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Abstract-The thennodynamic cationic exchange process involving divalent (Cu, Zn, Cd, Hg, Pb and 
Ca) and monovalent (Na) cations in Brazilian red Latosol soil was studied. Using a batchwise method, 
the exchange was monitored as a function of the added cation concentration and the aqueous suspension 
of the soil at different temperatures. The isotherm series obtained were adjusted to a modified Langmuir 
equation, whose results were compared with the proposed Rawat method. The cationic exchange equilibria 
constants (In K) vary from 1.97 to 9.80 for the Langmuir equation and 7.06 to 13.S0 for the Rawat 
method. The variation in enthalpies obtained by applying the van't Hoff equation gave, for Langmuir and 
Rawat procedures, exothermic values for Cu (6S.S and 97.3), Cd (36.9 and 4S.6) and Pb (43.0 and SO.7) 
kJ mol- I, and endothermic values for Zn (40.8 and 30.S), Hg (IS.O and 11.3), Ca (30.4 and 40.0) and 
Na (32.7 and 42.3) kJ mol-I. The exchanges proceed spontaneously, as indicated by the free energy 
values: Cu (14.2 and 27.2), Zn (21.6 and 32.0), Cd (16.1 and 23 .2), Hg (13.8 and 22,9), Pb (22.6 and 
28.3), Ca (17.0 and 25.9) and Na (9.9 and 19.3) kJ mol- I at 323 K. These results suggest that the 
interaction occurs by complex formation between the organic matter of the soil matrix and the cations 
dispersed in aqueous solution. 
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INTRODUCTION 

The ionic exchange process in the soil-water inter
face system depends directly on soil exchanged prop
erties, which normally include some degree of humus 
derived from the natural organic matter and the min
eral matrix. The organic matter plays an important role 
in forming aggregates to control the acidity, cycling 
the nutrient elements and decontaminating pollutants, 
which are related to the growing plants (Lobartini et 
a1. 1992). During the ionic exchange process, ion iso
morphic substitution on the matrix surface causes rup
ture of bonds on the clay mineral edges with dissoci
ation of organic matter protons (Moniz 1972; Sposito 
1989). For example, carboxylic and phenolic com
pounds dissociate within pH 3.0 to 4.8. Alternatively, 
much of the solid material in soil is composed of in
organic compounds that establish the framework of the 
natural matrix (Sposito 1989). Thus, the majority of 
ions are firmly held onto the soil surface of the solids 
and are available to solid/liquid interface phenomena 
or are distributed among the arrays of the silicates in 
the bulk (Patzk6 and D6kany 1993), In some cases, 
their determinations can predict environmental toxicity 
(Baker and Amacher 1980), where the bioassessibility 
and migration are related to pH and solubility (Harter 
1983). 

The presence of ions at the solid/liquid interface is 
due to the ionization of the hydroxyl groups bonded 
to silicon in clay minerals and those coming from the 
dissociation of organic matter, which are highly de-
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pendent upon pH. Thus, its increase favors the disso
ciation of protons in the medium, resulting in ionic 
interaction with cations present in the aqueous solu
tion. This process increases the total cationic capacity. 
The cations adsorbed in the bulk are not static with 
respect to the ionic bond formed, but present a contin
uous activity (Moniz 1972). In this context, the reac
tive organic functional groups originating on the sur
face create a distribution of possible charges in the 
heterogeneous matrix (Moniz 1972). However, the na
ture of the available surface groups and the character
istic of the cations determine system selectivity (Mar
insky 1966; Bunzl et a1. 1976; Jorge and Chagas 
1988). 

The ionic exchange process causes mobility of the 
cations in the solid/liquid interface. The dynamics of 
this phenomenon can be represented by the following 
general chemical equilibrium equation: 

where A and B are positive species with m+ and n+ 
charges in the exchanged phase (A,m+ and B//+) and in 
solution (Am+ and Bn+). 

In this process, the cations in solution are ex
changed with an equivalent quantity in the bulk. This 
operation depends on the exchanger properties and the 
cationic or anionic species present in solution, which 
are largely associated with the pH of the solution. In 
principle, 2 features must be considered: the degree of 
dissociation of the functional groups attached to the 
exchanger and the presence of H+ and OH- in solu-
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tion, which can compete with the other exchangeable 
ions. Therefore, the influence of the functional group 
related to the acid-basic character must be taken into 
account (Oliveira and Airoldi 1993). 

In the present case, the interactions between cations 
and basic centers on the exchanger surface were fo
cused. The main objectives were to determine the ther
modynamic parameters K, ~H, ~G, ~S from the ex
perimental isotherms. Although these isotherms fit the 
Langmuir model well (McGlashan 1979), the mecha
nisms of the ionic exchange/adsorption processes are 
not well known due to the heterogeneity of the adsor
bate. The parameters K, ~H, ~G, ~S refer to the het
erogeneous system containing red Latosol soil and di
valent (Cu, Zn, Cd, Hg, Pb and Ca) or monovalent 
(Na) cations. The thermodynamic values obtained 
from variations of temperature were compared with 
another proposed method (Raw at et al. 1990). 

METHOD 

Composed samples were collected from soil cov
ered by bush vegetation on the campus of the Univ
ersidade Estadual de Campinas at a depth of 5 to 10 
cm, after removal of the top layer. This collection pro
cedure is well established (Camargo et al. 1986; Keith 
1988). 

The soil was air-dried for 3 mo and sieved at 0.59 
mm to separate root fragments and large particles. It 
was then sieved at 0.149 mm to maintain nearly ho
mogeneous particle size and stored in polyethylene 
bags at 293 :t 5 K. The characterization used routine 
methods. The water content of 1.3% per g of soil was 
determined by drying the sample to constant mass. 
The organic matter content of 3.3% per g of soil was 
determined by titrating soil samples in an acidic me
dium, following the end point by a redox reaction. The 
pH of 5.2 was obtained in strong electrolyte, 1.0 M 
CaCI2, in a proportion of 1 :2.5 for soil: solution. The 
total acidity corresponding to H+ plus AP+ was 1.4 
meq/lOO g of soil, as determined by percolating 5.0 g 
of dry fine soil in air with 0.10 L of 2.0 M calcium 
acetate at pH 7.0, and titrating the eluate with sodium 
hydroxide. The cation exchange capacity of 3.4 meq/ 
100 g of soil was determined from the sum of the 
extractable bases and the total acidity. The total ex
tractable bases of 2.0 meq/l00 g of soil were obtained 
by extracting the percolate fraction of 10.0 g of the 
soil with 0.10 L of 0.05 M nitric acid solution (Critter 
et al. 1994). The specific area of 37.3 X 104 cm2 g-l 
was determined by a BET method. 

Reagent grade chemicals were used to prepare 
CuCI2 , ZnCI2 , CdCI2 , HgCI2 , CaCI2 , NaCI and 
Pb(N03)z solutions for the ionic exchange processes in 
a batchwise system with controlled temperature. Thus, 
in a given sequence of experiments for the ionic ex
change, 0.25 g of soil samples were suspended in 25.0 
cm3 of cation solutions of different concentrations and 

mechanically stirred for 2 h. The adsorption time was 
previously established for an identical series of stirring 
samples containing cation solutions in order to reach 
constant adsorption values. After centrifuging for 10 
min at 2000 rpm, the amount of supernatant divalent 
cations was determined through atomic absorption 
spectrometry in a model 5000 Perkin-Elmer instru
ment, with cations (source) of: Cu (~ = 324.8), Zn (~ 
= 213.9), Cd (~ = 228.8), Hg (~ = 228.8), Pb (~ = 
217.2) and Ca (~ = 422.7) nm (Prince 1979). The 
sodium was analyzed by flame photometry, where a 
calibration curve was previously obtained. The cations 
and the corresponding linear ranges were: Cu (0-5), 
Zn (0-1), Cd (0-2), Hg (0-300), Pb (0-20), Ca (0-5) 
and Na (0-10) J.lg cm-3 (1 ppm corresponds to 1 mg 
dm-3) (Price 1979). The pH supernatant was measured 
at the end of the operation. For each sample analyzed, 
at least 1 duplicate run was performed to check the 
reproducibility. 

Under equilibrium conditions, the exchange process 
at the solidlliquid interface can be characterized by the 
number of moles exchanged, Nf , on the soil, which 
was calculated by applying the expression: 

N f = (Ca - Ce)V/m [2] 

where Ca and Ce are the initial and equilibrium number 
of cations in solution (M), respectively, m is the mass 
(g) of soil assayed and V is the volume (dm3) of so
lution (Airoldi and Santos 1994). 

RESULTS AND DISCUSSION 

The sample soil, among the richest in organic con
tent of natural Latosols, is thus excellent for cultiva
tion. The chemical composition is high in iron, mainly 
in the form of magnetite, 50% kaolinite and 40% 
gibbsite, with an Si02/Alz0 3 ratio of 1: 1 to the clay 
fraction (Oliveira et al. 1979). The high proton con
centration proceeding from the humic components al
lied to the participation of an effective hydrolyzable 
aluminum makes this soil acidic, reflected in the high 
cation exchange capacity (CEC). This demonstrates 
the ability of the soil suspension to retain cations on 
the surface, and therefore to act as an exchanger. The 
pH of the Latosol soil suspension was measured in the 
presence of salt to reduce the electric double layer; in 
this condition, the pH of the particle surface approach
es that of the bulk of solution (Klute 1986). 

Figure 1 shows a typical illustration of the ionic 
exchange kinetic for Pb, using 2 distinct concentra
tions, where the number of cations exchanged, N f , is 
plotted against time. This series of experiments con
firms a time scale of a few h for the exchange. As 
observed the increase in time caused the appearance 
of a defined saturation after 2 h. These results, ex
pressed in time dependence of the moles of charge of 
exchangeable Pb2+ in red Latosol soil, indicated a rel
atively rapid kinetic of cation exchanged, allowing 2 
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Figure 1. Number of exchanged moles of Pb as a function 
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stirred in 25.0 cm3 of 2.28 X 103 of lead nitrate solution. 
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Figure 2. Number of exchanged moles of Cu Ce) and the 
respective pH (0) of solution versus the Cu concentration in 
the end of the ionic exchange process. Each sample having 
1.0 g of latosol soil was mechanically stirred with variable 
copper chloride solution. 
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ion exchange. organic complexation and co-precipita
tion . In the present case, each generic isotherm rep
resents the ionic exchange/adsorption, whose lineari
zation can be obtained by plotting C/Nf versus Ceo as 
follows: 

Ce/Nf = lIKb + Ce/b [3] 

where K is a constant of equilibrium and b is a con
stant of maximum adsorption (mol g- I). The linearized 
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Figure 4. Linearization of the ionic exchange isotherms of 
Cu2 + in red Latosol soil at (e) 295, (X) 307, (*) 315 and (0) 
323 K. 

form of the copper adsorption is presented in Figure 
4, where b = 1/0' and K = alj3 are obtained from 
angular and linear coefficients, respectively. 

Solution pH variation, metal retention and organic 
matter content of the matrix are important chemical 
features to be analyzed in the ionic exchange process. 
The solubility of cations in soil is directly affected by 
the variation in pH, which favors the availability of 
cations in soil for plants (Harter 1983). Cations are 
also retained by organic matter at given pH values, 
although no direct correlation between them for a va
riety of soils was found. However, a better correlation 
could be related to the content of active organic matter 
(Harter 1983). The nature of cations can affect ionic 
exchange, since any degree of hydroIization or cation
anion couple solubility is altered. In the present case, 
the divalent cations were dissolved in an aqueous so
lution at pH 5.2 and some hydrolysis started to occur 
at pH above 6.0. However, the anions were chosen to 
avoid the formation of any insoluble compounds, and 
their concentrations were also extremely low. 

The negative charges of the organic compounds in
teract with the acid soil surface. This mechanism of 
interaction could include cation bridging the clay and 
organic part or exchanging the hydroxyl groups of the 
organic compounds with the oxides present in the final 
extremity of the clay surface (Baham and Sposito 
1994). These natural organometallic-minerals can also 
be formed by dissociation of the organic matter, when 
the free proton interacts with the minerals of soil and 
promotes its decomposition (Sposito 1989). Thus, the 
importance of organic matter in the adsorption mech
anism can involve 3 main possibilities: 1) the ex
change of ligands between functional groups like car
bonyl, hydroxyl and phenol as well as cations during 
the formation of complexes in the soil matrix; 2) dif
fusion of organic compounds weakly adsorbed in 

aqueous solution; and 3) the dissociable organic 
groups and the cation (Sposito 1989). 

From the isotherm linearization results, K values 
were calculated using the Langmuir model and also a 
method proposed by Rawat. Only the adsorption pro
cess of the cation on the surface was considered, and 
the chemical reaction can be represented: 

[4] 

S2- is the soil surface and M2+ is the cation added to 
the system. The exchanger activity coefficient is as
sumed as unity, because only molecule interactions of 
the same species are considered. These y± coefficients 
for ions are unity due to low concentrations and neg
ligible ionic strength, in accordance with the Debye
Huckel equation (McGlashan 1979). 

The equilibrium constant can be represented as fol
lows: 

[5] 

aM and aM are the activity of the cation in the exchang
er phase and in solution, respectively. The activity is 
related to the concentration, C, by the expression: 

a=-y±C [6] 

-y± is equal to 1, as previously shown; and Equation 
[5] can be rewritten as (Rawat et al. 1990): 

K = C/Ce [7] 

Cs is the concentration (mol g-l) of the cation in the 
exchanger phase and Ce is the concentration (M) after 
equilibrium is reached. In this ionic exchange process, 
it is also assumed that: 1) a monolayer of solute is 
formed on the solid; and 2) the measured exchanger 
area is completely covered by solvent molecules. In 
this medium, the solute molecule does not occupy 
space. This assumption is adjusted to dilute solutions, 
as described previously. 

Using Rawat's method, Cs values were calculated, 
providing the number of moles of cation added per 
volume in contact with the solid surface: 

C, = pANNr/MS [8] 

p is the water density (1.0 g cm-3), A is the area of 
molecule (cm2 molecule-I), N is the Avogadro con
stant (6.023 X 1023 molecule), Nf is the number of 
fixed moles (mol of solute per gram of solid), M is the 
molecular mass of solvent (g) and S is the superficial 
area of the solid (cm2 g-l of solid), which is related to 
many physical and chemical properties of materials. 

After determining K values by using both methods, 
the variation of enthalpy was calculated using the van't 
Hoff equation: 

aln(K)/illn(l/1) = MlIR [9] 

T is the absolute temperature (K) and R is the ideal 
gas constant (8.31 Jmol K-l). It is worth mentioning 
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Table 1. Comparative enthalpic values obtained by the van' t 
Hoff equation and by Rawat's proposed method in red Lat-
0501 soil. 

I1HfkJ mol- ' 
Ion 
M"' Langmuir Rawat 

Cu -65.5 ±1.3 - 97.3 ± 3.9 
Cd -36.9 ± 1.1 - 45.6 ± 1.8 
Pb -43.0 ± 1.3 - 50.7 ± 2.0 
Zn 40.8 ± 1.2 30.5 ± 1.2 
Hg 15.0 ± 0.5 11.3 ± 0.5 
Ca 3004 ± 0.9 40.0 ± 1.6 
Na 32.7 ± 0 .9 42.3 ± 1.7 

that thermodynamic features of reactions occurring in 
soil systems are scarce. However, the enthalpic values 
were calculated for both methods and are compiled in 
Table 1. The exothermic series of values for Cu, Cd 
and Pb contrast with the endothermic ones for other 
cations. With the exception of Cu and Hg, the other 
enthalpic values are in the 30.0 to 66.0 kJ mol- I range, 
indicating a chemisorption process . Therefore, it is ex
pected that the ligand attached to organic matter com
plexes the cations in solution. However, other effects 
such as surface deprotonation, organic matter transfer
ence from the bulk to the interfacial phase of the min
eral surface and surface conformational change can 
accompany the main phenomenon (Gu et al. 1994; Ko
walska et al. 1994). 

Variations of the free energy and entropy were cal
culated using Equations [10] and [11], respectively, 
and these results were combined with the K values in 
Tables 2 and 3: 

I::!.G= -RTlnK 

I::!.S = Ml- I::!.G/T 

[10] 

[11] 

The exothermic free energy data illustrate a spon
taneous process, whose values for Langmuir and Ra
wat methods range from - (5 .1 to 24.0) and - (14.7 
to 33 .1) kJ mol- 1 ranges, for the listed values in Tables 
2 and 3. The values for Na, Ca and Zn increase with 
the temperature, while Pb and Cd remain practically 
constant with the change in temperature. In following 
the variation in enthalpy, Zn, Hg, Ca and Na are en
tropically favorable in these processes, due to exo
thermic values presented. 

CONCLUSION 

The study of adsorption onto soil surfaces gives in
formation about the exchange capacity of the matrix, 
where the highest adsorption comprises a higher ex
change capacity. This parameter is related to the actual 
highest capacity of the matrix in exchanging. It is 
characteristic of the surface, which could be specified 
by the number of available sites, the content of organic 
matter, the amount of exchangeable cations, the natural 
pH of the soil and also the properties of the ion ana-

Table 2. Thermodynamic results of cation exchange processes at different temperatures in red Latosol soil using van't Hoff 
equation. 

l1S 
T (K ) In K (J K- ' mol- ' ) - I1G (kJ mol-' ) 

Cu 295.0 ± 0.1 6.81 ± 0.14 - 279 ± 14 16.7 ± 0.8 
307.0 ± 0.1 5.73 ± 0.11 -261 ± 11 14.6 ± 0.6 
315.0 ± 0.1 6.63 ± 0.13 - 263 ± 6 1704 ± 0.2 
323.0 ± 0.1 5.27 ± 0.10 -247 ± 9 14.2 ± 004 

Cd 298.0 ± 0.1 7.19 ± 0.14 -64 ± 3 17.8 ± 0.7 
309.0 ± 0.1 5.95 ± 0.12 - 70 ± 3 15.3 ± 0.5 
323.0 ± 0 .1 6.00 ± 0.12 -64 ± 2 16.1 ± 0.3 

Pb 295.0 ± 0.1 9.80 ± 0.20 -64 ± 2 24.0 ± 0.5 
305.0 ± 0.1 9.30 ± 0.19 -64 ± 2 23 .6 ± 004 
315.0 ± 0 .1 8.50 ± 0.17 -66 ± 3 22.3 ± 0.6 
323.0 ± 0.1 8040 ± 0.17 -63 ± 2 22.6 ± 004 

Zn 298.0 ± 0.1 5.90 ± 0.12 186 ± 9 14.6 ± 0 .5 
307.0 ± 0.1 6.44 ± 0.13 187 ± 10 16.5 ± 0.7 
324.0 ± 0.1 8.00 ± 0.16 193 ± 7 21.6 ± 0.5 

Hg 298.0 ± 0.1 4.66 ± 0.10 89 ± 4 11.5 ± 004 
308.0 ± 0.1 4.98 ± 0.10 90 ± 4 12.8 ± 004 
323.0 ± 0 .1 5.14 ± 0.10 89 ± 4 13.8 ± 0.5 

Ca 298.0 ± 0.1 5.39 ± 0.11 147 ± 7 13.4 ± 0.6 
310.0 ± 0.1 7.00 ± 0.14 156 ± 7 18.1 ± 0.7 
323.0 ± 0.1 6.34 ± 0.13 147 ± 6 17.0 ± 0 .7 

Na 298.0 ± 0 .1 2.75 ± 0.06 133 ± 6 6.8 ± 0.3 
309.0 ± 0.1 1.97 ± 0.04 122 ± 5 5 .1 ± 0.2 
322.0 ± 0.1 3.70 ± 0.07 132 ± 5 9 .9 ± 0.2 
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Table 3. Thermodynamic results of cation exchange processes at different temperatures in red Latosol soil obtained through 
Rawat's method. 

T(K) In K 

Cu 295.0 :!: 0.1 13.50 :!: 0.32 
307.0 :!: 0.1 12.00 :!: 0.25 
315.0:!: 0.1 11.16 :!: 0.24 
323.0 :!: 0.1 10.11 :!: 0.28 

Cd 298.0 :!: 0.1 10.05 :!: 0.17 
309.0 :!: 0.1 9.36 :!: 0.12 
323.0 :!: 0.1 8.62:!: 0.07 

Pb 295.0 :!: 0.1 12.60 :!: 0.56 
305.0 :!: 0.1 11.79 :!: 0.37 
315.0 :!: 0.1 11.85 :!: 0.12 
323.0 :!: 0.1 10.54 :!: 0.26 

Zn 298.0 :!: 0.1 10.95 :!: 0.18 
307.0 :!: 0.1 11.05 :!: 0.22 
324.0 :!: 0.1 11.88 :!: 0.21 

Hg 298.0:!: 0.1 8.15 :!: 0.13 
308.0:!: 0.1 8.52 :!: 0.04 
323.0 :!: 0.1 8.52 :!: 0.10 

Ca 298.0 :!: 0.1 8041 :!: 0.28 
310.0 :!: 0.1 9.17 :!: 0.14 
323.0 :!: 0.1 9.66 :!: 0.03 

Na 298.0 :!: 0.1 5.92 :!: 0.09 
309.0 :!: 0.1 7.06 :!: 0.06 
322.0 :!: 0.1 7.21 :!: 0.03 

lyzed, which includes the ionic radius and its degree 
of hydration. 

The increase in temperature causes an increase in 
the exchange, indicating that this variable disturbs the 
conditions of cation exchangeability and the surface. 
The calculated enthalpy obtained by the variation in 
temperature provides the average values. In this case, 
there is no ideal method for calculating thermodynam
ic parameters for this kind of heterogeneous system. 

Individual enthalpic value depends upon the tem
perature and also the thermal effect. Moreover, any 
fraction of ion exchanged is associated with a corre
spondent exchange enthalpy, whose value is directly 
related to the amount of cations added to the system. 
Thus, the energy associated with the process depends 
upon the number and type of interactions caused by 
the cation in the system. Additions of cations in a het
erogeneous system with distinct types of sites in the 
attached ligands affects the variation in enthalpy. 
These changes can be explained by the influence of 
the following factors: 1) the degree of hydration of the 
cations can be altered due to the change in the energy 
of the process; 2) the functional groups involving the 
sites of the ligands can be deformed; 3) the acid or
ganic groups of the matrix can be deprotonated; 4) the 
matrix changes with probable decomposition of the 
minerals, which are easily leached, and also the or
ganic matter (Sposito 1989). This occurs with low mo
lar mass organic acids held in the matrix, which are 

M -6.G 
(J K-' mol-') (kJ mol- ') 

-217 :!: 2 33.1 :!: 0.5 
-218 :!: 2 30.6 :!: 0.3 
-216 :!: 2 29.2 :!: 0.3 
-217 :!: 2 27.2 :!: 0.3 

-70 :!: 24.9 :!: 0.2 
-70 :!: 24.1 :!: 0.1 
-70 :!: 23.2 :!: 0.1 

-67 :!: 30.9 :!: 0.5 
-68 :!: 29.9 :!: 004 
-63 :!: 31.0 :!: 0.1 
-69 :!: 28.3 :!: 0.3 

193 :!: 2 27.1 :!: 0.2 
191 :!: 2 28.2 :!: 0.2 
193 :!: 2 32.0 :!: 0.3 

106 :!: 20.2:!: 0.1 
107 :!: 1 21.8 :!: 0.1 
106 :!: 1 22.9 :!: 0.1 

204 :!: 2 20.8 :!: 0.3 
205 :!: 2 23.6 :!: 0.2 
204 :!: 2 25.9 :!: 0.1 

191 :!: 2 14.7 :!: 0.1 
196 :!: 2 18.1 :!: 0.1 
191 :!: 2 19.3 :!: 0.1 

liberated due to the decrease of the interactive forces 
with increased temperature. Consequently, the num
bers of sites in ligands and the conformation of the 
polymeric matrix are altered. Thus, the water mole
cules presented in the first sphere of coordination are 
more easily exchanged, permitting the formation of 
complexes with cations of transition metals. 

In attempting to explain the ion exchange process 
for heterogeneous systems, especially when accom
panied by the formation of complexes, the following 
energetic contributions should be determined: the en
thalpy of coordination bonding between metal and the 
matrix ligand groups, the enthalpy of dehydration of 
matrix ligand groups, the exchanged matrix of water 
in the first sphere of cation coordination and the en
thalpy of deformation of polymeric matrix and min
erals in the soil (Hajiev et al. 1989). 
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Table 3. Thermodynamic results of cation exchange processes at different temperatures in red Latosol soil obtained through 
Rawat's method. 
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323.0 :!: 0.1 10.11 :!: 0.28 
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lyzed, which includes the ionic radius and its degree 
of hydration. 
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sites of the ligands can be deformed; 3) the acid or
ganic groups of the matrix can be deprotonated; 4) the 
matrix changes with probable decomposition of the 
minerals, which are easily leached, and also the or
ganic matter (Sposito 1989). This occurs with low mo
lar mass organic acids held in the matrix, which are 

M -6.G 
(J K-' mol-') (kJ mol-') 

-217 :!: 2 33.1 :!: 0.5 
-218 :!: 2 30.6 :!: 0.3 
-216 :!: 2 29.2 :!: 0.3 
-217 :!: 2 27.2 :!: 0.3 

-70 :!: 24.9 :!: 0.2 
-70 :!: 24.1 :!: 0.1 
-70 :!: 23.2 :!: 0.1 

-67 :!: 30.9 :!: 0.5 
-68 :!: 29.9 :!: 004 
-63 :!: 31.0 :!: 0.1 
-69 :!: 28.3 :!: 0.3 

193 :!: 2 27.1 :!: 0.2 
191 :!: 2 28.2 :!: 0.2 
193 :!: 2 32.0 :!: 0.3 

106 :!: 20.2:!: 0.1 
107 :!: 1 21.8 :!: 0.1 
106 :!: 1 22.9 :!: 0.1 

204 :!: 2 20.8 :!: 0.3 
205 :!: 2 23.6 :!: 0.2 
204 :!: 2 25.9 :!: 0.1 

191 :!: 2 14.7 :!: 0.1 
196 :!: 2 18.1 :!: 0.1 
191 :!: 2 19.3 :!: 0.1 

liberated due to the decrease of the interactive forces 
with increased temperature. Consequently, the num
bers of sites in ligands and the conformation of the 
polymeric matrix are altered. Thus, the water mole
cules presented in the first sphere of coordination are 
more easily exchanged, permitting the formation of 
complexes with cations of transition metals. 

In attempting to explain the ion exchange process 
for heterogeneous systems, especially when accom
panied by the formation of complexes, the following 
energetic contributions should be determined: the en
thalpy of coordination bonding between metal and the 
matrix ligand groups, the enthalpy of dehydration of 
matrix ligand groups, the exchanged matrix of water 
in the first sphere of cation coordination and the en
thalpy of deformation of polymeric matrix and min
erals in the soil (Hajiev et al. 1989). 
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