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Heats of adsorption of hydrocarbons on solid surfaces
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The integral heats of the interphase interaction of liquid aliphatic and aromatic hydrocar-
bons with fibers and powders of polyacrylonitrile and polypropylene, clay, and sandstone at 293
and 303 K were evaluated microcalorimetrically. The relationships between the heat of adsorp-
tion of hydrocarbons and the sorbate : adsorbent mass ratio were obtained. The heat and time
needed for the interaction of hydrocarbons with the solid surfaces to reach equilibrium depend
mainly on the adsorbent structure.
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Based on the data from the literature for adsorption of
polar compounds on the polystyrene and cellulose sur-
faces, the authors! believe that the adsorption of organic
substances, as a rule, is exothermic. However, when
hydrocarbons are adsorbed by various materials, heat can
be consumed. For example, benzene is adsorbed on the
carbon fibers and graphitized carbon black with heat re-
lease,23 and its interaction with active carbon involves
heat absorption.4 Hexane is adsorbed on the mont-
morrilonite surface with heat release,> while cyclohexane
is adsorbed with heat absorption.® The heats of adsorption
of hydrocarbons measured by the direct calorimetric
method and calculated from the adsorption isotherms for
the same adsorption systems are different. Works on heats
of adsorption of hydrocarbons on the surface of polymeric
materials determined by the direct method are lacking,
although synthetic polymeric adsorbents are used for pu-
rification of water” and air® from petroleum products. In
this work, the heats of interaction of liquid model ali-
phatic and aromatic hydrocarbons with fibers and pow-
ders of polyacrylonitrile and polypropylene, clay, and
sandstone at 293—333 K were determined microcalori-
metrically, and their relationships to the sorbate : adsor-
bent (S : Ad) mass ratio were studied.

Experimental

Heats of interaction between liquid hydrocarbons and the
surfaces of various materials were determined using an MKDP-2
microcalorimeter.® The total heat (Q/J), the heat of adsorption
(AH/J mol~1), and the intensity of thermal flow (W/J s~!) were
calculated using the formulas

0= So, AH=Q/n, W= hp,

where § is the surface area under the experimental thermo-
gram/cm?; o is the calibration coefficient for the determination

of the surface area under the detected thermogram, which takes
into account the resistance and current strength of the conduc-
tor and the sensitivity of the amplifier and recording de-
vice/J cm~2; n is the number of moles of the sorbate; 4 is the
height of the thermogram corresponding to a certain time of
recording in the stationary regime/mm; B is the calibration coef-
ficient for the determination of the height of the detected ther-
mogram, which takes into account the resistance and current
strength of the conductor and the sensitivity of the amplifier and
recording device/J s~! mm~!. The sensitivity of the instrument
was 5.911-1073 J s~ mm~!. The heat of each hydrocarbon—ad-
sorbent interacting system at equilibrium was determined as an
average of three measurements at constant doses and weighed
samples of the adsorbate and adsorbent. Experimental thermo-
grams were processed by the programming method, including
numerical integration. The standard deviation of the heat values
did not exceed 6—8% in the whole interval. The specific surface
of adsorbents was determined from the heats of adsorption using
a known method.1® Liquid aliphatic (n-hexane, cyclohexane,
n-heptane, n-octane, isooctane, n-nonane, n-decane, n-un-
decane, n-tetradecane, and n-pentadecane) and aromatic (ben-
zene, toluene, and p-xylene) hydrocarbons (reagent grade) were
used as sorbates (S). They were additionally distilled and stored
in sealed vessels over freshly calcined NaA zeolites. Fibers
of polyacrylonitrile (PAN) and polypropylene (PP), isotac-
tic polypropylene powder, clay, and sandstone were used as
adsorbents (Ad). Samples of synthetic polymers were evacuated
before experiment for 2 h at 50—60 °C. The clay and sandstone
samples were treated according to the previously described pro-
cedure.!! The particle size of the adsorbent powders was
200—250 pm.

Results and Discussion

General characteristic of adsorption thermograms. The
adsorption of aliphatic and aromatic hydrocarbons on the
PAN fiber surface occurs rapidly (10—15 min), being an
exothermic process (Fig. 1). When the number of carbon
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600 t/s

W+106/J s~1

Fig. 1. Thermograms of adsorption of hexane (1), decane (2),
toluene (3), and p-xylene (4) on the PAN fiber at 293 (1, 4) and
303 K (2, 3).

atoms in the molecule of normal aliphatic hydrocarbons
(hexane, octane, decane, undecane, and pentadecane)
increases, the heat of adsorption (—AH') decreases from
120 to 30 J mol~! under the conditions of a sorbate excess
(S : Ad =0.37:0.20). The heat of adsorption of aromatic
hydrocarbons on the PAN fiber decreases in the series
benzene > toluene > p-xylene, being 140, 120, and
60 J mol~!, respectively. The interaction of the same ali-
phatic and aromatic hydrocarbons with the PP fiber is
accompanied first by the release and then by the absorp-
tion of heat, and compared to PAN fiber the process is
characterized by a longer time for the heat equilibration
(50 min) (Fig. 2). The adsorption of aliphatic and aro-
matic hydrocarbons on the PP fiber is accompanied by
higher positive heat effects at the S : Ad ratios <1 (Fig. 3).
Except for benzene, the hydrocarbons interact with the
surface of the PP fiber and powder with the high initial
heat effects (see Fig. 2). The adsorption of the hydrocar-
bons on the PP powder occurs with a more intense heat

W+106/Js~1

Fig. 2. Thermograms of adsorption of benzene (7), hexane (2, 5),
toluene (3), and decane (4) on the PP fiber (7, 2) and PP powder
(3—5) at 293 K.
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Fig. 3. The heats of adsorption of toluene (/), isooctane (2), and
decane (3) on the PP fiber (a) and PP powder (b) as a function
of the S : Ad ratio at 293 K.

consumption than that on the PP fiber, although the
equilibration times for both processes are close.

The character of adsorption of the hydrocarbons on
clay and sandstone does not basically differ from the ad-
sorption on the polymeric materials: the endothermic
component of the total heat of the interphase interaction
is higher than the exothermic term. For example, a low
initial release of heat observed on adsorption of cyclohex-
ane, isooctane, benzene, toluene, and p-xylene on clay
(—AH = 0.18—0.76 J mol~!) is followed by a consider-
able heat consumption with increasing loadings (AH =
27.0—89.0 J mol~!). The adsorption of normal C4—C 4
hydrocarbons on clay is accompanied only by heat absorp-
tion, which increases from 170 (hexane) to 2540 J mol~!
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Fig. 4. The heats of adsorption of hexane (/), heptane (2),
isooctane (3), and decane (4) on clay as a function of the S : Ad
ratio at 293 K.

(tetradecane) with the elongation of the carbon chain at
the mass ratio S: Ad = 1.1:1.0. The interaction of
the hydrocarbons with clay can be characterized as a
fast process. For the adsorption of the hydrocarbons
on sandstone, the interphase interaction is very weak
(3—13 Jmol~!), and equilibrium is established rather
slowly (to 146 min).

Dependence of the heats of adsorption on the
sorbate : adsorbent ratio. Analysis of the thermograms (see
Figs. 1 and 2) and heats of adsorption (Figs. 3 and 4)
shows that the value and sign of the thermal effect along
with the time needed to equilibrate adsorption of hydro-
carbons on the surfaces depend on the composition and
structure of components of the system (hydrocarbon and
adsorbent) and the S : Ad ratio.

For example, an increase in the S : Ad mass ratio from
0.1 to 3.7 results in a decrease in the integral heat of the
exo- and endothermic interactions of hydrocarbons with
the surfaces of fibrous (see Fig. 3, a) and powdered (see
Fig. 3, b) polypropylene, clay (see Fig. 4), and sandstone.
On the PP fiber surface (see Fig. 3), the heat effect of
adsorption of toluene (curve /) and isooctane (curve 2) is
exothermic, although under the same conditions the en-
dothermic effect is observed on the powder surface (see
Fig. 3, b, curves 2 and 3). The exothermic thermal effect
for toluene adsorption on the PP fiber (see Fig. 3, a) is
440 J mol~!, while the adsorption on the PP powder is
accompanied by a weak heat release (20 J mol~!) under
the same conditions of interaction of the phases (see
Fig. 3, b, curve I). The further process of toluene adsorp-
tion occurs with heat consumption until the heat equilib-
rium is established (curve 3). The heat of adsorption of
aliphatic hydrocarbons on clay in the S : Ad interval stud-

ied increases with an increase in the number of carbon
atoms in the chain (see Fig. 4). The shape of the AH plot
vs. S : Ad ratio for the adsorption process on sandstone is
the same as the plot for adsorption on clay.

Small heats of adsorption of the hydrocarbons on the
solid surfaces (from —500 to +2500 J mol~!) are compa-
rable with the heats of interaction of chlorobenzene and
benzene with aluminal? and of alcohols with the cellulose
fiber!3 and are characteristic of physical adsorption. How-
ever, for the interphase interaction of the hydrocarbons
with the polymers and clay (see Figs. 2—4), the sign of the
thermal effect changes, and the equilibration time de-
pends on the chemical nature and structures of the sor-
bate and adsorbent and their ratio.

Analysis of the thermograms (see Figs. 1 and 2) shows
that the change in the sign of the thermal effect of hydro-
carbon adsorption and the equilibration time depend on
the texture of the adsorbent surface rather than on its
specific surface, chemical nature, and composition. This
corresponds to the dynamic character of physical adsorp-
tion. The adsorption of hydrocarbons on the smooth sur-
face of the PAN and PP fibers, whose polymeric chains
adopt a certain space orientation, has an appreciable de-
gree of localization with formation of polymolecular lay-
ers. Accordingly, the adsorption of hydrocarbons on fi-
bers is accompanied, in most cases, by heat release (see
Figs. 1 and 3, a). Adsorbed hydrocarbon molecules are
bound less strongly to the porous surfaces of the PP pow-
der and clay. For example, the specific surfaces of the PP
fiber and powder are close (36 and 49 m? g=1),10 and the
heats of adsorption of hydrocarbons on the PP powder
and PP fiber differ in sign and value (see Fig. 3). The heat
effects of adsorption of, e.g., decane on the PP fiber and
clay are approximately the same (see Figs. 3, a and 4),
and the specific surface of clay (14 m? g=1)10 is 3.5 times
less than that of the fiber specific surface. These processes
are characterized by heat absorption, because the self-
diffusion and transfer of the adsorbed molecules to mi-
cro- and macropores require high energies (see Figs. 3, b
and 4). Finally, an additional heat absorption can be
caused by the phase transition of hydrocarbons adsorbed
in the micropores.10:14

This work was financially supported in part by the
Ministry of Industry, Science, and Technologies of
the Russian Federation in the framework of the State
Program "Chemistry and Technology of Pure Water"
(Grant 262-s).

References

1. Entsiklopediya polimerov |[Encyclopedia of Polymers],
Sovetskaya Entsiklopediya, Moscow, 1977, 3, 456 (in
Russian).



Heats of adsorption of hydrocarbons

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 7, July, 2003 1499

2. A. A. Isirikyan and A. V. Kiselev, Zh. Fiz. Khim., 1963, 37,
1776 [Russ. J. Phys. Chem., 1963, 37 (Engl. Transl.)].

3. L. E. Gorlenko, G. I. Emel‘yanova, N. V. Kovaleva, and
V. V. Lunin, Zh. Fiz. Khim., 1997, 71, 337 [Russ. J. Phys.
Chem., 1997, 71 (Engl. Transl.)].

4. Ch. F. Stoeckli, Izv. Akad. Nauk SSSR, Ser. Khim., 1981, 63
[Bull. Acad. Sci. USSR, Div. Chem. Sci., 1981, 30 (Engl.
Transl.)].

5. Yu. 1. Tarasevich, E. V. Aksenenko, and S. V. Bondarenko,
Zh. Fiz. Khim., 1992, 66, 712 [Russ. J. Phys. Chem., 1992, 66
(Engl. Transl.)].

6.S.Z. Muminov, D. B. Gulyamova, and E. A. Aripov, Zh. Fiz.
Khim., 1996, 70, 1468 [ Russ. J. Phys. Chem., 1996, 70 (Engl.
Transl.)].

7. Z.T. Dmitrieva and 1. V. Bylina, Khim. Tekhnologiya [Chem.
Technology], 2001, 10, 30 (in Russian).

8. Z.T. Dmitrieva, V. G. Bondaletov, I. G. Antonov, and E. B.
Chernov, Zh. Prikl. Khim., 2002, 75, 1988 [Russ. J. Appl.
Chem., 2002, 75 (Engl. Transl.)].

9. A. A. Velikov and A. S. Vavilkin, Zh. Fiz. Khim., 1989, 63,
282 [Russ. J. Phys. Chem., 1989, 63 (Engl. Transl.)].

10. S. Partyka, F. Rouquerol, and J. Rouquerol, J. Colloid Inter-
face Sci., 1979, 68, 21.

11. Yu. 1. Tarasevich and F. D. Ovcharenko, Adsorbtsiya na
glinistykh mineralakh |Adsorption on Argillaceous Minerals],
Naukova Dumka, Kiev, 1975, 352 pp. (in Russian).

12. L. D. Asnin, A. A. Fedorov, and Yu. S. Chekryshkin, Izv.
Akad. Nauk, Ser. Khim., 2001, 65 [Russ. Chem. Bull., Int.
Ed., 2001, 50, 68].

13. N. V. Bykanov, M. V. Ulitin, V. I. Krasukhin, and A. N.
Prusov, Zh. Fiz. Khim., 1998, 72, 107 [Russ. J. Phys. Chem.,
1998, 72 (Engl. Transl.)].

14. Yu. K. Tovbin and E. V. Votyakov, Izv. Akad. Nauk, Ser.
Khim., 2001, 48 [Russ. Chem. Bull., Int. Ed., 2001, 50, 50].

Received July 10, 2002;
in revised form April 9, 2003




