
sustainability

Article

Optimized Use of Ferric Chloride and Sesbania Seed
Gum (SSG) as Sustainable Coagulant Aid for
Turbidity Reduction in Drinking Water Treatment

Siong-Chin Chua 1 , Fai-Kait Chong 2 , M. A. Malek 3, Muhammad Raza Ul Mustafa 1 ,
Norli Ismail 4, Wawan Sujarwo 5, Jun-Wei Lim 2 and Yeek-Chia Ho 1,6,*

1 Civil and Environmental Engineering Department, Universiti Teknologi PETRONAS, Seri Iskandar 32610,
Perak, Malaysia; chuasiongchin95@gmail.com (S.-C.C.); raza.mustafa@utp.edu.my (M.R.U.M.)

2 Fundamental and Applied Sciences Department, Universiti Teknologi PETRONAS, Seri Iskandar 32610,
Perak, Malaysia; chongfaikait@utp.edu.my (F.-K.C.); junwei.lim@utp.edu.my (J.-W.L.)

3 Institute of Sustainable Energy (ISE), Universiti Tenaga Nasional, Kajang 43000, Selangor, Malaysia;
Marlinda@uniten.edu.my

4 School of Industrial Technology, Universiti Sains Malaysia, Gelugor 11800, Penang, Malaysia; norlii@usm.my
5 Ethnobiology Research Group, Research Center for Biology, Indonesian Institute of Sciences (LIPI),

Cibinong 16911, West Java, Indonesia; wawan.sujarwo@lipi.go.id
6 Centre for Urban Resource Sustainability, Institute of Self-Sustainable Building,

Universiti Teknologi PETRONAS, Seri Iskandar 32610, Perak, Malaysia
* Correspondence: yeekchia.ho@utp.edu.my; Tel.: +60-5-3687319

Received: 25 October 2019; Accepted: 13 November 2019; Published: 14 March 2020
����������
�������

Abstract: The growing global concern with environmental issues has raised the interest in the research
into natural biopolymers as a coagulant aid in order to reduce the use of inorganic coagulants.
This paper investigated the feasibility of sesbania seed gum (SSG) as a plant-based coagulant aid and
ferric chloride as a coagulant in drinking water treatment. Acid extraction method marked the highest
and most promising extraction yield at 20.8%, as compared to other extraction methods. Further,
the SSG extracted carried a weak negative charge of −3.02 mV, which is classified as a near neutral
coagulant aid. Hydroxyl and carboxyl functional groups, which aid in coagulation–flocculation,
were found in the SSG. These physiochemical analyses results evinced good characteristics of SSG
as a coagulant aid. On the other hand, response surface methodology (RSM) with three-factor
Box–Behnken design (BBD) was employed to evaluate and optimize the reaction condition of the
coagulation–flocculation process in drinking water treatment. A quadratic polynomial model was
fitted to the data with a high value of R2 (0.9901). Model validation experiments revealed the good
correspondence between actual and predicted values. In drinking water treatment, a promising
98.3% turbidity reduction was achieved with 10.2 mg/L of FeCl3 and 4.52 mg/L of SSG. Therefore,
SSG exhibited potential as a coagulant aid in drinking water treatment.

Keywords: coagulation; bridging mechanism; response surface methodology; Box–Behnken
design; biopolymer

1. Introduction

The coagulation–flocculation treatment system has been widely used to remove pollutants in
the water. It is a simple and highly effective treatment system that uses inorganic coagulants i.e.,
alum and ferric chloride, to remove pollutants [1,2]. However, the inorganic coagulant used has
raised controversial issues due to its toxicity, which could potentially be a hazard to human health.
Since the 1960s, the detrimental effects of inorganic chemical coagulants on human health have been
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published [3]. The residual aluminum that is found in the treated water could cause serious health
issues such as Alzheimer’s disease. Additionally, some clinical observations and epidemiological
studies have proven that there is a high positive correlation between Alzheimer’s disease and the
residual aluminum that is present in drinking water [4–7].

Biopolymers extracted from plants, animals, and microbes were found to be emerging alternative
coagulant aids that reduce the use of existing inorganic coagulants [8]. Interestingly, these biopolymers
exhibited intrinsic properties that have the flocculating ability. They are generally biodegradable,
safe, and eco-friendly [9,10]. Moreover, they generate five times less sludge as compared to inorganic
coagulants [3]. Lately, plant-based biopolymers are one of the natural coagulant aids that have become
the focus of most researchers [1,11]. However, the application of natural coagulant aids is still at its
infancy stage. The plants that have received the greatest degree of attention include Moringa oleifera,
cactus, and starch [12,13]. In 2017, Cactus opuntia was first studied as a coagulant aid with aluminum
sulfate as coagulant for the urban wastewater treatment, and 93.65% of turbidity was achieved [14].
The authors claimed that the use of Cactus opuntia as coagulant aid offers several advantages such
as availability, cost, and strength of the flocs formed. On the other hand, rice starch was used as
plant-based coagulant aid for drinking water treatment [13]. The result revealed that maximum
turbidity reduction of 89% was achieved at pH 3.

Sesbania grandiflora is known as a fast-growing tree legume [15] that is native to Asia, e.g.,
Malaysia, China, India, Philippines etc., and is widespread in humid tropical regions around the world.
Its fast-growing ability allows the tree to produce ripe pods within just nine months of planting the
seed. Additionally, the seed collection process is relatively easy and large amounts of seeds can be
hand harvested for processing purposes. Therefore, valorization of sesbania seeds as a coagulant
aid in drinking water treatment is highly favorable. The aim of this research was to investigate
the feasibility of using sesbania seed gum (SSG) as a coagulant aid in drinking water treatment.
The three objectives were (1) extraction of SSG, (2) characterization of SSG, and (3) determination of
the optimum coagulating condition of the SSG in drinking water treatment. The physicochemical
characteristic properties were examined to determine the role of SSG in the water treatment process, i.e.,
coagulation–flocculation process. The characterization studies included functional group evaluation,
elemental composition analysis, and zeta potential analysis. Lastly, the treatment of drinking water was
evaluated through the design of experiment (DOE) to determine the behavior of SSG in the treatment
process, as well as to understand the mechanism during the water treatment process.

2. Materials and Methods

2.1. Material

The sesbania seeds were purchased from the local market. The chemicals and solvents used
were of analytical grade and purchased from Sigma-Aldrich. All the chemicals were used without
further purification.

2.2. Method

Preparation of SSG

The biopolymer extraction methods, which include heating, soaking, advanced heating, and acid
extraction, were evaluated and modified from Prajapati, et al. [16], as shown in Figure 1.



Sustainability 2020, 12, 2273 3 of 13

 
Figure 1. Flowchart of different sesbania seed gum (SSG) extraction methods, (a) heating, (b) soaking, 
(c) advance heating, and (d) acid extraction. 

2.3. Sampling of River Water 

Samples were collected from the inlet of Sultan Idris Shah II Water Treatment Plant, Parit 
(4.483440, 100.913978) on the 6th of March 2018. The average turbidity and pH of the collected river 
water samples were 285 ± 6 NTU and 6.4 ± 0.2, respectively. The samples were transported to the 
laboratory and stored at 4 degrees Celsius. 

2.4. Assay of Turbidity Reduction  

Jar test was conducted in accordance to the American Society for Testing and Materials (ASTM) 
standard method jar test (D2035). Briefly, river water was poured into the beaker and ferric chloride 
was added into the water. The water was then stirred with a rapid mix at a 150 rpm for 1 minute. The 
SSG was added subsequently and the water was stirred with slow mix at 30 rpm for 15 minutes. The 
mixtures were left undisturbed for settling purposes (range from 1–15 minutes). A total of 10 mL of 
supernatant was withdrawn using the syringe, and the turbidity was measured using the HACH 2100 
Q turbidity meter. The suspensions were left undisturbed and the supernatants were collected using a 
10 mL syringe for final turbidity measurement. Equation 1 was used to calculate the percentage of 
turbidity reduction. Each result obtained and shown was the average value of triplicate measurements 
and all the jar test experiments were conducted at room temperature (22 ℃ ± 2 ℃). Turbidity Reduction % = 𝑇₁ − 𝑇₂𝑇₁ 100% (1) 

where T1 is the initial turbidity and 𝑇₂ is the final turbidity in NTU.  

2.5. Physicochemical Properties  

The functional group in the coagulation–flocculation process was evaluated using Fourier 
transform infrared spectroscopy (FTIR). The analysis was performed using the Perkin Elmer spectrum. 
The dry sample powder was mixed with potassium bromide (KBr) and pressed into pellets. The 

Figure 1. Flowchart of different sesbania seed gum (SSG) extraction methods, (a) heating, (b) soaking,
(c) advance heating, and (d) acid extraction.

2.3. Sampling of River Water

Samples were collected from the inlet of Sultan Idris Shah II Water Treatment Plant, Parit (4.483440,
100.913978) on the 6th of March 2018. The average turbidity and pH of the collected river water
samples were 285 ± 6 NTU and 6.4 ± 0.2, respectively. The samples were transported to the laboratory
and stored at 4 degrees Celsius.

2.4. Assay of Turbidity Reduction

Jar test was conducted in accordance to the American Society for Testing and Materials (ASTM)
standard method jar test (D2035). Briefly, river water was poured into the beaker and ferric chloride
was added into the water. The water was then stirred with a rapid mix at a 150 rpm for 1 min. The SSG
was added subsequently and the water was stirred with slow mix at 30 rpm for 15 min. The mixtures
were left undisturbed for settling purposes (range from 1–15 min). A total of 10 mL of supernatant was
withdrawn using the syringe, and the turbidity was measured using the HACH 2100 Q turbidity meter.
The suspensions were left undisturbed and the supernatants were collected using a 10 mL syringe for
final turbidity measurement. Equation (1) was used to calculate the percentage of turbidity reduction.
Each result obtained and shown was the average value of triplicate measurements and all the jar test
experiments were conducted at room temperature (22 ◦C ± 2 ◦C).

Turbidity Reduction (%) =
T1 − T2

T1
× 100% (1)

where T1 is the initial turbidity and T2 is the final turbidity in NTU.

2.5. Physicochemical Properties

The functional group in the coagulation–flocculation process was evaluated using Fourier
transform infrared spectroscopy (FTIR). The analysis was performed using the Perkin Elmer
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spectrum. The dry sample powder was mixed with potassium bromide (KBr) and pressed into
pellets. The adsorption bands were recorded at characteristic wave numbers between 4000 cm−1

to 450 cm−1. Besides, the surface charge of the SSG was identified through zeta potential analysis.
The sample was prepared by dissolving 1 mg/ml of SSG in 0.1 mM of sodium chloride at pH 7.
Zeta potential of the sample was analyzed using Malvern Zetasizer Nano (ZSP) at 25 ◦C with 173◦

measurement angle. A total of three runs were conducted as replication and a minimum of 10 runs
in each replication were performed. Lastly, the elemental compositions of SSG, river water before
treatment, and after treatment were analyzed through energy dispersive X-ray analysis (EDX) technique.

2.6. Design of Experiment for Optimization

Response surface methodology (RSM) was employed to identify the influencing factors,
the interaction between the influencing factors, and the corresponding optimum value of each
factor. It is a statistical approach that uses screening, characterization, and optimization analyses.
This approach overcomes the limitation of the traditional one-factor-at-a-time-method, where the
interaction between the factors is hard to identify [17,18]. In this experiment, the Box–Behnken design
(BBD), as the standard design of RSM [19], was adopted to statistically optimize the influencing factors
and evaluate the effect of the influencing factors on the turbidity reduction in drinking water treatment.
The dosage of FeCl3, dosage of SSG, and the settling time were chosen as the influencing factors.
Each designed factor was set to 3 levels (low, central, and high) and their respective ranges are tabulated
in Table 1. The range of each factor was determined through the preliminary single-factor experiments.

Table 1. Low and high limit of designed factors.

Influencing Factors Unit Coded Symbols
Range and Level

Low (−1) Central (0) High (+1)

Dosage of FeCl3 mg/L X1 10 12.5 15
Dosage of SSG mg/L X2 0.1 2.55 5
Settling Time minute(s) X3 1 8.0 15

Design Expert software (version 10.0.1, Stat-Ease, Inc., Minneapolis, MN, USA) was used for
the analysis of variance (ANOVA). Further, the interactions between the influencing factors were
determined by the designed mathematical regression models. Turbidity reduction (%) in drinking
water treatment was chosen as the response Y and a design matrix consisting of 15 experimental runs,
including three replicated runs in the center, was constructed. The response data were further analyzed
by multiple regression to fit the quadratic polynomial model [19], as illustrated in Equation (2).

Y = bo +
k∑

i=1

biXi +
k∑

i=1

biiX2
i +

k∑
i> j

·

k∑
j

bi jXiX j + e (2)

where Y is the measured response (turbidity reduction) and bo is a constant or an intercept. The terms
bi, bii, and bi j represent the coefficient of the linear, interaction, and quadratic terms, respectively.

2.7. Verification of Model

The optimal condition for the turbidity reduction from SSG depended on the dosage of ferric
chloride, dosage of SSG, and settling time, which were obtained using the predictive equations of RMS.
The predicted values were further compared with the experimental value to validate the designed
optimization model.
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3. Results

3.1. Extraction of SSG

Four different extraction methods were carried out to extract the SSG from sesbania seed.
The results of the four different extraction methods are summarized in Table 2. Among all the extraction
methods, acid extraction method achieved the highest yield of 20.8%, followed by advance heating
extraction method with 5.15% yield. Contrastingly, the yield achieved by the heating and soaking
extraction method was too little to be quantified, which can be neglected. One of the factors was
due to the temperature in the extraction process. In acid and advance heating extraction methods,
extraction of SSG from sesbania seed occurred at 80 ◦C. According to Nazir, et al. [20], the water
achieved better penetration into the solid matrix to solubilize the compound in a high temperature
condition. Therefore, high temperature enhances the penetration of SSG into the water, which results
in a higher yield in the extraction process. Further, physical crushing was required to break down
the cell wall of sesbania seeds to achieve effective extraction. This may be attributed to the strong cell
wall of the seeds, which act as the barrier for the penetration process of SSG into the water. Therefore,
the seed must be pulverized before the extraction process. On the other hand, it is postulated that the
acidic environment further aids in the breaking process of the cell wall. As a result, the SSG inside
the sesbania seed was released easily. In view of both economic and yield aspects, the acid method
is suggested to be used as it extracted the highest amount of SSG (2079 mg). Despite the fact that
the acid extraction method required the adjustment of pH, the yield from this method was excellent.
As compared to the advance heating method, the yield of SSG from the acid extraction method was
approximately four times higher (404%). Therefore, the acid extraction method was chosen to be
used hereafter.

Table 2. Summary of four different extraction methods.

Extraction Method Mass of Seed (g) Mass of SSG Produced (mg)

Heating method 10 -
Soaking method 10 -

Advance heating method 10 514.7
Acid method 10 2079.0

3.2. Characterization of SSG

3.2.1. Functional Group of SSG

The functional group is extremely important as it determines the flocculating ability of a biopolymer.
According to Zhang, et al. [21], the presence of carboxyl, hydroxyl, and amino groups in a biopolymer
help in the coagulating and flocculation process. It is reported that these functional groups contributed
to the flocculation of suspended particles in the water through the bridging mechanism. Table 3
shows the functional groups presented in the SSG. Besides, the illustration of the peak is given in
Supplementary Data 1 (S1). A broad O–H stretching peak at 3410 cm−1 is attributed to the presence of
glucose and fructose units in the polysaccharide framework. The strong peak observed at 2925 cm−1

represents the C–H stretch presence in galactose and rhamnose. Whilst the peak at 1648 cm−1 is
assigned to the carboxyl groups. Lastly, the peaks found between 1200–1000 cm−1 are postulated to be
C–O stretch in aromatic compounds of galactose, rhamnose, and galacturonic acid [22]. The functional
group results were similar to okra carbohydrate molecule, where the chemical structure exhibited
methyl, carbonyl, and hydroxyl functional groups [23]. The presence of various functional groups,
especially hydroxyl and carboxyl functional groups in SSG, revealed its potential as a good natural
coagulant aid for turbidity reduction.
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Table 3. Functional groups in SSG.

Wave Numbers (cm−1) Functional Groups References

3410 O–H Stretching [24–28]
2925 C–H Stretching [25,26,29]
1648 C=O Stretching [24,30]

1152, 1073, 1029 C–O Stretching [22]

3.2.2. Zeta Potential and Electrophoretic Mobility of SSG

The strength and the application of the biopolymer are greatly affected by the zeta potential
(ZP) and electrophoretic mobility (EM). ZP and EM analyses were carried out too and the results
are shown in Figure 2. SSG was found to be a weak anionic biopolymer with −3.02 mV of ZP
and −0.24 µm s−1 V−1 cm. The triplicates result showed it was consistent (Figure 2). As the surface
charge of SSG is slightly negative, the main mechanism governing the flocculation is suggested to
be adsorption and neutralization. During the coagulation–flocculation process, SSG helps in the
adsorption and bridging of the polymers with the colloids to increase the size of the floc produced.
This ability is attributed to the long-chain properties of the polymer. The polymer chains are adsorbed
on the surface of the particle through chemical bonding or physical attachment and, thus, larger floc is
formed. In addition, the mechanism of adsorption occurs through hydrogen bonding between the
oxygen atoms associated with hydrated metal ions at the surface of the particle [31].
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Figure 2. Zeta potential and electrophoretic mobility distribution of extracted SSG.

3.2.3. Elemental Composition

The elemental compositions of SSG and river water are presented in Table 4. Carbon, potassium,
oxygen, magnesium, phosphorus, and sulfur were the element compositions that found in SSG.
Carbon had the highest weightage, which was 65.31%, followed by oxygen which was 30.35%.
The remaining elements’ concentrations were found to be relatively low (< 5%). This explains
the presence of carbon and oxygen structures, as per the FTIR results. Often, carbon and oxygen
are the major compositions in bioflocculants such as guar gum [32] and Streptomyces platensis [33].
Bello, et al. [34] and Xiong, et al. [35] reported that polymers with a high composition of carbon
generally exhibit good adsorption ability. Therefore, the high composition of carbon in SSG is deemed
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to enhance the formation of floc during the treatment process. Further, the low anionic properties of
SSG may be attributed to the presence of magnesium and potassium elements. The positive charge of
these elements neutralizes the anionic functional group, which leads to the weak anionic properties
of SSG. On the other hand, carbon and oxygen were the main elemental components in the river
water, which were 41.42% and 36.40%, respectively. Besides that, other elemental components such as
calcium, sodium, potassium, etc. were found in the river water. These are some general elemental
compositions that can be found in fresh river water (Dekov et al., 1997). There was a magnesium
presence in aftertreatment samples, where it is postulated the magnesium adhered onto the colloids in
the river water through van der Waals attraction and formed flocs by neutralization of particle charge.
Similarly, the aftertreatment sample showed an increase in potassium composition, which indicates
the adsorption of SSG into the colloidal sample.

Table 4. Summary of weight of each element in SSG.

Elements SSG Weight (%)
River Water, Weight (%)

Before Treatment After Treatment

C 65.3 41.4 8.58
O 30.4 36.4 50.8

Mg 0.23 - 0.23
P 0.83 - -
S 1.99 - -
K 1.07 0.45 0.59
Ca 0.21 1.11 -

3.3. Optimization of the Performance of SSG as Coagulant Aid in River Water Treatment Using RSM

Response surface optimization is more advantageous as compared to traditional single-factor
optimization. A total of 15 runs were generated from the Design Expert software to optimize the three
individual influencing factors. An analysis of variance (ANOVA) table for fitting the second-order
polynomial models to the experimental data was obtained after the analysis and is shown in Table 5.

Table 5. ANOVA table for screening of influencing factors using SSG.

Source Sum of Squares Mean Square F Value p-Value

Model 13,223.28 1469.25 55.30 0.0002 *
FeCl3 9342.08 9342.08 351.60 <0.0001 *
SSG 312.50 312.50 11.76 0.0186 *

Settling Time 144.33 144.33 5.43 0.0672
FeCl3 × SSG 14.03 14.03 0.53 0.5001

FeCl3 × Settling Time 33.35 33.35 1.26 0.3135
SSG × Settling Time 89.02 89.02 3.35 0.1267

FeCl3 × FeCl3 3269.85 3269.85 123.07 0.0001 *
SSG × SSG 24.84 24.84 0.93 0.3780

Settling Time × Settling Time 74.56 74.56 2.81 0.1547
Lack of Fit 126.50 42.17 13.27 0.0709

Note: * Significant term. R2 = 0.9901; adjusted R2 = 0.9721; predicted R2 = 0.8474; adequate precision = 19.426.

3.3.1. Model Adequacy Checking

Model adequacy checking is essential to verify the designed model and to examine the fitted
model to ensure the accuracy of the prediction model to the true system [36]. Two common methods
used for model adequacy checking are through an analysis of variance (ANOVA) table and through
diagnostic plots [37]. The R2 and adjusted-R2 from the ANOVA table (Table 5) confirm the adequacy
and suitability of the model. In statistics, R2 is calculated from the division of variance explained by
the model through total variance. Therefore, the R2 obtained (0.9901), which was close to 1, indicates
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that only 0.99% of the total variations were not explained by the model, and the remaining 99.01%
of the variation was perfectly explained. On the other hand, the adjusted-R2, 0.9721, denotes a high
correlation of the actual and predicted values. The predicted R2 was also in good agreement with
adjusted R2, in which the difference was less than 0.2. Moreover, the p-value of lack of fit (0.0709) in
this model implies that the lack of fit was not significant. The insignificance of lack of fit indicated
that the proposed model fit the experimental data and the independent variables or parameters have
considerable effects on the response [19]. To summarize, the R2 and the insignificant lack of fit have
proven the reliability of the model.

Diagnostic plots help to visualize the model adequacy and ensure the correlation between the
predicted and experimental results [37,38]. For predicted vs. actual diagnostic plots (Figure 3a),
the data lie near the straight line, indicating that the designed model is capable of predicting the
optimal condition of each designed influencing factor to achieve desired turbidity reduction. A normal
probability plot is designed to detect nonnormality and provide a quick way to visually inspect if the
pattern of residuals follows a normal distribution [39]. The normal probability plot of the residuals
should approximately follow a straight line. As shown, a linear pattern of probability plot is observed
in Figure 3b. This result indicates that the normal distribution appears to be a good model for the data
obtained. Therefore, this result has further proven the reliability of the designed model.

Source Sum of Squares Mean Square F Value p-Value 
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FeCl3 9342.08 9342.08 351.60 <0.0001 * 
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than a significant level). As shown in the ANOVA table (Table 5), the dosage of FeCl₃ and dosage of 
SSG are significant since their p-values are less than 0.05, i.e., < 0.0001 and 0.0096, respectively. 
Evidently, the factors attribute to its role as a coagulant aid in the process.  

Based on the sum of squares when SSG was used as a coagulant aid (Table 5), the highest 
contribution effect toward turbidity reduction was the linear terms, followed by the quadratic term and 
the interaction term. For turbidity reduction, the total contribution of the linear, quadratic, and 
interaction terms were 74.10% (70.65% from the dosage of Fe, 2.36% from the dosage of SSG, and 1.09% 
from the settling time), 25.47% (24.72% from the quadratic effect of dosage of Fe, 0.19% from the 

Figure 3. Diagnostic plots: (a) predicted vs. actual plot; (b) normal plot of residuals for turbidity
reduction in drinking water treatment.

3.3.2. Analysis of the Response Surfaces

Since the designed model has shown an insignificant lack of fit and all data were well-fitted,
the designed model allowed the prediction of the effects of the three influencing factors on turbidity
reduction in drinking water treatment. The significance of each influencing factor was evaluated by
testing the null hypothesis. The factor is significant when the null hypothesis is rejected (p-value less
than a significant level). As shown in the ANOVA table (Table 5), the dosage of FeCl3 and dosage
of SSG are significant since their p-values are less than 0.05, i.e., < 0.0001 and 0.0096, respectively.
Evidently, the factors attribute to its role as a coagulant aid in the process.

Based on the sum of squares when SSG was used as a coagulant aid (Table 5), the highest
contribution effect toward turbidity reduction was the linear terms, followed by the quadratic term
and the interaction term. For turbidity reduction, the total contribution of the linear, quadratic,
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and interaction terms were 74.10% (70.65% from the dosage of Fe, 2.36% from the dosage of SSG,
and 1.09% from the settling time), 25.47% (24.72% from the quadratic effect of dosage of Fe, 0.19%
from the quadratic effect of dosage of SSG, and 0.56% from the quadratic effect of settling time),
and 1.03% (0.10% from the dosage of Fe and dosage of SSG, 0.25% from the dosage of Fe and settling
time, and 0.67% form the dosage of SSG and settling time), respectively. This result reveals that the
turbidity reduction is mainly affected by the individual effect of the influencing factors, and shows a
good agreement with the 3D surface result (Figure 4), where the FeCl3 had the highest effect on the
turbidity reduction. This is attributed to the role of FeCl3 as a coagulant. FeCl3 as a coagulant helps
to destabilize the colloidal particles through the charge neutralization and promotes the formation
of floc through the attraction of opposite charge particles. Consequently, the particles attract to each
other due to the opposite-charge attraction and the disappearing of the electrostatic repulsion force
between the particles. Therefore, the increase of FeCl3 dosage enhanced the turbidity reduction,
until it reached an optimal point of 10–12 mg/L, after which additional dosage of FeCl3 reduced
the turbidity reduction, as shown in Figure 4. This was caused by the repulsive force that formed
between the colloidal particles in river water due to the accumulation of positive charges on the
particle surface [40]. On the other hand, overdose leads to the destabilization of the particles and the
agglomerated particles will be suspended in the water and, therefore, are hard to remove by the gravity
settling. Apart from coagulant, SSG as coagulant aid plays a significant role in turbidity reduction.
During the coagulation-flocculation process, the SSG and colloidal particles are adsorbed onto each
other during the particle stabilization process. A complexes structure will form after, which would
bridge two or more colloidal particles to form a bigger floc before settling [29]. Moreover, the increase
SSG’s dosage enables more biopolymers to form larger flocs with colloidal particles in river water for
effective sedimentation. This also explained the fact where designed settling time (1–15 min) does not
significantly impact to the turbidity reduction. When larger and denser flocs formed, majority of the
flocs settled within one minute. The result reveals the advantage of using SSG as coagulant aid, which
the settling time of the flocs can be significantly reduced.
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3.3.3. Optimum Condition of the Influencing Factors

Upstream river water is the primary source of drinking water. To meet the standard limit of the
drinking water, coagulation-flocculation process that is generally used in the first stage of the treatment
process is required to reduce the turbidity of water. Second-order models for turbidity reduction in
terms of coded variables are obtained from the designed optimization model and shown in Equation (3).
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The equation in terms of coded factors is used to make predictions about the response for given levels
of each factor. The coefficient represents the change in response when one coded unit of the factor level
is changed while the positive sign indicates the ability of the factors to help in turbidity reduction.

y = 90.10 + 34.17x1 + 6.25x2 + 4.25x3 − 1.87x1x2 − 2.89x1x3 − 4.72x2x3 − 29.76x1
2
− 2.59x2

2
− 4.49x3

2 (3)

where y = turbidity reduction; x1 = dosage of FeCl3 x2 = dosage of SSG; x3 = settling time.
The optimum dosages for FeCl3 and SSG to achieve 98.3% of turbidity reduction were 10.2 mg/L

and 4.52 mg/L, respectively, occurring at settling time of 2.5 min. SSG achieved high flocculating
performance in a short amount of time (2.5 min) with the presence of hydroxyl and carboxyl groups
and nearly neutral charge. This may be attributed to the strong affinity possessed by SSG due to the
presence of hydroxyl and carboxyl functional groups that attract colloids and conform to the colloidal
surface in the split second it touches their surface. Therefore, larger flocs are formed and settled in
a short time. A single experiment with the same optimum condition was conducted, except that
the dosage of the SSG was set to 0.1 mg/L. The predicted turbidity reduction was 80.5%, while the
experimental result obtained was 79.2%. The result shows a significant decrease of turbidity reduction
(from 98.3% to 79.2%) when the use of SSG is low. This evinces and proves the feasibility of the SSG as
coagulant aid to enhance the turbidity reduction through enhancement of floc.

3.3.4. Validation of the Developed Model

To validate the developed model, four runs were conducted with the predicted turbidity reductions
that were chosen from the optimization results. The results of the validation test are shown in Table 6.
The validation results demonstrated high accuracy of the developed result as the percentage deferred
for each of the four runs was less than 4%, which achieved up to a 95% confidence interval. Therefore,
the predicted results of optimization are accurate and reliable.

Table 6. Validation test for the predicted turbidity reduction.

Dosage of FeCl3,
(mg/L)

Dosage of SSG,
(mg/L)

Settling Time,
(min)

Turbidity Reduction, (%)

Predicted Actual Difference

1.6 0.50 10.2 28.7 32.1 3.4
4.1 1.50 8.9 59.3 57.5 1.8

10.2 0.10 2.5 80.5 79.2 1.3
10.2 4.52 2.5 98.3 98.8 0.5

3.4. Proposed Mechanism for SSG Coagulant Aid

The governing coagulating–flocculating mechanisms developed by using SSG as a coagulant aid
for the water treatment process are illustrated in Figure 5. When ferric chloride is added into water,
Fe3+; ions are released due to the dissociation of the coagulant. The strong, positively charged metal
ions strongly are adsorbed on the surface and neutralize the surface charge of the particles adsorbed
onto the surface of the colloidal particle in the water, neutralizing the surface charge during the rapid
mixing (Figure 5a). Consequently, small flocs are formed due to the absence of electrostatic repulsion
force. This process is further facilitated by SSG bridging and adsorption of microaggregates, as shown
in Figure 5b. The SSG polymers form a bridge between both particles by simultaneously capturing and
binding particles to their surface. Moreover, the SSG and colloidal particles are adsorbed onto each
other during the particle stabilization process. A complex structure will form after, which would bridge
two or more colloidal particles to form a bigger floc before settling. Further, sufficient concentration of
ferric ions contributes to the bridging process by providing sufficient charge to the particles. In the
optimum concentration of FeCl3 and SSG, the effects of charge neutralization and the bridging are
the strongest. The SSG may adsorb on the surface through hydrogen bonding interaction between
oxygen atoms associated with hydrated metal ions at the surface of the particle [31]. Additionally,



Sustainability 2020, 12, 2273 11 of 13

the electrostatic attraction between the SSG (negatively charged) and ferric ions (positively charged)
helps in enhancing the adsorption of the particles.

 
Figure 5. Proposed mechanism model for (a) charge neutralization, and (b) bridging. 
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