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SUMMARY

Limiting activity coefficients of methanol, ethanol, 1-propanol, 1-butanol and
1-pentanol were determined in di-n-decyl phthalate (DNDP), diisodecyl phthalate,
di-n-butyl phthalate and tetrachlorodibutyl phthalate at 50-100°C. In order to
ascertain the surface effects at the gas-liquid interface, the limiting values were
evaluated at 15, 20 and 30% column loadings for DNDP. The data, corrected for
surface effects, show excellent agreement with the experimental data at a 30% column
loading. The limiting activity coefficient values of these alcohols were determined at 15
and 30% column loadings for other phthalates. All the alcohols were found to show
a positive deviation from Raoult’s law. A decrease in the limiting value with increase in
the molecular weight of the alcohols was also observed.

INTRODUCTION

Gas chromatography is an excellent method for obtaining equilibrium data at
infinite dilution with high accuracy. These data, which indicate the solute-solvent
interactions, provide a good source for evaluating UNIFAC group interaction
parameters' 2, which are gaining importance in the design of fluid-phase separation
equipment. In fact, the limiting activity coefficient data are very effective both in the
description of binary mixtures and in scale-up to multi-component systems.

The limiting activity coefficient characterizes the behaviour of a single solute
molecule completely surrounded by solvent molecules. As such, it generally indicates
a maximum non-ideality and offers incisive information to the theorist, as the
order—disorder effect disappears; it also offers economy of effort to the experimen-
talist, as the datum has wider applicability than measurement at any other
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concentration. Measurements in this region are difficult by conventional methods and
tend to be inherently inaccurate. Conventional methods for studying solution
phenomena, which depend on the measurement of vapour pressure, suffer the
disadvantage that the experimental error of measurement at low concentrations is
usually much greater than at higher concentrations.

Work on solution thermodynamics using gas chromatography commenced in
the late 1950s3> and useful data are still being reported. The work of Everett and
Stoddard® and of Cruickshank et al.” was found to be more accurate. Kikic and
co-workers®? have shown that plots of the logarithm of activity coefficient at infinite
dilution (y™) versus inverse of temperature (1/7 K) for aliphatic and aromatic solutes
with phthalate ester solvents were not linear, indicating that the excess heat of mixing
(4y.) was not constant over the temperature range investigated. Very little information
is available in the literature on activity coefficients at infinite dilution of alcohols with
respect to phthalates.

In this paper, a gas chromatographic method is described for determining the
activity coefficients at infinite dilution of five aliphatic alcohols starting from
methanol in four different phthalate stationary phases at different concentrations.

EXPERIMENTAL

Spectroscopic-grade methanol, ethanol, 1-propanol, 1-butanol and 1-pentanol
from E. Merck (Darmstadt, F.R.G.) were used.

Chromatographic grade di-n-decylphthalate (DNDP), diisodecyl phthalate
(DIDP), di-n-butyl phthalate (DNBP) and tetrachlorodibutyl phthalate (TCDBP)
were obtained from Analabs (North Haven, CT, U.S.A.). These phases were coated on
Chromosorb W supplied by Alltech (Arlington Heights, IL, U.S.A.). The coated
material was then filled in 243.8 cm x 3 mm I.D. stainless-steel columns. The columns
were turned into a spiral shape and fitted in the thermostated oven of the
chromatograph maintained at 100°C. Each column was conditioned for 48 h by
passing 99.99% pure IOLAR Grade I nitrogen supplied by Indian Oxygen (Bombay,
India).

A microprocessor-controlled Hewlett-Packard Model 5840 A gas chromato-
graph equipped with a thermal conductivity detector was used for determining the
activity coefficients at infinite dilution of the solutes with respect to the solvents under
study.

Pure hydrogen was used as the carrier gas. The flow-rate was measured by
a soap-bubble flow meter to an accuracy of 0.05 ml/min. The carrier gas flow-rates
were measured at ambient temperature and corrected to the experimental conditions
by means of eqn. 1 (see also p. 16 of ref. 22). After attaining steady conditions in the
system, 1 ul of solute was injected and the retention time of the solute, ¢,, was noted.
Duplicate or triplicate runs were made for each solute. The experiment was then
repeated by injecting an inert gas such as methane and its retention time, ¢,, was noted.

The specific retention volume, Vg, was calculated according to Desty and
Swanton'® by means of the equation

Ve = [(JFu/W)(Po — Pu,0)/101325] 273/ Tw) (1, — to) (1)
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The activity coefficient at infinite dilution (y3) of the solute (component 2) was
calculated utilizing the relationship between V7 and y$:

In y§ = In(273 R/P§ M\ V) — (By2 — VDPY/RT @

The second term in eqn. 2 takes into account the non-ideality of the gas phase®’.
The second virial coefficients (B,,) of the solutes at required temperatures were
calculated as suggested by Hayden and O’Connel!?. The necessary physical properties
of all the solutes, such as vapour pressure (P2) and molar volume (V3), were taken or
calculated from ref. 13.
The James—Martin pressure correction factor (J) in eqn. 1 was calculated by
using the equation '

_ 3 (B/Po) ~ 1

T = PPy — 1

©))

As gas flow-rates and weights of stationary phases are very sensitive parameters
for evaluating the activity coefficients at infinite dilution, they were determined with
high accuracy. The flow-rates were checked at the beginning and end of each set of
experiments at ambient temperature and were found to be highly consistent. The
weights of stationary phases were checked before and after completing the entire set of
experiments on a Mettler Model AE-100 balance measuring up to five decimal places.
The loss in weight was found to be negligible.

RESULTS AND DISCUSSION

The results for the limiting activity coefficients of all the aliphatic alcohols in
DNDP at 15, 20 and 30% solvent loadings are reported in Tables I-IIT and for 15 and
30 solvent loadings of DIDP, DNBP and TCDBP in Tables IV-IX. In all instances the
30% loading indicates a regular decreasing trend in limiting activity coefficients.
Although this trend was observed for the higher boiling solutes 1-pentanol, 1-butanol
and 1-propanol even at 15% loading, methanol and ethanol deviated from this trend at
15% loading. The abnormal behaviour of these lower alcohols can be attributed to
bulk and surface effects when the solvent loading is below 30%.

The quantitative interpretation of gas chromatographic data is often compli-
cated by the occurrence of solute adsorption at one or more interfaces in the system.

TABLE 1
ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 13.7% DNDP

Solute 50°C 60°C 70°C 80°C 90°C 100°C
Methanol 1.90 1.86 2.32 255 2.61 3.15
Ethanol 1.76 1.55 1.57 1.82 2.08 2.07
1-Propanol 1.44 1.37 1.32 1.24 1.23 1.27
1-Butanol 1.37 1.32 1.25 1.18 1.07 1.01

I-Pentanol 1.23 1.18 1.11 1.04 0.99 0.89
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TABLE 11
ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 19.7% DNDP

Solute s0°C 60°C 70°C 80°C 90°C 100°C
Methanol 1.74 1.75 2.04 2.42 2.52 2.35
Ethanol 1.55 1.48 1.47 1.59 1.73 1.69
1-Propanol 1.53 1.35 1.26 1.20 1.16 1.24
1-Butanol 1.43 1.26 1.21 1.08 1.05 1.03
1-Pentanol 1.27 1.16 1.09 1.01 0.96 0.94
TABLE III

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 29.8% DNDP

Solute s0°C 60°C 70°C 80°C 9%0°C 100°C
Methanol 231 2.12 2.14 2.09 2.07 1.99
Ethanol 1.91 1.77 1.69 1.61 1.54 1.46
1-Propanol 1.72 1.50 1.36 1.31 1.22 1.18
1-Butanol 1.72 1.48 1.34 1.18 11t 1.05
1-Pentanol 1.52 1.26 1.16 1.08 1.04 0.97
TABLE IV

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 14.8% DIDP

Solute s50°C 60°C 70°C 80°C 920°C 100°C
Methanol 2.06 2.05 2.46 2.81 2.93 2.79
Ethanol 1.98 1.83 1.83 1.82 2.08 2.05
1-Propanol 1.92 1.75 1.58 1.48 1.34 1.39
1-Butanol 1.80 1.56 1.46 1.31 1.21 1.16
1-Pentanol 1.53 1.38 1.30 1.19 1.11 1.08
TABLE V

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 30.7% DIDP

Solute 50°C 60°C 70°C 80°C 90°C 100°C
Methanol 2.45 232 2.35 2.30 223 2.16
Ethanol 2.22 2.05 1.89 1.79 1.73 1.64
1-Propanol 1.93 1.73 1.58 1.46 1.36 1.29
1-Butanol 1.86 1.67 1.49 1.36 1.25 1.15

1-Pentanol 1.52 1.37 1.30 1.29 1.20 1.13
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TABLE VI
ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 15.1% DNBP

Solute s0°C 60°C 70°C 80°C 90°C 100°C
Methanol 2.07 2.01 205 2.02 2.01 2.08
Ethanol 2.00 1.76 1.66 1.68 1.65 1.60
1-Propanol 1.86 1.63 1.41 1.31 1.26 1.25
1-Butanol 1.78 1.58 1.44 1.29 1.24 113
1-Pentanol 1.64 1.46 1.29 1.20 1.14 1.06
TABLE VII

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 30.6% DNBP

Solute 50°C 60°C 70°C 80°C 90°C 100°C
Methanol 2.53 243 2.42 2.38 2.37 2.31
Ethanol 2.19 2.68 2.02 1.98 1.94 1.88
1-Propanol 2.05 1.81 1.67 1.59 1.55 1.53
1-Butanol 2.00 1.89 1.69 1.56 1.43 1.39
1-Pentanol 2.01 1.61 1.48 1.39 1.29 1.27
TABLE VIII

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 13.1% TCDBP

Solute s50°C 60°C 70°C 80°C 90°C 100°C
Methanol 3.49 3.97 4.85 5.17 4.18 3.82
Ethanol 3.22 3.11 3.08 3.38 3.37 3.00
1-Propanol 2.89 2.73 243 2.26 2.18 2.17
1-Butanol 2.85 2.61 2.28 2.03 1.84 1.76
1-Pentanol 2.45 2.27 2.02 1.83 1.69 1.72
TABLE IX

ACTIVITY COEFFICIENTS AT INFINITE DILUTION OF ALCOHOLS IN 30.9% TCDBP

Solute 50°C 60°C 70°C 80°C 90°C 100°C
Methanol 3.63 3.89 4.02 4.01 3.99 3.88
Ethanol 293 2.72 2.61 2.58 2.48 2.34
1-Propanol 2.72 2.59 2.63 2,44 2.09 2.03
1-Butanol 2.61 2.29 2.11 1.93 1.78 1.67

1-Pentanol 2.35 2.05 1.84 1.71 1.59 1.50
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Solid supports do interact, but they are made inert to most of the solutes. Interactions
on the other surfaces cause serious errors. Martin'# was the first to point out that
solute adsorption on the surface of a bulk liquid could markedly affect the retention
volumes in gas—liquid partition chromatographic (GLPC) systems. This was further
supported by Pecsok ef al.!® and directly substantiated by static measurements by
Martire et al.'®'7, who used a polar stationary phase to assess the Gibb’s adsorption
effects, which occur only with such solvents. Martire!® further observed that with
certain polar solute—polar solvent systems in which the solute activity coefficients were
only around unity, liquid surface excess effects do occur. Pecsok and Gump!® applied
a static method to polar solutes in a non-polar solvent, squalene, and showed that
a considerable contribution to the retention volume from Gibbs adsorption effects
affected the GLPC system.

Conder et al.?® developed equations for the study of the Gibbs effect. These
theoretical equations were further substantiated?! with the help of experimental data
for C3—C; alcohols in squalene.

When there are no surface effects, the net retention volume (Vy) of a solute is
generally represented by the equation??

n = KrVy C)

where Ky is the solute liquid—gas partition coefficient and ¥, is volume of the
stationary phase. When gas-liquid interfacial adsorption contributes to retention, eqn.
4 is expanded to

VN = KRVL + KsAL (5)

where, A, is the liquid-phase surface area, Vy is the net retention volume and Ky is the
solute liquid-gas interfacial adsorption partition coefficient. The bulk partition
coefficient, Ky, is found by plotting Vn/Vy versus 1/Vy and extrapolating it to the
ordinate. Alternatively, plots can also be made of Vg vs. 1/W as Vn/V = VapL/W =
Vo and 1/Vy = p /W, where p, is the density of stationary phase in m3/kg.

In these studies, the specific retention volumes of the aliphatic alcohols were
evaluated in DNDP stationary phase at column loadings of 13.7, 19.7 and 29.8% at 50,
60, 70, 80, 90 and 100°C. The results are presented in Table X. Vg was plotted vs. 1/ W
and extrapolated to the ordinate to evaluate the real specific retention volume. Eqns
4 and 5 can be written in terms of V) as

VgPL = KR obsa. (6

where KR obsq. is the apparent distribution coefficient evaluated from the experimental
retention volume data, and

AL KspL
w

VgPL = + Kg )

The real Ky values and hence the real y$ values can be evaluated from the
extrapolated VY values, which are the intercepts at the ordinate (1/W = 0). Typical
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Fig. 1. Specific retention volume of 1-pentanol vs. reciprocal of weight of DNDP. O = 50°C; x = 60°C;
A =70°C; O = 80°C; @ = 90°C; ® = 100°C.

plots are given in Fig. 1 for 1-pentanol at 50, 60, 70, 89, 90 and 100°C. Similar trends
are observed for the other aliphatic alcohols.

The limiting activity coefficients were calculated from these specific retention
volumes. The density of DNDP was determined at 25°C to be 1.0083 g/ml.

The real V'3 values and y§ values are presented in Table XI. They are in excellent
agreement with the experimentally observed values presented in Table III. This
exercise clearly establishes that the limiting activity coefficients of these aliphatic
alcohols are most reliable and accurate. This confirms the work of Martire et al.!®,
who ascertained that with low-loaded columns surface effects predominate over
solubility.

No direct information is available in the literature on the activity coefficients of
these alcohols with respect to any phthalate stationary phase. Keulemans?? evaluated
activity coefficients at infinite dilution with respect to DIDP from partition coefficient
data®. These values were reported at 75, 95, 105, 115 and 135°C. The activity
coefficients at infinite dilution as calculated by Keulemans are not in very good
agreement with those obtained here, for specific reasons. In their work?, the specific
retention volume was calculated without making a correction for the dead volume as
specified in eqn. 1 in this paper. In the reported work, the gas flow-rates were measured
at the column temperature without any temperature corrections for ambient
conditions. Moreover, the gas-phase fugacity corrections as indicated in eqn. 2 were
not applied to the reported data.

The data in Tables [-IX reveal the following effects:

(a) Effect of molecular weight of alcohols: there is a steep fall in the activity
coefficients at infinite dilution with increase in the molecular weight of the alcohols. In
all instances the activity coefficients at infinite dilution are highest for methanol and
lowest for pentanol.
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TABLE X1

REAL SPECIFIC RETENTION VOLUMES (Vg) AND ACTIVITY COEFFICIENTS AT INFINITE DILUTION
OF ALCOHOLS IN DNDP

Solute 50°C 60°C 70°C 80°C 90°C 100°C

24 vy 1 Py |24 e 124 vy 1 vy |24 vy

g [ g g 9 g

Methanol 0.041 231 0029 216 0.020 220 0014 2.9 0011 206 0007 217
Ethanol 0.091 194 0.062 1.80 0.042 172 0.030 163 0022 15 0016 149
I-Propanol 0240 177 0170 1.51 0110 144 0078 132 0.052 132 0.039 121
1-Butanol 0680 1.7t 0479 140 0.299 130 0.1% 126 0.139 1.10 0.091 1.09
1-Pentanol 1842 147 1220 121 0809 106 048 1.06 0308 102 0210 098

~

(b) Effect of temperature: there is a regular decrease in the limiting values for all
the alcohols with increasing temperature when 30% solvent loadings are considered.
Only methanol shows a peculiar behaviour; the limiting values first increase from 50 to
70°C and finally show a slight decrease. The natural logarithm of the activity
coefficients at infinite dilution increases with decreasing temperature, and they
converge towards a closer value at higher temperatures. On plotting these values versus
I/T, non-linar behaviour is observed (Figs. 2-5).
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Fig. 2. Activity coefficients at infinite dilution (y3) of (O) methanol, (A) ethanol, (x) 1-propanol, (@)
1-butanol and (A) 1-pentanol in DNDP with a 29.8% column loading.
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Fig. 3. Activity coefficients at infinite dilution (v3’) of (O) methanol, (A) ethanol, (x) 1-propanol, (@)
1-butanol and (A) I-pentanol in DIDP with a 30.7% column loading.
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Fig. 4. Activity coefficients at infinite dilution (y¥) of (O) methanol, (A) ethanol, (x) I-propanol, (@)
1-butanol and (A} I-pentanol in DNBP with a 30.6% column loading.
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Fig. 5. Activity coefficients at infinite dilution (y7) of (O) methanol, (A) ethanol, (x) I-propanol, (®)
1-butanol and (A) 1-pentanol in TCDBP with a 30.9% column loading.

(¢) Departure from Raoult’s law: the interaction parameters (y3) of highly pure
polar solutes with mild polar solvents do not show a significant deviation from
Raoult’s law. The maximum deviation occurs with TCDBP. In almost all instances the
deviation is positive. The higher boiling alcohols in some instances show a negative
deviation at higher temperature.

SYMBOLS

B;,
Fm
J
M,
P
Py

second virial coefficient, m?/mol
flow-rate of carrier gas, m3/s
James—Martin pressure correction factor
molar mass of stationary phase, kg/mol
pressure at the inlet of column, Pa
pressure at the outlet of column, Pa
water vapour pressure at Ty, Pa

vapour pressure of solute (component 2), Pa
gas constant, 8.314 J/mol - K

ambient temperature, K

retention time of solute, s

retention time of an inert compound, s
column temperature, K
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124 molar volume of solute (component 2) at T, m>/mol

W mass of stationary phase, kg

¥y activity coefficient of solute (component 2) at infinite dilution.
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