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Thermodynamic parameters of adsorption described by
the logarithmic Temkin isotherm
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Thermodynamic analysis of the adsorption Temkin isotherm was performed. The equations
that describe the dependence of the thermodynamic functions on the amount adsorbed were
obtained. A relationship between the excess differential and mean molar thermodynamic
functions was found. The thermodynamic approach does not contradict the molecular

statistical theory and appears to be more general.
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The logarithmic Temkin isotherm (TI) is often used
for description of adsorption on the solid surface.l
Temkin derived this isotherm using the molecular statis-
tical theory.2 It has previously been shown for the
Freundlich isotherm (FI)3 that analysis of adsorption
isotherms by the methods of thermodynamics supple-
ments the data obtained using the molecular statistical
approach. Therefore, it is of interest to perform a similar
study for TI.

The original TI equation was written in the form
8 = f~!ln(agp), where 8 is the surface coverage, p is the
partial pressure of the adsorbate, and a, and f are
constants.2 To analyze TI in terms of the mathematical
treatment used in thermodynamics of excess quantities,
this equation can conveniently be presented in the form
I/T,, = fln(ayp), ie., it should be assumed that
0 = I'/T,. Here T is the excessive adsorption, and Iy, is
the adsorption corresponding to the monolayer coverage.

This form is based on the fact that adsorption quanti-
ties found from experiment are excessive adsorption
values.4

The coefficients of the TI equation are calculated as

J=A/(RT), ag = A - explqo/(RT)],

where A = (gy — q1), qp and ¢q; are the highest and lowest
characteristic heats of adsorption, respectively, and Ay is
a constant. In his works, Temkin postulated that A is
independent of temperature (7).

The equation of state for the adsorption phase is
related to the adsorption isotherm as follows4:

4
9= RT[Tp~\dp, (1
0

where ¢ is the surface pressure. The direct insertion of
the TI formula into Eq. (1) does not lead to the equation

p
of state because the integral j p " ln(ayp)dp does not con-

0
verge at the lower limit (at p — 0 lim[p~!In(agp)] = ).
The TI equation cannot be used in the region of zero
coverages because at p — 0

I = T/ MIn(agp) > —o,

which has no physical sense.

At the same time, at low coverages of the surface,
i.e., in the Henry region, adsorption is described by the
linear Henry isotherm (HI)

I =T,Kp,

where K is the coefficient of adsorption equilibrium.
Taking into account this fact, the adsorption isotherm,
which is also valid for the region of low coverages, can
be presented in the following combined form:

p<p; T=T_Kp

_ (2
p>p; T=T,f " In(qp),

where p; is the threshold pressure of the adsorbate.
Adsorption is described by the HI or Tl equation below
and above this value, respectively.

Transition from the HI to TI equation occurs not at
a single p, value, but in some pressure interval. Since any
point inside this interval can be accepted as p;, the
uncertainty in the choice of p; arises.

Using the boundary equation

T'nKpy = Tof ~'n(ag py), 3

the p; value cannot be calculated because this equation,
in which physically substantiated values of adsorption
constants are included, has no solution. It can be dem-
onstrated that HI and TI inscribed into a monotonic,
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convex towards the I' axis adsorption isotherm do not
intersect. In fact, the Henry isotherm is a tangent to the
curve that describes the "real" adsorption isotherm at the
point p = 0. By definition, the tangent to the curve that
describes a convex function lies above this curve and
contacts the curve only in one point. A certain portion
of a "real" isotherm can be described by the TI, but at
lower pressures the TI would cross the pressure axis at
p > 0. Thus, HI and TI cannot intersect.

Using the system of equations (2), the integral in
Eq. (1) can be divided into two integrals

P Py 4
[Tp~'dp = [T, Kdp + [T (fp)""In(agp)dp.
0 0 Pt

Since TKp, = Tpf ln(agp) =

Eq. (1) gives

Iy, the solution of

¢ = RT- [T + f(I2 = T2)/Q2Ty)]. )

Equation (4) is valid only in the region of applicabil-
ity of TI, i.e., for I > T. At the point " = T the ¢ value
becomes equal to the surface pressure, which is consid-
ered in the model of the ideal two-dimensional gas

ol =Ty = @iq(IT =Ty = RTT,.

At T <Ty, i.e., in the region of linearity of the adsorption
isotherm, Eq. (4) cannot be used, and the surface pres-
sure should be calculated by the equation of state of the
ideal two-dimensional gas ¢;4 = RTT. All expressions
presented hereinafter are valid only in the region de-
scribed by the Tl equation and lose the physical sense
beyond its applicability.

Compare Eq. (4) with the equation of state of the
ideal two-dimensional gas. This can conveniently be
made examining the @/@;4 ratio:

0/¢iq = (T/T) + [fT/QT] — [fT/QIT )l

In the region described by the TI equation, I'y, > I' > T}
and I'2/(I'T,,) < [/T,, < 1. Therefore, at low fand high
' @ < @;q. This relation characterizes the initial region
of adsorption on sorbents with a relatively uniform and
well-developed surface. At some f and I, we can
imagine the situation where an increase in adsorption
changes the sign in the inequality and ¢ > ¢;4. To
provide the surface pressure higher than ¢;q in the whole
range of possible I' values, the conditions I'//T, > 2/f
should be fulfilled. As a rule, the value of franges from 4
to 100. Then the I',/T, ratio, which identifies the thresh-
old coverage, should be >0.5—0.02, correspondingly.
These values are real for the lower boundary of applica-
bility of TI.

The equation of state and, hence, the properties of
the adsorption layer differ substantially from the equa-
tion of state obtained previously3 for FI (¢ = RTnI,
where n is constant and »n > 1). At the same time, these
isotherms are similar in shape and, in some cases, the TI
and FI equations can describe the same array of experi-

mental data with the same accuracy.’ Therefore, to
reveal the properties of the adsorption layer, the com-
plete information about the thermodynamics of the ad-
sorption process is needed in addition to the adsorption
isotherm.®

To examine the thermodynamic parameters of ad-
sorption as a function of I', use can be made of the
following known equations#:

Us=Us+er ' —Tr 1 (39/aT)r, (5
§5= 85— T (9/aT)y. ©
Us= 05 + - @Us/an) g, @
§5 =85+ @S0, ®)

where U is the internal energy; S is the entropy, the
superscript "s" indicates the excess quantity, and the
signs "line" and "tilde" designate differential (U, S) and
mean molar (U, §) quantities.

In the general case, I'y = f(7T). However, we accept
for simplicity that T is independent of T.

Since (dp/0T ) = RT, then we have from Eq. (5)
Us = Us + [A/Q2Ty)] - (T — T2/T). )

Inserting the US value into Eq. (7), dividing vari-
ables, and integrating, we obtain

Us = [A/QTy)] - (T + T/T) + o(T), (10)

here the integration constant o(7) is a function of

temperature. The question about the functional relation-

ship between o(7') and I'; remains yet unclear.
Combining Egs. (9) and (10), we find

Us = oa(T) + AT/T,. (11)
From the condition U% — U at T — 1, we obtain
o(T) = T = ATy/Tp, (12)

where Ty = 1 in the chosen units of measurement.

Except for Iy, all values in Eq. (12) depend on the
nature of the adsorption phase, i.e., on the properties of
the adsorbent and adsorbate interacting with the field of
adsorption forces. The o(7) value has a dimensionality
of energy and, therefore, it can be considered as an
indicator of the energy level of the adsorbate in the
adsorption layer.

For the isosteric heat of adsorption g4 = H, — U,
we can write
4y = (Hy = o(T)) — AT/T, 13)

where I-7g is the enthalpy of the adsorbate in the gas
phase.

The isosteric heat of adsorption is determined experi-
mentally and independent of the method of determina-
tion of Ty. Therefore, a(7T) and US are independent and
the mean molar value US depends on T,.
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Substituting the equation gi = RT2- (dlnp/dT ), into
the TI equation, Temkin arrived at the following
equation:

dst = 4o — A8,

which corresponds completely to Eq. (13) under the
assumption that gy = H, — o(T) and 6 = I'/T,.

The expressions for the mean molar and differential
entropies of adsorption can similarly be obtained from
Egs. (4), (6), and (8)

§5(I) = (TyT) - [ST) = B(T)] + B(T), (14)
§s = B(T), (15)

where B(7T) is the temperature-dependent constant.

The conclusion that §% is independent of coverage
corresponds to predictions of the molecular statistical
theory, although this conclusion is valid only in the
coverage interval described by the TI equation.

The mean molar entropy US and the surface pressure
depend on I. In fact, the I'; value is related to the lower
limit of the region of moderate coverages and, hence,
Egs. (4), (10), and (14) reflect the relations of ¢, US,
and S to the parameters determining the position of this
boundary (fand ay).

When we take into account the temperature function
of Iy, the form of Egs. (11), (13), and (15) remains
unchanged, but the o(7') and B(7T) constants therein are
replaced by o(7") and B;(7T), The relationship between
these groups of constant values is determined by the
following equations:

lay(T) — o(T)] - Ty = —RT?T" + ATT I /Ty,
[Bi(T) — B(T)]*Tg = —RTT," + AT\T} /Ty,

where I';” = dI',/dT. Since I'; < Ty, and A is the value of
an order of RT, the second term in the right parts of the
obtained equations can be neglected, and it is seen that
the difference between the exact and approximate solu-
tions increases with higher 7" and larger I',” values.

The changes to be introduced into Egs. (10) and (14)
due to the temperature dependence of I, are not of
principal character.

It is of interest to compare restrictions imposed on
the interval of applicability of the TI equation by the
thermodynamic and statistical approaches. In the statis-
tical approach, applicability of TI is limited by pressures,
which satisfy the inequalities a;p << 1 and agp >> 1 2 (the
a, coefficient is determined similarly to ay, but g, is used
instead of the g, parameter). The region of coverages
corresponding to these pressures is defined as the region
of medium coverages. In the thermodynamic treatment
of TI outlined above a poorly specified lower limit gives

way to the condition p > p,. The explicit restriction of TI
applicability in the region of high coverages is related to
the definition of T as excess adsorption. Evidently, when
the pressure increases, the excess adsorption should
increase, pass through a maximum, and then decrease to
zero, as it occurs for adsorption from solutions. The TI
equation does not describe the descending branch of the
plot T vs. pressure and, hence, can be used only on the
ascending branch. At the same time, high pressures at
which this effect becomes discernible are virtually inac-
cessible4 under conventional experimental conditions.
Therefore, this restriction is of the theoretical character.
Another, implicit restriction is of greater significance. It
is due to the fact that the differential entropy is not
independent of T for a compact monolayer. Therefore,
the TI region can be interpreted from the thermody-
namic point of view only until the adsorption quantity
reaches the values above which effects appear that are
characteristic of the saturated surface.

In conclusion it seems appropriate to consider an-
other disadvantage of the molecular statistical treatment
of TI. When the surface heterogeneity decreases and
f — 0, the equation of adsorption isotherm on the
nonuniform surface would become the equation describ-
ing adsorption on the uniform surface, i.e., Langmuir
equation. In fact, the TI equation loses the physical
sense in this case because I' — « at any p.

This contradiction cannot be found in the thermody-
namic approach because this approach is independent of
the assumptions involved in a particular model, such as
the nature of the surface heterogeneity.

The authors are sincerely grateful to V. I. Kichigin
(Perm State University) for valuable critical remarks.
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