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A novel method for determining the adsorbed phase
volume from an excess adsorption isotherm for an
arbitrary adsorbent
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Adsorption volume is an important parameter for characterizing the adsorbent—adsorbate system. In this
paper the new method for reliable evaluation of adsorption volume is presented. The validity of the
proposed method is tested by 11 experimentally studied systems. The test results indicate that the method
has strong potential for practical use.
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HoBbi MeToa onpeaeneHnsa o6bemMa agcopoLMOHHON
c¢a3bl No nsortepme N3bbLITOYHOM agcopoUumn ans
aacopO6eHTOB NPOU3BOSILHOU CTPYKTYpPbI

Axy6os 2.C.

@I'BYH Uucmumym ¢huzuyeckoii xumuu u anexmpoxumuu um. A.H. @pymxuna PAH, Mockea

ACOpOIMOHHBIN 00BEM SIBIIICTCS BaXKHBIM MapaMETPOM Il XapaKTCPHCTUKU CHUCTEMBI aacopOeHT —
ancopbar. B pabore mpeiokeH HOBBIH METOJ HAAEKHOW OICHKU aacopOIMOHHOTO o0beMa. Metoxa
ompoboBaH Ha 11 »SKCIEPUMEHTATbHO HW3YYCHHBIX aJCOPOIMOHHBIX cHcTeMax. IlokazaHo, dYTO
NPe/I0KEHHBIH METOI 00/1a1aeT JOCTATOYHBIM MOTEHIIMAIOM JIJIsl IPAKTHYECKOTO UCIIOIb30BaAHHS.

KiioueBbie cj10Ba: aJIcOpOIMOHHBIN 00beM, H30BITOUHAS aAcoPOIsI, aOCONIOTHASI aCOPOIIHSL.

Introduction

The rigorous determination of absolute adsorption quantities remains to be
challenging. This is reflected in the continuing publications on the subject in recent years
(see, for example, [1-11]). Yet, it is the entire population of the adsorbed molecules, and
not just the excess ones that determines such important quantities as heat of adsorption,
dielectric permeability of adsorbed substances, and spectroscopic characteristics of the
molecules in the adsorbed states. The same principles are at play in two-dimensional phase
transitions and adsorption hysteresis. Lastly, the absolute adsorption quantities are essential
parameters of all theoretical adsorption models based on statistical thermodynamics. This
is in contrast with excess adsorption models, for which rigorous thermodynamics can be
constructed for any type of excess quantities, e.g., Gibbs excess [12], net adsorption [13],
or Hill’s model of “adsorption in a vessel as an adsorption system” [14]).
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Complications arise when the mechanisms of adsorption processes or the state
properties of adsorbed substances are to be investigated with using experimentally
available excess adsorption isotherms. For the absolute adsorption to be computed, this
approach requires the evaluation of the adsorption volume, which in practical applications
is an unknown and undefined quantity. In essence, the problem reduces to identifying the
adsorption volume that is at play in a given adsorbent-adsorbate system, as well as finding
methods of its calculation. In their paper of 1985 [15], Serpinskii et al. showed that the
mere presence of a force field near the surface of a solid is not sufficient to produce the
phenomenon of adsorption. The field must be strong enough to change the concentration of
the adsorptive by an amount no smaller than the mean concentration fluctuation of the
bulk-phase at a given temperature.

Results and discussion

Excess adsorption is commonly related to absolute adsorption through the equation
I'=a-W, (1)

The following physical meaning is attributed to Eq. (1): only part of the total
amount a of an adsorbate present in volume W is relevant to the existence of an adsorption
field, namely, an amount equal to 7", while another part, Wp, being part of the gaseous
phase, would occupy volume W, even in the absence of an adsorption field. This situation
is illustrated in Fig. 1, where the region denoted as /corresponds to excessadsorption.
However, in the rigorous approach to the problemunder consideration, we should begin
with the followingquestions: May we write Eqg. (1) in this form atall? and Do all of the
terms of Eq. (1) have meaning andreally exist?

It is easy to understand that the main problems are relevant to value W, whereas
magnitude aalso loses its meaning without W. As can be seen from Fig. 1, " is a finite
quantity and is by definition equal to

r= ofo[p(Z) - P 2 )

where integration is performed over a coordinate normal to the surface, while for the
magnitudea, we have

a=|pl2hz - o ®
0

Integral (3) may be finite provided that the upper integration limit is finite, a
circumstance that would impart a meaning to the W value. In other words, we should use
some physical considerations to place a boundary with coordinate z* at some finite
distance from an adsorption surface. The space to the left of the boundary would represent
the adsorption volume and that to the right, the gaseous phase. Whereas the adsorption
volume of adsorbents, such as zeolites, may be estimated in good approximation one way
or another for adsorbents with arbitrary structures, this problem is nevertheless difficult to
solve, even approximately. In the above-cited works have been proposed variety of
approximate methodsfor solving this problem.

From equation (1) follows

W =K -Kj, (4)
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Fig. 1. Schematic representation of the local density of an adsorbate as a function
of distance z from adsorbing surface S.

Relation (4) is valid even with variable W, when the adsorption deformation is
taken into account.

A rigorous determination of the greatest lower bound for adsorption volume W. Let
us consider a schematic representation of the excess and absolute adsorptions shown in
Fig. 2. A straight line Wp intersects the curve of excess adsorption /(p) at some point (p*,
™), where I'* = Wp*. According to relation (1), at this point the absolute adsorption equals
2™ or 2Wp*. On the other hand the maximum absolute adsorption equals Wpg. Taking
into account that the absolute adsorption is the ascending and continued function we can
write down the following rigorous strict inequality

2Wp* <Wpg or p* <pg/2

By this means \y >7/'(,0‘)=W
0
It is notable that for all systems tested here Wp;, falls in the range between
0.52Wand 0.56W.
One exception is system with neon, for which Wy,i,=0.67W. This fact may be used

for rough evaluation of the adsorption volume W=1.85W/;n.

min
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© Wp
a
=
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0
p, glcm® Ps

Fig. 2. Schematic representation of the methods of determination W and Wp;n.

Method of determination of adsorption volume. Presented below is a new method
of calculation of the adsorption volume from an excess adsorption isotherm on adsorbents
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with arbitrary structures. The method demonstrated very strong results for eleven
experimentally measured systems. However, its theoretical explanation remains a
challenge, which we continue to work on.

Step 1.Determiningtheareaunderthecurveoftheexcessadsorptionisotherm, ie.
finding the definite integral (see Fig. 2)
PB

[T (ko (5)
0

Step 2.FindingtheareaoftherectangleOI',Bpg wWhich is equal to I'mps.
Step 3.Finding the difference between these two areas, i.e. the area above the curve
of the excess adsorption isotherm limited by the level I',= const

Ps
mos = [T(o)Xo, (6)
0

Step 4.Finding the density pa on the condition that the rectangle OT'mApa is equal to
the difference between two areas found in step 3.

Step 5.FindingtheadsorptionvolumeW=tan(a)=I"n/pa.

Thesteps described above can be represented by a single formula:

W= Mo _ Ty (7)

PB PB
Mos = [T(p)do s - [6(0)dp
0 0

To test the suggested method we processed eleven experimental excess adsorption
isotherms measured on different adsorbents and over a wide range of equilibrium
pressures. As the above-described method of estimation of adsorption volume requires to a
high degree of accuracy such quantities as the definite integral of the function /7" with
respect to the variable p and also the characteristic points 77, , pm and pg we used the
following empirical equation which provides a very good fit to the experimental excess
adsorption data

koo
r= 0 —Kns10 (8)
Ltkptkop? +. k"

As arule, for all adsorption systems n was 2 or 3. The calculation results along with
a general information about these adsorption systems are summarized in the tables 1 and 2.

Table 1. Adsorption systems used for testing the method

Systems

Ar— GAC-250, T = 298.15 K [16]

CH4 — GAC-250, T = 298.15 K [16]

N, — GAC-250, T = 298.15 K [16]

Kr - GAC-250, T = 298.15 K [16]

Ne - GAC-250, T = 298.15 K [16]

CH4 - BPL, T = 298.15 K [17]

CH4s—Norit R1, T = 298.15 K [18]

CH,— CMS, T =313.15 K [19]

N, — NaA, T = 305.15 K [20]

CO, — Filtrasorb 400, T = 318.15 K [21]

[
RB|o|lo|~|o|u|s|wd- g

Kr—NaA, T = 373.15 K [22]
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Table 2. The initial data and the test results

No of I'm Pm PB j 8 (oo w ao
systems 9/g glem® glem® 0 el cm®/g 9/g
1 0.1875 0.21655 1.2050 0.131179 0.3710 0.4470
2 0.08372 0.058946 0.4028 0.018738 0.4678 0.1884
3 0.11176 0.13876 0.6651 0.041816 0.3841 0.2555
4 0.5004 0.27945 2.1394 0.59888 0.5308 1.1356
5 0.02612 0.32877 0.7438 0.01284 0.1036 0.0771
6 0.08908 0.048607 0.3491 0.018244 0.6172 0.2155
7 0.09783 0.03865 0.2930 0.015123 0.7068 0.2071
8 0.04293 0.04672 0.33499 0.008113 0.2940 0.0985
9 0.06257 0.10001 0.5982 0.021716 0.2491 0.1490
10 0.30870 0.14057 0.89878 0.169274 0.8809 0.7917
11 0.15044 0.30339 1.9152 0.168068 0.1885 0.3610

The method as applied to the real system is illustrated in Fig. 3. The portion of the
systems, for which adsorption volume W have been calculated, are shown in Fig. 4 and
Fig. 5.
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Fig. 3.The experimental isotherm of Fig. 4. The isotherms of (1) nitrogen, (2)
excess adsorption and calculated absolute argon, and (3) krypton excess adsorption
adsorption for krypton on zeolite NaA at on carbon GAC-250 at T=298 K
T=373 K
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Fig. 5.The excess adsorption isotherms of methane on different adsorbents:
e — Norit R1, 298.15 K; o - GAC-250, 298.15 K; ¥-BPL, 298.15 K;A — CMS, 313.15 K.
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As we emphasized earlier [5], the adsorption volume is not identical with the
crystallographic volume of voids in a solid. It is a volume accessible to adsorbed molecules
and dependent on a specific adsorbent — adsorbate pair. It is easy to confirm this through a
comparison, for example, of the volumes of the large cavities in zeolite NaX, assessed by
the adsorption of six different substances at the same temperature [23]. Scattering amounts
to £32% of the average pore volume.

Conclusions

The problem of no contradictory introduction of the notion of the adsorption
volume for porous solids of arbitrary structure has been discussed. A new method has been
proposed to determine such adsorption volume from the experimental excess adsorption
isotherm. In turn the method enables the corresponding absolute adsorption isotherm to be
obtained. The method has been tested using eleven experimental adsorption systems
consisting of different adsorbents and adsorbates and measured at various temperatures.
The experimental data have been taken from literature. All obtained results without
exception give quite reasonable values for the adsorption volume. So it is possible to
recommend this method for wide use.

In addition, rigorous determination of the greatest lower bound for adsorption

volume W is suggested.

Listofsymbols: W — Volume of adsorbate in adsorbed phase, cm®/g; I"— Excess adsorption, g/g; I'm—
Excess adsorption at maximum, g/g; a — Absolute adsorption, g/g; a; — Absolute adsorption at equilibrium
gas phase density pg, g/g; p — Equilibrium gas phase density, g/cm®; ps— Equilibrium gas phase density at I

=0, glem®; O(p) = I'(p)/I,,— Relative excess adsorption; Ka ) K||:| — The Henry coefficients for absolute

and excess adsorption isotherms, respectively.

References

1. Yakubov T.S., Shekhovtsova L.G., Physicochem. Eng. Aspects, 2015, Vol. 480, pp.
Pribylov A.A., 1zv. AN. Ser. khim., 1995, Vol. 19-27.

44, pp. 2381-2385. 10. Shekhovtsova L.G., Yakubov T.S., lzv.
2. Murata K., Kaneko K., Chem. Phys. Lett., AN. Ser. Khim., 1995, Vol. 44, pp. 431-433.
2000, Vol. 321, pp. 342-348. 11. Zhou L., Zhou Y., Bai S., LU C. et al., J.

3. Murata K., EI-Merraoui M., Kaneko K., J. Colloid Interface Sci., 2001, Vol. 239, pp. 33-
Chem. Phys., 2001, Vol. 114, pp. 4196-4205 38.
4. Keller J.U., Zimmermann W., Schein E., 12. Gumma S., Talu O., Adsorption, 2003,

Adsorption, 2003, Vol. 9, pp. 177-188. Vol. 9, pp. 17-28.
5. Jakubov T.S., Jakubov E.S., Kolloid. 13. Gumma S., Talu O., Langmuir, 2010,
zhurn., 2007, Vol. 69, No 5, pp. 709-713. Vol. 26, pp. 17013-17023.

6. Jakubov E.S., Jakubov T.S., Larionov 14. Hill T.L. Theory of physical adsorption.
0.G,, Kolloid. zhurn., 2007, Vol. 69, No 5. pp. In: Frankenburg W.G., Komarewsky V.l.,
714-717. Rideal E.K., eds., Adv. Catal., 1952, Vol. 4, pp.

7. Gruszkiewicz M.S., Rother G., 211-258.

Wesolowski D.J., Cole D.R. et al., Langmuir, 15. Serpinskii V.V., Yakubov T.S., lzv. AN

2012, Vol. 28, pp. 5070-5078. SSSR. Ser. Khim. 1985. Vol. 34, No 1. pp. 6-11.
8. Myers A.L., Monson P.A., Adsorption, 16. Malbrunot P., Vidal D., Vermesse J.,
2014, Vol. 20, pp. 591-622. Chahine R. et al.., Langmuir, 1992, Vol. 8, pp.

9. Phadungbut P., Fan C., Do D.D., 577-580.
Nicholson D. et al., Colloids and Surfaces A:

Jakubov E.S. / Cop6uponnsie n xpomarorpadmaeckie nponeccsr. 2016. T. 16. Ne 1



144

17. Vidal D., Malbrunot P., Guengant L.,
Vermesse J., Bose T.K. et al. Rev. Sci. Instrum.,
1990, Vol. 61, pp. 1314-1318.

18. Herbst A., Harting P., Adsorption, 2002,
Vol. 8, pp. 111-123.

19. Pribylov A.A., Stoeckli H.F., Zhurn. fiz.
Khimii, 1998, Vol. 72, pp. 306-312.

20. Pribylov  A.A., Serpinsky V.V,
Kalashnikov S.M., Zeolites, 1991, Vol. 11, pp.
846-849.

Jakubov Eduard S. — Ph.D. (chemistry),
associate prof., senior scientific worker, A.N.
Frumkin Institute of Physical, Chemistry and
Electrochemistry, Russian Academy of Sciences,

Moscow, e-mail: edjakub@mail.ru

21. Sudibandriyo M., Pan Z., Fitzgerald J.E.,
Robinson R.L. et al., Langmuir, 2003, Vol. 19,
pp. 5323-5331.

22. Pribylov A.A. and Jakubov T.S., lzv. AN.
Ser. khim., 1996, Vol.45, No 5, pp. 1078-1082.

23. Breck D.W. Zeolite molecular sieves.
Structure, chemistry, and use. John Wiley &
Sons, Inc., New York, 1974. 771 p.

Jakubov E.S. / Cop6uponnsie n xpomarorpadmaeckie nponeccsr. 2016. T. 16. Ne 1


mailto:edjakub@mail.ru



