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The gas chromatographic analysis of aroma-
tic hydrocarbon mixtures through C10 needs 
to be carried out with columns of excellent 
resolving powers, because these mixtures 
contain many groups of isomers with similar 
physical properties. It seems appropriate, for 
the analysis of such a complex mixture, to 
use a capillary column. Indeed, it has already 
been reported that fairly good separation was 
obtained for many types of hydrocarbon mix-
tures by the use of such a column,1-3) but all 
of the aromatics through C10 have not been 
separated by a single column, although various 
types of liquids of different polarities have 
been investigated as stationary phases. Several 
authors have reported that in these cases the 
mixed stationary liquid is effective. By chang-
ing the composition of the mixed liquid, the 
selectivities for the solutes were altered widely 
and continuously, and a column which has a 
pertinent selectivity may be prepared as an 
aid in investigating the effects of the com-
position on the partition coefficients of the 
solutes in question.4-6) For all the paraffins, 
mono-olefins, di-olefins, cycloparafins and acety-
lenes through C4, an appproximate linearity 
was observed between the logarithm of the 
partition coefficient and the composition 
(wt.%) of the mixed phase. Accordingly, when 
the retention times on two stationary liquids 
are known, the retention time of the solute 
on the mixed liquid of any composition may 
be presumed. 

The presence of similar relationships may be 
expected from the behaviors of aromatic 
hydrocarbons on some mixed liquids, and the 
complex mixtures of aromatic isomers might 
be efficiently separated by the use of the ap-
propriate mixed liquid.

Experimental 

Apparatus. - A Perkin-Elmer Model 188 vapor 
fractometer equipped with a flame-ionization detec-
tor was used without modification. Helium was 
used as the carrier, and the pressure was adjusted 
to a gauge pressure of 30 or 60 p. s. i. at the inlet 
of the column. A column consists of a 45.7 m. 
(or 91.4 m.) by 0.254 mm. stainless-steel capillary 
and is coated with squalane (SQ), dinonyl 
phthalate (DNP), 7, 8-benzoquinoline (BQ), poly-
ethylene glycol 600 (PEG 600), di-n-propyl tetra-
chlorophthalate (DPTCP), 2,4-dinitrochlorobenzene 
(DNCB) or a binary solution composed of these 
components. 

Coating the Capillary.-Each of the substrates 
was coated in the capillary tubing as follows : a 
weighed amount of the refined liquid was dissolved 
in ether or methanol to prepare a 10-20% solution, 
and then this solution was injected into the capil-
lary tubing by the aid of a 5-ml. injection cylinder. 
After the tubing had been completely filled with 
the solution, the solvent and the excess substrate 
were purged out in a stream of helium gas at 
room temperature. Consequently, the thin substrate 
was deposited on the inner wall of the capillary 
tubing. The film thickness obtained was influenced 
not only by the concentration of the solution, but, 
contrary to the reported result,7) strongly by the 
speed of coating. Namely, as the rate was in-
creased by raising the purging gas, the amount of 
liquid coated was increased. Therefore, this step 
is important in the preparation of a column which 
has an appropriate retention time for the sample 
component. 

Results and Discussion 

Retention Times on the Single Liquid Phase. 
-The relative retention times of aromatic 

hydrocarbons from C6 to C10 and their chro-
matograms on the six liquid phases with 
different selectivities are shown in Table I 
and Fig. 1 respectively. The retention times 
in Table I have been corrected for the dead 
volume of the apparatus by substracting the 
retention time of methane. On all the liquid 
phases, there are several overlapping peaks : 
isobutylbenzene - s-butylbenzene and 1, 4-di-
ethylbenzene - 1, 2-ethylbenzene on the SQ
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TABLE I. RELATIVE RETENTION TIMES ON VARIOUS STATIONARY LIQUIDS 

(n-PROPYLBENZENE= 1.000)

column ; t-butylbenzene - 1-methyl-2-ethylben-
zene-1, 3, 5-trimethylbenzene and 1-methyl-2-iso-

propylbenzene - 1, 2, 3-trimethylbenzene on the 
DNP column ; 1, 3-diethylbenzene - 1-methyl-
3-n-propylbenzene - 1-methyl-4-n-propylbenzene, 
1, 2, 3-trimethylbenzene-1, 4-diethylbenzene and 
1, 3-dimethyl-5-ethylbenzene - 1,2-diethylbenzene 
on the BQ column ; 1-methyl-2-isopropyl-
benzene- 1-methyl-3-n-propylbenzene on the 
PEG 600 column, and t-butylbenzene-isobutyl-
benzene and others on the DNCB column. 

In the case of SQ, which is almost non-

polar and does not have a marked selectivity 
for solutes, the aromatic hydrocarbons are 
eluted approximately in order of their boiling 
points. DNP and PEG have weak polarities 
and show small selectivities. In the case of

BQ, which forms inclusion complexes with 
aromatic hydrocarbons, the heat of mixing is 
small and the solute molecules adopt less 
random configurations.8) It can be surmised 
that DPTCP and DNCB form molecular com-
plexes with aromatic hydrocarbons.9) The 
heats of the mixing of aromatic hydrocarbons 
for these two stationary liquids, therefore, 
must be negative and large ; also, the change 
in the activity coefficients with the tempera-
ture must be large. Consequently, it may be 
expected that the selectivities of these liquids 
will change considerably with the temperature.

8) D. H. Desty and W. J. Swanton, J. Phys. Chem., 65, 
706 (1961). 

9) S. H. Langer, C. Zahn and G. Pantazoplos, J. 
Chromotog., 3, 154 (1960).
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a) DPTCP (90•Ž) 

b) SQ (90•Ž) 

c) DNP (70•Ž) 

d) BQ (90•Ž) 

e) PEG 600 (90•Ž) 

f) DNCB (70•Ž)

Fig. 1. Chromatograms of Co through Clo aromatic hydrocarbons on the six liquid phases.

Fig. 2. The relationship between the relative 

retention time of solute (log K/Kn-PB) and 

the composition (wt.%) of the mixed station-

ary liquid SQ-DPTCP at 70•Ž.

The Relationship between the Relative Reten-
tion Times and the Composition of Stationary 
Liquids.-For each hydrocarbon, the logarithms 
of the relative partition coefficients on the SQ

Fig. 3. The relationship between the relative 

retention time of solute (log K/n-PB) and 

the composition (wt.%) of the mixed station-

ary liquid SQ-BQ at 70•Ž.

column and DPTCP column were marked on 

the left and right ordinates respectively, and 

a straight line was drawn through them, as 

Fig. 2 shows. 

If a linear relationship of the same kind as
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TABLE II. COMPARISON BETWEEN THE PRESUMED AND THE OBSERVED RELATIVE RETENTION 

TIMES ON THE SQ-DPTCP COLUMNS AT 90•Ž (n-PROPYLBENZENE=1.000)

that for CI to C4 hydrocarbons exists for 

aromatic hydrocarbons, it is possible to deduce 

the relative retention times on the mixed 

phases of any composition from Fig. 2. Table 
II shows the observed values on the mixed 

phases as compared with the presumed values 
from the figure. The points in Fig. 2 represent 

the observed values. These results show that 

the presumed values are in fair agreement 

with the observed values. The considerably 

large differences between the presumed and 

the observed values of benzene may be due 

to errors in the measurement of its small 

retention times. It may be expected that 

similar linearities also exist in the other sets 

of liquids. 

Table III shows the sets of the six liquids. 

To constitute a mixed phase for a capillary

TABLE III. SETS OF STATIONARY LIQUIDS 

DNCB DPTCP PEG 600 BQ DNP

×: There is no possibility of the separation of 
all hydrocarbons on the presuming diagram.

●:There are same possibilities of the separa-

tion on the presuming diagram, however, 
all hydrocarbons cannot be experimentally 
separated.

○:All hydrocarbons can be separated-

column, the two liquids must be soluble in 

each other. Using the presumed diagrams of
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retention times in Fig. 2 on each set of two 
liquids, a mixed phase which gives a separa-
tion of all the aromatic hydrocarbons from 
C6 to Cio has been sought. 

SQ-BQ System. - As may be observed in 
Fig. 3, there are possibilities of the separation 
of all solutes in the 10-15% range of BQ. 
Experiments show, however, that isobutyl-
benzene overlapped with 1, 2, 4-trimethyl-
benzene on the BQ 12% column. On the BQ 
15% column, these components could be 
separated, but 1, 2, 4-trimethylbenzene over-
lapped with s-butylbenzene. All the other 
solutes were separated in both cases. 

BQ-DPTCP System.-As may be observed in 
Fig. 4, there are possibilities of the separa-
tion in the 20-25% range of BQ. However, 
the mixture of BQ and DPTCP, when allowed 
to stand, gave a white crystalline material 
which seems to be a molecular complex of 
these compounds. In the case of two liquids 
which constitute a mixed phase interacting 
strongly with each other, it was doubtful that 
the linear relationship described above would 
be present. However, the observed values on 
the BQ 21 % column agreed well with the 
presumed values. On this column, n-butyl-

Fig. 4. The relationship between the relative 
retention time of the solute (log K/Kn-PB) 
and the composition (wt.%) of the mixed 
stationary liquid DPTCP-BQ at 70•Ž.

benzene and 1-methyl-4-n-propylbenzene are 
unseparated. On a BQ-enriched column, these 
were separated, while isobutylbenzene and 
s-butylbenzene became inseparable from each 
other. 

DNP-DNCB System.-As is described above, 
the separation on this system might be in-
fluenced by the charge transfer interaction 
between DNCB and the aromatic hydrocarbons 
to be separated. In these cases, the tempera-
ture effect on selectivity seems to be more re-
markable. Therefore, retention times were 
measured at three different temperatures ; 
70, 80 and 90•Ž. 

Figure 5 is the presumed diagram for reten-
tion times at 70•Ž. In this diagram, there 
are possibilities of the separation of all the 
solutes on the mixed phase of DNCB concen-
tration near 10%. As a result of the reten-
tion time measurement with three mixed 
phases, DNCB 9%, 10% and 11%, all the 
aromatics from C6 to C10 (except for 1, 3-di-
methyl-2-ethylbenzene) were successfully sep-
arated on the DNP 90% - DNCB 10% column. 
As no standard sample of 1, 3-dimethyl-2-ethyl-
benzene could be obtained, the retention time 
of the compound will be presumed afterwards 
by the use of another relationship. The chro-
matogram is shown in Fig. 6. The observed

Fig. 5. The relationship between the relative 
retention time of the solute (log K/Kn-pB) 
and the composition (wt.%) of the mixed 
stationary liquid DNCB-DNP at 70•Ž.
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Fig. 6. The separation of all aromatic hydrocarbons through CIO on the 

DNP 90%-DNCB 10% column. 

Column length : 45 m. (I. D. 0.25 mm.), Temp.: 70•Ž 

Carrier gas: He, Inlet pressure 60 p.s.i.g.

TABLE IV. RELATIVE RETENTION TIMES ON 

DNP 90% - DNCB 10% COLUMN (70•Ž)

and the presumed values of the relative reten-

tion times are shown in Table IV. t-Butyl-

benzene - 1 - methyl - 2 - ethylbenzene-1, 3, 5-tri-

methylbenzene and 1-methyl-2-isopropylben-
zene - 1, 2, 3-trimethylbenzene, which were un-
resolved on the DNP column, were separated 
and eluted in the order of the supposed 
stabilities of the complexes with DNCB. 

Table V shows the gradients of the lines 
which are calculated from the logarithm of 
the observed relative retention times of the 
hydrocarbons on the DNP 100% column and 
the DNP 90% - DNCB 10% column. These 
values seem to represent roughly the relative 
stabilities of the complexes. Hydrocarbons of 
the same type have close values. Tetramethyl-
benzenes, the nucleous basicities of which are 
the highest, have the highest values, while 
trimethylbenzenes are the next in values. The 
relatively low values of dimethylethylbenzenes 
may be due to the steric effects of alkyl 
groups. It may also stem from the same 
reason that methylethylbenzenes have higher 
values than diethylbenzenes, and xylenes have 
still higher values. Generally, as the alkyl 
groups of the side chain become longer, the 
values become higher. In the di-substituted 
isomers, the values decrease in the order of 
o-(1, 2), p-(1, 4) and m-(1, 3). These tendencies 
agree well with that of the interactions of 
picric acid in chloroform with these aromatic 
hydrocarbons.10) 

The Presumption of the Retention Time of 
1, 3-Dimethyl-2-ethylbenzene.-The elution time 
of 1, 3-dimethyl-2-ethylbenzene on the DNP 
90% - DNCB 10% column has been presumed, 
for its standard sample alone could not be 
obtained. 

For a homologous series of compounds the 
ratios of the heat of solution and the heat of 
vaporization of which are constant, a linear 
relationship between the logarithm of the 
retention times obtained on the same column 
and the logarithm of vapor pressures has been

10) H. D. Anderson and O. L. Hammick, J. Chem. Soc., 
1950, 1089.
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TABLE VI. RESULTS OF QUANTITATIVE ANALYSES OF AROMATIC HYDROCARBONS 

IN VARIOUS CRUDE OILS

shown by Hoare and Purnell.11) This relation 
is mathematically induced as follows. The 

gas-liquid partition coefficient (K) is given by :

(1)

where p is the specific gravity of the solvent 

at the column temperature, T (•Ž) ; M is the 

molecular weight of the solvent; r° is the 

activity coefficient of the solute at an infinite 

dilution, and P0 is the saturation vapor pres-

sure of the solute. If the excess free energy

of the mixing of the solute is designated as

⊿Gm, the heat of mixing, as ‡™Hm, and the

entropy of mixing, as ‡™Sm, thermodynamics 

gives the following equations;

and

(2)

where Ta is the athermal activity coefficient. 

The heat of the vaporization (‡™HƒË) of the 

solute is given by the Clapeyron-Clausius equa-

tion as follows :
11) M. R. Hoare and J. H. Purnell, Trans. Faraday Soc., 

52, 222 (1956).
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(3)

while the heat of solution (‡™Hs) is :

(4)

From Eq. 1, the logarithm of the relative 

partition coefficient is given by :

or

where

The insertion of Eqs. 2 and 3 in this equation 

then gives :

(5)

The rearrangement of Eq. 3 becomes :

(6)

and if a constant a is defined as follows :

then Eq. 6 will become :

(7)

If this is substituted into Eq. 5, the result is:

(8)

Therefore, it may be recognized from this 

equation that the plots of log K/Kn-PB against 

log P° yield a straight line if ƒÁa, which is 

related to the magnitude of the solute and 

the solvent molecules, changes little and if a 

is constant for a homologous series of solutes. 

Figure 7 illustrates the plots of log K/Kn-PB 

obtained on the DNP column against log P° 

for C7 to C10 aromatic hydrocarbons. These 

plots fall on a nearly straight line. It may 
be considered that the separation of aromatic 

hydrocarbons on the DNP column does not 

deviate much from the distillation with an 

ideal degree of separation because the slope 

of this straight line is almost unity (a=0.95). 

For a homologous series of mono-substituted 

compounds, viz., toluene, ethylbenzene, n-

propylbenzene and n-butylbenzene, a more 
strict linear relationship is observed. More-

over, since five dimethylethylbenzenes fall 

on a nearly straight line, it may possibly be 

thought that 1, 3-dimethyl-2-ethylbenzene will 

also fall on this line ; that is to say, the 

elution time of 1, 3-dimethyl-2-ethylbenzene on 

the DNP column may be given by the inter-

secting point of this line with the dotted line 

corresponding to log P° of 1, 3-dimethyl-2-

ethylbenzene, as is shown in Fig. 7.

Fig. 7. The relation between the partition 

coefficient and vapor pressure on the DNP 

column (70•Ž).

On the other hand, as is shown clearly in 
Fig. 8, such plots for the data obtained on 
the DNCB column do not fall on a straight 
line. As the number of substituents increases 
within the compounds of the same carbon 
number, the plots of the log K/Kn-PB fall in 
the upper part of the figure. In C9 aromatic 
hydrocarbons, for example, the value becomes 
higher in the order of propylbenzenes, methyl-
ethylbenzene and trimethylbenzenes. For 
xylenes and methylethylbenzenes, it becomes 
higher in the order of m-(1,3), p-(1,4) and 
o- (1, 2) -substituted. 

As Fig. 8 shows, all of the lines connecting 
the points of a homologous series of com-
pounds are almost linear, and they are parallel 
to each other. 

The elution time of 1, 3-dimethyl-2-ethyl-
benzene (0.73) was presumed by finding the 
point corresponding to the vapor pressure 
(P0) of 1, 3-dimethyl-2-ethylbenzene at the 
column temperature on the line drawn from the 
point of 1, 2, 3-trimethylbenzene parallel with 
the line connecting the points of 1, 2, 4-tri-
methylbenzene and its homologues. By in-
serting the presumed values of log K1,3-DM-2-EB/ 
Kn-PB on the DNP (0.53) and DNCB (0.73) 
column into Fig. 5, the presumed relative 
retention time of 1, 3-dimethyl-2-ethylbenzene 
on the DNP 90% - DNCB 10% column was 
found to be 3.55. This shows that 1, 3-dimethyl-
2-ethylbenzene will be eluted in the middle
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Fig. 8. The relation between the partition 

coefficient and vapor pressure on the DNCB 

column (70•Ž).

of 1,2-dimethyl-4-ethylbenzene and 1,2-dimethyl-
3-ethylbenzene and will be overlapped by 
neither of them. 

The Analysis of Aromatic Hydrocarbons in 
Crude Oil.-Aromatic hydrocarbons through 
C10 in several crude oils were analyzed using 
a capillary column coated with a DNCB 10%-
DNP 90% mixed stationary liquid, thus making 

possible the effective separation of all these

compounds. In the beginning, a 45-250•Ž 

fraction of each crude oil was collected by 

distillation, and then aromatic fractions were 

separated from the distillate by silica-gel 

chromatography. 

On the chromatograms of these samples, 

several small peaks which do not correspond 

to any of the components studied in this paper 

were observed. It might be thought from 

their relatively longer elution time that all of 

these peaks except one correspond to the CSI 

aromatic hydrocarbons. Figure 9 shows a part 

of the chromatogram obtained with the aromat-

ic fraction of Bunju Crude Oil. In this 

figure, the position corresponding to the 

presumed retention time of 1, 3-dimethyl-2-

ethylbenzene is shown by an arrow. It seems 

that peak A (relative retention time=3.52)

Fig. 9. A part of the chromatogram of the 

aromatic hydrocarbon fraction in Bunju 

crude oil. 

Stationary liquid : DNP 90%-DNCB 10% 

mixture. 

Column length : 45 m. (I. D. 0.25 mm.) 

Temp.: 70•Ž 

Carrier gas : He, Inlet pressure 60 p.s.i.g.

TABLE V. THE GRADIENTS OF LINES CALCULATED FROM THE LOGARITHM OF THE OBSERVED 

RELATIVE RETENTION TIME ON THE DNP 100% AND DNP 90%-DNCB 10% COLUMNS
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possibly corresponds to 1, 3-dimethyl-2-ethyl-
benzene and that pear B (4.01) corresponds to 
any of the C11 aromatic hydrocarbon isomers. 

The volume fractions of the distillates of 
several crude oils and the results of the quan-
titative analyses of aromatic hydrocarbons in 
these fractions are shown in Table VI. The 
1, 3-dimethyl-2-ethylbenzene content is calcu-
lated from peak A. In addition to some main 
components, such as benzene, toluene, xylenes, 
methylethylbenzenes and trimethylbenzenes, 
these crude oils contain almost all of the

components discussed above, although only 
small quantities of each. 
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