Chemical Engineering Journal 166 (2011) 639-645

Chemical Engineering Journal

Contents lists available at ScienceDirect

Chemical
Engineering
Journal

journal homepage: www.elsevier.com/locate/cej

Determination of ion-exchange kinetic parameters
for the poly-o-methoxyaniline Zr(IV) molybdate composite

cation-exchanger
Zeid A. Al-Othman?, Inamuddin®*, Mu. Naushad?

a Department of Chemistry, Building 5, King Saud University, Riyadh, Saudi Arabia

b Department of Applied Chemistry, Faculty of Engineering and Technology, Aligarh Muslim University, Aligarh 202002, India

ARTICLE INFO ABSTRACT

Article history:

Received 23 September 2010

Received in revised form 6 November 2010
Accepted 8 November 2010

Keywords:

Poly-o-methoxyaniline Zr(IV) molybdate
Organic-inorganic composite material
Cation-exchanger

lIon-exchange kinetics

The kinetics and mechanism for the ion-exchange processes like Mg2*-H*, Ca2*-H*, Sr2*-H*,
Ba?*-H*, Ni**-H*, Cu?*-H*, Mn?*-H* and Zn?**-H* at different temperatures using approximated
Nernst-Plank equation under the particle diffusion controlled phenomenon were studied for the poly-o-
methoxyaniline Zr(IV) molybdate composite cation-exchanger. Some physical parameters, i.e. fractional
attainment of equilibrium U(t), self-diffusion coefficients (Dy), energy of activation (E,) and entropy of
activation (AS*) have been estimated. These investigations revealed that the equilibriumis attained faster
at higher temperature probably due to availability of thermally enlarged matrix of poly-o-methoxyaniline
Zr(IV) molybdate composite cation exchange material. These results are useful for predicting the ion-
exchange process occurring on the surface of this cation-exchanger.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well recognized that the combination of insulating or con-
ducting organic polymers as supporting materials and inorganic
precipitates of polyvalent metal acid salt precursors by sol-gel
method yielding composite materials is of great interest in our
laboratory [1-8]. Composite materials were considered to be the
best way to solve the limitations of poor thermal and radiation
stabilities and less stability in high acidic and basic medium asso-
ciated with the use of organic as well as inorganic ion exchange
materials, respectively. Furthermore, insoluble acid salts of poly-
valent metals produced by mixing rapidly the elements of groups
of I, IV and V of periodic table possessing ion exchange proper-
ties are reported to be not very much reproducible and granular
thereby limiting their suitability for column operation. Conse-
quently, Zr(IV) molybdate one of the members of insoluble salts

Abbreviations: U(t), fractional attainment of equilibrium; Dy, self-diffusion coef-
ficients; E,, energy of activation; AS*, entropy of activation; (NHz ),S20g, ammonium
persulphate; ZrOCl,-8H,0, zirconium oxychloride; (NH4)sMo7024-4H,0, ammo-
nium molybdate; i.d., internal diameter; DMW, demineralize water; EDTA, ethylene
diamine terta acetic acid; DH+, inter diffusion coefficients of counter ion H*; DM2+,
inter diffusion coefficients of counter ion M2*; r,, particle radius; «, mobility ratio;
Zy+ [Zyy2+, charge ratio; 7, a dimensionless time parameter; H*, hydrogen ion; M2+,
metal ion; S, slope; d, the ionic jump distance; k, the Boltzmann constant; R, the gas
constant; h, Plank’s constant; T, temperature.
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of polyvalent metals was particularly selected to overcome the
limitations associated with inorganic ion exchanger by creating a
composite cation exchanger. Hence, research has been motivated to
the investigators to have various applications of organic-inorganic
composite ion-exchangers in analytical chemistry owing to their
better mechanical, chemical, thermal and radiation stabilities,
reproducibility and possessing good selectivity for heavy toxic met-
als [9-20], indicating useful environmental applications [21-23].
New aapplications of composite materials have been explored
in the fields of heterogeneous catalysis [24,25], protective coat-
ings [26], solid polymer electrolyte membrane fuel cells [27,28],
ion selective membrane electrodes [23,29], gas perm-selectivity
[30,31], ion transport [32,33] and ion exchange [34]. In most of
these fields, information related to the ion exchange kinetics and
the mobility of counter ions in the lattice structure is needed. Kinet-
ics 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. Moreover, the ear-
lier approaches [35-38] of kinetic behavior are based on the old Bt
criterion [39,40], which is not very useful for a true ion-exchange
(non-isotopic exchange) process because of the different effective
diffusion coefficients and different mobilities [41] of the exchang-
ing ions involved. The Nernst-Planck [42,43] equations with some
additional assumptions provide more appropriate values in obtain-
ing the values of the various kinetic parameters precisely. Though
many studies on the kinetics of ion exchange on organic and inor-
ganic ion exchangers have been reported [44-47], relatively less
information exists on the kinetics of exchange on composite ion
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Table 1

Conditions of preparation of poly-o-methoxyaniline, Zr(IV) molybdate and poly-o-methoxyaniline Zr(IV) molybdate composite cation-exchange materials [8].

Samples Mixing volume Appearance of beads Na* ion-exchange

ratios (V/V) after drying capacity
(mequiv.dryg1)
ZrOCl,-8H,0 in 0.1M pH of the 10% o-methoxyaniline 0.2M
4M HCI (NHz)sMo7024- inorganic in 1M HCl (NH4),2S,0g in
4H,0 in DMW precipitate 1M HCl

S-1 - - - 1 1 Greenish 0.35

S-2 1(0.2M) 2 1.0 - - White 1.75

S-3 1(0.2M) 2 1.0 1 1 Greenish-Blackish 2.56

exchange materials. Hence, in this study poly-o-methoxyaniline
Zr(IV) molybdate composite cation-exchanger was selected to eval-
uate the ion-exchange mechanism occurring over the surface of the
cation-exchanger. However, the synthesis and physico-chemical
characterization of this electrically conducting composite cation
exchanger has also been studied and results are published [8]. The
composite cation exchanger was found highly selective for cad-
mium a heavy toxic metal ion indicating the utility for the removal
of Cd(II) from waste stream [8].

2. Experimental
2.1. Reagents and instruments
The main reagents such as ammonium persulphate,
(NH4)2S,0g8 (98%), o-methoxyaniline (99%), zirconium oxy-
chloride, ZrOCl,-8H,0 (98%) and ammonium molybdate,
(NHg4)6Mo07024-4H,0 (99%) used for the synthesis of the material
were obtained from Central Drug House Pvt. Ltd. India and General
Scientific Chemicals Ltd. India. Solutions for kinetic measurement
were made using analytical reagent grade nitrate salts of Mg, Ca,
Sr, Ba, Ni, Cu, Mn and Zn (99%) obtained from Central Drug House
Pvt. Ltd. India. Nitric acid, HNO3 (35%) and hydrochloric acid, HCI
(35%) were obtained from E-Merck, India. All other reagents and
chemicals were of analytical reagent grade. A digital pH meter
(Elico LI-10, India) to adjust the pH and a water bath incubator
shaker for all equilibrium studies having a temperature variation
of £0.5°C (MSW-275, India) were used.

2.2. Preparation of organic-inorganic composite cation-exchange
material

Organic-inorganic composite cation exchanger poly-o-
methoxyaniline Zr(IV) molybdate was prepared as reported
by Inamuddin and Ismail [8]. The procedure for the preparation is
given below:

2.2.1. Preparation of reagent solutions

The solutions of 0.2M ammonium persulphate [(NH4),S;0s]
and 10% o-methoxyaniline were prepared in 1M HCl, while
0.2 M zirconium oxychloride (ZrOCl,-8H,0) and 0.1 M ammonium
molybdate [(NH4)sMo070,4-4H,0] solutions were prepared in 4 M
HCl and demineralized water (DMW), respectively.

2.2.2. Preparation of poly-o-methoxyaniline

Poly-o-methoxyaniline gel was prepared by mixing similar
volume ratio of the solution of 0.2M ammonium persulphate
[(NH4),S,0g] into 10% o-methoxyaniline solution with continuous
stirring by a magnetic stirrer at 0°C for 2 h. Green colored gel of
poly-o-methoxyaniline was obtained. The gel was kept for 24 h in
a refrigerator.

2.2.3. Preparation of Zr(IV) molybdate inorganic cation exchanger

Inorganic ion-exchanger Zr(IV) molybdate was prepared
by adding 0.2M zirconium oxychloride (ZrOCl,-8H;0) solu-
tion to an aqueous solution of 0.1 M ammonium molybdate
(NH4)6Mo07024-4H50 in 1:2 mixing volume ratio at room temper-
ature (25+2°C). The white precipitate of Zr(IV) molybdate was
obtained, when the pH of the mixture was adjusted to 1 by adding
aqueous ammonia or hydrochloric with constant stirring.

2.2.4. Preparation of poly-o-methoxyaniline Zr(IV) molybdate
composite cation-exchange material

The gel of poly-o-methoxyaniline was added into the white inor-
ganic precipitate of Zr(IV) molybdate and mixed thoroughly with
constant stirring. The resultant green colored gel was kept for 24 h
at room temperature (2542 °C) for digestion. At the final stage,
the composite cation-exchanger gel was filtered off by suction;
washed with demineralize water (DMW) to remove excess acid.
The washed gel dried over P40 at 40 °Cin an oven. The dried prod-
uct was washed again with acetone to remove oligomers present
in the material, and dried at 40 °C in an oven. The composite cation
exchanger caries fixed molybdate ionic groups which are converted
into H*/counter ion form by treating with 0.5M HNO; for 24h
with occasional shaking intermittently replacing the supernatant
liquid with fresh acid 2-3 times. The excess acid was removed
after several washings with DMW and finally dried at 50°C. The
composite cation exchanger was cracked and the particle size of
approximately 125 pm was obtained by sieving and stored in des-
iccator. The ion exchange capacity was determined by standard
column process. For this purpose, one gram (1 g) of the dry cation-
exchangers, sample S-1, S-2 and S-3 in the H*-forms were taken
into three different glass columns having an internal diameter (i.d.)
~1cm and fitted with glass wool support at the bottom. The bed
length was approximately 1.5cm long. 1 M NaNOj as eluent was
used to elute the H* ions completely from the cation-exchange
columns, maintaining a very slow flow rate (~0.5 mlmin—1). The
effluents were titrated against a standard 0.1 M NaOH solution
for the total ions liberated in the solutions using phenolphthalein
indicator and the ion-exchange capacities in mequiv. g1 are deter-
mined. The conditions of preparation, the ion-exchange capacity,
and physical appearances of the organic, inorganic and compos-
ite cation-exchangers are given in Table 1. The ion exchange
capacity of composite cation exchanger poly-o-methoxyaniline
Zr(IV) molybdate was found to be 2.56 mequiv.dry g~!, which is
higher than that of its inorganic counterpart Zr(IV) molybdate
(1.75 mequiv.dry g~1). Thus, sample S-3 was selected for detailed
kinetic studies.

2.3. Kinetic measurements

Composite cation exchanger particles of mean radii ~125 wm
(50-70 mesh) in H* form were used to evaluate various kinetic
parameters. The rate of exchange was determined by limited batch
technique as follows.
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Fig. 1. A plot of U(t) versus t (time) for M%*-H* exchanges at 33°C on
poly-o-methoxyaniline Zr(IV) molybdate composite cation-exchanger for the deter-
mination of infinite time.

A total of 20 ml fractions of the 0.02 M metal ion solutions (Mg,
Ca, Sr, Ba, Ni, Cu, Mn and Zn) were shaken with 200 mg of the
cation-exchanger in H*-form in several stoppered conical flasks
at desired temperatures [25,33, 50 and 65 (+0.5)°C] for different
time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 min). The supernatant liquid
was removed immediately and determinations were made as usual
by ethylene diamine terta acetic acid (EDTA) titrations [48]. Each
set was repeated four times and the mean values were taken for
calculation.

3. Results and discussions

In this study, poly-o-methoxyaniline Zr(IV) molybdate
organic-inorganic composite cation exchanger was prepared
by sol-gel mixing of electrically conducting polymer poly-o-
methoxyaniline green colored gel into the white precipitate
of inorganic ion-exchanger Zr(IV) molybdate [8]. The com-
posite cation-exchanger, sample S-3 possessed ion-exchange
capacity 2.56mequiv.g~! which is higher than its inorganic
counter part Zr(IV) molybdate, sample S-2 ion exchange capacity
1.75mequiv.g~! and good granulometric property (Table 1).
Improvement in ion exchange and granulometric properties are
considered due to the presence of binding polymer, i.e. poly-
o-methoxyaniline. Obviously, the rate determining step in ion
exchange process is inter-diffusion of the exchanging counter
ions either within the ion exchanger itself (particle diffusion) or
in an adherent liquid ‘film’ (film diffusion) which is not affected
by agitation of the solution. A simple kinetic criterion is used to
predict whether particle or film diffusion will be rate controlling
step under a given set of conditions. The infinite time of exchange
is the time necessary to obtain equilibrium in an ion exchange
process. Thus, the ion-exchange rate becomes independent of time
after this time interval. Fig. 1 shows that 20 min was required for
the establishment of equilibrium at 33 °C for MgZ*-H* exchange.
Similar behavior was also observed for Ca2*-H*, Sr*-H*, Ba2*-H",
NiZ*-H*, Cu?*-H*, Mn%?*-H* and Zn?*-H* exchanges. Therefore,
20 min was assumed to be the infinite time of exchange for all
exchange systems. A study of the concentration effect on the rate of
exchange at 33 °C showed that the initial rate of exchange was pro-
portional to the metal ion concentration and 7 versus time (t) (t in
min) plots are also straight lines passing through the origin at and
above 0.02 M of metal ion concentration (Fig. 2), which confirms
the particle diffusion controlled phenomenon. Below the metal ion
concentration of 0.02 M, film diffusion control phenomenon was
more prominent. Thus, kinetic measurements were made under
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Fig. 2. Plots of 7 versus t (time) for M2*-H* exchanges using different metal solu-
tion concentrations at 33 °C on poly-o-methoxyaniline Zr(IV) molybdate composite
cation-exchanger.

conditions favoring a particle diffusion-controlled ion-exchange
phenomenon for the exchanges of Mg2*-H*, Ca2*-H*, Sr2*-H*,
Ba2*-H*, Ni2*-H*, Cu2*-H*, Mn%*-H* and Zn%*-H*. The particle
diffusion-controlled phenomenon is favored by a high metal ion
concentration, a relatively large particle size of the exchanger and
vigorous shaking of the exchanging mixture. The kinetic results
are expressed in terms of the fractional attainment of equilibrium,
U(t) with time according to the equation:

the amount of exchange at time ‘t’

U(r) = - - -
© the amount of exchange at infinite time

(1)

Plots of U(t) versus time (t) (t in min), for Mg2*-H*, Ca®*-H",
Sr2*-H*, Ba?*-H* and Ni?*-H*, Cu?*-H*, Mn?'-H*, Zn*'-H*
exchanges (Figs. 3 and 4), respectively, indicated that the fractional
attainment of equilibrium was faster at a higher temperature sug-
gesting that the mobility of the ions increased with an increase in
temperature and the uptake decreased with time. Each value of U(1)
will have a corresponding value of 7, a dimensionless time param-
eter. On the basis of the Nernst-Planck equation, the numerical
results can be expressed by explicit approximation [49-51]:

U(t) = {1—exp [72(f(0)7 + fo@)e? + fr(e)r?)] } /2 (2)

where 7 is the half time of exchange = D+t [ 3, « is the mobility
ratio = Dy+/ Dy, 1o is the particle radius, Dy+ and D>, are the
inter diffusion coefficients of counter ions H* and M2, respectively,
in the exchanger phase. The three functions f;(«), f2() and f3(«)
depend upon the mobility ratio («) and the charge ratio (Z+ /Zy 12+ )
of the exchanging ions. Thus, they have different expressions as
given below. When the exchanger is taken in the H*-form and the
exchanging ion is M2*, for 1 <a <20, as in the present case, the
three functions have the values:

1
K@) == 5527036 q0668
frla) = IR S
25 = 0.96_2.10a0~4635
f3la) =

©0.27 +0.091-140

The value of T was obtained on solving Eq. (2) using a com-
puter. The plots of T versus time (t) at the four temperatures
for Mg2*-H*, Ca2*-H*, Sr2*-H*, Ba?*-H* and Ni2*-H"*, Cu2*-H",
MnZ*-H*, Zn?*-H* exchanges as shown in Figs. 5 and 6, respec-
tively, are straight lines passing through the origin, confirming the
particle diffusion control phenomenon for M%*-H* exchanges at a
metal ion concentration of 0.02 M. It is obvious that the particle
diffusion controlled exchange is more rapid when the counter ion
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Fig. 3. Plots of U(7) versus t (time) for Mg2*-H*, Ca2*-H*, Sr%*-H* and Ba2*-H* exchanges at different temperatures on poly-o-methoxyaniline Zr(IV) molybdate composite
cation-exchanger.
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Fig. 4. Plots of U(t) versus t (time) for Ni>*~H*, Cu?*-H*, Mn?*-H* and Zn?*-H* exchanges at different temperatures on poly-o-methoxyaniline Zr(IV) molybdate composite
cation-exchanger.
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Fig. 5. Plots of 7 versus t (time) for Mg?*-H*, Ca?*-H*, Sr**-H* and Ba?'-H* exchanges at different temperatures on poly-o-methoxyaniline Zr(IV) molybdate composite
cation-exchanger.
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Fig. 6. Plots of t versus t (time) for Ni?*-H*, Cu?*-H*, Mn?*-H* and Zn?*-H* exchanges at different temperatures on poly-o-methoxyaniline Zr(IV) molybdate composite
cation-exchanger.
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Table 2
Slopes of various t versus time (t) plots on poly-o-methoxyaniline Zr(IV) molybdate
cation-exchanger at different temperatures.

Migrating ions S(s 1) x 10?

25°C 33°C 50°C 65°C
Mg(1I) 4.59 6.37 8.45 9.72
Ca(ln) 4.6 5.71 6.64 7.46
Sr(I) 441 5.33 6.26 75
Ba(IIl) 4.85 6.07 7.44 8.81
Cu(Il) 5.56 7.53 9.45 11.09
Ni(IT) 5.01 6.28 8.64 10.83
Zn(1l) 5.56 7.02 8.83 10.73
Mn(II) 5.23 7.25 9.07 10.96

mZ s—l )

-8.95 A

9

-logDH (

-9.05

-9.1

-9.15

10° TYK?

Fig. 7. Plots of —logDy versus 103 T-1/K-! for Mg?*-H*, Ca?*-H*, Sr**-H* and
BaZ*-H* exchanges on poly-o-methoxyaniline Zr(IV) molybdate composite cation-
exchanger.

which is initially in the ion exchanger is the faster one, while for
the film diffusion controlled exchange, the counter ion which is
preferred by the ion exchanger is taken up at the higher rate and
released at the lower rate.

The slopes (S values) of various t versus time (t) plots are given
in Table 2. The S values are related to Dy;+ as follows:

b
=i 3)
o

S

The values of —logDy+ obtained by using Eq. (3) plotted against
1/T are straight lines as shown in Figs. 7 and 8, thus verifying the
validity of the Arrhenius relation:

- —E,
Dy+ = Do exp ( RT ) (4)
Dg is obtained by extrapolating these lines and using the intercepts
at the origin. The activation energy (E,) is then calculated with the

help of Eq. (4), putting the value of D+ at 273 K. The entropy of

Table 3

29 3 3.1 32 3.3 3|4
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¥
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Fig. 8. Plots of —logDy versus 103 T-1/K-! for Ni2*-H*, Cu?*-H*, Mn?*-H* and
Zn%*-H* on poly-o-methoxyaniline Zr(IV) molybdate composite cation-exchanger.

activation (AS*) was then calculated by substituting Dy in Eq. (5).

AS*
P (%) (5)
where d is the ionic jump distance taken as 5 x 10719 m, k is the
Boltzmann constant, Ris the gas constant, h is Plank’s constantand T
is taken as 273 K. The values of the diffusion coefficient (Dy), energy
of activation (E;) and entropy of activation (AS*), thus obtained are
summarized in Table 3.

The kinetic study reveals that equilibrium is attained faster at
a higher temperature (Figs. 3 and 4), probably because of a higher
diffusion rate of ions through the thermally enlarged interstitial
positions of the ion-exchange matrix. The particle diffusion phe-
nomenon is evident from the straight lines passing through the
origin for the 7 versus time (t) plots, as shown in Figs. 5 and 6. 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 (AS*) suggest a
greater degree of order achieved during the forward ion-exchange
(M2*-H*) process. However, results showed that there is no defi-
nite relation between the ionic radii and mobility of metal ions with
activation energy and entropy of activation.

Do = 2.72d? (’%T) ex

4. Conclusion

The ion exchange kinetic mechanism of composite cation
exchanger is being governed by the particle diffusion controlled
phenomenon which is faster than the film diffusion controlled
phenomenon during the forward exchange process (M2*-H*).
Activation energy is calculated by using verified and validated
Arrhenius equation. The negative values of (AS*) indicate that the
ion exchange process is more feasible on this composite cation
exchange material when the exchanger phase is in H*-form and
exchanged by a metal ion.

Values of Dy, E, and AS* for the exchange of H* ions with some metal ions on poly-o-methoxyaniline Zr(IV) molybdate composite cation-exchange material.

Metal ion exchange 109 Tonic mobility/

102 Ionic radii/nm

108 Dg/m? s~ ! 102 E,/k] mol ! (S*/1K-" mol~!

with H(I) m2V-1s1
Mg(1I) 55 7.8 9.63 60.85 —0.68
Ca(In) 62 10.6 1.49 37.44 -1.49
Sr(lI) 62 12.7 1.85 41.10 ~1.40
Ba(Il) 66 14.3 5.21 53.34 -0.95
Cu(Il) 57 7.0 0.10 59.52 -2.67
Ni(II) 52 7.8 0.27 65.73 —2.24
Zn(II) 56 8.3 0.11 60. 58 -2.63
Mn(II) 55 9.1 0.13 63.67 -2.55
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