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1. Introduction

Coadl tar distillates, such astar light oil (TLO), absorption
oil (AO), contain such useful compounds as nitrogen
heterocyclic compounds, homocyclic compounds, and so on.
Although the separation of coa tar fraction by solvent
extraction has been studied™?? to obtain these compounds,
the study to select the extracting solvent appropriate for this
separation is not enough.

UNIFACY is a method for estimating the activity
coefficient of components in liquid phase. Since the
parameters used in UNIFAC method are given for respective
functional groups, the number of the parameters is much less
than those used in other methods using parameters of
molecules. In UNIFAC method, there are three kinds of
parameters related with volumes, areas, and interactions of
functional groups as follows:
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wherey ; is the activity coefficient of component i, Q is the
area parameter for functional group k, R¢ is the volume
parameter for functional group k, ay is the group interaction
parameter between functional groups k and |, x; is the mole
fraction of component i,v \; is the number of functional
groups k in component i, and T is temperature. In UNIFAC
method, functional groups are primarily categorized by their
characteristics into “Main groups’ and then in each main
group, they are sorted into “Sub groups’ according to their
valencies. For example, CH;, CH,, CH, and C are
independent sub groups respectively, and they are in same
main group “CH,". Volume and area parameters, R, and Qy,
were determined based on the van der Waals volume and the
van der Waals radii, and given to every sub group, while
interaction parameters were determined based on
experimental data of phase equilibria, and given to every
main group. The UNIFAC method is used in various manner
not only to predict phase equilibria but also to search solvent
compounds appropriate for extraction, leaching, extractive
distillation, and so forth®?.

The purpose of this study was to search the solvent using
UNIFAC method for the extraction separation of coad tar
ditillates. In the first, the functional groups composing the
solvent predicted to be appropriate for this extraction were
selected. Secondary, liquid-liquid equilibria (LLE) between
coal tar didtillates (TLO, AO) and solvent of fictitious
component consisting of the above selected functional groups
were estimated by UNIFAC. Finaly, according to these
results, the solvent of rea components were selected and
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were compared with one another.

2. Selection of functional groups

In TLO and AO, there are a number of compounds:
pyridine, quinaolines, indole, etc. as nitrogen compounds;
benzenes, naphthalenes, etc. as homocyclic compounds;
dibenzofuran etc. as oxygen compounds; and so forth. The
sub groups composing these compounds are summarized in
Table 1. As UNIFAC parameters for some of these groups,
e.g. indene, indole and dibenzofuran have not been given yet,
those given for other analogous groups were substituted.

Next, the functional groups predicted to be appropriate for
the extracting solvent for separation of coal tar distillate were
selected, regarding the polarity of functional groupsincluding
oxygen, nitrogen, and the rest. Selected functional groups are
shownin Table 2.

3. Equilibrium with solvent of fictitious-
components
3.1 Conditionsfor calculation

The equilibrium state obtained by contacting the coal tar
distillate and solvent were calculated. The material balances,
congtraints of mole fractions, and equilibrium relationships
can be written as follows:

RoX,0+EoYi,0=RX+EY (4)
2ix=1 (5)
2y=1 (6)
xy AF=yy &7 ©

wherey *AF andy &7 denote the activity coefficients of
component i in the raffinate and extract phases, respectively.
These equations were solved simultaneously to know the
equilibrium composition in the raffinate (oil) phase, x; in the
extract (aqueous) phase, y;; the amount of the raffinate phase,
R, and that of the extract phase, E; under the given
temperature; initial composition in the feed, x; o; in the solvent,
Yio; the amount of the feed, Ry; and that of the extracting
solvent, E,.

The feed oils were model tar light oil and absorption oil.
The compositions of these model mixtures are given in Table
3. The compositions were determined according to the
previous analysis of real tar light oil and absorption oil?9.
The solvent was the aqueous solution of fictitious component
composed of the functional groups selected in Table 2. The
conditions for calculation are shown in Table 4. The mole
ratio of solvent to feed and mole fraction of water in solvent
were so selected that system would form two liquid phases.

The activity coefficients,y ;*Fandy {7, were estimated
by UNIFAC. The group interaction parameters which were
given by Magnussen et al.? for LLE were used mainly. For
the groups whose group interaction parameters for LLE were



not available, group interaction parameters for vapor-liquid selectivity of nitrogen compounds relative to other

equilibria®®1? were used. compounds was high, and the distribution coefficient of
solvent component was large.
Table 1 Functional groups composing the compounds in Fig. 1 (a) shows the distribution coefficient of pyridine
coal tar distillates and benzene in the case of TLO-fictitious solvent system.
Functional Example of component Table 5 shows the relation between the number of functional
group groups in fictitious component and the distribution coefficient
ACH Benzene: ACHx 6 of fictitious component. In al cases, the distribution
AC Naphthalene: ACHx 8, ACx 2 coefficients of pyridine were larger than those of benzene,
ACCH; Toluene: ACHx 5, ACCH3x 1 that is, pyridine and benzene could be separated by the
ACCH; Ethylbenzene: CHzx 1, ACHx 5, ACCHpx 1 solvent extraction. The distribution coefficient of pyridine,
CHs Ethylbenzene: CHzx 1, ACHx 5, ACCHpx 1 benzene, and the separation selectivity of pyridine relative to
CH, Indene: CH2x 1, ACHx 6, ACx 2 benzene decreased with the number of ACH group in the
CsHsN Pyridine: CsHsNx 1 solvent increased. The separation selectivity of pyridine
CsHsN Quinolinet ACHx 4, CsH3Nx 1 relative to benzene increased as the number of CH; and
CHNH Indole: ACHx 5, ACx 2, CHNHx 1 CH,CN groups, while the distribution coefficient of fictitious
CHO Dibenzofuran: ACHx 8, ACx 3, CHOx 1 component of these groups were very small. The distribution

coefficient of pyridine, benzene and fictitious component
Table 2  Selected functional groups predicted to be increased with the number of OH, CH;CO, CH;O and

appropriate for the extracting solvent CH;3NH groups. The separation selectivity of pyridine relative
Functional Example of component to benzene decreased as the number of CH,CO and CH;NH
group groups increased. From these results, the component having
H.O Water: H,0x 1 ACH group was unsuitable for the solvent of tar light oil
OH Methanol: CHax 1, OHx 1 extraction.
CH30 Diethyl ether: CHgx 2, CHox 1, CH,Ox 1 Fig. 1 (b) shows the distribution coefficient of quinoline,
CH5NH Diethylamine: CHzx 2, CHox 1, CHoNHx 1 the representative of nitrogen compounds, and that of 2-
CHsCO Acetone: CHzx 1, CH,COx 1 methylnaphthalene, the representative of homocyclic
CH,CN Acetonitrole: CH,CNx 1 compounds in AO. Similarly to the case of TLO-fictitious
CHs Hexane: CHsx 2, CHox 4 solvent system, the distribution coefficient of quinoline
ACH Benzene: ACHx 6 increased as the number of OH, CH3CO, and CH;NH groups.

The distribution coefficients of quinoline and 2-
methylnaphthalene decreased as the number of ACH groups

Table3 The mole fraction of component i in model tar light
P 9 increased. On the other hand, CH; and CH,CN did not affect

oil and absorption ail, X

the separation selectivity of quinoline relative to 2-
methylnaphthalene. From these results OH, CH;CO, CH30O,
[ ] CH,CN, CH3NH and CH; were considered appropriate for

Component, i Xi0

Tar light oil the extracting solvent.
Benzene,B 0.48
Pyridine,Pyr 0.023
Toluene, T 0.18
Ethylbenzene,EB 0.032
Xylene X 0.158
Indene,IN 0.12 10 * > D i
Naphthal ene,Nap 0.007 43
Absorption ail <‘
Naphthal ene,Nap 0.03
Quinoline,Q 0.13 yo A
Isoquinaline,1Q 0.03
Indole,IL 0.08 .
1-methylnaphthalene,IMN 0.16 — Separ.at. on
2-methylnaphthal ene,2MN 0.38 — 10 2 selectivity
Bi_phenyI,BP 0.1 E Grom T112]3
Dibenzofuran,DBF 0.09 c o, [AAD
- ) - ACH |V |V [V
Table 4 Conditions for calculation of coa tar distillate- oH O[O
fictitious solvent component cH.co | [dq|d]
Temperature [K] 303 CH,O [D[D[P
Mole ratio of solvent to feed [ ] 10 CH.CN [A] A4 )/
Molefraction of water insolvent [ ] 09 10 2 CHNH D[R
3.2 Resultsand Discussion 4 3 2
The distribution coefficient of component i, m, was 10 10 10
defined by following equation.
ms[ ]
m=yi/x ®
The main criteria of the appropriate extracting solvent .
were that the distribution coefficients of nitrogen compounds Flg- 1 (a)

were large, those of other compounds were smal, the
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Fig. 1 Relation between: (&) the distribution

coefficient of benzene, mg and that of pyridine, mgy, in
TLOfictitious solvent system; (b) the distribution
coefficient of 2-methylnaphthalene, my,y and that of
quinoline, mgin AO-fictitious solvent system

Table 5 The relation between the number of functional
groups, k in fictitious component,v ¢ and the distribution
coefficient of fictitious component, M

Functional V k fia Mia(TLO) Mia(AO) [ ]
group, k [ ] [ ]
CHs 1 7.7% 10 2 6.9x 10 2
2 1.3x 10 2 1.4x 10 2
3 26x 10 °
ACH 1 1.2x 10 ¢ 9.3x 10 2
2 42x 10 2 3.3%x 10 2
3 1.3x 10 2 1.1x 10 2
OH 1 1.4% 10 4.7% 10°
2 8.4x 10° 1.2x 107
3 3.9x 10* 2.6x 10°
CH5CO 1 2.3x 10° 1.5x 10°
2 4.6x 10 2.4x 10
3 7.2x 10% 3.2x 107
CH30 1 31x 10 ! 25% 10 !
2 31x 10 ! 31x 10 *
3 2.8x 10 ! 46x 10 *
CHCN 1 1.6x 10 ! 1.4x 10 !
2 3.6x 10 2 45x 10 2
3 8.0x 10 ° 1.0x 10 2
CHsNH 1 3.8x 10° 3.0x 10°
2 1.7x 10* 1.5x 10t
3 4.9x 10 4.8x 10

4. Equilibrium with solvent of real components
4.1 Calculation

Real components examined as solvent components used
together with water are summarized in Table 6. Monohydric,
dihydric, trihydric alcohols, ketones, nitriles, and amine were
selected according to the above results of functional groups.
The numbers of functional groups were varied in the
respective kinds of compounds. The conditions for the
calculations are shown in Table 7. The results are given on
the basis of mass instead of mole. The conditions in the table

made immiscible two liquid phases for al materia systems.
All other conditions and the calculation method were same as
those in the preceding section.

Table 6 Selected rea solvent components and used
functional groups to represent them

Component Used sub groups

Methanol, MeOH
Ethanol, EtOH
Propy! acohol, PrOH
1,2-propanediol, PrOH2
1,3-butanediol, BtOH2
Ethyleneglycol, EG
Diethyleneglycol, DEG
Triethyleneglycol, TrEG
Tetraethyleneglycol, TEEG
Glycerol, GOH3
Acetone, DMK
Ethylmethylketone, MEK
Acetonitrile, ANL
Propiononitrile, PrNL
Diethylamine, DEA

CHax 1, OHx 1
CHsx 1,CHyx 1, OHx 1
CHsx 1,CHyx 2, OHx 1
CHsx 1, CHpx 1, CHx 1, OHx 2
CHsx 1, CHyx 2, CHx 1, OHx 2
CHyx 2, OHx 2
CHyx 3, OHx 2, CH,Ox 1
CHyx 4, OHx 2, CH,Ox 2
CHyx 5, OHx 2, CH,Ox 3
CHyx 2, CHx 1, OHx 3
CHsx 1, CH;COx 1
CHsx 1, CHyx 1, CHCOx 1
CH3CNx 1
CHsx 1, CH,CNx 1
CHsx 2, CHyx 1, CHoNHx 1

Table 7 Conditions for calculation of coa tar distillate-rea
solvent component system

Temperature [K] 303
Mass ratio of solvent to feed [ ] 2
Mass fraction of water in solvent [ 1 05

4.2 Results and Discussion

Fig. 2 (a) shows the distribution coefficients of pyridine
and benzene in the case of TLO-rea solvent system. The
distribution coefficient of pyridine decreased in the order of
polyhydric alcohol, ketone, nitrile, amine, and monohydric
acohol used as aqueous solvents. The separation selectivity
of pyridine relative to benzene decreased in the order of
nitrile, amine, ketone, polyhydric alcohol, and monohydric
alcohal. In the case of acohol, as the number of carbon atoms
contained in acohol molecule increased, the distribution
coefficient of pyridine decreased. The distribution
coefficients of the solvent components are presented in Table
8. The distribution coefficients of acohols were relatively
large, whereas those of ketone, nitrile, and amine were small.
In the case of alcohol, as the number of carbon atoms in
alcohol molecule increased, the distribution coefficient of
alcohol decreased.

The distribution coefficients of quinolinge, 2-
methylnaphthalene, and solvent components in the case of
absorption oil system are shown in Fig. 2 (b) and Table 8.
The effects of the numbers and the kinds of functional groups
on the distribution coefficients were similar to those in the
case of TLO system but smaller.

These results could be a useful information to select the
solvent component appropriate for the extraction of coa tar
fraction. On the contrary, it should be noted that there are still
a lot of other factors which should be taken into account:
extraction rate; properties related to recovery of solvent; those
to operation; stability; toxicity; cost; and so forth.
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Fig. 2 Relation between: () the distribution coefficient of
benzene, mg and that of pyridine, Mgy, in TLO-real solvent
system; (b) the distribution coefficient of 2-
methylnaphthalene, myyy and that of quinoline, mgin AO-
real solvent system

Table 8 The distribution coefficient of solvent component,
My, for the coal tar distillate-real solvent system

Solvent May (TLO)[ ] Myiv (AO) [ ]
Methanol 1.7x 10 1.1x 10*
Ethanol 5.4x 10° 5.9x 10°

Propyl alcohol 38x 10 * 2.5% 10°
1,2-propanediol 2.6x 10 5.9x 10"
1,3-butanediol 1.3x 107 3.3x 10
Ethylene glycol 5.3x 10° 1.1x 10°
Diethylene glycol 1.5x 107 3.5x 10t
Triethylene glycol 3.8x 10! 1.2x 10*

Tetraethylene glycol 1.4x 10° 3.9x 10°
Glycerol 9.7x 10° 8.5x 107
Acetone 6.3x 10 * 1.2x 10°

Ethyl methyl ketone 16x 10 ! 21x 10 *

Acetonitrile 6.4x 10 ! 9.9x 10 *
Propiononitrile 13x 10 * 16x 10 *
Diethylamine 23x 10 * 39%x 10 *

5. Conclusions

The functional groups composing the solvent predicted to
be appropriate for the separation of coa tar distillate were
selected, and effects of these groups on the distribution
coefficients were investigated. These results could be useful
information to select the appropriate extracting solvent.

Nomenclature

a=group interaction parameter[K], ANL=acetonitrile,
B=benzene, BP=hiphenyl, @ BtOH2=1,3-butane dial,
DBF=dibenzofuran, DEA=diethyl amine, DEG=diethylene
glycol, DMK=acetone, E=amount of extract phasegmol],
EB=ethylbenzene, EG=ethylene glycol, EtOH=ethanal,
GOH3=glycerol, IL=indole, IN=indene, |Q=isoquinoline,
m=distribution  coefficient[-], MEK=ethyl methyl ketone,
MeOH=methanol, 1MN=1-methylnaphthalene, 2MN=2-
methylnaphthalene, Nap=naphthalene, PrNL=propiononitrile,
PrOH=propy! alcohol, PrOH2=1,2-propane diol,
Pyr=pyridine, Q=quinoline, Q=area parameter of group Kk,
R=mole of raffinate phase{mol], Ry=mole of feed oil[moal],
R=volume parameter of group k, T=temperature[K],
T=toluene, TeEG=tetraethylene gylcol, TrEG=triethylene
glycol, x=mole fraction in liquid phasg[-]; mole or mass
fraction in the raffinate phase[-], X=xylene, y=mole or mass
fraction in the extract phase[-],y =activity coefficient,v =the
number of functional groupsin molecule

<Subscripts>

O=at initia, fict=fictitious component, component,
i=component i, k=functional group k, I=functional group I,
solv=solvent
<Superscripts>
C=combinatoria,
RAF=raffinate phase

EX T=extract phase, R=residual,
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	Solvent Search using UNIFAC Method �for Separation of Coal Tar Distillate by Liquid-Liquid Extraction
	H2O
	OH
	CH3O
	CH3NH
	CH3CO
	CH3
	ACH
	
	Mole ratio of solvent to feed


	CH3
	1
	7.7×10－2
	6.9×10－2
	2
	1.3×10－2
	1.4×10－2
	3
	－
	2.6×10－3
	ACH
	1
	1.2×10－1
	9.3×10－2
	2
	4.2×10－2
	3.3×10－2
	3
	1.3×10－2
	1.1×10－2
	OH
	1
	1.4×101
	4.7×100
	2
	8.4×102
	1.2×102
	3
	3.9×104
	2.6×103
	CH3CO
	1
	2.3×100
	1.5×100
	2
	4.6×101
	2.4×101
	3
	7.2×102
	3.2×102
	CH3O
	1
	3.1×10－1
	2.5×10－1
	2
	3.6×10－2
	4.5×10－2
	3
	8.0×10－3
	1.0×10－2
	CH3NH
	1
	3.8×100
	3.0×100
	2
	1.7×101
	1.5×101
	3
	4.9×101
	4.8×101
	
	Mass ratio of solvent to feed


	Methanol
	1.7×101
	1.1×101
	Ethanol
	5.4×100
	5.9×100
	Propyl alcohol
	3.8×10－1
	2.5×100
	1,2-propanediol
	2.6×102
	5.9×101
	1,3-butanediol
	1.3×102
	3.3×101
	Ethylene glycol
	5.3×102
	1.1×102
	Diethylene glycol
	1.5×102
	3.5×101
	Triethylene glycol
	3.8×101
	1.2×101
	Tetraethylene glycol
	1.4×100
	3.9×100
	Glycerol
	9.7×103
	8.5×102
	Acetone
	6.3×10－1
	1.2×100
	Acetonitrile
	6.4×10－1
	9.9×10－1
	Propiononitrile
	1.3×10－1
	1.6×10－1
	Diethylamine
	2.3×10－1
	3.9×10－1
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