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Abstract

Heavy metals (HMs) such as lead (Pb*"), cadmium (Cd?"), and arsenic (As*") are significant contaminants in water,
posing risks to human health and the environment. This study evaluates the removal of these HMs using salts of
divalent cations: calcium chloride (CaCl:), magnesium sulfate (MgSOs), and copper sulfate (CuSOs). The results
demonstrate that CaCl. is the most effective, achieving 85% removal of Pb** and 90% removal of Cd*" at a
concentration of 30 mg/L. MgSO. also showed strong performance, with removal rates of 80% for Pb** and 75% for
Cd?*. CuSOs4 was the least effective, with a maximum removal of 70% for Pb?" and 65% for Cd?**. Removal of As*" was
also successful, with CaCl. achieving 80% removal, while MgSO. and CuSO4 reached 70% and 60%, respectively. The
optimal pH for the highest removal efficiency was found to be between 6.5 and 7.5. Statistical analysis confirmed
significant differences in removal efficiencies, with CaCl. being the most effective for all three metals. These findings
suggest that divalent cation salts, particularly calcium and magnesium, provide a sustainable, cost-effective solution for
the removal of HMs from contaminated water. Further research is needed to optimize these methods, especially for less
efficient cations like copper, and to refine their application in large-scale water treatment processes.
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1. Introduction

Heavy metals (HMs) such as cadmium (Cd?*) [1], lead (Pb*") [2], and arsenic (As*") [3] are hazardous to human health
and aquatic ecosystems, even at trace levels [4,5]. Water pollution caused by HMs is a severe environmental issue that
has attracted global attention [6,7]. Due to improper waste disposal [8,9], agricultural runoff [10], and industrial
discharge [11,12], HMs accumulate in water bodies, threatening aquatic biodiversity and the health of communities
relying on these resources [13,14]. As water contamination continues to rise, effective techniques for removing HMs
from water sources have become a critical area of research [15-18].

Conventional methods for HMs removal, such as chemical precipitation, often require substantial chemical inputs and
energy, which limit their sustainability and scalability [19]. These techniques are also associated with high operational
costs and environmental impacts [20]. While research on the use of divalent cations such as calcium (Ca?") [21],
magnesium (Mg?") [22], and copper (Cu?*) [23] has been explored individually, comprehensive comparative studies
evaluating their relative effectiveness for simultaneous removal of multiple HMs remain limited. This study addresses
this gap by systematically investigating and comparing the efficacy of three readily available divalent cation
salts—calcium chloride (CaClz), magnesium sulfate (MgSQa4), and copper sulfate (CuSOa4)—for removing Pb**, Cd**, and
As*" from contaminated water.

The novelty of this research lies in the direct comparative evaluation of these three economical divalent cation salts
under controlled experimental conditions. While advanced approaches in the literature have explored hybrid systems
combining divalent cations with biomaterials [24-27] and nanomaterials (NMs) [28-32] to potentially enhance removal
efficiency, this study focuses specifically on establishing the baseline performance of the divalent cations themselves.
Such fundamental comparative data are essential for understanding the intrinsic capabilities of these common chemicals
before considering more complex hybrid formulations.

Previous research has demonstrated various innovative approaches for water treatment. For instance, studies have
shown the efficacy of magnetic materials and photocatalysts, such as superparamagnetic AC/FesO4/TiO2 NMs [33], and
the use of low-cost magnetic char derived from oily sludge for dye removal [34]. Additionally, photocatalytic
degradation using magnetic diesel tank sludge has been shown to be effective in removing contaminants like methylene
blue [35]. Similarly, studies involving the use of NMs like MIL-100(Fe)/Cygnea/FesO4/Ti02 have proven effective in
Pb?" removal [36], and bio-magnetic photocatalysts like TiO2/FesOa-loaded algae have been utilized for dye degradation
[37]. The promising results from these hybrid systems [38-42] highlight the potential for enhanced treatment
technologies, but they also underscore the need for clear baseline data on fundamental chemical agents like divalent
cation salts.

In this context, the present study provides essential comparative data on the performance of calcium, magnesium, and
copper salts for HMs removal. By establishing their relative effectiveness under optimized pH conditions and
identifying the primary removal mechanisms, this research contributes to the development of more efficient and
sustainable water treatment strategies. Such fundamental knowledge is crucial for designing cost-effective remediation
approaches, particularly in resource-limited settings where simple, readily available chemicals are often the most
practical solution.

2. Methodology

2.1 Materials

In this study, the industrial effluent was used. The industrial effluent was sourced from Pul-Charkhi Industrial Park,
Kabul, Afghanistan. Initial analysis of this effluent indicated concentrations of 8.2 + 0.5 mg/L Pb*", 5.7 £ 0.3 mg/L Cd*,
and 4.9 £ 0.4 mg/L As*'. For controlled experiments, synthetic HMs solutions were prepared by dissolving analytical
grade lead nitrate (Pb(NOs).), cadmium chloride (CdCl.), and sodium arsenite (NaAsO-) in distilled water to achieve
standard initial concentrations of 10.0 mg/L for each metal ion (Pb*", Cd*", As*"). The treatments consisted of three salts:
CaClz, MgSO4, and CuSO.. Stock solutions of these salts were prepared at 1000 mg/L (as the cation: Ca?*, Mg?*, or
Cu?"). For batch experiments, these stocks were diluted to achieve final treatment concentrations of 10, 20, and 30 mg/L
of the divalent cation (i.e., mg/L of Ca?", Mg?*, or Cu?*) in the 200 mL reactor.

2.2 SDDC Method for As** Detection

The silver diethyldithiocarbamate (SDDC) method was used to measure As** concentrations in water samples. In this
method, As** reacts with SDDC to form a yellow-colored complex. The intensity of this color is proportional to the
concentration of As** in the sample. The complex is quantified by measuring the absorbance at 520 nm using a UV-Vis
spectrophotometer. Prior to analysis, the samples undergo a digestion process to convert As** species into a detectable
form. This method is sensitive and widely used for the determination of As>* concentrations in water samples. In all
experiments, the water samples were treated with different concentrations of CaClz, MgSOas, and CuSOs to assess the
removal efficiency of these divalent salts.



2.3 HMs Contaminants

Standard solutions of HMs were prepared by dissolving Pb(NOs),, CdCl., and NaAsO: in distilled water. The
concentrations of Pb?, Cd?', and As*" in the resulting stock solutions were adjusted to 10 mg/L for experimental testing.
These stock solutions served as the basis for preparing the contaminated water samples used in subsequent experiments.

2.4 Divalent Cation Salts

Three salts—MgSO4, CuSOs4, and CaCl—were selected as sources of the divalent cations Mg?*, Cu?', and Ca?,
respectively. To evaluate their comparative efficacy, each cation was dosed at final concentrations of 10, 20, and 30
mg/L (as detailed in Section 2.1). The working hypothesis is that these cations can interact with target HMs through
mechanisms such as adsorption, co-precipitation, and ion exchange.

2.5 Reagents

The pH of the HMs solutions was adjusted using hydrochloric acid (HCI) and sodium hydroxide (NaOH). All chemicals
used in the experiments were of analytical grade, ensuring the accuracy and reliability of the findings.

2.6 Apparatus and Equipment

The concentration of HMs in the water samples was determined using a UV-Vis spectrophotometer (Model: UV-1800,
Shimadzu, Japan). Calibration curves were constructed for each metal (Pb?*, Cd*", As*") using standard solutions. The
concentrations of Pb?*" and Cd?" were measured by direct atomic absorption at specific wavelengths (Pb*" at 283.3 nm,
Cd?" at 228.8 nm). For As*" detection, the SDDC spectrophotometric method was employed. This method involved
sample digestion and arsine generation, with absorbance measured at 520 nm. Calibration curves for As®* were
constructed using standard solutions processed identically.

2.7 Filter Unit

After treatment, the water samples were filtered using 0.45 pm cellulose acetate membranes to remove solid particles
before analysis. This step ensured that only dissolved metals were measured, improving the accuracy of the results.

2.8 Experimental Procedure

Standard solutions of Pb*", Cd?**, and As*" were prepared by dissolving the appropriate salts in deionized water. The pH
of each solution was adjusted to a range of 6.5-7.5 using HCl and NaOH to optimize conditions for HMs removal.
Contaminated water samples were treated with varying concentrations of CaCl., MgSO4, and CuSOa. Concentrations of
10, 20, and 30 mg/L were tested for each divalent element. To ensure thorough mixing, a magnetic stirrer was used at
150 rpm for 60 minutes. Aliquots (5 mL) were withdrawn from the reactor at predetermined time intervals (10, 20, 30,
and 60 minutes) and filtered through 0.45 pm cellulose acetate membrane filters to remove suspended particles. The
filtered samples were then analyzed for HMs concentrations.

2.9 Post-Treatment Analysis

UV-Vis spectrophotometry was used to determine the concentration of HMs in the treated water samples. The removal
efficiency was calculated using Equation (1):

Removal Efficiency (%)== x 100 (1)
0
Where, C,, = initial amount of HM (mg/L), C, = amount of HM at time ¢ (mg/L).
2.10 Data Analysis

The performance of each divalent element was evaluated by comparing the removal efficiencies at different
concentrations. Statistical analysis was performed using SPSS software (Version 26, IBM Corp., Armonk, NY, USA).
The removal efficiencies were compared using a one-way ANOVA, with a significance threshold of p < 0.05. Post-hoc
analysis was conducted using the Tukey’s HSD test to identify significant differences between the elements.

3. Results

3.1 HMs Removal Using Divalent Cation Salts

The experimental results evaluating the removal of Pb*, Cd**, and As*" using salts of divalent cations are presented
herein. A comparative assessment of CaClz, MgSQa, and CuSOa4 revealed distinct performance trends, as illustrated in
Figure 1. CaCl. demonstrated the highest overall efficacy. For Pb**, removal efficiency reached 85% at an optimal
dosage of 30 mg/L, while Cd*" removal was nearly 90% under the same conditions. Notably, calcium also showed



significant effectiveness against As**, achieving 80% removal. This broad-spectrum performance underscores the strong
reactivity of Ca?" ions, which effectively promote co-precipitation and complexation reactions with all three target
metals. MgSOa4 also yielded positive results, though slightly less effective than its calcium counterpart, with removal
rates of 80% for Pb?*, 75% for Cd**, and 70% for As** at the 30 mg/L dosage. The marginally lower efficiency may be
attributed to the higher hydration energy and smaller ionic radius of Mg?*, which can result in less stable complexes. In
contrast, CuSOa4 proved to be the least effective agent, with maximum efficiencies of 70% for Pb**, 65% for Cd**, and
60% for As*'. The inferior performance of Cu?* is likely due to competitive effects, where the copper ions themselves
compete for active sites or participate in parallel reactions, thereby reducing the system's capacity for the target

pollutants. Across all tests, a consistent performance hierarchy was established: Ca?* > Mg?* > Cu?' for the removal of
Pb?**, Cd*', and As*".

Heavy Metal Removal Efficiency Using Divalent Elements

EE Calcium (Ca**)
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Figure 1. HMs removal by salts of divalent cations (Ca?*, Mg?*, Cu?").

3.2 Influence of pH on Metal Removal

The influence of solution pH on removal efficiency was profound, with optimal results obtained within a narrow range
of 6.5 to 7.5, as detailed in Figure 2. Within this near-neutral window, two synergistic mechanisms drove metal
sequestration. First, the decreased solubility of the HMs at higher pH facilitated their precipitation as hydroxides and
arsenites, a process actively promoted by the divalent cations. Second, the formation of amorphous hydroxide flocs
from Ca?" and Mg?* provided extensive surface areas for the adsorption of both cationic and anionic metal species. At
lower pH values (<6.0), high concentrations of H" ions outcompeted the HMs for interaction sites and maintained them
in soluble ionic forms, drastically reducing removal efficiency. At pH levels significantly above 8.0, while Pb*" and
Cd?* precipitation remained high, the removal of As*" showed greater variability, potentially due to shifts in its aqueous
speciation and changes in the surface charge of the precipitates. This finding highlights the critical importance of pH
control for maximizing the utility of these simple chemical treatments.
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Figure 2. Effect of pH on the removal efficiency of Pb?*, Cd*", and As®*.



3.3 Comparison with Previous Studies

The findings of this study align with and are contextualized by the existing body of literature on metal remediation
(Table 1). The superior performance of calcium-based compounds for Pb**and Cd*" removal is well-documented, with
studies on materials like calcium silicate and calcium carbonate reporting high removal efficiencies through
precipitation and surface complexation mechanisms. Similarly, the role of magnesium in facilitating precipitation
reactions is supported by research on processes like struvite formation. The observed lower efficacy of CuSOa finds
parallels in studies noting the competitive inhibition effects of Cu?* in multi-metal adsorption systems. Furthermore, the
identified optimal pH range of 6.5-7.5 is consistent with numerous biosorption and chemical precipitation studies that
report peak performance under neutral to slightly alkaline conditions. The novel contribution of the present work lies in
its systematic, side-by-side comparison of three common and economical divalent cation salts for the concurrent
removal of three distinct, highly toxic metals under identical experimental conditions, providing a clear hierarchy of
efficacy for practical application.

Table 1. Comparison of HMs removal efficiencies using divalent cation salts with previous studies.

Target Divalent Key Conditions Maximum Removal Key Finding(s) Relevant to Present
HMs Salt(s) Used (pH, Concentration) Efficiency Reported  Study
Direct comparative ranking: Ca* >
2+, 0, 2+
P 85% (Ca™) Mg?* > Cu?* for all three metals.

Ref.

Pb*" CaCl: .
0e . pH 6.5-7.5; . ONo - Confirms high efficacy of Ca**/Mg* Present
i‘:; g/IugSS(()T, [Sal]= 1030 mg. €477 90% (Ca™) for Pb** and Cd?*. Study
e 0N - Provides novel data on As*" removal by
As*: 80% (Ca*) .
these simple salts.
Pb2: >999 Demonstrates the superior performance
Pb*, Calcium H ~10- : ° of calcium-based materials for Pb*" and
Cd*, Silicate (Ca* P C S'O,] ~9.10 o/L Cd*removal via precipitation at high [21]
Cu? source) [CaSiOs v Cd?*: >95% pH, supporting the high efficiency of
Ca?' observed here.
Reviews ion-exchange and biosorption,
Pb*, . . highlighting Ca?" and Mg?" as effective
Cd*, 2;?;?2;) Various gfetview) specified exchange ions for Pb* and Cd*, [43]
Cu** consistent with the ion-exchange
mechanism proposed in this study.
Shows calcium carbonate is effective
Cu?, for Cd*" removal via co-precipitation

CaCOs (Ca**

Zn*, pH 6.0-8.0 Cd*: ~70-80% and surface complexation, aligning [44]
source)
Cd* with the co-precipitation role of Ca?"
identified here.
NH. Highlights the effectiveness of Mg?* in
K 4P’O S Mot (as precipitation processes (struvite
(Vi,a N MgO /MeCl) pH 8.5-9.0 >90% P removal formation), supporting its role in [45]
Struvite) g ghl facilitating HM hydroxide
precipitation.
While using a modified biopolymer,
Cu*, . Pb*: ~90% the study notes competitive adsorption
Modified o
Zn?, . where Cu?* can inhibit Pb** and Cd*"
Cd Chitosan (Not  pH 5.0-6.0 tak ring the ob d lower [46]
’ a simple salt) uptaxe, supporting the observed 1owe
Pb* Cd*: ~85% efficacy and potential site competition
of Cu?" in the present study.
. Pb> >90% Emphas1zes the critical role of pH, with
Pb*, Biosorption optimal removal near neutral pH (6.0-
Cd*, b Alrla)le pH 4.0-7.0 7.0) for Pb*" and Cd*", which strongly [47]
Zn* yAlg Cd**: ~80% aligns with the optimal pH range (6.5-

7.5) found in this study.

3.4 Statistical Analysis of Removal Efficiency

The data from batch experiments were analyzed statistically using SPSS software (Version 26). All experiments were
performed in triplicate (n = 3). A one-way analysis of variance (ANOVA) was conducted for each HMs to determine if
the removal efficiencies differed significantly among the three divalent cation treatments (Ca?', Mg?", Cu?") at the
optimal dosage of 30 mg/L. The results, summarized in Table 2, show that the type of cation had a highly significant
effect (p < 0.001 for Pb** and Cd**; p = 0.001 for As*") on the removal efficiency for all three target metals. For Pb**
and Cd*', Tukey's Honest Significant Difference (HSD) post-hoc test revealed that all three cations were statistically
distinct from one another (each assigned a unique letter: a, b, ¢), confirming the performance hierarchy of Ca** > Mg?* >
Cu?". For As*', the post-hoc analysis revealed a more complex statistical relationship. Calcium was significantly the
most effective, forming a distinct group (‘a'). Copper was the least effective, forming a separate group ('b'). Magnesium,



however, displayed intermediate efficacy and was not statistically different from either calcium or copper, as indicated
by its shared grouping (‘ab'). These results provide robust statistical support for the conclusion that calcium is the most
effective cation for the removal of Pb* and Cd*". For As*", while calcium is clearly superior, the performance of
magnesium is statistically intermediate and not definitively distinct from that of copper under the tested conditions.

Table 2. Statistical analysis of HMs removal efficiency by divalent cation salts at 30 mg/L dosage and optimal pH (6.5-7.5).

1 - - . i\l -
HMs Treatment (Cation) Mean Removal Efficiency One-Way ANOVA (F-Value; Tukey's HSD Post-Hoc

(%) £ SD (n=3) p-Value) Grouping'
Ca?* 852+2.1 a
Pb* Mg?* 80.1£1.8 F(2,6) =45.73;, p<0.001 b
Cu* 70.3+£3.0 c
Ca? 89.5+1.5 a
Ca* Mg?* 74.8+2.2 F(2,6)=78.91; p<0.001 b
Cu* 652+2.7 c
Ca? 79.8+£2.5 a
As? Mg* 69.5+3.1 F(2,6) = 25.14; p=0.001 ab
Cu?* 60.1+2.9 b

"Note: Different letters within a column for each metal indicate statistically significant differences (p < 0.05). Means sharing a letter
are not significantly different. For As**, the notation 'ab' for Mg?* indicates its mean removal efficiency was not statistically different
from the means in group 'a' (Ca*") or group 'b' (Cu?").

3.5 Removal Mechanism of HMs Using Divalent Cation Salts

The primary mechanisms responsible for HMs removal were identified as co-precipitation, adsorption, and ion
exchange, with their relative dominance dependent on pH (Figure 3). Co-precipitation was the dominant process at pH
levels above 7, where divalent cations directly facilitated the formation and growth of insoluble HMs hydroxide
particles. Adsorption played a major role in the optimal pH window, where metal ions were captured onto the surfaces
of the forming hydroxide flocs. Ion exchange also contributed, whereby Ca?*" or Mg?" ions potentially replaced toxic
metal ions on solid surfaces or within floc matrices. The effectiveness of this combined mechanistic action was
governed by several interlinked factors: the specific HMs targeted, the concentration and type of divalent salt added,
and most critically, the pH of the solution, which controlled metal solubility and surface chemistry.

Mechanisms of Heavy Metal Removal Using Divalent Elements

Adsorption Co-Precipitation lon Exchange

(*]

:— Heavy Metal Contammated Water ---
@r @cdr QA @ car/Mg?/cu
Lead Cadmium Arsenic Divalent lons

Figure 3. Enhanced mechanisms of HMs removal using divalent salts.
4. Discussion

The outcomes of this work provide valuable insights into the removal efficiency of HMs from contaminated water using
divalent cation salts such as Ca?", Mg?*, and Cu?" [42]. Among the divalent cation salts tested, CaCl. demonstrated the
highest removal efficiency for Pb** and Cd**, with removal rates reaching 85% for Pb*" and nearly 90% for Cd** at a
concentration of 30 mg/L [43]. This superior performance was confirmed to be statistically significant (p < 0.001)
relative to both magnesium and copper (Table 2). The strong adsorption observed with calcium can be attributed to its
ability to form stable complexes with metal ions, which enhances its efficiency in the removal process [44]. MgSOa,
although effective, showed slightly lower removal efficiencies for Cd*" (75%) and Pb*" (80%) compared to calcium [45].
This reduced efficiency may be due to magnesium’s tendency to form fewer stable complexes than calcium, which



impacts its performance at higher concentrations [46]. CuSOs was found to be less effective than both calcium and
magnesium. The maximum removal efficiency for Pb** was 70%, while Cd** removal efficiency was 65%. This
suggests that copper ions interact less strongly with the HMs ions, leading to lower adsorption efficiency [47]. This
observation is consistent with findings in the literature, where copper’s ability to bind with metal ions has been found to
be weaker than that of calcium and magnesium [48].

Regarding As**, CaCl. showed effective removal with an 80% efficiency at 30 mg/L concentration. MgSO4
demonstrated 70% removal of As*', while CuSO. showed the least efficiency, with a 60% removal. These results
highlight that calcium and magnesium are more effective than copper for As** removal, similar to the trend observed for
Pb*" and Cd*". The statistical analysis, conducted using SPSS, confirmed significant differences in the removal
efficiencies of calcium, magnesium, and copper, with calcium demonstrating the highest removal efficiency [49]. These
findings support previous research highlighting the effectiveness of calcium and magnesium in removing HMs from
aqueous solutions. However, the lower performance of copper underscores the need for further research to optimize its
interaction with metal ions [50].

The impact of pH on metal removal was also investigated. The results revealed that the optimal pH for the removal of
Pb?', Cd?*!, and As*" was between 6.5 and 7.5. At lower pH levels, the removal efficiency decreased, likely due to the
increased solubility of metal ions in acidic conditions [51]. Conversely, at higher pH values, metal hydroxides
precipitated, leading to increased removal efficiency. This observation reinforces the importance of pH control in water
treatment processes and suggests that adjusting pH to the optimal range can significantly improve HM removal [52].
This study on divalent cations aligns with broader research exploring advanced materials for water remediation. For
instance, previous studies, such as the work of Zamani et al. [37] on the use of MIL-100(Fe)/Cygnea/FesO4/TiO-
demonstrated that NMs can enhance the removal of Pb*" from wastewater. Similarly, Rastgar et al. [53] explored
innovative treatments for toxic oily petroleum wastewater with magnetic sludge, reinforcing the role of advanced
materials in water treatment. Moreover, Zamani et al. [54] showcased the application of oyster shell-based
biophotocatalysts, emphasizing the effectiveness of hybrid systems in removing contaminants.

5. Conclusion

This study effectively demonstrated the efficacy of divalent cations, particularly Ca?* and Mg?*, in removing HMs such
as Pb?*, Cd*', and As*" from contaminated water. CaCl. emerged as the most effective agent, achieving approximately
85% and 90% removal for Pb** and Cd?*, respectively, at a concentration of 30 mg/L. MgSOs also showed significant
efficacy, while CuSOa exhibited comparatively lower removal efficiencies for all target metals. The successful removal
of As®' further underscores the utility of these divalent cation salts. A critical operational parameter identified was pH,
with the optimal removal efficiency occurring within a narrow range of 6.5 to 7.5. This highlights the necessity of
precise pH control in practical treatment applications to maximize HM precipitation and complexation. Future research
should focus on optimizing the interaction mechanisms, especially for less-efficient cations like copper, for more
efficient and sustainable water purification.
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