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ABSTRACT

Explicit Nernst–Planck approximation is used to study the kinetics of H(I)-metal ion-exchange
processes for ions having different effective diffusion coefficients, that is, for non-isotopic
exchange process. Kinetic studies of four heavy metal ions (Cd2+, Co2+, Cu2+, and Pb2+) of
environmental importance on the surface of acetonitrile stannic(IV) selenite composite cation
exchanger were carried out successfully. On the basis of kinetic studies, various physical
parameters, that is, fractional attainment of equilibrium U(τ), self-diffusion coefficients (Do),
energy of activation (Ea), and entropy of activation (ΔS*) are estimated to evaluate the mecha-
nism of ion exchange on the surface of composite ion-exchange material. The activation
entropy and energy revealed that the greater degree and minimum energy was achieved
during forward ion-exchange process. The results revealed that the kinetic studies are very
important for the economic and industrial applications of ion-exchange materials.
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1. Introduction

The presence of pesticides, radionuclides, and most
importantly heavy toxic metal ions in the aquatic
environment has been of great concern to engineers,
environmentalists, and scientists because of their
increased discharge, toxic nature, and adverse effects
on the receiving water. Among the toxic metal species,
Cd2+, Co2+, Cu2+, and Pb2+ are on the priority list of
various Environmental Protection Agencies worldwide
[1–3]. The existence of these toxic metal species in the
aquatic environment through naturally or human

anthropogenic sources may cause several health haz-
ards including gastrointestinal distress, liver and kid-
ney damage, Alzheimer’s and Parkinson’s diseases,
carcinogenic, vasodilation, flushing, and cardiomyopa-
thy, blood pressure, paralysis, diarrhea, lung irritation
and bone defects, pernicious anemia in humans and
animals [4,5]. This is well thought out due the non-
biodegradable nature, high solubility, and easy to
enter into human as well animal body through food
chains. It is well understood that heavy metal ions are
toxic to the environment even at very low concentra-
tion levels [6]. The adverse effects of heavy toxic metal
ions on environment counsel that the wastewater
should be treated before discharging to the public
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sewage, rivers, or on lands, etc. Several technologies
including thermal treatment, surface-enhanced Raman
spectrometry, inductively coupled plasma mass spec-
trometry, inductively coupled plasma optical emission
spectrometry, precipitation, atomic absorption spec-
trometry (AAS), ion chromatography, flame AAS,
extraction, square wave anodic stripping voltammetry,
adsorption, UV–vis spectrometry, atomic fluorescence
spectrometry, colorimetric analysis, and ion exchange
have been proposed for the removal of these pollu-
tants from the aquatic environment [7–23]. Among
these techniques, ion exchange is one of the most com-
mon and effective treatment methods. Ion-exchange
method may have the various advantages such as
regeneration capability of ion-exchange materials, low
cost, pH independence, high selectivity, etc. Various
types of ion-exchange materials including inorganic,
organic, and composite ion-exchange materials are
being used for the wastewater treatment worldwide
[24–29]. Nowadays, organic–inorganic-type composite
ion-exchange materials, inorganic and organic ion-
exchange materials are being extensively used for
wastewater treatment without studying the validity of
ion-exchange mechanism [30–32]. Thus, our group is
actively engaged to study the issues related to the ion-
exchange kinetics and the mobility of counter ions in
the lattice structure of newly synthesized ion-exchange
materials. Therefore, in this research study, acetonitrile
stannic(IV) selenite composite cation-exchange mate-
rial was selected to evaluate the ion-exchange mecha-
nism occurring over the surface of the ion exchanger.

2. Experimental

2.1. Materials and instruments

The main reagents used for the synthesis of the
material were stannic chloride penta-hydrate, sodium
selenite, and acetonitrile (Sigma–Aldrich, Saudi
Arabia). Solutions for kinetic measurement were made
using analytical reagent grade nitrate salts of Cd, Co,
Cu, and Pb (99%) (Sigma–Aldrich, Saudi Arabia).
Nitric acid (35%) and hydrochloric acid (35%) were
also obtained from Sigma–Aldrich, Saudi Arabia. All
other reagents and chemicals were of analytical reagent
grade. A single electrode pH meter (Orion 2 star,
Thermo Scientific, USA) and a water bath incubator
shaker (SW22/9550322, Julabo, Germany) were used.

2.2. Methods

Composite cation-exchanger acetonitrile stannic(IV)
selenite was prepared as reported by Nabi et al. [33].
The procedure for the preparation is given below.

2.2.1. Preparation of acetonitrile stannic(IV) selenite
composite cation-exchange material

Inorganic cation exchanger was prepared by mix-
ing gradually with continuous shaking an aqueous
solution of 0.1M sodium selenite into 0.1M Sn(IV)
chloride penta-hydrate solution in (1:2) mixing volume
ratio at pH 1.5. To prepare composite cation exchan-
ger, one volume of (10%) acetonitrile was added drop
wise into the inorganic precipitate of stannic(IV) sele-
nite and mixed thoroughly with constant stirring for 1
h. The gelatinous precipitate so formed was allowed
to stand for 24 h in the mother liquor for digestion.
The supernatant liquid was removed and the precipi-
tate was washed with demineralized water several
times to remove excess reagents. The product was
dried at 40 ± 2˚C in an oven. The dried product was
then kept in demineralized water for cracking and to
obtain the particle of the size range approximately
125m. These were converted to H+ form by placing
them in 1M HNO3 solution and washed with demin-
eralized water to remove excess acid and finally dried
at 45±˚C.

2.2.2. Method for the measurement of ion-exchange
capacity

The ion-exchange capacity was determined by
standard column process. For this purpose, 1 g of the
dry cation exchanger in the H+-form was taken into a
glass column having an internal diameter (i.d.) ~1 cm
and fitted with glass wool support at the bottom. The
bed length was approximately 1.5 cm long. 1M
NaNO3 as eluent was used to elute the H+ ions com-
pletely from the cation-exchange column, maintaining
a very slow flow rate (~0.5mLmin−1). The effluent
was titrated against a standard 0.1M NaOH solution
for the total ions liberated in the solution using
phenolphthalein indicator and the ion-exchange
capacity was determined. The ion-exchange capacity
of this composite cation exchanger was found to be
1.83 meq g−1.

2.3. Determination of theoretical approach

Composite cation-exchanger particles of mean radii
~125 μm (50–70mesh) in H+ form were used to evalu-
ate various kinetic parameters. The rate of exchange
was calculated as follows.

A total of 20mL fractions of the 0.02M metal ion
solutions (Cd, Co, Cu, and Pb) were shaken with 200
mg of the cation exchanger in H+-form in several stop-
pered conical flasks at desired temperatures [25, 35,
55, and 65 (± 0.5) ˚C] for different time intervals (1.0,
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2.0, 3.0, and 4.0min). The supernatant liquid was
removed immediately and determinations were made
as usual by ethylene diamine tetra acetic acid,
disodium salt titrations [34]. Each set was repeated
four times, and the mean values were taken for
calculation.

3. Results and discussion

Cation-exchange materials consist essentially fixed
positive backbone with negatively charged anionic
groups, the electric charge of which is compensated
for the mobile ions of opposite charge, that is, counter
ions. These counter ions are free to diffuse within the
ion-exchange materials. Generally, in an ion-exchange
process, the counter ion present initially is replaced by
another species. Ion-exchange process takes place stoi-
chiometrically by the effective exchange of counter
ions A with the counter ions B present at the surface
of ion-exchange materials. In fact, ions A diffuse out
of the ion-exchange materials and are replaced by an
equivalent amount of B. Simply, the rate determining
mechanism is the interdiffusion of the two species A
and B either within the ion-exchange material or in a
Nernst diffusion layer “film” adherent to the particle
surface [35]. Various limiting laws for film-controlled
exchange have been given previously. In this study,
ideal limiting laws for particle controlled process are
determined.

In principle kinetic studies envisage the three
aspects of ion-exchange process viz. the mechanism of
ion exchange, rate determining step, and the rate laws
obeyed by the ion-exchange system. In an ion-
exchange process, the interdiffusion of counter ions is
occurring either by particle diffusion or film diffusion
control. A simple kinetic criterion is used to predict
whether particle or film diffusion will be rate control-
ling step under a given set of conditions. The infinite
time of exchange is the time necessary to obtain equi-
librium in an ion-exchange process. Thus, the ion-
exchange rate becomes independent of time after this
time interval. Fig. 1 showed that 25min was required
for the establishment of equilibrium at 25˚C for Mg2+–
H+ exchange. Similar behavior was also observed for
Cd2+–H+, Co2+–H+, Cu2+–H+, and Pb2+–H+ exchanges.
Therefore, 25min was assumed to be the infinite time
of exchange for all exchange systems.

Fig. 2 showed that the τ vs. time (t) (t in min) plots
are also straight lines passing through the origin at
and above 0.02M of metal ion concentration confirm-
ing the particle diffusion control phenomenon. How-
ever, below the metal ion concentration of 0.02M, film
diffusion control phenomenon was more prominent.
Therefore, the kinetic studies for exchange of Cd2+–

H+, Co2+–H+, Cu2+–H+, and Pb2+–H+ were made
under particle diffusion controlled phenomenon. The
kinetic results are expressed in terms of the fractional
attainment of equilibrium, U(τ) with time according to
the equation:

UðsÞ ¼ the amount of exchange at time 0t0

the amount of exchange at infinite time
(1)

Fig. 3 shows plots of U(τ) vs. time (t) (t in min) for
Cd2+–H+, Co2+–H+, Cu2+–H+, and Pb2+–H+ exchanges
which indicated that the fractional attainment of equi-
librium was faster at a higher temperature suggesting
that the mobility of the ions increased with an increase
in temperature and the uptake decreased with time.

Fig. 1. A plot of U(τ) vs. t (time) for M2+–H+ exchanges at
25˚C on acetonitrile stannic(IV) selenite composite cation
exchanger for the determination of infinite time.

Fig. 2. Plots of τ vs. t (time) for M2+–H+ exchanges using
different metal solution concentrations at 25˚C on acetoni-
trile stannic(IV) selenite composite cation exchanger.

M. Naushad et al. / Desalination and Water Treatment 54 (2015) 2883–2890 2885



Each value of U(τ) will have a corresponding value
of τ, a dimensionless time parameter. On the basis of
the Nernst–Planck equation, the numerical results can
be expressed by explicit approximation [36–38]:

UðsÞ ¼ f1� exp½p2ðf1ðaÞsþ f2ðaÞs2 þ f3ðaÞs3Þ�g1=2 (2)

where τ is the half time of exchange = DHþ t=r2o, α is the
mobility ratio =DHþ=DM2þ ; ro is the particle radius, DHþ

and DM2þ are the interdiffusion coefficients of counter
ions H+ and M2+, respectively, in the exchanger phase.
The three functions f1(α), f2(α) and f3(α) depend upon
the mobility ratio (α) and the charge ratio (ZHþ=ZM2þ )
of the exchanging ions. Thus, they have different
expressions as given below [39]. When the exchanger
is taken in the H+-form and the exchanging ion is
M2+, for 1 ≤ α ≤ 20, as in the present case, the three
functions have the values.

f1ðaÞ ¼ � 1

0:64þ 0:36 a0:668

f2ðaÞ ¼ � 1

0:96� 2:0 a0:4635

f3ðaÞ ¼ � 1

0:27þ 0:09 a1:140

The Nernst–Planck explicit approximation Eq. (2) was
used to calculate various τ values corresponding to
each U(τ) using a computer. Fig. 4 showed the plots of
τ vs. time (t) at four different temperatures for heavy
metal ion-hydrogen exchanges. The straight lines pass-
ing through the origin confirming the particle diffu-
sion control phenomenon for M2+–H+ exchange at a
metal ion concentration of 0.02M.

The slopes (S values) of various τ vs. time (t) plots
are given in Table 1. The S values are related to DHþ

as follows:

S ¼ DHþ=r20 (3)

The values of � logDHþ obtained by using Eq. (3) plot-
ted against 1/T are straight lines as shown in Fig. 4,
thus verifying the validity of the Arrhenius relation:

DHþ ¼ D0 expð�Ea=RTÞ (4)

Fig. 3. Plots of U(τ) vs. t (time) for Cd2+–H+, Co2+–H+, Cu2+–H+, and Pb2+–H+ exchanges at different temperatures on
acetonitrile stannic(IV) selenite composite cation exchanger.
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The pre-exponential constants D0 are obtained by
extrapolating these lines and using the intercepts at
the origin. The activation energy (Ea) values are then
calculated from the slope of plots. The entropy of

activation (ΔS*) values were then calculated by substi-
tuting Do in Eq. (5).

D0 ¼ 2:72d2ðkT=hÞ expð�S�=RÞ (5)

where d is the ionic jump distance taken as 5 × 10−10 m,
k is the Boltzmann constant, R is the gas constant, h is
Planck’s constant, and T is taken as 273 K. The values
of the diffusion coefficient (Do), energy of activation
(Ea), and entropy of activation (ΔS*) thus obtained are
summarized in Table 2. The results showed that D0, Ea,

and ΔS* are increasing as Cu<Co<Pb<Cd. The positive
values of activation energy indicated that the
minimum energy is required to facilitate the forward
(M2+–H+) ion-exchange process. Negative values of the
entropy of activation (ΔS*) suggest a greater degree of
order achieved during the forward ion-exchange
(M2+–H+) process. Higher values of coefficient for
Cd(II) ions showed that the mobility of ions increased
with respect to the activation energy required during
forward ion-exchange process. The energies of activa-
tion shown was found higher as compared to other
metal ions, which evident the separation capability of
this cation-exchange material.

Fig. 4. Plots of τ vs. t (time) for Cd2+–H+, Co2+–H+, Cu2+–H+, and Pb2+–H+ exchanges at different temperatures on
acetonitrile stannic(IV) selenite composite cation exchanger.

Fig. 5. Plots of � logDH vs. 103 T−1/K−1 for Cd2+–H+,
Co2+–H+, Cu2+–H+, and Pb2+–H+ exchanges on acetonitrile
stannic(IV) selenite composite cation exchanger.
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4. Conclusion

Kinetic studies revealed that the ion-exchange pro-
cess is feasible over this composite cation-exchange
material through particle diffusion controlled phenom-
enon. The fractional attainment of equilibrium U(τ)
possessed corresponding values of (τ) giving the
straight lines passing through the origin, which are in
accordance with the Nernst–Planck explicit approxi-
mation.
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Abbreviation used

U(τ) — fractional attainment of equilibrium
Do — self diffusion coefficient
Ea — energy of activation
ΔS* — entropy of activation
i.d. — internal diameter
DMW — demineralized water
EDTA — ethylene diamine terta acetic acid,

disodium salt
DHþ — inter diffusion coefficient of counter

ion H+

DM2þ — inter diffusion coefficient of counter
ion M2+

ro — particle radius
α — mobility ratio
ZHþ/ZM2þ— charge ratio
τ — a dimensionless time parameter
H+ — hydrogen ion
M2+ — metal ion
S — slope
D — the ionic jump distance
K — the Boltzmann constant
R — gas constant
H — Planck’s constant
T — temperature
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