4 20 . 50,0 76.27 92,40 79.20

5 20 55.0 75450 91.00 87.50

6 20 5340 75460 91.10 81440

7 20 52.9 76425 92,40 85.30

8 20 53.0 76,18 92,20 85.50

9 20 51.7 76.80 93.70 84.80
10 0 59.5 7460 89.10 93.00
11 0 58.7 T4 40 88.80 92,70
12 -5 59.7 74450 89.00 92,60
13 =5 59.0 " Thelid 88,90 93,00
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DISCUSSION OF RESULTS

Fran Table 11, the maximum naphthalene purity obtained when
centrifuging at 20°C was 93.7% for a recovery figure of 84.8%, again
below the desired limits. Centrifuging at lower temperatures gave
higher recoveries but lower purifies. The lowered purity was considered
to be due to the deposition of eutectic and mixed crystal impurities
. when crystallising to the lower temperatures.

Consideration of the results obtained by laboratory
fractionation and centrifuging of washed naphthalene oils (both
processes employed as single operations) shows that the degree of
separation échieﬁed by either method is not adequate to attain the
desired recovery and purity of naphthalene. The possibility of '
partial seperation or upgrading of the naphthalene oil by fractionation,

followed by further upgrading by centrifuging was next studied.
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THE PIANT SCALE FRACTIONATION OF WASHED NAPHTHALENE OTL

The operation of the A.P.V. distillation unit results in

three product streams nafnely:—

Forerunnings Product - fran Column I consisting of

light oils plus a small percentage of naphthalene,

Naphthalene Product - fram Column IT consisting of naphthelene

plus excess oil.

Heavy Ends Product - from Column II - consisting of heavy oils

plus a small percentage of naphthalene.

The condenser system of the two columns is equipped with a
circulating wash oil system designed to absorb any naphthalene which would
otherwise be lost to atmosphere as uncondensed vapour. Consequently fram
the point of view of yield of naphthalene product, any naphthalene
absorbed by the wash oil is lost.

METHOD

Six distillation runs were carried out through the above unit,
using washed naphthalene oil as feed material, Variations in Reflux
ratio were made on both columns to achieve the highest purity and highest

possible recovery of naphthelere product.

The results of these runs are shown in Table {2 and the method

of calculating naphthalene product recovery is shown in Appendix 2.




DISTILIATION RUNS THROUGH PLANT DISTILLATION

TABLE 13,

UNTT.
Run FEED NAPHTHAIENE PRODUCT.
Noe % Recovery |Distillation
% |_% 0ils| Bpt. . % 5 0ils| Bpt t. | % As Rate
Phenols{¢ 218°C |5 218°C & Purity [(218°C  §216°G % Purity | NephthaleneTons/day.
1 Nil 32,28 10,9 | 54.0 56.8] 18.6 |Nil 70.2 81.4 91.70 21.20
2 342 27.80 144 | 55,0 57.2] 23.8 |Nil 68.5 78.0 88,00 21,65
I Nil 15,00 23.8 | 57.50 61.0| 10,7 [5.3 | 71.5| 83.2 96.70 27.06
[ Nil 19.80 19.6 | 57,00 60.0| 9.9 {7.7 |[70.5]| 81.5 97.20 27.16
L \ . .
6

UNWASHED NAPHTHATENE OIL

\ UNABLE TO FRACTIONATE.
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DISCUSSION OF PLANT DISTILLATICON RUNS

It was realised that owing to the lower separating power
of the Plant distillation unit as canpared to the laboratory fractionating
column, the overall naphthalene purity would be considerabiy less.
Nevertheless, increasing the reflux ratio..on Column I, enabled the
light oils to be removed, contaiﬁing as little as possible naphthalene.
Similarly, the heavy ends could be removed fram Column II, relatively
free fran naphthalene. In this way, the maximum recovery of naphthalene
was obtained, but at the expense of naphthalene purity. The maximum purity
obtained was 83.2%, but with one exception, the recovery figures were all
greater than 90f.

Run 2 was the exception and in this case, the recovery figure
was 88%. It will be noticed that the feed material for this run,
containéd a small percentage of phenolic campounds, due to inadequate
washing, and analysis of the cractionatiop products showed that the light
oils removed fran Column I were nearly saturated with naphthalene, thus
suggesting a 'spread' of naphthalene due to azeotrope formation, (resulting

from the presence of phenols).



THE LABORATORY CENTRIFUGING OF PLANT

DISTILLED NAPHTHALENE OIL

Partially upgraded naphthalene product of crystallising
point 70.2°C (purity 81% naphthalene) obtained.fran Run No. 1 through
the Plant distillation unit, was allowed to crystallise at varying
cooling rates, and the crystallised material fed to the laboratary
centrifuge. Varying times of centrifuging were employed, and after each,

the purity of the centrifuged product was determined.

Crystallisation

0il cooled with agitation fram 90°C to 20°C at cooling

rates of :~
1, 3.5 °C/hour
2, 10 OC/hour
3. Shock cooled (no agitation)

VARTATION OF NAPHTHALENE PURTTY WITH OIL COOLING RATE

Samples of material crystallised at the cooling rates

mentioned above, were centrifuged for a period of 5 minutes at a

‘centrifugal force of 1500 x g (3000 r.p.m.). The purity of the

centrifugal material was obtained fram crystallising point determinations.

Results are shown in Table 13,
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TABLE 13..
VARTATION OF NAPHTHALENE PURITY WITH OIL COOLING RATE,

Centrifugal force - 1500 x g.

Time - 5 mimtes.
Rate of Cooling Crystall%sing Point Naphthalene
C per hour, c Purity %
365 78.40 96.50
3¢5 78.36 96.40
3¢5 78.30 ' 96.30
10.0 78.29 96.30
10.0 78.25 96.00
10.0 78.30 96.10
Shock Cooled . 76439 92.80
Shock Cooled 76430 92.50

The above results show that the desired naphthalene purity
of 96% can be obtained by centrifuging, when the feed material has a
purit.')'r of approximately 80% naephthalene, provided crystallisation takes
place at a controlled rate of cooling.

There is a slight increase in naphthalene purity when the oil
cooling rate is lowered from 10°C/hour to 3.5°C/hour, but a marked decrease
in purity when the oil is shock cooled. It has previously been mentioned
that shock cooling encourages the formation of intra-crystalline impurites
within the crystal structure, thereby lowering the crystal purity.

Verification of this facf can be seen fram Table 13e
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VARJATION OF NAPHTHALENE PURITY WITH CENTRIFUGAL FORCE.

Semples of the material crystallised at a cooling rate of
10°%C/hour, were centrifuged at varying speeds for 5 mimute time intervals.,
Purity determinations were mgde on each centrifuged product, and the
results are shown in Table 14. |

TABLE 1%.
VARTIATION COF NAPHTHALENE PURITY WITH CENTRIFUGAL FORCE.

Material crystallised at 10°C/hour.

Centrifugal Force (x g) Crystallising Naphthalene

Point "C. Purity %
166 (1000 r.p.m.) 7710 90
166 77.00 93.9
166 77.00 9349
326 (1400 r.p.m.) 77.75 95.2
326 1777 95.3
326 77.70 95.0
425 (1600 rep.m.) 7793 95.5
425 78.00 . © 95.6
425 78.00 95.6
840 (2150 r.p.m.) 78.10 95.7
840 78.15 95.7
8,0 78.13 95.7
1500 (3000 r.p.m.) 78.29 96,2
1500 78.31 96.3
1500 78.35 9643
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The results given in Table 1, show the progressive increase
in naphthalene purity with increasing centrifugal force. The desired
7800 crystallising point material is obtained when the centrifugal
force approaches 800 x g.

It can also bé seen that after a naphthalene purity of 95.6%
is reached, little further separation is achieved in spite of high
increases in centrifugal force. At this point most of the surface oils
adhering to the crystals have been removed, the remaining impurities being
solid in nature or interstitial oils.

An attempt was then made to achieve further separation of the
interstitial oils by slurrying the crystallised material with an aqueous
detergent solution prior to centrifuging; The‘detergent solution .
consisted of a 0.5% aqueous solution of Teepol, and the slurried material

was centrifuged for 4 minutes at a centrifugal force of 1500 x g. Excess

~ detergent solution was removed by incorporating a cold water rinse into

the centrifuging sequence.
The effect of detergent addition is shown in Table 15

TABLE 1

EFFECT OF DETERGENT ADDITION PRICR TO CENTRIFUGING

Crystallising Point oc Purity | Crystallising PointOC [ Purity

after centrifuging % after centrifuging %
without detergent with detergent '
78.30 96,30 78.85 97,5
78.35 96.33 78.90 97.6

78432 96.30 78.85 975

Centrifugal force - 1500 x go Time 4 mimutes.

(See note overleaf).
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NOTE

(Crystallising points determined on material centrifuged after
detergent addition, were corrected for presence of water).

Fram Table 15it can be seen that detergent addition prior to

centrifuging, has produced an increase in naphthalene purity, due to the

removal of further contaminating oils.

The next stage in the process was to transfer the centrifuging

operation, to a semi plant scale centrifuging unit. However, it was

realised that it was not possible to pump a 7OOC crystallising poinf feed
to the centrifuge without prior dilution, owing to the high solids
content. Consequently, a further sample of crystallised material was
slurried with drain oil obtained fram previocus centrifuging experiments.
The slurried material now had & crystallising point of around SOOC and wés,
therefore, similar to the original naphthalene oil, with respect to
naphthalene purity, prior to partial upgrading by distillation. The
slurried materiai was centrifuged and as before, a purity determination
made on the centrifuged produét.

The results are showm in Table 16

TABLE 16

},

EFFECT OF OIL SIURRYING PRIOR TO CENTRIFUGING

Centrifugal force - 1500 x g, Time 5 minutes

Crystallising Point °C Crystallising Point OC
After centrifuging Purity % | After centrifuging
without oil addition. with oil addition.

78.30 96,30 : 78432

78.26 96.20 |’ 78.25

78.29 96,20 78.30
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The results given in Table 1§ show that the crystallising
" point and purity of the centrifuged product is unchanged by the addition
of oil prior to centrifuging.

Consequently, slurrying of the 70°C crystallising point meterial
with 0il, so as to produce a feed capable of handling by pumping equipment,
should give results after centrifuging similar to those obtained in the

labaratory.
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PLANT CENTRIFUGING OF DISTILLFD NAPHTHALENE OIL

During thé early laboratory wark, dilution of the feed
centrifuge was achieved by addition of oil after camplete crystallisation
had taken place.

Owing to difficulties of mechanical handling, it would be very
difficult to follow this procedureAexactly on a plant scale due to the
high solids content of the crystalliser feed. Camplete crystallisation
with constant agitation would be difficult, and furthemare, effective
slurrying of the crystallised material would create further problems.

Consequently, with the knowledge gained so far, it was felt
that if partial crystallisation occurred so as to produce a drystal rucleus
relatively free fram impurities, slurrying oil could be added whilst
crystallisation was still proceeding. In this way constent agitation
could be maintained and effective slurrying would be ensured without the
problem of mechanical mixing later. The impurities would tend to be
deposited in the outer crystal layers, leaving the nucleus relatively
pure, and consequentlyp centrifuging should remove a high proportion of
these ﬁnpuritiés.

METH®D

Plant distilled naphthalene oil (8% naphthalene) at a

temperature of 9000, was partially crystallised at a cooling rate of

1-2% per hour. At a temperature of about AOOC, 93% wt/wt oil was added
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Method (Cont'd)
to the carystalliser sufficient to lower the overall crystallising point
to 50°C (51% purity). Cooling was then continued with agitation until
2500 was reached, after which the matefial was pumped to the centrifuge
via 2 ring-main system.

"Temperature of oil equivalent to temperature within

crystalliser”

EFFECT OF CAKE THICKNESS AND TIME OF CENTRIFUGING ON PURITY COF PRODUCT

The thickness of the cake and the time of centrifuging was

varied, but no cake rinse was given.
The cryétallising point of the discharged material was

detemined in each case. The results are given in Table 17.2 Sl

TABLE 1

EFFECT OF CAKE THICKNESS AND TIME OF CENTRIFUGING ON PURITY QF PRODUCT

Spin Tdle THICKNESS (F CAKE (INCHES)

Time (secs). 1 2 1 15 12 2 |
400 77.56 - - - - -
300 7755 -

200 7750 T77.35
180 77.50 7723
160, 77.00 77.25
140 77.00 77.28
120 76.43 77.18
100 76.20 77.05
80 75.48 77.15
40 75.80 76.55
20 - 76,33
10 - 74.83
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From Table 17’it is evident that the thickness of the
centrifuged cake has little if any, effect on the crystallising point
and subsequent purity of the discharged product. Increasing time of
centrifuging (spin .idle) naturally inqreases the crystallising point of
the product. However, the most important feature of this experiment, is
thét the centrifuged product does not attain the desired 78°C crystallising
point, even though the centrifugal force developed is 980 x g. In the
laboratory experiment (page 75 ), a crystallising point of 78°C was attained
with a centrifugal force as low as 425 x g (see Table 1)). Maximum
crystallising point attained is 77.3800 as campared with a crystallising
point of 7800 obtained in the laboratory experiment.)

An attempt was made to increase the product crystallising point
with the‘aia-of detergent and caustic soda washes. A cake thickness of
12 ins. and spin idle time of 100 seconds were chosen as standard
setting, The spin-dehydrate time was also set for 100 seconds.

The first experiment deals with the effect of detergent washing
for varying periods of time and at varying temperatures, upon the
crystallising point of the discharged product. A repeat of this
| experiment determines the effect of incorporating an 8% wt/wt caustic

soda wash in place of the detergent wash. 8ee Tables 18a and 18b.
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TABLE 18a.

EFFECT OF DETERGENT WASHING ON CRYSTALLISING POINT CF PRODUCT.

e e | T8 | Do (ese) |—DETECRIT (0.5%) TRFEATURE )6
(secs). 16| X0 50 T
100 10 100 76.90(77.10 [77.30 | 77.75
100 10 100 76.85|77.13|77.36 | 77.80
100 20 100 77.00(77.20 7752 | 77.90
100 20 100 77.10(77.20{77.55 | 77.91
100 40 100 77415|77.31 [77.70 | 78.20
100 40 100 77.47|77.30 [77.72 | 78.30°
100 100 100 - | - |77.89 | 18.45
100 100 100 - | - |77.92 | 78.49
Yield of Product per charge - 24lbs. |
Crystallising points corrected for moisture,
NOTE,

A cold water rinse follows the detergent rinse to remove excess

detergent solution.
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EFFECT OF CAUSTIC WASHING ON CRYSTALLISING PONT OF PRODUCT.

Spin Idle Washing | De-hydrate CAUSTIC SOLUTION (&%) TEMPERATURE °c
Time (secs) Time Time (secs) - : ‘
(secs) 28 50 55 60 63 74
100 10 100 77.65 | 77,80 | 77455 | 77+55 | 77.60 | 78.30
100 10 100 77.60 | 77.78 | T7.61 | 77,59 | 77.62 | 78.35
100 20 100 77.50 | 78.15 | 77.95 | 78.30 | 77.90 | 78.25
100 20 100 T7.54 | 77.98 | 77.92 | 78.21 | 77.96 75-30
100 40 100 7746 | T77.90 | 77.95 | 78.25 | 77.95 | 78.10
100 140 100 77.51 | 77.92 | 77.95 | 78.20 | 77.93 78'.20
100 100 100 - - - - N

and slurrying, contaminant formation would be produced in the cuter crystél

Crystallising points corrected for moisture.

DISCUSSION OF RESULTS.

It was believed intially that after partial crystallisation

layers, and that detergent washing incorporated. in the centrifuging

sequence would effectively remove these impurities.

Table 19a shows that

effective removal to produce a 78°C crystallising point product occurs only

when the detergent solution is applied at a temperature of 7490. At this

temperature, the exuded oil fram the centrifuge was at a temperature of 40°c.,

Accordingly, any contaminents melting at AOOC or less would autcmatically be

dissolved ocut with the discharged oil, thus increasing the naphthalene

crystallising point and purity.

Thus, the increased temperature is the

factor responsible for increased purity and not the detergent solution as

such.
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The incorporation of a camustic soda wash in place of the detergent
solution was based on the assumption that certain acidic campounds may
still be present and that their removal through caustic washing may
abhieve the desired 7800 crystallising point product. As before, effective
removal did not occur until a temperature of 7L°C. wa.s reached, the
explanationlbeing the same as in the case of detergent washing.

To proceed any further with the process as such defeats the
purpose of the ipvestigation, because although the required crystallising
point and purity may be attained, the recovery and yield is considerably
" reduced. Reduction in yield and recovery occurs because of the increased
solubility of naphthalene in oil at 40°c. campared to the solubility at 20°¢.
(increase in solubility amcunting to 15 - 20%)

A camparison of the laboratory work and semi-plant work shows that
the only deviation in operating sequence is in the crystallisation technique
employed during the semi-plant work. In the latter process, partial
crystallisation occurred, after which, slurrying oil was added and
crystallisation then allowed to proceed. Thus, the inability of the
centrifuging operation, to achieve the required degree of separation of the
crystalliser feed, must be due to contaminant‘formation through the addition
of o0il to the crystalliser. The original assumpticn, that contaminants
would be deposited in the outer crystal layers and thus be easily removed,
ma& be partially true, but obviously same form of intra-crystalline
impurities have also formed.

To overcame this difficulty,,consideration must be given to the

chemical nature of the oil added to the crystalliser. An analysis of the

slurrying 0il used previocusly evealed the following campounds as being
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present in the oil.

Basic Nitrogen (as Quinoline)

Beta-Methyl Naphthalene -
Alpha-Methyl Naphthalene -
Sulphur (Thionaphthene) -
Boiling Range of 0Oil -

4o OF
1490%
0.40%
1.58%

118% to 241°C.

Both quinoline and thionaphthene form mixed crystals with

naphthalene, whilst beta-methyl naphthalene forms a eutectic with

naphthalene, melting at 25°C,

In order to demonstrate more fully the contaminating effect of

this o0il, a sample of the 0il was distilled through an 8-pear bulb

laboratory fractionating column., The distillate was collected into

three fractions, namely:-

Light Oil.

The fraction distilling between 175°C and 200°C.

Middle Oil.

The fraction distilling between 200°C and 220°C.

Heavy Oil.

The fraction distilling between 220°C and 250°C.

Utilizing the three oil fractions prepared as above, synthetic

mixtures were made up bj mixing 80% By wt. of pure naphthalene (crystall-

ising point 80.1°C) with 20 by wt. of each of the three oil fractions

respectively. The resulting mixtures were heated to 90°C and allowed to

crystallise at a cooling rate of 5°C per hour.

The crystallised material

was then fed into the laboratory centrifuge for a period of four mimutes

and at a centrifugal force of 1000 x g.

See Table 1Y. °
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TABIE 19

VARIATION OF CENTRIFUGED PRODUCT CRYSTALLISING POINT WITH TYPE COF OIL USED

FOR CRYSTALLISATION.

Mixture Type of | Crystallising Point of Crystallising Point of
Number 0il, Crystallised Product % Centrifuged Product %.

Light 71.76 77.90
N 011 ) 72,775 78.16
175 72.95 . 78.06

200 C. :
T 73.41 78.40
2 73.48 .- 78.23
73.96 78.35
72.52 78.02
3 . 72.82 78.32
72.15 78.30

Middle
011o 73400 78.30
220°C 75.98 78.40
73,08 78.40
5 4 73.02 78.40
73.% 78.35
' 73.05 78455
6 73.02 78.50
73.05 78.40
" Heavy

7 Oilo 73.00 77.73
2200 - 73023 77098
250°C 73.12 77.90
73.27 77.95
8 73.98 77.90
73.00 77.99
73.97 77.98
9 73.12 77.90
73.98 77.90
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Consideration of the results given in Table 19 show that
_centrifuging of the cryétallised material prepared with heavy oil, does
not produce the required 7800 crystallising »noint prcduct, vhereas matericl
prepared from light oil and middle oil can be centrifuged to fhe required
purity.

Thionaphthene, beta-methyl naphthalene and quinoline all have
boiling points within the range 220‘— 25OOC and it is therefore obviocus
that oil of this boiling range cannot be used for crystallisation purrposes.

A further experiment was carried out to determine the relative
crystal surface contamination produced by addition of each type of oil
to pure naphthalene, to produce a cold crystal slurry. Thae slurry vas
then centrifuged under the conditions of the previous experiment, and the
crystallising point of the product determined.

Method

| Synthetic mixtures prepared by slurrying 8¢% by wt. nure
naphthelene with 20% by wt. of light, middle and heavy oil respectively.
Each mixture centrifuged for 4 minutes at 1000 x g in laboratory
centrifuge.

Results are given in Table 20.
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TABLE 20.
VARTATTON OF CRYSTAL, SURFACE CONTAMINATION WITH TYPE OF OTL USED

FOR SLURRYING.

(Type of 0Oil Crystallising point of Product After
. Centrifuging °C.

Light Oil _ 79455
175 - 200°C 7951
79.4dy
Midg.le 011o 79.45
200~ - 220°C 79.54
7940
Heayy 0il 79.50
22083’- 250°C 79,40
19.52

The above results show that there is no significant differences
in product crystallising point irrespective of the type of oil used for
slurrying. T_hus any oil impurities adhering to the crystal surface, can
be effectively removed by centrifuging irrespectivé of. the boiling range
of the oil,

Having established the fact that once crystallisation has taken
place, slurrying oil can be added regardless of boiling range, without
adverse effect on the purity of the centrifuged product, it now remains to
determine the maximum percentage of light and middle oils which can be
added to pure naphthalene prior to crystallisation, without the crystallising
point of the centrifuge product falling below 78°C.

M¥ethod.
Samples of pure naphthalene were mixed with varying amountg

of & mixture of 15% light oil and 85% medium oil. The resulting mixtures

were crystallised at a cooling rate of 5c> per hour. The crystallised

meterial was then slurried with a quantity of the mixed oil to produce



an overall crystallising point of 50 - 55°C.
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then centrifuged as before.

The results are shown in Table 23.

TABLE 2%.

The durried material was

VARTATION CF PRODUCT CRYSTALLISING POINT WITH PERCENTAGE OIL DILUTION.

Type of 0il| % Gkl | Crystallising Point | Crystallising Pojnt| Crystallising
wt/wt After o After Slurrying °C | Point After
Crystallisation ~C. Centrifuging C.
15% Light | 20 72.75 52,00 78.45
031, 8% 20 73.21 52,60 78.39
‘Middle 30 70.20 53415 78.37
0il. 30 - 70.35 52.65 78.51
35 69.10 52 .40 78.21
35 68.90 52.10 78.20
40 67.70 54410 77.88
40 67.55 53.50 77.85
50 65.74 53.30 77.21
50 65.50 54.00 7735
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The theoretical addition of saturated oil to pure naphthalene,
sufficient to produce an overall 51°C crystallising point, is 150% wt/wt.

(See Appendix k4, for details of calculation).

The above experiment was repeated to determine whether further
contaminant removal could be achieved by incorporating a detergent wash as
part of the centrifuging sequence. A cold water rinse followed the
detergent rinse to removal excess detergent. The centrifuging sequence was
adjusted so as to maintain a total centrifuging time of 4 mimutes.

The results are shown in Table 22.

TABLE 23,

EFFECT OF DETERGENT RINSE,

% 0il | Crystallising Point | Crystallising Point Crystallising Point |
wt/wt Mfter After Slurrying °C After Dgtergent Rinse
Crystallisation °C C.

30 70.30 52,60 73.63
30 70.28 52,38 78.59
35 69.20 © 53.01 78.65
35 69.15 52,40 78.63
40 67.64 52.61 78.61
40 67.72 53410 78.58
50 65.70 53,20 78.50
50 66.62 53.35 78.51

Detergent solution 0.5% aqueous Teepod.
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Consideration of the results éhows that a marked increase in
'cryétallising point has resulted fran the use of detergent washing,
indicating that the greater paft of contaminants originating fram
light and middle oils, are in the form of surface or interstitial oils,
and are thus susceptable to d etergent washing.

It can now bec understood why failure occurrea during the semi-
plant scale centrifuging experiments, and the mean; whereby this difficulty
may be overcome is now apparent. Distilled naphthalene (80%) fram the
distillation unit can be crystallised with a quantity of light or middle
oill (boiling range 175 - 22000), such that the total saturated oil in
contact with pure naphthalene remains at a maximum of 35% wt/wt. A
proportional calculation shows that to attain this figure a further 1.25%
saturated oil muét be added to the crystalliser; (the percentage ratio of
saturated oil to pure naphthalene for an 80% naphthalene, is initially 3%
wt/wtg The dilution obtained at this stage is sufficient to allow
constant agitation to occur whilst crystallisation is in progress. Once
crystallisation is complete, or nearly camplete, slurrying oil of any
boiling range can be introduced directly into the crystalliser, sufficient
to produce an overall crystallising point of 50 - 55°C. The slurried
material can then be pumped directly into the centrifuge, whereby efficient
separation mey be ensured. To obtain an even higher degree of separation,

a 0.5% aquecus detergent rinse may be incorporated into the centrifuging

sequence. (See Diagram 9)
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CONCLUSIONS

The significent factors described and discussed during the
course of this thesis can be summarised as follows:-

SEPARATION OF THE NAPHTHAIENE - OIL SYSTHA

Fractionation

Fractionation is not an efficient method of separating the
system due to the relative closeness of boiling points of many of the
canponents. Increased separation can be achieved by the use of very
high séparating power columns, but the recovery of naphthalene associated
with a given degree of purity, decreases with increasing purity.

Phenolic campounds are particularly liable to form low boiling
azeotropes with naphthalene, and the resulting spread of naphthalene through
azeotrope formation agein leads to low recoveries of naphthalene.

" Providing the system is washed with caustic solution to remove the bulk |
of phenolic campounds, prior to fractionation, then fractionatinp is

an ideal means of partially separating the system as an intermediate
stage for further separation. If the degree of separation aimed at is
not too high, then by control of the fractionating conditions, light and
heavy oils can be removed camparatively free from naphthalene. A high

recovery of naphthalene of intermediate purity is thus obtained.

Crystallisation

Impurities formed during crystallisation are of two types:-
(a) Inter crystalline

(b) Intra-crystalline
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Conclusions (Cont'd)

Inter-Crystalline Impurities

Occur as mother ligquor on the crystal surface or as oils
trapped within the crystal interstices and are found to increase in amount
with decreasing crystal size. Thus to reduce as far as possible;
impurities of this type, crystallisation conditions should be such as to
.encourage the formation of large crystals.

Intra-Crystalline Impurities

Occur as mixed crystals or high melting eutectics with
naphthalene., Impurities of this type are formed fran campounds such as
thionaphthene, befa—methyl napthalene and quinoline. The amount of
intra-crystalline impurities formed depends primarily on the amount of
such material in the oil and on the final crystallisation temperature.

Control of rate of crystallisation, although having no effect
on mixed crystal formation, leads to well defined layers of eutectic
impurities particularly in the outer crystal layers. Rapid or shock
cooling however, leads to supersaturation and suﬁsequent randam

deposition of eutectics, thus rendering further separation by centrifuging

more difficult.

Stirring or agitation dueing crystallisation is beneficial in

that it tends to prevent supersaturation fram occurring.

Centrifuging

Crystallisation and centrifuging of the original oil will
not produce the required degree of separation under any conditions. If

however, partial separation of the 0il is first obtained by fractionation,

particularly the removal of the high boiling oils, then by controlled

crystallisation, centrifuging achieves a high degree of separation
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Conclusions - Centrifuging (Cont'd)

and with a high recovery.

Increased speed of centrifuging increases the degree of
separation up to a given point, beyond which no further separation is
achieved. This point corresponds to the maximum removal of outer crystal
layer impurities and surface oils. A further increase in oil impurity
removal can be achieved by incorporating a detergent rinse during the
centrifuging sequence.

A further factor emerges at this stage, with respect to
mechanical separation. The presence of phenolic campounds in the oil,
increases the golubility of naphthalene in the oil. Thus increased loss
of naphthaiene to the centrifuge drain oil would occur if these campounds
were present, to an& extent, in the oil.

| On.a large scale separation unit, ease of handling of the
material from the crystalliser to fhe centrifuge becanes of gréat importance.
To ensure constant agitation during crystallisation and ease of pumping
of the crystallised product to the centrifuge, it is necessary to
crystallise the material fram the distillation unit with e quantity of
0il of maximum boiling point 220°C. such that, the percentage ratio of
saturated oil in contact with pure (100%) naphthalene, does not exceed
35 wt/wt.

Once ¢rystallisation is camplete, further oil, irrespective of
boiling point, can be added to the crystalliser fo produce a fluid slurry

to the centrifuge.
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PROPOSED THREE STAGE SEPARATTON SYSTHIM,

The proposed system designed to ensure g degree of
separation of the napthalene oil, such that a naphthalene purity
of 96% (78°C crystallising point) with a minimum recovery of 90 of
the available naphthalene in the naphthalene oil, is olitained, is
summarised below:-

STAGE T,

Caustic washed naphthalene oil obtained from the Wilton
pipe still, is fractionated through the Plant Distillation unit, under
conditions such that the light and heavy oils are removea relatively
free from naphthalene. A high yield and recovery of naphthalene of
intermediate purity (80%) can then be obtained.

STAGE II.

The 80% purity naphthalene is then fed into the crystalliser
along with a further 1.25% wt/wt of light and medium boiling oil, (maximum
boiling point 22000). Crystallisation then proceeds with constant
agitation at a controlled cooling rate of 2% per hour. Then
crystallisation is complete, further oil (approx. 90% wt/wt) irrespective
of boiling point, is added to the crystalliser to produce a fluid slurry
which can then be easily pumped into the centrifuge.

STAGE ITT,

A centrifuging sequence consisting of :-

(1) 0il discharge spin (time 100 secs.)
(2) aqueous detergent rinse (0.5 teepol) (time 100 secs.)
(3) water rinse (to remove excess detergent) (time 100 secs.)

(%) dehydrating spin (time 100 secs.)
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STAGE IIT (Cont 'a) .

The centrifuged naphthalene proauct is now at the required
96% purity, and the calculated overall three Stage recovery is 90%
‘(overall recovery fram original process is 53%).

A detailed calculation showing the purity and recovery
obtained at each separation stage is given in Appendix 1. Diagram }O
gives a flow diagram of the proposed process.

Appendix 1 gi&es a camparison of the oproposed three stage
system and the original sepafation system in operation at the time of
this investigation. (See Diagramll ).

The proposed three stage system described above has been
successfully operated at the works of North Eastern Tar Distillers
_“Lﬁnited, and has produced a naphthalene of 96% purity with an overall
recovery of 90% as specified.

The overall recovery from the original process was 5%,
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APPENDICES.
APPENDIX 1.

CALCULATION OF THE RECOVERY OF AVATLABLE NAPHTHALENE PRESENT IN THE

NAPHTHALENE OIL, AFTER PROCESSING OF THE OIL THROUGH THE 3 STAGE SYSTIM

DESCRIBED.
Feed. Naphthalene oil of coke oven origin containing approximately
50% naphthalene.
Final Product

96% purity naphthalene.

Data Given.

FEED.
Crystalliging Point Naphthalene Purity | Light 0il | Heavy 0il
C Q i ('} (1
550 56.80 32,28 10,90

1st Stage Separation. -

Fractionation of Feed through continuous twin column Distillation

Unit.
OPERATING CONDITIONS.
Column| Feed |Feed | Pressure R/Ratio  Theoretical
Rate Tgnp. Ins. Hg. Plates.
Galls/| Ce. Abs,
Hour.,
1 200 150 I 15/1 11
2 - - "2 4/1 11




100

FRACTIONATION PRODUCTS.

% Naphthalene | % Light Oils | % Heavy Oils.
Forerunnings
Product. 9.0 91.0 - Nil
Naphthalene
Product. 81.4 18.1 0.5
Heavy Ends
Product. 20.0 Nil 80.0

Calculation of 1st Stage Recovery.

To calculate the quantity of naphthalene producit obtained fram

100 tons feed.
Appendix 2 gives the derivation of an equation enabling the
yield of naphthalene product to be calculated. This equation is as

follows:=-

Yield = 100 (zh = zY - hX)
(zh - zy - hx)

where z = % Light oil in Forerunnings Product
h = % Heavy oil in Heavy Ends Product.
Y = % Heavy oil in Feed.
X = % Light oil in Feed.
y = % Heavy oil in Ngphthalene Product.
X = % Light oil in Naphthalene Product.
Substitution in this equation gives:-

Yield of Naphthalene Product
= 100 (91 x 80) = (91 x 10.9) = (80 x 32,28)
(91 x 80) = (0.5 x 91} ~- (80 x 1841

= 6l.l)y tons.
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Since this product contains 81..% Nephthalene, then

Recovery of Naphthalene = 6L.uil x 814  _
ag Naphthalene Product. 56.8 - 2%&;2%

2nd Stage Separation.

Crystallisation,
Distilled naphthalene product fram 1st stage separation

introduced into crystalliser at 90°C and mixed with 1.25% wt/wt oil
(mex. boiling point of oil - 220°C),
Cooling rate i - 2°/hour.

3rd §tag§ Separation,

Crystallised product slurried with oil to give a slurry
equivalent to 51% naphthalene and fed into centrifuge.

Centrifugal force = 980 x g. |

Cycle time = 5 mins.

Calculation of 3rd stage recovery.

To calculate the recovery of naphthalene when upgrading the
centrifuge feed fram 51% naphthalene to 96% naphthalene.

Appendix 3 gives the derivation of an eguation enebling the
recovery to be calculated.

The equation is as follows:-

Recovery = 100 (X_=_20) xcg)
g - 20)\X

where X = initial % naphthalene
Z = final % naphthalene.
When using this equation it must be remembered, that although the

81,4% naphthalene has been slurried down to 5% naphthalene, the actual

uprgrading occursffrom 81.1% to 96%. The explanation being, that slurrying
wawoi (recycle 0il) and as such, is already

Q\\“ Y
e MAY Q63 -
L Jm‘lus - on

oil is in fact, centrifuge

saturated with naphthalen removal of this oil, no loss of
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naphthalene occurs.
Substitution in the equation gives:-

Recovery = 100 (81.4 - 20) _ 96
96 - 20) * B1.h

Thus overall recovery of naphthalene

= 2 202 X 22 ° éé _
ST =
Recapitulation, .
1st Stage. Naphthalene Purity = 81.4%, Recovery = 92,35k

2nd & 3rd Stage. Naphthalene Purity = 96%. Recovery = 95.2%

Cambined Recovery = 88% °

The fact that an overall 88% recovery is obtained rather than
the minimum 90%, is due to the low 1st stage recovery. Recoveries at
this stage are usually about 95%, and depend to a considerable extent

on the feed camposition.
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CRIGINAL PROCESS

DIAGRAM

11

COMPARTSON OF ORIGINAI, AND PROPOSED

SEPARATION SYSTEMS

96% Naphthalene
Washed Naphthalene o . .80 Naphthalene Distillation -
. 7 Crystalliser # . 7
0il Unit
Overall Recovery
Fran Wilton Pipe Still 53%
EXCESS oIl
PROPOSED FROCESS
P ]
Washed ,
[ | Crystallised 96% Npphthalene
Naphthalene Distillation 80% Naphthalene . Centrifuge
0il —— Unit > Crystalliser > ge 1 s i
Fran Wilton Naphthalene Overall
Recovery 90k

Pipe Still

Slurrying Oil
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COMPARTSON COF PROPOSED AND ORIGINAL SEPARATION SYSTEMS.

(Peed - 50% Naphthalene).

Broposed System

Original System.

Fractionate. Gravity draining.
Stage 1. Purity B81.4%. Purity 80.0%
Recovery 92.35% Recovery 80.85%
Crystallise. Fractionate.
Stage 2. - Purity 96.0%
Recovery 66.5%
Centrif‘ué . -
Stﬂge 2. Purity 9 o o -

BRecovery 95.2%
Overall Recovery 88.0%

Overall Recovery 53.8%
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APPENDIX 2.

The Calculation of Naphthalene Recovery as Naphthalene
Product Af‘ter Distillation of the Feed Through The

Contimious Distillation Unit.

Analysis of the Plant Feed and fractionation products gives

the following tabulated data.

% Light 0il % Heavy 0il
.Pt.(218 C | B.Pt > 218°%
T Feed X Y
Forerunnings Product z -
ﬁaphthalene Product x y
Heavy Ends Product. ‘ - | h
Calculation,

Given 100 tons Feed.

Let A

B

Let a

Tons Naphthalene Product, be produced.

Tons Forerunnings Product be produced.

Tons Heavy Ends Product be produced.

be quantity of Light Oil in Naphthalene Product.
be quantity of Light 0il in Forerunnings Product.
be quantity of Heavy Oil in Naphthalene Product,

be quantity of Heavy 0il in Forerunnings Product.
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bvory = b'oo.o.o-ooooooooo-o.oooooo.oooo-oo0000(1)

® feovecsscesesscesecacesssosanssssssncsl(2)

c.....................................(})

= Qeveesncosscesacscssacsssesssccasneesel(l)
A+ B+C = 100seeeecccscsscsscsscsccssccscas(d)
a+b = Xevsooseesesesssssassssascssccesa(6)
c+d = Yoeoecoseeescscsccssssascasscsasss(?)
Fram (1) (2) and (6):-

zB x4
100 ~ 100

and fram (3) (4) and (7):-

= Xeveooeesssoscseacescassssesssssnel(8)

r& BC
100 © 100

= Y-........O...................'0..(9)

From (9):-

C=1OOY-2"A.

h
and from (5)
C=100 -A-3B
Therefore & (h = y) = 100 H = 100 Y = h B...(10)
Fram (8) and (1)
xA+2zB-= 100 X

(h-y)A+hB=100 (h - ¥)

Therefore (h-y)zA-th=100z(h-Y)-100h.X

Therefore A& = 100 (zh=-2Y-hX)
hz-yz=-hx)
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and B = 100 X - x A
2
and C = 100 - (A + B)

Consider Distillation Run No.1. Table 13.

Data given.,

% Light 0il | % Heavy 0il | % Naphthalene
Feed 32.28 10.90 56.80
Forerunnings Product 91.00 Nil 9.00
Naphthalene Product 18,60 Nil 81.40
Heavy Ends Product. Nil 80.00 20,00
Therefore A = 100 (21 = ?31) ; ég; f }(8)6912 ;8%23) x 52.28)
B = (100 x 32.28) - (18.6 x 63.93)
9
= 22.L
C = 100 - (A+B) = 13.67

Thus fran 100 Tons Eeed:-
63.93 tons Naphthalene Product
22.40 tons Forerunnj_ngé Product

13,67 tons Heavy Ends Product.
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Recovery of Naphthalene on 100 Tons Feed (56.5% Naphthalenﬂ.

63.93 Tons Naphthalene Product containing 81..% Naphthalene

is equivalent to 81.4 x 63.93 = 52.05 Tons Naphthalene
‘ 100

Therefore Becovery of Naphthalene as Naphthalene Product

= 2.0 x 100 = 210220
56.80 . —_—
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APPENDIX 3.

The Calculation of the Yield and Recovery of
Naphthalene, Obtained By Crystallisation and
Mechanical Separation of a Naphthalene - Oil

System.

Given:- 100 parts of oil containing X% naphthalene.
Crystallisation and oil separation occurs at 20°C, to give Y
crystals containing 7% naphthaléne, and (100 - Y) parts of drained
0il saturated with naphthalene at 20°C.

On the basis of Potashnikov's da‘ta.(z3 ) the drained oil
will contain 20% wt/wt naphthalene at.20°C.

A nsphthalene balahce then gives:-

X=Y2 1
155 * 5 (100 - Y).
Therefore ¥ = 100 )Z(: gg = % Yield of crystals.

The Zo recovery of available naphthalene

=Yz _(Xx-20 Z
X T (FT20) 1%
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APPENDIX k.

Calculation of the Theoretical Quantity of Sagu_rated
0il Required to Produce a 52"% Naggthalene 50 C.C.Pt)
Fran 100% Nephthalene

0e3 Cs CoPt)e

Given: 100 tons 100% Naphthalene

Let X tons saturated oil be added.
Since saturated oil at 20°C contain 20% naphthelene then:-

total naphthalene = 100 + X

) 5
and tosal naphthalene = 5
total naphthalene + unsaturated oil ~ %60.
Therefofe 100 + X
100 + X 100

Therefore X = 150 tons.

Thus the theoretical percentage of saturated oil required is

150
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