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 Phosphorus is one of the main limiting factors for eutrophication in water resources. 
According to the increasing population and the worsening of the healthy water shortage 
crisis in recent years, it is necessary to control the concentration of this element 
(phosphorus) in water resources. This study was performed with the aim of phosphorus 
removal efficiency (PRE) and sludge volumetric index (SVI) modeling in the chemical 
precipitation process, and by using poly-aluminum chloride as a precipitator. In this study, 
the response surface method (RSM) was used based on the central composite design 
(CCD) to model the effects of pH, the precipitator concentration, mixing time, mixing 
speed, settling time, and phosphorus initial concentration on the two desired answers 
including PRE and SVI. Analysis of variances (ANOVA) of the responses showed that 
among the above factors, precipitator concentration, phosphorus initial concentration, 
and settling time on phosphorus removal efficiency has been significant. Also, the most 
important parameters affecting the sludge volume index were precipitator concentration, 
settling time, and pH. Phosphorus removal efficiency and sludge volume index under 
optimal condition (pH=7.46, poly-aluminum chloride concentration=104.85 mg/L, mixing 
time=133 s, mixing speed=152 rpm, settling time=36 min and phosphorus initial 
concentration= 6.33 mg/L) was predicted to be 84.68% and 151.79 mL/g, respectively. 
Based on the average responses obtained from three times experiment under predicted 
optimized conditions, the phosphorus removal efficiency was 80.03%, the sludge 
volumetric index was 200.07 mL/g. The predicted and obtained data from the experiments 
showed conformity, which indicates the accuracy of modeling. The findings of this study 
showed that the factors of precipitator concentration, settling time, and pH should be well 
controlled to manage the chemical precipitation process using poly-aluminum chloride. 
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1. Introduction 
 

Increasing population growth, along with the expansion of agricultural 
and industrial activities to provide food on the one hand and successive 
droughts in recent years, on the other hand, has led to increased 

exploitation of freshwater resources in most countries in the arid zone. 
This process will make countries' water resources more challenging. 
One of the main solutions to deal with the problem of the water crisis is 

the optimal use of existing unconventional water and the use of a chain 
commensurate with the change of its quality in various sectors of 
consumption (Rouzafzay et al., 2020; Naeemah Bashara and Qaderi, 

2024). 
Certainly, one of the ways to achieve this is to use agricultural 

effluents (Janczukowicz and Rodziewicz, 2024). When reusing 
agricultural effluent in irrigation or discharge to water resource use, one 
of the points to consider is the pollutants in the effluent. Phosphorus is 
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one of the main pollutants in agricultural effluents, which originates from 

sediments enriched with organic and inorganic phosphate in farm runoff 
(Ojani et al., 2024). 

The entry of phosphate together with nitrate into water sources 
causes the phenomenon of eutrophication (Irdemez et al., 2006; Pu et 
al., 2021; An et al., 2024) which in most cases phosphorus is a limiting 

factor in the occurrence of this phenomenon and not nitrogen because 

nitrogen fixation occurs naturally by diazotrophs. Thus, most recent 
studies on nutrient removal have focused on phosphorus removal 
(Petzoldt, Lezcano and Moreda, 2020; Wang et al., 2021; Liu et al., 

2021; Abdolalian and Qaderi, 2022; Fattah et al., 2022; Xu et al., 2024; 
Zhang et al., 2024; Chen, 2025; Cabo et al., 2025). 

Phosphorus in wastewater is observed in various forms such as 

inorganic phosphorus (orthophosphates and polyphosphates) and 
organic phosphorus (Özacar and Şengil, 2003a; Feng et al., 2023; 
Abdoli et al., 2024). In general, phosphorus compounds in wastewater 

are converted to soluble orthophosphates after hydrolysis and 
biodegradation. In the chemical precipitation process, orthophosphates 
react with metal cations resulting from the hydrolysis of chemicals and 

precipitate (Jiang and Graham, 1998; Yago and Mamuad and Choi, 
2024), so the predominant form of phosphorus in natural waters and 
effluents is orthophosphate which indicates the need to study this form 
of phosphorus in agricultural effluents (Baird, Eaton and Rice, 2017, p. 
4-156; Feng et al., 2023). 

So far, several studies have been performed with physical, 

chemical, and biological methods to remove phosphorus from aqueous 
solutions and wastewater (Golder, Samanta and Ray, 2006; Irdemez et 
al., 2006; Kim et al., 2010; Dessì et al., 2024; Abdoli et al., 2024; Chen, 

2025). Physical methods such as filtration, ultrafiltration, and reverse 
osmosis are very expensive or inefficient (Özacar and Şengil, 2003b; 
Drogui et al., 2008). Biological methods are also less used due to the 

long retention time, the difficulty of controlling the process, the 
possibility of returning the digested phosphorus to the effluent, and its 
low efficiency (Zhao et al., 2009; Abdoli et al., 2024; Chen, 2025). 

Common chemical methods for phosphorus removal include chemical 
precipitation and ion exchange (Özacar and Şengil, 2003b; An et al., 
2014; Dessì et al., 2024; Xu et al., 2024; Yago and Mamuad and Choi, 

2024; Cabo et al., 2025). 

Although chemical precipitation has disadvantages such as high 
operating costs, high sludge production, very hard drainage of sludge 
and pH change problems (Bektas et al., 2004; Zhao et al., 2009; Fattah 
et al., 2022), but this method is currently the most commonly known 

process among phosphorus removal methods and is widely used (An 
et al., 2014; Petzoldt, Lezcano and Moreda, 2020; Dessì et al., 2024; 
Xu et al., 2024; Yago and Mamuad and Choi, 2024; Cabo et al., 2025). 

One of the advantages of the chemical precipitation method is that it 

can be designed and implemented in a short time. Therefore, this 
method can be used in crises (Mesdaghinia et al., 2003). Accordingly, 

in the present study, chemical precipitation was chosen to remove 

phosphorus from aqueous solutions. 
One of the main parameters in the design of the chemical 

precipitation process is the selection of the precipitator. Although in the 

past, metal salts (iron, aluminum) and lime have been commonly used 
as precipitators in the chemical precipitation process of phosphorus 
(Metcalf and Eddy, 2003), in recent years, a new type of mineral 

polymer coagulant called poly-aluminum chloride has been introduced, 
which has become popular and used in many parts of the world. Poly-
aluminum chloride is one of the most important mineral polymers with 

the symbol PACl and the general formula [Al₂(OH)ₓCl(6-x) ·YH₂O], which 
is more widely used than other species (Wang et al., 2004; Shi et al., 
2007; Murnane et al., 2015; Sha et al., 2021; Sha et al., 2022; Li, Duan 

and Li, 2022; Wang and Duan, 2024). A wide pH range, easier 

application due to faster and better dissolution, less residue than other 
metal compounds, high efficiency in phosphorus removal, reduction of 
sludge production, and ease of dewatering are among the advantages 

of poly-aluminum chloride, which increase its use in water treatment 
(Grover, 1989; Kan and Huang, 1998; Aguilar et al., 2005; Zouboulis 
and Tzoupanos, 2009, Zouboulis and Tzoupanos, 2010; Murnane et al., 

2015; Sha et al., 2021; Li, Duan and Li, 2022; Duan et al., 2022; Sha et 
al., 2022; Wang and Duan, 2024). Due to the above reasons, in this 

study, poly-aluminum chloride was used as the precipitator in the 

chemical precipitation process. 
In fact, in this study, the chemical precipitation of phosphorus from 

aqueous solutions using poly-aluminum chloride has been modeled. 

The aim of this modeling is to achieve the highest phosphorus removal 
and the lowest volume of sludge. Modeling in this study was performed 
using the response surface methodology (RSM). This method is a 

powerful statistical and mathematical tool used to model and optimize 
complex processes in which multiple input variables affect an output 
response. This method is particularly effective in reducing the number 

of experimental trials required while identifying the optimal conditions 

for a desired response. Originally developed for the optimization of 
industrial and chemical processes, this method has found wide 
applications in various fields, including environmental engineering, 

pharmaceuticals, food technology, agriculture, and materials science. 
The ability of this method to efficiently investigate interactions between 
variables makes it a valuable tool for process improvement and 
innovation (Zoqi, Ayobi and Khataei, 2023; Yaseri, Qaderi and Khataei, 

2024; Khataei, Qaderi and Mosavat, 2025). 
 

2. Materials and methods 
2.1. Preparation of phosphorous solution 
 

In this study, a solution with a concentration of 100 mg/L of phosphorus 
was made to supply phosphate-contaminated aqueous solutions 
(artificial wastewater) using tap water and triple superphosphate 

fertilizer. This solution was then used as the stock solution to adjust the 
initial concentration of phosphorus in each sample. 

2.2. Method of phosphorus chemical precipitation process 

 

A jar test apparatus was used to perform the chemical precipitation 
process. In these experiments, the parameters of solution pH, chemical 
concentration, time and speed of mixing, and settling time were 

adjusted according to the conditions determined by the experiment 
design software. The initial concentration of phosphorus was adjusted 
in samples with a volume of 1000 mL and then the pH of the samples 

was adjusted. Normal solutions of hydrochloric acid and sodium 
hydroxide were used to adjust the pH of the samples in each 
experiment depending on the pH selected for each sample. After 

adjusting the initial concentration and pH, poly-aluminum chloride 
powder was added to each sample based on the amount specified in 
the experiment design software. The specimens were then shaken at a 

specified time and speed according to the conditions specified in the 
experiment design. The samples were kept still for a certain period of 
time for settling at the end of each experiment. After the settling step, a 

volume of the supernatant liquid of the sample was taken in a glass 
container using a pipette to measure the concentration of residual 
phosphorus in the sample. 

 
2.3. Phosphorus analysis method 
 

In this study, the ascorbic acid method with No. 4500-PE presented in 
the book entitled Standard Methods for the Examination of Water and 
Wastewater has been used to measure the concentration of soluble 
phosphorus (orthophosphate) in each sample (Baird, Eaton and Rice, 

2017, p. 4-164). 
 

2.4. Measuring the PRE 
 
After measuring the solution phosphorus of the sample before and after 

the chemical precipitation process of each experiment, Eq. 1 was used 
to calculate the removal efficiency of dissolved phosphorus. 

P removal % =
P(in) − P(out)

P(in)
× 100% (1) 

where, Pin and Pout are the initial and final concentrations of soluble 
phosphorus in the sample under chemical precipitation, respectively.  

 
2.5. Measurement of SVI 

 
To measure the SVI, the 2710-D method presented in the book entitled 

Standard Methods for the Examination of Water and Wastewater has 
been used (Baird, Eaton and Rice, 2017, p. 2-94). 

 

2.6. Design of experiment 
  
The RSM consists of computational methods based on the 

experimental data and is used in previous researches (Qaderi, 
Sayahzadeh and Azizi, 2018; Qaderi et al., 2019; Khourshidi and 
Qaderi, 2023; Ahmadi et al., 2023). According to much previous 

researches, Design-Expert 11 software and the RSM with the CCD 
were used to determine the number of experiments in this research, to 
evaluate the effect of each factor on the performance of the chemical 

precipitation process, and also to optimize the values of those factors. 
To design the experiments of this study, first the factors affecting the 
process of phosphorus chemical precipitation were identified and 

selected based on the research literature. Factors influencing the 
chemical precipitation process of phosphorus were pH, precipitator 
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concentration, mixing time, mixing speed, settling time, and initial 

phosphorus concentration, which were selected as the main factors for 
optimization. The two studied responses are included PRE and SVI. 
The effect of all factors and their interactions on the responses were 

studied by performing experiments at 5 different levels (α +, 1 +, 0,1-, 

α-). The range and values defined for these six variables were 

determined based on previous studies in this field and the results of 
preliminary experiments. The different levels of independent variables 
are presented in Table 1. 

Table 1. The range and defined levels of factors in the CCD. 

Factors Sign Range 
Code and levels of factors 

α-  -1 0 +1 α+  

pH of solution pH 5-8 5 5.541 6.499 7.458 8 

The concentration of precipitator (mg/L) Cp 10-150 10 35.274 80.001 124.728 150 
The initial concentration of phosphorous 
(mg/L) 

Cph 5-10 5 5.902 7.499 9.097 10 

The mixing speed (rpm) Vm 30-180 30 57.079 105 152.921 180 
The mixing time (sec) Tm 30-600 30 132.901 312 497.099 600 
The settling time (min) Ts 30-60 30 35.415 44.999 54.584 60 

  
The number of experiments was calculated using Eq. 2 where N is 

the number of experiments, k is the number of independent variables 

(factors) and C0 is the number of center points (Khalegh and Qaderi, 
2019); Therefore, in this study, a CCD was performed with 64 factorial 
points, 12 axial or star points and 10 replications at the center point and 

a total of 86 experiments. The experiments results are presented in 
Table 2. 

 (2) N=2K+2K+C0 

 

2.7. Method of analyzing experiments results 
 
By performing the statistical test of ANOVA, while identifying the factors 

affecting the response value, ineffective factors and items were 
removed from the selected model. The significance or non-significance 
of each of the model coefficients provided by the software was 

evaluated by examining the p-values. The quality of the appropriate 
models was evaluated by examining the coefficient of determination 
(R2) and the adaptive coefficient of determination (Adjusted R²). 

After modifying the model, two-dimensional charts of regression 
models were used to visually and graphically examine how each of the 
factors affecting the response value. Also, based on the modified model 

and whether the maximum or minimum amount of response is desirable 
for the research, the software determined the maximum or minimum 
points of the response surface as the optimal response points and the 

values of the effective factors at these points as the optimal response 
conditions. Finally, the response values obtained from the experiments 
under the declared optimal conditions were compared with the 

response values predicted by the software to validate the model 
prediction for the optimal response. 

 

3. Results and discussion 
3.1. Results of designed experiments 
 

The results of three replications of 86 experiments designed based on 
the RSM with a CCD have been obtained according to Table 2. These 
results including the removal efficiency of soluble phosphorus and the 

volume index of precipitated sludge. 
 
3.2. PRE analysis 

3.2.1. Model selection and ANOVA  
 
To analyze the data related to PRE, among the Mean, Linear, 2FI, 

Quadratic, and Qubic models, the Quadratic model was selected 
because it had the highest correlation with the data related to PRE. The 

significance of the selected model and the defined items depends on 
the amount of p-value. The presence of p-values less than the 

significance threshold (p<0.05) for the regression model and p-values 
more than the significance threshold (p>0.05) for lack of fit indicates the 
significance and efficiency of the model. Based on the results of 

ANOVA of PRE data, the p-value for the regression model and lack of 
fit were estimated to be less than 0.0001 and 0.5605, respectively, 
which indicates the significance and efficiency of the selected model. 

 

3.2.2. The main effects of the factors 

 
According to the ANOVA of PRE data, among all the items of the model, 

only the main effects of the factors of precipitator concentration (B), 
settling time (E) and initial phosphorus concentration (F), and 
components BD, BE, BF, DE, EF, A2, D2 have p-values less than 0.05 
and therefore their effect on PRE is significant. 

Additionally, the factor that has the most significant effect on the 
PRE has the lowest p-value. Therefore, according to the ANOVA of the 
PRE data, the highest main effects of the factors on the chemical 

precipitation of soluble phosphorus were related to the precipitator 
concentration (B), the initial phosphorus concentration (F), and the 
settling time (E), respectively. Fig. 1 shows how these three factors 

affect the PRE. 
It is observed that the precipitator concentration and settling time 

have a direct effect on PRE, i.e. with increasing the precipitator 

concentration and settling time (in the study range), the PRE will 
increase. However, the initial phosphorus concentration has the 
reverse effect on the PRE. This means that as the initial phosphorus 

concentration increases, the PRE will decrease. 
Another important point is that no significant effect was observed 

for the pH factor, while in several studies, pH has been reported as an 

effective factor in PRE (Zouboulis and Tzoupanos, 2009; Caravelli, De 
Gregorio and Zaritzky, 2012; An et al., 2014). The reason for this is the 

selection of a very limited range of 5 to 8 for pH factor in the designed 

experiments. Therefore, the range defined for each factor can play a 
major role in whether or not that factor is effective on response value 
changes 

.  
3.2.3. The interaction effects of the factors 
 

Fig. 2 shows the interaction of the factors on the PRE. The presence 
of cross lines means that a decrease or increase in the amount of one 
effective factor will change the effect of another factor on the 

response. 

Table 2. Conditions and results (answers) of 86 designed experiments. 

Runs 

Factors  Responses  

Run
s 

Factors  Responses 

pH 
Cp 

(mg/L) 
Tm (s) 

Vm 
(rpm

) 

Ts 

(min) 

Cph 

(mg/L) 

 
PRE 

(%) 

SVI 

(mL/g) 

 
pH 

Cp 

(mg/L) 
Tm (s) 

Vm 

(rpm) 

Ts 

(min) 

Cph 

(mg/L) 

 
PRE 

(%) 

SVI 

(mL/g) 

1 7.46 35.27 132.90 153 35 5.90  17.50 68.18  44 7.46 124.73 132.90 153 55 9.10  91.19 198.28 
2 6.50 80.00 315.00 105 45 9.10  23.64 100.00  45 7.46 35.27 132.90 57 55 9.10  41.02 76.09 

3 6.50 80.00 30.00 105 45 9.10  27.27 166.67  46 6.50 80.00 315.00 180 45 7.50  91.09 180.56 
4 7.46 124.73 497.10 57 35 5.90  41.08 166.67  47 5.54 35.27 132.90 153 55 7.50  38.38 125.00 
5 6.50 80.00 315.00 105 45 7.50  32.47 208.33  48 6.50 80.00 315.00 105 45 5.90  95.33 295.45 

6 6.50 80.00 315.00 105 45 5.90  23.75 171.05  49 6.50 80.00 315.00 105 45 7.50  86.49 270.83 
7 5.54 124.73 132.90 153 35 9.10  47.79 169.35  50 5.54 124.73 497.10 153 35 7.50  96.04 266.67 
8 5.54 124.73 132.90 57 35 5.90  73.07 178.57  51 7.46 35.27 132.90 57 55 9.10  39.33 68.18 

9 5.54 124.73 497.10 153 35 7.50  40.60 316.67  52 7.46 124.73 497.10 57 55 5.90  90.02 345.24 
10 6.50 80.00 315.00 105 60 5.90  26.42 283.33  53 5.54 124.73 132.90 57 55 5.90  93.12 339.29 
11 5.54 35.27 132.90 57 35 9.10  4.00 78.13  54 7.46 35.27 132.90 57 35 9.10  27.84 194.44 

12 7.46 124.73 132.90 57 35 9.10  56.02 108.70  55 5.54 124.73 497.10 153 55 5.90  97.24 250.00 
13 5.54 124.73 497.10 57 35 5.90  85.40 321.43  56 7.46 35.27 497.10 57 35 5.90  26.68 107.14 
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14 5.54 124.73 132.90 153 55 9.10  53.39 308.82  57 7.46 124.73 132.90 153 35 9.10  95.52 238.10 

15 5.54 35.27 497.10 153 35 7.50  53.22 166.67  58 5.54 124.73 132.90 57 55 5.90  65.43 179.69 
16 6.50 80.00 315.00 105 45 5.90  25.79 129.63  59 5.54 124.73 497.10 57 55 5.90  89.53 250.00 
17 5.54 35.27 497.10 57 35 7.50  8.69 34.46  60 5.54 35.27 497.10 153 55 5.90  28.43 125.00 

18 6.50 80.00 315.00 105 30 9.10 
 
27.74 

.150.0
0 

 
61 7.46 35.27 132.90 153 35 5.90 

 
8.70 138.89 

19 6.50 80.00 315.00 105 45 5.90  28.67 222.22  62 6.50 80.00 315.00 105 45 9.10  32.19 321.43 

20 6.50 80.00 600.00 105 45 5.90  27.62 375.00  63 5.54 124.73 132.90 153 55 9.10  90.53 403.85 
21 7.46 35.27 497.10 153 35 9.10  10.64 34.46  64 7.46 124.73 497.10 153 55 9.10  53.12 300.00 
22 7.46 35.27 497.10 57 35 5.90  13.89 117.65  65 7.46 35.27 132.90 153 55 9.10  6.76 138.89 

23 6.50 80.00 315.00 105 45 7.50  27.33 132.35  66 7.46 35.27 497.10 57 55 9.10  29.24 250.00 
24 5.54 124.73 132.90 153 35 9.10  85.31 128.38  67 5.54 35.27 132.90 153 35 9.10  6.78 38.46 
25 7.46 124.73 132.90 57 35 5.00  43.10 179.69  68 5.54 124.73 497.10 57 35 9.10  72.30 294.12 

26 5.54 124.73 497.10 57 55 7.50  77.83 53.57  69 6.50 00/150  315.00 105 45 7.50  92.67 388.89 
27 5.54 35.27 132.90 57 55 5.90  43.31 166.67  70 5.00 80.00 315.00 105 45 7.50  47.77 541.67 
28 6.50 10.00 315.00 105 45 9.10  2.22 10.87  71 7.46 35.27 132.90 153 55 5.90  5.02 78.95 

29 7.46 124.73 497.10 153 55 9.10  86.59 150.00  72 6.50 80.00 315.00 105 45 7.50  57.36 121.43 
30 5.54 35.27 497.10 153 55 5.90  24.25 166.67  73 6.50 80.00 315.00 105 45 7.50  73.16 181.82 
31 5.54 35.27 497.10 57 55 9.10  3.52 187.50  74 7.46 124.73 132.90 153 35 9.10  77.44 189.66 

32 6.50 80.00 315.00 105 45 9.10  47.50 104.17  75 5.54 35.27 132.90 153 55 5.90  20.96 52.63 
33 7.46 124.73 497.10 57 55 5.90  77.39 114.29  76 7.46 35.27 497.10 153 35 5.90  21.10 34.46 
34 5.54 35.27 132.90 57 55 5.90  32.24 69.44  77 7.46 35.27 497.10 153 55 9.10  27.12 27.78 

35 7.46 124.73 132.90 57 55 9.10  81.47 175.68  78 7.46 124.73 497.10 57 35 5.90  89.92 222.22 
36 5.54 35.27 132.90 153 35 5.90  45.47 350.00  79 5.54 124.73 497.10 153 55 5.90  99.23 226.19 
37 5.54 124.73 132.90 57 35 5.90  89.64 174.24  80 5.54 35.27 497.10 57 55 9.10  26.17 69.44 

38 8.00 80.00 315.00 105 45 5.90  78.93 266.67  81 5.54 35.27 497.10 57 55 5.90  30.94 125.00 
39 7.46 35.27 497.10 57 55 7.50  41.81 194.44  82 7.46 124.73 132.90 57 55 5.90  88.30 269.23 
40 6.50 80.00 315.00 30 45 5.90  79.77 152.17  83 7.46 124.73 132.90 153 55 5.90  95.03 166.67 

41 5.54 35.27 497.10 153 35 9.10  34.57 69.44  84 7.46 35.27 497.10 153 55 5.90  6.88 22.73 
42 7.46 35.27 132.90 57 35 9.10  44.06 86.96  85 5.54 35.27 132.90 57 35 9.10  24.38 10.87 
43 7.46 124.73 497.10 153 35 9.10  97.55 142.86  86 7.46 124.73 497.10 153 35 9.10  81.19 172.41 

 
 

(a) (b) 

 
 (c)  

Fig. 1. The main effects of Cp (a), Cph (b) and Ts (c) on the PRE. 

 
Fig. 2a shows that there is a direct interaction between the two 

factors of precipitator concentration (B) and mixing speed (D) on the 

PRE. That means, increasing the mixing speed cause to increase in the 
PRE due to the increase in the precipitator concentration. This synergy 
is because higher mixing speed causes more dispersion and 

distribution of precipitator particles in water containing phosphorus 
soluble ions and therefore increases the contact and reaction between 

phosphorus soluble ions with precipitator particles. As a result, more 
ions of soluble phosphorus are precipitated and separated from the 
water. 
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(a) (b) 

 
 

(c) (d) 

 
(e) 

Fig. 2. Interaction effects of factors on the PRE, (a) interaction between Cp and Vm, (b) interaction between Cp and Ts, (c) interaction between 
Cp and Cph, (d) interaction between Vm and Ts, (e) interaction between Ts and Cph. 

 

Fig. 2b also shows that there is direct interaction between the two 
factors of precipitator concentration (B) and settling time (E) on the 
PRE. That means, increasing the settling time has caused a further 

increase in the PRE due to the increase in the precipitator 
concentration. This synergy is since increasing the settling time 
provides more opportunity for orthophosphates to come into contact 

with the metal cations resulting from the hydrolysis of the precipitator. 
Therefore, more phosphate hydroxides are formed and as a result, 
more phosphorus soluble ions are precipitated and separated from the 

water. 
Fig. 2c displays that there is inverse interaction between the two 

factors of precipitator concentration (B) and the initial concentration of 

phosphorus (F) on the PRE. Thus, with increasing the initial 
concentration of phosphorus, the rate of increase of PRE decreased 

slightly after increasing the concentration of precipitator. This decrease 
is because the ratio of precipitator ions to the number of available 
phosphorus ions has decreased and as a result, the formation of 

phosphate hydroxides and PRE have been somewhat reduced.  
Fig. 2d shows that there is inverse interaction between the two 

factors of mixing speed (D) and settling time (E) on PRE. That means, 

increasing the settling time has resulted in a very small increase in PRE 
as the mixing speed increases. This change is due to the fact that with 
increasing settling time, sufficient opportunity for contact and reaction 

between phosphorus ions with precipitator particles is provided, thus 
the effect of faster mixing speed on increasing the reaction between 
phosphorus soluble ions with precipitator particles reduces. Fig. 2e 

shows that there is a direct interaction between the two factors of 
settling time (E) and the initial concentration of phosphorus (F) on the 
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PRE. Thus, at low phosphorus initial concentrations, increasing the 

settling time did not have a significant effect on the PRE, because the 
number of soluble phosphorus ions was so small that the minimum 
settling time has provided ample opportunity for contact and reaction 

between them with the particles of the precipitator substance; However, 
with increasing phosphorus initial concentration, the minimum settling 
time was no longer sufficient for contact and reaction between 

phosphorus ions with the precipitator particles. Under these conditions, 
with increasing settling time, more phosphorus ions with precipitator 
react and precipitate and as a result increase PRE. 

 
3.2.3. Model algebraic equation (response level equation) 
  

After the model items with a p-value greater than 0.1 were removed 
from the model, the modified form of the quadratic model was obtained 
as Eq. 3. 

% PRE = +33.58 +0.8444 A +25.82 B +1.29 D +3.79 E -6.63 F +3.53 
BD +2.87 BE -4.95 BF -3.94 DE +4.01 EF +12.15 A² +21.16 D² -16.73 
F²                                                                                                       (3) 

Eq. 3 estimates the percentage of PRE based on the coded values 
of the factors. In Equation 3, the positive sign of the coefficients B 
(precipitator concentration) and E (settling time) indicates the direct 

effect of these factors on the PRE. The negative sign of coefficient F 
(initial concentration of phosphorus) also indicates the inverse effect of 
this factor on the PRE. By comparing the absolute values of the 

coefficients of these factors, it will be clear that the highest impact of 
the factors on the PRE was related to the precipitator concentration (B), 
the initial concentration of phosphorus (F) and the settling time (E), 

respectively. Since in field applications, the initial concentration of 
phosphorus is not under control, it can be concluded that in order to 
properly manage phosphorus removal, the two factors of precipitator 

concentration and settling time should be properly controlled. 
 

3.3. SVI analysis 

3.3.1. Model selection and ANOVA 
  

For the analysis of data related to SVI, the quadratic model was 

selected due to having the highest correlation with data related to SVI. 
Based on the results of ANOVA of SVI data, the p-value for the 
regression model and lack of fit were estimated to be less than 0.0002 

and 0.5258, respectively, which indicates the significance and 
efficiency of the selected model. 
 

3.3.2. The main effects of the factors 
 
According to the ANOVA of SVI data, among all the items of the model, 

only the main effects of the factors of pH (A), precipitator concentration 
(B), settling time (E), and component AF have p-values less than 0.05 
and therefore their effect on SVI is significant. Additionally, in the 

selected quadratic model, the factor that has the greatest impact on the 
SVI has the lowest p-value. Thus, according to the ANOVA of the SVI 
data, the highest main effects of the factors on the SVI were related to 

the precipitator concentration (B), the settling time (E), and pH (A), 
respectively. Fig. 3 shows how these three factors affect the SVI. It is 
observed that the precipitator concentration and settling time have a 

direct effect on SVI, i.e. with increasing the precipitator concentration 
and settling time (in the study range), the SVI will increase. However, 
the pH has the reverse effect on the SVI. This means that as the pH 

increases, the SVI will decrease. 
 

3.3.3. The interaction effects of the factors 

 

The effect of the interaction of the factors on the SVI is shown in Fig. 4. 

Fig. 4a shows that there is inverse interaction between the two factors 
of mixing speed (D) and pH (A) on SVI. That is, increasing the mixing 
speed has caused the SVI to decrease more sharply with increasing 

pH. This behavior can be explained by the fact that by increasing the 
mixing speed, the contact and reaction between the phosphorus ions 
with the precipitator particles increases logically, and therefore the 

amount of sludge increases. Under these conditions, increasing the pH 
of the solution from the acidic range to the neutral range leads to more 
neutralization of charged sludge particles and thus reduces the SVI

  
(a) (b) 

 
(c) 

Fig. 3. The main effects of (a) Cp, (b) Ts, and (c) pH on the SVI. 
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(a) (b) 

 
(c) 

Fig. 4. Interaction effects of factors on the SVI, (a) interaction between pH and Vm, (b) interaction between pH and Cph, (c) interaction between 

Tm and Vm. 
 

Fig. 4b shows that there is an increasing interaction between the 

two factors pH (A) and the initial concentration of phosphorus (F) on the 
SVI in the minimum initial concentration of phosphorus. This means that 
increasing the phosphorus initial concentration has led to less reduction 

of the SVI by increasing the pH. That is, increasing the phosphorus 
initial concentration, has caused the sludge volume index to decrease 
less with increasing pH. This behavior can also be explained by 

increasing the phosphorus initial concentration, charged sludge 
particles have increased somewhat that with increasing the pH from the 
acidic range to the neutral range, the neutralization of charged sludge 

particles is reduced and thus the SVI with a smoother slope is reduced. 
Fig. 4c shows that there is inverse interaction between the two factors 
of mixing time (C) and mixing speed (D) on SVI. That means, increasing 

the mixing speed has caused that the SVI decrease with becoming the 
mixing time longer. This behavior can be justified by the fact that with 
increasing mixing speed, contact and reaction between phosphorus 

ions with precipitator particles increased and as a result, the volume of 
sludge increased. Under these conditions, with increasing mixing time, 
there is more opportunity for more sludge density and as a result, the 

SVI decreases. 
 

3.3.4. Model algebraic equation (response level equation) 

 
After the model items with a p-value greater than 0.1 were removed 
from the model, the modified form of the quadratic model was obtained 

as Eq. 4. 

SVI = +167.62 -17.20 A +62.29 B +3.45 C -3.20 D +16.61 E -9.42 F- 
18.06 AD +20.74 AF -15.68 CD                                                        (4) 

Eq. 4 estimates the percentage of SVI based on the coded values 
of the factors. In Equation 4, the positive sign of the coefficients B 
(precipitator concentration) and E (settling time) indicates the direct 

effect of these factors on the SVI. The negative sign of coefficient A 
(pH) also indicates the inverse effect of this factor on the SVI. By 
comparing the absolute values of the coefficients of these factors, it will 

be clear that the highest impact of the factors on the SVI was related to 
the precipitator concentration (B), the pH (A), and the settling time (E), 
respectively. Thus, for proper management of SVI in field applications, 

the three factors of precipitator concentration, pH and settling time 
should be properly controlled. 

3.4. Optimization of process 

   
To achieve the highest PRE and the lowest SVI, the software suggested 
that the factors be adjusted with the following values: pH = 7.46, Cp = 

104.85 (mg/L), Tm = 133 (s), Vm = 152 (rpm), Ts= 35.81(min) and Cph 
= 6.33 (mg/L). PRE and SVI under these conditions were predicted 
84.68% and 151.79 mL/g by software, respectively. To validate the 

model prediction, the response value under the optimal conditions 
predicted by the software was tested experimentally with three 
replications. Experimental results showed the PRE and SVI under the 

predicted optimal conditions are 80.03% and 200.07 mL/g respectively. 
Comparing the results obtained from the experiment with the results 
predicted by the model, it can be seen that there is not much difference 

between the laboratory results and the predicted data. Also, the 
placement of the experiment result (average of three repetitions) in the 
confidence interval (CI low - CI high), which is calculated by the 

software at the 95% confidence level (according to Table 3), shows the 
accuracy and the validity of the experiments and the optimal conditions 
predicted. 

Table 3. Comparison of predicted values and experimental results for 
optimization of PRE and SVI. 

%95 CI 

high 

%95 CI 

low 
Experimental Predicted Target Response  

94.33 75.04 80.03 84.68 Maximum PRE (%)  
201.57 102.01 200.07 151.79 Minimum SVI (mL/g) 

 
4. Conclusions 
 

Among the evaluated factors, only three factors, precipitator 
concentration, initial phosphorus concentration, and settling time had 
shown a significant effect on the chemical precipitation of soluble 

phosphorus. The priority of influence of each of the mentioned factors 
was the concentration of precipitator (the highest effect), initial 
concentration of phosphorus, and settling time, respectively. The two 

factors of precipitator concentration and settling time had a direct effect 
on the PRE and the initial concentration of phosphorus had an inverse 
effect on the PRE. For the sludge volume index, only three factors of 

precipitator concentration, settling time, and pH, had a significant effect 
on the response. Priority of effect was the precipitator concentration 
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(the highest effect), settling time and pH, respectively. The two factors 

of precipitator concentration and settling time had a direct effect and pH 
had an inverse effect on the response. Since in field applications, the 
initial concentration of phosphorus is not under control, in order to 

properly manage the PRE and SVI, the three factors of precipitator 
concentration, settling time, and pH must be properly controlled. It is 
worth noting that controlling the factors of precipitator concentration and 

pH reduces treatment costs and prevents further environmental 
pollution. Under the optimal conditions proposed by the model, PRE 
and SVI were predicted to be 84.68% and 151.79 mL/g, respectively. 

Experimental results showed the amount of these two responses in the 
predicted optimal conditions were 80.03% and 200.07 mL/g. The 
proximity of the experiment results with the results predicted by the 

model and also the placement of the experiment results in the 
confidence interval calculated by the software at 95% confidence level 
indicates the accuracy and efficiency of the RSM and the selected 

model. 
 
Conflict of Interest 

 
The authors declare that they have no competing interests. 
 

Acknowledgements 
 
The authors thank Malayer University, Malayer, Iran, for supporting this 

research. 
 

Author Contribution 
 

Aghdas Afsharirad: Experiments implementation, writing original draft. 
Amir Hossein Sayyahzadeh: Research idea extraction, design of 
experiments, supervision, analysis and interpretation of data, writing - 

review & editing.  
Shahriar Mahdavi: Deployment of laboratory equipment, control and 
supervision of experiments implementation. 

 

Data Availability Statement 
 
The dataset used and/or analyzed during the present study is available 

in the text of the paper. 
 

References 

 

Abdolalian, S. and Qaderi, F. (2022) ‘Removal of phosphorus and 
chemical oxygen demand from excess sludge supernatant using of 
ultrasound waves’, Journal of Applied Research in Water and 

Wastewater, 9(2), pp. 173-179. doi: 

https://doi.org/10.22126/arww.2023.5744.1190 

Abdoli, S. et al. (2024) ‘A review of the efficiency of phosphorus removal 

and recovery from wastewater by physicochemical and biological 
processes: Challenges and opportunities’, Water, 16(17), p. 2507. 

doi: https://doi.org/10.3390/w16172507 

Aguilar, M. I. et al. (2005) ‘Improvement of coagulation-flocculation 

process using anionic polyacrylamide as coagulant aid’, 
Chemosphere, 58(1), pp. 47–56. doi: 

https://doi.org/10.1016/j.chemosphere.2004.09.008 

Ahmadi, K. et al. (2023) ‘Investigation of the effective parameters on 

the phenol removal from the groundwater by response surface 
method’, Journal of Applied Research in Water and 
Wastewater, 10(2), p. 141. doi: 

https://doi.org/10.22126/arww.2024.9824.1314 

An, J. S. et al. (2014) ‘Optimization for the removal of orthophosphate 

from aqueous solution by chemical precipitation using ferrous 
chloride’, Environmental Technology, 35(13), pp. 1668-1675. doi: 

https://doi.org/10.1080/09593330.2013.879495 

An, W. et al. (2024) ‘Efficient Recovery of Phosphate from Water Media 

by Iron-Magnesium Functionalized Lignite: Adsorption Evaluation, 

Mechanism Revelation and Potential Application 
Exploration’, Molecules, 29(6), p. 1252. doi: 

https://doi.org/10.3390/molecules29061252 

Baird, R.B., Eaton, A.D. and Rice, E.W. (2017) Standard Methods for 
the Examination of Water and Wastewater. 23th edn. Washington, 

D.C.: American Public Health Association, American Water Works 

Association, Water Environment Federation.  

Bektas, N. et al. (2004) ‘Removal of phosphate from aqueous solutions 

by electro-coagulation’, Journal of Hazardous Materials, 106(2-3), 

pp. 101–105. doi: https://doi.org/10.1016/j.jhazmat.2003.10.002 

Cabo, A. et al. (2025) ‘Phosphorus Removal by Chemical Precipitation 

in Wastewater Treatment Plants’, Journal of Chemistry, 2025(1), p. 

8608812. doi: https://doi.org/10.1155/joch/8608812 

Caravelli, A.H., De Gregorio, C. and Zaritzky, N.E. (2012) ‘Effect of 
operating conditions on the chemical phosphorus removal using 

ferric chloride by evaluating orthophosphate precipitation and 
sedimentation of formed precipitates in batch and continuous 
systems’, Chemical Engineering Journal, 209, pp. 469-477. doi: 

https://doi.org/10.1016/j.cej.2012.08.039 

Chen, B. (2025) ‘From Tradition to Innovation: The Evolution and Future 
Prospects of Phosphorus Removal Technologies in Wastewater 
Treatment’, 7th International Conference on Environmental 
Prevention and Pollution Control Technologies. Chengdu, China, 11-

13 April 2025. E3S Web of Conferences: EDP Sciences, p. 01016. 

doi: https://doi.org/10.1051/e3sconf/202562801016 

Dessì, E. et al. (2024) ‘Reagent-free phosphorus precipitation from a 

denitrified swine effluent in a batch electrochemical 
system’, Heliyon, 10(17), e36766. doi: 

https://doi.org/10.1016/j.heliyon.2024.e36766 

Drogui, P. et al. (2008) ‘Electrochemical removal of pollutants from 
agro-industry wastewaters’, Separation and Purification 

Technology, 61(3), pp. 301-310. doi: 

https://doi.org/10.1016/j.seppur.2007.10.013 

Duan, R. et al. (2022) ‘Co-transport of Cu2+, Pb2+, Cd2+, and Zn2+ in the 

columns of polyaluminium chloride and anionic polyacrylamide water 
treatment residuals’, Journal of Water Process Engineering, 45, p. 

102475. doi: https://doi.org/10.1016/j.jwpe.2021.102475 

Fattah, K.P. et al. (2022) ‘Impact of magnesium sources for phosphate 
recovery and/or removal from waste’, Energies, 15(13), p. 4585. doi: 

https://doi.org/10.3390/en15134585 

Feng, W. et al. (2023) ‘Chemical composition, sources, and ecological 
effect of organic phosphorus in water ecosystems: A review’, Carbon 

Research, 2(1), p. 12. doi: https://doi.org/10.1007/s44246-023-

00038-4 

Golder, A.K., Samanta, A.N. and Ray, S. (2006) ‘Removal of phosphate 
from aqueous solutions using calcined metal hydroxides sludge 
waste generated from electrocoagulation’, Separation and 
Purification Technology, 52(1), pp. 102-109. doi: 

https://doi.org/10.1016/j.seppur.2006.03.027 

Grover, J.P. (1989) ‘Phosphorus-dependent growth kinetics of 11 
species of freshwater algae’, Limnology and Oceanography, 34(2), 

pp. 341-348. doi: https://doi.org/10.4319/lo.1989.34.2.0341 

İrdemez, Ş. et al. (2006) ‘The effects of current density and phosphate 

concentration on phosphate removal from wastewater by 
electrocoagulation using aluminum and iron plate 
electrodes’, Separation and Purification Technology, 52(2), pp. 218-

223. doi: https://doi.org/10.1016/j.seppur.2006.04.008 

Janczukowicz, W. and Rodziewicz, J. (2024) ‘Water and wastewater 
management in agriculture’, Applied Sciences, 14(6), p. 2488. doi: 

https://doi.org/10.3390/app14062488 

Jiang, J.Q. and Graham, N.J. (1998) ‘Pre-polymerised inorganic 
coagulants and phosphorus removal by coagulation- a 
review’, Water Sa, 24(3), pp. 237-244. Available at: 

https://www.wrc.org.za/wp-
content/uploads/mdocs/WaterSA_1998_03_jul98_p237.pdf 
(Accessed date: 26 March 2025). 

Khalegh, R. and Qaderi, F. (2019) ‘Optimization of the effect of 
nanoparticle morphologies on the cost of dye wastewater treatment 
via ultrasonic/photocatalytic hybrid process’, Applied 

Nanoscience, 9(8), pp.1869-1889. doi: 

https://doi.org/10.1007/s13204-019-00984-9 

Kan, C. and Huang, C. (1998) ‘Coagulation monitoring in surface water 
treatment facilities’, Water Science and Technology, 38(3), pp.237-

244. doi: https://doi.org/10.1016/S0273-1223(98)00465-X 

Khataei, B., Qaderi, F. and Mosavat, F. (2025) ‘Photocatalytic 
Treatment and Kinetic Study of Dye Wastewater by Synthesized ZnO 
Nanoparticles’, Journal of Mining and Environment, 16(1), pp. 321-

369. doi: https://doi.org/10.22044/jme.2024.14461.2717 

https://doi.org/10.22126/arww.2023.5744.1190
https://doi.org/10.3390/w16172507
https://doi.org/10.1016/j.chemosphere.2004.09.008
https://doi.org/10.22126/arww.2024.9824.1314
https://doi.org/10.1080/09593330.2013.879495
https://doi.org/10.3390/molecules29061252
https://doi.org/10.1016/j.jhazmat.2003.10.002
https://doi.org/10.1155/joch/8608812
https://doi.org/10.1016/j.cej.2012.08.039
https://doi.org/10.1051/e3sconf/202562801016
https://doi.org/10.1016/j.heliyon.2024.e36766
https://doi.org/10.1016/j.seppur.2007.10.013
https://doi.org/10.1016/j.jwpe.2021.102475
https://doi.org/10.3390/en15134585
https://doi.org/10.1007/s44246-023-00038-4
https://doi.org/10.1007/s44246-023-00038-4
https://doi.org/10.1016/j.seppur.2006.03.027
https://doi.org/10.4319/lo.1989.34.2.0341
https://doi.org/10.1016/j.seppur.2006.04.008
https://doi.org/10.3390/app14062488
https://doi.org/10.1007/s13204-019-00984-9
https://doi.org/10.1016/S0273-1223(98)00465-X
https://doi.org/10.22044/jme.2024.14461.2717


Afsharirad et al. / Journal of Applied Research in Water and Wastewater 12 (2025) 178-187 

 

186 
 

Khourshidi, A. and Qaderi, F. (2023) ‘The use of response surface 

methodology for modeling and optimizing of p-nitrophenol 
contaminated water treatment process conducted by the non-thermal 
plasma discharge technology’, Journal of Applied Research in Water 

and Wastewater, 10(1), pp. 80-90. doi: 

https://doi.org/10.22126/arww.2023.8527.1275 

Kim, H.G. et al. (2010) ‘Effect of an electro phosphorous removal 

process on phosphorous removal and membrane permeability in a 
pilot-scale MBR’, Desalination, 250(2), pp. 629-633. doi: 

https://doi.org/10.1016/j.desal.2009.09.038 

Li, C., Duan, R. and Li, Y. (2022) ‘Polyaluminium chloride and anionic 

polyacrylamide water treatment residuals as an amendment in soils 
for phosphorus: Implications for reuse in stormwater bioretention 
systems’, Water, Air, & Soil Pollution, 233(3), p. 88. doi: 

https://doi.org/10.1007/s11270-022-05565-1 

Liu, X. et al. (2021) ‘Performance and mechanism of phosphorus 
removal by slag ceramsite filler’, Process Safety and Environmental 

Protection, 148, pp. 858-866. doi: 

https://doi.org/10.1016/j.psep.2021.02.016 

Mesdaghinia, A.R. et al. (2003) ‘Effect of coagulants on electrochemical 

process for phosphorus removal from activated sludge effluent’, 
Iranian Journal of Public Health, 32(4), pp. 1-7. Available at: 

https://ijph.tums.ac.ir/index.php/ijph/article/view/1932 (Accessed 
date: 25 March 2025).  

Metcalf, M. and Eddy, V. (2003) Wastewater Engineering: Treatment 
and Reuse. 4th edn. Boston: Mc Graw Hill. 

Moghadam, M.T. and Qaderi, F. (2019) ‘Modeling of petroleum 
wastewater treatment by Fe/Zn nanoparticles using the response 

surface methodology and enhancing the efficiency by 
scavenger’, Results in Physics, 15, pp. 102566-102576. doi: 

https://doi.org/10.1016/j.rinp.2019.102566 

Murnane, J. G. et al. (2015) ‘Use of zeolite with alum and polyaluminum 

chloride amendments to mitigate runoff losses of phosphorus, 
nitrogen, and suspended solids from agricultural wastes applied to 
grassed soils. Journal of Environmental Quality, 44(5), pp. 1674-

1683. doi: https://doi.org/10.2134/jeq2014.07.0319 

Naeemah Bashara, A. and Qaderi, F. (2024) ‘Investigation of integrated 
model for optimizing the performance of urban wastewater 
system’, Journal of Applied Research in Water and 
Wastewater, 11(1), pp. 83-89. doi: 

https://doi.org/10.22126/arww.2023.8617.1276 

Ojani, M. et al. (2024) ‘The role of land use on phosphorus release and 

longitudinal changes of pollution in an agricultural watershed, 
Bostankar river, Iran’, Sustainable Water Resources 
Management, 10(4), p. 157. doi: https://doi.org/10.1007/s40899-

024-01141-z 

Özacar, M. and Şengil, İ.A. (2003a) ‘Effect of tannins on phosphate 
removal using alum’, Turkish Journal of Engineering & 

Environmental Sciences, 27(4), pp. 227-236. Available at: 

https://openurl.ebsco.com/EPDB%3Agcd%3A16%3A2690576/detai
lv2?sid=ebsco%3Aplink%3Ascholar&id= 

ebsco%3Agcd%3A10448541&crl=c&link_origin=scholar.google.co
m (Accessed date: 25 March 2025).  

Özacar, M. and Şengil, İ.A. (2003b) ‘Enhancing phosphate removal 
from wastewater by using polyelectrolytes and clay injection’, Journal 

of Hazardous Materials, 100(1-3), pp. 131-146. doi: 

https://doi.org/10.1016/S0304-3894(03)00070-0 

Petzoldt, C.S., Lezcano, J.P. and Moreda, I.L. (2020) ‘Removal of 

orthophosphate and dissolved organic phosphorus from synthetic 
wastewater in a combined struvite precipitation-adsorption 
system’, Journal of Environmental Chemical Engineering, 8(4), 

p.103923. doi: https://doi.org/10.1016/j.jece.2020.103923 

Pu, J. et al. (2021) ‘Implications of phosphorus partitioning at the 

suspended particle-water interface for lake eutrophication in China’s 
largest freshwater lake, Poyang Lake’, Chemosphere. 263, p. 

128334. https://doi.org/10.1016/j.chemosphere.2020.128334 

Qaderi, F., Sayahzadeh, A.H. and Azizi, M. (2018) ‘Efficiency 
optimization of petroleum wastewater treatment by using of serial 
moving bed biofilm reactors’, Journal of Cleaner Production, 192, pp. 

665-677. doi: https://doi.org/10.1016/j.jclepro.2018.04.257 

Qaderi, F. et al. (2019) ‘Efficiency modeling of serial stabilization ponds 

in treatment of phenolic wastewater by response surface 

methodology. International Journal of Environmental Science and 

Technology, 16(8), pp. 4193-4202. doi: 

https://doi.org/10.1007/s13762-018-1816-6 

Rouzafzay, F. et al. (2020) ‘Graphene@ ZnO nanocompound for short-

time water treatment under sun-simulated irradiation: Effect of shear 
exfoliation of graphene using kitchen blender on photocatalytic 
degradation’, Journal of Alloys and Compounds, 829, p. 154614. doi: 

https://doi.org/10.1016/j.jallcom.2020.154614 

Sha, S. et al. (2021) ‘Prospectives on application of magnetic powders 
from coal fly ash for wastewater treatment’, Chemical Engineering 
Transactions, 89, pp. 337-342. doi: 

https://doi.org/10.3303/CET2189057 

Sha, S. et al. (2022) ‘Enhanced precipitation performance for treating 

high-phosphorus wastewater using novel magnetic seeds from coal 
fly ash’, Journal of Environmental Management, 315, p. 115168. doi: 

https://doi.org/10.1016/j.jenvman.2022.115168 

Sheikholeslami, Z., Yousefi Kebria, D. and Qaderi, F. (2019) 
‘Investigation of photocatalytic degradation of BTEX in produced 
water using γ-Fe2O3 nanoparticle’, Journal of Thermal Analysis and 
Calorimetry, 135(3), pp. 1617-1627. doi: 

https://doi.org/10.1007/s10973-018-7381-x 

Shi, B. et al. (2007) ‘Removal of direct dyes by coagulation: the 
performance of preformed polymeric aluminum species’, Journal of 
Hazardous Materials, 143(1-2), pp. 567-574. doi: 

https://doi.org/10.1016/j.jhazmat.2006.09.076 

Wang, D. et al. (2004) ‘Speciation stability of inorganic polymer 
flocculant–PACl’, Colloids and Surfaces A: Physicochemical and 
Engineering Aspects, 243(1-3), pp. 1-10. doi: 

https://doi.org/10.1016/j.colsurfa.2004.04.073 

Wang, Q. et al. (2021) ‘Phosphorus removal performance of microbial-

enhanced constructed wetlands that treat saline 
wastewater’, Journal of Cleaner Production, 288, p. 125119. doi: 

https://doi.org/10.1016/j.jclepro.2020.125119 

Wang, L. and Duan, R. (2024) ‘Phosphorus transport and retention in 
soil columns amended with polyaluminium chloride and anionic 

polyacrylamide water treatment residuals: influence of phosphorus 
concentration, pH, and flow rate’, Water, Air, & Soil Pollution, 235(9), 

p. 582. doi: https://doi.org/10.1007/s11270-024-07413-w 

Xu, H. et al. (2024) ‘Advanced removal of phosphorus from urban 

sewage using chemical precipitation by Fe-Al composite 
coagulants’, Scientific Reports, 14(1), p. 4918. doi: 

https://doi.org/10.1038/s41598-024-55713-2 

Yago, F.L.I., Mamuad, R.Y. and Choi, A.E.S. (2024) ‘Recovery of 
phosphorus from actual small-scale food establishment wastewater 
through the precipitation process’, South African Journal of Chemical 

Engineering, 49, pp. 99-104. doi: 

https://doi.org/10.1016/j.sajce.2024.04.010 

Yang, K. et al. (2010) ‘Municipal wastewater phosphorus removal by 
coagulation’, Environmental technology, 31(6), pp. 601-609.  doi: 

https://doi.org/10.1080/09593330903573223 

Yaseri, A.M., Qaderi, F. and Khataei, B. (2024). Treatment of 
Wastewater Containing Persistent Organic Pollutants Through the 
Advanced Oxidation Process (Ozonation). Journal of Civil and 
Environmental Engineering, 54(116), pp. 15-24. doi: 

https://doi.org/10.22034/jcee.2023.53797.2192 

Zhang, Y. et al. (2024) ‘Enhancing phosphorus removal: the impact of 

alkaline environment in eutrophic water systems. Environmental 
Research Communications, 6(10), p. 105009. doi: 

https://doi.org/10.1088/2515-7620/ad7d72 

Zhao, Y. et al. (2009) ‘Removal of phosphate from aqueous solution by 
red mud using a factorial design’, Journal of Hazardous 
Materials, 165(1-3), pp.1193-1199. doi: 

https://doi.org/10.1016/j.jhazmat.2008.10.114 

Zoqi, M. J., Ayobi, M. and Khataei, B. (2023) ‘Efficiency of various 
binders in solidification/stabilization of heavy metals and 
compressive strength in sludge of Ceramic tile factory Niloufar in 
Birjand. Amirkabir Journal of Civil Engineering, 55(4), pp. 741-756. 

doi: https://doi.org/10.22060/ceej.2023.21527.7753 

Zouboulis, A.I. and Tzoupanos, N.D. (2009) ‘Polyaluminium silicate 

chloride—A systematic study for the preparation and application of 
an efficient coagulant for water or wastewater treatment’, Journal of 

https://doi.org/10.22126/arww.2023.8527.1275
https://doi.org/10.1016/j.desal.2009.09.038
https://doi.org/10.1007/s11270-022-05565-1
https://doi.org/10.1016/j.psep.2021.02.016
https://doi.org/10.1016/j.rinp.2019.102566
https://doi.org/10.2134/jeq2014.07.0319
https://doi.org/10.22126/arww.2023.8617.1276
https://doi.org/10.1007/s40899-024-01141-z
https://doi.org/10.1007/s40899-024-01141-z
https://openurl.ebsco.com/EPDB%3Agcd%3A16%3A2690576/detailv2?sid=ebsco%3Aplink%3Ascholar&id=
https://openurl.ebsco.com/EPDB%3Agcd%3A16%3A2690576/detailv2?sid=ebsco%3Aplink%3Ascholar&id=
https://doi.org/10.1016/S0304-3894(03)00070-0
https://doi.org/10.1016/j.jece.2020.103923
https://doi.org/10.1016/j.chemosphere.2020.128334
https://doi.org/10.1016/j.jclepro.2018.04.257
https://doi.org/10.1007/s13762-018-1816-6
https://doi.org/10.1016/j.jallcom.2020.154614
https://doi.org/10.3303/CET2189057
https://doi.org/10.1016/j.jenvman.2022.115168
https://doi.org/10.1007/s10973-018-7381-x
https://doi.org/10.1016/j.jhazmat.2006.09.076
https://doi.org/10.1016/j.colsurfa.2004.04.073
https://doi.org/10.1016/j.jclepro.2020.125119
https://doi.org/10.1007/s11270-024-07413-w
https://doi.org/10.1038/s41598-024-55713-2
https://doi.org/10.1016/j.sajce.2024.04.010
https://doi.org/10.1080/09593330903573223
https://doi.org/10.22034/jcee.2023.53797.2192
https://doi.org/10.1088/2515-7620/ad7d72
https://doi.org/10.1016/j.jhazmat.2008.10.114
https://doi.org/10.22060/ceej.2023.21527.7753


Afsharirad et al. / Journal of Applied Research in Water and Wastewater 12 (2025) 178-187 

 

187 
 

Hazardous Materials, 162(2-3), pp. 1379-1389. doi: 

https://doi.org/10.1016/j.jhazmat.2008.06.019 

Zouboulis, A.I. and Tzoupanos, N. (2010) ‘Alternative cost-effective 
preparation method of polyaluminium chloride (PAC) coagulant 

agent: Characterization and comparative application for 
water/wastewater treatment’, Desalination, 250(1), pp. 339-344. doi: 

https://doi.org/10.1016/j.desal.2009.09.053

 

https://doi.org/10.1016/j.jhazmat.2008.06.019
https://doi.org/10.1016/j.desal.2009.09.053

