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This study examines the kinetics of the removal of zinc, copper, nickel and cobalt ions from aqueous
solutions by Carboxylated-Toluene Di-isocyanate Orange Mesocarp Extract Resin (CTOR) and
Sulphonated-Toluene Di-isocyanate Orange Mesocarp Extract Resin (STOR). Results from contact time
experiments indicate that the rate of ion exchange was initially rapid and equilibrium was attained
within 40 to 45 min. It was found that the uptake of Zn**, Cu?®*, Ni* and Co?" ions by CTOR and STOR is
related to the dissociation power of the exchangeable hydrogen and in sequence similar to the ionic
radii of the metal ions. The Vermeulen’s particle diffusion model best described the ion exchange
process. The fraction attainment of equilibrium (a) values increase with time and reaching constant
value at about 40 to 45 min for the resins, indicating the time for saturation of the active sites. The rate
constants for CTOR and STOR decreased with increase in temperature from 29 to 70°C. The negative
values of the activation energy calculated using the Arrhenius equation showed that low temperatures

favoured the exchange process.
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INTRODUCTION

The amount of treated and untreated wastes discharged
into water through domestic and industrial activities have
deteriorated the water bodies and made them unfit for
many of their purposes (ASTM, 1989). Physico-chemical
treatment technique such as ion exchange has been
reported to be effective in the removal of cations and
anions from solutions (Englert and Rubio, 2005;
Jorgensen and Weatherley, 2003). lon exchange is a
stoichiometric chemical reaction in which the interchange
of equivalent ions at the phase boundary is reversible. An
ion exchange resin therefore, is a solid consisting of a
matrix of insoluble material interspersed with fixed ions of
opposite charge and having the property of exchanging
equivalent ions from solutions for useful applications
(Nostrand, 1964). In this study, the Kkinetics of the
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interchange of mobile hydrated H* ions of synthesized
orange mesocarp extract resin (solid 2phase) for
equivalent ions of like charge (zn**, Cu*, Ni*" and Co*")
in agueous phase was investigated. The rate of variation
of concentration of the interchangeable and interchanging
ionic species with time at a given temperature as the ion
exchange process proceeds from non-equilibrium to an
equilibrium state describes its kinetics.

The kinetics of exchange enables us to understand the
viability of an ion exchange material in separation
technology (Jignasa et al., 2006), helps in identifying the
reaction pathway and rate dependence on the limiting
reacting systems (Halligudi and Khaire, 2001). These
rates and mechanisms are governed by ion exchange
conditions, nature of the exchanger and the exchanging
ionic species. lon exchange is a diffusion phenomenom
and the reaction (Rao et al.,, 2010) can be represented
as:

2RH(g) + M* (1) > RoMgg) + 2H g
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where R is the ion exchange radical, H is the
exchangeable hydrogen, M** refers to exchanging metal
ion , H" is the exchanged hydrogen ion, RH is the resin
before exchange and R,M is the resin after exchange.

lon exchange kinetics involves the diffusion of M
through the solution to the surface and particle pores of
the resin, followed by the chemical exchange between H*
and M?* at the exchanging sites and the diffusion of the
displaced H" ions out of the interior and surface of the
resin into the solution. Both film and particle diffusion
mechanisms are prevalent in ion exchange process,
although normally the slowest step (rate-limiting step) for
a given system controls the speed of ion exchange
(Sprynskyy et al., 2005; Elshazly and Konsowa, 2003;
Cooney et al.,, 1999). Earlier studies noted that film
diffusion control prevail in systems with ion exchangers of
high concentrations of fixed ionic groups, small particle
size, dilute solutions and with inefficient agitation
(Sprynskyy et al.,, 2005), while high metal ion
concentration, relatively large particle size of the
exchanger and vigorous shaking of the exchanging
mixture favour a particle diffusion controlled process
(Jignasa et al., 2006; Helfferich, 1962). Therefore, the
particle size of the resin affects the film and particle
diffusion processes, thus determining the equilibration
time and rate. Ogali et al. (2008) reported the use of
unmodified orange mesocarp residue after extraction of
rutin to bind 56% of Mg, 81% of Zn, 71% of Cu, 73% of
Pb and 85.05% of Cd, while the modified residue using
2,4-Dichloro-6-(Phenoxy-4'-sulphonic acid)-1,3,5-triazine
bound 63.05% of Mg, 37% of Zn, 43.25% of Cu, 33.05%
of Pb and 86.45% of Cd. Previous investigation on the
removal of zinc, copper, nickel and cobalt ions from
agueous solutions using orange mesocarp extract (OME)
revealed low ion exchangze capacities of 0.0073 mg/g for
Zn*, 0.01 mg/g for Cu*, 0.01535 mg/g for Ni*" and
0.0194 mg/g for Co®* ions with 10 mg/L metal ion
concentration, indicating the lesser ease of bond
breaking between the exchangeable proton and the
structure of the species, which in turn influences its
displacement by metal ion. This suggested that the
attachment of more electron withdrawing atoms to the
active site-carbons of the OME will enhance proton
dissociation.

Further experiments with OME, CTOR and STOR
under the same reaction condition, showed their ion
exchange capacities to be in the order: STOR > CTOR >
OME. This trend is associated with the dissociation
power of the hydrogen in the main ionogenic functional
group of the exchanger in aqueous solution which is —OH
for OME, -CO,H for CTOR and —SO3H for STOR (Ibezim-
Ezeani et al.,, 2010). Also, the Dubinin-Radushkevich
isotherm parameters revealed that the uptake of metal
ion by OME proceeded by physical adsorption (Energy =
0.1581 kJ/mol), while the uptake of metal ion by CTOR
and STOR proceeded by ion exchange mechanism
(Energy = 8.452 — 11.180 kJ/mol).

The aim of this work is to determine the percentage ion
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exchange of the synthesized orange mesocarp extract
resins at different particle sizes and agitation times,
evaluate the rate controling mechanism of the ion
exchange process and as possible index in designing an
effluent treatment plant of metal industries.

MATERIALS AND METHODS
Collection and preparation of orange mesocarp sample

Fresh oranges bought from Choba market in River State, Nigeria
was utilized for this study. The oranges were washed with
deionized water. The epicarp was peeled off, the mesocarp
carefully removed from the succulent part and sun dried for eight
days. The dried orange mesocarp was ground with a grinding mill,
sieved with British Standard sieve plate to obtain 106 um particle
size and stored in a plastic container at ambient atmospheric
condition.

Extraction of rutin

Rutin was extracted from 2810 g of 106 um size orange mesocarp
with soxhlet extractor using methanol as extracting solvent. The
methanol was recovered from the extract mixture using rotor
evaporator.

Synthesis of Carboxylated-toluene di-isocyanate orange
mesocarp extract resin (CTOR)

In a 1L beaker containing 53 g of 4-Hydroxybenzoic acid dissolved
in 140 ml of acetone, 80 g of extract in 120 ml of methanol was
added and stirred vigorously for 10 min at room temperature
(29°C). 200 ml of toluene diisocyanate (TDI) was poured into the
mixture with continuous stirring; the resultant product was off-white
coloured solid. The resin formed was left overnight before use. This
was then crushed, sieved to different sizes and stored in tightly
covered bottles at room temperature.

Synthesis of sulphonated-toluene
mesocarp extract resin (STOR)

di-isocyanate orange

In a 1L beaker containing 40 ml 4-Hydroxybenzene sulphonic acid
in 90 ml of acetone, 80 g of extract in 120 ml of methanol was
added and stirred vigorously for 10 min at room temperature
(29°C). 200 ml of toluene diisocyanate (TDI) was poured into the
mixture with continuous stirring; the resultant product was off-white
colored solid. The resin formed was left overnight before use. This
was then crushed, sieved to different sizes and stored in tightly
covered bottles at room temperature.

Preparation of metal ion stock solutions

4.397 g of Zn** (ZnS0.,.7H,0), 3.803 g of Cu® ECU(NOs)zSHzO],
4.460 g of Ni** (NiSO4.6H,0) and 4.770 g of Co*" (CoSO4.7H20)
were each dissolved in 1.0L of distilled deionised water to obtain
1000 mg/L metal ion stock solution respectively. Dilution of the
stock solutions was carried out to obtain working standards of 50
mg/L solutions for Zn (1), Cu (II), Ni (II) and Co (ll) ions.

lon exchange studies

One gram of CTOR sample was added to 50 ml of 50 mg/L metal



194 Int. J. Water Res. Environ. Eng.

100
= ——2zn{ll)
_% —=—cCu{ll)
g 90 - ——Ni (11)
< —e—Co{ll)
=
S 80 -
[«H]
c
=]
= 70
3
=
W 60 -
oo
3
c
g 50 -
[}
n' o

40 L] L] L] L]

0 100 200 300 400 500

Particle Size {pum)

Figure 1. Plot of percentage metal ion exchanged
as a function of resin particle size for CTOR.

lon exchange studies

One gram of CTOR sample was added to 50 ml of 50 mg/L metal
(Zn** 1 Cu* I Ni** | Co*) ion solution in 150 ml conical flask and
corked. The flask was then shaken in a mechanical shaker (120
oscillations/min) for one hour at 29°C. After the shaking period, the
solution was filtered through a glass wool and the concentration of
metal ion (Zn®*, Cu®*, Ni** and Co?") in the filtrate analysed using
the Buck Scientific Atomic Absorption Spectrophotometer (model
205 A). The above experiment was repeated at various particle
sizes (=50 to =600 um) and agitation times (1 to 60 min). The
percentage metal ion exchange (%) was calculated using Equation
(1) and plotted as a function of particle size and agitation time in
each case. The experiments were repeated using STOR.

Kinetic measurements

One gram of CTOR sample was placed in several conical flasks
containing 50 ml of 50 mg/L metal (Zn** / Cu®" / Ni** / Co*") ion
solution and corked. The flasks were shaken vigorously in a
mechanical shaker (120 oscillations/min) at 29°C and the samples
withdrawn at different time intervals. On withdrawal, the solution
was filtered through a glass wool and the concentration of metal ion
(Zn*, Cu?®, Ni#* and Co?") in the filtrate analysed using the Buck
Scientific Atomic Absorption Spectrophotometer (model 205 A) at
Ideyi Consults Limited, Choba, Port-Harcourt. The above
experiment was repeated at temperatures of 40, 50 and 60°C. The
values obtained were used in the calculation of fractional attainment
of equilibrium (Equation 2) (Sekar et al., 2004) for application in the
Vermeulen particle and film diffusion equation (Equations 3 and 4
respectively) (Sprynskyy et al., 2005) plots, for the determination of
the overall rate constant (Equation 5) (Jignasa et al., 2006;
Karthikeyan et al.,, 2004; Loukidou et al., 2004) and activation
energy (Equation 6) (Ibezim-Ezeani and Anusiem, 2010; Atkins,
1998). The experiments were repeated using STOR.

Data analysis
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where C, is the initial concentration of metal ion in solution (mg/L),
C.is the concentration of metal ion in solution at any time, t (mg/L),
C. is the concentration of metal ion present at equilibrium (mg/L)
and o is the fractional attainment of equilibrium of metal ion.
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where Dy is the diffusion coefficient in the film (m%s), C, and C. are
concentrations in the solution and in the ion exchanger, respectively
(mol/im®), & is the film thickness, Dy, is the diffusion coefficient in the
ion exchanger (m?/s) and r, is the radius of the particle (m).

The coefficient of determination (R?) measurements was used to
determine the best fitting Vermeulen’s diffusion model (Chase and
Brown, 1992).

In(l- ) = —kt -

Ink =InA — —
nk=In
R1 (6)

where Kk is the rate constant, A is the pre-exponential factor, Ea is
the activation energy, R is gas constant and T is temperature.

RESULTS AND DISCUSSION
Effect of particle size

The physical size of an ion exchanger influences its
efficiency (Nada et al.,, 2002) and the time required to
establish equilibrium conditions. Hence, the synthesized
CTOR and STOR were ground and sieved to different
particle sizes ranging from =50 to =600 yum and applied in
the test for the effect of particle size on the ion exchange
reaction (Figure 1 for CTOR and Figure 2 for STOR).
Figure 1 shows that there is an initial increase in the
percentage metal ion exchange gfrom 62.74 to 94.02%
for Zn®*, 69.06 to 96.00% for Cu**, 72.56 to 97.08% for
Ni** and 76.14 to 98.84% for Co”") with increase in
particle size from =50 to =150 pm, followed by a
decrease in percentage metal ion exchange with increase
in particle size of CTOR, suggesting the =150 ym particle
size as the suitable size for the ion exchange process. It
could be that at lower particle size, the CTOR molecule
experienced swelling and clogging together on immersion
into aqueous solution, and as such inhibiting the diffusion
of metal ions through it to the exchange sites. At =150 ym
particle size, it may be that the resin particle presented
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Figure 2. Plot of percentage metal ion exchanged
as a function of resin particle size for STOR.
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Figure 3. Plot of percentage metal ion
exchanged at different agitation times for CTOR.
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Ibezim-Ezeani et al. 195

better orientation for the diffusion of metal ions from
surrounding solution to the surface of the CTOR particle,
and also contains less internal volume (as compared to
the particle sizes >150 um) through which the metal ion
diffuse from the surface to the interior of the resin
particle, thus enhancing the efficiency of the 150 um
particle size exchanger.

In the case of STOR (Figure 2), the resin efficiency was
fairly constant initially, but decreased (from 94.78 to
45.28% for Zn*, 96.54 to 47.46% for Cu**, 97.22 to
48.76% for Ni** and 98.96 to 59.04% for Co*) beyond
the 150 pm particle size. This behaviour could be
explained based on the smaller sizes and increased
number of binding sites of the STOR particles between
=50 and =150 pym, than that of larger dimensions beyond
the 150 um size. It is likely that with the smaller particle
sizes, the percentage metal ion exchange is higher due
to increase in its surface area and easier access of the
metal ions to the better exposed active sites
(Venkateswarlu et al., 2007), while in the case of larger
particles, the diffusional resistance to mass transport is
higher and most of the internal surface of the particles
may not be utilized for ion exchange reaction (Sekar et
al., 2004), consequently leading to smaller metal ion
exchange.

In terms of the metal ion exchange, the percentage ion
exchange is in the order: Co* > Ni** > Cu** > zn*". The
order is similar to the order of the ionic radii (Zn** = 0.74
A, cu® =0.73 A, Ni* = 0.69 A and Co® = 0.65 A) of the
metal ions (Lee, 1996), suggesting that the smaller the
radius of the metal ion, the easier its diffusion to the
exchange sites and hence, the higher the percentage ion
exchange. In this case, Co?" with the smallest radius and
greatest access to the exchange sites, exhibited the
highest percentage ion exchange followed by Ni**, Cu**
and Zn®" ions. This observation is in conformity with that
of previous works (Erdem et al., 2004; Zoumpoulakis and
Simitzis, 2001).

In view of the above discussion, the =150 ym particle
sizes of CTOR and STOR were used for the remaining
experiments.

Effect of agitation time

The effect of agitation on the ion exchange reaction at
different times was investigated since earlier studies
revealed that agitation facilitates proper contact between
the metal ions in solution and the exchange sites, thereby
promoting effective transfer of metal ions to the binding
sites (Ahalya et al., 2005). The data from the time
dependency experiment for the ion exchange of Zn*,
Cu®, Ni*" and Co”" ions are shown in Figure 3 for CTOR
and Figure 4 for STOR.

For the CTOR experiments, result analysis showed that
the percentage exchange of the metal ions increased
from 50.24 to 61.48% for Zn’*, 48.92 to 69.24% for Cu®",
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Table 1. Comparison of coefficients of determination (R?) for the Vermeulen particle and film diffusion models.

CTOR STOR
Metal lon Film diffusion Particle diffusion Film diffusion Particle diffusion
-In(1- a) -In(1- o) -In(1- a) -In(1- o)
Zn (Il 0.9951 0.9957 0.9944 0.9945
Cu (I) 0.9966 0.9972 0.9945 0.9946
Ni (11) 0.9981 0.9983 0.9755 0.9761
Co (Il) 0.9904 0.9950 0.9867 0.9872

30.92 to 69.82% for Ni** and 8.54 to 79.96% for Co’" ions
within 40 to 45 min of the agitation time and thereafter
remained relatively uniform. This observed initial increase
in percentage exchange with agitation time could be due
to the decrease in boundary layer resistance to mass
transfer in the bulk and an increase in the kinetic energy
of hydrated metal ions. Earlier study by Horsfall and Abia
(2003) reported similar observations. The final stage of
uniformity in the percentage ion exchange could be
related to the attainment of equilibrium time which
signifies the time required for the active sites on the
exchanger to be saturated with the exchanged metal
ions. Vinodhini et al. (2010), Arivoli and Thenkuzhali
(2008) and Ho (2006) have all observed the same
saturation as a function of time in their various studies.
For the STOR experiments, result of analysis showed
that the percentage ion exchange increased slightly (from
77.60 to 78.10% for Zn**, 82.58 to 83.98% for Cu™*, 84.72
to 88.00% for Ni** and 86.40 to 93.82% for Co*") with
agitation time, and then reaching equilibrium time at
about 30 to 35 min, suggesting that agitation time has
very little effect on the percentage exchange of the metal
ions with STOR. This is significant as equilibrium time is
an essential parameter for economical water and
wastewater applications.

Also, In terms of the metal ions tested, the percentage
ion exchange is in the order: Co** > Ni** > Cu®* > zn*
which conforms with that of their ionic radii as earlier
discussed. The results also confirm that the period of
shaking (1 h) used was sufficient for the attainment of
equilibrium.

Kinetics study

Kinetic data are essential for scaling up of ion exchange
reactions for industrial preparation (Halligudi and Khaire,
2001). Hence, the time dependency experiments were
carried out at various temperatures (29, 40, 50, 60 and
70°C) to ascertain the rates and mechanism involved in
the exchange reaction. Data analyses showed that the
fraction attainment of equilibrium (a) values increase with
time and reaching a constant value at about 40 to 45 min
for the resins, indicating the time for coverage of
available binding sites. In all the experiments, the values

of a for STOR were higher than those of CTOR. It is
reasonable to infer that the greater ease of dissociation of
STOR will influence its rate of dissociation with time
(Ibezim-Ezeani et al., 2010), resulting in higher values of
a for STOR both at the initial and equilibrium time.

In this investigation, the Vermeulen particle and film
diffusion models (Equations 3 and 4) were used to fit the
kinetic experimental data and the values of coefficient of
determination, R? are presented in Table 1.

The values of coefficient of determination from the plots
were close suggesting an interplay of film and particle
diffusion in the exchange process. However, the best fits
in the whole data range were found with the Vermeulen’s
particle diffusion model which exhibited higher values of
coefficient of determination. This indicates that the rate —
controlling mechanism for the exchange reaction is
particle diffusion. In the study of ammonium removal from
aqueous solution by natural zeolite and transcarpathian
mordenite, Sprynskyy et al. (2005) remarked that the ion
exchange with the homoionic mordenite forms exhibited
the best correlation with diffusion model, while the
coarser zeolite fraction demonstrates the poorest fit to the
film, apparently due to the mineralogical separation or the
structural features of the different fractions.

In order to predict the rate of the ion exchange reaction,
the kinetic model in Equation 5 was applied to the kinetic
measurements from various temperature experiments
and presented in Figures 5 to 9 for CTOR (linear
equations in Table 2) and Figures 10 to 14 for STOR
(linear equations in Table 3).

The plots of In (1 - a) versus time at different
temperatures were linear confirming that the ion
exchange process is particle diffusion controlled. The
value of the overall rate constant, k was deduced from
the slope of the plots. These values reflect the rate of
arrival of the metal ions to the surface of the active sites
and the proportion of the ions that underwent exchange
with time. Within the temperature range of the
experiment, the values of k were higher for the STOR
than CTOR, signifying more ion exchange by the STOR
per time, while in terms of metal ion concentration, it is in
the order: Co®* > Ni* > Cu®* > zn*, which can be
ascribed to their ionic radii, thus, the smaller the ionic
radius, the easier diffusion, faster arrival of ions to the
active sites, more interaction and ion exchange with time.
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Table 2. Linear equations from plots of particle diffusivity for CTOR.

Metal ion 29°C 40°C 50°C 60°C 70°C
Zn (1) y=-0.032x—1.704 y=-0.028x—-2.999 y=-0.023x—2.455 y=-0020x—3.849 y=-0018x—3.781
Cu () y =-0.037x - 1.304 y =-0.031x — 2.581 y =-0.026x — 2.014 y =-0.022x — 1.561 y =-0.020x — 2.423
Ni (I1) y=-0.040x-0.586 y=-0035x—1.807 y=-0.028x—1.743 y=-0024x—1.188 y=-0.021x—2.212
Co (I1) y =-0.048x — 0.132 y =-0.043x - 1.314 y =-0.033x — 1.560 y =-0.029x — 0.997 y =-0.025x — 1.879
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Figure 11. Plot of particle diffusivity against time
for STOR at 40°C.

Figure 13. Plot of particle diffusivity against time
for STOR at 60°C.
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Figure 12. Plot of particle diffusivity against time
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Figure 14. Plot of particle diffusivity against time
for STOR at 70°C.

In all the experiments, k values decreased with increase
in temperature, suggesting a distortion of the structural
orientation of the STOR and CTOR, thereby altering the

effective interaction of the metal ions with the exchanger,
thus affecting the exchange rate. An identical trend was
observed by other investigators in their various



Table 3. Linear equations from plots of particle diffusivity for STOR.
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Metal ion

29°C

40°C

50°C

60°C

70°C

Zn (1)
Cu ()
Ni (11)
Co (1)

y =-0.049x — 4.982
y =-0.064x — 3.869
y =-0.067x — 2.986
y =-0.076x — 2.441

y =-0.042x - 2.707
y =-0.056x — 1.443
y =-0.057x — 1.248
y = - 0.064x — 1.031

y =-0.035x — 2.189
y =-0.045x — 1.398
y =-0.047x — 1.087
y = - 0.052x — 0.852

y =-0.030x — 2.074
y =-0.039x — 1.454
y =-0039x —1.001
y =-0.043x — 0.742

y =-0.027x - 2.072
y =-0.034x — 1.757
y =-0.035x — 1.370
y =-0.038x — 1.196
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Table 4. Activation energy values (Ea) for CTOR and STOR.

Metal ion CTOR STOR
Activation energy (Ea) (kJ/mol) Activation energy (Ea) (kJ/mol)
Zn (1) -11.90 -12.57
Cu (Il -12.80 -13.48
Ni (1) -13.44 -13.92
Co (Il -13.93 -14.32
1/T (K1) T(K?Y)
2.5 - y -2.0 . .
0.028 0.0030 0.0032 0.0p34 0.0p28 0.0030 0.0032 0.0034
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Figure 15. Plot of natural logarithm of rate
constant at different temperatures for
CTOR.

researches (Ho and Chiang, 2001; Vinod and Anirudhan,
2001).

The validity of Arrhenius equation was verified by
applying the values of k at temperatures of 29 to 70°C
(Figure 15 for CTOR and Figure 16 for STOR) into
Equation 6 and the values of Ea were then evaluated
from the slope of the plots (Table 4).

The negative values of Ea indicate that the exchange
process is exothermic and that lower solution
temperature favours the exchange reaction. The values

Figure 16. Plot of natural logarithm of rate
constant at different temperatures for STOR.

of Ea for STOR were lower than those of CTOR
suggesting that more of the interacting species with
STOR will possess the minimum energy required to
overcome the energy barrier for ion exchange to occur.
Also, for the metal ions, the negative values of Ea is in
the order: Co** > Ni** > Cu** > Zn*, which is in line with
that of their ionic radii indicating that the smaller the
radius of the metal ion, the easier its access to the
exchanger and the lesser the energy required to pass
through the activated complex for the exchange reaction
to take place.
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Conclusion

The results obtained in this study suggest that the
synthesized resins can be exploited as ion exchangers in
the uptake of metal ions from aqueous solutions. Results
from batch experiments showed that particle size and
agitation time affect the ion exchange reaction.

Kinetically, the ion exchange process showed that
particle diffusion was predominant, and that the process
occurred at reasonable rate with low activation energy.
Experimental results revealed that the ion exchange
capacity is in the order: STOR > CTOR, which is of
similar trend with their dissociation strength, while in
terms of metal ion, the ion exchange capacity is in the
order: Co®* > Ni** > Cu®* > zn*, which corresponds to
the order of the ionic radii of the metal ions. The
implementation of this finding will be useful in efficient
orange mesocarp-waste management, enhance pollution
free environment, prolong our life span and reduce the
huge cost of purchasing commercial resins since orange
mesocarp is a cheap and available agrowaste.
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