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Investigation of energetic heterogeneity of carbon black surfaces
during adsorption of chromatographically low concentrations of n-pentane
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Energetic heterogeneity of different types of industrial carbons was studied by gas-adsorp-
tion chromatography in regions of low surface coverages. The main thermodynamic character-
istics of n-pentane adsorption on the carbon black surfaces were experimentally determined
under the conditions close to the zero coverage of the surface ("Henry region"). These charac-
teristics include the Henry constants, differential molar heats of adsorption, changes in the
entropy of adsorption, and differences in molar heat capacities of the adsorbate in the adsorbed
state and its vapors at a constant pressure. The specific features of the geometric structure and
ratio of surface regions different in the adsorption energy make it possible to establish the
presence of the "Henry region" in the adsorption isotherm. The gas-chromatographic criteria,
which can be used to estimate the degree of energetic heterogeneity of the adsorbent surface,
were considered.
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One of the most important applications of gas-adsorp-
tion chromatography (GAC) is the study of the adsorp-
tion properties of the solid surfaces.!=3 Presently, GAC
was successful in analyzing the thermodynamics of ad-
sorption in GAC =3 and its relation to the main param-
eters of chromatographic retention and specific features
characterizing the structure of the variety of adsorbents
different in the composition and surface properties (from
graphitized carbons to zeolites).1=® In addition, GAC
allows one to operate with the infinitely low concentra-
tions of the adsorbate in the gas phase and to perform
adsorption measurements in the regions close to the
zero surface coverage. This is especially significant for
the calculation of the adsorption equilibrium constant,
viz., Henry constant.1:3:19~12 However, few works on the
use of GAC in the investigation of the properties of ener-
getically heterogeneous adsorbents have been published
so far.1:4.6.7.13 Many other adsorption methods allow
only extrapolation of the experimental plots obtained
(in particular, adsorption isotherms!:3:4) to the infi-
nitely low (zero) coverage of the surface. Unlike these
methods, inverse gas chromatography at infinite dilution
(IGC-ID)! makes it possible to directly study the ad-
sorption properties and characteristics of surface regions

* Deutsches Institut fiir Kautschuktechnologie e.V.,
Deutschland, D-30519 Hannover, Eupener Strafie 33.

with the highest degree of heterogeneity. The fraction of
these regions is low, as a rule, but their contribution to the
adsorption properties of the total surface is very signifi-
cant, especially at the infinitely low adsorbate concentra-
tions. It is known#5:13:15 that the data on the adsorbent
heterogeneity obtained, for example, by the GAC method
at high adsorbate concentrations in the gas phase
(IGC-FD) differ strongly from analogous characteristics
determined at low surface coverages.!> This makes diffi-
cult the estimation of the "true" surface heterogeneity by
different variants of gas chromatography (IGC-ID or
IGC-FD),!5 thus restricting the use of the dynamic ad-
sorption methods in similar studies.

Different types of carbons, which are widely used in
industry as packing of polymeric materials and dying pig-
ments,16:16=19 are interesting objects for studying the sur-
face heterogeneity.

The purpose of this work is to study the energetic het-
erogeneity of the surface of different types of ungraphitized
and graphitized carbons by analysis of the thermodynamic
characteristics of adsorption (TCA) of n-pentane experi-
mentally found at the adsorbate concentrations close to
the zero surface coverage. In addition, it seemed of inter-
est to find convenient gas-chromatographic criteria for
the estimation of the energetic heterogeneity of carbons,
which allow the use of the rapid and highly sensitive GAC
method during routine adsorption measurements.
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Experimental

Measurements were carried out on a Vega 6000 gas chro-
matograph (Carlo Erba) with a flame-ionization detector using
helium as the carrier gas. n-Pentane (Aldrich, for HPLC) was
used as the adsorbate. Pentane was injected into the chromato-
graphic column from the gas phase at room temperature using a
microsyringe (sample volume 1 pL). Methane was the non-
sorbing gas. The interval of operating temperatures of the ther-
mostat in the chromatograph was varied depending on a specific
carbon black sample. The temperature of the evaporator ex-
ceeded the corresponding value of the column thermostat by
20 °C. Carbons different in the morphological parameters from
the set kindly presented by the Degussa Co. were used as
adsorbents. Ungraphitized carbon black samples were subjected
to preliminary extraction using various solvents (toluene, 36 h;
MeOH—H,O (1 : 1) mixture, 36 h). Solvent residues were re-
moved in a tubular muffle furnace in a nitrogen flow at 200 °C.
After this procedure, the carbon black samples were shaken for
several hours until fairly stable ball-like aggregates were formed
that were subsequently sieved were sifted out to obtain narrow
(by particle size) adsorbent fractions. The temperature of glass
columns packed with carbon black particles 0.4 mm in diameter
was maintained before use in a carrier gas flow at 220—250 °C
for 5—6 h. The main characteristics of the carbon blacks studied
in the work are presented in Table 1.

The primary experimental chromatographic data were sta-
tistically processed and the main TCA were calculated accord-
ing to known procedures.2! The designations of TCA proposed
in previously published works!—12 were used. The error of the
gas-chromatographic experiment did not exceed 5%. The Henry
constant values (Kl,c/cm3 m~2), which at infinitely low surface
coverages are equal to the specific retention volume of the stud-
ied compound per surface area unit of the adsorbent surface
(Va,1/cm3 m—2), were calculated using the expression

Va1 = (lr = tmViFp, 1, PiTe/(mpASN, P T,), (1)

where fg and #y; are the retention times of the adsorbate and
non-sorbing substance (min), respectively; j is the James—Mar-
tin coefficient that takes into account the compressibility of the
carrier gas; P; is the pressure of the carrier gas at the inlet of the

Table 1. Initial characteristics of the carbon black samples studied

Carbon  Sample S\, a D¢’

black /m2 g1 /nm

N115 1 143 11—19 2.61
1,¢ 115 —

N326 2 78 26—30 2.55
2 66 231

N660 3 37 49—60 2.58
3¢ £ 2.3

GTC 4 12 400—500 2.154

@ Standard average diameter of carbon black particles.

4 Roughness factor.

¢ Graphitized carbon black sample.

4The Dg value for GTC was accepted the same as that for
graphite.20

column (atm); P, is the atmospheric pressure (atm); 7, is the
room temperature (K); 7 is the column temperature (K); F, PiTy is
the flow rate of the carrier gas at the pressure P; and tempera-
ture 7, (cm® min~"); Sy, is the specific surface of the adsorbent
measured by the statistical volumetric method from the amount
of nitrogen adsorbed at 77 K (m? g=!); m, is the weight of the
adsorbent in the column (g). The values of the specific carbon
black surface (Sy,/m? g~!) necessary for the calculation of the
K, . values were taken from the literature.2

Various approximations!-3:10—12,22,23 pa5ed on the relations
of the logarithm of the constant of adsorption equilibrium to the
inverse temperature were used for the determination of the mo-
lar differential heats and changes in adsorption entropies. The
temperature relations of g4, and A(LST"LC)S was neglected
(AC *1,p = 0) in the first approximation, and the functional de-
pendence InVy | = AT~1) was approximated by the straight line

AS, +R Ty B
Iny, = L + L g+ 2L 2
rai R RT T T @

In the second approximation, the second derivative K . with
respect to temperature was taken into account (AC 5L p* 0), and
the corresponding temperature dependence was approximated
by the modified expression

A1) -ACS,(InT+1)~ RInT N
R
L daiea T RT+ACET  AGE, + R
RT
~ A+ By/T + CInT, 3)

In VA,I =

InT =

where AC *|,p is the difference between the differential thermal
capacity of the substance in the adsorbed state (C,4,) and the
molar heat capacity of the substance in the gas phase at
p = const (Cgas,p); IS is the universal gas constant equal to
8.315 J mol~! K~1; T is the temperature corresponding to the
middle of the temperature interval studied (K). The initial val-
ues of the specific retention volumes for n-pentane on GTC
were taken from the previously published work.23 Based on these
data, we calculated the TCA using formulas (2) and (3). The
experimental error of determination of the g4, and AS L)
values was 1 kJ mol~! and 4.5 J mol~! K—!, respectively.

The TCA values obtained in this work for the studied carbon
black samples are presented in Tables 2 and 3.

Results and Discussion

From the earliest attempts to use GAC to investigate
properties and structures of different adsorbents, a special
interest was given to the measurements of specific reten-
tion volumes in the so-called "Henry region" to which
Henry’s law applies

r=K ¢ )

where T is the amount of the Gibbs adsorption of a spe-
cific substance (umol m~2), ¢ is the equilibrium concen-
tration of adsorbate vapor in the gas phase (umol cm™3),
and K| . is the constant of adsorption equilibrium or the
Henry constant (cm?® m~2).
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Table 2. Comparison of the thermodynamic characteristics of n-pentane adsorption on different carbons*

Carbon T T V(1) InVy,=A, + BT InVy,=Ay+ By/T+CInT
black K q dgif,1 1 *A(S°11,c)s 1 q dif,1 1 =A(S° ) ACY,
/kJ mol /J mol~— K /kJ mol J mol-! K-!
1 363—503 438 0.974 58.3 132.1 554 126.6 237
363—503 438 0.657 45.4 105.8 43.4 102.0 160
1, 363—503 438 0.581 41.9 98.6 40.5 95.9 114
1%* 363—503 438 0.448 38.0 91.0 35.6 85.8 107
2 363—483 423 0.488 47.3 115.1 46.1 115.0 201
363—483 423 0.388 42.0 103.8 41.3 105.0 117
2, 363—483 423 0.281 38.4 96.2 37.8 95.3 95
2% 363—483 423 0.146 34.0 87.0 33.6 86.3 71
3 323—453 388 0.710 38.0 99.2 37.6 96.5 167
323—453 388 0.608 33.9 90.1 33.9 92.8 98
3, 323—453 388 0.527 31.5 84.8 31.2 82.1 79
3#x 323—463 388 0.294 27.9 77.4 27.8 79.1 62
4r% 343414 375 —0.140 32.9 97.2 32.8 97.1 37

* The values for region I are presented in the numerator, and those for region II are in the denominator.

** Non-extracted carbon black sample.
**+% See Ref. 23.

The authors of several works!10:24 have established
the chromatographic criteria of the existence of the "Henry
region" based, first of all, on the symmetric character of
chromatographic peaks and independence of the specific
retention volume of the amount of the sample injected
into the column. Assuming that under these conditions
the adsorption equilibrium is established in the chromato-
graphic column and the specific retention volumes are
equal to the Henry constant K ., the authors!-3:10-12 de-
veloped the rigid thermodynamics of adsorption and pro-
posed the theory of adsorption based on the molecular
statistics,»24 which allows the simulation of complicated
adsorption processes of molecules of many organic com-
pounds on the energetically quasi-homogeneous surfaces
of GTC and zeolites. At the same time, published data
contain several evident contradictions related, first of all,
to the procedure of gas-chromatographic measurements
in the "Henry region" and the correct description of the
obtained adsorption data in the framework of the adsorp-
tion model considered.

A decrease in the adsorbate concentration in the gas
phase to infinite values should favor the achievement of
the "Henry region" in the adsorption isotherm. However,
as shown in several works for the graphitized carbon blacks
with the sufficiently homogeneous surface, effects related
to the residual heterogeneity of the surface are observed at
very low surface coverages. This residual surface hetero-
geneity is characterized, as a rule, by an enhanced ad-
sorption potential. In addition, each heterogeneous re-
gion is characterized by its adsorption equilibrium con-
stant and, hence, its intrinsic "Henry region." 1,3:24:25
Strictly speaking, the very initial interval of the adsorp-

tion isotherm corresponding to adsorption in the surface
regions with the highest adsorption energy should be con-
sidered as the "Henry region" and, therefore, this region
does not reflect the properties of the whole surface.

Thus, a question arises concerning the principal possi-
bility of the experimental determination of the Henry
constant (as a physically substantiated, fundamental ther-
modynamic characteristic of the "Henry region") for het-
erogeneous surfaces. In several works, 19:26:27 the determi-
nation of K| . for energetically heterogeneous adsorbents
considered to be admissible although disputable.26:28—31,

These problems are of interest for analysis of experi-
mental data obtained by inverse GAC at infinitely low
adsorbate concentrations in the gas phase (IGC-1D). Evi-
dently, for low surface coverages the Henry constants are
independent of the concentration of the adsorbate intro-
duced into the column and, hence, they are reproducible
in the series of independent chromatographic measure-
ments. This very important condition often is not ful-
filled, and some authors!4 question the possibility of using
this GC variant for the correct estimation of the energetic
heterogeneity of the surface. At the same time, it is the
GAC in the "Henry region" and in the adjacent regions of
the adsorption isotherm that provides the best technique
for studying the adsorption properties and nature of the
areas with the highest degree of heterogeneity. most het-
erogeneous surface regions. The contribution of these ar-
eas to the total adsorption energy at high coverages can be
aligned noticeably and become comparable with the error
of chromatographic measurements.

In the case of heterogeneous surfaces, the experimen-
tal determination of K| . is very difficult, because the T
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Table 3. The InK, . and InV, ; values for n-pentane adsorption
on different carbons in the temperature intervals studied

T/K InK; . (D* InV,, dD* InkK ** Ink; ***
Carbon black N115 (1)
363 4.70 3.55 3.21 2.75
373 4.00 3.00 2.72 2.29
383 3.4 2.55 2.32 1.99
393 291 2.12 1.91 1.68
403 2.39 1.74 1.59 1.35
413 1.96 1.39 1.26 1.08
423 1.54 1.08 1.00 0.81
433 1.17 0.81 0.73 0.56
443 0.81 0.55 0.47 0.31
453 0.52 0.33 0.25 0.13
463 0.23 0.08 0.03 —0.06
473 —0.11 —0.17 —0.21 —0.25
483 —0.33 —0.38 —0.40 —0.38
493 —0.54 —0.56 —0.58 —0.59
503 —0.69 —0.71 —0.72 —0.72
Carbon black N326 (2)
363 3.01 2.55 2.23 1.83
373 2.44 2.07 1.81 1.50
383 1.93 1.64 1.43 1.21
393 1.54 1.30 1.14 0.92
403 1.17 1.03 0.84 0.63
413 0.83 0.69 0.56 0.39
423 0.54 0.42 0.31 0.15
433 0.21 0.13 0.04 —0.09
443 —0.09 —0.16 —0.19 —0.30
453 —0.34 —0.35 —0.42 —0.48
463 —0.55 —0.57 —0.61 —0.63
473 —0.76 —0.78 —0.78 —0.79
483 —0.92 —0.93 —0.93 —0.94
Carbon black N660 (3)
333 3.00 2.51 2.24 1.79
343 2.35 2.10 1.89 1.52
353 1.91 1.67 1.50 1.19
363 1.54 1.34 1.19 0.94
373 1.14 1.05 0.89 0.63
383 0.89 0.73 0.67 0.41
393 0.58 0.44 0.39 0.19
403 0.33 0.25 0.16 —0.03
413 0.09 0.05 —0.03 —0.22
423 —0.15 —0.20 —0.25 —0.40
433 —0.39 —0.40 —0.44 —0.58
443 —0.60 —0.61 —0.62 —0.70
453 —0.76 —0.77 —0.78 —0.83

* For the extracted carbon black samples.
** For the graphitized carbon black samples.
*** For the non-extracted carbon black samples.

and ¢ values formally obeying the Henry’s law lie in the
very narrow concentration interval.

The chromatographic peaks obtained for the adsorp-
tion of low concentrations of n-pentane on the un-
graphitized and graphitized carbon black samples N326
(samples 2 and 2, respectively) are presented in Fig. 1.

\ a
0 3 6 t/min
II b
I
0 3 6 9 t/min

Fig. 1. Chromatograms of n-pentane obtained at different low
concentrations of the adsorbate in the gas phase (sample volume
0.1—5.0 pL) on graphitized (a) and extracted ungraphitized
carbon black N326 (b) at 413 K.

The retention time remains constant and the shape of the
chromatographic peaks retain its nearly symmetrical form
(see Fig. 1, a) with an increase in the n-pentane concen-
tration in the gas phase over sample 2,. This indicates the
achievement of the "Henry region” (V, | = K ). In the
case of the ungraphitized sample (see Fig. 1, b), the reten-
tion time decreases monotonically and the chromato-
graphic peaks become asymmetrical with increase in the
adsorbate concentration in the gas phase.

There are some regions inside which the adsorbate
concentration low enough to produce the most symmetri-
cal peaks. Formally this is an indication that measure-
ments are carried out directly in the "Henry region” of the
heterogeneous surface. Such a region referred to as re-
gion I (see Fig. 1, a). Note that an increase in the concen-
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tration leads to a gradual decrease in the difference be-
tween the retention times of the peaks obtained on the
ungraphitized samples and, as a result, it also can be
accepted constant within the error of chromatographic
measurements. The region of adsorbate concentrations
corresponding to such chromatographic peaks is referred
to as region II (see Fig. 1, b). The TCA values for the
peaks in region I1 are fairly close to the TCA values for the
corresponding graphitized carbon black sample. Analo-
gous regularities were established for other carbons stud-
ied. The retention times of n-pentane corresponding to
chromatographic peaks I and II were used for the further
calculation of the main TCA by formulas (2) and (3) (see
Tables 2 and 3).

For graphitized sample 2,, unlike ungraphitized
sample 2, an increase in the adsorbate concentration in
the gas phase does not distort the shape of the chromato-
graphic peak, which allows one to equate the ¥, ; values,
calculated from these elution characteristics, with the X .
constant. On the contrary, for the ungraphitized carbon
black sample, a decrease in the retention time is accom-
panied by diffusion of the initial region of the chromato-
graphic peak with an increase in the adsorbate concentra-
tion in the gas phase. The latter confirms the above as-
sumption on much more narrow concentration intervals
of the "Henry region" on the heterogeneous surfaces.

Thus, to calculate K . for the ungraphitized carbon
black samples, the 7 values corresponding to the smallest
and accordingly most symmetrical chromatographic peaks
should be used.

The plots of InV, ; vs. T ~1 obtained at different low
n-pentane concentrations in the gas phase are presented
in Fig. 2, a. It is seen that at a given temperature the
ungraphitized carbon black samples are characterized by
a certain interval of V, |, and the maximum values of V, ;
are the Henry constants K| .. The width of this interval of
Va.1, probably, reflects quantitatively the degree of ener-
getic heterogeneity of the surface considered at a certain
temperature, Thus, for case I, the Va1 values can be con-
sidered as the Henry constants (V, ; = K ), and for case II
they are the sum of different K . values, which depends,
as a whole, on the adsorbate concentration in the gas
phase (i.e., surface coverage 0). Therefore, it is incorrect
to designate the latter by symbol X .

It is known that the adsorption properties of carbons
are significantly affected by the particle (crystallites) size
of the adsorbent. Evidently, the relatively small particles
are characterized by a high content of the edge frag-
ments with an enhanced (compared to that of the basic
face) adsorption potential.l4 The graphitization of car-
bons N326 (sample 2) and N115 (sample 1) in the
1500—2500 °C temperature region decreases, most likely,
the phase heterogeneity of the surface (reduces the frac-
tion of the amorphous component and enhances a rela-
tive ordering of crystallites). This leads also to the re-
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Fig. 2. Plots of InV} ; vs. T-! for n-pentane on the studied
carbon black samples N115 (1), N326 (2), N660 (3), and
GTC (4): a, carbon black after extraction; b, untreated carbons
(without extraction). Black points correspond to ungraphitized
carbons, and light points indicate the corresponding graphitized
carbon black samples.

moval of chemical impurities from the surface but only
insignificantly affects a decrease in the specific surface,
which is determined, as a whole, by the crystallite size.
The main distinction between the graphitized samples of
the carbons under study is the difference between the
geometrical sizes of the graphite crystallites formed that
makes up the main portion of the surface of the graphi-
tized carbon black This assumption is favored, in particu-
lar, by the high (compared to those of GTC) Sy, values
for carbons 1, 2,, and 3, (see Table 1). The latter results
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in the situation when at a sufficiently high phase hetero-
geneity of the surface the TAC values, for example, for 1,,
are much higher than the TAC on the carbons, whose
surface is formed of larger crystallites. Evidently, the mu-
tual arrangement of the InV, ;—7~! curves can be ex-
plained similarly (see Fig. 2, a).

The intense growth of the crystallite size is known to
be observed at higher temperatures (2500—3000 °C) and
a prolonged graphitization time. It is seen from the data in
Table 1 that the decrease in the Sy, value upon graphiti-
zation also depends on the particle size of the starting
carbon black: the smaller the particle size of the starting
carbon black, the stronger the decrease in the surface
value upon graphitization. The energetic heterogeneity of
the surface decreases in the same sequence.%2? It is likely
that graphitization results in the removal of the highest-
energy regions of the surface.

Let us compare the K, . values for the starting and
graphitized carbon black samples obtained at a fixed tem-
perature (Table 4). The AlnK, . value decreases mono-
tonically on going from samples 1 and 1, to samples 3
and 3,. The difference between the AInK; . values is
strongly temperature-dependent and in the high-tempera-
ture region becomes comparable with the error of the GC
experiment. Probably, when the temperature increases,

Table 4. The AlnKk - 102 values for n-pentane
equal to the difference between the Ink; . val-
ues for the ungraphitized and corresponding
graphitized carbon black samples 1—3 at dif-
ferent temperatures

T/K* AlnK, .+ 102
N115(1) N326(2) N660 (3)

333 — — 0.76
343 — — 0.46
353 — — 0.41
363 1.49 0.78 0.35
373 1.28 0.63 0.25
383 1.08 0.50 0.22
393 1.00 0.40 0.19
403 0.80 0.33 0.17
413 0.70 0.27 0.14
423 0.54 0.23 0.10
433 0.44 0.17 0.05
443 0.34 0.10 0.02
453 0.27 0.08 0.01
463 0.20 0.06 —
473 0.10 0.02 —
483 0.07 0.01 —
493 0.04 — —
503 0.03 — —

*The interval of working temperatures used
for plotting the diagram in Fig. 3 is emphasized
by bold.

the barriers, which should be surmounted by adsorbed
molecules during migration along the surface, decrease,
and the adsorption becomes delocalized, which is charac-
teristic of energetically quasi-homogeneous surfaces. In
fact, the temperature increase results in a decrease in the
difference between the V) | values in cases I and I1 for the
ungraphitized surface, which indicates a decrease in the
difference in the adsorption energies in different hetero-
geneous surface regions. In addition, as should be ex-
pected, the chromatographic peaks become more sym-
metrical and narrow with the temperature increase. As a
result, the AlnK . value at a fixed temperature provides
quantitative conclusions about the energetic heterogene-
ity of the surface in the series of adsorbents with a similar
chemical nature. The diagram, which makes it possible to
compare the AlnK| , value for different types of carbons in
a sufficiently broad interval of the studied temperatures,
is presented in Fig. 3. Thus, the graphitized carbon
black samples can serve as standards for comparison of
adsorbents with different energetic heterogeneities but
close average particle sizes.

The g4, and A(S"l’c)S values calculated by Egs. (2)
and (3) are presented in Table 2. Comparison of the cor-
responding TCA values for different carbon black samples
shows that in a sufficiently broad temperature interval
expression (3) more reliably describes the plot of InV),
vs. inverse temperature, because it allows the calculation
of the AC *1,p values, which directly indicate the differ-
ences in the energy states of the adsorbate molecules in
the gas phase and on the adsorbent surface. These differ-
ences make it possible to better understand the molecular
pattern and character of interactions of adsorbed mol-
ecules with the heterogeneous surface regions different in
energy and to estimate thus the energetic heterogeneity of
the surface under study. In addition, the deviations of the
InV, , = AT~ curves observed in Fig. 2 from linear

Alnk; - 102

140
120 |
100
80
60
40
20

443 T/K

Fig. 3. Comparison of the AlnK| .- 10? values calculated from
the difference between the InK, . values for the ungraphitized
and graphitized carbon black samples N115 (1), N326 (2),
and N660 (3).
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dependence (2) also indicate the higher reliability of the
TCA calculated by Eq. (3). The use of Eq. (3) provides
the approximation of the experimental InV, ; values with
a higher accuracy, because the AC 5, p differences reflect-
ing the deviation from a straight line are very high. The
TCA values calculated by formula (2) are noticeably higher
(especially for samples with small-size particles) than the
corresponding values based on the temperature plots of
G gir,) and A(S”"LC)S. The TCA values, usually obtained by
the GAC method for the estimation of the energetic het-
erogeneity of the surface in sufficiently broad temperature
intervals, are approximated by a linear dependence,!’
which is not likely always reasonable. The TCA values
determined in this work for ungraphitized carbon black
samples 2 and 3 are close to the data for the carbons with
the similar surface morphology.!? It is seen from the data
in Table 2 that carbon black 1 is characterized by the
highest TCA values, and the g4, and A(S’°1,C)S values
approach the analogous parameters for GTC as the par-
ticle size increases. The difference in the g4, values,
which characterize regions I and II, also indicates the
energetic heterogeneity of the surface of the starting car-
bons. As can be seen from the comparison of the corre-
sponding values, the g 4; ; value obtained at the ultimately
low adsorbate concentrations in the gas phase (region I) is
much higher than g 4, for concentration region II. This
agrees with the fact that the g ;¢ | value on the heteroge-
neous surfaces usually decreases monotonically with an
increase in the 6 coverage, gradually approaching the heat
of condensation, which corresponds to the gradual transi-
tion from coverage of the surface regions with higher ad-
sorption energies to the regions with the lower surface
energy. The decrease in the heat of adsorption with the
coverage indicates the heterogeneous character of the sur-
face of the adsorbent studied, because on the homoge-
neous surfaces the g4;¢; values increase with an increase
in .14 The g, values for n-pentane change from
31.2 kJ mol~! (for sample 3,) to 55.4 kJ mol~! (sample 1).
This substantial difference suggests that g4 is highly
sensitive to the energetic heterogeneity of the surface.
The difference in the gg4;; values for the ungraphitized
and graphitized samples decreases with an increase in the
particle size of the adsorbent, indicating a lower energetic
heterogeneity of carbons with larger crystallites.

Similar regularities are observed in the series of
A(b:"l’c)S values. On comparing the changes in the differ-
ential molar entropy of adsorption A(S °0)° for the same
adsorbate, which were obtained in the approximately equal
temperature intervals on different adsorbents, a qualita-
tive conclusion about the relative mobility of adsorbed
molecules can be drawn.!® The lower the A(S°; .)* value,
the lower the mobility of the molecules on this adsorbent.
It follows from our data that the ungraphitized carbon
black samples are always characterized by lower A(S °1)°
compared to those of the graphitized samples. It is most

likely that the energetic heterogeneity of the ungraphitized
samples imparts the more localized character to adsorp-
tion. It can be assumed that the increase in A(S °1)°on
the heterogeneous surfaces is related, in the general case,
to the change in translational motions by rotational or
vibrational motions relatively to the surface. The A(S °L)’
value is significantly affected by the surface roughness
(Ds), whose values decrease noticeably upon the graphiti-
zation of the starting carbon black sample (see Table 1).
Thus, the g 4;r; and A(f"l’c)S values, as well as K| ., allow
the estimation of the energetic heterogeneity of the surface.

Let us consider AC s (see Table 2) calculated from
the approximated plots of InVy ;vs. T™ I'vy Eq. (3). For
all carbon black samples studied, the AC Ly values are
several times larger than AC %1, p for GTC with the specific
surface equal to 11.7 m? g~ Smce the molar thermal
capacity of n-pentane in the gas phase (C,, ,) is constant
for our adsorbents, the increase in ACSL » on going from
GTC (sample 4) to carbon black 1 (see Table 2) is directly
related to an increase in the differential heat capacity of
the adsorbed substance (C ). Although the temperature
dependence of C,4 was ignored in this work, we can
compare the ACS, p values in the series of adsorbents of
the same type.2ls 2’

A decrease in the particle size for both graphitized and
ungraphitized carbon black samples sharply increases
ACTSI’ p (see Table 2). This regularity can likely be ex-
plained by the noticeable increase in the energetic het-
erogeneity on going from GTC (sample 4) to sample 1.
This increase is probably related to the presence of edges
on the surface, growth steps, different dislocations in the
crystallite structure, a set of allotropic modifications
(amorphous carbon, fullerene structures), etc.3? In addi-
tion, small carbon black particles contain many devel-
oped edges of graphite crystallites, which determines the
enhanced adsorption potential of carbons 1, and 2, com-
pared to those of sample 3, and GTC. It can be assumed
that the C 4 values for n- pentane noticeably exceed the
Ciiq,1 Vvalues for n-pentane in the liquid state at the corre-
sponding temperature. This agrees well with analogous
data for a great number of aliphatic and aromatic hydro-
carbons adsorbed on Silochrom C-120 with the homoge-
neous surface.33 It is commonly accepted3? that the en-
hanced heat capacity of the substance in the adsorption
state is associated with the presence of more complicated
lateral intermolecular interactions of the adsorbate mol-
ecules with the surface. As a whole, an increase in the
energetic heterogeneity of the surface and, hence, in its
adsorption potential, results, most likely, in an increase in
the C ads vValues, which depends, to a great extent, on the
adsorbent nature and specific features of the molecular
structure of the adsorbate. Therefore, it is better to calcu-
late energetically heterogeneous adsorbents by Eq. (3),
because the approximation equation (2) ignores the con-

tribution related to AC' %1, p» Whose values are sufficiently
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high for the adsorption systems under study. Thus, the
AC %1, p Values in the series of adsorbents considered in this
work adequately reflect the influence of the energetic het-
erogeneity of the surface on the adsorption characteristics
of the adsorbates and can be used for the quantitative
estimation of the surface heterogeneity.

Our analysis of the TCA of the ungraphitized carbons
concerns samples of the adsorbents, which were prelimi-
nary extracted with various solvents. The adsorption prop-
erties of the non-extracted samples were also studied (see
Tables 2 and 3). As should be expected, the surface of the
non-extracted carbons is close in the energetic character-
istics to the corresponding graphitized carbons. It is es-
tablished that the TCA of the non-extracted samples are
lowest for all adsorbents considered in the work. This
phenomenon is observed in GAC when the modified GTC
surface is used. In these cases, the adsorption properties
of the surface are determined by the nature and specificity
of intermolecular interactions of the modifier. The sur-
face admixtures on the industrial carbon black samples
are shown®=7:17 to be based on polyaromatic hydrocar-
bons and different oxygen-containing compounds (as a
rule, polysaccharides). As known,34:35 polysaccharides de-
crease considerably the adsorption potential of GTC with
respect to dispersion interactions. This decrease is ob-
served by comparison of the TCA of n-pentane for the
corresponding graphitized and ungraphitized carbons,
which were not subjected to extraction. Similar results
were obtained for the pre-oxidized surfaces of different
carbons.36:37 The plot of InV, ; vs. T~! shows (see
Fig. 2, b) that the curves corresponding to the non-ex-
tracted samples lie lower than the curves for the analo-
gous samples of the graphitized carbons.

Thus, the following conclusions can be drawn from
the results of the study:

— TCA in the regions close to the zero surface cover-
age can serve as quantitative characteristics in the estima-
tion of the energetic heterogeneity of carbons and can be
used for the development of theoretical models of adsorp-
tion on heterogeneous surfaces;

— energetic heterogeneity of carbons decreases with
an increase in the average particle size and almost com-
pletely determines the adsorption potential of the surface
in the region of low coverages;

— experimental gg;r; values can serve as the initial
data for the calculation of the function of the energy
distribution of interaction in the adsorbatesb—heteroge-
neous surface system,;

— concentration boundaries of the chromatographi-
cally accessible "Henry region" for the adsorbents consid-
ered cannot be determined exactly by standard chromato-
graphic analysis; however, these boundaries become con-
siderably more narrow with an increase in the energetic
heterogeneity of the surface.

The authors are sincerely grateful to A. K. Buryak
(Institute of Physical Chemistry, RAS) for interest and
fruitful discussion of the problems considered in the work.

References

1. N. N. Avgul’, A. V. Kiselev, and D. P. Poshkus, Adsorbtsiya
gazov i parov na odnorodnykh poverkhnostyakh | Adsorption of
Gases and Vapors on Uniform Surfaces|, Khimiya, Moscow,
1975, 384 pp. (in Russian).

2.J. R. Conder and C. L. Young, Physicochemical Measure-
ment by Gas Chromatography, Wiley, New York, 1979, 632 pp.

3.A. A. Lopatkin, Teoreticheskie osnovy fizicheskoi adsorbtsii
[ Theoretical Foundation of Physical Adsorption], 1zd-vo
MGU, Moscow, 1983, 344 pp. (in Russian).

4. W. Rudzinski and D. H. Everett, Adsorption of Gases on
Heterogeneous Surfaces, Academic Press, London, 1992,
578 pp.

5. Interfacial Phenomena in Chromatography, Ed. E. Pefferkorn,
Dekker, New York, 1999, 448 pp.

6.J.-B. Donnet, R. C. Bansal, and M.-J. Wang. Carbon Black
Science and Technology, Dekker, New York, 1993, 462 pp.

7.S. Wolff and M.-J. Wang, Rubb. Chem. Technol., 1991,
64, 559.

8. M.-J. Wang, S. Wolff, and J.-B. Donnet, Kautsch. Gummi
Kunstst., 1992, 45, 11.

9.A. V. Kiselev, A. A. Lopatkin, and A. A. Shulga, Zeolites,
1985, 5, 261.

10. A. A. Lopatkin, Ros. Khim. Zh., 1996, 40, 5 [Mendeleev
Chem. J., 1996, 40 (Engl. Transl.)].

11. A. A. Lopatkin, Ros. Khim. Zh., 1997, 41, 85 [Mendeleev
Chem. J., 1997, 41 (Engl. Transl.)].

12. A. A. Lopatkin, Ros. Khim. Zh., 1998, 42, 91 [Mendeleev
Chem. J., 1998, 42 (Engl. Transl.)].

13. A. J. Vukov and D. G. Gray, in Inverse Gas Chromatography
(Characterization of Polymers and Other Materials), Eds. D. R.
Lloyd, T. C. Ward, and H. P. Schreiber, Am. Chem. Soc.,
Washington, 1989, p. 168.

14. Khromatografiya: Osnovnye ponyatiya. Terminologiya [Chro-
matography: The Main Concepts. Terminology], Ed. V. A.
Davankov, Scientific Council of the RAS on Adsorption and
Chromatography, Moscow, 1997, 48 pp. (in Russian).

15. E. Papirer, S. Li, H. Balard, and J. Jagiello, Carbon, 1991,
29, 1135.

16. W. Niedermeier, H. Raab, J. Stierstorfer, S. Kreitmeier, and
D. Goritz, Kautsch. Gummi Kunstst., 1994, 47, 799.

17.J.-B. Donnet and C. M. Lansinger, Kautsch. Gummi Kunstst.,
1992, 45, 459.

18. E. A. Sokolov, S. D. Babenko, D. N. Zakharov, A. P.
Moravskii, N. P. Piven’, B. P. Tarasov, and P. V. Fursikov,
Izv. Akad. Nauk, Ser. Khim., 2002, 860 [Russ. Chem. Bull.,
Int. Ed., 2002, 51, 936].

19. S. Ross and J. P. Olivier, On Physical Adsorption, Interscience,
New York, 1964, 401 pp.

20. A. Schroder, Dissertation, Hannover Universitat, Hannover,
2000, 178 pp.

21. Eksperimental ‘nye metody v adsorbtsii i molekulyarnoi
khromatografii | Experimental Methods in Adsorption and



2368

Russ.Chem.Bull., Int.Ed., Vol. 52, No. 11, November, 2003

Yashkin and Schuster

22.

23.

24.

25.

26.

27.

28.
29.

30.

Molecular Chromatography]|, 1zd-vo MGU, Moscow, 1990,
316 pp. (in Russian).

C. Vidal-Madjar, M.-F. Gonnord, M. Goedert, and
G. Guiochon, J. Phys. Chem., 1975, 79, 732.

T. A. Rudnitskaya and A. A. Lopatkin, Zh. Fiz. Khim., 1997,
71, 535 [Russ. J. Phys. Chem., 1997, 71 (Engl. Transl.)].

A. V. Kiselev, Mezhmolekulyarnye vzaimodeistviya v adsorbtsii
i khromatografii | Intermolecular Interactions in Adsorption and
Chromatography], Vysshaya Shkola, Moscow, 1986, 360 pp.
(in Russian).

I. Ignatiadis, M. F. Gonnord, and C. Vidal-Madjar,
Chromatographia, 1987, 23, 215.

S. Ross, I. D. Morrison, and H. B. Hollinger, Advan. Col-
loid. Interface Sci., 1976, 5, 175.

M. Jaroniec and R. Madey, Physical Adsorption on Heteroge-
neous Solids, Elsevier, New York, 1988, 352 pp.

S. E. Hoory and J. M. Prausnitz, Surface Sci., 1967, 6, 377.
M. Jaroniec, S. Sokolowski, and W. Rudzinski, Z. Phys.
Chem. (Leipzig), 1977, 258, 818.

J. Jagiello, P. Sanghani, T. J. Bandosz, and J. A. Schwarz,
Carbon, 1992, 30, 507.

31

32.

33.

34.

35.

36.

37.

Equilibria and Dynamics of Gas Adsorption on Heterogeneous
Solid Surfaces, Eds. W. Rudzinski, W. A. Steele, and
G. Zgrablich, Elsevier, Amsterdam, 1997, 890 pp.

H. O. Pierson, Handbook of Carbon, Graphite, Diamond and
Fullerenes: Properties, Processing and Applications, Noyes
Publications, New Jersey, 1993, 400 pp.

A. A. Lopatkin and N. K. Shoniya, Zh. Fiz. Khim., 1999, 73,
1769 [Russ. J. Phys. Chem., 1999, 73 (Engl. Transl.)].

C. Vidal-Madjar and G. Guiochon, J. Chromatogr. Sci.,
1971, 9, 664.

N. V. Kovaleva and K. D. Scherbakova, J. Chromatogr.,
1999, 520, 55.

J. Jagiello, T. J. Bandosz, and J. A. Schwarz, J. Colloid
Interface Sci., 1992, 151, 433.

L. Cossarutto, C. Vagner, G. Finqueneisel, J. V. Weber, and
T. Zimny, Appl. Surface Sci., 2001, 177, 207.

Received September 10, 2002;
in revised form January 24, 2003




