
Highly efficient removal of Cd (II) ions using hydrated lime as a precipitating agent




.     
.
              . 
                     
	.
..


.

____________________________________________________________________________________________

[bookmark: _GoBack]


ABSTRACT

	Rapid industrialization has led to the creation of large amounts of wastewater containing various pollutants, among which heavy metals stand out. Heavy metals such as Cd (II) ions cause serious chronic diseases and even death if they are present in high concentrations. Therefore, this manuscript investigates the possibility of Cd (II) ion removal by precipitation method using Ca(OH)2. In order to optimize the precipitation process, the following were investigated: initial pH, initial concentration of Cd (II) ions, dose of added Ca(OH)2, stirring speed and contact time, as well as the influence of competing ions on the removal efficiency of Cd (II) ions. Results of Cd(II) ion removal efficiency and optimal conditions are: pH 5 (99.961%), stirring speed of 0 rpm (99.985%), contact time metal-precipitant 5 minutes (99.965%), added dose of Ca(OH)2 60 mg (99.965%). Complete removal of Cd (II) ions was achieved at a Cd(II) ion concentration of 10 ppm, and high removal efficiency was achieved at concentrations of 50-300 ppm (98.231-99.994%). The removal efficiency of over 99% of Cd (II) ions was achieved during individual tests of ion competitiveness. Therefore, it can be concluded that under the tested conditions, Ca(OH)2 is an effective agent for removing Cd (II) with an efficiency above 99%.
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1. INTRODUCTION

Heavy metals represent a group of pollutants characterized by high density and toxicity even at low concentrations [1]. They are one of the most intensively studied environmental pollutants. Heavy metals such as mercury (Hg), cadmium (Cd), lead (Pb), chromium (Cr) and arsenic (As) are considered significant due to their toxicity, even at low concentrations [2]. Although toxic heavy metals are naturally present in the Earth's core and they are important for life, they can become harmful if they accumulate in the organism [3]. Most of the environmental pollution and human exposure to metals is the result of human activities, including mining, smelting, industrial production, and the use of metals and their compounds in households and agriculture [4]. Therefore, these inorganic pollutants are being discarded in waters, soils and into the atmosphere [5]. This contributes to the increase in the incidence of numerous diseases [6]. Almost every heavy metal and metalloid can be toxic to living organisms, depending on the dose and duration of exposure [7]. Cd (II) is considered one of the most toxic heavy metals and is non-degradable and persistent [8]. Cadmium and lead pose significant health risks because they accumulate rapidly in the body, which can lead to developmental delays in children, as well as serious damage to hearing, the cardiovascular system, and kidneys. Children are more sensitive to these toxic substances than adults [9]. Due to the aforementioned toxicity of cadmium, this heavy metal was chosen as the simulated wastewater pollutant in this work. As a result of population growth, industrial development and extended periods of drought, there has been serious pollution of both underground and surface water, which makes water treatment crucial for the preservation of health and the environment. Traditional methods for removing heavy metal ions from wastewater include adsorption [10], [11] nanofiltration [12], ion exchange [13], [14], electrolytic treatment, coagulation [15], flotation [16] and flocculation, as well as chemical precipitation [17]. Chemical precipitation involves the addition of reagents that react with metal ions, creating insoluble compounds that are then separated from the wastewater [18]. A method that is often used to remove toxic metals from wastewater is based on their conversion into solid particles by adjusting the pH value. By increasing the pH, a chemical reaction occurs between the dissolved metal ions and the corresponding precipitation agents, whereby insoluble metal hydroxides, carbonates or sulfides are formed. These products are separated from the solution in the form of a precipitate, enabling the efficient removal of metals from the aqueous medium [19]. The outcome of a precipitation reaction is influenced by several factors. Among the most important are: the pH value at which precipitation occurs, the choice of alkaline reagent, the initial metal concentration, the type of metal salts used, and the rate of stirring of the reactants [20]. Under optimal conditions, precipitation can remove over 99% of heavy metals from aqueous solutions, which makes it one of the most effective methods [21]. Hydroxide precipitation implies the use of caustic soda, hydrated lime, pebble quicklime in the removal of heavy metals from wastewater. Hydrated lime is the most commonly used alkaline material in the treatment of acid mine drainage (AMD), compared to other available alkaline substances [22]. Hydrated lime also known as calcium hydroxide with chemical formula Ca(OH)2 [23]. Spectroscopic methods are commonly used for the analysis of concentration of heavy metals in wastewater samples, and among them flame atomic absorption spectrometry (FAAS), X-ray fluorescence spectrometry (XRF), optical emission spectrometry with inductively coupled plasma (ICP-OES) and mass spectrometry with inductively coupled plasma (ICP-MS) stand out. The choice of the appropriate detection method primarily depends on its sensitivity, precision, detection limit and analysis costs [24]. This manuscript makes a significant contribution to the scientific community by examining the practical application of Ca(OH)2 for the removal of heavy metal ions by precipitation, and the method is known as cheap, fast and efficient. This manuscript can improve the understanding of the mechanism of precipitation, considering that the optimal parameters of precipitation and the influence of competitive ions are investigated, and provide insight that can be used for further research of the precipitation process as well as other wastewater treatment processes. The purpose of this research is to evaluate the effectiveness of hydrated lime as an environmentally friendly reagent for removing Cd (II) ions from simulated wastewater at ambient temperature. Special focus is placed on the analysis of key factors that influence the precipitation process, including pH value, initial concentration of metal ions in the solution, stirring speed and contact time. Also, the influence of the presence of competing ions, such as Ba (II), Cu (II), Pb (II), as well as their mixtures, on the overall efficiency of cadmium removal was investigated. The determination of the residual concentration of Cd (II) ions after the hydroxide precipitation process was carried out with an FAAS instrument. In this research, FTIR spectroscopy was applied to identify functional groups present on the surface of the precipitant, both before and after the hydroxide precipitation process, with the aim of better understanding the mechanisms of Cd (II) ion removal from simulated wastewater.

2. material and methods 

2.1. Chemical reagents

All chemicals used in this study were of analytical grade, and all solutions were prepared using ultrapure water. For the preparation of the calibration curve, accurately known concentrations of the metal ion were obtained by diluting a stock solution — a standard containing Cd (II) ions. The solution simulating wastewater contaminated with Cd (II) ions was prepared from a nitrate salt, Cd(NO3)2 4H2O, p.a.˃99%, Centrohem by accurately weighing a known mass to achieve the target concentration. Hydrated lime, manufactured by Ingram Srebrenik, Bosnia and Herzegovina, was used as the precipitating agent.

2.2. Instruments

In this study, a flame atomic absorption spectrometer (FAAS; PerkinElmer AAnalyst 200) was used to determine the residual metal concentrations in the samples after the precipitation process. An attenuated total reflectance Fourier transform infrared ((ATR)-FTIR) spectrometer (Thermo Scientific) was employed to characterize the precipitation agent before and after the precipitation process. The pH of the solutions prior to precipitation was measured using a pH meter (Boeco BT-675). A magnetic stirrer (IKA RCT Basic, adjustable stirring speed range of 0–1200 rpm) was used during the experiments. An analytical balance (Kern ADB, maximum capacity 220 g, readability 0.0001 g) was used for weighing all salts employed in this study.

2.3. Preparation of buffer solution
Buffer solutions (100 mL) were prepared with the following component concentrations: pH 3: C₈H₅KO₄ (5.00 · 10⁻3 mol/L) / HCl (2.23 · 10⁻2 mol/L); pH 4: C₈H₅KO₄ (5.00 · 10⁻3 mol/L) / HCl (1.00 · 10⁻4 mol/L); pH 5: C₈H₅KO₄ (5.00 · 10⁻3 mol/L) / NaOH (2.26 · 10⁻2 mol/L); pH 6: KH₂PO₄ (5.00 · 10⁻2 mol/L) / NaOH (5.60 · 10⁻3 mol/L); pH 7: KH₂PO₄ (5.00 · 10⁻2 mol/L) / NaOH (2.91 · 10⁻2 mol/L); pH 8: KH₂PO₄ (5.00 · 10⁻2 mol/L) / NaOH (4.67 · 10⁻2 mol/L); pH 9: Na₂B₄O₇·10H₂O (1.25 · 10⁻2 mol/L) / HCl (4.60 · 10⁻3 mol/L); pH 10: Na₂B₄O₇·10H₂O (1.25 · 10⁻2 mol/L) / NaOH (1.83 · 10⁻2 mol/L).
2.4. General procedure
The adjustment of the exact pH values of the buffered Cd (II) ion solutions was carried out by the addition of 0.1/1 M NaOH or HCl, and the pH was measured using a pH meter. The precipitation of Cd (II) ions from a buffered solution was carried out using a batch method at a defined pH value, with the addition of an optimal mass (60 mg) of hydrated lime as the precipitating agent. After reaching optimal conditions - stirring speed and contact time, the resulting suspension was filtered. Filtration was performed using filters with blue and black tape. On the same day, the residual concentration of Cd (II) ions in the filtrate was measured using an FAAS instrumen. The removal efficiency of Cd (II) ions from the aqueous solution (R, %) was calculated using the following equation:
R=Ci−Cf/Ci⋅100% 
where:
Ci – initial concentration of Cd (II) ions (mg/L),
Cf – residual (final) concentration of Cd (II) ions in the filtrate (mg/L),
R – percentage of Cd (II) ion removal from the solution.


3. results and discussion
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Figure 1. Ca(OH)2 before and after precipitation of Cd (II) ions FTIR spectra

FTIR spectra obtained before precipitation of Cd (II) ions show key vibrational characteristics of Ca(OH)2, especially a band for O–H stretching at 3641.2 cm⁻¹, which confirms the presence of Ca(OH)2. Additional bands in the carbonate region—around 1405 cm-1 (ν₃), 873 cm-1 (ν₂), 855 cm-1, and 712.8 cm-1 (ν₄)—indicate partial carbonation of the sample, possibly due to contact with atmospheric carbon dioxide. After precipitation with Cd (II) ions, the Ca(OH)2 band at 3641.2cm-1 remains present, indicating incomplete consumption of calcium hydroxide. Carbonate characteristics are still present, and the appearance of a new band at 1083cm-1, which is attributed to the symmetric ν₁ stretching mode of carbonate (often associated with aragonite), suggests the transformation or redeposition of different carbonate polymorphs under the influence of Cd (II) iona.



Figure 2. Influence of initial pH on removal efficiency of Cd (II) ions
The pH was examined in the range of 3–10, and even at pH 3 a removal efficiency of R= 66.73% was achieved. As the pH increased, the efficiency of Cd (II) removal also rose, reaching its maximum value at pH 5 (R=99.961%). Aliprandini et al. 2016 investigated the hydroxide precipitation of metals from multicomponent solutions using NaOH within a pH range of 2–5.5 and reported that most metals exhibited their highest removal efficiencies at the upper end of this range (pH 5–5.5) [25]. In the pH interval from 6 to 10, the removal efficiency showed a decreasing trend. 

Figure 3. Influence of stirring speed (rpm) on removal efficiency of Cd (II) ions
At pH 5, the effect of stirring speed on the removal efficiency of Cd (II) ions was examined, and Figure 3 shows that increasing the stirring speed led to a decrease in removal efficiency. At 0 rpm, a removal efficiency of R = 99.985% was achieved. Pasaribu and Kurniawati 2024 investigated the influence of stirring speed in the range of 50–250 rpm on the adsorption efficiency of Pb (II) ions using sugarcane bagasse. They found that increasing the stirring speed resulted in reduced ion removal efficiency, which was attributed to the disruption of the adsorbent structure [26]. Although precipitation and adsorption are different processes in wastewater treatment, certain similarities in their mechanisms may explain the comparable influence of hydrodynamic conditions on the final metal removal efficiency.



Figure 4. Influence of precipitant dose on the removal efficiency of Cd (II) ions
Hydrated lime was added in milligram amounts (5, 15, 30, and 60 mg) to examine the removal efficiency of Cd (II) ions at pH 5 and 0 rpm. At the lowest dose, a removal efficiency of R=99.838% was achieved, indicating that hydrated lime is an effective agent for Cd (II) ion removal. This is supported by the findings of Junuzović et al. 2025, who investigated the efficiency of hydrated lime for the removal of Pb (II) ions and reported that a dose of 100 mg was required to achieve an efficiency of R=99.827%, respectively [27]. At doses of 15 and 30 mg, only slight changes in removal efficiency were observed (R=99.954% and R= 99.955%), while a dose of 60 mg resulted in R=99.965%. Lee et al. 2024 examined the efficiency of Cd (II) removal using Ca(OH)2 and found that the removal efficiency increased (R>99% at pH 10) with increasing precipitant dosage as well as increasing pH values [28], which is consistent with the findings of this study.


Figure 5. Influence of contact time (min.) on the removal efficiency of Cd (II) ions

Figure 5. shows the effect of contact time on the removal efficiency of Cd (II) ions. At 5 minutes, the highest removal efficiency was achieved (R=99.965%), while prolonging the stirring time resulted in lower removal efficiency. Junuzović et al. 2025 investigated the influence of carbonate precipitation conditions on the removal efficiency of Cu (II) and Ni (II) from single component solutions (contact times ranging from 0 to 30 minutes) and likewise found that shorter contact times were sufficient for the individual removal of ions [29]. 


Figure 6. Influence of initial concentration (ppm) on the removal efficiency of Cd (II) ions
[bookmark: _Hlk217023307][bookmark: _Hlk217023031]An increasing initial concentration of metal ions in the solution resulted in a decreasing trend in removal efficiency. At the lowest concentration of 10 ppm, complete removal of Cd (II) ions from the solution was achieved (R=100%). At initial concentrations of 50 and 100 ppm, removal efficiencies of 99.994% and 99.955% were obtained, respectively, indicating residual Cd (II) ion concentrations of 0.006 ppm and 0.046 ppm. Such treated wastewater can be discharged into natural water bodies in accordance with the Regulation on the Conditions for Wastewater Discharge into the Environment and Public Sewerage Systems (“Official Gazette of the Federation of Bosnia and Herzegovina,” No. 70/06). According to this regulation, the maximum allowable concentration of Cd (II) ions for discharge into surface water bodies as well as public sewerage systems is 0.1 ppm [30]. As shown in Figure 6, a decrease in removal efficiency with increasing metal ion concentration is evident, despite maintaining a constant pH value of the buffered metal solution.



Figure 7. Influence of competing ions on the removal efficiency of Cd (II) ions

[bookmark: _Hlk217022209]Under optimal conditions, the influence of competing ions present in the solution on the efficiency of Cd (II) ion removal from simulated wastewater was investigated. Cd (II) ions exhibited the highest removal efficiency (R=99.938%) in the presence of Cu (II) ions, while a slightly lower removal efficiency was observed in the presence of Pb (II) ions (R=99.902%). The lowest removal efficiency of Cd (II) ions was recorded in the presence of Ba (II) ions, amounting to R=99.83%, whereas a somewhat higher efficiency was achieved in the presence of a mixture of competing metal ions. The removal of Cd (II) ions from solution in the presence of competitive ions such as Ba (II), Cu (II), and Pb (II) leads to a reduction in removal efficiency, as foreign ions compete for OH⁻ ions required for the precipitation reaction. This competition results in the formation of new hydroxides and reduces the availability of hydroxide ions for the target analyte, Cd (II). This phenomenon is consistent with the well-known effects of competing ions in chemical precipitation processes. In the literature, the influence of competitive ions such as Fe (III), Cu (II), Zn (II), Ni (II), and Pb (II) on the adsorption of Cd (II) ions using SR–PAA was investigated, resulting in a decrease in adsorption capacity by 0.08, 0.25, 0.85, 1.26, and 1.27 mM, respectively [31]. The effect of foreign ions is most commonly discussed in adsorption processes, where ions compete for the active surface sites of the adsorbent. Although the mechanisms differ in these two cases, competitive effects occur in both, leading to a reduced efficiency of Cd (II) ion removal.

Furthermore, the efficiency of hydrated lime (construction grade) was compared with that of lime (laboratory grade) for the precipitation of Cd (II) ions under optimal conditions. A lower removal efficiency was observed when lime (laboratory grade) was used, with a cadmium removal efficiency of 97.825%. This phenomenon can be attributed to the chemical composition of hydrated lime (construction grade), which contains certain impurities such as CaO, MgO, and SiO₂. According to Halilović et al. (2021), hydrated lime (construction grade) produced by the company Ingram Srebrenik contains 68.92% CaO, 1.02% MgO, and 0.53% SiO2. These additional components may contribute to enhanced Cd (II) removal through co-precipitation and surface adsorption mechanisms.


4. Conclusion

Rapid industrialization has led to the generation of large volumes of wastewater containing heavy metals, including cadmium. Therefore, it is necessary to remove heavy metals from wastewater in an efficient, rapid, and cost-effective manner prior to discharge into natural receiving bodies. The use of hydrated lime as a precipitation agent has proven to be an effective method for heavy metal removal. In this study, hydrated lime achieved complete removal of cadmium at an initial concentration of 10 ppm, while at higher concentrations of 50 ppm and 100 ppm, residual cadmium concentrations of 0.006 ppm and 0.046 ppm, respectively, were observed. According to the Regulation on the Conditions for Wastewater Discharge into the Environment and Public Sewerage Systems (“Official Gazette of the Federation of Bosnia and Herzegovina,” No. 70/06), wastewater with such low cadmium concentrations may be safely discharged into surface waters. After defining the optimal conditions for the precipitation of Cd (II) ions using hydrated lime in a single component solution, the method was applied to a multicomponent solution in the presence of competing ions. Satisfactory results were obtained, with cadmium removal reaching up to 99.85%. Based on the obtained results, it can be concluded that hydrated lime is an effective agent for the removal of Cd (II) ions from both binary mixtures and multicomponent solutions.
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