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Abstract—The adsorption and desorption i1sotherms for methane on microporous carbonaceous adsorbent
were measured at pressures of 0.5 to 160 MPa and temperatures of 313, 373, and 408 K. The adsorption volume
W of CMS microporous carbonaceous adsorbent was determined based on the experimental values of the Gibbs
adsorption and the isotherm equation with the use of the method elaborated by us. The obtained value of W is
close to that derived from Dubinin’s theory of volume filling of micropores. In this case, the isosteric adsorption

heats are higher by the factor ~1.5 than those for the CH;—NaX system.

INTRODUCTION

Most studies of the adsorption of various substances
on carbonaceous adsorbents have been carried out’at
low pressures of adsorptives. Under these conditions,
the Gibbs adsorption I' virtually coincides with the
absolute adsorption a. In this range of pressures p of
adsorptives, the isosteric heat of the Gibbs adsorption

q; is given by the equation [1]

gr = -ZR(dn pldT); (1)

(Z is the coefficient of compressibility of adsorptive,
R is the gas constant) and 1s always finite.

At high adsorptive pressure, the Gibbs adsorption
isotherms I' = I'(p) differ qualitatively from the abso-
lute adsorption isotherms a = a(p). The a(p) isotherms
are growing functions of p over the entire pressure
range up to the maximum filling; in contrast, the Gibbs
adsorption isotherms I'(p) initially increase, reach a
maximum, and then fall to zero [2—-4]. The Gibbs
adsorption isosteres in the region of the maximum
adsorption are nonlinear functions; at the point of the

‘ ‘ r : :
isotherm maximum, the g, value tends to infinity,

which is physically unreasonable.

In order to eliminate this contradiction, it is neces-
sary to recalculate the experimental values of I into a.
To do this, it is necessary to know the limiting volume
of adsorption W, which may not coincide with the geo-
metric volume of the adsorbent pores. Note that spec-
troscopic and calorimetric measurements and sorption-
based technologies deal with the absolute adsorption,
because the signal from all the molecules in the adsorp-
tion space is detected.

In contrast to crystalline porous solids (zeolites), the

carbonaceous adsorbents (activated carbon) have pores
varying in size; therefore, the determination of the

adsorption volume of a carbonaceous adsorbent is a
complicated problem. In addition, the adsorption of
gases on activated carbon at high pressures and ele-
vated temperatures 1s poorly understood.

The aim of this study is to investigate the behavior
at high adsorptive pressures of the methane~CMS acti-
vated carbon system.

EXPERIMENTAL

In this work, we used CMS granulated microporous
carbonaceous adsorbent (Switzerland). CMS porous
adsorbent ts characterized by the following structural
and energetic parameters, which were derived from the
theory of volume filling of micropores (TVFM) [5, 6]:
the charactenistic energy of adsorption E;, = 26.19 kJ/mol,

micropore volume W = 0.252 cm¥g, specific surface
area of mesopores s,,. = 28.0 m*/g, and average pore
radius L = 0.8 nm. The weight of the sample m_4evacu-

ated at 623 K was 1.3514 g. Methane of pure grade
(99.8 vol % CH, and 0.2 vol % N,) was used as an

adsorptive; before use it was passed through a zeolite
trap cooled by liquid nitrogen to remove moisture, car-

bon dioxide, and heavy hydrocarbons.

The experiments were carried out in a volumetric—
gravimetric adsorption high-pressure setup we devel-

oped for this purpose. A metallic autoclave (3.001 cm?
in volume) packed with the adsorbent was suspended
on an arm of a VLR-200 analytical balance; methane
was supplied to the adsorbent through a thin metallic
spiral-shaped capillary. The absolute sensitivity of the

measuring system was 5 x 10~ g. A more detailed
description of the experimental procedure s given tn [7].
(The installation used in this study 1s distinguished only
by the presence of a gravimetric manometer of our con-
struction connected in parallel to a Bourdon pressure
gage. This manometer was stmilar to the volumetric-



gravimetric setup in design and accuracy.) The gravi-
metric manometer was kept at 300 + 0.1 K. Due to the
relatively large volume of the autoclave of the gravi-

metric manometer (13.157 cm?), the methane density at
the stage of adsorption equilibrium, pr, was measured
to an accuracy of 1% at low pressures; at higher pres-
sures, the accuracy was higher. The pressure of meth-
ane was calculated from the measured pr and T values
by the multiconstant equation of state of methane F =
(p, p, T) [8]. The error in the methane pressure deter-
mined by this equation was below 1% over the entire
pressure range covered.

RESULTS AND DISCUSSION

In order to determine the I value, it 1s necessary to
substrate, from the total weight of gas in the autoclave
filled with the adsorbent, the weight m, of gas in the

accessible volume V, (m, = V,pr)

Here, pr is the density of the equilibrium gas phase, V;
is the fraction of the autoclave volume free from the
adsorbent, and W is the limiting volume of adsorption
(for a microporous carbonaceous adsorbent, this is the
volume of the micropores plus a volume in mesopores
that is equal to the product of the surface area s, of
mesopores and the width of the adsorption space). Inas-
much as the density of the equilibrium gas over the
pressure range covered is high, and V; > W for the acti-
vated carbon, even a small error in the V, value can lead
to large uncertainty in the Gibbs adsorption calculated
by the equation

[ = (m-ppV,)my, (3)

where m is the weight of adsorptive in the autoclave
packed with adsorbent. Therefore, the calibration pro-
cedure should be performed thoroughly. Normally,
helium is used to calibrate the adsorption apparatus
because it is not adsorbed at room temperature and low
pressures. However, the accessible volume V, depends
on the apparent diameter of the calibration gas mole-
cule [9]. Because of this, the difference in the sizes of
He and an adsorptive molecule may lead to the overes-
timation of the V, value calculated by equation (3); this,
in turn, yields an underestimated value of I'. In [2-4], it
is shown that the calibration of the adsorption cell can
be made with the adsorptive under investigation. One

advantage of such a procedure is that it becomes a part
of adsorption isotherm measurements.

The principle of this procedure is as follows. At a
specific pressure, a gas density pr is achieved that is
equal to the average density p, of the adsorbate phase

in the volume of adsorption W

mlpr = mdpr+mJpr = Ve+ Wp lpr.  (4)

Fig. 1. Calibration curves for determining the accessible
volume V,.

Here, m; is the weight of gas occupying the volume V;
in the autoclave packed with an adsorbent, and m, is the
weight of gas in the volume of adsorption. Then there
must be a horizontal segment in the m/pr = V vs. p plot
with V = V, [equation (2)]. Figure 1 displays the results
of calibration for the CH,~CMS system at 313, 373,
and 408 K. For the adsorption and desorption branches
of the curve measured at 313 K, V, =2.331 £ 0.003 and

2.342 + 0.003 cm’, respectively. The fact that the latter
value is somewhat higher suggests that the volume of
pores changes during adsorption. Measuring V, at 373
and 408 K in subsequent experiments, we found that
the values of V, for the adsorption and desorption

branches are almost the same, 2.346 + 0.008 cm’,
within the limits of the experimental error. This value of
V, was used to construct the adsorption isotherms I' for
the three temperatures. Figure 2 shows these adsorption
isotherms. The V, values were determined at pressures
of 100 to 160 MPa; the deviations of the values of V,
from the mean value were random. The correctness of
the determined value of V, can be checked in the fol-
lowing manner. Dividing the weight of the adsorbent by
the difference between the autoclave volume (3.001 cm?)
and V,, we determine the density of CMS microporous

carbonaceous adsorbent to be 2.063 £ 0.019 g/cm’, a
value close to the density of graphite (2.26 g/cm*) {10]
and graphitized carbon blacks (2.053 + 2.178 [11]).
In [12], the density of four types of carbonaceous
adsorbents measured by making use of the He calibra-

tion was found to be 2.04-2.20 g/cm?.

In an effort to describe the Gibbs adsorption I" ana-
lytically as a function of the density of the equilibrium
gas phase (Fig. 2), we used an expression similar to the

Dubinin—Radushkevich equation [13]

pm(pb_p) 2_ (5)

=T ~RT/IE)|I
['(p) mEXP( ) np(pb-—pm)
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Fig. 2. Excess adsorption isotherms of CH4 on CMS acti-
vated carbon.

Here, p,, and I, are the coordinates of the isotherm
peak, p, is a gas density at which the Gibbs adsorption

is zero, and E is the energetic parameter which is equal
to 6871 kJ/mol for the 7= 313 K isotherm. The temper-
ature dependences of the parameters of equation (5) are
adequately described by the relations [4]:

I.(T) = I',(To)exp[-a(T - Ty)l,

r-T,
TT, J

r-T:
TT, ]

p(T)m - pm( TD)exp [B
(6)

Po(T) = pp(To)exp [Y

T-T,
E(T) = E(To)exp[lc T ]
where «, B, v, and K are the corresponding temperature
coefficients, and T is the reference temperature (in our

case, 313 K).

To construct the adsorption isotherm a = a(p), it is
necessary to add the product of the current density p, of
the equilibrium gas and the volume of adsorption W to
each ordinate of the experimental excess adsorption I".

The volume of adsorption W of CMS adsorbent was
determined by two methods, which are based on the
theory of volume filling of micropores (TVFM) and on
the approach developed by us in [ 14]. The latter method
is suitable not only for microporous carbonaceous

adsorbents, but also for adsorbents of an arbitrary
porous structure. The method is based on the universal
relation existing between the absolute a and Gibbs I'

adsorptions
a(p, T)-p(p, YW = I'(p, T). (7)
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To use this equation one should obtain the experimental
adsorption isotherm I" = I'(p), in a wide pressure range,
and the equation of the adsorption isotherm a = a(p)
with indeterminate coefficients (derived from the statis-
tic thermodynamics; see, for example, [15]). In this
method, the parameters of the equation a = a(p) and the
W value at each point of the isotherm are adjusted so as

to obtain agreement between the calculated I'*® and
measured I'**™ Gibbs adsorption; i.e., the functional

b = N"zl(rf""-rf“‘)/arf""]’ = min (8)

is minimized. Here, AT**™is the experimental error in I’
determination. |

The limiting volume of adsorption for CMS
microporous carbonaceous adsorbent is W = 0.246 *

0.015 cm?/g at the three temperatures used. This value

agrees well with W = 0.252 cm’/g, a value obtained
based on the TVFM approach. The limiting volumes of
adsorption determined from the adsorption and desorp-
tion branches of the T = 313 K isotherm curve by the
method of [14] are W4 = 0.239 £ 0.011 and W, =

0.253 £+ 0.008 cm'/g, respectively. The difference
between these quantities, AW = 0.014 cm'/g, agrees
closely with the results obtained for the same isotherms
during calibration of the autoclave volume V, packed

with the adsorbent: V.* = 2.331 + 0.003 and V. =

2.342 + 0.003 cm?, with AV, = 0.011 cm¥g; this dem-
onstrates the reliability of the procedure proposed in
[14]. This method of determining the W value was pre-
viously applied to the adsorption systems on the basis
of zeolites [3, 4] and yielded the results close to the pre-
dictions of other methods.

Figure 3 represents the absolute adsorption iso-

therms a = a(p) calculated based on W = 0.246 cm'/g.
The adsorption isotherms I' = I'(p) measured over a
broad pressure range (including the high-pressure
region) provide more detailed information on the influ-
ence of adsorbent on adsorptive than the absolute
adsorption isotherms a = a(p). At low equilibrium pres-
sures, the adsorbent produces the strongest effect on the
adsorptive; then the adsorption increases with pressure
and reaches a maximum at which the forces of attrac-
tion between the adsorbate molecules and between the
adsorbate and adsorbent molecules is counterbalanced
by the forces of repulsion between adsorbate mole-
cules. At still higher pressures, the Gibbs adsorption I
tends to zero; under these conditions, the average den-
sity of adsorbate is equal to that of the equilibrium gas
phase. This means that the adsorbent has no effect on
the adsorptive. Obviously, the isosteres and isoteric

heats of adsorption q,: also change.

Figure 4 displays the Gibbs adsorption isotherms.
As can be seen, the isotherms are linear in the low-pres-
sure region, up to a coverage of ~1.6 mmol/g: the slope
of isotherms is virtually independent of the temperature



over this pressure range. The adsorption heats q:: cal-

culated by equation (1) are about ~22 kJ/mol (Fig. 5).
In going from the side of high pressures, the isosteres
are also linear down to 1.2 mmol/g (Fig. 4), with a slope
close to zero (Fig. 5). Similar behavior was reported for
the N,-NaA, Kr-NaA, and CH,~Rho adsorption sys-
tems [2, 3, 16]. Probably, the energy of adsorbate-
adsorbent interactions and the energy of repulsion
between adsorbate molecules in this pressure range

. I .
take such values that the adsorption heat g,, 1s close to

zero. For nonlinear Gibbs adsorption isosteres (Fig. 4),
the isosteric heats of adsorption calculated by equation
(1) are ambiguous and tend to infinity at certain temper-
atures and fillings (Fig. 5).

Figure 6 shows that the absolute adsorption isos-

teres are linear. The isosteric adsorption heat gy calcu-
lated by the equation [17],

g = —RZ[1-(VIV,);)(dInp/dT ™),
- (dpldT);[Vo-T(dV/dT),]

(%)

(V is the partial molar volume of adsorbate) is about
~20 kJ/mol at fillings up to ~3.6 mmol/g (10-50 MPa); at

larger fillings, the g, decreases (Fig. 7). The isosteric
adsorption heats g, do not exhibit those peculiarities

which are observable for the ¢ :; adsorption heats (Fig. 5).

This behavior of the Gibbs adsorption heat is due to a
specific shape of the I' = I'(p) adsorption isotherms.
This can be confirmed in the following way. Using the
universal correlation between a and I (7) and differen-
tiating it with respect to T and p, we obtain

da| - |dT} 4 w(dp| 4+pldW] (10)
dpir ldp|r dp|r dp|r
da| _ |dl] +w|£{E +pld¥! (11)
arl, ldrl, ~ld7l, "|d4T|,

The thermal equations for the Gibbs and absolute

adsorption takes the form
F(I',p,T) =0 and ®(q,p, T) = 0. (12)

This equation in conjunction with the known relation-
ship gives

ég‘l f’l‘] = -] and ‘_ff

Solving equations (13) relative to (dI'/dp)r and
(da/dp);and substituting the values obtained into equa-

dp| |dT

dTlasldal,

—
-

(13)

T T

drl
dp

a, mmol/g

|
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Fig. 3. Absolute adsorption isotherms for methane on CMS
activated carbon.
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Fig. 4. Isosteres of the Gibbs adsorption for CH; on CMS
activated carbon atI" = (/) 0.2, (2) 0.4, (3) 1.0, (4) 1.6, (5) 2.82.

tions (10) and (11), we obtain, after simple rearrange-
ments, the following expression relating q:; and g,

r o (daldp)r

da = 49 = dp
(1-V,/V,)

dr|r
+Idan
p dT

(14)
dinp
dT

+TW'QEJ [
dl'|r

)
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Fig. 5. Isosteric heats of the Gibbs adsorption for CHy on CMS activated carbon as functions of (a) filling and (b) temperature.

The derivative of the Gibbs adsorpﬁon isotherm is
responsible for infinitely high values of the isosteric
heat. A similar formula was derived in [18] by a differ-

ent method.

The obtained heats g;, of adsorption of methane on

CMS adsorbent are somewhat higher than those on
CaA zeolite. In the latter case, the heat of adsorption
varies from 13.4 to 11 kJ/mol as the filling degree is

increased from | to 3.7 mmol/g [19]. Note that the lin-
ear size of the a-cavity in NaA zeolite (L = 0.14 nm
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Fig. 6. Isosteres of the absolute adsorption for CHy on CMS

activated carbon ata: (/) 0.8.(2) 1.2,(3) 1.6, (4) 2.0, (5) 2.4,
(6) 2.8, (7) 3.2, (8) 3.6, (9) 4.0, (10) 4.4, (1]) 48, and (/2)
5.2, mmol/g.

[20]) and the average size of the pores in CMS adsor-
bent (L = 0.8 nm) are commensurate. The difference in
the heats of adsorption of methane on the microporous
adsorbent and zeolite is due to both the distinctions in
structure and, to some extent, in chemical composition.
In contrast to the zeolite, in which the electric fields
exist [20], the carbonaceous adsorbent attracts methane
molecules by means of the dispersion force. The dis-
persion interaction energy 1s given by [21]

E = Cerﬁ, C = —6mcza|a2/(a|/"5| + 0,/K;),
l. | (15)

where C is the dispersion interaction constant, r is the
average separation distance between the methane mol-
ecules and adsorbent atoms, ¢ is the speed of light in
vacuum, ¢; and K; are the polarizability and magnetic

susceptibility of the methane molecule and adsorbent
atom, and m 1s the mass of electron.

The values of o and x for the carbon atom are
smaller than those for the oxygen atom (the most abun-
dant chemical element in the zeolite); this factor
reduces the E value for the CH,—C system, but a higher
surface density of carbon atoms of the adsorbent
increases E. The radius of the hexagon, a structural ele-
ment of the carbonaceous adsorbent, 158 0.142 nm [ 1 1],
whereas the distance between the oxygen atoms in the
tetrahedral cell of the zeolite is 0.276 nm. The CH,-C

interaction energy increases with decreasing r; in (15);

its value is a sum of the energies of interaction of a
methane molecule with the neighboring carbon atoms,
whose number can be as high as 6. In contrast to the
zeolite, in which the cavities are of the same size, the
microporous carbonaceous adsorbent is characterized
by a pore size distribution, i.e., pores smaller than the
average size (0.8 nm) are available. In this case, the
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Fig. 7. Isosteric heats of adsorption for CH4 on CMS acti-
vated carbon.

opposite wall contributes to the parameter E to a greater
extent than in the case of the zeolite. The total pore vol-
ume in CMS adsorbent as measured by the method
described in [14] or by the TVFM method is larger (by
a factor of ~1.5) than that in the zeolite for various
gases [3, 9]. For instance, W = 0.17 cm’/g for Kr [4].
Thus, a larger adsorption volume of CMS microporous
carbonaceous adsorbent is primarily responsible for a

higher heat of adsorption of methane g, (by a factor

~1.5) in comparison with the zeolite; this results 1n
higher adsorption values.

To summarize, a comparison of methane adsorption
on the zeolite and microporous carbonaceous adsorbent
suggests that microporous activated carbons do better
as adsorbents of gases.

REFERENCES

1. Bakaev, V.A., Izv. Akad. Nauk SSSR, Ser. Khim., 1971,
p. 2648.

2. Pribylov, A.A., Serpinsky, V.V, and Kalashnikov, S.M.,
Zeolites, 1991, vol. 11, p. 846.

3. Pribylov, A.A., Yakubov, T.S., Stekli, G.E, et al., Izv.
Akad. Nauk, Ser. Khim., 1996, no. 3, p. S68.

4. Pribylov, A.A. and Yakubov, T.S., Izv. Akad. Nauk, Ser.
Khim., 1996, no. 5, p. 1138.

10.

11.

12.

13.

14.

19.

16.

17.

18.

19.

20.

21

6

Dubinin, M.M., Adsorbtsiya v mikroporakh (Adsorption
in Micropores), Moscow: Nauka, 1983, pp. 186-192.

Dubinin, M.M., Progr. Surface Membrane Sci., 1975,
vol. 9, p. L.

Pribylov, A.A., Kalashnikov, S.M., and Serpinski, V.V,,
Izv. Akad. Nauk SSSR, Ser. Khim., 1990, p. 1233.

Sychev, V.V., Vasserman, A.A., Zagoruchenko, V.A,,

et al., Termodinamicheskie svoistva metana (Thermody-
namic Properties of Methane), Moscow: [zd. Standartov,
1979.

Pribylov, A.A., Izv. Akad. Nauk, Ser. Khim., 1996, no. 3,
p. 574,

Gmelins Handbuch der anorganischen Chemi, 8 Auflage,
Kohlenstoff, Weinheim: Chemie, 1968, pp. 353-788.

Avgul’, N.N., Kiselev, A.V,, and Poshkus, D.P,
Adsorbtsiya gazov i parov na odnorodnykh poverkh-
nostyakh (Adsorption of Gases and Vapors at Uniform
Surfaces), Moscow: Khimiya, 1975.

Chiachotni, K., Heden, K., Dushanov, D., et al., Bulgar-

ian Acad. Sci. Comm. of the Department of Chemistry,
1991, vol. 24, no. 3, p. 420.

Serpinski, V.V. and Jakubov, T.S., Adsorption Science &
Technology, 1993, vol. 10, p. 85.

Yakubov, T.S., Chekhovskaya, L.G., and Pribylov, A.A,,
Izv. Akad. Nauk, Ser. Khim., 1995, no. 12, p. 2381.

Bakaev, V.A., Dokl. Akad. Nauk SSSR, 1966, vol. 167,
p. 369,

Pribylov, A.A. and Yakubov, T.S., Izv. Akad. Nauk, Ser.
Khim, 1996, no. 8, p. 1946.

Bakaev, V.A., Molecular Theory of Physical Adsorption,
Doctoral (Phys—-Math.) Dissertation, Moscow: Moscow
State Univ., 1989.

Lopatkin, A.A., Zh. Fiz. Khim., 1987, vol. 61, no. 12,
p. 33.

Rolniak, P. and Kobayashi, Riki, Colloid Interf. Sci.,
1976, vol. 3, p. 15.

Breck, D.W., Zeolite Molecular Sieves: Structure,
Chemistry, and Use, New York: Wiley, 1973. Translated
under the title Tseolitovye molekulyarmye sita, Moscow:
Mir, 1976.

Shakhparonov, M.1., Vvedenie v sovremennuyu teoriyu
rastvorov (Introduction to the Modern Theory of Solu-
tions), Moscow: Vysshaya Shkola, 1976.



	1.pdf
	2.pdf
	3.pdf
	4.pdf
	5.pdf
	6.pdf

