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REMOVAL OF NICKEL IONS FROM AQUEOUS SOLUTION 
ON A STRONG ACID MACRONET RESIN. KINETIC 

ANALYSIS 

Sorinela Daniela CANTEA1, Eugen PINCOVSCHI2, Ana Maria S. OANCEA3 

The ion exchange kinetics of H+/Ni2+ on a relatively new hyper-crosslinked 
styrene-divinylbenzene sulfonated polymer was investigated in order to evaluate the 
material for removal of nickel ions from wastewaters. The ion exchanger has macro-
, meso- and micropores. The ion exchange rate was measured at 298 K in conditions 
favoring a particle diffusion control using a potentiometric method. The results were 
modelled with both quasi-homogeneous and bidisperse pore kinetic models. The 
H+/Ni2+ interdiffusion coefficients obtained with the different kinetic models were 
compared and discussed. The evaluated H+ and Ni2+ self-diffusion coefficients at 
298 K are 2.37 10–10 and 3.75 10–12 m2 s–1, respectively. 

Keywords: ion exchange kinetics; interdiffusion coefficient; nickel(II) ion; 
macronet resin; sulfonated polystyrenic resins; porous ion exchanger 

 
List of symbols 

D  effective intraparticle diffusivity; self-diffusion coefficient for 
isotopic exchange; integral interdiffusion coefficient for mutual 
ion-exchange (m2 s–1) 

aD  effective macropore diffusivity; macropore self-diffusion 
coefficient for isotopic exchange; macropore integral 
interdiffusion coefficient for mutual ion-exchange (m2 s–1) 

iD  effective micropore diffusivity; micropore self-diffusion 
coefficient for isotopic exchange; micropore integral 
interdiffusion coefficient for mutual ion-exchange (m2 s–1) 

ee,  number of ion equivalents at equilibrium in the resin and solution 
phases (eq) 

F  fractional attainment of equilibrium (dimensionless) 
Ma∞ macropore uptake at equilibrium (eq/kg) 
Mi∞ micropore uptake at equilibrium (eq/kg) 
n number of terms in a series 
pH0, pH∞, pHt pH of the external solution at t = 0, equilibrium and time t 
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0r  mean radius of the resin swollen beads (m) 

ir  microsphere radius (m) 

Sn roots of equation Sn cot Sn = 1 + Sn
2/3ω 

t time (s) 
Greek Symbols  

22
0 iai rDrD=α  dimensionless rate parameter 

∞∞=αβ ai MM3/  dimensionless equilibrium parameter 

β′α′,  roots of equation 0332 =−+ ωω xx  
2

0rtDa=θ  dimensionless time 

2
0rtD=τ  dimensionless time 

ee /=ω  dimensionless equilibrium parameter 

 

1. Introduction 

Nickel removal from polluted waters arising from a large variety of 
sources as mining, metallurgy, nickel plating in electronic and automotive 
industries, rechargeable batteries, used catalysts, contact of water with nickel- or 
nickel-chromium plated taps is necessary because of its toxic effects. Nickel 
causes allergies, genetic damage and cancer. The concentration of nickel(II) in 
drinking water is limited to 0.02 mg/L [1,2]. 

Ion exchange is a classical procedure for purifying waste aqueous streams 
and many ion exchangers could be used in an industrial application. The most 
popular are the functionalized styrene-divinylbenzene (ST-DVB) polymers. A 
third generation of ST-DVB polymers were obtained [3,4] being hyper-
crosslinked and having macro-, meso- and a large amount of micropores, which 
become in the last time commercial products [5], designated as “macronet resins”. 

The main objective of the present work was to investigate the ion 
exchange kinetics of H+/Ni2+ on the relative new macronet strong acid cation 
exchanger Purolite MN500 in order to evaluate this material for nickel removal 
from wastewaters by ion exchange. The specific objectives were: a) experimental 
determination of H+/Ni2+ ion exchange rate in different conditions using a 
potentiometric method; b) modeling the data with different kinetic models and 
calculation of H+/Ni2+ interdiffusion coefficients. Two classes of kinetic models 
were considered: i) models assuming the ion exchanger as a quasi-homogeneous 
phase (QHRP); and ii) a bidisperse pore kinetic model (BDM). 

Previous investigations on H+/Ni2+ ion exchange kinetics were preformed 
for gel and macroporous sulfonated resins [1,6], and to our knowledge no data 
were reported for hypercrosslinked cation exchangers. 
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2. Kinetic models 

Quasi-homogeneous resin phase kinetic models (QHRP) for particle 
diffusion control. The ion exchange process is a diffusion phenomenon and was 
described using the equations derived for isotopic exchange [7] for two limiting 
mechanisms when: a) the ion interdiffusion in the particle of the ion exchanger is 
the rate limiting step, the ion exchanger being considered as a quasi-homogeneous 
phase, and b) the ion interdiffusion in the Nernst layer is the rate limiting step. In 
the isotopic exchange kinetic model the influence of the electrical forces on the 
ion interdiffusion was not taked into account, and the self-diffusion coefficient of 
an ion is a constant. The H+/Ni2+ ion exchange rate was measured in conditions 
favoring a particle diffusion controlled mechanism, so that the following 
treatment refers to this case. The exchanged fraction at time t is given by the 
analytical solution of the Fick’s second law for infinte solution volume (ISV) 
boundary condition (F-ISV) [7]: 
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Reichenberg proposed a simplified equation for ISV for F < 0.85 [8]: 
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The half-time of the ion exchange was derived [7] from equation 1 and it is: 
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The analytical solution of the Fick’s second law at finite solution volume (F-FSV) 
is [7]: 
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The slow convergence of the series in equation 3 was surpassed by Paterson who 

proposed an approximation for FSV when the dimensionless time τ < 0.1 [7]: 
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Bidisperse pore kinetic model (BDM). Ruckenstein et al. developed a 
kinetic model for sorption of species by diffusion into a porous solid with macro- 
and micropores at ISV with constant diffusion coefficients [9]. The particle of the 
porous ion exchanger is a sphere of mean radius 0r  and contains microspheres 
with mean radius ir . The micropspheres contain micropores and the spaces 
between the microspheres are macropores. Two hypotheses were considered: a) 
competitive diffusion in macro- and micropores (BDM-CD); b) a limiting case for 
a step-by-step diffusion in macro- and the micropores (BDM-LC). The exchanged 
fraction over time is given in BDM-CD by [9]: 
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and for BDM-LC by [9]: 
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The parameters 22

0 iai rDrD=α  and ∞∞=αβ ai MM3/  represent the ratio of the 
rates of sorption in micropores and macropores, and the ratio of the amount of ion 
sorbed in micropores and macropores at equilibrium, respectively. The 
correspondence between αβ /  and ∞∞ ai MM  is given in Table 1. 

In real ion exchange processes, the self-diffusion coefficient is not a 
constant and varies with the ionic composition of the ion exchanger, due to the 
influence of the electrical forces on the ionic flux [7]. Using equations 1-7 for 
computing the interdiffusion coefficients of a mutual exchange at an exchanged 
fraction F implies the assumption that the interdiffusion coefficient is a constant 
for each 0-F interval, and it is called „integral interdiffusion coefficient” [10-13]. 
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Table 1 
Correspondence between the parameter αβ  and the ratio of the resin 

loading at equilibrium in micro and macropores, ∞∞ ai MM  
αβ  0.003 0.01 0.03 0.05 0.1 0.3 1 3 6 30 300 

∞∞ ai MM  1/1000 1/300 1/100 1/60 1/30 1/10 1/3 1/1 2/1 10/1 100/1 

3. Experimental 

The commercial Purolite MN500 strong acid macronet resin was air-dried 
and sieved in four size fractions. Each fraction was purfied in a column in three 
cycles of successive treatments with an excess of 1 M HCl, demineralized water 
(with specific conductivity of ~0.05 μS cm–1) and 1 M NaOH solutions. The final 
treatment was with 300% excess 1 M HCl and rinsed until the effluent had less 
than 1 μS cm–1. The resin was air dried and kept in a desiccator over a saturated 
solution of NaCl, to become saturated with water vapor until reaching a constant 
weight. The properties of the resin given by the manufacturer [5], determined in 
this work and reported in a previous paper [15] are given in Table 2. 

 
Table 2 

Properties of the ion exchanger Purolite MN500 and the experimental conditions 
Resin properties 

matrix styrene-divinylbenzene, macronet; 
hyper-reticulated* 

functional group -SO3H* 
weight capacity (Na+ form) (eq/kg) 2.52 
specific gravity / (g cm–3) 1.52** 
moisture (%) (H+ form) 57.4 
surface area / (m2 g–1) BETN2 330** 
pore volume (mL g–1) 0.64** 
d50 / (nm) meso- and macropores 150** 
d50 / (nm) micropores 1.5* 

Experimental conditions 
initial concentration of Ni(NO3)2 in the kinetic run / M 0.45 
stirring speed / (min–1) 500; 600 
temperature / (K) 298 

*[5]; **mean values for different size fractions given in reference [15] 
 
 
The H+/Ni2+ ion exchange rate on macronet MN500 resin was measured in 

batch experiments by monitoring potentiometrically the outgoing proton with 
WTW inoLab pH/cond 740 meter. The procedure was described in detail in 
previous papers [6,11-14]. The experimental conditions are reported in Table 2. 
The interference of the electrolyte desorption during the kinetic runs was 
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investigated and was negligible. The mean values of the swollen resin particles for 
different size fractions were measured microscopically in H+ and Ni2+ form, and 
are given in Table 3, as a mean of 50 measurements. The confidence limits 
correspond to 99% probability and a Student distribution. 

 
Table 3 

Mean radius of the swollen resin particles of MN500 resin 
Size fraction 

sieve diameter/(μm) 
H+ form 
·103 (m) 

Ni2+ form 
·103 (m) 

[-710+630] 0.338 ± 0.020 0.372 ± 0.011 
[-630+500] 0.283 ± 0.010 0.297 ± 0.015 
[-500+400] 0.219 ± 0.009 0.227 ± 0.016 
[-400+300] 0.168 ± 0.009 0.198 ± 0.010 

 

4. Results and discussion 

The ion exchange kinetic curves were measured in experimental 
conditions favoring a particle diffusion controlled mechanism, namely in 
concentrated external solutions (~1 eq/L) under efficient stirring. Moreover, the 
selected conditions are in agreement also with the infinite solution volume 
boundary conditions, because the ratio between the solution volume and the resin 
mass was equal to 100, and the ratio between the amount of ions in the resin phase 
and in the solution phase was less than 0.03. The exchanged fraction F was 
obtained from the pH variation in the external solution with equation: 
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This equation is valid when the ionic strength is constant during the ion 

exchange process. In the selected experimental conditions, the ionic strength was 
1.35 M and varied during the H+/Ni2+ ion exchange with maximum 1%, and the 
variation of the proton activity coefficient was negligible. 

Figure 1 gives the kinetic curves obtained for different size fractions of the 
macronet resin at constant stirring speed (500 min–1) and Figure 2 the influence of 
the stirring on the H+/Ni2+ ion exchange process. A good reproducibility of the 
kinetic data can be observed. The increase of the ion exchange rate with the 
decrease of the size of the resin particles, and the lack of influence of the stirring 
speed on the ion exchange rate support a mechanism controlled by the particle 
diffusion step. Moreover, the linear dependence of the half-time with the square of 
the radius of the resin beads, as can be seen in Figure 3, is also an argument 
supporting this mechanism. The H+/Ni2+ integral interdiffusion coefficient at half 
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exchange evaluated using equation 3 and the slope of the plot in Figure 3 was 
1.01·10–10 m2 s–1. 

Several kinetic equations were fitted to the experimental curves in order to 
obtain an empirical equation describing the ion exchange process. The results for 
the best fit are given in Table 4.  

 

 

Fig. 1. Variation of the fractional attainment of equilibrium over time for H+/Ni2+ ion exchange 
process on different size fractions of macronet strong acid resin MN500; 298 K; 0.90 eq/L 

Ni(NO3)2. 
 

 

Fig. 2. Influence of the stirring speed on H+/Ni2+ ion exchange process on macronet strong acid 
resin MN500; 298 K; two size fractions; 0.90 eq/L Ni(NO3)2. 

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

H+/Ni2+ MN500

      r/(mm); 500min-1
 0.338 
 0.338
 0.283
 0.283 
 0.219
 0.168

 F

Time /(s)

0 50 100 150 200 250 300
0.0

0.2

0.4

0.6

0.8

1.0

H+/Ni2+ MN500

      r/(mm); min-1
 0.283; 500 
 0.283; 500  
 0.283; 600 
 0.283; 600 
 0.219; 500  
 0.219; 600 

F

Time / (s)



100                       Sorinela Daniela Cantea, Eugen Pincovschi, Ana Maria S. Oancea 

 

Fig. 3. Linear dependence of the half-time on the square of the radius of the swollen resin beads 
for H+/Ni2+ ion exchange process on macronet MN500 resin; 298 K; 0.90 eq/L Ni(NO3)2. 

 
Table 4 

Coefficients of the empirical kinetic equation for H+/Ni+ ion exchange process on MN500 
resin; 298 K; 0.45 M Ni(NO3)2; 95% confidence limits; parameter of goodness of fit: r-

square, and F-statistics 
( )( ) ( )( )cdtcbtaF +−+−−= 111exp1  

0r ·103 
(m) 

No. exp. pcts. a b c d r-
square 

F- 
statistics 

0.338 1715 0.740 ± 
0.043 

0.01522 ± 
0.00040 

0.235 ± 
0.045 

0.60 ± 
0.36 

0.9919 13922 

0.338 886 0.736 ± 
0.024 

0.01600 ± 
0.00020 

0.235 ± 
0.025 

0.67 ± 
0.22 

0.9970 49554 

0.283 3342 0.7908 ± 
0.0174 

0.02700 ± 
0.00050 

0.187 ± 
0.018 

0.57 ± 
0.12 

0.9890 50363 

0.283 1056 0.737 ± 
0.031 

0.02815 ± 
0.00074 

0.215 ± 
0.032 

0.55 ± 
0.20 

0.9927 23985 

0.283 2544 0.784 ± 
0.019 
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0.00070 

0.193 ± 
0.019 

0.31 ± 
0.04 

0.9919 51986 

0.283 2074 0.733 ± 
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0.65 ± 
0.15

0.9934 52657 

0.219 238 0.800 ± 
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0.196 ± 
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0.28 

0.9983 23277 

0.219 1278 0.785 ± 
0.018 

0.03390 ± 
0.00050 

0.196 ± 
0.018 

6.20 ± 
3.44 

0.9945 38673 

0.168 848 0.955 ± 
0.042

0.0504 ± 
0.0012

0.020 ± 
0.043

48 ± 
489

0.9902 14194 
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The empirical kinetic equation was used for obtaining interpolated F vs. t 
files for 0.01 < F < 0.99. The calculation of the interdiffusion coefficients with 
different kinetic models was done using these files. Four computer programs 
developed and reported previously [6,11-13] were utilized for computations. 
Figure 4 gives the H+/Ni2+ integral interdiffusion coefficients on the strong acid 
macronet resin MN500 for the same size fraction obtained with QHRP kinetic 
models at ISV and FSV described by the equations 1, 2, 4 and 5.  

 

 

Fig. 4. Comparison of the H+/Ni2+ integral interdiffusion coefficients on the strong acid macronet 
resin MN500 obtained with QHRP kinetic models for particle diffusion control; 298 K. 

 
 

Table 5 
H+/Ni2+ integral interdiffusion coefficients on strong acid macronet resin MN500 for 

different size fractions obtained with Paterson QHRP-FSV kinetic model; 298 K 
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sieve aperture / (μm) 0r  103 

(m) 
D ·1010 
F = 0.01 
(m2 s–1) 

D ·1010 

F = 0.50 
(m2 s–1) 

D max·1010 
(m2 s–1) 

+630 0.338 0.0411 
0.0454 

0.963 
1.02 

2.39 
2.41 

+500 0.283 0.0273 
0.0305 
0.0230 
0.0376 

1.02 
1.06 
1.02 
1.09 

2.85 
1.42 
2.65 
2.73 

+425 0.219 0.0164 
0.101 

0.745 
0.936 

2.39 
2.52 

+300 0.168 0.0148 0.598 1.95 
Mean value* 0.0375 ± 0.024 0.94 ± 0.15 2.37 ± 0.41 

*99% confidence limits for Student distribution 
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In Table 5 the numerical values of these coefficients are given at three 
exchanged fractions for all investigated size fractions computed with QHRP-FSV 
equation 5. The comparison of the results in Figure 4 shows that: a) the series in 
equations 1 and 4 are not convergent for 10 terms for F < 0.1; b) the QHRP-ISV 
models gives results in good agreement with the rigorous QHRP-FSV models, 
when the ratio ω is less than 0.03; c) the Reichenberg approximation (equation 2) 
gives practically the same results for ISV as the rigorous equation 1 with 10 terms 
in the series (F-ISV). Moreover, with this equation the interdiffusion coefficients 
can be computed when the series in equation 1 is not convergent; d) the Paterson 
approximation for τ < 0.1 (equation 5) gives the same results as the rigorous 
equation 4 with n = 10 (QHRP-FSV) and avoid the problem of series 
convergence. 

The “minority rule” of Helfferich [7] establishes that the interdiffusion 
coefficient tends to the self-diffusion coefficient of the ion in trace concentration 
in the resin phase. Therefore the H+/Ni2+ interdiffusion coefficient at F = 0.01 
given in Table 4 (3.75·10–12 m2 s–1) evaluates the Ni2+ self-diffusion coefficient in 
the strong acid macronet resin MN500 and the maximum value of the 
interdiffusion coefficient obtained at high F values (2.37·10–10 m2 s–1) evaluates 
the H+ self-diffusion coefficient in the macronet resin. The proton and Ni2+ self-
diffusion coefficients in dilute aqueous solution at 298 K are 9.311 10–9 m2 s–1 
and 0.661 10–9 m2 s–1 respectively [16], and the proton self-diffusion coefficients 
in a phenol-formaldehyde resin was reported as 2.4 10–9 m2 s–1 [17,18]. 
Comparing the obtained values with the corresponding values in dilute aqueous 
solution it can be observed that the matrix of the macronet resin produces a 
notable retardation of ion diffusion. The Ni2+ self-diffusion coefficient decreases 
around 175 times as compared to water and the proton self-diffusion coefficient 
decreases around 40 times as compared to water and 10 times as compared to 
phenol-formaldehyde resin. 

The QHRP kinetic models are only a rough approximation for ion 
exchange kinetics in porous resins. Consequently, the experimental data for 
H+/Ni2+ ion exchange kinetics on the macronet resin MN500 were modeled also 
with a bidisperse pore kinetic model. The macronet resin has macro-, meso- and 
micropores [5,15]. In the first approximation we can consider the real macro- and 
mesopores as “macropores”, and thus the resin having a bidisperse pore structure. 
The distribution of the sulfonic acid groups between these pores is not known, and 
it is not known also if the ion exchange process takes place only in macropores or 
in both macro- and micropores. The considered kinetic model [9] makes two 
theoretical hypotheses. One assumption considered that the ion exchange process 
occurs in two successive stages, in the first stage only in macropores until the 
equilibrium is achieved and then in the second stage in the micropores. This is 
valid for parameter α = 0.001. The equation 7 gives the variation of the exchanged 
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fraction over time for this case (BDM-LC). Solving this equation numerically 
with a computer program [11] the H+/Ni2+ macropores integral interdiffusion 
coefficients were computed for hypothetical β/α values and the results are given in 
Figure 5. It must be noted that the series in equation 7 are not convergent for n = 
10 and F < 0.1. 

 

 

Fig. 5. Macropore integral interdiffusion coefficients of H+/Ni2+ on the strong acid macronet 
MN500 resin obtained with the limiting case of the bidisperse pore kinetic model for different 

values of β/α parameter; 298 K. 
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Fig. 6. Macropore integral interdiffusion coefficients of H+/Ni2+ on the strong acid macronet 
MN500 resin obtained with the bidisperse pore kinetic model for competitive diffusion for α = 0.1 

and different values of β/α parameter; 298 K. 
 

 

Fig. 7. Macropore integral interdiffusion coefficients of H+/Ni2+ on the strong acid macronet 
MN500 resin obtained with the bidisperse pore kinetic model for competitive diffusion for α = 1 

and different values of β/α parameter; 298 K. 
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together with the corresponding values of the parameters α and β/α. The analysis 
of the data revealed the highest values of β/α and ∞∞ ai MM  parameters for a 
given α parameter which still have physical meaning. The most plausible 
parameters are collected in Table 7 together with the corresponding interdiffusion 
coefficients. It must be noted that: 

 if we assume a step-by-step mechanism for H+/Ni2+ ion exchange in the 
macropores and the micropores of the macronet resin, than the ratio of the 
micropores and macropores uptake at equilibrium is 1/30, namely to one 
sulfonic group bound on the micropores walls, 30 groups are bound on the 
macropores walls; 
 

Table 6 
Evaluated macropore self-diffusion coefficients on strong acid macronet resin MN500 

obtained with BDM kinetic model; 298 K; 0.338 mm 
α β/α D ·1010 

F = 0.01 
(m2 s–1) 

D ·1010 

F = 0.50 
(m2 s–1) 

D  max·1010 
(m2 s–1) 

0.001 0.003  1.00 1.32 
BDM-LC 0.01  1.00 1.33
 0.03  1.03 1.37 
 0.05  1.04 1.42 
 0.1  1.09 1.70
 0.3  1.27 69.0* 
 1  2.13 95.4* 
 3  12.2* 92.7* 
     
0.1 0.003 0.425 1.22 2.18 
DBM-CD 0.03 0.454 1.13 1.45
 0.1 0.466 1.20 1.63 
 0.3 0.500 1.41 3.35 
 1 0.623 2.27 7.16 
 3 0.944 5.11 10.7 
 6 0.137 8.78 13.0 
 30 3.19 20.2 22.0 
 300 6.79 62.3* 96.0* 
     
1 0.003 0.142 1.02 1.32 
BDM-CD 0.03 0.158 1.04 1.34 
 0.1 0.163 1.09 1.40 
 0.3 0.175 1.21 1.55 
 1 0.222 1.66 2.05 
 3 0.373 2.83 3.19 
 6 0.653 4.26 4.63 
 30 3.86 12.7 15.3 
 300 26.9* 104* 133* 

*meaningless; +→= 201.0 NiF DD ; +→ HDDmax  
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 if we assume the hypothesis of competitive diffusion in macro- and 
micropores, and a process in macropores 10 times faster than in 
micropores, the maximum ratio of the number of sulfonic groups existing 
in micropores and macropores is 2/1; 

 if the mechanism of the ion exchange process is a competitive diffusion in 
macro- and micropores with the same rate, the conclusion is that to ten 
functional groups bound in micropores one functional group is bound in 
macropores (maximum ratio); 

 the H+/Ni2+ integral interdiffusion coefficients at half-exchange obtained 
with the quasi-homogeneous resin phase kinetic model Paterson τ < 0.1 is 
in very good agreement with the value obtained from the half-time 
variation with the square of the resin particles, and with  the macropore 
integral interdiffusion coefficients obtained for a step-by-step diffusion in 
macropores and micropores, when most of the functional groups exist in 
macropores (1/30); 

 the Ni2+ ion can penetrate the micropores of the macronet resin with a 
diameter of 1.5 nm [5], because the radius of the hydrated ion is 4.04 Å 
[19] and the crystal radius is 0.70 Å [19]; the crystal radius depends on the 
coordination number (CN) and was reported as: 0.69 (CN 4), 0.63 (CN 4 
SQ); 0.77 (CN 5); 0.83 (CN 6) [20]; 

 if the functional groups are bound mostly in micropores than in 
macropores, the Ni2+ self diffusion coefficient in macropores obtained 
with BDM is higher in comparison with the value obtained with quasi-
homogeneous resin phase kinetic models, and increases with the increased 
number of sulfonic groups bound in micropores, but remains lower than in 
dilute aqueous solution, proving a retardation effect caused by the 
macronet matrix of the resin (see Table7); 

Table 7 
Comparison of H+/Ni2+ integral interdiffusion coefficients on strong acid macronet resin 

MN500 obtained with different kinetic models; 0.338 mm; 298 K 
Kinetic model α  αβ  ∞∞ ai MM  01.0=FD * 

·1010 m2 s-1 
5.0=FD  

·1010 m2 s-1 
maxD ** 

·1010 m2 s-1 
BDM-LC 0.001 0.1 1/30  1.09 1.7 
BDM-CD 0.1 6 2/1 0.14 8.78 13 
BDM-CD 1 30 10/1 3.9 12.7 15 
Paterson τ < 
0.1 

   0.0411 
0.0454 

0.963 
1.02 

2.39 
2.41 

2
021 .rvst      1.01  

aq
HD +  = 9.311·10–9 m2 s–1; +HD  = 2.4·10–9 m2 s–1; aq

Ni
D +2

 = 0.661·10–9 m2 s–1 

* +→= 201.0 NiF DD ; ** +→ HDDmax  
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 the same retardation effect is observed for H+ self-diffusion coefficient in 
macropores evaluated with BDM-CD in comparison with the value 
reported in dilute aqueous solution and in phenol-formaldehyde resin (see 
Table 7). 

 
The conversion of the macronet resin from H+ form to Ni2+ form was 

evaluated from the pH measured in a batch reactor in the external solution during 
the kinetic run and after 24 hours and 14 weeks respectively and the results are 
given in Figure 8. The conversion was calculated as the ratio between the loading 
of the resin and the total ion exchange capacity (see Table 2), without correction 
of the proton activity coefficient. It is interesting to observe that during the kinetic 
run a minimum pH was obtained (H+ was the outgoing ion) and a light hydrolysis 
occurred during 24 hours especially for smaller size fractions, but for a longer 
time the Ni2+ ion entered again in the resin phase. The conversion decreases with 
the size fraction. The increase of the conversion after 14 weeks is of 5-10%, 
depending of the size fraction, but remains lower than 100%, supporting the 
conclusion that Ni2+ cannot penetrate in some small pores of the macronet resin. 

 

 
 

Fig. 8. Conversion of H+/Ni2+ ion exchange on a strong acid macronet resin MN500 in batch 
experiments; 0.90 eq/L Ni(NO3)2 solution; (solution volume/resin mass) = 100; 298 K. 
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5. Conclusions 

A relatively new commercial resin was evaluated from kinetic point of 
view for Ni2+ removal from wastewaters. This resin is a third generation of 
sulfonated styrene-divinylbenzene polymers hyper-reticulated, containing macro-, 
meso- and micropores. The H+/Ni2+ ion exchange rate was measured at 298 K 
using a potentiometric method in conditions favoring an ion exchange mechanism 
controlled by the particle diffusion step. The data were modeled with quasi-
homogeneous resin phase kinetic models, but also with a bidisperse pore kinetic 
model. The evaluated H+ and Ni2+ self-diffusion coefficients in the strong acid 
macronet resin with quasi-homogeneus models were of 2.37·10–10 and 3.75·10–12 
m2 s–1 respectively. Within the bidisperse pore kinetic model, three cases were 
considered: a) the ion exchange process is a step-by-step interdiffusion of ions in 
macropores and micropores (the process in macropores is thousand times faster 
than in micropores); b) the ion interdiffusion takes place in parallel in macro- and 
micropores, ten times faster in macropores then in micropores; c) the ion 
exchange occurs with the same rate in parallel in macropores and micropores. The 
H+/Ni2+ macropore integral interdiffusion coefficients on the macronet resin 
MN500 cannot be higher than the proton diffusivity in dilute aqueous solution, 
thus the ratio between the functional groups bound in micropores and macropores 
cannot exceed a limiting value. If the ion exchange is a step-by-step diffusion, this 
limiting ratio between the sulfonic groups existing in micropores and macropores 
of the macronet resin should be 1/30. If the ion exchange process is a competitive 
diffusion ten times faster in macropores than in micropores, the limiting ratio 
between the sulfonic groups bound in micropores and macropores should be 2/1. 
In the last case, if the ion exchange process is a competitive interdiffusion with 
equal rate in macropores and micropores, the ratio between the sulfonic groups in 
micropores and macropores should be maximum 10/1. 
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