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ABSTRACT

This study optimizes zinc ion removal from solutions using cation exchange resin, focusing on resin concentration,
zinc solution concentration, and stirring speed as key variables. Utilizing Response Surface Methodology (RSM),
optimal conditions for these variables were identified. Analysis of Variance (ANOVA) and mathematical modeling
were employed to evaluate the effects of varying input conditions. The research also examined the impact of process
variables on the pH of treated samples. A quadratic model, developed using the Central Composite Design
method, correlated the independent variables. The results indicate that a cation exchange resin concentration of
25.17 g/L, a zinc solution concentration of 7 mg/L, and a stirring speed of 231 rpm achieve the lowest zinc
concentration of 2.65 mg/L. The study highlights cation exchange resin concentration and stirring speed as the most
effective parameters for zinc reduction, as indicated by higher F-statistics. The model demonstrates high accuracy,
with a percentage difference of only 2.3% between predicted and actual values in the validation experiment. These
findings underscore the potential of reversible ion exchange capabilities of the resin for sustainable and effective
water treatment. This research advances wastewater treatment methodologies, providing crucial data for future studies
aimed at reducing heavy metal contaminants in water.
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INTRODUCTION posed significant health risks impacting the pancreas and
potentially can distort human growth (Shahbudin & Kamal
2021). The repercussions extended to both human health
and animal populations influencing growth rates (Flem et
al. 2019; Sonone et al. 2020). To address this challenge,
various treatment methods such as the activated sludge
process, membrane filtration and advanced oxidation
processes were utilized.

However, despite their efficiency, these methods faced
limitations due to high operational and chemical costs
requiring other treatment methods in water treatment plants
(Murray & Ormeci 2019). In addition, these treatments can
generate secondary pollutants such as harmful by products

As a developing nation with a rapidly growing industrial
sector, Malaysia faces a pressing concern regarding heavy
metal contamination in its environment (Hussein et al.
2021). Zinc and copper are two significant heavy metals
produced in many industries such as electronics,
manufacturing and mining which contribute to this
environmental issue. This contamination posed long term
threats to the environment, socio-economic conditions and
public health making it imperative to find effective
solutions (Ameh & Sayes 2019). Excessive zinc intake
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which may necessitate further treatment and careful
handling.

Recognizing the need for a sustainable solution,
cation exchange resin emerged as a versatile material
with the potential to alleviate the demand for heavy metal
filtration in treatment plants. This resin not only obviated
the need for sludge management but also exhibited high
efficiency in removing heavy metals such as zinc (Sonone
et al. 2020). Cation exchange resins remove Zn*" ions
from aqueous solutions through an ion-exchange process,
where Zn?" from the solution replaces cations such as H*
initially bound to the resin. This occurs because Zn>* has
a higher charge density than H', leading to a stronger
electrostatic attraction to the resin’s negatively charged
functional groups. The process can be represented as per
Equation (1):

2R — H +Zn?* & R, — Zn + 2H* (1)

Previous studies have reported on the effectiveness of
Zn removal using various resins. For instance, Zhang et
al. (2021) demonstrated that more than 99% of Zn** can
be removed from polyethylene terephthalate (PET)
glycolytic monomers using sulfonic acid cation exchange
resin. In another study, Vecino et al. (2021) investigated
Lewatit VP OC 1026, a microporous resin containing an
extracting reagent (DEHPA) for its capacity to extract zinc
and cuprum from pre-treated acid mine waters (AMWs).
They found that the maximum zinc extraction (>96%) was
achieved using this method. Additionally, Zhou et al. (2019)
reported that D201 resin achieved an adsorption efficiency
0f99.93% for zinc under optimal conditions

Despite its potential, a gap exists in the understanding
of the optimization process of cation exchange resin,
highlighting the need for further research to enhance its
treatment efficiency (Fu et al. 2022). This study aimed to
investigate the optimal dosage of ion exchange resin for
removing zinc ions and determine the ideal stirring speed
to enhance its adsorption capacity in synthetic zinc
solutions. Using the Response Surface Methodology
(RSM), this research aimed to bridge the existing
knowledge gap and contribute to the development of more
effective and efficient water treatment methods. RSM
offers significant advantages over conventional optimization
methods by evaluating interactions between key parameters
such as cation exchange resin dosage, zinc solution
concentration, and stirring speed, rather than assessing
each factor independently. Compared to the one-factor-at-
a-time (OFAT) and full factorial approaches, RSM requires
fewer experimental runs while maintaining high predictive
accuracy, making the optimization process more cost-
effective and efficient. By generating mathematical models
and response surfaces, RSM facilitates the identification

of optimal conditions for maximizing zinc ion removal
from wastewaters.

MATERIAL AND METHODOLOGY

CATION EXCHANGE RESIN

A cation exchange polymer, referred to as cation exchange
resin, was employed due to its ability to absorb zinc
particles in water through negative charge ions. There were
variations in the concentration of cation exchange resin
used in a previous study, ranging from 10 to 50 g/L. A
concentration of 50 g/L of ion exchange resin demonstrated
high effectiveness in removing pollutants from the water,
but its efficiency decreased when the zinc concentration
reached 4 mg/L (Murray & Ormeci 2019). The resin was
washed and stabilized before use to eliminate contaminants
and maintaining neutral pH levels. This was done by
mixing the submicron ion exchange resin stock solution
for at least 3 minutes into synthetic zinc solution before
dissolving it into a water sample (Gupta et al. 2021). As a
result, cleaned ions with high measurement sensitivity have
an advantage in efficiently capturing zinc contaminants.

PREPARATION OF SYNTHETIC
ZINC SOLUTION

The application of synthetic zinc solution offers specific
interactions between the resin and zinc ions. The content
of zinc contaminant was usually 5 mg/L to 10 mg/L
especially in areas with industrial and agricultural activities
which have a significant impact on water quality (Ding et
al. 2021). Therefore, the concentration used for the
experiment ranged between 7 mg/L to 15 mg/L. The
synthetic zinc solution was created by mixing 1L of
distilled water with the zinc standard solution. The
concentration was determined using a formula that
considers the stock concentration, water volume, and mass
as shown in Equation (2) (Kitota, 2023).

M1V1 = Msz (2)

where,

M, = Stock concentration, ml

M= Concentration of zinc suggested by Respond
Surface Methodology in, mg/L

V= Concentration zinc needed for making a sample
of zinc solution, mg/L

V5= Volume of water use for one sample solution, L



ZINC REMOVAL METHOD

The mixture of synthetic zinc solution and cation exchange
resin was stirred using speeds ranging from 60 rpm to 250
rpm. A jar test equipment as shown in Figure 1 with
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mechanical mixers was used to ensure uniform stirring and
rapid collision within the solution, thereby enhancing
contact between resin and zinc ions for homogeneity
(Moghimi et al. 2020).

FIGURE 1. Jar test equipment with mechanical mixer

A 2L glass beaker containing 1L synthetic zinc solution
and washed ion resin sample was used during the operation.
After 30 minutes of rapid mixing, samples were let to settle
for 15-minute (Li et al. 2019). Next the samples were
transferred to square sample cells, and final zinc ion
concentrations were measured using DR 2800
spectrophotometer after digestion by ZincoVer 5 reagent
powder pillow.

RESPOND SURFACE METHODOLOGY (RSM)

RSM was employed to determine the optimal condition of
zinc removal using concentration of cation exchange resin,
concentration of synthetic zinc solution and stirring speed
as main input parameters. Then 13 repeating experiments
based on these three variables within a variety of ranges
were analysed using Central Composite Rotational Design
(CCRD) in Design-Expert v13. Table 1 summarize the
experimental condition for each setup. Analysis of
Variances (ANOVA) was used evaluated the statistical
significance of the model and selected parameters where

the variables of probability p <0.05 were considered
significant.

RESULTS AND DISCUSSION

FINAL CONCENTRATION OF ZINC

Table 2 shows the analysis of variance (ANOVA) of
regression parameters of the predicted response surface
quadratic model for the treatment of zinc solution. From
the result, the model F-value of 30.96 implied that this
model was significant. This meant that the data were
reasonably and reliably, supported by the low p-value of
0.0084. The p-value < 0.05 indicate that the model terms
are significant (Manzoor et al. 2024). The lack of fit value
was 0.2143, representing a 21.43% chance that lack of fit
could occur due to noise. This small percent of non-
significant lack of fit was beneficial as it indicated that the
model was adequately fit without being affected by noise
(Alismaeel et al. 2022).
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TABLE 1. Design Parameter suggested by DoE Software

Factor 1 (A)

Concentration of Cation

Factor 2 (B) Factor 3 (C)

Std Run ; Concentration of Synthetic Zinc Solution Stirring Speed
Exchange Resin (mg/L) (tpm)
(g/L)
4 1 10 7 60
13 2 30 11 155
7 3 30 5.34 155
1 4 50 15 60
8 5 30 16.66 155
5 6 1.72 11 155
10 7 30 11 289
3 8 10 15 250
12 9 30 11 155
6 10 58.28 11 155
11 11 30 11 155
12 30 11 21
2 13 30 7 250

In the study, parameters A, C, AB, A? and C* were
categorized as significant since the p-value for each was
less than 0.05. Parameters A and C independently affected
the final zinc ion without depending on other parameters.

This is backed with studies from Que and Raymond
(2020) that illustrated a high concentration of cation resin
allows a larger active area to capture zinc contaminants
thus enhancing the removal of zinc ions from the synthetic
zinc solution. On the other hand, Zhang and Liu (2022)
reported that stirring speed improves contact between the
resin and the synthetic zinc solution by uniformly mixing
the solution to prevent the accumulation and depletion of
resin that would otherwise reduce the available surface
area for ion exchange. Their studies endorsed constant stir
rate ensures the zinc ions are available for exchange rather
than having poor mixing Thus, stirring speed acts as a
process enhancer, facilitating the interaction between the
resin and zinc but not directly affecting the concentrations
of resin and synthetic zinc solution. While AB interaction
indicates that the concentration of cation exchange resin
and zinc solution significantly influenced the final
concentration of cation exchange resin throughout the
experiment. As reported by Chen et al. (2018), if the initial
concentration of synthetic zinc solution is too high, the
resin tends to saturate quickly reducing the zinc removal

efficiency. This scenario highlights the importance of
balancing the concentration of the synthetic solution with
the available resin capacity.

For the development of mathematical model, the terms
B, AC, BC, B2 and C? were excluded from the model
because their p-values were greater than 0.05, indicating
they were statistically insignificant and had a negligible
effect on the response variable. Removing these terms
enhances the model by reducing complexity, preventing
overfitting, and ensuring that only significant variables
contribute to predictive accuracy. This approach aligns
with standard regression modeling practices, where non-
significant terms are excluded to improve model
performance and interpretability (Makomere et al. 2023).
The goodness of fit of the model was assessed using the
determination coefficient (R?). R? values close to 1 indicate
a strong agreement between experimental and predicted
results. In this study, the R? value of 0.91 confirms a high
correlation between experimental and predicted values,
demonstrating the reliability and robustness of the final
model after excluding the insignificant terms. The final
regression model, in terms of their coded factors, is
expressed by the following second-order polynomial
equation as shown in Equation (3).

TABLE 2. Variance analysis (ANOVA) for quadratic model of final concentration of zinc ion

Source Sum of

Mean

Squares df Square F-value P-value

Model 0.3369 9 0.0374 30.69  0.0084 significant
A - Concentration of Cation Exchange Resin ~ 0.1013 1 0.1013 83.02  0.0028
B - Concentration of Synthetic Zinc Solution ~ 0.0072 1 0.0072 5.90 0.0934
C - Stirring Speed 0.0968 1 0.0968 79.37  0.0030

continue ...
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... cont.

AB 0.0670
AC 0.0032
BC 0.0076

A? 0.0670

B2 0.0012

C? 0.0259
Residual 0.0037
Lack of Fit 0.0023
Pure Error 0.0014
Cor Total 0.3406

1 0.067 5496  0.0051

1 0.0032 2.61 0.2043

1 0.0076 6.22 0.0881

1 0.067 5494  0.0051

1 0.0012 0.9767  0.3959

1 0.0259 21.27  0.0192

3 0.0012

1 0.0023 3.23 0.2143 not significant
2 0.0007

12

The regression model dedicated to predicting the final
concentration of zinc ion, simplifies the analysis for future
researchers aiming to minimize metal ion concentrations
in their studies. Li et al. (2019) previously highlighted the
versatility of such regression models which allow
researchers to dynamically adjust input parameters to
achieve the lowest possible contaminant concentrations.
Nevertheless, it is important to confirm that the selected
model accurately approximates the true process. This can
be evaluated using diagnostic plots provided in the Design-
Expert v13 software, such as predicted versus actual value
plots as shown in Figure 1. The result demonstrates that
the predicted values for zinc removal efficiency obtained
from the model are in good agreement with the actual
experimental data. This was interpreted by points closely
aligned along the 45-degree line with no clear patterns or
clusters (Kaur et al. 2022).

OPTIMIZATION OF OPERATIONAL
CONDITIONS

Optimization process was carried out to determine the
optimum value of zinc removal efficiency using the Design-
Expert v13 software. The desired goal for each operational
condition (cation exchange resin, concentration of synthetic
zinc solution and stirring speed) was chosen “within the
range” while the response (final zinc concentration) was
defined as “minimum” to achieve highest performance.
Accordingly, the optimum working conditions and
respective percent removal efficiencies were established,
and the results are presented in Table 3. The lowest final
concentration of zinc of 2.65 mg/L is predicted under
optimized operational conditions which represented by
cation exchange resin concentration at 25.17 g/L; initial
zinc concentration of 7 mg/L and stirring speed at 231 rpm.

The result is consistent with previous studies by Jain
et al. (2022) that used approximately 25 g/L of ion
exchange resin, achieved about 95% removal of zinc ions.

While Burken (2021) emphasized that setting consistent
starting points such as 7 mg/L for zinc synthetic solutions,
allows for comparative analysis across different experiments
and facilitates the evaluation of resin efficiency. The
optimum stirring speed was observed at 231 rpm, consistent
with study by El-Kamash et al. (2020) highlighting notable
improvements in zinc ion removal kinetics within the range
of 220 to 245 rpm. These integrated approaches not only
optimize resin usage and enhance treatment effectiveness,
but also contributing to sustainable wastewater management
practices. Importantly the predicted and actual value of the
zinc concentration in this study are well below the
permissible limit of 3.0 mg/L set by the Malaysian National
Water Quality Standards (NWQS) indicating the process’s
effectiveness and compliance. Moreover, the pH values
recorded 7.14 for regression model and 7.08 for laboratory
experiment fall within the neutral range suitable for both
aquatic ecosystems and human consumption.

Predicted vs. Actual
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FIGURE 2. Normal probability plot of the studentized residual
for zinc removal
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TABLE 3. Optimum condition for final concentration of zinc ion

Parameter
Concent_ratlon ConcentraF ton Stirring Regression Validation
of Cation Synthetic . Percentage
. . . Speed Model Experiment .
Exchange Resin Zinc Solution (rpm) (mg/L) (mg/L) Difference
(g'L) (mg/L)
25.17 7 231 2.65 2.59 2.3%

RESPOND SURFACE PLOT BETWEEN
INTERACTION OF PROCESS VARIABLES

The correlation among the concentration of the cation
exchange resin and the synthetic zinc solution was visually
represented through a 3D Response Surface Plot and 2D
Contour Plot as shown in Figure 2 and Figure 3 respectively.
The plots illustrate the strong relationship between these
parameters utilized in this study. Both parameters
significantly influence the final zinc concentration, in
contrast to interaction with stirring speed which was less
influence based on ANOVA result. Figure 2 signify that
the concentration of the cation exchange resin and the
synthetic zinc solution can collectively influence the shape
of'the surface resulting in valleys, flat or peaks representing
the final zinc concentration in the solution.

[~
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™~

Final Concentration of Zinc lon (mg/l)

B: Concentration of Zinc Solution (mg/l)9

FIGURE 3. 3D Respond Surface Plot for interaction between
concentration of cation exchange resin and concentration of
zinc solution to final concentration of zinc ion

Notably, within the blue area depicted in Figure 3,
three points demonstrate the lowest final concentrations of
zinc ions, ranging from 0.2 mg/L to 0.3 mg/L, while the
highest concentration at 0.7 mg/L was shown in red.
Analysis of this data reveals an optimal concentration range
for cation exchange resin between 15 g/L to 45 g/L. The

optimized value of cation exchange resin suggested in the
present study at 25.17 g/L falls within this range as
supported by study from Li et al. (2019) where they
elaborate that cation exchange resins effectively remove
heavy metals including zinc from wastewater with optimal
performance observed in the resin concentration range of
20 g/L to 30 g/L.

Final Concentration of Zinc lon (mg/l)

B: Concentration of Zinc Solution (mg/l)

10 20 30 40 50

A: Concentration of Cation Exchange Resin (g/l)

FIGURE 4. 2D Contour Plot for interaction between
concentration of cation exchange resin and concentration of
zinc solution to final concentration of zinc ion

The 2D Contour Plot as per Figure 3 further illustrates
that a high zinc solution concentration of 13.5 mg/L can
effectively utilize approximately 43 g/L of cation exchange
resin to achieve a final concentration of 0.2 mg/L of zinc
ions. This suggests that less than 50 g/L of cation resin can
manage highly acidic zinc concentrations at 13.5 mg/L.
This research aligned with previous study by Zhang et al.
(2022) that demonstrated high concentrations of zinc
around 15 mg/L require significant amounts of cation
exchange resin for effective removal typically in the range
of 40 g/L to 50 g/L. However, the presence of red areas in
both Figure 2 and 3 highlights that utilizing 10 g/L to 15
g/L of cation exchange resin leads to final zinc concentrations
not less than 0.7 mg/L rendering this range unsuitable for
optimization purposes. Prior research conducted by Chen



etal. (2018) validated that lower resin concentrations below
20 g/L resulted in inadequate removal of zinc ions, leaving
residual concentrations significantly above acceptable
levels.

This study provides insights into optimizing zinc ion
removal using cation exchange resin in a lab-based setting,
demonstrating its potential application in industrial
wastewater treatment. The optimized conditions achieved
effective zinc removal, aligning with environmental
regulations such as the Malaysian National Water Quality
Standards (NWQS). While the method shows promise for
wastewater treatment, the economic feasibility for large-
scale applications remains uncertain. Additionally, the
findings are based on synthetic zinc solutions, which may
not fully represent real industrial wastewater containing
multiple contaminants. Long-term resin performance,
including its regeneration capacity, was not assessed, which
could impact large-scale applicability. Despite these
limitations, the study contributes valuable knowledge to
the optimization of heavy metal removal, supporting further
research toward practical and scalable wastewater
treatment solutions.

CONCLUSION

The study demonstrates the effectiveness of RSM
optimization in enhancing zinc ion removal efficiency. The
optimization condition was found to be at 25.17 g/L, 7
mg/L and 231 rpm for cation exchange resin concentration,
synthetic zinc solution concentration and stirring speed
respectively. Under this optimum condition, the residual
zinc ion in the solution was at the lowest concentration
with 2.65 mg/L. These operational values represent ideal
rather than extreme ends of the parameter spectrum,
highlighting their effectiveness in balancing treatment
efficiency and cost effectiveness. The small 2.3%
differences observed between model predictions and
validation experiment for zinc ion concentration verify the
applicability and reliability of the regression models in
practical scenarios. These findings support future
applications of the models in optimizing wastewater
treatment processes ensuring compliance with regulatory
standards. The study’s ability to achieved zinc ion
concentrations below 3.0 mg/L regulatory limits set by
Malaysian National Water Quality Standards (NWQS)
while maintaing pH levels suitable for environmental safety
and human consumption further underscores the practical
utility of Design-Expert v13 software in sustainable
wastewater management practices. By leveraging robust
regression models and identifying optimal operational
conditions, the study advances current practices in

1923

environmental engineering, contributing to safer and more
efficient wastewater treatment strategies.
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