
Hydroxide precipitation of selected metals from an aqueous solution: the influence of stirring speed and time 
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ABSTRACT
	The expansion of industrialization and household use of synthetic compounds has generated significant wastewater containing toxic heavy metals. In developing countries, this wastewater is often discharged untreated due to the high cost of advanced treatment technologies. This study used sodium hydroxide as a low-cost, readily available precipitation agent to remove selected metal ions from mono- and binary-component solutions. Unlike most studies focusing on pH and initial ion concentration, this work investigated operational parameters such as stirring speed (0–800 rpm) and time (0–30 min) while keeping pH and concentration constant. Results showed that higher stirring speeds and longer stirring times enhanced metal ion removal, with Pb(II) efficiency increasing from 86.64% at 100 rpm to 94.33% at 800 rpm. In binary mixtures, similar improvements were observed. These findings highlight that simple, low-cost operational adjustments can significantly improve metal removal efficiency, which is particularly relevant for water treatment in resource-limited settings. The two-way ANOVA without replication showed that the type of metal or mixture had a significant effect on removal efficiency, while stirring speed and time within the investigated ranges did not have a statistically significant effect. These results indicate that differences in removal efficiency are primarily due to the metals’ chemical properties rather than the operational parameters.
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1. INTRODUCTION

In the scientific literature, heavy metals generally include both metals and metalloids—such as arsenic - characterized by high density and notable environmental persistence and human toxicity (Madjar et al., 2025). Anthropogenic activities have contributed to the accumulation of heavy metals in the environment since Roman times, with the Industrial Revolution representing a pivotal shift in heavy metal pollution, during which emission sources transitioned from predominantly natural to predominantly human-driven (Galasso et al., 2025). The most common sources of heavy metals are industrial activities, including mining, smelting, manufacturing, and electroplating, as well as fossil fuel combustion and waste incineration, which contribute to their atmospheric release. Copper, nickel, lead and zinc are produced by electro-plating, conversion-coating, anodizing-cleaning, electrolysis depositions, milling and etching industries (Yadav et al., 2025). These processes often produce metal-laden wastewater that poses serious threats to aquatic ecosystems (Odongo et al., 2025). Natural sources of contamination, including heavy metals, arise from geochemical processes such as rock weathering and volcanic activity. Certain metals—such as cobalt, copper, chromium, iron, magnesium, manganese, molybdenum, nickel, selenium, and zinc - are essential trace elements involved in numerous biochemical and physiological processes; however, their deficiency can result in metabolic disorders, diseases, or specific deficiency syndromes (Matei et al., 2025). Nevertheless, heavy metals such as mercury, lead, cadmium, nickel, copper, and zinc constitute major pollutants in aquatic ecosystems, posing significant environmental risks (Oziegbe et al., 2025). The most common heavy metals are lead, zinc, mercury, nickel, cadmium, copper, chromium, and arsenic, all of which are consistently hazardous, even at trace levels (Kapepula et al., 2024). Zhou et al., 2020 have reported that in recent years (2013–2015), the heavy metal content has increased due to frequent human activity, which further emphasizes the importance of studying these elements and their impact on the environment and human health (Zhou et al., 2020). Heavy metal pollution is a global problem, with sediment data from 289 rivers and 133 lakes showing increasing trends in metals like Cd, Cr, Ni, Mn, and Pb over recent decades. The main sources have shifted from mining and manufacturing (1970s–1990s) to domestic waste discharge (2000s–2010s), and trends differ regionally due to natural and developmental factors. These patterns highlight the importance of studying heavy metals to understand their environmental accumulation, identify pollution sources, and evaluate the effectiveness of control measures worldwide (Niu et al., 2021). Approximately 80% of industrial and municipal wastewater is discharged into the environment without adequate treatment, resulting in the contamination of water resources with toxic compounds (Sanusi et al., 2025). An estimated 20–25 million hectares of agricultural land worldwide are irrigated with wastewater (Ondrasek et al., 2025). After being introduced, these metals can remain in surface and groundwater for several decades, during which they undergo complex transformation processes that exert long-term effects on aquatic ecosystems, human health, and food security (Mustapha et al., 2025). Heavy metals influence the yield and quality of surface water, soil, and agricultural products, including crops, fruits, and vegetables (Seo et al., 2023). Chronic exposure to heavy metals, even at trace concentrations, has been linked to a wide range of adverse health outcomes, including neurological deficits, renal dysfunction, cardiovascular disorders, compromised immune function, skeletal abnormalities, developmental delays in children, and an increased risk of carcinogenesis. These health risks are particularly pronounced in under-resourced communities, where untreated groundwater consumption and limited access to healthcare exacerbate the public health burden (Gupta & Mukhopadhyay, 2025). Thus, it is essential to implement effective pollution control strategies and embrace sustainable practices to reduce exposure and the related health risks (Tripathi et al., 2025). A range of conventional techniques, such as coagulation, osmosis, ion exchange, and chemical precipitation (Gahrouei et al., 2024), are used to reduce high concentrations of various metal ions in wastewater to comply with regulatory standards (Ayach et al., 2024). In addition to the methods mentioned, other technologies are also employed, including membrane filtration, flotation, flocculation, electrochemical processes, advanced oxidation processes (AOPs), phytoremediation and adsorption (Joshi et al., 2026, Akinterinwa & Adebayo, 2018). Neutralization is the most commonly used method for treating wastewater from metalworking. It involves chemical reactions that convert pollutants into harmless compounds for the receiving environment or, for instance, precipitate heavy metal compounds that are poorly soluble (Junuzović et al., 2025). Precipitation is the process by which solid forms through crystallization from a liquid solution, involving two consecutive steps: nucleation and crystal growth (Kowalk-Klimczak, 2025). Precipitation is a process in which contaminants, either dissolved or suspended, are converted into a solid sediment that can subsequently be removed from the liquid through filtration, centrifugation, or other separation methods (Han et al., 2024). The chemical precipitation of metal cations into metal hydroxides can be represented by the reaction: 
M2+ + 2(OH)⁻ ↔ M(OH)2 ↓
where M2+ is the dissolved metal cation, OH⁻ is the alkaline precipitant, and M(OH)2 is the resulting metal hydroxide. Each metal hydroxide has a specific minimum solubility at a particular pH, and any deviation from this optimal pH can cause the metal to remain dissolved. Precipitation is used to remove pollutants from municipal and industrial wastewater, including heavy metals, oils, grease, and phosphates, and can also be applied for water softening (Anagnostopoulos, 2024). Hydroxide precipitation is fundamentally a neutralization method, in which the reaction occurs by adding calcium oxide, calcium hydroxide, sodium carbonate, or sodium hydroxide to the solution (Pohl, 2020). The use of chemical precipitation with sodium hydroxide is favored due to several advantages: (i) ease of operation, (ii) low-cost chemical requirements, and (iii) straightforward process control (iv) tunable pH value (Kartal et al., 2023). It was found that pH values of 9–11 improved this process efficiency (Manoj et al., 2021). Chemical precipitation using lime (Ca(OH)₂) or caustic soda (NaOH) is widely regarded as a cost-effective and practical method for treating wastewaters with high heavy metal concentrations, such as those generated by electroplating and metallurgical industries (Stec et al., 2020). Compared to Ca(OH)2 and Na₂CO3, NaOH exhibited consistently high precipitation performance, particularly for Cu(II) (99.2%), indicating its strong effectiveness as a hydroxide precipitating agent for heavy metal removal (Akinterinwa and Adebayo, 2019). Meng et al., 2022 reported that NaOH is an effective precipitating agent for heavy metal removal from wastewater, achieving 99.76% Ni removal at pH 10 via Ni(OH)₂ formation and enabling Cr(III) removal after prior reduction of Cr(VI) (Meng et al., 2022). Loughlaimi et al. 2024 investigated the precipitation of toxic heavy metals using CaO as a precipitating agent and found that, in addition to pH, the initial concentration of metal ions is another important precipitation parameter (Loughlaimi et al., 2024). In wastewater, heavy metals usually occur at low concentrations, commonly within the range of 1–100 mg/L (Qasem et al., 2021). Zhang and Duan 2020 investigated the influence of dose, pH, and reaction time on the efficiency of precipitation, reporting a heavy metal removal efficiency of up to 99.9% (Zhang & Duan, 2020). Zapien Serrano et al. 2021 investigated the removal efficiency of Fe(III), Zn(II), and Cd(II) ions as a function of pH, initial metal ion concentration, and the dose of the added precipitating agent, finding that removal efficiencies reached 99% for the selected metal ions at pH 10.3 and a mixing time of 15 minutes (Zapien Serano et al., 2021). Benalia et al. 2021 investigated the efficiency of metal ion precipitation using NaOH, Ca(OH)2, and Na2CO3 and found that pH is the most important precipitation parameter (Benalia, et al., 2022). In addition, the effect of the precipitating agent dosage was examined. However, other important process parameters, such as stirring speed and time, were not investigated. Therefore, the aim of this study was to fill the gap in the existing literature by examining the influence of stirring speed and time on the hydroxide precipitation of selected toxic heavy metals, using NaOH as the precipitating agent. The experiments were conducted on both monocomponent solutions of toxic metal ions and binary mixtures.

2. material and methods 

2.1. Chemicals and reagents

For the preparation of the calibration curves, standard solutions with an initial concentration of 1000 mg/L of copper(II) nitrate, lead(II) nitrate, nickel(II) nitrate, and zinc(II) nitrate (Merck, Germany) were used. Simulated wastewater containing monocomponent metal solutions as well as binary metal mixtures was prepared using the following nitrate salts: copper(II) nitrate trihydrate (Pliva, Croatia), lead(II) nitrate (Alkaloid, North Macedonia), nickel(II) nitrate hexahydrate (Semikem, Bosnia and Herzegovina), and zinc(II) nitrate hexahydrate (Kemika, Croatia). The simulated wastewater was prepared on the day of the experimental investigation, with an initial heavy metal concentration of 500 mg/L. All salts used for the preparation of the simulated wastewater were of analytical grade (p.a.>99%). After the precipitation process, samples containing suspensions were filtered through blue- and black-band filter paper with a diameter of 125 mm (Fioroni, France).

2.2. Instrumentation

The residual concentrations of metal ions were determined using a flame atomic absorption spectrophotometer (FAAS; PerkinElmer AAnalyst 200). The pH of the simulated wastewater solutions was adjusted using a pH meter (Crison GLP), while nitrate salts of accurately known metal ion concentrations were weighed using an analytical balance (Kern ADDB, readability 0.001 g).

2.3. General procedure

The batch method was employed to investigate the influence of process parameters of hydroxide precipitation on the removal efficiency of selected metal ions from monocomponent aqueous solutions and binary aqueous mixtures. In 100 mL of heavy metal solutions with an initial concentration of 500 mg/L, a defined amount of 0.1 mol/L NaOH solution was added to adjust the pH. Optimal pH values for individual metal ions and binary mixtures were selected based on the authors’ previous research. For monocomponent solutions of Cu(II) and Ni(II), the optimal pH values were 11.60 and 12.23 (Junuzović, et al., 2019), respectively, while for Pb(II) and Zn(II) they were 11.39 and 10.32. For the binary Pb(II)/Zn(II) mixture, the optimal pH value was 10.96 (Junuzović, et al., 2019), whereas for the binary Cu(II)/Ni(II) mixture, the optimal pH value was determined through preliminary experiments and used in all subsequent investigations of process kinetics, amounting to 11.53. The pH value was maintained constant throughout the study and was not varied for any of the investigated solutions. At optimal pH, the effect of stirring speed (0, 100, 300, and 800 rpm) on the removal efficiency of metal ions from monocomponent solutions and binary mixtures was examined at a constant stirring time of 5 minutes. In addition, the influence of stirring time (0, 15, and 30 minutes) on metal ion removal efficiency was investigated for both monocomponent aqueous solutions and binary mixtures, while the stirring speed was kept constant at 300 rpm.

















3. RESULTS AND DISCUSSION

[bookmark: _Hlk217976373]Fig. 1. Influence of stirring speed on the removal efficiency of selected metals from aqueous monocomponent solutions 

Figure 1 illustrates the effect of stirring speed on the removal efficiency of heavy metal ions from aqueous monocomponent solutions. The influence of stirring speed was investigated at 0, 100, 300, and 800 rpm using a magnetic stirrer for all four metals under identical atmospheric conditions. Cu(II) and Zn(II) ions exhibited similar removal trends across all investigated stirring speeds. At lower stirring rates, the removal efficiencies of these ions were slightly reduced, while an almost linear increase in removal efficiency was observed with increasing stirring speed. The highest removal efficiencies were achieved at 800 rpm, reaching 99.991% for Cu(II) ions and 99.359% for Zn(II) ions. In contrast to Cu(II) and Zn(II), Ni(II) ions displayed a different removal behavior. An increasing removal trend was observed within the srirring speed range of 0–300 rpm, with a maximum removal efficiency of 95.020%, which is lower compared to Cu(II) and Zn(II) ions. At the highest stirring speed (800 rpm), a slight decrease in Ni(II) removal efficiency was recorded, possibly indicating adverse effects of intensive stirring on the stability of the formed precipitate. Pb(II) ions showed the most pronounced dependence of removal efficiency on stirring speed. In the absence of mixing (0 rpm), the lowest removal efficiency of 82.603% was observed, in contrast to the other metals, for which removal efficiencies exceeded 95% for Ni(II) and 99% for Cu(II) and Zn(II) ions under the same conditions. With increasing stirring speed, a continuous improvement in Pb(II) removal efficiency was achieved, with the maximum value of 94.334% obtained at 800 rpm. Although adsorption and precipitation are distinct chemical processes, a similar methodological approach is often applied in experimental studies, in which stirring speed and time have a significant influence on the course and efficiency of both processes. Guided by the above considerations, as well as by the lack of literature investigating the effect of stirring speed on precipitation efficiency, Nurul et al., 2025 examined the influence of solution stirring speed in the range of 90, 100, 110, 120, and 130 rpm on the removal efficiency of Cd(II) ions using Acacia crassicarpa bark powder as an adsorbent. The results showed that increasing the stirring speed led to higher removal efficiency, with a maximum efficiency of 96.93% achieved at a stirring speed of 120 rpm. These results are consistent with those obtained in the present study for monocomponent solutions. The authors reported that higher stirring speeds result in increased kinetic energy and more frequent collisions between the adsorbent and adsorbate, as well as reduced boundary layer resistance, thereby accelerating mass transfer from the solution to the surface of the adsorbent (Nurul, et al., 2025). In the study by Sasan Narkesabad et al., 2023, the effect of stirring speed on the removal efficiency of Pb(II) ions using amidoximated silane-functionalized Luffa cylindrica as an adsorbent was investigated. They found that the highest removal efficiency was achieved at a higher mixing speed (700 rpm), similar to the results obtained in this study, where most metal ions exhibited higher precipitation efficiency at a speed of around 800 rpm (Sasan Narkesabad et al., 2023). Based on these results, it can be concluded that, in addition to pH and initial metal ion concentration, stirring speed represents an important operational parameter in the precipitation process. Higher stirring speeds promote improved contact between metal ions and the precipitating agent, thereby creating more favorable conditions for the formation of insoluble, gelatinous precipitates and enhancing the overall metal removal efficiency. 


Fig. 2. Influence of stirring speed on the removal efficiency of Cu(II)/Ni(II) in binary aqueous solutions



Fig. 3. Influence of stirring speed on the removal efficiency of Pb(II)/Zn(II) in binary aqueous solutions

Figures 2 and 3 present the effect of stirring speed, ranging from 0 to 800 rpm, on the removal efficiency of metal ions from binary aqueous solutions. Figure 2 illustrates the removal efficiency of Cu(II)/Ni(II) ions from a binary aqueous mixture at different stirring speeds. Based on the obtained results, it can be concluded that variations in stirring speed had a negligible influence on the removal efficiency of the investigated metal ions. At all examined stirring speeds, Cu(II) ions exhibited higher removal efficiency compared to Ni(II) ions. The maximum removal efficiency for both ions was achieved at a stirring speed of 100 rpm, while a further increase to 300 rpm resulted in a slight decrease in efficiency. A comparison between the removal efficiencies obtained in monocomponent solutions and binary mixtures reveals different removal trends and interaction behaviors of the metal ions. Cu(II) ions showed higher removal efficiency in monocomponent solutions than in the binary system containing Ni(II) ions, indicating a competitive effect in the mixed system. In contrast, Ni(II) ions exhibited only minor differences in removal efficiency at lower stirring speeds. Moreover, at higher stirring speeds, the removal efficiency of Ni(II) ions was slightly lower in the monocomponent solution compared to the binary mixture. The most pronounced difference was observed at 800 rpm, where the removal efficiency reached 94.947% in the monocomponent solution and 95.519% in the binary system. Unlike the Cu(II)/Ni(II) system, the binary mixture of Pb(II)/Zn(II) ions demonstrated improved removal efficiencies for both metals compared to their respective monocomponent solutions across all investigated stirring speeds. Pb(II) ions exhibited enhanced removal efficiency in the presence of Zn(II) ions, suggesting a favorable interaction or reduced competition between these ions. Furthermore, Zn(II) ions showed consistently high removal efficiencies exceeding 99% in both monocomponent and binary aqueous systems. In this binary system, the highest removal efficiencies for both metals were achieved at the maximum stirring speed of 800 rpm, amounting to 98.634% for Pb(II) ions and 99.293% for Zn(II) ions, respectively. Chouchane et al., 2023 investigated the effect of solution stirring speed on the adsorption efficiency of Mn(II) ions using blast furnace slag (BFS) and kaolin (KGA) in the range of 100 to 300 rpm. The results show that the highest adsorption efficiency was achieved at 150 rpm, which the authors explained by better homogenization at lower speeds, while at higher speeds (200–300 rpm), fragmentation of the precipitate and redistribution of particles occurred. Applying this to the current study, we observe a similarity: for the binary Cu(II)/Ni(II) mixture, the highest removal efficiency was achieved at 100 rpm, and further increases in stirring speed led to the dissolution of the formed precipitate (Chouchane et al., 2023).

Fig. 4. Influence of stirring time on the removal efficiency of selected metals from aqueous monocomponent solutions

Figure 4 illustrates the effect of stirring time on the removal efficiency of selected metal ions from a monocomponent solution. The influence of stirring duration (0, 15, and 30 minutes) was investigated at a constant stirring rate. The removal efficiency of Ni(II) ions exhibited a slight, approximately linear increase with prolonged stirring time. The highest removal efficiency of Ni(II) ions, 95.477%, was achieved at the longest mixing duration of 30 minutes. A similar trend was observed for Pb(II) ions, where extended stirring time resulted in higher removal efficiency, reaching a maximum of 90.043% after 30 minutes of stirring. In contrast to Ni(II) and Pb(II) ions, Cu(II) and Zn(II) ions demonstrated a different removal pattern from monocomponent solutions. The highest removal efficiencies for these ions were observed at a mixing time of 15 minutes, amounting to 99.99% for Cu(II) ions and 99.357% for Zn(II) ions. Further extension of the stirring duration led to a slight decrease in the removal efficiency of these metal ions. Selimović et al., 2026 reported that extending the mixing duration from 0 to 5 minutes during precipitation with hydrated lime significantly enhanced the removal efficiency of Cd(II) ions (Selimović et al., 2026).


[bookmark: _Hlk217992784]Fig. 5. Influence of stirring time on the removal efficiency of Cu(II)/Ni(II) in binary aqueous solutions


Fig. 6.  Influence of stirring time on the removal efficiency of Pb(II)/Zn(II) in binary aqueous solutions

The removal efficiency of Cu(II) and Ni(II) ions from a binary Cu(II)/Ni(II) mixture was investigated at stirring times of 0, 15, and 30 minutes. In contrast to monocomponent solutions, Cu(II) and Ni(II) ions in the binary system exhibited lower removal efficiencies under the same experimental conditions, indicating the presence of competitive interactions between the coexisting metal ions. The highest removal efficiency of Cu(II) ions was achieved after 30 minutes of stirring and amounted to 94.118%, which is significantly lower than the value obtained in the monocomponent solution. Furthermore, a longer stirring time was required to reach the maximum removal efficiency of Cu(II) ions compared to the monocomponent system. For Ni(II) ions, a slightly higher removal efficiency was observed compared to Cu(II) ions, and the optimal value was achieved at a shorter stirring time. Unlike the monocomponent Ni(II) solution, where extended stirring times led to improved removal efficiency, the binary mixture reached its optimal Ni(II) removal after 15 minutes, albeit with a slightly lower efficiency. Based on these results, it can be concluded that in binary systems it is not possible to achieve high removal efficiencies for both metals at the same stirring duration. However, these findings demonstrate the potential for selective separation of Ni(II) and Cu(II) ions by applying different stirring times, thereby enabling more effective control and subsequent management of the metal fractions following the precipitation process. In contrast to the previously examined binary mixture, higher removal efficiencies of metal ions were achieved in the Pb(II)/Zn(II) binary system, as shown in Figure 6. Prolongation of the stirring time resulted in more efficient removal of both Pb(II) and Zn(II) ions from the binary solution. At a stirring duration of 15 minutes, removal efficiencies of 99.187% for Pb(II) ions and 99.050% for Zn(II) ions were achieved, respectively. Compared to the monocomponent system, a significantly higher removal efficiency of Pb(II) ions from the binary mixture with Zn(II) ions was attained at a shorter stirring time. However, this trend was not observed for Zn(II) ions, for which higher removal efficiencies were obtained in the monocomponent solution than in the Pb(II)/Zn(II) binary mixture at the same stirring duration. Unlike the previously studied binary system (Figure 5), Pb(II) and Zn(II) ions can be simultaneously removed with high efficiency at the same stirring time. Available literature indicates that heavy metal ions in binary mixtures exhibit ion-specific optimal contact times for maximum removal efficiency when Na2CO3 is used as the precipitating agent, with Cu(II)/Pb(II) generally achieving higher removal at longer mixing durations, while Ni(II)/Zn(II) reach optimal efficiency at shorter or even zero contact times (Junuzović et al., 2025). Šestan et al., 2025 investigated the effect of mixing time (5, 10, 20, and 60 min) on the adsorption efficiency of Cu(II), Cr(III), and Ni(II) ions at constant stirring speed and pH, with an initial metal ion concentration of 100 mg/L. The results showed that high removal efficiency for all three ions was achieved within the time interval of 0 to 20 minutes, with a slight decrease in efficiency at 10 minutes of mixing. Although this was an adsorption system, the results highlight the importance of investigating mixing time as a key factor in process kinetics to achieve optimal removal efficiency.  In the present study, where the precipitation process in binary mixtures was investigated, the maximum removal efficiency was achieved at a mixing time of 10 minutes, while differences in the optimal time can be attributed to the different removal mechanism and interactions between ions in the binary system (Šestan et al., 2025). Pan et al., 2020 investigated the effect of mixing time (0, 0.5, 1, 3, 5, 10, 20, 30, 60, and 120 min) on the removal efficiency of selected metal ions. They found that the fastest adsorption occurred within the first 20 minutes, while further prolongation of mixing time led to a slower increase in removal efficiency. In comparison with the results obtained in the present study, it was observed that Ni(II), Pb(II), and Zn(II) ions reached their maximum removal efficiency at 15 minutes of mixing (Pan et al., 2020).





3.1. Statistical analyses

For the statistical analysis, the mean values of triplicate measurements were used, as the deviations between individual measurements were minimal. Therefore, a two-way analysis of variance without replication was applied. Although this approach allows for the comparison of the main effects of the factors, it does not account for internal experimental variability, which represents a limitation of this analysis.

	
	Table 1. Results of the two-way analysis of variance (ANOVA) without replication assessing the influence of metal type and stirring speed on removal efficiency in monocomponent metal solutions

	
	
	
	
	
	
	
	

	
	SUMMARY
	Count
	Sum
	Average
	Variance
	
	

	
	Cu
	4
	399.784
	99.946
	0.006519
	
	

	
	Ni
	4
	379.097
	94.77425
	0.235075
	
	

	
	Pb
	4
	353.424
	88.356
	24.66708
	
	

	
	Zn
	4
	397.267
	99.31675
	0.002811
	
	

	
	
	
	
	
	
	
	

	
	0
	4
	376.68
	94.17
	64.06279
	
	

	
	100
	4
	380.966
	95.2415
	37.73085
	
	

	
	300
	4
	384.195
	96.04875
	21.95539
	
	

	
	800
	4
	387.731
	96.93275
	10.10688
	
	

	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	ANOVA
	
	
	
	
	
	

	
	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	
	Rows
	343.4373
	3
	114.4791
	17.72415
	0.000406
	3.862548

	
	Columns
	16.60404
	3
	5.534679
	0.856903
	0.497597
	3.862548

	
	Error
	58.13041
	9
	6.458934
	
	
	

	
	
	
	
	
	
	
	

	
	Total
	418.1718
	15
	
	
	
	


The two-way ANOVA without replication indicated that the type of metal had a statistically significant effect on removal efficiency (F =17.72 > Fcrit=3.86; p=0.00041), whereas the effect of stirring speed within the investigated range was not statistically significant (p= 0.498). Among the metals, Pb(II) exhibited the lowest average removal efficiency, while Cu(II) and Zn(II) showed high and stable efficiencies with minimal variability. Ni(II) displayed intermediate values. Although stirring speed and time did not show statistically significant effects on removal efficiency according to ANOVA, practical observations suggest that they influence mass transfer, stirring efficiency, and precipitate stability. Higher stirring speeds tended to improve the uniformity of the solution and the dispersion of precipitates, which can contribute to slightly higher removal efficiencies, even if these effects are not statistically significant. These practical trends should be considered when designing and optimizing the process.
	Table 2. Results of the two-way analysis of variance (ANOVA) without replication assessing the influence of metal type and stirring time on removal efficiency in monocomponent metal solutions.

	
	
	
	
	
	

	SUMMARY
	Count
	Sum
	Average
	Variance
	
	

	Cu
	3
	299.861
	99.95367
	0.005385
	
	

	Ni
	3
	285.905
	95.30167
	0.025457
	
	

	Pb
	3
	268.736
	89.57867
	0.253816
	
	

	Zn
	3
	298.056
	99.352
	1.9E-05
	
	

	
	
	
	
	
	
	

	0
	4
	384.034
	96.0085
	22.4037
	
	

	15
	4
	383.662
	95.9155
	25.39197
	
	

	30
	4
	384.862
	96.2155
	20.91116
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Rows
	205.7398
	3
	68.57993
	1080.873
	1.37723E-08
	4.757063

	Columns
	0.188664
	2
	0.094332
	1.486745
	0.29893003
	5.143253

	Error
	0.380692
	6
	0.063449
	
	
	

	
	
	
	
	
	
	

	Total
	206.3091
	11
	
	
	
	


The results of the two-way ANOVA without replication showed that the type of metal had a statistically significant effect on removal efficiency (F=1080.87; p<0.001), whereas contact time in the range of 0–30 min did not have a statistically significant effect (p=0.299). The observed differences in removal efficiency among the metals are associated with their distinct chemical properties and their tendency toward hydroxide precipitation, with Pb(II) exhibiting the lowest efficiency values. Although contact time was not statistically significant within the investigated interval, the consistently high removal efficiencies at all examined times suggest that precipitation occurs rapidly and that near-equilibrium conditions are likely established in the early stages of the process.




	Table 3. Results of the two-way analysis of variance (ANOVA) without replication assessing the influence of metal type and stirring speed on removal efficiency in binary mixtures

	
	
	
	
	
	
	

	SUMMARY
	Count
	Sum
	Average
	Variance
	
	

	Cu+Ni
	4
	383.5765
	95.89413
	0.001989
	
	

	Pb+Zn
	4
	395.1955
	98.79888
	0.028875
	
	

	
	
	
	
	
	
	

	0
	2
	194.567
	97.2835
	3.9762
	
	

	100
	2
	194.883
	97.4415
	4.383761
	
	

	300
	2
	194.488
	97.244
	3.767513
	
	

	800
	2
	194.834
	97.417
	4.783325
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Rows
	16.87515
	1
	16.87515
	1419.974
	4.11E-05
	10.12796

	Columns
	0.056941
	3
	0.01898
	1.597117
	0.354931
	9.276628

	Error
	0.035652
	3
	0.011884
	
	
	

	
	
	
	
	
	
	

	Total
	16.96774
	7
	
	
	
	


In the case of binary mixtures, the two-way ANOVA without replication showed a statistically significant effect of mixture type on removal efficiency (p<0.001), whereas the effect of stirring speed within the investigated range was not statistically significant (p=0.355). The Pb(II)/Zn(II) mixture exhibited higher average removal efficiency values compared to the Cu(II)/Ni(II) mixture. Although the differences in mean values are pronounced, the results should be interpreted with caution, considering the limitations of the analysis without replication and the small number of degrees of freedom.
	Table 4. Results of the two-way analysis of variance (ANOVA) without replication assessing the influence of metal type and stirring time on removal efficiency in binary mixtures.
	

	
	
	
	
	
	
	

	SUMMARY
	Count
	Sum
	Average
	Variance
	
	

	Cu+Ni
	3
	282.603
	94.201
	4.73E-05
	
	

	Pb+Zn
	3
	297.0455
	99.01517
	0.012769
	
	

	
	
	
	
	
	
	

	0
	2
	193.094
	96.547
	11.02151
	
	

	15
	2
	193.3135
	96.65675
	12.12043
	
	

	30
	2
	193.241
	96.6205
	11.63549
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	

	Source of Variation
	SS
	df
	MS
	F
	P-value
	F crit

	Rows
	34.7643
	1
	34.7643
	5297.182
	0.000189
	18.51282

	Columns
	0.012508
	2
	0.006254
	0.952916
	0.512055
	19

	Error
	0.013126
	2
	0.006563
	
	
	

	
	
	
	
	
	
	

	Total
	34.78993
	5
	
	
	
	



The analysis of the effect of stirring time on removal efficiency in binary mixtures showed a statistically significant effect of mixture type (p<0.001), whereas stirring time in the range of 0–30 min did not have a statistically significant influence (p=0.512). The Pb(II)/Zn(II) mixture achieved higher average removal efficiencies compared to the Cu(II)/Ni(II) mixture, with very low variability in the results. These findings indicate that differences in efficiency primarily arise from the chemical nature of the metals in the mixture, while extending the contact time does not contribute to a significant improvement of the process within the investigated range. Given the limited degrees of freedom and the absence of replication, these results should be interpreted with appropriate caution.

4. Conclusion

The study demonstrated that operational precipitation parameters, particularly stirring speed and time, have a significant impact on the efficiency of heavy metal hydroxide precipitation from aqueous solutions. higher stirring speeds enhance the contact between the precipitating agent and metal ions, while longer stirring times further improve removal. The results indicate that optimization of these parameters can substantially increase the efficiency of wastewater treatment, which is especially important in developing countries where the application of advanced technologies is often not feasible. These findings can serve as a basis for further research and the development of practical, cost-effective methods for treating waters contaminated with heavy metals.
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