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A consideration of the correct calculation of thermodynamic
parameters of adsorption
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Abstract: The Langmuir and Freundlich isotherm equations have been widely used
for interpreting various adsorption processes. There are, however, many serious
mistakes in the literature in determination or calculation of thermodynamic para-
meters, especially in the determination of the change in the free energy of ad-
sorption using Langmuir, Freundlich and Henry constants. Many authors used these
constants for the determination of AG expressed instead of dimensionless in some
concentration units (for example: I mol™2, 1 g1, ml mg1, etc.).
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INTRODUCTION

Sorption occurring at a liquid or gaseous phase/solid surface interface plays
an important role in many processes.1:2 The sorption is a general term that com-
prises adsorption processes which occur at a solid/solution interface, as well as
those in which a solute (molecule or ion) penetrates the bulk of a sorbent phase.
The sorption of solutes by a solid phase is based on forces acting between the sor-
bent and the sorbate. These forces can be classified as van der Waals, Coulomb
and Lewis acid—base interactions and range over many orders of magnitude.

The sorption of various ions or molecules plays a significant role in a wide
variety of natural, synthetic, inorganic, biological, and technological processes,
and is also of major theoretical interest. There are many studies of adsorption
from solution by various solid adsorbents.

Different adsorption mechanisms may be found by studying the dependence
of adsorption on various variables (pH, concentration of solutes, ionic strengths,
and the type and topology of surfaces), and by interpreting the parameters of the
determined adsorption isotherms. Also, thermodynamic parameters of adsorption
from solutions provide a great deal of information concerning the type and me-
chanism of the adsorption process.
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The correct calculation of thermodynamic parameters, especially the change of
the free energy of adsorption at a solid/liquid interface is the subject of this paper.

ADSORPTION ISOTHERM EQUATIONS AND THERMODYNAMIC PARAMETERS

There are several types of adsorption from solutions isotherms.3 Langmuir
and Freundlich isotherms are the most commonly used models, since they can be
applied to a wide range of adsorbate concentrations. The general form of the Lan-
gmuir4 equation for adsorption from solution is:

KLCe
Qe = Omax 1+ KL Co 1)
where ge is the amount of adsorbate adsorbed on the adsorbent at equilibrium
(mol g~1), gmax is the maximum adsorption capacity corresponding to a complete
monolayer coverage on the adsorbent surface (mol g~1), K|_is the Langmuir con-
stant (dm3 mol~1), and c, is the concentration of adsorbate at equilibrium (mol dm=3).
The values of gmax and Ki_ can be evaluated from the slope and the intercept of
the linear form of the Langmuir equation:
B2, D @
e OdmaxKL  Omax

The Freundlich® equation is a semi-empirical one employed to describe

heterogeneous systems:

ge = Krcd/" €)

where Kg is the Freundlich constant (dm3 g~1) and 1/n is the heterogeneity factor.
The value of Kg and n can be evaluated from the intercept of the slope of the
linear form of the Freundlich equation:

Inge = InKg + (1/n) Ince 4)
The free energy change, AG, of adsorption is given by:
AG = -RTInK (5)

where R is the universal gas constant (8.314 J mol~1 K1), T is the temperature
(K), and K is the equilibrium constant.

It is well known that the unit for AG is J mol~1. Since the unit for the term
RT is also J mol~1, the equilibrium constant K in Eq. (5) must be dimensionless.

Very often, the calculation of the free energy change of adsorption applying
Eqg. (5), as found in the literature, is erroneous. Namely, many authors when
calculating AG use numerical values for K given in various units (I mol=%, I g1,
ml mg~1, etc.). As a consequence, the calculated values for the free energy
change and the entropy change, AS, of adsorption are incorrect. In order to obtain
a correct value of AG, the K value in Eq. (5) must be dimensionless.

If adsorption was investigated from an aqueous solution and if K is given in
dm3 mol~1, then K can be easily recalculated as dimensionless by multiplying it
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by 55.5 (number of moles of water per liter of solution). Accordingly, the correct
AG value can be obtained from:
AG = -RT In (55.5K) (6)
The term 55.5K (dm3 mol~1 mol dm=3) is dimensionless. In the case when K
is given in dm3 g1, similar to above, K can be easily recalculated to become
dimensionless by multiplying it by 1000 (1 dm3 = 1000 ml (or g, since the solu-
tion density is ~ 1 g mlI-1)).
SOME RECENT LITERATURE DATA AND DISCUSSION

Some examples of erroneous calculations of AG and AS values of various
adsorption processes found in the literature are given below.

Recently, Gardea—Torresdey and co-workers presented a detailed thermody-
namic and isotherm study of the biosorption of Cd(Il), Cr(lIl), and Cr(VI) by
saltbush (Atriplex conescens) biomass.6 In the Conclusions, the authors wrote,
“The Gibbs free energy values show that, though the biosorption was spon-
taneous for Cr(111) and Cd(ll), the adsorption of Cr(l11) was privileged compared
to that of Cd(ll), and that the biosorption of Cr(\VI) was non-spontaneous.” The
authors came to such an erroneous conclusion on the basis of the values of AG
calculated using Eqg. (5). The biosorption equilibrium constants, K, for the bin-
ding data of Cd(ll), Cr(l11), and Cr(V1) by saltbush leaves biomass were calcula-
ted either from the intercept of the Khan and Singh plot’ (In (qe/Ce) Versus e,
Fig. 3 in Ref. 6) or from the slope of the ge versus ce curve (Eg. [6], and Fig. 4 in
Ref. 6). The calculated K values, in both cases, are expressed in | g~1. The cal-
culated K. values are presented in Table | (Table 2 in Ref. 6). Accordingly, the
values of AG (calculated using Eq. [5]) and K. (expressed in | g~1), given in Ta-
ble I are incorrect.

TABLE I. Thermodynamic parameters for biosorption of Cd(ll), Cr(Ill) and Cr(VI) on saltbush
biomass at 24+2 °C8

Metal Khan and Singh e Versus c, plot
Ke/lgt AG / k) molt Ke/lgt AG / k) molt
Cd(ln 1.334 -0.7121 1.380 -0.7957
Cr(111) 3.934 -3.3837 13.522 -6.4340
Cr(VI) 0.095 5.8075 0.251 3.4160

By multiplying these K. values by 1000, dimensionless K. values were
obtained (Table I1) and these values were used to recalculate the AG values,
according to AG = —RT In 1000K¢, also given in Table II. It is evident from the
Table Il that the recalculated AG values are negative for all investigated metal
ions. This indicates that the sorption of Cd(ll), Cr(l1l) and Cr(VI) on saltbush
biomass is a spontaneous process.

Similarly, erroneous calculations of AG and AS values of various ions/mole-
cules on various sorbents were published recently.8-17 As a consequence of such
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incorrect calculations, many erroneous conclusions, very often contradictory to
the experimentally obtained results, were drawn.

TABLE II. The recalculated K. and AG values for the biosorption of Cd(Il), Cr(lI1) and Cr(VI) on
saltbush biomass at 24+2 °C

Metal Khan and Singh Qe Versus c, plot

Kc AG / kI molt Kc AG / kI molt
Cd(ln 1334 -17.77 1380 -17.85
Cr(i1n) 3934 —-20.44 13522 —-23.49
Cr(V1) 95 -11.24 251 13.64

In addition to these incorrect calculations, there are many erroneous metho-
dical approaches in a large number of papers devoted to adsorption from solutions.

It is well known that the adsorption of metal ions is strongly dependent on
the solution pH. Also, during the adsorption experiment there is a change in pH.
For one adsorption isotherm, the solution pH should be constant. Also, the equili-
brium solution pH, instead of initial one, should be given. The same is valid for
adsorbate concentrations. Very often, some authors erroneously present the ad-
sorbed amount of ions as a function of the initial instead of the equilibrium ion
concentration. It is known that polyvalent metal ions hydrolyze in aqueous solu-
tions. The degree of hydrolysis of a metal ion is affected by its type and concen-
tration, solution pH, and temperature. Depending on these parameters, various
hydrolytic species can exist in aqueous solutions. Very often, the authors neglect
this phenomenon.

CONCLUSIONS

Several examples of various adsorption processes taken from the literature
were examined. As shown, the calculated AG and AS values reported in these pa-
pers are incorrect. A correct calculation of the named thermodynamic parameters
is suggested. Also, some serious mistakes made during adsorption experiments or
interpretations of the obtained data are given. This paper can help all researchers
working in the adsorption area, and especially those who may not be familiar
with the subject.
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U3BOJ

HEKA PA3MATPAIbA O ITIPABWJIHOM U3PAUYHABAKY TEPMOJIMHAMUYKUX
TTAPAMETAPA ITPOLIECA AJICOPITLIJE

CJIOBOJIAH K. MUJIOBbUH
Hnciuimiyi 3a Hykaeapre nayke “Bunya”, ii. ip. 522, 11001 Beozpao

JlearmupoBa 1 @pojHUINXOBA AICOPIIIOHA H30TE€pMa IUPOKO Ce KOPHCTE 3a MHTEpIpeTa-
LUjy pa3IHYuTUX aJCOPIIHOHMUX mporeca. MehyTuM, mocroje MHOTEe 030MIBHE TPELIKE y JIUTepa-
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TYpH IPH OApehHBamby WK H3padyHaBaby TEPMOANHAMHUYKHX TapaMeTapa, HapOuHTO IPH U3pady-
HaBamy MPOMEHe CI000IHE SHEepTHje aCcopILuje U3 BpenHocTH JIeHrMmynpoBux, OpojHIIHXOBUX
1 XeHpHjeBUX KOHCTaHTH. MHOIM ayTOpH KOpUCTe OpojuyaHe BPEIHOCTH OBHX KOHCTAaHTH, 3a
u3pauyHaBame AG, H3paeHe Y HEKMM KOHIEHTPAHIHOHNM jexumnnama (mmp. y: | mol™, I g%, ml
mg, uTa.) yMecTo Kao 6e3MMMEH3HOHE BeTHUMHE.

(Mpumsbero 9. okrobGpa 2007)
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