VOL. 29, NO. 11

RUSSIAN CHEMICAL

REVIEWS NOVEMBER 1960

. 5.
6.

11.

12.

13.

14.

15,

16.
17.

18.
19.

20.

21.

22.
23.

24.

25.
26.
27.

28.
29.

30.

31.
32.

33.
34.
35.
36.

37.
38.
39.
40.
41,
42,
43.
44.
45.

46.

R.Wizinger and H. Wenning, Helv.Chim.Acta, 23, 247 (1940).
N.E.Grigor'eva and I. K. Gintse, Zhur.Obshch.Khim., 28,
1682 (1958). -
A.I.Kiprianov and E.S. Timoshenko, "Yubileinii Sbornik
Akad. Nauk Ukrain.SSR" (Jubilee Symposium, Academy of
Sciences of the Ukrainian SSR), Kiev, 1950, p.287.
L.G.S.Brooker, G.H.Keyes, and D.Heseltine, J.Amer.
Chem.Soc., 73, 5350 (1951).

W.Konig and J. Miiller, Ber., 57, 144, 893 (1924).

A.l Kiprianov and V.E. Petrun'kin, Zhur.Obshch.Khim.,

10, 600 (1940).

A.l.Kiprianov and V.E, Petrun'kin, Zhur.Obshch.Khim.,

10, 613 (1940).

A.I.Kiprianov and E.S. Timoshenko, Zhur.Obshch.Khim.,
17, 1468 (1947).

A.I.Kiprianov and E.S. Timoshenko, Ukrain.Khim.Zhur.,
18, 347 (1952).

L.G.S.Brooker, G.H.Keyes, R.H.Sprague, R.H. VanDyke,
E.VanLare, G.VanZandt, F.L.White, H.W.J.Cressman,
and S.G.Dent, jr., J.Amer.Chem.Soc., 73, 5343 (1951).
K.Dimroth, G.Arnoldy, S.von Eiken, and G.Schiffler,
Annalen., 604, 221 (1957).

E.Weitz and F.Schmidt, Ber., 72, 1740, 2099 (1939).
V.V.Zelinskii, V.P.Kolobov, and Nikulin, Optika i Spektro-
skopiya, 2, 402 (1957).

L.Kushner and C.Smyth, J.Amer.Chem.Soc., 71, 1401 (1949).
E.A.Shott-L'vova, Ya.K.Syrkin, I.1I.Levkoev, and Z.P.
Sytnik, Dokl.Akad. Nauk SSSR, 116, 804 (1957).

T. Forster, Uspekhi Khimii, 9, 100 (1940) [Russian Transla-
tion of Z.Elektrochem., 45, 548 (1939)].

L.G.S. Brooker and R. H.Sprague, J.Amer.Chem.Soc., 63,
3214 (1941). -
E. B.Knott, J.Chem.Soc., 3038 (1951).

K.Dimroth, Angew.Chem., 60, 70 (1948).

K.Dimroth, Naturwiss., 76, No. 3, (1953); Chem. Zentr.,
9481 (1954).

S. Hiinig and O.Rosenthal, Annalen., 592, 161 (1955).

S.Hinig and K.Requardt, Annalen., 592, 180 (1955).
I.1.Levkoev, N.N.Sveshnikov, and E. B. Lifshits, Dokl.Akad.
Nauk SSSR, 74, 275 (1950).

P. Vittum and G. Brown, J.Amer.Chem.Soc., 68, 2235 (1946).
G.Brown, B.Graham, P.Vittum, and A. Weisberger, J.Amer.
Chem.Soc., 73, 919 (1951).

J.Saxena, W.Stafford, and Winfred Stafford, J.Chem.Soc.,,
1579 (1959).

E.Nebe, Thesis, Dresden, 1930.

V.G. Zhiryakov and I.I.Levkoev, Zhur,Obshch. Khim., 24,
710 (1954).

E. M. Kosower, J.Amer.Chem.Soc., 80, 3261 (1958).

P. Vittum and G. Brown, J.Amer.Chem.Soc., 68, 2235 (1946).
£.Kosower, J.Amer.Chem.Soc., 80, 3253 (1958).

E. Kosower and B.Ramsey, J.Amer.Chem.Soc., 81, 856
(1959).

F.Krbnke, Ber., 68, 1177 (1935).

W.Schneider, W.D0bling, and R.Cordua, Ber., 70, 1645
(1937).

W. Stafford, J.Chem.Soc., 580 (1952).

N. Bayliss and E.McRae, J.Amer.Chem.Soc., 74, 5803 (1952).
A. Fainberg and S.Winstein, J.Amer.Chem.Soc., 78, 2770
(1956).

W.Kumler, J.Amer.Chem.Soc., 68, 1188 (1946).

W.John, Angew.Chem., 59, 193 (1947).

H. Perkampus and R.Suhrman, Angew.Chem., 64, 423 (1952);
65, 328 (1953).

L. K. Mushkalo, Nauch.Zap.Kiev.Gos.Univ., No.15, 140.
Doctorate Thesis (D.Sc. Equivalent), Kiev, 1956, p.96.
A.LKiprianov and A.I Tolmachev, "Referaty Dokladov i
Soobshchenii VIII-go Mendeleevskogo S'ezda, Sektsiya

Organicheskoi Khimii" (Abstracts of Reports and Com-
munications at the VIII-th Mendeleev Congress, Organic

Chemistry Section), Moscow, 1959, p.304.

47. L.G.S.Brooker, F.L.White, D.Heseltine, G.H.Keyes,
S.Dent, jr., and E.Van Lare, J.Phot. Sci., 1, 173 (1953).

48. L.G.S.Brooker, Experientia, Suppl.H, 254 (1955).

49. A.I. Kiprianov and F.A.Mikhailenko, Komunikaty Vi-go
Zjazdu Polsk. Tow.Chem., Warsaw, 1959, p.292.

50. A.I Kiprianov and I. K. Ushenko, Zhur.Obshch.Khim., 20,
134, 514 (1950).

51, L.G.S.Brooker, F.L.White, R.H.Sprague, S.Dent, jr., and
G.Van Zandt, Chem.Rev., 41, 325 (1947).

52, M.Newman, Steric Effects in Organic Chemistry, N.Y.,

1956, pp.481, 493.

Institute of Organic Chemistry,
Academy of Sciences of the
Ukrainian SSR.

ANALYSIS AND SEPARATION OF AROMATIC
HYDROCARBONS BY GAS-LIQUID
CHROMATOGRAPHY

V.1 Dal' and V. M. Nabivach

The rapid development of gas—liquid chromatography
since 1952, when it was introduced by James and Martin,
is undoubtedly due to its high analytical precision, to its
speedy and reliable separations, and to the ease with which
it can be applied to the automatic control of industrial pro-
cesses.

The separation of a mixture in gas—liquid chromatography
arises from the different rates of motion of the components
along the layer of stationary phase, resulting in the forma-
tion of separate zones or bands. Thus the rate of move-
ment of the bands and the dependence of band width on
various experimental parameters form the main subject of
the theory of gas chromatography-22. The theories which
have been put forward to explain the motion and the spread-
ing of bands fall into three distinct groups. The first group
includes the theory of theoretical plates 3%, which dis-
cusses the chromatographic column as a plurality of ele-
mentary sections (theoretical plates), in each of which an
equilibrium between the liquid and the gas is set up. No
such equilibrium can exist in practice, whatever the length
of column considered. The second group includes the various
kinetic approaches 373 to the chromatographic process,
based on considerations of molecular motions.  These
leave out of the picture all macroscrpic characteristics.
The third group is called the “theory of rates” or “theory
of macroscopic constants” -4 and appears to be the most
rational of the three. It describes the spreading of bands
in terms of macroscopic parameters, such as diffusion co-
efficients, mass-transfer coefficients, etc.

Many articles and monographs have been devoted to the
effects of particular factors on the efficiency of separa-
tion?7-72,235, and much attention has been given to the use
of gas chromatography in the separation and analysis of
various classes of organic compounds: saturated and un-
saturated hydrocarbons ®~%¢, halogenated compounds 8588
phenols #0792, sulphur compounds %-%, fatty acids and
esters %, amino and nitro compounds 100~-108  Jybricating
0ils 1%6-107 pyridine bases%-1%°, products from oil refin-
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ing1i0-118, and others17-12,

The most complex mixtures, and the most difficult to
separate, are encountered in the petroleum and petro-
-chemicals industries. Among these must be included
mixtures of aromatic hydrocarbons, and many publications
have been devoted to the analysis and separation of such
mixtures 122-146,

low-boiling gases 114-116,

The growing volume of production of synthetic materials
demands continuous improvements in the efficiency of the
methods for producing raw materials, such as p-xylene.
In this connection the gas-—chromatographic separation and
analysis of the xylene isomers offers an accurate and pro-
gressive method, which enables substances boiling within
0.1° of each other to be separated.

A detailed discussion of recent publications on the sepa-
ration of the isomers of xylene will be given below.

Keulemans, Kwantes, and Zaal, in their study!*’ of the
influence of the stationary phase on the selectivity with
which various hydrocarbons, including aromatics, were
separated, found that fluorene picrate was highly selective
towards aromatic compounds. This may be due to the
formation of a molecular complex or of a primary addition
product between solvent and solute in a picric acid-
fluorene solution. The effect of temperature on the sepa~
ration of m- and p-xylene was investigated by Vaughan 48,
who showed that the separation was improved by lowering
the temperature from 140° to 60°. Jentzsch and Berg-
mann !4 studied the relation between relative retention
times and relative vapour pressures for a mixture of aro-
matic hydrocarbons containing xylene isomers. “Whitham 15°
analysed industrial xylene in a column packed with a
stationary phase of fluorene picrate. Zlatkis, O'Brien, and
Scholly!5! used a stationary phase of benzyldiphenyl in their

Pantazoplos %2, who also separated the isomers of xylene,
took advantage of the difference in their coordination
electron-transfer behaviour, which involves “charge trans-
fer” forces!. To this end, they used tetrahalogeno-
phthalates, containing many electronegative substituents in
the aromatic nucleus. As a result of the formation of com-
plexes between the aromatic compounds and the substituted
tetrahalogenophthalates 154,155 they succeeded in inverting
the usual elution sequence, and detected m-xylene before
the p-isomer. Zlatkis, Ling, and Kaufman!® introduced
many new polar compounds, suchas 1-halogenonaphthalenes,

recorder deflection
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Fig.1l. Separation of aromatic hydro-
carbons on a packed column®. 1) air;
2) benzene; 3) toluene; 4) ethylbenzene;
5) p-xylene; 7) o-xylene.

6) m-xylene;
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Fig.2. Separation of aromatic hydro-
carbons on a capillary column !,

analysis of aromatic hydrocarbons. Langer, Zahn, and 1) benzene; 2) toluene; 3) ethylbenzene;
4) p-xylene; 5) m-xylene; 6) o-xylene.
Separation of aromatic hydrocarbons by gas-liquid chromatography.
Column di i G’Cf?‘!":;'tY Separation
C it t i mensions . Flow rate of N . coefficient™
O";T;'e ?:p:m':el; e ,(CTL;:g'::S:erégtral Stationary phase carrier gas Sample size ,hem‘.gﬁcd for m and ‘Re‘e'e"ces
| ! plates pexylene
B , toluene, ethylb 0~, m~, and 183% 0.4 dinonyl phthalate, N,, “ "
pexylene 80° 31% 20 ml min 10 i 122
Acetons, ve, 2-methyl (i ) 180x0.6 fluorene picrate, l N,, "
b , athylb toll 0=, Mr, poxylenel 120° 28% 33 mlmin v
B , cycloh hylb toluene, l 330x0.4 ’ paraffin wax, I N,, . 1
0-, m-, and pexylene 78.6° 28% 42 mimin 0.5 mg 2000 1.008 %
Paraffins, ethylbenzene, o=, m-, and p-xylene 830x1.27 fluorene picrate Ny, -1 1
110° 13.3 ml min 0.5 ml 2000 %0
B , tol thy!b , o~, m=, and | 244X 0.6 1-chloronaphthalene, Hy, |
;:‘I:;l;:. o.l”:vej-ae,veﬁ ylbenzene, o-, m-, an ! 250 Th ! 220 e min™t 2500 1.060 i56
Toluene, ethylb , d 3 d 8890.5 l aienepropyl tefra- | He
pylane o rrenes decans, 6% iy on I 95° chlorophthalate, 7% l 84.8 mi min™ 0.7 ut 7500 0.962 182
Benzene, toluene, ethylbenzene, o-, m-, and l 500X0.5 I benzyldiphenyl, ' he i ' l ’ l 8
_pxylens 100° 15% | 100 mimin 0.005 mi 9500 1.0%2
8 toluene, othylb  me, and 1200x 0,025 1 N L l
pi o uene, Y ) 0=, M=, an, ! 78.5° 7,8-benzoquinoline 0.7 l"=l min™ 1 g 14600 1.050 161
Benzens, toluane, sthylb o=y m, and ‘ poly(ethyl glycol l ‘ ’ | 167
pxylene 1524%0.22 dibenzoate), 5% A 5 pg 30000
4572} 0.025 didecy! hth late, .
Ethylbenzene, 0-, m~, and p-xylene | %5 | idecy p alate, l 0.43 ml min™ ‘ ’ 50000 | 1.021 | 159
Cyclopentane, melhy|cyc|open'une, cyclohexane, 5234 0.025 poly(propylene 0. Ai .1
methylcyclohexane, benzene, toluene, 90° glycol) .5 ml min 100 ppl 100000 1.035 160
ethylbenzene, o-, m-, and p-xylene

* The separation coefficient is defined as the ratio of the gas-retention volumes of the two components at the
temperature of the experiment, and characterises the ease with which the components can be separated.

onrn
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which afford a separation of m - and p-xylene when used as
stationary phases. Scott!5? effected the complete separa-
tion of xylene isomers on a column of about 30000 theoretical
plates and over 15 m long. Franc and Jok1'%® carried out
an analysis of xylenes in a mixture of aromatic hydrocarbons
onanapparatus, called by them a spectrochromatograph, in
which a gas—liquid chromatographic assembly was com-
bined with a u.v. spectrophotometer. Golay!%® achieved a
separation of m- and p-xylenes using a 45 m long capillary
column, treated with didecyl phthalate. A 52 m capillary
column, equivalent to 100 000 theoretical plates, was applied
by Condon?€® to the same separation. Desty, Goldup, and
Swanton!®* showed that 7,8-benzoquinoline offers better
separation of the xylenes than the previously recommended
stationary phases, such as squalane, tritolyl phosphate,
and benzyldiphenyl. They carried out parallel separations
of benzene, toluene, ethylbenzene, and the xylenes, on a
column packed with 20% 7,8-benzoquinoline on kieselguhr,
and on a 12 m capillary column, the walls of which were
also lined with 7,8-benzoquinoline. Their resultsare shown
in Figs.1and 2. The choice of stationary phase for separating
the isomers of xylene is also discussed elsewhere162-164,

The conditions and experimental parameters for the
analysis and separation of aromatic hydrocarbons are set
out in the Table.

Mention should alsobe made of some interesting analyses
and separations carried out on high-efficiency capillary
columng %517, Zlatkis and Haufman!7? have described a
nylon capillary column, 1.6 km long and of ~ 0.2 cm internal
diameter, whose efficiency exceeded 1000 000 theoretical
plates.

Various types of detector have been used for the
quantitative and qualitative analysis of aromatic hydro-
carbons!?®. In addition to the widely used thermal conduc-
tivity celll50,161,174-176  the micro-flame detector 17178 and
its various modifications® 1% receive frequent mention,
as well as the ionisation detector, which measures the
ionisation produced by B-radiation!®®, the gas-density
balance!®, the ordinary [argon (Ed. of Translation)]ionisa-
tion detector 192719  a detector based on the absorption of
u.v. light by the substance flowing through a spectrophoto-
meter cell!®?, the flame-ionisation detector 18, the vapour-
-phase i.r. spectroscopic method!%°-201  and others 202204,

Various foreign firms have produced chromatographic
assemblies for the analysis of aromatic hydrocarbons, dif-
fering mainly in the type of detector used, the method of gas
injection, the control of gas flow, and other details 205-214,
The British firm Shandon?!5,%¢ market a chromatograph
which incorporates a detector, designed by Scott!™, with
a sensitivity (10-%) unaffected by the temperature of
the experiment up to 375°. W.G. Pye ana Co. (Cambridge,
England) advertise an argon chromatograph based on Love-
lock's ionisationdetector!®, The limit of detection of this
instrument is as low as 10-!* mole, making its sensitivity
tens of thousands of times higher than that of the thermal-
-conductivity cell. Separations of mixtures of benzene,
toluene, ethylbenzene, and xylenes can be accomplished in
15 min on the apparatus marketed by the American firm
Barber-Coleman Co.%8, whose ionisation detector relies on
tritium as the source of ionisation.

The current trend towards extending gas—liquid chro-
matography to higher and higher temperatures2:2-225 (300°,
and even 500°) should enable close-boiling fractions to be
separated for subsequent analysis by other methods 226,227,

Large-diameter columns have been built for the separa-

RO

tion of moderately large quantities of mixtures of aromatic
hydrocarbons on a preparative scale!?9,228,  Atkinson and
Tuey22% used a 3 m column of 3 cm internal diameter to
separate the constituents of a 30 g sample of purity better
than 99.8 wt.%. Automatic methods of sample injection 230,231
and synchronised collection of the wanted fractions 232 ~234
will lead to practical processes for the gas—liquid chro-
matographic isolation of difficultly separable components

of a mixture,
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I. INTRODUCTION

Problems involving the determination of optimum condi-
tions are frequently encountered in laboratory, pilot-plant,
and full-scale studies. Many variables have to be tested in
order to find the conditions giving the greatest yield, least
cost, highest purity, etc. There is no point in setting out
to test all possible combinations of the various factors in
such a case, because the number of experiments required
would be vast; even if that number were performed, the
results from the first ones would not be comparable with
those from the last on account of uncontrollable changes in
the apparatus and in the reactants. Moreover, the results
would be of little practical value, because we do not need
to know the effects of the various factors in the yield for
conditions far from the best.

In 1951 Box and Wilson® proposed a method of finding the
best conditions by an application of mathematical statistics
to the design of experiments and to the analysis of results.
A few tests are made; the shortest route to the optimum
region is deduced after each series even though the relation
of the yield to the adjustable factors is not known in func-
tional form. As the optimum region is approached, a lar-
ger series of tests is planned, and more elaborate methods
of analysis are applied in order to deduce the best condi-
tions. The conditions are interpreted by means of models
in many-dimensional “factor” space. This method differs
from ordinary ones in that the experiments are designed;
the number of tests, and the places corresponding to those
tests in factor space, are determined from certain mathe-
matical rules. All factors are varied together; the
approach is thus different from classical methods, in which
only one factor is changed in each test. The differential
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