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Abstract. Inverse gas chromatography has been used to evaluate the adsorption parameters (AH,, AHg, AS, and
AG,) of some probe molecules, each representing a class of organic (n-hexane, cyclohexane, benzene, n-octane,
1-octene and isooctane) on bentonite and chemically treated-bentonites. The adsorption parameters of the probes on
the bentonite samples were determined in infinite dilution region. Adsorption of the organic species was investigated
in the temperature range of 200-275°C, using a flame ionization detector, and nitrogen as a carrier gas. The net
retention volumes (V,,) of the probes were determined by the help of the retention times (fz) observed on gas
chromatograms for each probe. Injection was made at least three times for each probe, obtaining reproducible
results of +0.5%. It was found that benzene exhibits more negative AH than for n-hexane and cyclohexane on all of
the adsorbents. In addition, it was found that 1-octene exhibits more negative AH than for n-octane and isooctane
on the chemically treated-bentonites, whereas n-octane exhibits more negative AH than for 1-octene and isooctane
on the natural bentonite. Also, interactions of benzene with the natural- and chemically treated-bentonites were
found to be stronger than those of n-hexane and cyclohexane with the same carbon number. Again, interactions of
the 1-octene with the chemically treated-bentonites were found to be stronger those of n-octane and isooctane with
the same carbon number. On the contrary, interactions of n-octane with the untreated-bentonite were found to be
stronger than those of 1-octene and isooctane.
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1. Introduction trast to static methods, dynamic systems utilize a flow-

ing gas system. The most common flow methods are

Gas-solid chromatography (GSC), when applied to
the investigation of solid surface properties, is usually
called inverse gas chromatography (IGC). This method
is based on the study of physical adsorption of appro-
priate molecular probes by means of chromatographic
(dynamic) experiments (Jagiello et al., 1992). In con-
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IGC, gravimetric instruments, and permeability mea-
surement systems. The principle of dynamic gravimet-
ric systems is the measurement of the amount of solute
adsorbed from a flowing gas stream using a microbal-
ance (Buckton and Darcy, 1995).

In comparison to static sorption equipment, the main
benefits of the dynamic sorption technique are shorter
measurement time and a wider range of experimental
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possibilities (Thielman and Baumgarten, 2000). Com-
pared to other techniques (static measurements), IGC
has drawn a lot of attention because of its simplic-
ity and the rich information provided (Balard and
Papirer, 1993). IGC may be experimentally configured
for finite or infinite dilution concentrations of adsorbate
(Mukhopadhyay and Schreiber, 1995).

In the finite concentration region, retention volumes
depend on the adsorbate concentration in the gas phase.
In the infinite dilution conditions of the IGC method,
a few molecules are injected into the column to ap-
proach zero surface coverage. Under this condition the
lateral interactions between the adsorbed molecules on
the surface can be neglected and the thermodynamic
functions depend only on the adsorbate-adsorbent in-
teractions. Adsorption can also be considered to take
place in the linear part of the adsorption isotherms
in Henry’s law region. The attainment of the Henry’s
law region is indicated by the symmetry of the chro-
matographic peaks and by the constancy of the reten-
tion times measured over a significant range of the
sample sizes. Therefore, the net retention volumes for
a given adsorbate are independent of its gas phase
concentration. From the measured retention volume
of a given probe passing through the column, differ-
ent thermodynamic parameters can be deduced such
as free energy of adsorption, adsorption enthalpy and
entropy, dispersive and polar components of surface
energy and even surface morphology at the molecu-
lar level (Balard and Papirer, 1993; Markovic et al.,
1989; Conder and Young, 1979; Kiselev and Yashin,
1969).

In this study, the adsorption of some hydrocarbons,
each representing a class of organic compound (n-
hexane, benzene, cyclohexane, n-octane, 1-octene and
isooctane) on natural bentonite and the chemically
treated-bentonites were investigated at infinite dilu-
tion region by IGC. This research is a part of our
work containing the study of the heats of adsorption
of some hydrocarbons on some natural and chem-
ically treated-clays such as bentonite, sepiolite and
kaolin.

The purpose of this study was to determine the ba-
sic thermodynamic parameters (AH, AG and AS) for
the adsorption of some hydrocarbons as probes, each
representing a class of organic compounds (n-hexane,
benzene, cyclohexane, n-octane, 1-octene and isooc-
tane) on natural and chemically treated-bentonites with
pentanol, HNO; and Na,COs at infinite dilution region
by IGC method.

2. Experimental
2.1. Materials and Columns

In this study, the bentonite sample was received from
the mine beds in the Kiitahya region in Turkey whose
basic clay mineral is calcium montmorillonite, and
used as stationary phase in the experiments. It was air-
dried and passed through a 200 pum sieve. The amounts
of metals available in the clay were considered as
percentage metal oxide amounts. The percentage of
volatile components, on condition of fact that almost
all of them are water, was called as ignition loss. Af-
ter a sample having a certain mass taken from the
clay of whose carbonate and moisture was removed,
was heated and dried for 2h at 110°C; the decrease
in mass of the sample was considered as ignition loss.
The complete chemical composition of metal oxides in
the clay sample remained was determined as follows:
71.90% SiO,, 13.85% Al,03, 0.68% Fe,03, 0.09%
TiO,, 2.42%Ca0, 1.27%MgO, 0.39% Na,0, 1.62%
K0 and 7.50% ignition loss. The chemical analysis
was performed with the Unicam 929 atomic absorp-
tion spectrophotometer. In addition, for modification
of bentonite, pentanol, HNO3; and Na,CO3 chemicals
were used, too. In the cleaning of the columns, benzene
and acetone were used, and n-hexane, cyclohexane,
benzene, n-octane, 1-octene and isooctane as probes
were used for the injection. A further purification was
unnecessary because Merck supplied all of the chemi-
cals and reagents. A 180 cm long, 3 mm inner diameter
stainless steel column was used in this study.

2.1.1. Surface Areas and CECs of Bentonite Samples.
The specific surface areas of the untreated bentonite,
and the bentonite treated with HNO3; and Na;COj3 so-
lutions of 1.00 M were determined as 54.14; 54.49
and 57.44 m*/g by the BET method using nitrogen gas
as an adsorbate, respectively. In order to study the ef-
fect of the HNO3 and Na,COs; treatments on the clay
structure, the cation exchange capacities (CECs), de-
fined as the milliequivalents of exchangeable cations
contained in 100 g bentonite samples before and after
acid and base activation were determined by the methy-
lene blue standard procedure (Rytwo et al., 1991). The
CECs of the untreated bentonite and treated with HNO3
and Na,COj solutions of 0.1 M were 51.85, 33.67 and
34.12 meq/100 g. Neither the surface area nor the CEC
value for the bentonite treated with pentanol was stud-
ied and calculated.
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2.2.  Instrumentation

The chromatographic experiments were performed
with a Unicam 610 gas chromatograph. The flame
ionization detector (FID) was used in the infinite
dilution region, in which the gas phase is sufficiently
dilute so that intermolecular interaction between probe
molecules is considered negligible. Retention times
were recorded on a Unicam 4815 integrator. High pu-
rity nitrogen was used as carrier gas. The flow rate of
carrier gas was measured at the detector outlet with
a soap bubble flow-meter and was corrected for pres-
sure drop in the column using pressure gradient correc-
tion factor (j), correction at column temperature was
also made. The flow rates were in the range of 20—
30 mL/min for each solid stationary phase studied. The
adsorbents were conditioned at the maximum working
temperature of 275°C in the nitrogen gas flow for 24 h
prior to the measurements. Retention times were cal-
culated from a chart recorder trace of the elution chro-
matograms and were corrected for the time or dead time
it would take to cross the column without adsorption on
the chromatographic support. This latter time is mea-
sured using a solute (methane) that scarcely adsorbs
under the given experimental conditions. The pressure
reactor with temperature controller (4522 Reactor with
4842 controller) was used when the surfaces of the
clay samples were treated with alcohol. Also, a vac-
uum pump was used for filling of the probes into the
columns.

2.3.  Preparation of Column Packings

For the natural bentonite packing, 25 g clay sample was
grinded in a porcelain mortar and then sieved by using
the sieve opening of 40—60 meshes, indicating that the
size distribution might be in the range of 250-400 pm.
The clay sample sieved was kept for 12 h on the oven
at 60°C.

For the pentanol treated bentonite packing, 25 g clay
sample was mixed with pentanol, indicating that the
saturated solution might be obtained. The saturated so-
lution was mixed 30 min by a mechanical stirrer at room
temperature. The mixture was kept 15 h in the pressure
reactor at a temperature of 200°C. After they were dried
at 150°C, the samples were transferred to vacuum des-
iccators to be filled into the columns.

For the Na,CO; treated bentonite packing, 0.8 g
Na,CO; was dissolved in distilled-water until a sat-
urated solution was obtained. Then, the saturated solu-

tion was treated with 40 g clay sample and this mixture
was mixed 1 h by the mechanical stirrer. After that, the
sample was kept 2 h on the furnace at 800°C. The reac-
tion product was washed thoroughly with HCl solution
of 3% (w/v) and filtered. The solid was dried at room
temperature.

Finally, for the HNOj treated bentonite packing, 25 g
clay sample was mixed with 0.75M HNO; solution
and boiled 1 h under the reflux. Then, the mixture was
filtered and subjected to the thermal operation of 15h
at 300°C.

2.4.  Package of the Relevant Adsorbents Into
the Columns

Indicating that the size of clay samples treated with
three different chemical substances (CsH;; OH, HNO;
and Na,CO3;) was in the range of 250-400 pm,
they were passed through the sieve opening of 40-
60 meshes. All of the samples including the sample pre-
pared with original clay were brought to a fixed weight
before being packed into the columns. The stainless-
steel 180 cm long and 3 mm inner diameter column was
first cleaned with water, benzene and acetone, respec-
tively and then dried, and after that, packed with the
bentonite powder of 2.25 £ 0.1 g by the combined ap-
plication of an electric vibrator and a vacuum system.

2.5. Purification of the Used Columns

Purify of the stationary phase present in the column as-
sembled into the gas chromatograph is very important
in terms of sensitivity of the study. The temperature of
the column for cleaning of columns was adjusted to the
maximum working temperature. A carrier gas (N,) was
passed through the column during a day. Then, detector
and injection temperatures, carrier gas, dry-air and hy-
drogen flow rate were chosen by determining suitable
working conditions. After all of the units are prepared
to the analysis, in order to meet the requirement of ad-
sorption at infinite dilution corresponding to zero cov-
erage and GC linearity, the probes were injected, one
at a time, by means of a 1 ul Hamilton micro syringe
in the range from 0.05 to 0.5 uL. Each adsorbate was
injected at least three times, indicating that the amount
injected for (AH,) and (AG,) calculations was 0.5 uL,
and their average retention times were used for further
calculations. Injections were made with the temper-
ature increase of 25°C in the temperature range of
200-275°C. Thus, the retention times were determined
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Table 1. Column characteristics of untreated and treated bentonite samples as a function of column temperature at the temperature range

of 200-275°C.

Retention times of probes, 7z (min)

Properties of carrier gas

Adsorbent Temperature (°C) n-Hexane Cyclohexane Benzene n-Octane Isooctane 1-Octene P; P, F
Untreated Bentonite 200 0.187 0.163 1.718 0.584 0.502 0.501  2952.98 624.20 28.442
225 0.166 0.133 1.061 0.409 0.421 0.380 2966.98 624.20 27.014
250 0.133 0.133 0.958 0.261 0.221 0.161 298298 624.20 25.723
275 0.128 0.120 0.457 0.183 0.101 0.120  3000.98 624.20 24.549
Bentonite+Pentanol 200 0.096 0.088 0.115 0.177 0.134 0.199 292240 624.35 28.449
225 0.083 0.079 0.093 0.134 0.107 0.143 293040 624.35 27.020
250 0.077 0.072 0.087 0.113 0.092 0.111 294240 624.35 25.729
275 0.077 0.066 0.076 0.089 0.079 0.091 295640 624.35 24.555
Bentonite+HNO3 200 0.242 0.196 0.375 0.844 0.445 0.906  2924.00 625.70 28.510
225 0.190 0.157 0.326 0.656 0.323 0.529  2936.00 625.70 27.079
250 0.170 0.141 0.260 0.534 0.255 0.344  2949.00 625.70 25.784
275 0.132 0.123 0.195 0.270 0.179 0.171  2964.00 625.70 24.608
Bentonite4+-Na,; CO3 200 0.107 0.098 0.122 0.154 0.110 0.186  2894.60 624.95 28.476
225 0.101 0.097 0.122 0.118 0.110 0.148  2904.60 624.95 27.046
250 0.101 0.096 0.110 0.116 0.102 0.129  2917.60 624.95 25.753
275 0.100 0.082 0.102 0.102 0.101 0.102  2933.60 624.95 24.579

Note: P; is the inlet pressure as mm-Hg, P, is the outlet pressure as mm-Hg, and F is the flow rate of carrier gas as mL min™".

for each probe at four different temperatures. They
are given for the retention of the investigated hydro-
carbons as probe on the untreated- and chemically
treated-bentonite samples as a function of column
temperature at the temperature range of 200-275°C in
Table 1.

2.6. Calculations

Chromatographic peaks recorded in infinite dilution re-
gion were symmetrical with retention times and thus,
retention volumes being essentially independent of the
injected amount. This result indicates that, under the
experimental conditions used, adsorption data obeyed
Henry’s law. The net retention volume, V,, can be ex-
pressed in terms of changes of thermodynamic func-
tions like enthalpy and entropy of adsorption by the
measuring the net retention volumes, V, of probes at
different temperatures, T and plotting In V,, against 1/7:

AS AH 1
In V, =In(RTny) + xR T (D)

Here, R is the gas constant, n, (mol) the total amount
of solute in the adsorbed state and AH, AS the differ-

1

ential enthalpy and differential entropy of adsorption,
respectively (Katsanos et al., 1978, 1998, 1999).

The net retention volume (V,,) can be calculated from
the following relation (Conder and Young, 1979; Grob,
1995):

T
V., = (tR - tm)Fa?j (2)

Here, #y is the probe retention time, #,, is the retention
time of mobile phase (hold up time, dead time), F, is
the volumetric flow-rate measured at column outlet and
at ambient temperature (°C) and j is the James-Martin
gas compressibility correction factor.

By determining V, at different temperatures, one
can calculate A H (differential enthalpy of adsorption)
from the slope and AS value from the intercept of the
plot of In V,, versus 1/T, provided that the range of
T is narrow enough for AH and AS to be regarded
as temperature independent. The intercept is equal to
In(RTng)+ (AS/R), but in ordinary gas chromatogra-
phy the first term is negligible and can be ignored. AH,
which is calculated by Eq. (1), is the “differential” en-
thalpy of adsorption (it is not the isosteric) (Katsanos
et al., 1998). A similar way for calculating differential
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enthalpy of adsorption by GSC has been described by
Milonjic and Kopecni (1984). Itis known for along time
(Katsanos et al., 1999; Milonjic and Kopecni, 1984)
that the differential enthalpy of adsorption (A H) is re-
lated to the isosteric enthalpy of adsorption (A Hy) by
the equation:

|AHq| = | — AH| + RTy 3)

Here, T,, is the average temperature for the interval
studied. The isosteric heats of adsorption, gy or A Hy
is defined as the differential change in energy dQ that
occurs when an infinitesimal number of molecules dN
are transferred at constant pressure P, temperature
T, and adsorbent surface area A from the bulk gas
phase to the adsorbed phase for fixed adsorbed amount:
gst = (dQ/dN)p 1 4. Theisosteric enthalpy of adsorp-
tion in the infinite dilution region may be calculated
from a plot In(V,,/T) or In(K /T') against 1/T which is
[-(AHg/R)] (Conder and Young, 1979; Kiselev and
Yashin, 1969; Milonjic and Kopecni, 1984; Gozdz and
Weigmann, 1984).

Here, It should be noted that many authors use the
dependence In V,, against 1/T to evaluate the isosteric
enthalpy of adsorption. The calculated value from this
relation is smaller than the actual value for the RT prod-
uct (Conder and Young, 1979; Milonjic and Kopecni,
1984). This difference, being only a few kilojoules per
mole, is insufficient to influence the linearity of the
plots and is usually within the expected experimen-
tal error on A H. Therefore, both linear relations may
also practically be used for analysis of IGC data al-
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though the plot of In(V,/T) versus 1/T provides a bet-
ter linear dependence for the calculation of thermody-
namic quantities. This fact was clearly pointed out by
Habgood and Hanlan (1959).

3. Results and Discussion

In the case of bentonite treated with Na,COs3, the re-
tention times of several probes at especially high tem-
peratures are the same in Table 1. This may be due to
be fact that they have very little retention or elute at the
dead time. However, the reason of the fact that 1-octene
has a higher retention time according to n-octane and
isooctane, may have its increasing acidity or polarity
due to increasing s-character or w-bonding when it is
compared with other probes.

In this study, the thermodynamic parameters for ad-
sorption of n-hexane, cyclohexane, benzene, n-octane,
I-octene and isooctane on the natural bentonite and
bentonites, chemically treated with pentanol, HNO;
and Na, CO3; were determined in the infinite dilution re-
gion by means of the net retention volumes of probes.
The net retention volumes are given for the adsorp-
tion of the investigated hydrocarbons as probe on the
untreated- and treated-bentonite samples as a function
of column temperature at the temperature range of 200—
275°C in Table 2.

Differential enthalpy of adsorption and entropy of
adsorption were calculated from the slopes and inter-
cepts of the plots of In V,, versus 1/T according to Eq.
(1). The plot is given for the adsorption onto the natural
bentonite in Fig. 1. Isosteric enthalpies of adsorption
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Figure 1.
and 1-octene on natural bentonite.

The plot of In V), versus 1/7 for the adsorption of the probes investigated such as n-hexane, cyclohexane, benzene, n-octane, isooctane
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Table 2.

function of column temperature at the temperature range of 200-275°C.

Specific retention volumes for some hydrocarbons on untreated- and chemically treated-bentonite samples as a

Specific retention volumes of probes, V,, (cm?)

Adsorbent Temperature (K)  n-Hexane  Cyclohexane Benzene n-Octane  Isooctane  1-Octene
Untreated Bentonite 200 1.626 1.418 14.942 5.079 4.366 4.357
225 1.365 1.094 8.726 3.364 3.462 3.125
250 1.036 1.036 7.465 2.034 1.721 1.254
275 0.946 0.887 3.379 1.353 0.746 0.887
Bentonite + Pentanol 200 0.844 0.773 1.010 1.555 1.177 1.749
225 0.691 0.658 0.774 1.115 0.891 1.190
250 0.608 0.569 0.687 0.892 0.726 0.876
275 0.578 0.495 0.570 0.668 0.597 0.683
Bentonite + HNO3 200 2.134 1.728 3.307 7.443 3.924 7.990
225 1.585 1.310 2.720 5.474 2.695 4414
250 1.345 1.116 2.057 4.225 2.018 2.643
275 0.992 0.924 1.466 2.029 1.343 1.285
Bentonite + NayCO3 200 0.950 0.870 1.084 1.368 0.977 1.652
225 0.849 0.816 1.026 0.992 0.925 1.244
250 0.805 0.765 0.877 0.925 0.813 1.029
275 0.757 0.621 0.772 0.772 0.765 0.772

(A Hy) were calculated by using both a plot of In (V,,/T)
against 1/T, which the slope is —(A Hy/R) and Eq. (3).
The plotis also given in Fig. 2. Since the remained plots
for the chemically treated bentonite samples could be
easily made on the basis of data given in Table 1-4, it
was considered that it is sufficient to show one figure
forln V,, vs. 1/T and another figure for In(V,,/T") vs. /T
dependence.

Therefore, it was investigated that isosteric en-
thalpies of adsorption (AH measured a0d AHg calculated)s
which is measured and calculated are significant. Free
energies of adsorption (AG) were calculated from the
following equation:

AG = AHy — TwAS “)
Thermodynamic parameters are given for each probe
in Tables 3 and 4.

Natural Bentonite & n-Hexane

-3,25 ' ' T ' | @ Cyclohexane
~ -3,75H18 1,9 2 2,1 2,2 | A Benzene
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X 4,25 - AL ) + n-Octane
g -4,75 7 - g i * [sooctane
—~ -5,251 Tt A Octene
=
=< -5,7570 ..o &0 - 8
>: ’ H : 2
T 6,251 N

-6,75

-7,25-

1/Tx103(K™)

Figure 2. The plot of In (V,,/T) versus 1/T for the adsorption of the probes investigated such as n-hexane, cyclohexane, benzene, n-octane,

isooctane and 1-octene on the natural bentonite.
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Table 3. Thermodynamic parameters for the adsorption of the probes such as n-hexane, cyclohexane and benzene on the untreated-

bentonite and the chemically treated-bentonite samples.

—AH —AHgtmeasured ~ —AHst calculated —AS —AG

Adsorbent Probes (kJmol™1) (kJmol™1) (kJmol~1) %Error  (Jmol ' K~1)  (kJmol™!)
Bentonite n-Hexane 16.419 20.644 20.663 —0.092 39.640 5.002
Cyclohexane 12.656 16.878 16.900 0.126 24.130 4.764
Benzene 39.521 43.745 43.696 0.112 60.820 12.716
Bentonite + Pentanol n-Hexane 11.003 15.226 15.247 —0.136 24.920 2.507
Cyclohexane 12.781 17.007 17.025 —0.108 29.150 2.125
Benzene 15.872 20.100 20.117 —0.083 33.640 2.925
Bentonite + HNO3 n-Hexane 21.188 25414 25.433 —0.072 38.500 5.761
Cyclohexane 17.617 21.840 21.861 —0.095 32.850 5.070
Benzene 23.293 27.519 27.537 —0.067 38.910 7.658
Bentonite + Na,CO3 n-Hexane 6.373 10.598 10.617 —0.181 13.990 3.453
Cyclohexane 9.148 13.373 13.392 —0.143 20.230 3.064
Benzene 10.030 14.254 14.274 0.146 20.290 3.892

Table 4. Thermodynamic parameters for the adsorption of the probes such as n-octane, isooctane and 1-octene on the untreated-

bentonite and the chemically treated-bentonite samples.

—AH —AHstmeasured ~ —AHst calculated —AS —-AG

Adsorbent Probes (kJ mol~1) (kJ mol~1) (kJ mol—1) % Error  (Jmol™'K~!)  (kJmol™!)
Bentonite n-Octane 38.481 42.707 42.656 0.119 67.600 8.215
Isooctane 51.097 55.323 55.341 —0.040 94.230 7.248
Octene 48.917 53.142 53.092 0.096 90.460 6.963
Bentonite 4+ Pentanol ~ n-Octane 23.788 28.013 28.092 —0.068 46.670 4.189
Isooctane 19.887 23.590 24.131 2.243 39.690 3.330
Octene 27.028 33.382 31.272 6.748 52.650 6.496
Bentonite + HNO3 n-Octane 35.429 39.652 39.674 —0.054 57.440 10.330
Isooctane 30.145 34.371 34.389 —0.053 52.250 7.696
Octene 49.609 55.714 53.853 3.455 87.660 10.962
Bentonite + Na,CO3  n-Octane 15.487 19.713 19.732 —0.093 30.490 4.147
Isooctane 7.425 11.651 11.666 —0.130 15.790 3.592
Octene 21.270 25.497 25.515 —0.068 40.770 4.683
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It was found that benzene exhibits more negative
A H than those for n-hexane and cyclohexane on both
the natural bentonite and the chemically treated ben-
tonites. Also, interactions of benzene with the natural
bentonite were found to be stronger than those on the
chemically treated bentonites. It is evident from the
data that benzene exhibits more negative A H than the
corresponding values for aliphatic and alicyclic hydro-
carbons with the same carbon number, n-hexane and
cyclohexane. The more negative the A H, the greater
the interaction between the adsorbate and adsorbent.

It was observed that all thermodynamic parameters
(isosteric enthalpy, entropy and free energy of adsorp-
tion) of the probes on all of the adsorbents used, in-
crease according to the following sequence: benzene
> n-hexane > cyclohexane.

Additionally, it was found that 1-octene exhibits
more negative AH than those for n-octane and
isooctane on both the natural bentonite and chemically
treated bentonites. Also, interactions of 1-octene with
bentonite, chemically treated with pentanol, HNO; and
Na,CO; were found to be stronger than those on the
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natural bentonite. However, interactions of 1-octene
with the natural bentonite were lower from those of
isooctane with a A (A H) difference of 2.180 kJ mol~!.
Again, it is evident from the data that 1-octene ex-
hibits more negative A H than the corresponding val-
ues for n-octane and isooctane with the same carbon
number due to having its 7 -electrons except for adsorp-
tion on the natural bentonite. It was observed that all
thermodynamic parameters (AHg, AH, AS and AG)
of the probes on all of the bentonite samples used, in-
crease according to the following sequence: 1-octene >
isooctane > n-octane. Addition to, benzene, n-hexane
and cyclohexane molecules have kinetic diameters of
5.230, 5.909 and 6.093 A, respectively (Ma and Lin,
1985). The ease of benzene molecule to enter the ben-
tonite channels or the inner parts of bentonite structure
due to its smaller size may account for its higher ad-
sorption capacity and differential adsorption enthalpy
according to the n-hexane and cyclohexane molecules.
It was observed that the higher AH values were also
obtained for the studied probes onto the natural ben-
tonite and the bentonite with acid activation. The reason
of this change may be the breakage of Si—O—Si bonds
in its structure and gain a more polar structure when
the bentonite was treated with pentanol and Na,COs.
It was established that these bridges are broken off as
follows in which the clays containing Si—O—Si bridges
in their structures interacted with carbonate, ammonia
and alcohol by Papirer et al. (1992). They have deter-
mined the surface properties and some thermodynamic
parameters of Talc after surface modification in their
studies by using IGC method. They had used different
alkanes and alkenes as probes. Therefore, the retention
times of non-polar probes contacting with this polar
structure decrease.

=Si—0—Si= + N32CO3

BOC 2 =Si—ONa + CO, 23 2=5i—OH

or

=Si—0—Si= + ROH 2’ =Si—OR + =Si — OH

Consequently, the specific retention volume (V,,), and
free adsorption enthalpy (A G) and differential adsorp-
tion enthalpy (A H) of the probes decrease, too. Con-
trary to, the reason of the fact that the higher A H values
are obtained for the probes adsorbed onto the bentonite
treated with HNOj is to cause the increase of specific
pore volume of metallic cations removing from the

montmorillonite mineral during acid activation. By the
way, the adsorption capacity of clay surface having
larger pore structure also has increased.

Choudhary and Menon (1976) determined the heats
of adsorption of Cs—Cg hydrocarbons on platinum-
alumina and found the adsorption enthalpy of benzene
to be higher than that of n-hexane. A similar study was
also done by Goneng et al. (1993). They determined the
adsorption parameters of some Cs—Cg hydrocarbons
on platinum-alumina by gas chromatographic pulse
techniques and found enthalpy and entropy values of n-
hexane higher than cyclohexane. Also, Katsanos et al.
(1978) obtained the same results for aluminum oxide
activated at different temperatures.

The sequence obtained for the natural bentonite and
the bentonite with acid activation is similar to that
obtained for silica surfaces and 13X (Milonjic and
Kopecni, 1984; Inel et al., 2002), benzene > n-hexane
> cyclohexane. But the same sequence wasn’t obtained
for the bentonite treated with pentanol and Na,COs.
The sequence obtained for the bentonite treated with
pentanol and Na,COj; is similar to that obtained for
4A; benzene > cyclohexane > n-hexane (inel et
al., 2002). The studies on the heats of adsorption of
the Cg-hydrocarbons on the investigated adsorbents in
the literature generally refer to the natural bentonite
and the bentonite treated with HNO3z. Some of the
isosteric enthalpy data available are as follows: (1)
AL- n-hexane 37.10kJ mol~! [18,19], 30.00 kJ mol~!
(Todorovic et al., 1988), 46.02kJ mol~! (Ask1 n and
Inel, 2001), 42.30 kJ mol ! (Baumgarten et al., 1977),
AL-cyclohexane 31.7kJmol~! (Baumgarten et al.,
1977; Goneng et al., 1993), 30.00 kJ mol~! (Todorovic
et al., 1988), AL-benzene 51,78 kI mol~! (Choudhary
and Menon, 1976), 39.00kJ mol~! (Todorovic et al.,
1988), 46.50kJ mol~! (Baumgarten et al., 1977). (2)
3A-hexane 33.98kJmol~! (Tiimsek and inel, 2003).
(3) 5A-hexane 58.60kJ mol~! (Silva and Rodrigues,
1999; Miano, 1996), 32.51 kJ mol~! (Tiimsek and Inel,
2003).

The contribution of the interaction between the -
electrons of the benzene ring and bentonite surface can
be evaluated considering A (A G) values. For the pair
benzene- n-hexane, A(AG) = AGpenzene — AG y-hexane-
This value represents the difference in the interaction
ability between benzene and n-hexane with adsorbents.
The values of A (AG) for the natural bentonite, the
bentonites treated with pentanol, HNO3 and Na,CO3
are —7.714, —0.418, —1.897 and —0.439 kJ mol~!, re-
spectively. Interaction of benzene ring with the natural



Evaluation of the Thermodynamic Parameters for the Adsorption of Some Hydrocarbons 611

bentonite was found to be stronger in comparison to the
interaction with the bentonites treated with pentanol,
HNOj; and Na,COj3. Comparison of the pair benzene-
cyclohexane leads to the similar conclusion. Again, the
contribution of the interaction between the 7 -electrons
of unsaturated 1-octene and bentonite surface can be
evaluated considering A (A G). For the pair 1-octene-
n-octane, A(AG) = AG-octene — AGr-octane-

This value represents the difference in the interaction
ability between 1-octene and n-octane with adsorbents.
The values of A (A G) for all of the adsorbents used
are —1.252, —2.307,0.632 and 0.536 kJ mol !, respec-
tively. Interaction of 1-octene with bentonite treated
with pentanol was found to be stronger in comparison
to the interaction with the natural bentonite and the ben-
tonites treated with HNO3 and Na,COj3. Contrary to,
the comparison of the pair 1-octene-isooctane leads to
the various conclusion. Interaction of 1-octene with the
bentonite treated with HNO3; was found to be stronger
in comparison to the interaction with the remained ad-
sorbents when the A (A G) values of —0.285, —3.166,
—3.266 and 1.091kJmol~! was considered for each
adsorbent, respectively.

4. Conclusions

Dynamic measurements give less accurate results when
compared with static methods because they rely on
measuring a small difference between quantities at dif-
ferent temperatures. However, for heats at zero cov-
erage, infinite dilution gas chromatography is a more
reliable method because it requires no extrapolation of
data over aregion where the heat can be very sensitive to
small changes in coverage. Static measurement values,
sufficient to compare to our results could not be found in
the literature for studied adsorbents and probes. How-
ever, the gas chromatographic A H began to deviate
from the static ones as the size and adsorption energy
of the hydrocarbons increased, as reported by Kise-
lev and Yashin (1969). As a consequence, this work
has shown that IGC is an efficient tool to study the in-
teractions between the polar or non-polar-hydrocarbon
compounds and untreated- or treated-bentonite sam-
ples. This study may also allow us to evaluate the na-
ture of other types of interactions such as hydrogen
bonding and dipole-dipole interactions based on elec-
tron donor-acceptor mechanisms besides non-polar and
polar interactions if appropriate probes are used, and
to understand the different behaviors of hydrocarbon

compounds with bentonite or modified-bentonite con-
sidering their chemical structure and function.

Acknowledgments

This study was partially supported by the Research
Fund of Yiiztincii Y1 1 University, Van, Turkey. The
authors would like to thank their colleagues for their
constant support and helps about the experimental
studies.

References

Askin, A. and O. Inel, “Evaulation of the Heat of Adsorption of
Some n-alkanes on Alumina and Zeolite by Inverse Gas Chro-
matography,” Sep. Sci. Technol., 36(3), 381-397 (2001).

Balard, H. and E. Papirer, “Characterization and Modification of
Fillers for Paints and Coatings,” Prog. Org. Coatings, 22(1-4),
1-17 (1993).

Baumgarten, E., F. Weinstrauch, and H. Hoffkes, “Adsorption-
Isotherms of Hydrocarbons on Gamma-Alumina,” J. Chromatogr.,
138(2), 347-354 (1977).

Buckton, G. and P. Darcy, “The Use of Gravimetric Studies to As-
sess the Degree of Crystallinity of Predominantly Crystalline Pow-
ders,” Int. J. Pharm., 123(2), 265-271 (1995).

Choudhary, V.R. and P.G. Menon, “Gas Chromatographic Determi-
nation of Effective Diffusivities and Heats of Adsorption of C5—
C8 Hydrocarbons on a Commercial Platinum-Alumina Reforming
Catalyst,” J. Chromatogr., 116(2), 431-437 (1976).

Conder, J.R. and C.L. Young, Physicochemical Measurement by
Gas Chromatography, Wiley-Interscience, New York, Chapter 10
1979.

Gozdz, A.S. and H.D. Weigmann, “Surface Characterization of Intact
Fibers by Inverse Gas-Chromatography,” J. Appl. Polym. Sci.,
29(12), 3965-3979 (1984).

Goneng, Z.S.,R. Y11dir1 m, A.B. Beler-Baykal, and Z.1. Onsan, “Ad-
sorption Parameters of Some C5-C8 Paraffinic Hydrocarbons on
Platinum-Alumina by Gas-Chromatographic Pulse Techniques,”
Appl. Catal. A, 103(1), 35-42 (1993).

Grob, R.L. (Ed.), Modern Practice of Gas Chromatography, Chapter
9, Wiley-Iterscience, New York, 1995.

Habgood, H.W. and J.W. Hanlan, “A Gas Chromatographic Study
of the Adsorptive Properties of a Series of Activated Charcoals,”
Can. J. Chem., 37, 843-855 (1959).

inel, 0., D. Topaloglu, A. Aski n, and F. Tiimsek, “Evaluation of the
Thermodynamic Parameters for the Adsorption of some Hydro-
carbons on 4A and 13X Zeolites by Inverse Gas Chromatography,”
Chem. Eng. J., 88(1-3), 255-262 (2002).

Jagiello, J., T.J. Bandosz, and J.A. Schwarz, “Application of Inverse
Gas Chromatography at Infinite Dilution to Study the Effects of
Oxidation of Activated Carbons,” Carbon, 30(1), 63-69 (1992).

Katsanos, N.A., A. Lycourghiotis, and A. Tsiatsios, “Thermodynam-
ics of Adsorption Based on Gas-Solid Chromatography,” J. Chem.
Soc. (Faraday Trans. I), 74, 575-582 (1978).

Katsanos, N.A., N. Rakintzis, F. Roubani-Kalantzopoulou, E. Arvan-
itopoulou, and A. Kalantzopoulos, “Measurement of Adsorption
Energies on Heterogenous Surfaces by Inverse Gas Chromatogra-
phy,” J. Chromatogr. A, 845(1/2), 103—111 (1999).



612 Giirkan et al.

Katsanos, N.A, R. Thede, and F. Roubani-Kalantzopoulou, “Diffu-
sion, Adsorption and Catalytic Studies by Gas Chromatography,”
J. Chromatogr. A, 795(2), 133—184 (1998).

Kiselev, A.V. and Y.I. Yashin, “Gas-Chromatographic Determination
of Adsorption and Specific Surface for Solids,” in Gas Adsorption
Chromatography, 104-145, Plenum Press, New York, (1969).

Ma, Y.H. and Y.S. Lin, in: AIChE Symposium Series No. 2, Vol.81,
American Institute of Chemical Engineers, New York, p. 39
(1985).

Markovic, M.M., M.M. Kopecni, S.K. Milonjic, and T.S. Ceranic,
“Thermodynamics of Adsorption of Organics on a Cobalt-
Modified Solid Obtained from Colloidal Silica,” J. Chromatogr.,
463(2), 281-295 (1989).

Miano, F., “Adsorption of Hydrocarbon Vapour Mixtures onto Zeo-
lite SA,” Colloids Surfaces A, 110(1), 95-104 (1996).

Milonjic, S.K. and M.M. Kopecni, “A Gas-Chromatographic Study
of the Adsorption of Organics on Thermally Treated Silicas,”
Chromatographia, 19, 342-346 (1984).

Mukhopadhyay, P. and H.P. Schreiber, “Aspects of Acid-Base Inter-
actions and Use of Inverse Gas Chromatography,” Colloids Surf.
A, 100, 47-71 (1995).

Papirer, E., H. Balard, J. Jagiello, and R. Baez, “Modification and
Surface Characterization of Talc,” Chem Mod Surf P S, 4, 351-
368 (1992).

Rytwo, G., C. Serban, S. Nir, and L. Margulies, “Use of Methylene-
Blue and Crystal Violet for Determination of Exchangeable
Cations in Montmorillonite,” Clays Clay Miner., 39(5), 551-555
(1991).

Silva, JLA.C. and A.E. Rodrigues, “Multisite Langmuir Model
Applied to the Interpretation of Sorption of n-paraffins in
S5A Zeolite,” Ind. Eng. Chem. Res., 38(6), 2434-2438
(1999).

Thielman, F. and E. Baumgarten, “Characterization of Microporous
Aluminas by Inverse Gas Chromatography,” J. Colloid Interface
Sci., 229(2), 418-422 (2000).

Todorovic, M., M.M. Kopecni, J.J. Comor, and R.J. Laup, “Re-
versibility of Solvent-Induced Surface Modification of Alumina
Adsorbents,” J. Chromatogr., 442, 105-110 (1988).

Tiimsek, F. and O. Inel, “Evaluation of the Thermodynamic Param-
eters for the Adsorption of Some n-alkanes on A Type Zeolite
Crystals by Inverse Gas Chromatography,” Chem. Eng. J., 94(1),
57-66 (2003).



