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INTRODUCTION

Turbidity is a physical characteristic of colloidal solids that cannot be naturally settled or 
removed from surface waters due to their fine diameter size and high stability (Davarpanah 
and Sharghi, 2019; Birhanu and Leta, 2021; Benalia et al., 2022). These solids are natural 
pollutants that make the surface waters unhealthy, and thus these waters need to be treated 
to meet the WHO guidelines for drinking-water quality (Jamshidi et al., 2020; Beyene et al., 
2016; Skaf et al., 2021). Therefore, in real applications, the removal of turbidity has received a 
great deal of interest. To get an acceptable quality of drinking water, several physical processes 
in combination with chemical processes are developed and used to remove turbidity. Among 
these processes, coagulation and flocculation followed by sedimentation are a popular and 
simple technique used in the purification of surface water (Benalia et al., 2021; Dayarathne et 
al., 2022). The type of coagulant plays a significant role in evaluating their performance for 
removing turbidity (Mahanna et al., 2024).  

On one side, inorganic-chemical coagulants such as alum are traditionally used in these 
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Turbidity is of great concern in drinking water treatment. Coagulation-flocculation (CF) 
process is widely applied for removing turbidity, which depends on coagulant type. Alum-
chemical coagulant is commonly used due to its superiority in removing it. However, alum has 
been associated with several adverse impacts on human health and the environment. Natural 
coagulants (eco-friendly materials) cannot be a feasible alternative to alum due to their limited 
coagulating performance in turbidity removal. In our previous research, novel approach to 
reduce alum impact by partially replacing it with natural coagulant was developed based on 
two consecutive treatments of CF process. Its concept was that a natural coagulant was used in 
primary treatment to significantly reduce turbidity and alum was used in secondary treatment 
at a minimum dose. This approach was successfully applied for treating bentonite turbid water. 
To verify if its concept is feasible for treating kaolin turbid water, this research was carried out.
Experimental results showed that the novel approach achieved superior performance in reducing 
turbidity of treated water from 950 NTU to less than 5 NTU (i.e., satisfying the WHO drinking 
water standards) and decreasing alum dose required by 33 and 50% using palm bark and 
watermelon coagulants, respectively when compared with alum control treatment (i.e., replacing 
partially alum). The novel approach findings in current research are consistent with our previous 
research. Concluding its concept is validated with two types of bentonite and kaolin turbid 
waters. Further work needs to verify if its concept is feasible for treating river surface water. 
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processes due to their high removal efficiency, availability and cost-effectiveness  (Katrivesis 
et al., 2019; Cui et al., 2020). However, several inevitable disadvantages are associated with 
the use of alum because of the accumulation of residual aluminium ions in treated waters. The 
presence of this accumulation is responsible for several adverse effects on human health such 
as Alzheimer problems and the environment (producing high volumes of non-biodegradable 
sludge that require a high cost of treatment and effecting significantly the pH of treated waters  
(Megersa et al., 2019; Alazaiza et al., 2022).  

On the other side, organic-natural coagulants such as natural polymers are derived from 
natural and renewable sources (plant, animals and microorganisms). These natural coagulants 
are safe for human health, eco-friendly and biodegradable. Furthermore, when comparing 
with alum coagulant, they produce low volumes of sludge and have an insignificant effect 
on the pH of treated waters  (Jamshidi et al., 2020; Alazaiza et al., 2022; Ramavandi, 2014). 
These advantages make them an interesting alternative to alum and other inorganic coagulants. 
However, in terms of turbidity removal, the performance of these natural coagulants is generally 
still less than that of inorganic coagulants except in some cases (Cui et al., 2020; Ramavandi, 
2014; Zemmouri et al., 2012; Mohd-Salleh et al., 2019). So, limiting their real applications in 
the field of water treatment. 

In literature, to overcome the problems associated with alum and other inorganic coagulants 
when using them as a single coagulant in conventional approach using coagulation-flocculation 
(CF) process, several attempts have been carried out to combine these coagulants with natural 
coagulants. The best performance of their combinations to act as a dual coagulant for turbidity 
removal is to use alum as a primary coagulant and natural coagulant as a coagulant aid. Both 
primary coagulant and coagulant aid are used in one treatment. This conventional approach 
has several advantages such as reducing the alum dose and minimizing the sludge volume (i.e., 
decreasing the cost) (Cui et al., 2020; Asharuddin et al., 2018; Ali et al., 2019). However, the 
applied dose of alum used in this approach is generally still higher because of using alum as a 
primary coagulant to get a maximum removal efficiency of turbidity. Also, this higher dose of 
alum is still of concern due to its impact on human health and the environment.  

To reduce this impact of alum in terms of decreasing the alum dose required for treatment 
of turbid water as much as possible (i.e., partial replacement of the alum dose required by the 
natural coagulant dose), a novel approach for turbidity removal has been developed in our 
previous research (Al-Sameraiy, 2012) for this purpose. Experimentally, this approach consisted 
of two consecutive treatments (primary and secondary) using coagulation, flocculation and 
sedimentation processes for each treatment under certain operating conditions of mixing speed, 
mixing time and setting time. The concept behind this approach was that a natural coagulant at 
its predetermined optimum dose was firstly used as a primary coagulant to decease the turbidity 
level of treated water as much as possible in the primary treatment. The supernatant produced 
from the primary treatment was transferred only (without sludge) to the secondary treatment. 
Then alum used as a secondary coagulant was added at various investigated doses to significantly 
decrease the residual turbidity of the supernatant. This novel approach was successfully applied 
for the treatment of three different levels of bentonite synthetic turbid water (low-75 NTU, 
medium-150 NTU and high-300 NTU) using a selected natural coagulant (date seeds or pollen 
sheath) at their predetermined optimum doses. The performance of this approach was validated 
with conventional approach that used a dual coagulant of either date seeds or pollen sheath at 
their predetermined optimum doses with various investigated doses of alum in one treatment 
only under the same operating conditions of the novel approach. At the optimum investigated 
dose of alum for both approaches, the performance of the novel approach was better than that 
of the conventional approach under all examined levels of turbid water. It achieved several 
environmental, economical and operational advantages in terms of minimizing the alum dose 
required (i.e., partial replacement of alum to minimize its adverse effects on health and the 
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environment, and decrease in the cost of alum use), reducing the settling time required (i.e., 
decreasing the operational cost-energy saving) and decreasing the residual turbidity to be less 
than 5 NTU, thus satisfying the WHO guidelines for drinking-water quality. These are very 
encouraging findings to verify if the concept of the novel approach developed is feasible for the 
treatment of another type of synthetic turbid water, for example, kaolin.     

Therefore, the aim of the current research is to further verification on the concept of novel 
approach developed in our previous research for the treatment of bentonite synthetic turbid 
water to be feasible for the treatment of kaolin synthetic turbid water using palm bark (PB) and 
watermelon (W) as natural coagulants and alum as chemical coagulant. The performance of novel 
approach will be evaluated and compared with the performance of conventional approach. The 
control treatment using alum coagulant will be selected as a basis for achieving the comparative 
performance between these approaches based on the proposed evaluating parameters in terms 
of satisfying the WHO guidelines for drinking-water quality, decreasing the alum dose required 
and reducing the settling time required.   

MATERIALS AND METHODS 

Collection of kaolin samples 
The pieces of white kaolin clay (Fig. 1, a) from local Iraqi location (Dwekla), Al-Anbar 

Governorate, Western Desert were collected by the State Company for Mining Industries-
Ministry of Industry and Minerals. These pieces were obtained from the supplier (State Company 
for Mining Industries) and manually chopped off and then subjected to grinding using a high-
speed powder smasher (model 223FS, 28000 r/min, 1000 W, China). A powder of kaolin clay 
(Fig. 1, b) was used in the current research to prepare synthetic turbid water. The chemical 
composition of kaolin clay was provided from the supplier and is shown in Table 1. Particle size 
analysis of these samples was carried out using Brookhaven Instruments Corp. (90Plus Particle 
Sizing Software Ver. 5.34). This analysis showed that the minimum, maximum and median 
(effective) diameters of kaolin clay samples were 1.135, 1.223 and 1.1756 µm respectively.            

 
 
 
Fig. 1: Real photograph of used kaolin clay in the current research: (a) Pieces and (b) Powder. 

   

Fig. 1. Real photograph of used kaolin clay in the current research: (a) Pieces and (b) Powder.

Preparation of kaolin synthetic turbid water
Samples of powdered kaolin clay were used as a model suspension to provide the desired 

turbidity. Different weights of these samples in (g) were separately added to 1 L of deionized 
water in a standard six paddle jar apparatus (Compact Laboratory Mixer, ECE CLM6, USA) 

Table 1: Chemical composition of kaolin caly provided from the supplier.      
 
 

Composition Al2O3 SiO2 Fe2O3 Loss of Ignition 
(L.O.I) Others 

Weight (%) 33.27 50.46 0.67 12.90 2.70
  
 
 
 

    
   

Table 1. Chemical composition of kaolin caly provided from the supplier.
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and resuspended by rapid mechanical agitation of 300 rpm for 30 min to prepare different 
concentrations of kaolin synthetic turbid water. Turbidities of these concentrations were plotted 
against the concentrations of kaolin clay powder in (g/L). The linear model was fit well the 
obtained experimental data. This model was used to obtain the desired turbidity of kaolin 
synthetic turbid water in the current research, which was 950 ± 25 NTU.  

Preparation of alum stock solution
Alum (Al2(SO4)3.16H2O, Thomas Baker, India) was used to prepare a stock solution by 

dissolving 10 g of alum in deionized water. The pH of prepared stock solution was measured 
using a pH meter (EZDO PP-203, USA) and found to be 3.4. Desired diluted concentrations of 
alum were prepared and used as inorganic coagulant in the current research. 

Preparation of natural coagulant solution   
The pieces of palm bark (PB), brown hair and fibrous texture on trunk palm tree, from 

local Iraqi palm tree were collected (Fig. 2, a). The pieces of direct disposal of the rind waste 
of watermelon (W) after eating the watermelon fruit were collected (Fig. 3, a). Separately, 
the pieces of PB and W were washed with tap water and then distilled water to remove any 
impurities. These pieces were put and dried in oven at 40 oC for one day. Dried pieces (Fig. 
2-3, b) were subjected to grinding using a domestic grinder (a high-speed powder smasher, 
model 223FS, 28000 r/min, 1000 W, China). A powdered PB and W were sieved to obtain 
particle sizes of 300 µm (Fig. 2-3, c). 10 g of powdered PB and W was separately added to 1 L 
of distilled water and stirred vigorously for 1 h using magnetic stirrer (Model L-81, Rlabinco) 
at room temperature. Then, the mixture was gravity filtered through 0.45 µm filter paper to 
separate residual particles from the solution (Fig. 2-3, d). Filtered solution of PB and W (Fig. 
2-3, e) was diluted to the desired concentrations and used as natural coagulants in the current 
research. The pH of filtered coagulant solution of PB and W were 6.5 and 5.5 respectively.  

 
 
Fig. 2: (a) Local Iraqi palm tree, (b) Dried PB, (c) Powdered PB, (d) Heterogeneous solution of PB coagulant before 
filtration and (e) Homogeneous solution of PB coagulant after filtration.    
  

(a) (b) (c) (d) (e) 

  

  
 
Fig. 3: (a) Local Iraqi watermelon fruit, (b) Dried rind of W, (c) Powdered rind of W, (d) Heterogeneous solution of 
rind of W coagulant before filtration and (e) Homogeneous solution of rind of W coagulant after filtration.    

  
 
 
 

    
   

(a) (b) (c) (d) (e) 

Fig. 2. (a) Local Iraqi palm tree, (b) Dried PB, (c) Powdered PB, (d) Heterogeneous solution of PB coagulant 
before filtration and (e) Homogeneous solution of PB coagulant after filtration.

Fig. 3. (a) Local Iraqi watermelon fruit, (b) Dried rind of W, (c) Powdered rind of W, (d) Heterogeneous solution 
of rind of W coagulant before filtration and (e) Homogeneous solution of rind of W coagulant after filtration.
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Experimental procedure  
A conventional six paddle jar apparatus was utilized for coagulation-flocculation experiments. 

These experiments were conducted on the samples of kaolin synthetic turbid water with 950 
± 25 NTU at room temperature. The pH of kaolin synthetic turbid water at this range was 6.1. 
The mixing speed and mixing time were for coagulation (300 rpm, 1 min) and for flocculation 
(40 rpm, 20 min). The settling time for sedimentation was chosen to be 60 min under quiescent 
conditions. Upon completion of settling time, the supernatant samples of each beaker in the 
jar were withdrawn from the located 10 cm below the water level. Turbidities of these samples 
were measured by turbidity meter (Turbi Direct, TB300-IR Tintometer, Lovibond, Germany) 
and expressed in nephelometric turbidity unit (NTU) (APHA, 2017). The percentage of turbidity 
removal, R (%) for each coagulant used was calculated using Eq. (1) where T0 and Tf are the 
initial turbidity and final turbidity of the suspension respectively.     

                                                                                        (1)

To evaluate the coagulating performance of each coagulant used in terms of meeting the 
WHO guidelines for drinking-water quality (the upper limit of turbidity for finished water is ≤ 5 
NTU (WHO, 2017), a residual turbidity (RT) was used as an evaluating parameter and indicator 
of this evaluation.  

Note that the pH was left uncontrolled when developed the novel approach in our previous 
research for the treatment of bentonite synthetic turbid water (Al-Sameraiy, 2012). To make a 
fair comparison between the previous and current findings, the scope of the current research 
was to monitor the pH under different investigating conditions.  

All experiments were performed in duplicate at room temperature and the obtained results 
were reported as the mean values ± one standard deviation in the presented figures. The error 
bars representing ± one standard deviation was used in some experimental data in the presented 
figures to avoid the overlap between the error bars of repeated experiments.

Control treatment   
The coagulant dose is one of the most significant parameters in affecting the performance of 

turbidity removal where the maximum performance of turbidity removal occurs at the optimum 
coagulant dose  (Benalia et al., 2022; Asharuddin et al., 2018). To achieve this performance, 
a control treatment in terms of the preliminary investigation on finding the optimum dose 
for single coagulant of PB, W and alum was carried out. A kaolin synthetic turbid water was 
prepared in six beakers of jar apparatus and various coagulant doses of either PB or W or 
alum in the range (10-100 mg/L) were separately added to start coagulation, flocculation and 
sedimentation processes under the operating conditions mentioned above (Fig. 4). The optimum 
coagulant dose for each coagulant used was identified depending on the maximum R (%). An 
optimum coagulant dose of control treatment for PB, W and alum found would be used for 
further investigation on the evaluation of conventional and novel approaches.   

 
Fig. 4: A control treatment for finding the optimum dose of single coagulant used. 

   

Single PB or W 
or alum coagulant 

Sludge  

Treated water 

 

Kaolin synthetic 
turbid water   

Fig. 4. A control treatment for finding the optimum dose of single coagulant used.
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Conventional approach 
A conventional approach was one treatment using the (CF) process, which was carried out in 

one tank as shown in Fig. 5. The conventional approach used a dual coagulant of either PB or W 
as primary coagulants and alum as coagulant aid based on previous research (Al-Sameraiy, 2012).  

A predetermined optimum coagulant dose of PB or W was added to treat a kaolin synthetic 
turbid water and mixed at 300 rpm for 1 min. After that alum was added at various investigated 
doses ranging from 10 to 100 mg/L and mixed at 300 rpm for 1 min. The mixing speed was then 
reduced to 40 rpm for 20 min. After stopping the stirrer, the suspension was allowed to settle 
under quiescent conditions. At these conditions, the supernatant samples were periodically 
withdrawn for turbidity measurements at every 5 min.   

 
Fig. 5: A conventional approach using one treatment of the CF process.  

   

Sludge  

Treated water 

 

Kaolin synthetic 
turbid water   

First addition-PB or W 
as primary coagulant 

Second addition-Alum 
as coagulant aid 

Fig. 5. A conventional approach using one treatment of the CF process.

Novel approach  
A novel approach was two consecutive treatments (primary and secondary), Fig. 6, using 

coagulation, flocculation and sedimentation processes for each treatment under certain 
operating conditions of mixing speed, mixing time and setting time based on previous research 
(Al-Sameraiy, 2012). In primary treatment, the coagulant of PB or W at their predetermined 
optimum dose used as a primary coagulant was added to treat a kaolin synthetic turbid water 
and mixed at 300 rpm for 1 min followed by 10 min of gentle speed of 40 rpm. After stopping 
the stirrer, the suspension was allowed to settle for 10 min under quiescent conditions. The 
supernatant only was transferred to other empty beakers to start the secondary treatment. In 
secondary treatment, the alum coagulant used as a secondary coagulant was added under 
various investigated doses in the range of 5-30 mg/L and mixed at 300 rpm for 1 min followed 
by 10 min of gentle speed of 40 rpm. After stopping the stirrer, the suspension was allowed to 
settle under quiescent conditions. Then, the supernatant samples were periodically withdrawn 
for turbidity measurements at every 5 min. 

 
 
 
 

Fig. 6: A novel approach using two consecutive treatments (primary and secondary) of the CF process. 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Treated water 

 

Kaolin synthetic 
turbid water   

PP or W as  
primary coagulant 

Primary treatment 

Primary sludge  

 

Supernatant only  

Secondary sludge 

Alum as  
secondary coagulant 

Secondary treatment 

Fig. 6. A novel approach using two consecutive treatments (primary and secondary) of the CF process.
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Note that the flocculation time in the conventional approach was 20 min. To do a fair 
comparison between novel and conventional approaches based on this time, the flocculation 
time for each of primary and secondary treatments in novel approach was selected to be 10 min 
where their summations are equal to 20 min.  

RESULTS AND DISCUSSION

Control treatment 
The optimum dose of control treatment for single coagulant of PB, W and alum in terms of the 

RT as a function of various settling times was investigated. For natural coagulants, Fig. 7 shows that 
the RT of kaolin synthetic water decreased gradually in comparison with control (blank sample-no 
coagulant addition) for all examined PB doses. The best results of the RT were found at the settling 
time of 60 min. At this time, increasing the PB dose from 10 to 40 mg/L led to decease the RT. A 
further increase in the PB dose from 50 to 100 mg/L (some data of coagulant doses are not shown 
in this Fig. to avoid the overlap between lines) increased the RT. This indicates that overdosing 
phenomenon led to charge reversal and subsequent re-stabilization of destabilized particles of 
turbid water. A dose of 40 mg/L achieved a minimum RT (corresponding to the maximum R (%) 
of 93.5%, Table 2) when compared with other doses due to a charge-neutralization mechanism. 
In literature, several authors showed that the kaolin particles are removed (i.e., aggregated) by the 
electrical charge neutralization mechanism when using either chemical or natural coagulants in 
coagulation-flocculation process (Xu et al., 2023; Hu et al., 2022; Kusuma et al., 2022). Thus, this 
dose can be considered as an optimum dose of the PB coagulant. 

Similar observations were found for W natural coagulant as shown in Fig. 8. At the setting 
time of 60 min, a minimum RT was found at 80 mg/L (corresponding to the maximum R (%) of 
97.4%, Table 2) when compared with other doses. This coagulating performance represents an 
optimum dose of the W coagulant. 

 
 
 
Fig. 7: Investigation on the performance of control treatment using PB coagulant.  

   

Fig. 7. Investigation on the performance of control treatment using PB coagulant.

Table 2: Investigation of the optimum cogulant dose of control treatment for PB, W and alum coagulants as a funtion 
of the R (%) and RT of kaolin synthetic water.  
 

Coagulant 
type 

Optimum dose 
(mg/L) R (%) RT 

(NTU) pH WHO guidines for drinkig-
water quality (≤ 5NTU) 

PB 40 93.5 61.9 6.5 Not satisified 
W 80 97.4 24.3 6.6 Not satisified 

Alum 30 99.6 3.7 4.6 Satisified 
  

   

Table 2. Investigation of the optimum cogulant dose of control treatment for PB, W and alum coagulants as a 
funtion of the R (%) and RT of kaolin synthetic water.
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Similarly, the same behavior was found for alum coagulant as shown in Fig. 9. At the settling 
time of 35 min, the alum coagulant could produce the minimum RT at the dose of 30 mg/L 
(corresponding to the maximum R (%) of 99.6%, Table 2) when compared with other doses. 
Thus, it is an optimum dose of alum coagulant. 

 
 
 
Fig. 8: Investigation on the performance of control treatment using W coagulant. 

   

Fig. 8. Investigation on the performance of control treatment using W coagulant.

 
 
 
Fig. 9: Investigation on the performance of control treatment using alum coagulant.   

   

Fig. 9. Investigation on the performance of control treatment using alum coagulant.

As shown in Table 2, at predetermied optimum doses of natural coagualnts, the PB and 
W produced the RT higher than 5 NTU. This means that they could not satisfy the maximum 
permissible limit of the WHO guidelines for drinking-water quality. Thus, the performance 
of PB and W as single coagulant is so weak. While, the alum coagulant could produce the RT 
less than 5 NTU, and thus satisfying the WHO guideline. This implies that the alum coagulant 
showed an excellent coagulating activity for treatment of kaolin synthetic turbid water. This 
finding is expected since the general application of natural coagulants as single coagulant is not 
sufficient to work effectively in the removal of turbidity compared with inorganic coagulants 
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such as alum except in some cases (Cui et al., 2020; Ramavandi, 2014; Zemmouri et al., 2012; 
Mohd-Salleh et al., 2019). So, limiting their real applications in the field of water treatment. 
The experimental results shown above confirm that the PB and W natural coagulants cannot 
be an alternative coagulant instead of alum since their coagulating performances were so poor. 
However, this is very encouraging result for using them in the novel approach as is shown later. 
The experimental results in Table 2 can be used to evaluate the performance of conventional 
and novel approaches as is shown in the coming section.   

The monitored pH values for the control treatment at the optimum dose of each coagulant 
used were recorded in Table 2. It was found that the pH values for natural coagulant are within 
the range of the WHO guidelines of drinking-water quality (6.5-8.5). While for alum, it was 
below the recommended range. 

Evaluation of performance  
To establish a comparable coagulating performance between conventional and novel 

approaches based on the proposed evaluating parameters in terms of satisfying the WHO 
guidelines for drinking-water quality, decreasing the alum dose required and reducing the 
settling time required, the alum control treatment was selected to be used as a basis for achieving 
the comparative performance between the conventional and novel approaches separately under 
the optimum conditions.   

Conventional approach vs. control treatment  
The performance of conventional approach using dual coagulant of either PB at predetermied 

optimum dose (40 mg/L) or W at predetermied optimum dose (80 mg/L) with various doses of 
alum (5-30 mg/L) is shown in Fig. 10 and Fig. 11 respectively. 

As observed in Fig. 10, the RT of kaolin synthetic water decreased gradually when 
increasing the dose of alum from 5 to 25 mg/L. At the dose of 30 mg/L, the RT of kaolin 
synthetic water increased. This behavior is normally expected due to overdosing phenomenon 
(i.e., destabilization of the colloid particles and flocs) (El-Gaayda et al., 2022; Zedan et al., 
2022). Thus, the optimum dose of alum was 25 mg/L. At this dose, the conventional approach 
could successfully achieve a good coagulating performance in terms of producing the RT of 
kaolin synthetic water to be less than 5 NTU at settling time of 30 min, thus satisfying the WHO 
guidelines for drinking-water quality. Also, it could decrease the alum dose and the settling time 
required by 17% and 14% respectively when comparing with alum control treatment as shown 
in Table 3. These advantages are due to the synergistic effect of dual coagulant of PB and alum, 
improving the coagulating performance of the conventional approach (Mungondori et al., 2021; 
Gandiwa et al., 2020; Al-Anzi et al., 2022; Al-Sameraiy, 2023; Yehia and Said, 2021).     

 
 
 
Fig. 10: Investigation on the performance of conventional approach using dual coagulant of PB and alum.  

   

Fig. 10. Investigation on the performance of conventional approach using dual coagulant of PB and alum.
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Similar observations were found in finding the optimum dose of conventional approach 
using dual coagulant of W and alum as shown in Fig. 11. An excellent coagulating performance 
in achieving the minimum RT of kaolin synthetic water was obtained at the optimum alum dose 
of 20 mg/L. At this dose, conventional approach could successfully satisfy the WHO guidelines 
for drinking-water quality (i.e., producing the RT less than 5 NTU) at the settling time of 30 
min. When comparing the performance of conventional approach using dual coagulant of W 
and alum control treatment, the conventional approach was capable of decreasing the alum dose 
required by 33% and the settling time required by 14% (Table 3). This performance is related to 
the best synergistic effect of alum coagulant in conjunction with W coagulant (Mungondori et 
al., 2021; Gandiwa et al., 2020; Al-Anzi et al., 2022; Al-Sameraiy, 2023; Yehia and Said, 2021). 
In terms of decreasing the alum dose required, it is clear to see from Table 3 that coagulating 
performance of conventional approach using W coagulant is better than that of using PB 
coagulant. This may be related to the coagulating ability of W as single natural coagulant with 
respect to the R (%) where it was higher that of PB coagulant as shown in Table 2.  

 
 
 
Fig. 11: Investigation on the performance of conventional approach using dual coagulant of W and alum. 

   

Fig. 11. Investigation on the performance of conventional approach using dual coagulant of W and alum.

Table 3: Comparative performance between conventional approach and alum control treatment.  
 
 

Treatment 
type 

Coagulant 
type 

Optimum 
alum dose 

(mg/L) 
Settling 

time (min) 
Alum dose 
decrease 

(%) 
Settling time 
decrease (%) pH 

Control Alum 30 35 - - 4.6 

Conventional PB-alum 25 30 17 14 4.4 
W-alum 20 30 33 14 4.5

  
   

Table 3. Comparative performance between conventional approach and alum control treatment.

Table 3 shows the monitored pH values of treated water produced by the conventional 
approach at the optimum dose of each coagulant used. These values were found to be 4.4 and 
4.5 for the use of PB-alum and W-alum respectively. This implies that these pH values are 
below the recommended range by the WHO guidelines for drinking-water quality (6.5-8.5). 
Therefore, the treated water by the conventional approach is required to be adjusted at the stage 
of post-treatment (Yehia and Said, 2021). 

Novel approach vs. control treatment  
The performance of novel approach using natural coagulant of either PB at predetermied 

optimum dose (40 mg/L) or W at predetermied optimum dose (80 mg/L) in primary treatment 
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and various doses of alum (5-30 mg/L) in secondary treatment is shown in Fig. 12 and Fig. 13 
respectively. 

The performance of novel approach in Fig. 12 shows that the primary treatment using PB 
natural coagulant only at the predetermied optimum dose of 40 mg/L could decrease the RT of 
the kaolin synthetic water by 67%. After that the present of various alum doses in the secondary 
treatment could effectively reduce the RT of kaolin synthetic water. A maximum coagulating 
performance in decreasing the RT to be less than 5 NTU was recorded at the optimum dose alum 
of 20 mg/L and the settling time of 25 min. Thus, satisfying the WHO guidelines for drinking-
water quality. Beyond this dose, the RT increased as expected due to overdosing phenomenon. 
At the optimum conditions of alum dose and settling time (20 mg/L and 25 min), the novel 
approach could successfully decrease the alum dose and settling time required by 33% and 29% 
respectively when comparing with alum control treatment (Table 4). 

The performance of novel approach in Fig. 13 shows that the primary treatment using W 
natural coagulant only at the predetermied optimum dose of 80 mg/L could decrease the RT 
of the kaolin synthetic water by 88%. In the secondary treatment, various alum doses could 
effectively reduce the RT of kaolin synthetic water. The highest performance in producing the 
RT of kaolin synthetic water was achieved at 15 mg/L alum dose and 20 min settling time. 
This dose resulted in decreasing the RT to be less than 5 NTU, and thus satisfying the WHO 
guidelines for drinking-water quality. Above this dose, the RT increased as expected due to 
overdosing phenomenon. At the optimum conditions of alum dose and settling time (15 mg/L 
and 20 min), the novel approach could successfully decrease the alum dose and settling time 
required by 50% and 43% respectively when comparing with alum control treatment (Table 4).  

In terms of decreasing the alum dose and setting time required, it is clear to see from Table 4 
that coagulating performance of novel approach using W coagulant is better than that of using 
PB coagulant. This may be related to the coagulating ability of W as single natural coagulant 
with respect to the R (%) where it was higher that of PB coagulant as shown in Table 2. 

The monitored pH values of treated water produced by the novel approach at the optimum 
dose of each coagulant used are shown in Table 4. These values were found to be 4.5 and 4.8 
for the use of PB-alum and W-alum respectively, which are below the recommended range by 
the WHO guidelines for drinking-water quality (6.5-8.5). Therefore, the treated water by the 
novel approach is required to be adjusted at the stage of post-treatment (Yehia and Said, 2021). 

 
 
 
 
Fig. 12: Investigation on the performance of novel approach using PB coagulant in primary treatment and alum 
coagulant in secondary treatment. 
   

Fig. 12. Investigation on the performance of novel approach using PB coagulant in primary treatment and alum 
coagulant in secondary treatment.
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Novel approach vs. conventional approach 
Experimental results of conventional and novel approaches shown in Tables 3-4 clearly 

showed that both could successfully achieve a good coagulating performance in terms of 
producing the RT less than 5 NTU, and thus satisfying the WHO guidelines for drinking-water 
quality. However, further comparison is needed to evaluate precisely, which of them is better in 
achieving additional advantages in terms of decreasing the alum dose and settling time required 
as much as possible. This comparison can be found in Fig. 14 based on the experimental results 
in Tables 3-4.

 
 
 
 
Fig. 13: Investigation on the performance of novel approach using W coagulant in primary treatment and 
alum coagulant in secondary treatment. 
   

Fig. 13. Investigation on the performance of novel approach using W coagulant in primary treatment and alum 
coagulant in secondary treatment.Table 4: Comparative performance between novel approach using either PB or W coagulant in primary treatment and 

alum coagulant in secondary treatment and alum control treatment.     
 
 
 

Treatment  
type 

Coagulant 
 type 

Optimum alum 
dose (mg/L) 

Settling time 
(min) 

Alum dose 
decrease (%) 

Settling time  
decrease (%) 

pH 

Control Alum 30 35 - - 4.6

Novel PB-alum 20 25 33 29 4.5
W-alum 15 20 50 43 4.8

 

Table 4. Comparative performance between novel approach using either PB or W coagulant in primary treatment 
and alum coagulant in secondary treatment and alum control treatment.

Fig. 14. Evaluation of the performance of conventional and novel approaches.
 

 
 
Fig. 14: Evaluation of the performance of conventional and novel approaches.  
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Fig. 14 shows that the novel approach achieved higher performance in decreasing the alum 
dose and settling time required than that of the conventional approach for both PB and W 
natural coagulants. For example, when PB or W were natural coagulants, the novel approach 
decreased the alum dose required by 33 and 50% respectively compared with the conventional 
approach of 17 and 33% respectively. Also, it reduced the settling time required by 29 and 
43% respectively compared with the conventional approach of 14 and 14% respectively. When 
using the novel approach, the W natural coagulant showed better performance than PB natural 
coagulant. This is related to the coagulating activity of W coagulant as a single coagulant in 
deceasing the RT of kaolin synthetic water in the primary treatment where it decreased the RT 
by 88% when compared with PB coagulant (67%).        

CONCLUSION 

The concept of novel approach developed in our previous research for turbidity removal 
from bentonite synthetic turbid water was investigated in the current research, to be feasible, 
for the treatment of kaolin synthetic turbid water using either PB or W natural coagulants with 
alum chemical coagulant.    

Experimentally, preliminary investigations into the optimum conditions of coagulating doses and 
settling times for PB, W and alum were found to be 40, 80, 30 mg/L and 60, 60, 35 min respectively. 
Both PB and W coagulants could not meet the WHO guidelines for drinking-water quality when 
compared with alum coagulant that could meet it. Thus, it was selected as a basis of the control 
treatment for further evaluation of the performance of conventional and novel approaches.  

In spite of both conventional and novel approaches could successfully satisfy the WHO 
guidelines for drinking-water quality, the performance of novel approach was better than that 
of conventional approach in achieving several environmental, economical and operational 
advantages. When using PB or W natural coagulants, the novel approach decreased the alum 
dose required by 33 and 50% respectively compared with the conventional approach of 17 and 
33% respectively (i.e., partial replacement of alum to minimize its adverse effects on health 
and the environment, and decrease in the cost of alum use) and the settling time required by 29 
and 43% respectively compared with the conventional approach of 14 and 14% respectively 
(i.e., decreasing the operational cost-energy saving). This excellent performance of the novel 
approach is related to its novel concept where the coagulating activity of natural coagulant used 
as a single coagulant decreased the RT of kaolin synthetic water as much as possible in the 
primary treatment. This performance facilitated the significantly reduction of alum coagulant 
dose required (i.e., partial replacement of alum dose required) when treating the residual 
turbidity of supernatant of synthetic water in secondary treatment. The pH was monitored under 
different investigating conditions. The monitored pH values of treated water by conventional 
and novel approaches were found to be below the recommended range of the WHO guidelines 
for drinking-water quality. Therefore, the treated water by these approaches is required to be 
adjusted at the stage of post-treatment. 

The performance of novel approach in the current research is in agreement with our previous 
research findings. The conclusion is that the verification of its concept is proved and validated 
experimentally with two different types of bentonite and kaolin synthetic turbid waters. This 
research is the starting point for potentially applying it in the field of practical applications of 
real water treatment (river surface water), the following paper will be in this respect.
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