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Abstract

The adsorption heat of the stoichiometric displacement process for the adsorption of a solute
in a liquid-solid system was investigated. On the basis of the SDM-A and the rule of the additiv-
ity of energy, an expression which describes the dependence of the adsorption enthalpy on the
nature and concentration of the solute, and on the solvent and adsorbent, was derived. The ad-
sorption heat determined for the solute with the traditional method can be divided into two inde-
pendent fractions, relating to the adsorption of the solute and to the desorption of the solvent.
Experimental data on both isotherms from the literatures and precise calorimetry were used to
test the adsorption heat and its fractions computed quantitatively via the equations presented in
this study, and a satisfactory degree of conformity between them was obtained.
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Introduction

A study of adsorption heat as one of the important means of exploring the
adsorption mechanism is a basic feature of theoretical investigations of adsorp-
tion. When an adsorbate is adsorbed by an adsorbent from which solvent
desorbs in a liquid-solid system, the traditionally named adsorption heat may
in fact be divided in practice into two parts: the desorption enthalpy of solvent
molecules (generally endothermic) and the adsorption enthalpy of adsorbate
molecules (generally exothermic). However, the question of how to measure
them separately has not yet been answered. The recently developed theory on
the stoichiometric displacement model of adsorption (SDM-A) from a lig-
uid—solid system, which is based on various interactions between solute, solvent
and adsorbent molecules, as well as the equilibria between the adsorption of the
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solute by the adsorbent and the desorption of the solvent from it [1], laid a
strong theoretical foundation for basic research of adsorption thermodynamics
in a liquid-solid system. In the present paper, three linear equations are de-
duced theoretically according to the SDM-A and the rule of energy additivity,
and the adsorption heat is divided into two independent energy fractions, sepa-
rately corresponding to solute adsorption and solvent desorption, occurring si-
multaneously; a quantitative relation is then established between the adsorption
heat (including the desorption enthalpy for the solvent) and the equilibrium ac-
tivity in the bulk solution, and both fractions are computed from the equations
presented in this study and tested with experimental data on both isotherms and
precise calorimetry.

Theoretical

The SDM-A, which may be used for a precise description of the adsorption
isotherms in dilute solutions in a liquid—solid system, can be expressed with the
following equations [1]:

logP, = Ba — (¢/2)logaep,, 1
Bo = logK, + nlogP )
Z=n+gq 3)

where P, and F; are the activity partition coefficients of the solute and the sol-
vent in the two phases, respectively; opp, is the equilibrium activity of the
solvated solute; n and ¢ are the numbers of moles of solvent molecules, D, re-
leased from the adsorbent and the moles of adsorbate during the stoichiometric
displacement process, respectively, as one mole of solute molecule is adsorbed
by the solvated adsorbent; Z is the sum of ¢ and n and K, is the equilibrium con-
stant of adsorption. It should be pointed out that Pi, n and g are constants under
the conditions of a dilute solution, and therefore B and Z are also constants,
and Eq. (1) should be a linear equation.

It was observed in a study [2] of the Gibbs adsorption free energy change of
a solute, AGip,), that it may be expressed as the sum of the two independent frac-
tions: the affinity energy, AGs,), of the solute molecules for the adsorbent, and
the desorption energy, AGyz rp,), Of the solvent molecules from the adsorbent,
ie.

AG(p,) = AG(pa) + AG(q/Z'po) (4)
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Since P, is considered to be an equilibrium constant describing a reversible
equilibrium process, it can be shown that

AGp, = -2.303 RT logP, (5)

Let us insert Eq. (1) into Eq. (5), and define the solute activity, app,, to be
1.0 mol-dm™ as standard state. We then have

AGp, = AG%, + 2.303 RT(q/Z) logap, (6)
AGYr, = AG,) = -2.303 RTB. 7

and
AGyz pp,) = 2.303RT(g/Z) logorp,, (8)

where AGp,) or AGg,ymay be regarded as the standard Gibbs adsorption free en-
ergy change. At a given temperature, since P is a constant, and so is AG(p,) due
to Eq. (7), AG, should be a linear function of the logarithm of the solute ac-
tivity in the bulk solution, as shown in Eq. (6). The term AGp,) in Eq. (5) may
also be expressed as the isotherm equation of enthalpy and entropy changes:

AGwp,) = -2.303 RT logP, = AHp,y — TAS,) %
or

AHp, 1 = ASe,
2.303R°T " 2.303R

logP, = — (10)

where AHp,) and ASp,) are the general adsorption heat and adsorption entropy
of the solute, respectively. They may all be considered as constants as long as
app,, is concerned and the temperature range studied is not too wide. Therefore,
Eq. (10) should be a linear equation for logP, vs. 1/T.

As the values of By, Z and g in Eqs (2) and (3) are all constants as the tem-
perature is given, so long as Egs (7) and (8) hold, B« and ¢/Z should be similar
to P, and can also be expressed in the same form as that in Eq. (9). We then
have

_ AHp,y 1. ASey
Be=- 3303 R*T * 7303 R an

and
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gz=  Aazemw 1 ASiq/z.p0m) (12)
2.303 Rlogapp, T 2.303R logorp,
where AH(g,) and AH gz pp,) denote the adsorption affinity enthalpy (or AHy,),
similar to that in Eq. (7)) of solute mulecules onto the adsorbent and the
desorption enthalpy of the solvent molecules from both the adsorbent and the
solvated adsorbate molecules, respectively, while AS,) and ASyz pp,y), are the
entropy changes corresponding to AHp, and AHqz pp, respectively. Similarly,
we can elucidate that there are linear relationships between both B, and ¢/Z and
1/T in Egs (11) and (12) under the same conditions as mentioned in Eq. (10).
From the rule of energy additivity, we have

AHp,) = AHp,y, + AHgz,pp,,) (13)

Equation (13) provides a possibility to study the contributions of the two frac-
tions of enthalpy change.

Differentiating Eq. (6) with respect to 7, inserting Eq. (12) into the differ-
entiated equation, and combining the latter with the Gibbs-Helmholtz equation,
we have

AHp, = AGe, — T x a_A_éG}@
because
AHp,) = AHg,) + 2.303 R b logoep,, (14)
where

b= Alf(q/z,p])m) /2.303R logapo

i.e. b is the linear slope of the plot of g/Z vs. 1/T of Eq. (12).

Equation (14) shows that the general adsorption heat is a linear function of
the logarithm of the equilibrium activity of the solute in the bulk solution under
the foregoing conditions. The significance of Eq. (14) is that, on the one hand,
AHp,) corresponding to the individual activity of the solute can be calculated
from the data on different isotherms in a given system. At the same time, the
fraction AH(yz rp,) may also be considered. By comparing Eqs (14) and (13),
we have

AH(q/Z,PDm) =2303Rb lOgaPDm (15)
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On the other hand, the adsorption heat, AHp,), derived from direct calorimetry
may be divided into the two fractions AH(p,) and AH(yz pp_), from which we can
obtain more accurate information about the adsorption dynamics by plotting
AH(p') Vs. lOg(!.p])m in Eq (14)

Experimental
Instruments and reagents

The Versatile Precision Semiconductor Calorimetric System [3] (made in
the Thermal Chemistry Lab, Northwest University, Xi’an, China) uses a spe-
cially designed calorimetric unit: a precision environmental temperature con-
troller (25+0.0001°C) is implemented by a microcomputer system.

1-Methyl-1’-(y-sulfopropyl)-2,2’-cyanine (synthesized in the Photochemis-
try Lab, Northwest University, Xi’an, China) was recrystallized in ethanol-iso-
propynol (10:1, v/v), kept at 65+0.1°C for 2 h until constant weight, and was
proved by DSC analysis to contain no detectable impurities.

AgBr suspensions were made in this laboratory with the double pouring
method [4].

IgP,

—1.2 1 L ! i
2.8 3.0 3.2 3.4 3.6

10°K/T

Fig. 1 Relationship between logP, and 1/T for the system [6] n-heptane-EtOH/Graphon I.
(1): 0.78 mol-dm™>; (2): 2.14 mol-dm™>; (3): 2.33 mol-dm™
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N,N-Dimethylformamide (DMF) was of analytical grade.

Procedure

All calorimetric procedures were the same as reported previously [5].

Results and discussion
Calculations concerning AHp,) and its fractions

In this study, when AHp, and its fractions AH,) and AHyz m,,) are calcu-
lated with adsorption data from published works [6, 7] in which only dilute so-
lutions are involved, the adsorption on each solid from the dilute solution is
referred to as one from an ideal solution, and the adsorption layer thus formed
is also treated as an ideal one in the data analysis. All data in this study were
handled on a personal computer.

-4 0.0
—0.8F O
—0.9 ——0.1
B.

q/z

—1.04

——0.2
—1L1f
—1.2! 1 1 | l —0.3

2.8 3.0 3.2 3.4 3.6
10°K/T

Fig. 2 Relationships between Ba, ¢/Z and 1/T for the system [6] n-heptane-EtOH/Graphon [

It is easy to obtain AH(g,) and AH gz rp,,) corresponding to AH(p,) from the lin-
ear slopes by plotting B« and g/Z calculated from Eq. (1) vs.1/T in a fixed con-
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centration according to Eqs (11) and (12), respectively. On the basis of
Eq. (13), the values of the two are added, corresponding to the individual con-
centrations. All results are listed in Table 1. In order to elucidate the reliability
obtained from the linear plots of logP., B« and q/Z vs. 1/T, respectively, plots
for the system, n-heptane-ethanol/Graphon I, are shown in Figs 1 and 2. It is
seen that all of these linear relationships are accurate in the two Figures, and the
values of logP., B« and g/Z decrease with increase of temperature, which con-
forms to the well-known rule that the adsorbed amount decreases with increase
of temperature, and shows that the proportions of solvent molecules desorbed
from an adsorbent surface increase or, on the contrary, from PD,, molecules de-
crease.

Table 1 The calculated total adsorption heat and its fractions (kJ-mol™)*

Adsorption systems C /mol-dm™ AHg,,) AH 17 p0m) AHp,y

0.781 -10.140.2 -0.651+0.01 -10.810.2

n-Heptane-EtOH /Graphon | 1.36 0.81+0.02 -9.310.2
(282~333 K) 2.33 2.22140.04 ~7.940.2
0.220 -3.6240.07 -1.5440.03 -5.1610.10
EtOH-water /Graphon II 1.17 0.16010.00 —3.4610.07
(298~338 K) 1.52 0.4340.01 -3.1940.08
2.56 0.9540.02 —2.6740.09

4.89 1.6040.03 -2.0240.01

*The initial adsorption data were taken from the literatures {6, 7]

Table 1 shows that all values of AHp, are negative, demonstrating that ad-
sorption heat deduced in this paper is a generally exothermic process, and that
the absolute values of AH(p,) decrease with increase of the equilibrium concen-
tration in the bulk solution. This is because a gradual decrease in the number of
‘mean active sites’ [8] distributed on the adsorbent surface leads to a decrease
in the adsorption affinity enthalpy per molar adsorbate, which agrees with the
general rule that the adsorption heat falls with increase in the adsorption equi-
librium concentration.

In the two energy fractions of the calculated AHp,) as listed in Table 1,
AH,) is a negative constant, much larger than AH gz pp,). This indicates that
the adsorption affinity enthalpy between the adsorbate and the adsorbent makes
the main contribution to the total adsorption heat AHp,), and that the values of
AH gz ., increase with increase of the equilibrium concentration of the adsor-
bate in the bulk solution. It suggests that the solvent desorption changes simi-
larly as AHyz pp,,, and the induction agrees well with the experimental result.
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Reallocation of direct calorimetry for adsorption

Considering the calorimetric data of adsorption at different concentrations
(restricted to dilute solutions) as AH(p,), according to the linear relationship be-
tween AHp, and logopp, in Eq. (14), we can obtained AHg,) (or AHy,) from
the intercept and AH(yz rp,,) from the slope. The calorimetric data on the ad-
sorption and their fractions for 1-methyl-1’-(y-sulfopropyl)-2,2’-cyanine ad-
sorbed from DMF by AgBr suspensions at 25+0.0001°C are listed in Table 2.
The linear correlation coefficient for the foregoing system, based on Eq. (14),
is 0.9714. It is clear in Table 2 that AH, is ~80.0 kJ-mol™" and exothermic
making a main contribution to the total adsorption heat, while AH(gz rm,,) is
positive (endothermic) and increases with increase of the concentration of the
cyanine dye, much less than —~AHp,). This suggests that the desorption of DMF
molecules from the surface of AgBr suspensions and from the solvolyte of
molecules of the cyanine dye is weaker than the adsorption of the cyanine dye
molecules onto the surface of AgBr suspensions. However, it may produce a
significant error to use the adsorption heat (AHp,) instead of the accurate ad-
sorption affinity enthalpy (AH(p,)). Unfortunately, not enough attention has been
paid to the problem raised in this paper.

Table 2 The measured adsorption heat AHp,, for cyanine dye adsorbed from DMF on AgBr
surface at 25°C and the calculated fractions (kJ-mol™)

C /107 mol-dm™ AHp,y AHpp,) AH(y/2,pDr)

24 —65.7 -80.0 14.3

149 -57.3 22.7

555 -54.8 25.2

627 -52.3 27.7

688 -50.6 29.4

863 -49.8 30.2

1132 —46.9 33.1

It should be pointed out that it is very useful to calculate the two fractions of
AHp,) obtained from the direct calorimetric data for adsorption that are consid-
ered to be most reliable. This is equivalent to indirectly measuring the two ac-
curate fractions corresponding to an exothermic process (adsorption) and an
endothermic one (desorption) from only one precise AH(p,). Moreover, the val-
ues of desorption enthalpy, AHqz.rp,,), and the total adsorption heat correspond-
ing to the equilibrium concentrations in the bulk solution (also restricted to
dilute solutions) may be calculated according to Eq. (14) from several (of
course, not less than three) independent direct calorimetric data. Therefore, the
reallocation of direct calorimetric data for adsorption is very helpful towards an
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understanding of the details of the entire adsorption process and of finding a
new approach in investigations of the adsorption mechanism.
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Zusammenfassung — Fiir die Adsorption eines geldsten Stoffes in einem Fliissigkeit-Feststoff-
system wurde die Adsorptionswirme des stéchiometrischen Verdringungsprozesses untersucht.
Auf der Grundlage von SDM-A und der Additivitit der Energie wurde ein Ausdruck erstellt,
welcher die Abhingigkeit der Adsorptionsenthalpie von Art und Konzentration des gelosten Stof-
fes sowie von Lésungsmittel und Adsorbent beschreibt. Die fiir den gelésten Stoff mittels der
herkémmlichen Methode bestimmte Adsorptionswirme kann in zwei unabhingige Teile gespal-
ten werden, die sich auf die Adsorption des geldsten Stoffes und die Desorption des Losungsmit-
tels beziehen. Experimentelle Angaben von sowohl den Isothermen aus Literatur als auch aus
préziser Kalorimetrie wurden benutzt, um die Adsorptionswirme und ihre mittels die vorliegend
gegebene Gleichung quantitativ berechneten Teile zu testen und zwischen ihnen wurde ein zu-
friedenstellender Grad von Konformitit erhalten.
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