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Abstract: This study investigates the efficiency of a hybrid coagulation–flocculation process for the
treatment of industrial wastewater from the steel industry. The novel method combines a natural
coagulant, processed Rosehip Seed Powder (RSP), with a chemical coagulant, aluminum chloride
(AlCl3), across varying concentrations and pH levels. The study simulated the pH 8 conditions of
iron and steel industrial wastewater and examined the removal of heavy metals, total suspended
solids (TSS), chemical oxygen demand (COD), and ammonia–nitrogen (NH3-N). At pH 8, the optimal
coagulant dosage was determined to be 0.75:0.75 (g/g) of RSP/AlCl3 powder, resulting in high
removal efficiencies across several parameters: 88.29% for COD, 91.85% for color, 99% for TSS, 93.11%
for NH3-N, 94.3% for Mn, 98.5% for Fe, 96.7% for Zn, and 99.3% for Ni. The pH optimization
demonstrated high removal efficiencies without pH adjudication. The removal of heavy metals at
pH 8 demonstrated high efficiencies, with Mn, Fe, Zn, and Al achieving 99.00%, 90.6%, 95.73%, and
92.3%, respectively. These results suggest that no pH adjustment is required when using RSP/AlCl3
for the treatment of iron and steel industry wastewater through the coagulation method.

Keywords: heavy metal removal; natural coagulant; hybrid RSP/AlCL3; optimum dosage; industrial
wastewater

1. Introduction

Industrial processes, particularly within the iron and steel (IS) sector, have historically
generated substantial quantities of wastewater characterized by a complex matrix of con-
taminants, including heavy metals, organic compounds, and suspended solids [1,2]. The
efficient treatment of such industrial effluents is paramount, not only to meet regulatory
requirements but also to mitigate environmental impacts and ensure the sustainability of
water resources [3,4]. In this context, coagulation and flocculation processes have emerged
as essential techniques for industrial wastewater treatment, offering the potential to en-
hance treatment efficiency [5,6]. Other methods commonly used in wastewater treatment
include sedimentation, biological processes such as activated sludge or biological filters,
chemical oxidation or reduction, membrane filtration (such as ultrafiltration or reverse
osmosis), and advanced oxidation processes (AOPs) like ozone or UV treatment. Each
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method has advantages and applications depending on the specific contaminants and
treatment goals.

Wastewater generated by the iron and steel (IS) industries poses a significant envi-
ronmental challenge due to its complex composition and potential for severe ecological
impacts. This industrial effluent often contains elevated concentrations of heavy metals,
including iron (Fe), zinc (Zn), manganese (Mn), aluminum (Al), and nickel (Ni). In addition
to these metallic elements, the effluent typically contains substantial concentrations of
organic compounds, suspended particles, and other pollutants. These complex mixtures
pose significant environmental risks, as improper handling can lead to detrimental effects
on ecosystems and public health. To ensure the removal of both metal ions and organic
impurities, addressing this diverse range of pollutants requires an efficient and effective
treatment approach [7]. When discharged without proper treatment, these contaminants
can pollute natural water bodies, disrupt aquatic ecosystems, and pose serious health risks
to humans and wildlife. Heavy metals can accumulate in aquatic organisms, entering the
food chain and resulting in bioaccumulation, which has far-reaching consequences [8].

To mitigate these environmental hazards, effective treatment methods are essential to
propose. Coagulation and flocculation processes have emerged as vital tools for removing
impurities from industrial wastewater, particularly from the IS industry [9]. Coagulation
and flocculation have been recognized as essential processes in wastewater treatment.
Coagulants destabilize colloidal particles and microorganisms, enabling their aggregation
into larger flocs. Subsequent flocculation promotes the formation of larger, settleable
particles that can be easily separated from the treated water. In this regard, the coagulation–
flocculation process relies on the suitable selection of coagulants and the optimization of
operational parameters to achieve desirable removal efficiencies [5].

While the coagulation–flocculation process is a well-established approach, a pressing
need exists to enhance its efficiency and environmental compatibility. Conventional chemi-
cal coagulants, such as aluminum salts, are effective but may introduce additional chemical
residues into the treated water and require additional treatment steps [10]. Furthermore,
the increasing focus on sustainability has driven the exploration of eco-friendly coagulant
alternatives [11]. One promising method is the utilization of natural coagulants derived
from plant sources, which possess inherent advantages, including biodegradability and
low environmental impacts [12]. Among these natural coagulants, plant-based coagulants
stand out due to their rich composition of bioactive compounds and their coagulation
potential [13]. However, the practical application of these compounds alone in wastewater
treatment has limitations, prompting the investigation of hybrid coagulation approaches
that combine the strengths of both natural and chemical coagulants [14].

Conventional coagulants like aluminum chloride (AlCl3) have been widely employed
due to their proven efficacy in destabilizing colloidal particles and microorganisms [15].
Nevertheless, concerns regarding the environmental footprint and the generation of resid-
ual sludge have prompted the search for alternative coagulants with improved sustainabil-
ity profiles [16]. Natural coagulants derived from plant materials have gained attention for
their potential to address these concerns [17]. RSP, obtained from RS, is one such natural
coagulant. Studies have highlighted its coagulation potential attributed to its unique com-
position, including tannins, pectin, and polysaccharides, which facilitate the bridging and
adsorption mechanisms during coagulation–flocculation [12].

Moreover, recent research has demonstrated that the synergistic combination of nat-
ural and chemical coagulants can yield superior treatment outcomes [18]. The hybrid
coagulation approach capitalizes on each coagulant type’s strengths while mitigating its
weaknesses [19]. In the context of natural coagulants and AlCl3, this hybrid strategy aims
to enhance removal efficiencies and reduce the environmental impact of the treatment
process. Abu Amr et al. [12] explored the use of a hybrid coagulant, combining date stone
powder (DSP) and aluminum chloride (AlCl3), to effectively remove heavy metals from
industrial wastewater. Traditional chemical coagulants, though effective, produce toxic
sludge, making natural alternatives like DSP more appealing due to their sustainability,
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cost-effectiveness, and safety [20]. The study optimized the DSP/AlCl3 dosage (7:1 g/g)
and pH, achieving high removal efficiencies for contaminants such as COD, TSS, and
heavy metals at pH 8 without needing pH adjustment. The results highlight the method’s
potential as a viable, eco-friendly alternative, though further research is needed to assess
scalability. Despite the promise of hybrid coagulation, there remains a research gap in
understanding the optimal conditions and mechanisms governing the synergy between
natural coagulants and AlCl3 [21]. Furthermore, few studies have been conducted on
how pH influences the hybrid coagulation process or the capacity of RSP to buffer pH
changes during treatment. Further investigation is needed to understand the impact of
pH fluctuations on the overall effectiveness of the coagulation process and to determine
whether RSP can serve as a stabilizing agent to maintain optimal pH levels during treat-
ment. Such insights are crucial for optimizing the procedure to enhance pollution removal
and treatment efficacy.

This study addresses the research gap by systematically evaluating the effectiveness
of a hybrid coagulation–flocculation process using RSP and AlCl3 for treating IS industry
wastewater. This study assesses key parameters—COD, TSS, NH3-N, and heavy metals
(Mn, Fe, Zn, Al, and Ni)—across various pH conditions. The research highlights the
potential of RSP to mitigate the environmental impact of conventional chemical coagulants
and optimizes coagulant dosages and pH ranges for maximum removal efficiencies.

2. Materials and Methods
2.1. Steel and Iron (IS) Industry Wastewater Collection and Characterization

Wastewater from the Karabuk Iron and Steel Factory in Karabuk City, Turkey, served
as the main experimental medium for this study. To gather wastewater, grab samples had
to be taken straight from the source, without any dilution. The samples were promptly
kept in a refrigerated environment at a controlled temperature of 4 ◦C to maintain their
purity and integrity. Until they were used in tests at the Department of Environmental
Engineering, Faculty of Engineering, Karabuk University, Turkey, the samples were kept
under these conditions. Table 1, presented herein, presents comprehensive insights into
the compositional characteristics of the wastewater utilized in the experimental investiga-
tions. These details offer a valuable snapshot of the wastewater’s composition as essential
reference data for the study’s analytical and treatment processes.

Table 1. Characteristics of wastewater.

Industrial Wastewater Parameters Units Results

pH -- 8
Color Pt-Co 865.6
TSS mg/L 110

COD mg/L 840.24
NH3-N mg/L 42.8

Manganese “Mn” mg/L 6.27
Iron “Fe” mg/L 5.30
Zinc “Zn” mg/L 5.44

Aluminum “Al” mg/L 0.38
Nickel “Ni” mg/L 0.15

Furthermore, it is pertinent to note that the pH levels of the wastewater samples
were actively controlled and regulated throughout the experimentation phase. This pH
regulation was meticulously carried out by judiciously applying a 1 N H2SO4/NaOH
solution. This control mechanism ensured that the pH conditions remained consistent and
conducive to the study’s specific objectives, thereby maintaining the experimental rigor
and integrity essential to the research outcomes.
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2.2. RSP Coagulant Preparation

High-quality RSs were carefully selected from a forest near Karabuk University in
Turkey. The seeds underwent a rigorous preparation process to ensure their suitability for
the study. Initially, any adhering flesh from the RSs was meticulously removed through
a thorough rinsing procedure utilizing distilled water. Subsequently, the cleaned seeds
were subjected to a precise drying process to achieve optimal dryness. Initially, they
were allowed to air-dry at ambient room temperature, followed by a more controlled
drying phase. During this phase, the seeds were placed in an oven for 8 h, maintaining
a constant temperature of 50 ± 1 ◦C. This meticulous drying regimen guaranteed the
complete elimination of moisture, rendering the seeds ideal for further processing. The next
stage involved manually de-husking the dried RSs, followed by a finely detailed grinding
process utilizing a laboratory mortar. This process effectively reduced the seeds into fine
particles. For the final refinement, a specialized grinder, specifically the Retsch RS 200, was
employed to further process the crushed rosehip seed stones. This step yielded a consistent
and homogeneous powder characterized as RSP. The resulting powder, with its uniform
and delicate texture, served as a natural coagulant of choice for the wastewater treatment
procedures conducted in this study. This naturally derived coagulant was instrumental
in facilitating the coagulation–flocculation process, contributing to the study’s research
objectives and enhancing the eco-friendly approach to wastewater treatment (refer to
Figure 1 for a visual representation).
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Figure 1. Rosehip seeds and powder.

2.3. Chemicals

It is important to emphasize that all chemicals used in this research were of top
analytical grade, ensuring maximum precision and reliability in the experimental processes.
In particular, Sigma-Aldrich Chemical Co., a renowned and trustworthy supplier situated
in St. Louis, MI, USA, provided the following chemicals: 98% sulfuric acid (H2SO4), 95%
pellets sodium hydroxide (NaOH), and 99% aluminum chloride (AlCl3). The use of such
high-quality chemicals guaranteed strict adherence to scientific standards, reinforcing the
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accuracy and dependability of the experimental results, and lending credibility to the
study’s findings.

2.4. Experiment Procedures

An orbital shaker (model: PSU-10i, Serial No.: 010144-1404-0228, made in Latvia) was
used to precisely conduct the coagulation–flocculation studies. Rosehip coagulant (1 g/L),
as previously studied by [22], was combined with different amounts of aluminum chloride
(AlCl3) (0.5, 1, 1.5, 2, and 2.5 g) and mixed with 1 L of wastewater from the iron–steel
industry to systematically evaluate the effects of coagulant dosage. To ensure precision and
uniformity throughout the testing, 500 mL beakers were carefully selected as experimental
vessels. The parameters guiding the experimental design were thoughtfully determined
through a comprehensive review of the literature. Within each experimental trial, a volume
of 200 mL of the sample was meticulously transferred into a 500 mL beaker, which was
then securely positioned on the shaker plate.

The coagulation process was initiated with a rapid mixing phase, characterized by a
stirring speed of 200 revolutions per minute (rpm), maintained for 5 min. Subsequently,
this was followed by a gentler and more prolonged mixing phase, operating at a speed
of 90 rpm for 30 min as discussed by [23]. Following these mixing steps, the beakers
were allowed to undergo a settling phase lasting 30 min. Whatman circle ashless/white
ribbon filter paper was chosen for filtration to guarantee the efficient removal of impurities
and produce a cleared sample. A clean, transparent sample was obtained through this
painstaking procedure, and it was subsequently put through a thorough battery of tests.
Several important characteristics were assessed in these tests, such as the concentrations
of heavy metals like iron (Fe), manganese (Mn), aluminum (Al), nickel (Ni), and zinc
(Zn), as well as (TSS), (NH3-N), and (COD). Because this was the starting pH of the
wastewater collected from the iron–steel (IS) industry, all evaluations were conducted
at this natural pH of 8. An exhaustive and methodical evaluation of the coagulation–
flocculation process’s effectiveness in treating industrial wastewater was made possible by
this scientific approach.

In this study, a synergistic approach was employed, combining a hybrid natural
coagulant, specifically processed RSP, with a chemical coagulant, AlCl3, across a range
of concentrations. The pH level was additionally recognized as a pivotal factor in the
experimental design. To comprehensively assess the treatment efficiency, each unique
combination of the natural and chemical coagulants at their optimal concentrations was
subjected to varying pH conditions, spanning from a low of 4 to a high of 11. This extensive
pH adjustment was meticulously executed utilizing 0.1 N solutions of both NaOH and
H2SO4. By systematically varying the pH within this broad spectrum, the study aimed to
elucidate the influence of pH on the coagulation process, particularly in the context of the
hybrid coagulant system. This rigorous and well-structured experimental approach allowed
for a detailed exploration of the interaction between coagulant types, concentrations, and
pH levels, ultimately contributing to a comprehensive understanding of the coagulation–
flocculation process’s efficiency in treating industrial wastewater.

2.5. Analytical Methods

The efficacy of the combination coagulation–flocculation technique was assessed in
detail by the examination of multiple critical parameters, such as COD, NH3-N, TSS, and
the amounts of heavy metals including Fe, Mn, Zn, Al, and Ni included in the wastewater,
which had a pH of 8 initially. Table 2 outlines the standard procedures for the examination
of water and wastewater, which were adhered to for measuring all chemical and physical
parameters. A 1 N sulfuric acid (H3SO4) or sodium hydroxide (NaOH) solution was used
to carefully monitor and modify the pH levels of the samples during the experiment,
guaranteeing exact conditions for reliable results (Veli et al. [21]). To ensure the accuracy
and reliability of the analytical results, all chemical and physical parameters were subjected
to rigorous measurement processes in strict accordance with the standard methods for
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the examination of water and wastewater, as outlined in the specifications provided in
Table 2. These standardized analytical methods are well established in environmental
engineering and provide a robust framework for obtaining precise and consistent data.
Throughout the experiments, the pH of the wastewater samples was actively monitored
and regulated to maintain the desired pH conditions. This was expertly achieved by
meticulously using a 1 N H2SO4/NaOH solution, ensuring that the pH levels remained
within the predefined range suitable for the experimental objectives. This pH control
mechanism further exemplifies the dedication to maintaining the integrity and reliability
of the experimental procedures and data generated in this study, reaffirming the scientific
rigor underpinning the research.

Table 2. Characterization parameters and methods.

Parameters Method

pH pH meter
Color (Pt-Co) SM 2120 C
TSS (mg/L) SM 2540 D

COD (mg/L) ASTM D1252-A
NH3-N (mg/L) TS EN ISO 11732

Manganese “Mn” (mg/L) TS EN ISO 11885
Iron “Fe” (mg/L) TS EN ISO 11885
Zinc “Zn” (mg/L) TS EN ISO 11885

Aluminum “Al” (mg/L) TS EN ISO 11885
Nickel “Ni” (mg/L) TS EN ISO 11885

To determine the removal of efficiency of various investigated parameters, Equation (1)
was employed. This formula accounts for the final concentration of the wastewater after
treatment as well as the initial concentration of the raw industrial wastewater sample.

Percentage Removal (%) =

[
1 −

(Ci − C f

Ci

)]
∗ 100 (1)

where Ci was the concentration before treatment (influent), and Cf was the concentration
after treatment of each parameter (effluent).

3. Results and Discussion
3.1. RSP/AlCl3 Dosage Effects

The influence of various dosages of the hybrid coagulant was examined in order to
evaluate the efficacy of hybrid coagulation in the treatment of wastewater. Several studies
were conducted employing different dosages of aluminum chloride (AlCl3) at doses of 0.5 g,
1 g, 1.5 g, 2 g, and 2.5 g in conjunction with an ideal concentration of Rosehip Seed Powder
(RSP) coagulant (1 g/L) [4]. A single liter of wastewater gathered from the iron and steel
sector was used to prepare these mixes. An orbital shaker was used to stir the mixes under
the precise circumstances indicated in Section 2.3 to guarantee homogeneity. The goal was
to determine the hybrid coagulant dosage that would produce the best removal efficiency
during the treatment. As previously observed by [24], it is essential to acknowledge that
the surface charge of the coagulant plays a substantial role in influencing coagulation
performance, chiefly due to its mass. Therefore, a critical facet of this investigation involves
the economic optimization of the coagulant dosage, the determination of the requisite mass
for potential scale-up, and the subsequent design of large-scale equipment.

The research outcomes yielded intriguing insights into the influence of varying
RSP/AlCl3 dosages on the removal efficiencies of key parameters in the industrial wastewa-
ter treatment process. Most notably, it was evident that changes in RSP/AlCl3 dosages had
negligible effects on the removal efficiencies of TSS, color, and NH3-N, as these parameters
consistently maintained high removal rates, specifically 100%, 90%, and 95%, respectively,
across all investigated RSP/AlCl3 dosages. However, the influence of RSP/AlCl3 dosages
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on COD removal was markedly distinct. The COD removal efficiency exhibited notable
sensitivity to RSP/AlCl3 dosage variations. At a 1.0/0.5 RSP/AlCl3 dosage, the COD
removal efficiency stood at approximately 70%. Remarkably, as the RSP/AlCl3 dosage
increased to 1.0/1.0, the COD removal efficiency significantly improved, reaching 90%.
However, the subsequent escalation of AlCl3 dosage resulted in a sharp decline in COD
removal efficiency, plummeting to approximately 65%. This intriguing pattern in COD
removal underscores the complex interplay between RSP and AlCl3 dosages and their
impact on treatment efficacy. The initial enhancement in COD removal with an increased
RSP/AlCl3 dosage suggests that the hybrid coagulant system effectively targeted the or-
ganic pollutants responsible for COD. Nonetheless, as AlCl3 dosage continued to rise,
it seemingly led to counter-destabilization effects, causing a reduction in COD removal
efficiency. This phenomenon aligns with the findings reported by [25].

Adsorption-bridging mechanisms are the main driving force behind the coagulation
process that uses the hybrid coagulant. Through charge neutralization—which successfully
neutralizes the charges of suspended particles and promotes their aggregation—the Rosehip
Seed Powder (RSP) component is crucial in this situation. In contrast, when aluminum
chloride (AlCl3) is added to a water sample, it causes a hydrolysis reaction that results in
positively charged species that further encourage coagulation by generating flocs. This dual-
action process increases the overall coagulation efficiency by fusing the hydrolytic activity of
AlCl3 with the charge-neutralizing qualities of RSP [26]. Charge neutralization, also known
as electrostatic interaction, and sweep coagulation, also known as co-precipitation, are the
two main mechanisms via which the coagulation process is generally considered to function.
The process of charge neutralization entails balancing the electrical charges of suspended
particles, which causes them to aggregate and eventually separate from the solution. On
the other hand, sweep coagulation describes the action of coagulants creating precipitates
that move through the water and pick up suspended particles. These mechanisms, which
have a wealth of literature supporting them, are essential for improving the effectiveness of
water treatment [27]. The coagulation process mediated by RSP can be elucidated through
the charge neutralization mechanism, whereby the electrical charges of the coagulant and
the suspended particles are balanced. Conversely, in the case of sweep coagulation, when
AlCl3 is dosed into the water sample, it undergoes a hydrolysis reaction, instigating a
cascade of chemical transformations. These mechanisms collectively contribute to the
coagulation process by facilitating the aggregation and subsequent removal of impurities
from the water sample [28].

Examining the impact of different hybrid coagulant dosages on the elimination of
COD, color, TSS, and NH3-N from wastewater coming from the iron–steel (IS) sector was
the goal of this study. These experiments were conducted at an initial pH of 8, and Figure 2
shows the visual representation of the results. With a hybrid coagulant dosage of 1:1 (g/g),
the highest removal efficiency was recorded, with removal rates of 88.29% for COD, 91.85%
for color, 99.00% for TSS, and 93.11% for NH3-N. To put things in perspective, these results
were contrasted with the removal efficiencies obtained via RSP alone, as shown in a prior
study. This comparison demonstrates how well the hybrid coagulant performs in terms of
improving the treatment efficiency for several important wastewater characteristics [12].

The findings demonstrated that utilizing the hybrid coagulant led to an enhancement
in removal efficiency ranging from 2.2% to 14.2%, contingent upon the specific parameter
being considered, as illustrated in Figure 3. Notably, the efficacy of color removal exhibited
a substantial improvement of 8.3% when utilizing a hybrid dosage of 1:1 (g/g) compared
to RSP alone. Furthermore, the effectiveness of NH3-N removal displayed a significant
increase of 14.2% with the exact hybrid dosage, underscoring the notable improvement
achieved through hybrid coagulation in this context. On the other hand, when using the
same 1:1 (g/g) hybrid coagulant dosage, the improvement in COD elimination was just
2.2% higher. This implies that the dosage of the hybrid coagulant affects NH3-N pollutants
more strongly than COD elimination. Notably, removal effectiveness dropped when the
hybrid coagulant dosage was increased above the 1:1 (g/g) ratio. This decrease suggests
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that there may have been a coagulant overload throughout the treatment, which could
have reduced efficacy.
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Figure 3. Comparison of the effects of RSP and RSP/AlCl3 dosages on the removal of COD, color,
TSS, and NH3-N (pH: 8).

In general, it is important to remember that the quantity of adsorption sites that are
available for bridging colloidal particles gradually decreases as the dose of AlCl3 increases.
This decrease happens because of AlCl3’s propensity to coat the natural coagulant’s surface
and reduce the number of sites that can be used for efficient bridging. This result causes a
considerable drop in total removal efficiency, as seen in Figure 2 and validated by another
study [29,30].
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Figure 4 provides a visual representation of the optimal dosage of the hybrid coag-
ulant identified in our study, which was determined to be 1:1 (g/g). This ratio achieved
the highest levels of efficiency in removing various contaminants from wastewater. The
removal efficiencies at this optimal dosage were as follows: 94.3% for manganese (Mn),
98.5% for iron (Fe), 96.7% for zinc (Zn), 73.7% for aluminum (Al), and 99.3% for nickel
(Ni). Figure 4 highlights the effectiveness of the 1:1 (g/g) coagulant dosage in addressing a
range of contaminants, demonstrating that this ratio is particularly effective in optimizing
the removal process. The substantial removal efficiencies achieved for each contaminant
underscore the efficacy of the hybrid coagulant at this specific dosage. This study’s findings
revealed an interesting trend in the context of varying RSP/AlCl3/dosages and their influ-
ence on the removal efficiencies of specific heavy metals, including Mn, Fe, Al, Ni, and Zn.
Remarkably, for manganese, iron, aluminum, and nickel, RSP/AlCl3 dosage alterations had
no discernible effects on their removal efficiencies. These removal rates remained relatively
consistent across the investigated range of dosages, highlighting the robustness and reliabil-
ity of the hybrid coagulation process for these elements. Conversely, the removal efficiency
of zinc (Zn) exhibited sensitivity to variations in RSP/AlCl3 dosages. Specifically, as the
RSP/AlCl3 dosage increased from 1:1 to 1:2 (g/g), the Zn removal efficiency experienced
a notable decline, decreasing from an impressive 96% to a reduced but still considerable
61%. This distinct behavior observed in Zn removal emphasizes the nuanced interplay
between coagulant dosages and the removal of specific heavy metals. While the hybrid
coagulant system remained highly effective in removing Mn, Fe, Al, and Ni across the
range of dosages, Zn removal efficiency was notably affected by higher RSP/AlCl3 dosages.
This observation provides valuable insights into the selective removal of heavy metals. It
underscores the importance of optimizing dosages for each target pollutant, contributing
to a more tailored and efficient industrial wastewater treatment process.
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Figure 4. Impact of RSP/AlCl3 hybrid coagulant dosage on the removal of heavy metals Fe, Mn, Al,
Zn, and Ni (pH: 8).

Upon comparing these findings with the removal efficiencies achieved using RSP as a
standalone coagulant, as reported in [12], the data demonstrate that the application of the
hybrid coagulant led to notable increases in removal efficiency, which varied from 6.1% to
10% based on the particular parameter assessed. Significant improvements were seen in the
elimination of zinc (Zn), manganese (Mn), and iron (Fe) when comparing the efficacy of the
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ideal hybrid dosage of 1:1 (g/g) with the use of RSP alone. In particular, a rate of 94.4% was
attained by an astounding 10% improvement in Mn removal efficiency. In a similar vein,
the removal efficiencies of Zn and Fe also increased by around 7% to 98.49% and 96.76%,
respectively. These results highlight the hybrid coagulant dosage’s significant beneficial
effects on the elimination of pollutants containing Mn, Fe, and Zn. When compared to RSP
alone, the hybrid coagulant’s improved removal efficiencies show how effective it is in
greatly increasing the removal of these components.

Conversely, the enhancements in removal efficiency seen for manganese (Mn), iron
(Fe), and zinc (Zn) were significantly greater than those for nickel (Ni) and aluminum (Al).
Even while the improvements in the elimination of Ni and Al were not as significant, they
nevertheless showed a modestly favorable effect of the hybrid coagulant dose on these
metals. Nevertheless, no additional gains in the removal efficiencies of Fe, Mn, Al, Zn,
or Ni were found when other hybrid doses were examined. The finding that the ideal
hybrid dosage of 1:1 (g/g) is the most effective for maximizing the elimination of these
pollutants is supported by the absence of any further benefits. These data suggest that the
removal efficiencies for aluminum (Al) and nickel (Ni) were not significantly improved by
employing various hybrid doses in comparison to RSP alone. But the particular hybrid
dosage of 1:1 (g/g) led to a significant improvement in these components’ elimination
efficiency. This result emphasizes that the best removal efficiencies of manganese (Mn),
iron (Fe), and zinc (Zn) can be obtained by using a dosage of 1:1 (g/g). According to the
findings, the elimination of Mn, Fe, and Zn pollutants is efficiently targeted by this specific
dosage combination, which considerably improves the overall efficacy of therapy.

3.2. Effects of Different RSP/AlCl3 Hybrid Natural and Chemical Coagulant Ratios on
Particular Parameters

The efficacy of different hybrid coagulant concentrations in the coagulation–flocculation
process was comprehensively examined in this study. The concentration ratios that were
looked at included intermediate values like 0.75:0.75, 1:1, 1.25:1.25, 1.5:1.5, and 1.75:1.75,
and they varied from 0.5:0.5 to 2:2 (g/g). A distinct pattern became evident, indicating that
removal efficiency improved in tandem with an increase in the hybrid coagulant concentra-
tion ratio. According to this study, most of the concentration ratios that were examined
produced favorable outcomes, significantly improving the removal of NH3-N, color, TSS,
and COD. This suggests that using the hybrid coagulant at larger doses often produced
better results when treating these pollutants. Figure 5 shows the remarkable removal effi-
ciencies that were obtained from this investigation: 87.4% for COD, 92.4% for color, 96.8%
for NH3-N, and 99.0% for TSS at the hybrid coagulant concentration ratio of 0.75:0.75 (g/g).
These outcomes unequivocally show how successful the adsorption-bridging mechanism
used in the therapy procedure was. The mechanism’s successful implementation is shown
by the high efficiencies obtained at this concentration ratio, highlighting its crucial role in
improving the coagulation–flocculation process’s overall performance.

In particular, this study focused on the removal of manganese (Mn), iron (Fe), zinc
(Zn), aluminum (Al), and nickel (Ni) at a pH of 8. It also examined the effectiveness of a
hybrid coagulant that combined RSP and aluminum chloride (AlCl3) in treating wastewater
from iron and steel (IS) companies. The results, as illustrated in Figure 6, suggest that a
decrease in the removal efficiency of these heavy metals was caused by an increase in the
dosage of the hybrid coagulant. A dosage ratio of 2.25:0.75 (g/g) produced the best removal
efficiency, which led to significant removal rates of 99.8% for Fe, 97.4% for Mn, 99.0% for
Al, 87.5% for Zn, and 93.3% for Ni. Charge reversal is a phenomenon that can be brought
about by using a high dosage of the hybrid RSP/AlCl3 coagulant, as seen in Figure 6. The
particles become stabilized because of this process, which lowers the effectiveness of heavy
metal removal. To avoid this charge reversal and ensure efficient contamination clearance,
it is imperative that the coagulant dosage be properly optimized.



Water 2024, 16, 2770 11 of 16

Water 2024, 16, x FOR PEER REVIEW 11 of 16 
 

 

3.2. Effects of Different RSP/AlCl3 Hybrid Natural and Chemical Coagulant Ratios on 
Particular Parameters 

The efficacy of different hybrid coagulant concentrations in the coagulation–
flocculation process was comprehensively examined in this study. The concentration 
ratios that were looked at included intermediate values like 0.75:0.75, 1:1, 1.25:1.25, 1.5:1.5, 
and 1.75:1.75, and they varied from 0.5:0.5 to 2:2 (g/g). A distinct pattern became evident, 
indicating that removal efficiency improved in tandem with an increase in the hybrid 
coagulant concentration ratio. According to this study, most of the concentration ratios 
that were examined produced favorable outcomes, significantly improving the removal 
of NH3-N, color, TSS, and COD. This suggests that using the hybrid coagulant at larger 
doses often produced better results when treating these pollutants. Figure 5 shows the 
remarkable removal efficiencies that were obtained from this investigation: 87.4% for 
COD, 92.4% for color, 96.8% for NH3-N, and 99.0% for TSS at the hybrid coagulant 
concentration ratio of 0.75:0.75 (g/g). These outcomes unequivocally show how successful 
the adsorption-bridging mechanism used in the therapy procedure was. The mechanism’s 
successful implementation is shown by the high efficiencies obtained at this concentration 
ratio, highlighting its crucial role in improving the coagulation–flocculation process’s 
overall performance. 

 
Figure 5. Impact of RSP/AlCl3 hybrid coagulant dose concentration on the removal of COD, color, 
TSS, and NH3-N (pH: 8). 

In particular, this study focused on the removal of manganese (Mn), iron (Fe), zinc 
(Zn), aluminum (Al), and nickel (Ni) at a pH of 8. It also examined the effectiveness of a 
hybrid coagulant that combined RSP and aluminum chloride (AlCl3) in treating 
wastewater from iron and steel (IS) companies. The results, as illustrated in Figure 6, 
suggest that a decrease in the removal efficiency of these heavy metals was caused by an 
increase in the dosage of the hybrid coagulant. A dosage ratio of 2.25:0.75 (g/g) produced 
the best removal efficiency, which led to significant removal rates of 99.8% for Fe, 97.4% 
for Mn, 99.0% for Al, 87.5% for Zn, and 93.3% for Ni. Charge reversal is a phenomenon 
that can be brought about by using a high dosage of the hybrid RSP/AlCl3 coagulant, as 
seen in Figure 6. The particles become stabilized because of this process, which lowers the 

20%

30%

40%

50%

60%

70%

80%

90%

100%

0.5:0.5 0.75:0.75 1.0:1.0 1.25:1.25 1.5:1.5 1.75:1.75 2.0:2.0

Re
m

ov
al

 E
ffi

ci
en

cy
, %

Dosage RSP/AlCl3, (g/g)

COD removal, (%) Color removal, (%)

TSS removal, (%) NH3-N removal, (%)

Figure 5. Impact of RSP/AlCl3 hybrid coagulant dose concentration on the removal of COD, color,
TSS, and NH3-N (pH: 8).
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Figure 6. Impact of PSP/AlCl3 hybrid coagulant dose concentration on the removal of Mn, Fe, Zn,
Al, and Ni (pH: 8).

Therefore, this study identified the optimum hybrid RSP/AlCl3 concentration as
0.75:0.75 (g/g). At this concentration, the removal efficiency for heavy metals exhibited a
positive trend. Increasing the dosage beyond this point reduced removal efficiency due to
the charge reversal phenomenon. This highlights the critical role of dosage optimization in
effectively removing heavy metals from IS factory wastewater.

3.3. The Impact of pH Variation on the Efficiency of Removing Specific Parameters

The impact of pH on the coagulation process was rigorously examined by adjusting
the pH levels of the wastewater across a comprehensive range spanning from pH 5 to pH 10.
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To preserve the original composition of the industrial wastewater sample, as indicated in
Table 2, the coagulation tests were carried out at room temperature. An RSP and AlCl3
hybrid mixture was used in the studies, with a constant coagulant dose of 0.75:0.75 (g/g).
Adjustments were carefully made using a 1 N H2SO4/NaOH solution to provide exact
pH control throughout the testing. The role of pH in the coagulation process is crucial,
particularly in relation to the mechanisms of sweep-floc formation and adsorption-bridging.
In this context, the polymer acts as a bridging agent, connecting the contaminants to the
surface of AlCl3. This interaction facilitates the effective precipitation of the contaminants,
enhancing the overall coagulation efficiency. The pH level significantly influences these
mechanisms by affecting the charge characteristics of the coagulants and contaminants,
thereby impacting the efficacy of the coagulation process.

This study revealed that the coagulation process achieved its highest efficiency within
a pH range of 7 to 8. Notably, at a pH of 8, the process demonstrated its peak performance,
with removal efficiencies reaching 89.8% for COD, 92.9% for color, 99% for total suspended
solids (TSS), and 74.3% for NH3-N. The removal rates for COD and NH3-N showed a
consistent increase with rising pH levels, peaking at this optimal pH. However, deviations
beyond this optimal pH range led to a reduction in the removal efficiencies for COD and
NH3-N. This decline is attributed to the increased adsorption capacity of particles under
neutral electric charges, as particles become less effective at bridging and precipitating
contaminants when pH levels slightly exceed the optimal range. This phenomenon is
consistent with observations reported in previous studies, highlighting the importance of
maintaining pH within the optimal range for effective coagulation [31].

Additionally, it was discovered that the cations in the wastewater played a critical role
in enhancing the coagulation process. By neutralizing and stabilizing the negative charges
connected to the coagulant’s functional groups, they made a substantial contribution. More
interactions between the cations and the RSP particles are made possible by this neutraliza-
tion, which encourages more efficient flocculation and coagulation [32]. Remarkably, it was
noted that when RSP was employed as the coagulant, there was no imperative requirement
for pH adjustment throughout the treatment process, as delineated in Figure 7. This finding
underscores the self-sufficient pH buffering properties of RSP, rendering additional pH
modification unnecessary during the treatment course.
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On the other hand, it was amply shown that pH 8 was found to be the ideal pH for
the coagulation process. The use of the hybrid RSP/AlCl3 coagulant significantly increased
removal efficiency at this pH level. Specifically, utilizing the RSP/AlCl3 coagulant, the
removal efficiencies at pH 8 for Fe, Mn, Al, Zn, and Ni were 92.7%, 90.6%, 95.00%, and
92.3%, respectively. These results are graphically represented in Figure 8. This achievement
can be partially attributed to the organic content of RSP, which was crucial in preserving
the pH stability of the industrial effluent. Because RSP can naturally buffer pH, using
the RSP/AlCl3 coagulant during the treatment process decreased the need for external
pH modifications. Fundamentally, the inherent properties of RSP expedited the entire
treatment procedure by aiding in the effective elimination of contaminants and maintaining
the proper pH balance for coagulation.
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Figure 8. Impact of pH on Fe, Mn, Al, Zn, and Ni removal.

The results in Table 3 present a comparison of the performance of RSP alone, AlCl3
alone, and the combined RSP/AlCl3 process. Each process was evaluated based on its
efficiency in removing COD, color, TSS, NH3-N, Mn, Fe, Zn, and Ni. The removal effi-
ciencies of both RSP- and AlCl3-only processes were recorded slightly lower than those
of the combined RSP/AlCl3 process, which demonstrated the highest removal efficiencies
for all parameters. This improvement in the combined process suggests synergistic effects
between RSP and AlCl3, potentially due to enhanced coagulation and flocculation pro-
cesses. In summary, the combined RSP/AlCl3 process showed enhanced performance in
terms of COD and color removal, as well as the removal of various parameters including
TSS, NH3-N, and metal ions, compared to the individual processes. This suggests the
synergistic effects of combining RSP and AlCl3. In summary, the combined RSP/AlCl3
process showed enhanced performance in terms of COD and color removal, as well as the
removal of various parameters including TSS, NH3-N, and metal ions, compared to the
individual processes. This suggests the synergistic effects of combining RSP and AlCl3.
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Table 3. Comparison between the performance of AlCl3 only and combined RSP/AlC3 for parame-
ter removal.

Process
COD

Removal
(%)

Color
Removal

(%)

TSS
Removal

(%)

NH3-N
Removal

(%)

Mn
Removal

(%)

Fe
Removal

(%)

Zn
Removal

(%)

Ni
Removal,

(%)

RSP (1 g) 86.1% 82.9% 99.0% 79.0% 85.7% 90.7% 90.6% 78.0%
AlCl3 (1 g) 87.80% 84.00% 99.00% 88.60% 88.70% 91.50% 91.70% 88.80%
RSP/AlCl3

(0.75:0.75 g/g) 88.29% 91.85% 99.00% 93.11% 94.3% 98.5% 96.70% 99.30%

4. Conclusions

This study highlights the significant potential of a hybrid coagulation–flocculation
process utilizing processed Rosehip Seed Powder (RSP) and aluminum chloride (AlCl3) in
treating industrial wastewater from the steel industry. Through extensive experimentation,
it was determined that the optimal coagulant dosage is a 0.75:0.75 (g/g) ratio of RSP to
AlCl3, particularly effective under the pH 8 conditions typical of iron and steel industrial
wastewater. This hybrid coagulant demonstrated high removal efficiencies across key
parameters, with results showing 88.29% removal of COD, 91.85% for color, 99% for TSS,
93.11% for NH3-N, and over 90% for heavy metals including Mn, Fe, Zn, and Ni. These
findings are particularly significant as they suggest that no additional pH adjustment is
necessary to achieve optimal pollutant removal. The high efficiency in removing heavy
metals at pH 8—specifically, 94.3% for Mn, 98.5% for Fe, 96.7% for Zn, and 99.3% for
Ni—emphasizes the efficacy of this hybrid approach. Furthermore, the results underscore
the potential of integrating natural coagulants like RSP into conventional wastewater treat-
ment methods, reducing reliance on chemical agents and contributing to more sustainable
practices. The outcomes of this research not only demonstrate the viability of hybrid coagu-
lation for the steel industry but also offer promising implications for future applications in
other sectors where industrial effluents present significant environmental challenges.
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