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Abstract The adsorption process at near ambient tempera-
tures indicated that the EEC (enthalpy—entropy compensa-
tion) is affected by three basic thermodynamic values: AH,
AS and T. The consequence is that it is possible to determine
an isosteric straight (symbol H — S) without experimental
studies based on the slope coefficient T}, which is the con-
stant arising from the expected temperature range (about
0-60 °C). Therefore, EEC curves can be obtained by appro-
priate modification of the temperature range. In the case of
entropy of adsorption, the decisive influence is the entropy
of gas. For visualization and characterization of this impact,
we proposed resolute pointer u (Eq. 25), through which it
is observed that for small values of the equilibrium vapor
pressure, as P— 0, there are significant deviations from the
isosteric straight H — S. The case where P — P, followed a
gradual grouping of experimental data in accordance with
the relationship with H —S. We used the three-parameter
equation for exothermic processes. For the extrapolated con-
ditions, the so-called point of zero adsorption represented
the enthalpy and entropy of adsorption, whose values are
analogous to previous results in the literature, which can be
considered an appropriate analytical method to determine
these two thermodynamic values.
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List of symbols
AA, LA

Clo, al, a2, a3, a4, as

C

¢, or Acp

EEC or KCE

xR v

o

AG, AH, AS

u

Arithmetic and logarithmic average,
respectively

Amount adsorbed at equilibrium,
mmol g~! or cm® g7!

Coefficients of the three-parametric
equation, Eq. (27) and remarks
Constant in Eq. (26)

Heat capacity or heat capacity of the
process, J mol ™! K~!
Enthalpy—entropy compensation or
kinetics compensation effect
Enthalpy, J mol ™!

Isosteric function

Pressure, Pa

Heat of adsorption, J mol~!
Universal gas constant,

R=8.314J mol™' K™

Coefficient of linear determination,
0<r’<l

Entropy, J mol~! K™!

Significance level

Temperature, K

Adsorbed phase volume, m?> mol ™!
Inexact differential entropy,

Jmol™' K™

Thermodynamic functions, J mol~!
or J mol~! K

Indicator which assumes isoentropic
condition
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Subscripts and superscripts

a Amount adsorbed at equilibrium,
mmol g~! or em® g7!, respectively

a Dimensionless of relative amount
adsorbed at equilibrium, mol mol ™!

diff Differential

eq Equilibrium state

G Gas state

i Initial stage

iso Refers to isokinetic point

S Solid state

st Isosteric state

0 Refers to saturated vapor pressure

16} Standard condition for ideal gas

1 Introduction

In many thermodynamic analyses of chemical reactions/
processes, it has been experimentally demonstrated that
there are linear dependencies for the standard thermo-
dynamic function, named the EEC compensation effect
(enthalpy—entropy compensation) [(Sharp 2001; Marco
and Linert 2002; Ryde 2014; Olsson et al. 2008; Dutronc
et al. 2014; Klebe 2015) KCE (Norwisz and Musielak 2007,
Lvov 2007)]. According to Starikov, the relevant entry is
expressed as follows (Starikov 2014):

AH = T,,AS+ AH,, (1

where the slope coefficient is constant and is named the
isokinetic temperature, and the intercept AH;,, which is
part of enthalpy, is replaceable in isoentropic conditions
(AS=0).

Studies have shown that EEC also occurs during the
adsorption of low molecular weight gases on active sur-
faces (Burevski et al. 1991; Fletcher and Thomas 2000;
Garrone et al. 2008; Korolev et al. 2011; Hercigonja and
Raki¢ 2013; Pera-Titus 2016; Zukal et al. 2009; Kelut et al.
2014), wherein the dependence isn’t necessarily linear, as
Eq. (1) in unequivocal manner (Fletcher and Thomas 2000;
Garrone et al. 2008). The analysis in Eq. (1) requires the
selection of the sorbent, adsorbate and experimental condi-
tions, which allows the interpretation of observations of one
of two possibilities:

a. one system for several temperatures,
b. several systems with varying selected factors side of the
sorbent or adsorbate.

In addition, the instrumental technique also has a huge
impact; in general, most research uses adsorption/desorp-
tion isotherms and converts them into isolines at constant
amounts of adsorbed substances at varying temperatures.
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Tested systems with repetitive features are well described,
such as zeolite—-CO, (Burevski et al. 1991; Pera-Titus 2016;
Zukal et al. 2009; Kelut et al. 2014). In (Pera-Titus 2016),
the literature data show another form of EEC resulting from
(1), namely:

AH = n(TAS) + m,
where it is postulated according to (Starikov 2014) that the
isokinetic enthalpy (the absolute) is 15 kJ mol~! (Pera-Titus
2016).

Comparison of Eqgs. (1) and (2) indicates that a primary
issue in the analysis of the EEC is how to determine the
entropy because of its definition in the adsorption process.
The exothermic adsorption process is characterized in terms
of thermodynamic categories as the difference in the func-
tion H — S with respect to the adsorbate in two phases: solid
minus gas. Moreover, these issues are of great importance
in practice in multifunctional systems [cooling, heating
(Borsukiewicz-Gozdur and Nowak 2007; Aphornratana and
Eames 1995; Sumathy et al. 2003; Hassan et al. 2011; Gwad-
era and Kupie 2011)] implemented by adsorption/desorption
using effectively low-energy gases (Borsukiewicz-Gozdur
and Nowak 2007; Gwadera and Kupie 2011).

n, m = const )

2 Purpose and scope of studies

The work aims to analyze Eq. (1) for this type of research.
The basic problem is the designation of the entropy of
adsorption, which is usually overlooked in this type of work.
These capabilities only exist when the use of the thermody-
namic equilibrium constant is skipped, e.g., (Madamba et al.
1996; Beristain et al. 1996; Al-Muhtaseb et al. 2004, 2007;
Pedro and Babas 2005; Ramesh et al. 2005; Tang et al. 2006;
Palomino et al. 2008; Musa et al. 2010; Loto et al. 2012) as
these cases do not require comments, and for non-pressure
processes, when P/P,< 1.
The scope of this work includes:

1. analysis of the EEC using classic research methods in
isosteric conditions,

2. use of a three-parameter equation for the discussed
issue,

3. comparison of these issues.

The factors outlined above were analyzed using literature
data (Zukal et al. 2009) and alternatively (Burevski et al.
1991).

2.1 The accepted theoretical dependencies

To analyze the EEC problem in the case of gas adsorption
on an active surfaces, the huge role of the H — S relationship
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satisfies the priority assumption of the initial state. Spe-
cifically, it should be established which of the two values,
higher enthalpy (AH, J mol™") or approximately 10° times
lower entropy (AS, J mol~! K1), is advantageous as a start-
ing point.

In the literature, there is consensus that the isosteric
enthalpy of adsorption designates the slope coefficient in a
system: [nP versus 1/T, which is represented for an ideal gas
and nextas RT/P = Vg >>> Vg

SRR = an/r 3)
7) }
AH = hg = hg “

where the index S refers to gas adsorbed in the solid phase
(the surface) and G represents gas.

In Egs. (3) and (4), AH is the isosteric enthalpy of adsorp-
tion (AH<0 and ¢* = —AH), which is practically the same
as the differential molar enthalpy [¢“/ = ¢* — RT (Terzyk
et al. 2016; Gauden et al. 2016; Kowalczyk et al. 2017),
and this is AHM = AH + RT what logical consequence
isAH = AHY].

In the case of the tested system of solid phase and gas, the
isosteric heat of adsorption in view of a is either:

a. constant (Czepirski and Jagietto 1989; Sircar et al. 1999;
Stadie et al. 2012),

b. monotonically decreasing (Burevski et al. 1991; Pera-
Titus 2016; Zukal et al. 2009; Terzyk et al. 2016;
Gauden et al. 2016; Kowalczyk et al. 2017; Czepirski
and Jagietto 1989; Sircar et al. 1999; Stadie et al. 2012;
Barrer and Gibbons 1963a; Guo et al. 2006),

c. anomalous (increase and decrease) (Terzyk et al. 2016;
Gauden et al. 2016; Kowalczyk et al. 2017; Stadie et al.
2012),

where a is understood as the number of moles or volume of
substance adsorbed by a unit mass of adsorbate.

The considerations for the designation of the entropy of
adsorption (also AS <0) are more complicated.

Based on the Gibbs free energy equation, taking into
account the second law of thermodynamics:

AG= AH —-TAS 4)
We assume that the isosteric adsorption process occurs
under equilibrium:

AG= 0 6)
that is:
AH =TAS @)

833
where consistently:
AS =54 — 55 (8)
By inserting Eq. (7) into (3), we obtain:
olnP
= —AS/R
(alnT )a / ©

The left sides of Egs. (3) and (9) and Eq. (5) confirm the
validity of (6).

The isosteric heat of adsorption implies isosteric entropy
in terms of determination. Equation (9) can be obtained in
another way, namely, for a perfect gas and following the
assumptions for Eq. (3) for a constant amount of adsorbed
adsorbate and adsorbent surface [Eq. (3.114) in (OScik
1983)].

AS = _RT(alnP>

oT (10)

a

A purely mathematical transformation (T~ 0T = dinT) of
Eq. (10) produces Eq. (9). However, insertion of the trans-
formed Eq. (3) into Eq. (10) produces Eq. (7):
aspy= 22 (1n

T

According to (10), entropy is the differential molar
entropy of adsorption, and AS(P) is also in equilibrium [Egs.
(3.124) and (3.128) in (Oscik 1983)].

Entropy expressed as Eq. (9) is the average value within
the range of tested temperatures, similar to the case of
enthalpy in (3). The main difference is that the entropy pre-
sented in Eq. (11) is temperature-dependent, but the average
value is compatible with Eq. (7).

For the entropy of the gas phase, s, the relationship with
temperature and pressure should be considered.

The change in entropy of a gas follows from:
dr ( %

ST —) dpP (12)

ds, . =
‘e oT ),

which for an ideal gas can be written as:

dr dpP
dSG = CPT - R? (13)

Because ds; is an exact differential, for the two thermo-
dynamic states marked as 1 and 2, we get:

T P
SGo —S¢1 = cpln<T—?> - Rln(ﬁ) (14)

In isothermal conditions, in cases (13) and (14), based
on the first expression of the right sides of these equations,
we get:

P2
SG,— 861 = — Rin 7 (15)
1
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which for further considerations is preferably written as:

Py T,
56,1 = SG, + Rin Fl for T = const and In T_l ~ 0

(16)

Indeed, in the field of isosteric research, for the most com-
mon temperature interval (=20-40 °C) and the most com-
monly used gases, the effect of temperature on the entropy
is on the order of: s=0.066c,=2-3 J mol™' K™' [e.g.,
CO,c,=37.132 Jmol ™' K~! (Barin 1997)], which corresponds
to the difference between the average entropy expressed as
Eq. (9) and according to (11).

Enter to the Eq. (11) the symbol AS(P) relative to AS is
expedient, as it is necessary to emphasize the point of refer-
ence of the entropy of a gas depending on the equilibrium
pressure.

In the case of Eq. (11), the point of reference relates the
equilibrium pressure to a vacuum, and there are two further
possibilities to determine Egs. (17) and (18) for:

o standard pressure P? =101.325 kPa (1 bar) (Burevski et al.
1991; Guo et al. 2006; Eq. (12) in Barrer and Gibbons
1963b; Clark 1970, p. 39; Eq. (2.70) in Rouquerol et al.
1999)

AS(PY) = 55— sg(P?) = T’“Rl”(];) 17

where s (P?) = 547 is for the standard state at tempera-
ture T; consequently, according to (Terzyk et al. 2016;
Gauden et al. 2016; Kowalczyk et al. 2017), we get:
AS(P")™ = AS(P") +2R.

e the saturated vapor pressure, P, in commonly used terms,
arises from the Gibbs free energy (5) and at the same time

isequal to AG = RTln<§>
0

P
AS(P) :SS_SG(PO):%-FRln(FO) 18)

Egs. (11), (17) and (18) can be subjected to linear combi-
nations, in accordance with Eq. (16). For example, presenting
Eq. (8) as:

AS(P) = s, — 55(P) (19)
and substituting Eq. (16) in place of s;(P), wherein substi-
tuting P for state 1, and P, for state 2, we get:

PO
AS(P) = s, — [sG(PO) + Rln<?>] (20)

which is equivalent to:
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AS(P)= A Po
S(P)= AS(P,) — Rin - @1
After using Eq. (11), we again obtain Eq. (18).
Additionally, the ability to convert from a vacuum state

to standard pressure can be obtained by adding the respec-
tive fixed sign |R In 1221 = 55.04 J mol~'K~! (Garrone et al.

1 torr

2008).

These considerations indicate the interpretation of the
entropy of adsorption as a multi-variant measure to assess
the equilibrium state in the sense of Egs. (5) and (11), which
can be related to other observation states, even by addition,
with the correct sign, by the factor Rln(%) in Egs. (17) and

(18).

In isosteric research, entropy can be represented by four
relations: (10) the average value invariant of temperature
over a range and three, according to Eqs. (11), (17) and (18),
which is temperature-dependent. Equations (17) and (18),
relative to Eq. (11), differ by the addition of Rin (% >, where

P,> P, which is an important factor because of the intro-
duced adsorbate.

Finally, we have a case of one invariant size of isosteric
heat of adsorption according to (3), which is correlated with
the invariant entropy in Egs. (9), (17) and (18).

Ultimately, only Eqgs. (9) and (18) remain because the
trends of Eq. (17) can be considered as an intermediate state.

2.2 Analysis of EEC in relation to Egs. (3) and (9)

For EEC purposes, sizes should be used the values corre-
sponding to the same categories of their determination in
this case, the average values, independent of temperature in
the range, i.e., (3) and (9).

Each of the analyzed cases produces are linear relation-
ship depending on Eq. (1). In all cases, the intercept is
less than 1 kJ mol™!, so it can be omitted, and the passes
through the origin of the Cartesian system. Figure 1 shows
an example.

Both thermodynamic functions are invariant with respect
to temperature, but it is worth analyzing their behavior in
this temperature range. This relationship can be derived from
Kirchhoff’s equations by comparing the hypothetical heat
capacity of the adsorption process Ac,, = const:

AH- AH, T-T, a’AcP_O
AS— AS; ln(£>’ ar (22)

T

i

where index i represents a measurement at temperature 7,
and AH and AS are the average values, respectively, from
Egs. (3) and (9).
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Fig. 1 Version of EEC using -120,00 -100,00 -80,00 -60,00 -40,00 -20,00 0,00
Egs. (3) and (9) [data from t t } } } 0,00
(Zukal et al. 2009)]
+ -5000,00
AH =302,86AS + 961,95
r2=1 T 1 -10000,00
5 4 -15000,00
E a — max
- a=0 1 -20000,00
< ...
T o®® 1 -25000,00
e 1 -30000,00
-35 000,00

For small ranges of variation (T'—T;) and for 0 < 7/T;<2,
the expression under the logarithm can be replaced by the
first member from the series:

l

T\ ooty - Lot Lo
1n<?>_lny—(y D= 20-1P+30-D' s 23)

Thus, the logarithmic average can be replaced by one
temperature, 7;,="T,,,, and Eq. (22) because Eq. (23) can be
represented as a specified form of Eq. (1):

AH =T, ,AS+ (AH; — T,,,AS)) (24)
The expression in brackets has an intercept that may be
close to 0.
For the forms designated experimentally in the Eq. (24),
if the intercept is omitted, then Eq. (11) can be interpreted
differently, namely, if both thermodynamic functions are

Fig. 2 The dependence of -150

AS, I mol1 K1

temperature-invariant, their volatility is directly propor-
tional to a proportionality factor corresponding to a con-
stant isokinetic temperature. Equation (24) can be called
isosteric straight, H—S.

In Eq. (24), the version without the intercept
(AH =T, AS) presents interesting information. In the
specified temperature range, the trend lines of EEC can
be sketched a priori. T}, is the logarithmic average, and
in a narrow temperature range, it is the arithmetic aver-
age of the upper and lower temperature. Therefore, for
the same data, in a narrow range of temperature, the slope
coefficient is decreased by reducing T,,. This means that
there are additional grouping results. In the ideal case, the
interpretation of the same experimental data in the EEC
system is presented in Fig. 2.

AH versus AS depends on the

accepted temperature interval

based on Eqgs. (3) and (9). T},
is decreased by narrowing the
temperature range [data from

(Zukal et al. 2009)]. AA arith-
metic average, LA logarithmic
average

AH, ) mol?

+273-333K experimental values

-140 -130 -120 -110 -100 -90 -80
+ + + + + -20000
+ -25000
T <273 - 293K> ‘_,,..0
T, = 282,88K (LA) ‘,.0"
AH = 282,88AS PS4 + -30000
AH = 303,66AS + 306,23
r’=1
T <273 - 333K> T -3°000
Tiso = 303,00K (AA)
T, = 302,01K (LA)
' T <313 - 333K> T -40000
] T., = 322,9K (LA)
AH = 322,9AS
-45000
AS, ) molt K1

®273-293K experimental values ®313-333K experimental values
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-120.00 -100.00

Fig. 3 EEC system for various

-80.00

-60.00 -40.00 -20.00

0.00
0.00

of literature data Eqgs. (3) and
(18) and isosteric straight (light
blue) based on Egs. (3) and (9)
(temperature range 273-333 K)
[data a, b, ¢, d from Fig. 2 a,
b,c,d and e, ffrom Fig. 3a,b
in (Zukal et al. 2009)] (x—see
Fig. 4a). (Color figure online)

(a)

AH = 285,49AS -
rr=1

AH, ) molt

-5000.00
596,6 -10000.00
-15000.00
-20000.00
-25000.00
-30000.00

-35000.00

-40000.00

-100.00 -90.00

-80.00

-70.00

AS, AS(P,), ) molt K?

-60.00

-50.00

-40.00

-30.00

-20.00

-10.00

0.00

(b)

rr=1

AH, J mol?

AH =300,62AS + 808,05

0.00

-5000.00

-10000.00

-15000.00

-20000.00

Seeo’e ®

-25000.00

-140.00 -120.00

-100

-30000.00
AS, AS(P,), ) molt K1

.00 -80.00

-60.00

-40.00

-20.00 0.00

0.00

(c)

rr=1

AH, ) mol?

AH = 295,71AS + 300,17

-5000.00

-10000.00

-15000.00

-20000.00

-25000.00

-30000.00

® -35000.00

-40000.00

2.3 Analysis of the EEC for other forms of entropy

In view of the considerations above, the EEC forms in the
combined versions of Egs. (3) and (9) and Eqgs. (11) and
(24), it remains to examine the EEC relationship in version
Eq. (3), in association with Eq. (17) and Eq. (18). For clar-
ity, Fig. 3 shows the results of analysis in an EEC system
omitting Eq. (17).

For small values of P — 0 in Eq. (18), the expression
Rln(% ) is large; therefore, we observe significant deviation
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AS, AS(P,), ) mol K-

from the isosteric straight H—S (24). As P — 0, the effect
disappears.

To broaden the consideration of the participation of
entropic factors included in Eq. (18), an indicator assuming
the hypothetic isoentropic condition, AS(P,) = 0, is proposed
in the form of:

Py

RTm(ﬁ)
P J2

—-AH

RTln(
U= oru = (25)
st
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Fig. 3 (continued) -120.00 -100.00 -80.00 -60.00 -40.00 -20.00 0.00
t : : : } 0.00
(d)
+ -5000.00
4 -10000.00
< AH =294,85AS + 219,58
g P2=1 .. - 4 -15000.00
- o °
~ 4 -20000.00
T W ™
S . .
o ® + -25000.00
P
o
°
P \ 4 -30000.00
o® @
-35000.00
AS, AS(P,), ) molt K1
-120.00 -100.00 -80.00 -60.00 -40.00 -20.00 0.00
: : : : t 0.00
(e)
+ -5000.00
- 4 -10000.00
g AH = 288,9AS - 404,28
= P2=1 4+ -15000.00
R = ) °
5 n"" ° ¢
e o 4 -20000.00
o’ )
A °
o® ® 4+ -25000.00
P ‘0 ®®
-30000.00
AS, AS(P,), ) molt K1
-100.00 -90.00 -80.00 -70.00 -60.00 -50.00 -40.00 -30.00 -20.00 -10.00 0.00
(f) i i i i i i i i t 0.00
+ -5000.00
5 AH = 302,86AS + 961,95 T 000000
E rr=1 + -15000.00
35 4 -20000.00
oo*®
o
o®® T -25000.00
o* D®e®
-30000.00
AS, AS(P,), ) molt K1
T=273K T=293K T=313K eT=333K
The scale of accepted. values for presented d.ata is within RTln( P ) > AH and next we have RTln( P ) < AH. Con-
the range 0 < <1, that is, for u— 0, the experimental data P, P,

becomes isosteric straight (see “x” on Figs. 3a, 4a), and
for u— 1, the experimental data shift away from the line
(Figs. 3b, 4b). The other cases presented in Fig. 4 are com-
plementary intermediate states.

For a deeper explanation, it was assumed =1 and
AS =0, so RTln(%) = —AH. In this situation

sistently, InP — InP, < %, what in the case of low value
of P can be written as InP < % + InPy(T).

The interpretation can be changed by narrowing the
temperature interval. Figure 5 shows an example. Accord-
ing to expectations for this variant, u is in the range~ 0
i.e., <0.06+0.15>, <0.06 +0.14>, and <0.08 +0.15>,
respectively, for NaA, NaX, and NaY.
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Fig. 4 Dependence of the (a) 1.00
rate under the assumption of 0.90
isoentropic conditions (25) as
a function of adsorption for
various data. [data a—d from
Fig. 2a-d and e, f from Fig. 3a,
b in (Zukal et al. 2009)].

0.80
0.70 +
0.60 +
0.50 +
0.40 +
0.30 +
0.20 +
0.10 +

(RTIn(Po/P))/-AH

pu=

0.00 t

1.20

20 30 40 50 60 70 80

a,cm3gt

_
(=2
-

1.00 +

0.80 +

0.60 +

(RTIn(Po/P))/-AH

0.40 +

p=

0.00 t

0.70

(

20 30 40 50 60 70 80

a,cm3 gt

(2)
~

0.60 +

0.50 +

0.40 +

0.30 +

(RTIn(Po/P))/-AH

0.20 +

W

0.10 +

0.00 t

2.4 Three-parametric equation

The factor that inspires this type of research is the determina-
tion of the isosteric enthalpy of adsorption (with the opposite
sign - heat of adsorption) based on the Clausius—Clapeyron
equation [Eq. (3)]. Assuming a constant adsorption amount
(a), after integration, the equation can be written in the form:

InP = —
=22, (26)
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20 30 40 50 60 70 80

a,cmigt

However, in many cases, the intercept depends on the
amount of adsorption (a), that is, C=var, because it depends
on the entropy.

The right side of Eq. (26) can also be transcribed with
respect to 7, but, as in every polynomial method, this tech-
nique requires the estimation of many factors. Therefore,
it is important to note that the enthalpy of adsorption (AH)
blends into a different coefficient of member function 1/7.
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Fig. 4 (continued) (d) 0.70

0.60 +

0.40 +

0.30 +

(RTIn(Po/P))/-AH

0.20 +

u

0.10 +

0.00 f t

0.50 + \\

30 40 50 60 70 80

a,cm3gt

1.00
0.90 +
0.80 +
0.70 +

0.60 +
0.50 + T

(

D
~—

0.40 +
0.30 +
0.20 +
0.10 +

(RTIn(Po/P))/-AH
i

IJ_:

e

0.00 t t

—h

30 40 50 60 70 80

a,cm3gt

(

) 0.70
0.60 +
0.50 + ==
0.40 +

0.30 +

(RTIn(Po/P))/-AH

0.20 +

u:

0.10 +

0.00 } t

—0—T=273K

In 2000, the three-parameter equation published in
(Mianowski 2000) was derived on the basis of the thermo-
dynamics of reversible endothermic chemical reactions. A

30 40 50 60 70 80

a,cm3gt

T=293K T=313K T=333K

further work in this field [Egs. (15-17) in (Mianowski and
Urbaniczyk 2016)] presented an equation for exothermic chem-
ical reactions by turning the signs in relation to endothermic

@ Springer
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Fig. 5 The isosteric straight -180.00  -160.00  -140.00 -120.00 -100.00  -80.00  -60.00  -40.00 -20.00 0.00
line created on the basis of t t t t t t t t 0
Egs. (3) and (18) [data from
(Burevski et al. 1991)]
+ -10000
AH = 288AS(P,) + 2E-10 m 1 20000
o) o> -u =0,15
E R J ‘,s'O'.
= A R 1 -30000
~ e -0,15
ey AH = 255,65AS(P,) - 6818 1 -20000
Loe 2= 0,9994
: AH = 276,74AS(P,) - 4536,9 1 50000
r2=0,9996
-60000

® NaA @ NaX e NaY

reactions (a,, —a,, —a,). For adsorption processes, as proposed
by the determination of the coefficients according to (Mianow-
ski 2000):
ay .

InP = —a; + T + asinT, a=1idem 27

Table 1 shows the three-parameter equation fitting on the
experimental data.

The coefficients of the functional members in Eq. (27) sat-
isfy the EEC in the form of a linear relationship:

AH

AS(P,), J mol 1 K1

which in practice enables tracking of the enthalpy variation
in isosteric adsorption, wherein the intercept should be a
negative number. Figure 6 shows this relationship (28).

The intercept can be used to determine the so-called point
of zero enthalpy of adsorption (proposition an analytical
version of the evaluation this thermodynamic value), i.e.,
for a hypothetical a=0 and entropy:

AS(P) = AH/T,; (29)
Table 2 shows a comparison of the isosteric heat of

adsorption calculated using the three-parameter equation
for literature data (Zukal et al. 2009), and Table 3 shows

N

ay = ? +Tiso(15 (28) . . .
the results of the calculation of the isosteric entropy of
adsorption.
Table 1 The three-parameter a, MCM-22 (K*) MCM-22 MCM-22 MCM-22 MCM-22 MCM-22
equatl.on fitting on the em? g—l Si/Al=15 (Cs*) (L") (Na*) (Na¥) (Na+)
;’ézgr)‘memal data (Zukal et al. Si/Al=15 Si/Al=15 Si/Al=15 S/AI=20  Si/Al=40
2 s.l. 2 s.l. 2 s.l. 2 s.l. 2 s.l. 2 s.l.
15 0.9983 0.001 0.8754 0.005 0.9856 0.002 0.9889 0.002 0.9952 0.001 0.9930 0.001
20 0.9985 0.001 0.9735 0.002 0.9859 0.002 0.9893 0.002 0.9970 0.001 0.9930 0.001
25 0.9979 0.001 0.9744 0.002 0.9888 0.002 0.9913 0.002 0.9981 0.001 0.9944 0.001
30 0.9975 0.001 0.9745 0.002 0.9904 0.002 0.9923 0.001 0.9989 0.001 0.9965 0.001
35 0.9965 0.001 0.9745 0.002 0.9909 0.002 0.9924 0.001 0.9995 0.001 0.9985 0.001
40 0.9931 0.001 0.9884 0.002 0.9908 0.002 0.9922 0.001 0.9998 0.001 0.9998 0.001
45 0.9833 0.002 09914 0.002 0.9902 0.002 0.9918 0.001 1,0000 0.001 1.0000 0.001
50 0.9824 0.002 0.9925 0.001 0.9896 0.002 0.9915 0.002 0.9999 0.001 1.0000 0.001
55 0.9806 0.002 0.9929 0.001 0.9888 0.002 0.9915 0.002 0.9997 0.001 1.0000 0.001
60 0.9950 0.001 0.9947 0.001 0.9882 0.002 0.9919 0.001 0.9992 0.001 1.0000 0.001
65 0.9930 0.001 0.9948 0.001 0.9876 0.002 0.9928 0.001 0.9985 0.001 1.0000 0.001
70 0.9976 0.001 0.9949 0.001 0.9872 0.002 0.9946 0.001 0.9976 0.001 1.0000 0.001

2 correlation coefficient,
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Fig. 6 The dependence of the

a, =290,51a; - 2829,9
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(a) 140000.00
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from Fig. 3a, b in (Zukal et al. 100000.00
2009)]- 80000.00 +
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30000.00 +
' 25000.00 + The order of the coefficients

20000.00 + three-parametric equation expressed

as value of adsorption (a, cm? g'!)
15000.00 from left bottom to top right:
10000.00 + 40, 35, 45, 30, 50, 55, 25, 60,
5000.00 L 65,70,20, 15, 10
0.00 t t } } } } } }
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as
(C) 25000.00
»”®
20000.00 + .
a, = 311,71a - 5260,9 o*
r2=0,998
15000.00 + .
<
© The order of the coefficient
10000.00 4 e order of the coefficients
. three-parametric equation expressed
Po as value of adsorption (a, cm? g'!)
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0.00 } } } } } } } } }
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Returning to the signs in Eq. (27) we can observe
inversion according to (Mianowski 2000; Mianowski and
Urbariczyk 2016) for endothermic chemical reactions. In the
case of adsorption this situation might be for small amount
adsorbed substance (a) on carbonaceous adsorbents (acti-
vated carbon, coal) what related with swelling and dilation
during carbon dioxide sequestration (Kelemen and Kwiatek
2009; Day et al. 2008; Czerw et al. 2016; Zargbska and
Ceglarska-Stefariska 2008).

The values of the isosteric enthalpy of adsorption calcu-
lated for this case are consistent with the source data (Zukal
et al. 2009).

3 Discussion
The relation between EEC (enthalpy—entropy compensation)

and KCE (kinetics compensation effect) can be analyzed
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Fig. 6 (continued)
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in different ways for chemical reactions/processes. In the
case of adsorption processes, starting from the Langmuir
isotherm to demonstrate the EEC (Clark 1970, p. 263) and
analyzing the kinetics of adsorption, the equation of KCE
can be obtained (Mianowski and Marecka 2009a, b).

The KCE relationship can be interpreted in terms of ther-
modynamics, in the simplest terms, for example, the ther-
modynamic functions of Eyring activation.

Assuming the isosteric entropy of adsorption for tem-
perature-invariant conditions, analogous to the enthalpy
in equilibrium conditions (7) and the record (9), it has

@ Springer

been demonstrated that the EEC is related to three ther-
modynamic values: AH, AS and 7, which in a narrow tem-
perature range determines the identity (24) without the
intercept AH=T;,,AS or (29). By knowing the tempera-
ture range, the isosteric straight H — S can be determined
a priori, without research, because we know the value
of the slope coefficient T, ,, which is the logarithmic or
arithmetic average of the extreme temperature values. In
this way, the EEC becomes a tautology and represents the
modification of this effect, taking into account the possi-
bility of a correlation between AH and TAS, based on the
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Table 2 A comparison of

. N MCM-22 (K*) —-23.01*

source and calculated isosteric Si/AI=15

heat of adsorption, AH in VAl= —22.69%*

kJ mol~! [data from (Zukal MCM-22 (Cs*) —47.41%

et al. 2009)] Si/Al=15 —50.47%*
MCM-22 (Li*) —44.21*
Si/Al=15 —43.74%%
MCM-22 (Nat) —43.59*
Si/Al=15 —43.02%%
MCM-22 (Na*) -25.07*
Si/Al=20 —24.40%*
MCM-22 (Nat) —33.98*
Si/Al=40 _34.77%*

*Source data (Zukal et al. 2009)
Authors of reference was cal-
culated the isosteric heat of
adsorption, AH, J mol™!, from
the slope of adsorption isosteres
using analogous Eq. (3) apply-
ing common logarithm instead
natural logarithm

**Calculated

Table 3 Calculated isosteric entropy of adsorption, AS in J mol™!
K~! from (29)

MCM-22 (K*) Si/Al=15 -78.27

MCM-22 (Cs*) Si/Al=15 —159.45
MCM-22 (Li*) Si/Al=15 —140.32
MCM-22 (Na*t) Si/Al=15 —136.91
MCM-22 (Na*) Si/Al=20 —86.18
MCM-22 (Na*t) Si/Al=40 —115.00

integral form of the thermodynamic functions relative to
the surface, as presented in (Pera-Titus 2016).

Because the entropy expression depends on the tem-
perature, Egs. (11), (17) and (18) deserve special attention
in the commonly used approach (18). Using the balancing
entropic factors (25), it is demonstrated that the scale of
accepted values is within the range 0 <u <1, that is, for
u— 0, the experimental data approach the isosteric straight
line (see “x” on Figs. 3a, 4a) and for u— 1, due to the
inclusion of entropy, the experimental data shift away from
that line (Figs. 3b, 4b). Other cases presented in Fig. 4 are
complementary intermediate states. The EEC follows a
linear relationship in relation to the saturated vapor pres-
sure Py in fairly narrow ranges of variation. For the initial
conditions, with equilibrium vapor pressure close to 0,
there are significant distances from the isosteric straight
H — S or even opposite linear direction changes. These
conclusions are related to the variability in a single sys-
tem: adsorbent - adsorbate in a narrow temperature range.
If we observe linear relationships in accordance with the

direction of the isosteric straight line, the intercept is
important, so the right correct relationship is (1).

The adsorption process considerations show that the
determination of isosteric enthalpy of adsorption is most
important, whereas for analysis of the EEC for a system
with a variable amount of adsorbed substance (a), there are
several possibilities to calculate the entropy.

Note, however, that:

1. the same phenomena are observed,
in accordance with the definition of entropy in Eq. (8)
and Egs. (15) and (16), a change in the entropy of gas
[sg acc. Eq. (8)] is observed because of the immediate
surroundings to H—S. Therefore, we observe a sequence
of observations due to the changing point of reference:
H -8, AS(P), AS(PY), AS(P,).

In the following, it is suggested that the analysis can be
performed using a three-parameter equation Eq. (27) accord-
ing to (Mianowski 2000) with the signs changed, which is
characteristic of an exothermic process. The mathematical
structure of the three-parameter Eq. (27) corresponds to the
Kirchhoff-Rankine—Dupre correlation (Bogillo and Staszc-
zuk 1999). In turn, Eq. (28) can be seen as another form of
the EEC, wherein the thermodynamic values are for a hypo-
thetical point of zero adsorption (a). Therefore, this is a new
analytical version of the evaluation of the heat of adsorption
and is appropriate for the entropy under isosteric conditions,
as in Eq. (29), and also as a temperature-dependent value

(11).

4 Calculation techniques and methodology

Similar to approach (3) and its simplest version (26), the last
equation can be expanded to the form of the polynomial.
The left side of the algorithm represents (26) InP =poly-
nomial virial-type comprising members depending on the
amount of gas adsorbed and the temperature (Czepirski and
Jagietto 1989). Therefore, this is a more universal approach.
However, Eq. (27) makes physical sense, and the number of
parameters to determine is limited to three. This paper uses
the six isotherms (a vs. P) shown in (Zukal et al. 2009) that
have been scanned and converted to an inverse function P or
InP =third-degree polynomial in relation to a. The selection
was determined based on the result of an F-test, which indi-
cated that it was advantageous to accept of one form, in view
of the selected number of degrees of freedom. The equation
was accepted when the F-test showed a much higher value.

The data in (Burevski et al. 1991) were scanned data
from the Dubinin—Astakhov chart [Fig. 1 in (Burevski et al.
1991)] with simultaneous unravel proposed by the authors
as functions of the calculated values: RIn(P,/P) using data
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Table 4 Details of the used experimental data from (Burevski et al. 1991; Zukal et al. 2009)

Details of the experimental data Burevski et al. (1991) Zukal et al. (2009)

Experimental method The adsorption measurements were carried out by the The adsorption measurements were carried out by
flow method static volumetric apparatus ASAP (2020)

Adsorbate(s) Carbon dioxide (CO,)

Adsorbent(s) Commercially available zeolite NaA, NaX, NaY (Che- The authors of reference synthesized Na-MCM-22
miekombinat Bitterfeld) zeolites with Si/Al ratios in the range from 15 to 40

with sodium aluminate (50-56% Al,05, 40-45%
Na,O, Riedel-de Haén). As a source of aluminum
and silicon they used Cab-OSil M5 (Cabot GmbH).
This zeolite (Na-MCM-22) authors was used as
starting material for cation exchange (1.0 M MNO,
water solutions (M=Na*t, K*, Cs*) or LiCl in the
case of Li')

Temperature (K) 288 and 298 273,293, 313 and 333
Pressure The partial pressure of CO, was calculated from the Pressure of adsorption in the range 1-800 Torr
flow values of the gases (0.133-106.7 kPa)

presented in this work [Eq. (6) and Table 1 in (Burevski in (Seewald and Klein 1986; Amankwah and Schwarz 1995;

et al. 1991)]. Cavenati et al. 2004) and the critical parameters [acc. Table 4,
The values of P, for CO, for temperatures t=0-30 °C  p. 1519-1520 in (Span and Wagner 1996)]:

were taken from tables in (TEGA 2016), and the values for

— 2
higher temperatures were taken from the Dubinin formula P, =17,377(T/304,13)", MPa (30)
Fig. 7 a EEC system for litera- -600,00 -500,00 -400,00 -300,00 -200,00 -100,00 0,00 100,00
ture data of benzene adsorption (a) } } } } } 8,66 J'
on ZCOlltf': MFI—§ Eqs.' 3) ar%d J) 000,00
(18) and isosteric straight (light P
blue) based on Egs. (3) and (9) . AH =280,41AS - 340,62 -40 000,00 +
(temperature range 273-293 K) S r2=0,9987 . -60 000,00 +
b the dependenc'e of the three- € . -80000,00 1
parameter equation’s coef- - "
ficients (a, vs. as) [data from E JPoty -100 000,00 +
Fig. 4 in (Pera and Llorens W -120 000,00 +
2010)]. (Color figure online) . 1140 000,00 +

00
oo, 00

AS, AS(P,) ) molt K-t
T=293K T=283K T=273K

1000000

(b)
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Table 4 shows the methodology of research for Figs. 1,
3 and 5 originate from references (Burevski et al. 1991;
Zukal et al. 2009).

The presented physicochemical background is not
applicable only for CO, adsorption on zeolites. Analo-
gous results were obtained for different combinations
e.g. benzene adsorption on MFI-6 zeolite at near ambient
temperatures (273-293 K) (authors of reference (Pera and
Llorens 2010) was obtained the adsorption isotherms from
GC-MC simulation) or n-hexane adsorption on 5 A zeolite
(Garcia-Perez et al. 2006). Figure 7 shows an example.

5 Conclusions

1. The isosteric straight, represented by H — S, character-
izes the EEC in a simple form: AH = T, AS. For isos-
teric conditions, various thermodynamic functions are
calculated in Eqgs. (3) and (9). By knowing the range of
temperature variation, the isosteric straight H — S can be
determined a priori, without research, because we know
the value of the slope coefficient T;,,. It is the logarith-
mic or arithmetic average of the extreme temperature
values.

2. Because the expression of entropy depends on the
temperature, Egs. (11), (17) and (18) deserve special
attention in the commonly used approach (18). Using
the measure of the balancing entropic factors (25), it is
demonstrated that the scale of accepted values is within
the range 0 <p <1, that is, for u— 0, the experimental
data become isosteric straight (see “x”” on Figs. 3a, 4a)
and for u— 1, due to the participation of entropy, the
experimental data move away from the isosteric straight
H-S.

3. Due to the important role of entropy in explaining the
EEC, in line with Starikov (2014), it is necessary to
specify what values are the determinant conditions. Its
values are 10° times smaller than those of enthalpy or
different—isosteric heat of adsorption. Depending on
the determination of the entropy, AH;,, may be 0 or take
a small value, wherein these data refer to the system:
zeolite—CO,.

4. Compared to conventional considerations, the three-
parameter Eq. (27) and the EEC in (28), significantly
enhance the possibility of analyzing the experimen-
tal data for the adsorption process. Therefore, this is
new analytical version of the evaluation of the heat of
adsorption is appropriate for entropy under isosteric
conditions using Eq. (29) and also for temperature-
dependent values (11).
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