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Abstract: Many coagulants such as aluminium sulfate, ferric sulfate, and ferrous sulfate have been 

investigated in the past, but there is a lack of data on their effectiveness to some specific water qual-

ity parameters. This study aimed at investigating the efficiency of the coagulation water treatment 

process to remove pollutants such as total organic carbon (TOC), total nitrogen (TN), and total sus-

pended solids (TSS) from urban drinking water. The polyaluminium chloride (PAC) coagulant was 

applied to determine the impact of the treatment process on the structure and diversity of these 

pollutants in urban drinking water. All water samples were collected from the Yangtze River, Ba-

oshan district, Shanghai, China, over a period of three months which coincided with the late sum-

mer and early winter periods. Specific to different coagulant characterizations, a preliminary test 

was performed with three other coagulants, namely, aluminium sulfate, polyaluminium, silicate 

sulfate, and ferric sulfate to determine their optimal conditions for floc characterization and removal 

efficiencies. In summary, the overall performance of the PAC coagulant was better than that of the 

other three coagulants used in the pre-treatment of the sampled water. The obtained results revealed 

that under the optimum operating conditions, the doses of the PAC were as follows: 20, 35, 50, 65, 

and 80 mgL−1, respectively. The water temperature and pH were determined by using a pH meter, 

the TOC and TN determined by using a TOC analyzer, and the TSS by following the ASTM D2540 

method. Furthermore, the response surface methodology by the Box–Behnken optimization analy-

sis was applied to coagulant dosage, temperature, pH, and three corresponding dependent factors 

(TSS, TOC, and TN) to determine the best optimal conditions for the PAC performance. To deter-

mine whether or not the quadratic model adequately explained and predicted the response during 

the coagulation process, an analysis of variance was performed. Multiple optimal factors were iden-

tified for the urban drinking water treatment, including a pH value of 6.9, water temperature of 20.1 

°C, and a coagulant dosage of 9.7 mgL−1.  

Keywords: coagulation optimization; polyaluminium chloride; response surface methodology;  

urban drinking water; Yangtze River 

 

1. Introduction 

The water environment of developing nations such as China over the years has been 

polluted as the country has chased rapid economic growth, with little consideration given 

to the environmental threats of unregulated growth to the country’s water quality. De-

spite the Chinese government’s strict measures to control their water resources, their riv-

ers continue to be addressed in terms of water pollution. The Yangtze River has a strong 

water intake rate and has played an essential part in Chinese history, society, and most 

significantly the economy. Nevertheless, it is one of Asia’s 29 main river systems that are 
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highly polluted [1]. The river is China’s primary source of urban drinking water, and also 

used for irrigation, transportation, manufacturing, tourism [2], etc.; furthermore, it sup-

ports more than one-fifth of the country’s population [3]. China’s environmental science 

group conducted comprehensive research on the occurrence, causes, and dangers of non-

point sources’ pollution in water bodies; the research culminated in the discovery of sev-

eral pollutants using multiple adapted mass balance methods [4, 5].  

Non-point source pollutants such as nitrogen were estimated to be as high as 80% in 

most Chinese rivers [4]. According to the Chinese national quality standards for surface 

water with respect to the high percentage of nitrogen in these water bodies, the river’s 

water can only be used for industrial, agricultural, and landscaping purposes [6]. Ammo-

nia, nitrite, nitrate, and organically bonded nitrogen are all constituents of nitrogen, but 

total nitrogen (TN) accounts for all of them. Water eutrophication brought on by TN pol-

lution is a major ecological disruptor responsible for issues such as toxic algal blooms, 

oxygen depletion, and biodiversity loss [6]. Furthermore, total suspended solids (TSS), 

which are important carriers of pollutants [7] such as total organic carbon (TOC) were also 

found in the water bodies. The deposition of TSS in a water system can have a significant 

effect on the ecotoxic effects of the aquatic ecosystem. It can be used to estimate how far 

the water bodies have lost their purity as the result of runoff and suspended particulate 

matter. On the other hand, TOC measures the number of organic particles or pollutants 

present in water, regardless of how clean it is. It is a quantitative method for determining 

whether water is safe to drink or use for other purposes. To overcome these challenges, 

different applications of water treatment processes are used to supply urban populations 

with safe drinking water. The methods employed are often dependent on the source wa-

ter’s quality, the level of water pollution, and the applicable requirements for protecting 

the public’s health. Hence, selecting a low-cost, efficient treatment method has become 

essential for sustainability in the urban drinking water sector. 

Coagulation is a method of treating water that has been vital to the production of 

potable water for decades [8]. This method is frequently utilized in urban drinking water 

treatment systems across the world because it is an effective chemical treatment technique 

for urban water [9, 10]. The methods employed mostly are physicochemical adsorption 

[11], reverse osmosis [12], nanofiltration [13], chemical treatment combined with filtration 

[14], etc. Its wide range of applications in water treatment processes is a result of its effec-

tiveness and ease of use. Using this process, numerous experiments have been conducted 

to maximize the removal of pollutants [15] such as TSS, TN, TOC, natural organic matter, 

etc. This process could account for approximately 90% of the removal of pollutants in raw 

water [16]. Even so, the treatment factors such as coagulant dosage [17], temperature, and 

pH [18, 19] influence its performance. To improve the effectiveness of the treatment pro-

cess, these parameters must be improved. In most cases, to achieve optimal conditions, 

the conventional experimental approach known as one parameter at a time [9] by control-

ling pH and coagulant dosage to minimize the turbidity response [10]. However, the var-

ious impacts of coagulant dosage, temperature, and pH usually prevent the coagulation 

process from determining the link between multiple variables. As a result, the coagulation 

performance is frequently suboptimal because of various constraints associated with full-

scale operation and water quality variations [19]. Other water characteristics, more than 

only turbidity removal, can be addressed to improve coagulation. The development and 

application of these approaches necessitate an increase in the number of key parameters 

(factors and responses) considered in the process. Some modeling tools can be used for 

this purpose [10] with respect to coagulant(s) with better performance. 

Coagulants, which are hydrolyzing metal salts (Fe or Al), are often used in the coag-

ulation process to destabilize colloids. To date, coagulants have been the subject of much 

study and development with the goal of creating a safer environment, having high stabil-

ity, and more adaptable formulations that can withstand a wide range of processing con-

ditions without compromising coagulation efficiency [20]. During water treatment pro-

cesses, conventional coagulants such as iron and aluminium sulfate are typically used to 
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stimulate particle formation. Alum has been used as a coagulant for a long time, but it has 

some limitations, including a narrow pH range (6.5 to 8.0) and the development of sub-

stantial amounts of aluminium residue during post-treatment [21]. Because of these chal-

lenges with alum, better aluminium-based polymers such as polyaluminium chloride 

(PAC), produced by the gradual titration of a base to aluminium salts, have been widely 

used in the last few decades to treat urban water because (i) they work well at lower doses, 

(ii) they have outstanding coagulation and sedimentation properties [22], and (iii) they 

have a wider pH and temperature range [21, 23]. However, their chemistry and aggrega-

tion properties are not as well known, and specific information on using polyaluminium 

coagulants remains a viable approach [22].  

For this study, response surface methodology (RSM), a technique based on mathe-

matical statistical approaches, was further employed to optimize the multivariate re-

sponse in the coagulation process. With the objective of optimizing the experimental pa-

rameters, obtaining the optimum conditions with a highlight on RSM is a useful design. 

The RSM can define the relationship between process-operating factors and evaluate their 

impacts to achieve optimal conditions for intended responses, thereby reducing the num-

ber of experimentations [10, 19, 24]. We investigated the impact of three independent fac-

tors (coagulant dose, temperature, and pH) and three corresponding dependent factors 

(TSS, TOC, and TN) using the Box–Behnken design approach. The choice of the use of the 

PAC coagulant was based on results obtained from the preliminary tests in jars with re-

spect to the coagulant pH and temperature characteristics. The analysis of variance 

(ANOVA) was conducted to determine if the quadratic model adequately described and 

predicted the response in the coagulation process. The findings will contribute to a better 

knowledge of the experimental design that can predict values based on water character-

istics to optimize the coagulation process by utilizing the PAC coagulant. 

2. Materials and Methods 

2.1. Materials 

All water samples were collected from the Yangtze River basin located at Baoshan 

district, Shanghai (Figure S1) from September to December 2020 using a 25 L polyvinyl 

chloride bottle. Prior to sampling, a permanent sampling station was established for this 

study to obtain consistent samples from the same point source. In situ baseline measure-

ments of the water samples’ turbidity, pH, temperature, TOC, TN, and TSS were deter-

mined as presented in Table 1. The PAC coagulant (Al = 9.0 ± 0.5 wt%, Cl = 22.0 ± 1.0 wt%, 

basicity = 40 % ± 2) used in the experiment was obtained from Huayu water chemical, 

Jiangsu, China, and the other coagulations investigated during the pre-experiment such 

as aluminium sulfate (Al2O3 = ≥15.60%, Fe = ≤0.50%, granularity = ≤10 mm) from Shandong 

Aluminum Company, Shandong, China; ferric sulfate -Fe2(SO4)3 [Fe = 19% (min), Fe3+ = 

0.15% (max), purity = 100%] from Sinopharm Chemical Reagent Co., Ltd., Shanghai, 

China; and polyaluminium silicate sulfate (Al = 5.0–5.5%, Al2O3 = 9.5–10.5%, basicity = 50–

57%) from Inner Mongolia Hahe Environmental Protection Company, China were of tech-

nical grade. After the preliminary test, a 500 ppm (±0.005 mgL−1) standard stock solution 

of all the coagulants used was prepared using deionized water by diluting them in a 1000 

mL volumetric flask and storing at room temperature (23 ± 1 °C).  
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Table 1. Characteristics of raw water from the Yangtze River (values are means ± standard devia-

tion, where n = 15). 

Samples’ Parameters 

Urban Drinking Water Treatment Standards 

Shanghai Standard 

(DB31/T1091-2018) [25]  

China National Standard (GB5749-

2006) [26] 

pH 7.71 ± 0.20 ≥6.5 ≤ 8.5 6.5–8.5 

Temperature (°C) 22.01 ± 1.05 - - 

Turbidity (NTU) 144.89 ± 96.44 <0.5 3 

TOC (mgL−1) 6.54 ± 6.12 <3 5 

TN (mgL−1) 2.52 ± 0.63 <0.15 1 

TSS (mgL−1) 295.14 ± 140.62 <500 1000 

2.2. Jar Test Procedure 

The ASTM D2035 coagulation technique was followed [27] using six stirred beakers 

in the Jar machine (ZR4-6 Intelligent Jar tester) of 500 mL capacity, with controlled mixing 

speed and time (Figure 1). The experimental setup consisted of five beakers with each of 

the beakers containing 300 mL of the sampled water. A preliminary Jar test was performed 

to determine the optimal conditions for floc synthesis and the concentration of each coag-

ulant. The obtained results revealed that under the optimum operating conditions, the 

doses of the PAC, aluminium sulfate, polyaluminium silicate sulfate, and ferric sulfate 

coagulants used were as follows: 20, 35, 50, 65, and 80 mgL−1, respectively. After pre-ex-

perimentation, the analyses were carried out at room temperature using the PAC coagu-

lant; the samples were stirred at 200 rpm for 2 min, to homogenize the coagulant, and then 

at 50 rpm for 10 min, before settling for 15 min. All tests were carried out in triplicate 

subject to physicochemical analyses. The turbidity was characterized with a turbidimeter 

(Hach 2100Q01, CO, USA). The temperature and pH were analyzed using a pH meter 

(Jenco model 6010M, San Diego, CA, USA). For the TOC and TN determination, a 24 mL 

vial of the sampled water from each beaker was analyzed using a TOC analyzer (TOC-V 

CPN, Shimadzu, Kyoto, Japan) [28] with a highlight to the non-purgeable organic carbon 

method. For this method, the organic carbon in an acidified sample after purging with a 

gas TOC analyzer was transformed to CO2 utilizing a catalytic oxidation combustion tech-

nique at high temperatures. A non-dispersive infrared sensor was then used to quantify 

the CO2 emitted by oxidation. The TOC analyzer then calculated the carbon and nitrogen 

concentration over an exceedingly wide range (ideally from 4 to 30,000 mg/L) using dilu-

tion techniques. Furthermore, a 100 mL portion of the treated samples from each beaker 

was decanted for the TSS analysis following the ASTM D2540 [29]. A dewatering pump 

(Cyangyi (VP-1, 3.6 m3h, 220 V-/50 Hz, 150 W)) was used to trap the suspended particulate 

matter in a ø9 cm filter media (porosity = 11 µm, ash (%) = ≤0.13). The filter media was 

then dried for 1 h 30 min at 105 °C in an oven and then cooled for 30 min in a desiccator 

before the final weight was determined with an electric mass balance. The TSS concentra-

tion was calculated following Equation (1).  

𝑇𝑆𝑆 =  
𝑊𝑇(𝑔)  −  𝑊𝐼(𝑔)

𝑉 (𝑚𝐿)
 ×  106 (1) 

where WT is the weight of the filter media and dried residual, WI is the weight of the un-

used filter media, and V is the volume of the sample used. 
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Figure 1. Schematic illustration of the experimental setup. 

2.3. Pre-Experiment 

2.3.1. Coagulant Dosage vs. Raw Water pH 

The pH of water is an important factor that impacts how reactive the functional 

groups of coagulants are with the organic matter in question. This is because the pH af-

fects how organic compounds separate apart [30]. As can be seen in Figure 2a, the results 

of the pre-experiments of coagulant dosage and the pH strength of PAC (7.14), AS (6.31), 

and PASS (6.37) were all within the acceptable limit for drinking water (≥6.5 ≤ 8.5) accord-

ing to Shanghai City [25] and China national standards [26], except for FS (5.75) which 

decreased significantly below the treatment standard as the coagulant dosage increased 

(from 20 to 80 mgL−1). It was also observed that an increase in the coagulant dosage of the 

AS and PASS coagulant decreased the water pH. However, the performance of PAC 

showed that it had strong hydrolyzing characteristics to control the water pH as the coag-

ulant dosage increased. A pH of less than 6 showed that the treated water samples were 

acidic and that some contaminants were present [31], and could also lead to corrosion in 

metal pipes during water distribution. These findings show that the water pH and coag-

ulant dosages have an impact on the efficacy of the selected responses (TSS, TOC, and TN) 

removal. 

2.3.2. Coagulant Dosages vs. Raw Water Temperature 

When using the conventional treatment approach, the temperature has been shown 

to influence not only flocculation [32] but also filtration efficiency, as lower temperature 

waters will slow down hydrolysis. According to the findings, the water temperature 

seemed to have minimal impact on coagulant dosages. This influence can be seen in any 

of the coagulants used in Figure 2b. However, PAC can be preferable to conventional co-

agulants in low-temperature conditions due to their hydrolyzed state. In contrast, it is a 

cost-effective treatment coagulant that does not significantly alter the water temperature 

and impact the coagulation mechanism. 



Water 2023, 15, 853 6 of 14 
 

 

 

Figure 2. (a) pH and (b) temperature range as a function of each coagulant dose. Note(s): PAC = 

polyaluminium chloride; AS = aluminium sulfate; PASS = polyaluminium silicate sulfate; and FS = ferric sul-

fate. 

2.4. Data and Statistical Analysis 

All data curation was handled using Microsoft Excel 2016. OriginPro 2021 (OriginLab 

Corporation, Northampton, USA) was used for the statistical analysis, and RSM was per-

formed in Design-Expert 13 (Stat-Ease, Minneapolis, MN, USA). 

2.5. Response Surface Methodology and Optimization 

RSM was employed to determine optimal conditions for TN, TOC, and TSS removal 

over the PAC coagulant. Each run was independently conducted under previously de-

scribed experimental conditions. The Box–Behnken experimental design in Design-Expert 

13 was employed for the analysis. The number of experimental runs was determined fol-

lowing Equation (2) [33]. To determine the effects of pH, coagulant dosage, and tempera-

ture in Table 2 on TN, TOC, and TSS removal, 15 separate experiments were conducted. 

The experimental design (Table S1) to evaluate the relationship between the responses (y) 

and the set of independent values (x) is shown in Equation (2).  

𝑁 =  2𝐾 (𝐾 − 1) +  𝑟 (2) 

where N is the number of experiments, K is the number of factors, and r is the number of 

replicates. 

𝑦(%)  =  𝑓 (𝑥)  =  𝛽0  +  ∑ 𝛽𝑖

𝑘

𝑖=1

𝑥𝑖  +  ∑ 𝛽𝑖𝑖

𝑘

𝑖=1

𝑥𝑖
2  +  ∑ ∑ 𝛽𝑖𝑗

𝑘

𝑖=𝑗

𝑥𝑖

𝑘

𝑖=1

𝑥𝑗 (3) 

where y is the predicted response, and 𝑥𝑖 and 𝑥𝑗 are the independent variables (i, j = 1, 2, 

3, 4 …k). The parameter 𝛽𝑜  is the model constant, 𝛽𝑖 is the linear coefficient, βii is the 

second-order coefficient, and 𝛽𝑖𝑖   is the interaction coefficient. 

Table 2. List of independent variables and their levels. 

Factors Unit Code 
Levels 

Low High 

pH - 𝑥1 5 7 

Temperature °C 𝑥2 21 22 

Dosage mgL−1 𝑥3 5 80 
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3. Results and Discussion 

3.1. Fitting Models 

To determine the interactions between the parameters contributing to the PAC coag-

ulant for the removal of TN, TSS, and TOC in urban drinking water treatment, RSM mod-

eling with a Box–Behnken analysis was used. Similar approaches were applied by Choi et 

al. 2022 and Barilla et al. 2022 to study the adsorption and interaction effects of multiple 

variables [34, 35]. The regression equations (uncoded units) describing the relationship 

between the variables (𝑥1, 𝑥2, and 𝑥3) for TOC, TN, and TSS are represented in Equations 

(4)– (6). Table 3 shows the matrix of observed and predicted values for TOC, TSS, and TN 

removal. Overall, it was observed that the predicted values were quite close to the actual 

values, revealing the model’s suitability to navigate the design space.  

𝑦(𝑇𝑂𝐶) = 4.12 + 1.72𝑥1 − 3.66𝑥2 − 2.69𝑥3 − 3.57𝑥1𝑥2 + 0.066𝑥1𝑥3 + 4.82𝑥2𝑥3 − 1.66𝑥1
2 + 4.65𝑥2

2 − 0.411𝑥3
2 (4) 

𝑦(𝑇𝑁)  =  2.12 − 0.031𝑥1  +  0.229𝑥2 − 0.097𝑥3 − 0.280𝑥1𝑥2 − 0.400𝑥1𝑥3 − 0.675𝑥2𝑥3 − 0.619𝑥1
2 + 0.204𝑥2

2  + 0.199𝑥3
2 (5) 

𝑦(𝑇𝑆𝑆)  =  78.62 +  188.82𝑥1 − 6.4𝑥2 − 26.98𝑥2  − 24.6𝑥𝑖𝑥2  − 6.98𝑥1𝑥2 − 0.919𝑥2𝑥3 − 29.21𝑥1
2  − 4.25𝑥2

2  +  20.5𝑥3
2 (6) 

Table 3. Matrix of observed and predicted values. 

Runs x1 x2 x3 
TOC TN TSS 

O P O P O P 

1 6 21 42.5 2.02 4.12 1.69 2.12 97.8 78.6 

2 6 21 42.5 1.54 4.12 1.43 2.12 65.3 78.6 

3 5 21 80 1.74 −2.15 1.45 2.03 122.2 129.7 

4 7 21 80 1.24 1.41 1.12 1.17 190.3 181.3 

5 6 20 5 21.36 19.8 1.41 1.72 77.6 73.5 

6 6 22 80 5.54 7.1 2.28 1.98 110.6 114.7 

7 6 21 42.5 8.81 4.12 3.23 2.12 72.8 78.6 

8 6 22 5 5 2.84 3.19 3.52 60.0 62.6 

9 7 21 5 2.77 6.66 2.75 2.17 120.8 113.3 

10 6 20 80 2.63 4.79 3.21 2.87 131.9 129.3 

11 5 22 42.5 2.97 5.3 2.53 2.25 114.5 103.0 

12 5 20 42.5 3.75 5.49 1.48 1.23 71.5 66.6 

13 5 21 5 3.53 3.35 1.48 1.43 80.7 89.7 

14 7 20 42.5 18.39 16.06 1.44 1.72 141.9 153.4 

15 7 22 42.5 3.33 1.6 1.37 1.62 86.5 91.4 

Note(s): O = observed; P = predicted. 

Research using ANOVA (Table 4) was conducted to check if the quadratic model 

adequately described the data collected in the experiment. Modeling factors such as p-

value (probability), R² (coefficient), and the model’s adequate precision (Ad.p) are useful 

for evaluating the ‘significance level’ of any suggested model. To paraphrase some statis-

tical theories, a highly significant model is defined by a large Fischer test (F-value) and a 

small probability (p-value) [36]. If the proposed model had an R2 of more than 0.9 and a 

P-value less than 0.05, it was deemed to be significant. There was no statistically signifi-

cant misfit in the model’s ability to explain the data (P > 0.4762; see ANOVA), suggesting 

that the model was effective in guiding the response (Table S2). In addition, if (R²) was 

more than 0.8, the suggested model was considered to be a good match to the data col-

lected; in this case, (R²) = 0.819 [37]. The Ad.p is a model’s signal-to-noise ratio, and a ratio 

higher than 4 is desirable. The Ad.p values of 6.188 and 9.3197 for TOC and TSS, respec-

tively, suggest a sufficient signal, making this model appropriate for navigating the design 

space for TOC removal by PAC, except for TN, which had an Ad.p value slightly below 

4. Individually, it was observed that the interactions between the studied variables were 
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not significant for TOC and TN with P-values ranging from 0.0629 to 0.9527. The interac-

tions between pH and coagulant dosage were significant with corresponding P-values 

ranging from 0.019 to 0.0045, respectively. The model lack-of-fit (LOF) values for TOC, 

TN, and TSS were non-significant with corresponding Fisher (F-test) values and P-values 

ranging for TOC (F = 1.24; P = 0.4762), for TN (F = 0.49; P = 0.7226), and TSS (F = 0.7273; P 

= 0.6231), respectively. Generally, a non-significant LOF implies the model is good. 

Table 4. Analysis of variance (ANOVA) data for PAC treatment of TOC, TN, and TSS. 

 TOC TN TSS 

Source F-Value p-Value F-Value p-Value F-Value p-Value 

A-pH 1.25 0.3143 b 0.0117 0.9181 b 11.64 0.019 a 

B-Temp 5.68 0.0629 b 0.6412 0.4596 b 1.35 0.2984 b 

C-Dosage 3.06 0.1406 b 0.1135 0.7499 b 23.93 0.0045 a 

AB 2.7 0.1615 b 0.476 0.5209 b 9.95 0.0253 a 

AC 0.0009 0.977 b 0.9735 0.3691 b 0.8006 0.4119 b 

BC 4.92 0.0774 b 2.76 0.1574 b 0.0139 0.9107 b 

A² 0.5413 0.4949 b 2.15 0.2026 b 12.95 0.0156 a 

B² 4.23 0.0947 b 0.2336 0.6493 b 0.2745 0.6227 b 

C² 0.0039 0.9527 b 0.2214 0.6578 b 6.47 0.0517 b 

Residual       

Lack-of-Fit 1.24 0.4762 0.4934 0.7226 0.7273 0.6231 

p < 0.05 (significant); p > 0.05 (non-significant); a significant; b non-significant. 

Model Parameters 

Parameter R² Adjusted R2 Adequate Precision PRESS 

TOC 0.8193 0.4941 6.1888 1055.62 

TN 0.6088 0.0954 3.5497 26.68 

TSS 0.9303 0.8048 9.3197 11467.34 

In addition to the ‘observed versus predicted’ and ‘residuals versus run’ plots, we 

also determined other diagnostic signs to support the model’s suitability. In Figure 3a, c, 

e, the probability plot of 15 experimental results by different colored dots which were 

valued from 1.54 to 19.8 for TOC, 1.12 to 2.87 (Adj. R2 = 0.805) for TN (Adj. R2 = 0.58), and 

60.0 to 181 (Adj. R2 = 0.92) for TSS are shown; except for TN, there was good adequacy of 

the model based on the ‘observed’ versus ‘predicted data’ distribution on the straight line. 

In addition, Figure 3b, d, f revealed that the plot of ‘residuals’ against ‘runs’ was randomly 

distributed without uniform patterns. This conforms to the hypothesis of chance in the 

reaction system during coagulant removal. Therefore, the quadratic model was utilized 

to define the relationship between the factors investigated and the responses.  
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Figure 3. Predicted vs. residual values plots for TOC (a,b), TN (c,d), and TSS (e,f) 

3.2. Process Analysis 

A comparative analysis of the best conditions for TOC, TN, and TSS removal is 

shown in Figure 4. Figure 4a shows the 3D response surface plots of the quadratic models 

for TOC removal by PAC. It was observed that optimal conditions for TOC removal by 

PAC could lie in the ranges of pH (6) and temperature (21 °C) or pH (6) with a 
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corresponding dosage (42.5 mgL−1). However, a combination of an increase in dosage and 

temperature was not the best condition to increase TOC removal efficiency by PAC. The 

colloidal particles are restabilized due to an excessive dose. Similarly, Figure 4b shows the 

surface plots of TN removal. The model revealed that temperature (21 °C) and corre-

sponding pH (6) were the most optimal conditions for TN removal. Similar to TOC re-

moval, a dosage of (42.5 mgL−1) and pH (6) could generate similar optimal results for TN 

removal. Figure 4c further shows the surface and contour plots of the quadratic models 

for TSS with maximum removal capacity at (114 mgL−1) with conditions pH (5) and tem-

perature (22 °C). An increase in pH (7) with a corresponding increase in dosage (80 mgL−1) 

could attain the highest TSS removal capacity. The optimal conditions for (97.8 mgL−1) 

removal capacity were determined under the conditions of pH (6) and dosage (42.5 

mgL−1). However, a lower dosage (5 mgL−1) and lower temperature (20 °C) could not yield 

a higher removal capacity. This indicates that for TSS, a high coagulant dosage, pH, and 

temperature conditions are necessary for the best removal capacities by a PAC coagulant.  

 
(a) 
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(c) 

Figure 4. (a) 3D surface plot for TOC removal, (b) 3D surface plot for TN removal, (c) 3D surface 

plot for TSS removal  
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3.3. Process Optimization 

Because of the number of responses, Table 5 gives the optimal response limits for 

each parameter that was selected or chosen. Figure S2 graphically shows the circum-

stances in which the desired removal capabilities for TOC, TN, and TSS were concurrently 

reached by all parameters. Graphical optimization illustrates the area of viable response 

values in the factor space, with shaded portions indicating regions that meet the optimi-

zation requirements [38]. Using the optimization tool in Design-Expert 13, the optimiza-

tion goal was set to ‘maximum’ to reveal the best conditions for TOC, TN, and TSS re-

moval by PAC.  

Table 5. Optimized condition for TOC, TN, and TSS removal. 

pH 
Temperature  

(°C) 

Dosage  

(mgL−1) 

TOC  

(mgL−1) 

TN  

(mgL−1) 

TSS  

(mgL−1) 
Desirability 

6.9 20 9.7 22.174 1.753 129.358 1 

4. Conclusions 

In this study, the coagulation method, which is simple and cost-efficient, is proven 

as an effective process to remove pollutants from urban drinking water. Although several 

coagulants have been experimented with for urban drinking water treatment, the PAC 

coagulant was investigated as efficient for TOC, TSS, and TN removal. To the best of our 

knowledge, very little literature has reported on the optimization of water quality param-

eters such as chemical oxygen demand and potassium permanganate using the Yangtze 

River water, with little knowledge on the research-corresponding dependent factors (TSS, 

TOC, and TN) employing the coagulation process. As a result, the statistical modeling and 

optimization of the coagulation process were investigated. The laboratory results were 

modeled in RSM using the Box–Behnken design to determine maximum optimum condi-

tions. Based on the predicted R2 coefficients of plots, the experimental datasets were best 

fitted to the TSS and TOC predictive values, unlike TN which had a lower R2 value and 

did not show good agreement with the modeled results. The predictive optimum condi-

tions where all parameters were suitable to yield maximum TOC, TSS, and TN removal 

were established as water pH (6.9), water temperature (20°C), and coagulant dosage (9.7 

mgL−1). It is recommended that the integration of RSM with coagulation and other down-

ward treatment processes’ optimization to address the gap in the existing studies is a vi-

able approach to monitor and possibly adjust the process’s interdependence factors and 

responses.  
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