
RESEARCH ARTICLE

Coagulating potential of Iranian oak (Quercus Branti) extract
as a natural coagulant in turbidity removal from water

Arsalan Jamshidi1,2 & Soheila Rezaei1,2 & Ghasem Hassani1,2 & Ziba Firoozi2 & Hamid Reza Ghaffari3 &

Heybatallah Sadeghi4

Received: 11 May 2019 /Accepted: 14 January 2020 /Published online: 23 January 2020
# Springer Nature Switzerland AG 2020

Abstract
Because of the presence of tannin in the molecular structure of oak extract, this substance is used as a natural coagulant to remove
turbidity from water. The aim of this study was to determine the efficiency of this coagulant alone and in combination with
polyaluminium chloride (PACl) in turbidity removal fromwater under optimal conditions. In this experimental study, Iranian oak
extract was prepared by maceration method using ethanol 96% as an extractor. Kaolin was used to prepare synthetic turbid water
samples. Using the jar test, the optimum concentrations of oak extract and PACl were determined in various concentrations of
initial turbidity and pH. Moreover, the central composite design (CCD) method was utilized to design experiments and RSMwas
applied for analyzing the obtained results. Optimum concentrations of oak extract and PACl were 62.6 mg/L and 52.6 mg/L,
respectively. An increase in initial turbidity and pH led to an increase in turbidity removal by the two coagulants. The efficiency
of turbidity removal by oak extract and PACl was 63.5% and 66.5%, respectively. The simultaneous application of oak extract
and polyaluminium chloride increased removal efficiency (85%) and reduced the total organic carbon concentration (TOC) in
water (42.3%). The results showed that the simultaneous application of Iranian oak extract and polyaluminium chloride had an
acceptable performance in removing turbidity from water.
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Introduction

Water is a substance vital for all human and natural activities.
However, due to its ability to dissolve other matters, pure
water is not usually found in nature. The impurities contained
in water include minerals, compounds, and organic gases that
make changes in physical (e.g., turbidity, color, temperature,
and electrical conductivity), chemical (e.g., chemical oxygen

demand (COD), biochemical oxygen demand (BOD), pH,
alkalinity, and total organic carbon, and biological features
of water. The severity of the harmful effects of impurities in
water depends on the concentration of compounds and chem-
ical reactions between them [1–3]. Hence, to use unhealthy
water resources for humans and other environmental organ-
isms, it is necessary to utilize sequential purification process-
es. These processes have several steps including physical pre-
purification, chemical purification via coagulation, deposition,
and filtration, which are taken to achieve transparent
disinfected water [4–6].

Coagulation is used as an essential step in the water purifi-
cation process to eliminate suspended solid and very fine par-
ticles. These particles, called colloidal particles, have undesir-
able effects such as turbidity in water and negatively affect
different steps of water purification processes such as filtration
and disinfection. Stable colloids in water usually have a neg-
ative electrical charge at all levels; however, coagulant com-
pounds make them unstable by neutralizing their negative
electrical charge and eventually precipitating them in water
via gravity [7, 8]. Coagulant compounds are also able to
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eliminate colors caused by humic acids and Fulvic acid, or-
ganic compounds, and even bacteria present in water re-
sources. Thus, they increase the efficiency of subsequent steps
of purification processes such as filtration and disinfection
processes [9, 10].

The most common artificial coagulants used in water puri-
fication are aluminum sulfate, ferric chloride, lime, and artifi-
cial polymers. The mentioned types of coagulants have some
disadvantages such as inefficiency at low temperatures, rela-
tively high purchase costs, negative health effects, high vol-
umes of sludge production, and a significant effect on the pH
of purified water [11–14]. In recent years, there has been an
increasing tendency toward the use of natural coagulant com-
pounds obtained from the plant, animal tissues, or microor-
ganisms in order to overcome potential problems [15]. The
use of natural coagulants has some advantages including rapid
biodegradability, a wide range of effective doses of their co-
agulation power for various colloid suspended substances,
lack of negative health effects, and a low level of sludge pro-
duction (20–30%) as compared with their chemical counter-
parts [16, 17].

Tannin is a general name used to refer to a large group of
polyphenylene compounds obtained from natural materials
such as organic extract of wood and shell of acacia or oak
trees. The results of studies on the coagulation potential of
the tannin extract obtained from wood show that tannin can
be used as a very good alternative to chemical coagulants. The
presence of phenolic groups in tannin structure results in the
emergence of anionic features. Subsequently, its hydrogen-
bearing feature increases, leading to an increase in the effi-
ciency of tannin in the coagulation of suspended compounds
in water. In this regard, the efficiency of tannin, as a natural
coagulant used for water purification, depends on the chemi-
cal structure of the tannin extract and the level of treatment
done on its extract [15, 18, 19].

Quercus Branti, as a member of the Fagaceae family, is a
large tree with a height of 10–50m and a large spherical crown
that grows in the forests of Kurdistan, Lorestan, and
Kohgiluyeh and Boyer Ahmad Provinces of Iran. Its leaves
are often uniform and oval-shaped with toothed margins. Oak
fruit has three sections including the hard shell, the middle
layer, and the edible part. The middle layer, called “Jaft”,
contains high amounts of tannin compounds that can be used
in the coagulation process for water purification [20].

Therefore, the aim of this study was to assess the efficiency
of Iranian oak extract as a natural herbal coagulant and
polyaluminium chloride as a chemical coagulant in eliminat-
ing water turbidity. The study also aimed to assess the simul-
taneous application of these two coagulants to compare their
efficiency with each other. The central composite design
(CCD) method was used to design the experiments and the
response surface methodology (RSM) method was applied to
analyze the results and optimize the parameters. RSM is one

of the most common statistical and mathematical techniques.
RSM can be useful for developing and optimizing industrial,
chemical, and biochemical processes, wherein the desired re-
sponse is influenced by several independent variables and the
objective is to optimize and control this response [21].

This method has been widely used to optimize reacting
parameters by reducing the number of designed experiments
to analyze the interaction between parameters, reducing chem-
ical consumption, and decreasing the number of experimental
trials. CCD is the most commonly used response surface de-
signed experiment. This design consists of axial points, cube
points, and center points. Using the CCD method, researchers
can provide information on the experimental independent var-
iable effects and the overall experimental error in a minimum
number of runs [22, 23].

Materials and methods

This pilot-scale experimental study aimed to optimize the tur-
bidity removal process using oak extract and polyaluminium
chloride and to assess the simultaneous application of these
two materials using the CCD and RSM. In this study, inde-
pendent variables were pH, initial turbidity, and the amount of
coagulant (oak extract). Also, the dependent variable
(response) was the percentage of water turbidity removal.
Chloride acid and sodium hydroxide were used to adjust pH.

Oak extract preparation

Oak fruit was collected from the forests around Yasuj city
(Iran) and the middle layer of the fruit was separated and dried
under shade. The obtained Jaft was ground to obtain powder
and after weighing 100 g, it was extracted by maceration or
soaking using 96% ethanol in two rounds each lasting 24 h.
The extract was condensed as much as possible using the
Whatman paper and Rotary machine and dried in an incubator
at 50 °C. The dried extract was stored in a freezer at −20 °C
until use [24, 25].

Preparing water samples with artificial turbidity

The white powder of kaolin (manufactured by Merck
Company) was used to create artificial turbidity in water. It
was weighed to collect 10 g and then put in a 105 °C oven for
3–4 h to dry. Then, it was placed in a desiccator for 30 min to
dehydrate and cool the kaolin substances. Afterward, 50 ml of
distilled water was added to the kaolin substance and it was
left for 12 h to become wet enough. In the next step, the
volume of the solution was increased to 1.5 L using distilled
water and it was blended for 20 min. The obtained mixture
was left for 4 h to deposit large substances. Next, 1 L of the
liquid was transferred to the Arlene Mayer to provide a stock
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solution. This suspension was used in experimental studies to
provide artificial water samples with diverse turbidity ranging
from 20 to 250 NTU.

Coagulation experiments

All the experiments were carried out in a 6-cell Jar test unit
(Phipps & Bird model manufactured in the United States), in
accordance with the ASTM2001 standard. First, the pH of the
artificial water samples was adjusted in five levels (3, 4.5, 6,
7.5, and 9) using sodium hydroxide 0.1 M or chloride acid
0.1 M. The pH values were measured by a pH meter machine
(Metrohm-827lab model made in Switzerland). Then, 300 mL
of the artificial water samples with different turbidities were
added to the jars and they were centrifuged at 200 rpm to
blend rapidly. The blending process was performed for
1 min by adding a specific amount of coagulant to the dishes.
The slow-blending process was then performed at 70 rpm for
30 min. Then, the contents of the containers were stored for
60 min without moving in order to perform the deposition
process. All the mentioned steps were performed on three
separate groups of samples containing oak extract coagulant
(5–75 mg/L), polyaluminium chloride (5–75 mg/L), and a
combination of the two coagulants (10–90 and 5–65 mg/L)
at room temperature. To measure the final turbidity of the
solution, each sample was collected from a 3-cm depth of
the dish and its turbidity was read by a turbidity meter device
(HACH-2100 model) with a maximum sensitivity of 0.01
NTU. The efficiency of turbidity removal from artificial water
was calculated using Eq. (1).

%Re ¼ T 0−T
T0

� �
� 100 ð1Þ

where T0 and T are the initial and final turbidity, respectively,
and Re is the percentage of turbidity removal from artificial
water. Total Organic Carbon (TOC) was measured in a HACH
DR-2500 analyzer.

Experimental design and statistical analysis using
RSM software

Design Expert 7 software was used for the statistical design of
the experiments and data analysis. The CCD and the RSM
methods were used in order to optimize three important vari-
ables including pH (3–9), initial turbidity (NTU 20–260), oak
extract concentration (5–75 mg/L), polyaluminium chloride
concentration (5–75 mg/L), and the concentration of com-
bined coagulants (10–90 and 5–65 mg/L). Levels of three
variables considered for the CCD in actual terms are presented
in Table 1.Moreover, levels of four variables considered in the
simultaneous effect of oak extract and polyaluminium chlo-
ride design are given in Table 2. First, the three independent

variables were encoded into five levels (i.e., −2, −1, 0, +1,
and + 2). The encoding of the variables into different levels
was carried out using Eq. (2).

X ¼
x−

xmax þ xmin½ �
2

xmax−xmin½ �
2

ð2Þ

where X is factor code, x is the actual value of the factor, and
xmin and xmax are the minimum and maximum values of the
factor, respectively.

The number of experiments was determined using Eq. (3).
A total of 24 experiments were conducted using oak extract,
24 experiments using polyaluminium chloride, and 34 exper-
iments using a combination of the two coagulants. The order
of the experiments is presented in Tables 1, 2, and 3.

n ¼ 2k þ 2k þ cp ð3Þ
where n is the total number of tests, K is the number of vari-
ables, and Cp is the number of central points.

The behavior of the systemwas studied using the following
equation, which is a second-degree polynomial model.

η ¼ β0 þ ∑k
j¼1 β jx j þ ∑k

j¼1 βjjx
2
j þ ∑i∑

k
< j¼2 βijβiβ j

þ ei ð4Þ

where η is the predicted response, Xi and Xj are variables,β is
the constant coefficient, jß, jjß, and ijß are linear, square, and
second-degree mutual coefficients, respectively, and ei is the
error [21].

The analysis of variance (ANOVA) was used to test the
relationships between the three independent variables and
the response variable based on the results of experiments.
The quality of fit of the statistical second-degree polynomial
model was expressed by the coefficient of determination (R2)
and coefficient of variations. Statistical significance was de-
termined by the Fisher test (F-test). From a statistical point of
view, a suitable model does not show a significant lack of fit
and has the highest values of R2, R2-adjusted, R2-predicted (>
0.95), and a low CV (around 10%). The factors in the model
were assessed by p value set at a confidence interval of 95%.
The balance graphs were plotted to determine the efficiency of
turbidity removal using oak extract based on the effects of
three factors (i.e., pH, initial turbidity, and oak extract
concentration).

Results

To determine the maximum turbidity removal efficiency using
oak extract, polyaluminium chloride, and a combination of
them, the Design-Expert software was used to specify the best
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levels of the main process variables, including oak extract
concentration, polyaluminium chloride concentration, and
combination of the two coagulants, initial turbidity, and pH.

Characterization of oak extract

Scanning Electron Microscope (SEM) was used to character-
ize the structure of the oak extract. The SEM image of the
powdered oak extract is shown in Fig. 1. The figure shows
small pores in the structure of oak extract that are more visible
at 1 k magnifications. The energy-dispersive spectroscopy
(EDS) results of the oak extract are shown in Fig. 2. The
EDS spectra approve the Carbon, Oxygen, Potassium, and
Copper with weight percentage (wt.%) of 39.72, 59.46,
0.65, and 0.17 respectively.

Analysis of variance (ANOVA)

The ANOVA results were used to validate the predicted mod-
el. Tables 4, 5 and 6 presented the results of the ANOVA and
the regression equation analysis of the turbidity removal effi-
ciency by the oak extract, PACl and oak extract+PACl.

Effect of operational factors on turbidity removal
by using oak extract

Figure 3a presents the simultaneous effect of oak extract con-
centration and initial turbidity on the efficiency of the turbidity
removal at pH = 6. The results of this study indicated that with
increasing the oak extract concentration in a range of 40–
60 mg/L, the removal efficiency first increases and then de-
creases. The maximum removal efficiency (i.e., 76.57%) was
obtained at a concentration of 62 mg/L. As shown in Fig. 3a,
with increasing the initial turbidity in a range of 50 to 240 mg/
L, the turbidity removal efficiency increased as well.
Figure 3b presents the simultaneous effect of the sample pH
and oak extract concentration on the removal efficiency in the
initial turbidity of NTU = 140. As can be seen, with increasing
pH from 3 to 6, there was an increase in turbidity removal
efficiency. At higher pH values, the turbidity removal efficien-
cy by the oak extract was reduced. Besides, with increasing
the concentration of oak extract in the initial turbidity of
NTU = 140, the removal efficiency increased as well.

Figure 3c shows that the effect of the initial turbidity concen-
tration and pH in the oak extract concentration is constant and
equal to 50 mg/L on turbidity removal efficiency. According
to the results obtained at low concentrations of initial turbidity,
with increasing pH from 3 to 6, there was an increase in the
removal efficiency; however, a further increase in pH reduced
the turbidity removal efficiency. At higher initial turbidity, this
trend was almost the same, but the intensity of the changes
declined. With increasing the initial turbidity, the turbidity
removal efficiency increased by oak extract coagulant and in
initial turbidity of 196 NTU and reached its maximum effi-
ciency (i.e., 75.66%).

Effect of operational factors on turbidity removal
by using polyaluminium chloride

Figure 4a presents the simultaneous effect of the initial
turbidity and polyaluminium chloride concentration at
pH = 6. As shown in this figure, with increasing the con-
centration of polyaluminium chloride up to 40 mg/L, the
removal efficiency was first decreased and then increased.
Figure 4b illustrates the simultaneous effect of the sample
pH and polyaluminium chloride concentration on turbidi-
ty removal efficiency in the initial turbidity of NTU = 140.
The results of this study indicated that turbidity removal
efficiency increased with increasing pH, and the highest
and the lowest turbidity removal efficiency were observed
at pH = 8 and pH = 3, respectively. With increasing the
concentration of polyaluminium chloride, turbidity re-
moval efficiency decreased slowly and increased gradual-
ly at a concentration of 30 mg/L. In general, the effect of
the initial concentration of polyaluminium chloride was
not significant compared with the effect of pH.
Figure 4c shows the simultaneous effect of initial turbid-
ity and pH on turbidity removal efficiency. According to
the results of this experiment, with increasing pH, the
turbidity removal efficiency increased. It is of note that
in lower initial turbidity values, this increase in removal
efficiency is of gradient greater than the higher values of
initial turbidity. At a low pH, the increase in turbidity
increased the turbidity removal efficiency, but at higher
pH values, the increase in turbidity reduced the turbidity
removal efficiency.

Table 1 Uncoded levels of the
three independent variables (A:
Oak extract as coagulant, B:
Polyaluminium chloride as
coagulant)

Independent Variables Unit Symbol Levels

-α −1 0 +1 +α

Turbidity NTU X1 20 68.64 140 211.35 260

pH X2 3 4.21 6 7.78 9

Coagulant Dose A: oak extract mg/L X3 10 26.21 50 73.78 90

B:polyaluminium chloride mg/L X3 5 17.16 35 52.83 65
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Effect of operational factors on turbidity removal
by simultaneous using oak extract
and polyaluminium chloride

Figure 5a depicts the simultaneous effect of oak extract con-
centration and polyaluminium chloride concentration on tur-
bidity removal efficiency at pH = 6 and at turbidity of NTU =
140. According to the results of this study, with increasing
polyaluminium chloride concentration up to 32.6 mg/L, the
turbidity removal efficiency increased. However, with a fur-
ther increase in polyaluminium chloride concentration,

Table 3 Number of coagulation
tests performed using oak extract,
PACl and oak extract+PACl

Row Oak extract PACl Oak extract+ PACl

Turbidity
(NTU)

pH Oak
extract
(mg/L)

Turbidity
(NTU)

pH PACl
(mg/
L)

Turbidity
(NTU)

pH Oak
extract
(mg/L)

PACl
(mg/
L)

1 68.64 7.78 73.78 68.64 7.78 52.83 80 4.5 30 50

2 211.35 7.78 73.78 140 6 35 80 7.5 30 20

3 68.64 4.21 26.21 68.64 4.21 52.83 140 6 50 35

4 140 6 50 211.35 6 35 200 7.5 70 50

5 211.35 4.21 73.78 140 7.78 17.16 200 7.5 30 20

6 140 6 50 140 7.78 52.83 140 6 50 35

7 140 6 50 211.35 6 35 200 4.5 70 50

8 140 6 50 211.35 6 35 80 7.5 30 50

9 68.64 4.21 73.78 211.35 7.78 17.16 200 7.5 30 50

10 211.35 4.21 26.21 68.64 4.21 17.16 140 6 50 35

11 211.35 7.78 26.21 140 4.21 52.83 200 4.5 70 20

12 140 6 50 140 4.21 17.16 80 4.5 30 20

13 68.64 7.78 26.21 140 6 35 200 4.5 30 50

14 140 6 50 260 6 65 140 6 50 35

15 20 6 50 20 6 35 140 6 50 35

16 140 6 50 140 6 35 200 7.5 70 20

17 140 6 90 140 6 35 200 4.5 30 20

18 140 6 50 140 6 5 80 7.5 70 50

19 140 6 50 140 9 35 80 4.5 70 50

20 140 6 50 140 6 35 80 4.5 70 20

21 140 6 10 140 3 35 80 7.5 70 20

22 260 6 50 140 6 35 140 6 50 35

23 140 3 50 140 6 35 140 6 50 5

24 140 9 50 140 6 35 140 6 50 35

25 140 3 50 35

26 140 6 50 35

27 140 6 90 35

28 140 6 10 35

29 140 6 50 35

30 20 6 50 35

31 140 6 50 35

32 140 6 50 65

33 260 6 50 35

34 80 4.5 30 50

Table 2 levels of four variables that considered in simultaneous effect
of oak extract and polyaluminium chloride

Independent Variables Unit Symbol Levels

-α −1 0 +1 +α

Turbidity NTU X1 20 80 140 200 260

pH X2 3 4.5 6 7.5 9

Oak Extract mg/L X3 10 30 50 70 90

Polyaluminium Chloride mg/L X4 5 20 35 50 65
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turbidity removal efficiency decreased. The concentration of
oak extract had no significant effect on the turbidity removal
efficiency, but with increasing the oak extract concentration,
in general, there was an increase in the turbidity removal effi-
ciency. Figure 5b displays the simultaneous effect of
polyaluminium chloride concentration and pH on the turbidity
removal efficiency at the initial turbidity of NTU = 140 and
oak extract concentration of 50 mg/L, respectively. According
to the results of this study, the changes process of turbidity
removal efficiency of pH changes is dependent on the concen-
tration of polyaluminium chloride. At low concentrations of
polyaluminium chloride coagulant, an increase in pH result in
a decrease in the removal efficiency. In comparison, the

changes process in the higher concentrat ions of
polyaluminium chloride is reversed and the pH increase re-
sults in a significant increase in the turbidity removal efficien-
cy. Figure 5c presents the simultaneous effect of initial turbid-
ity concentration and pH on turbidity removal efficiency at the
oak extract concentration = 140 mg/L and polyaluminium
chloride concentration of 35 mg/L. At low pH values, with
increasing the concentration of turbidity, there was an increase
in turbidity removal efficiency; however, the trend was re-
versed at higher pH levels such that the increase in initial
turbidity concentration decreased the turbidity removal effi-
ciency. Figure 5d shows the simultaneous effect of
polyaluminium chloride concentration and the initial turbidity

Fig. 2 EDS spectrum of oak extract

Fig. 1 SEM image of the
powdered oak extract
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on the turbidity removal efficiency at an oak extract concen-
tration of 50 mg/L and pH of 6. As can be seen, the increase in
polyaluminium chloride concentration resulted in an increase
in turbidity removal efficiency. According to the results of this
study, at lower initial turbidity, the trend of changes is steeper.
On the other hand, with increasing the initial turbidity up to
210 mg/L, there was an increase in turbidity removal efficien-
cy; however, with increasing initial turbidity, the turbidity re-
moval efficiency decreased thereafter.

Discussion

Tables 4, 5 and 6 presents the ANOVA results of experiments
designed by Design Expert software for natural and chemical
coagulants (i.e., Iranian oak extract concentration and
polyaluminium chloride concentration). As shown in the ta-
bles, F-value and P value were calculated for the model to
evaluate the turbidity removal efficiency and the results indi-
cated the validity of the model. The same values of F-Value
and P Value obtained for the unfitness test in turbidity shows
the validity of the model to predict the effect of variables on
the response (percentage of turbidity removal efficiency) [26].
The results of this study show that with increasing initial

Table 4 ANOVA results for
Turbidity removal efficiency by
using oak extract and PACl

Parameter Coagulant type Coefficient Standard error t value P value

Intercept Oak Extract 73.527 0.781 94.065 <0.001

PACl 60.226 0.735 81.88 <0.001

X1 Oak Extract 8.05 1.125 7.152 <0.001

PACl 9.872 1.059 9.32 <0.001

X2 Oak Extract −1.556 1.125 −1.382 0.18

PACl 32.756 1.059 30.926 <0.001

X3 Oak Extract 1.951 1.125 1.734 0.1

PACl 4.304 1.059 4.063 0.001

X1X2 Oak Extract 11.939 2.473 4.827 <0.001

PACl −12.57 2.327 −5.401 <0.001

X1X3 Oak Extract 12.107 2.473 4.895 <0.001

PACl 9.523 2.327 −3.059 0.001

X2X3 Oak Extract −16.866 2.473 −6.819 <0.001

PACl −7.12 2.327 −3.059 0.008

X1
2 Oak Extract −12.122 1.736 −6.979 <0.001

PACl 0.555 1.634 0.34 0.738

X2
2 Oak Extract −24.153 1.736 −13.906 <0.001

PACl 9.483 1.634 5.802 <0.001

X3
2 Oak Extract −13.332 1.736 −7.676 <0.001

PACl 20.951 1.634 12.819 <0.001

Model p value Oak Extract <0.001
PACl <0.001

Lack of Fit Oak Extract 0.06

PACl 0.076

Table 5 ANOVA results for Turbidity removal efficiency by
simultaneous using of oak extract and PACl

Parameter Coefficient Standard error t value P value

Intercept 96.092 1.099 87.416 <0.001

X1 17.874 1.419 12.595 <0.001

X2 11.447 1.419 8.066 <0.001

X3 6.449 1.419 8.544 <0.001

X4 2.182 1.419 1.538 0.14

X1X2 −2.136 3.476 −0.614 0.546

X1X3 −3.739 3.476 −1.075 0.29

X1X4 −17.668 3.476 −5.082 <0.001

X2X3 −18.334 3.476 −5.274 <0.001

X2X4 35.926 3.476 10.335 <0.001

X3X4 0.084 3.476 0.024 0.98

X1
2 −13.563 2.498 −5.428 <0.001

X2
2 −6.692 2.489 −2.678 0.01

X3
2 −3.817 2.498 −1.528 0.14

X42 −42.239 2.498 −16.905 <0.001

Model p value <0.001
Lack of Fit 0.073
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turbidity, the turbidity removal efficiency of Iranian oak ex-
tract increases, the turbidity values decrease to less than
NTU = 70, and turbidity removal efficiency decreases to less
than 40%. With increasing initial turbidity, the turbidity re-
moval efficiency of the natural coagulant increases as well.
Such an increase can be attributed to an increase in the amount
of colloidal and suspended particles in the water with higher

turbidities, the increased probability of their collision with
coagulant compounds, and the subsequent formation of larger
particles. In this study, it was found that the highest turbidity
removal efficiency in drinking water was obtained by means
of oak extract at a pH of 6.5–8.5. Moreover, in a study by
Šćiban et al., the use of European and Turkish oak extract
was investigated. The results showed that after increasing

Fig. 3 3D plots of the effect of variable on the turbidity removal efficiency by oak extrac: (a) oak extract and initial turbidity concentration, (b) pH and
oak extraxt, and (c) pH and initial turbidity concentration

Table 6 The results of regression
equation analysis of turbidity
removal by oak extract, PACl and
Oak extract+PACl

Final
equation

R2 Adjusted
R2

Predicted
R2

Enough
Accuracy

Standard
Deviation

Variable
Coefficient

Prediction
Residual

Oak Extract 0.964 0.953 0.937 34.612 1.432 2.36 136.535

PACl 0.983 0.973 0.957 38.612 1.432 2.415 137.521

Oak Extract
+ PACl

0.964 0.956 0.957 32.322 3.592 2.36 125.834
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the pH of the sample water, the turbidity removal efficiency
was increased [27]. According to their results, turbidity re-
moval efficiency by natural coagulants depends on the pH
value of the sample water, which is consistent with the results
of the present study. It should be noted that the effect of the
sample pH on the performance of tannin-containing coagu-
lants in removing water turbidity is attributed to the effect of
pHzpc on the protein excretion potential in the phenolic groups
present in the tannin molecular structure [28, 29]. The deter-
mination of pHzpc is very important in investigating the mech-
anism and efficiency of the coagulation process in water and
wastewater treatment. As the pH changes, the dominant elec-
tric charge on the coagulant surface inversely changes with
pHzpc. Exceeding the pHzpc, the surface charge of oak extract
as a natural coagulant is negative, and below pHzpc, the

surface charge of coagulant is positive. The pHzpc for the
oak extract was determined to be 7.5. Therefore, at values less
than 7.5, the surface of the oak extract was positive. Because
the surface charge of the kaolin-induced turbidity was nega-
tive, electrical charge neutralization can take place more easily
by positive surface charge coagulant. As the pH decreases, it
was expected that the negatively surface charge turbidity re-
moval would increase because of the increase in the positive
surface charge of the oak extract [30]. It subsequently in-
creases the deposition of suspended substances and finally
results in water transparency. The efficiency of water turbidity
removal by Iranian oak extract (63.5%) is similar to that of
Turkish and European oaks (70% and 80%, respectively) [27].
The results of this study indicated that Iranian oak extract
could reduce the total organic carbon present in the sample

Fig. 4 3D plots of the effect of variable on the turbidity removal efficiency by polyaluminium chloride: (a) PACl and initial turbidity concentration, (b)
PACl and pH, and (c) pH and initial turbidity concentration
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water by 10.3%, which indicates a higher efficiency in com-
parison with other natural coagulants such as Chitosan and
Moringa oleifera [31]. Furthermore, the results indicated that
concentration of protein in the oak extract was negligible
(0.32%); it is less than the protein content of common extracts
such as Turkey and European oak extract (ranging from 5.1 to
6.1%), and horseradish and Prosopis (40–50%) as natural co-
agulants. It should be noted that with reducing the amount of
protein in the natural coagulant extracts, turbidity removal
efficiency or their coagulation activity increases [27, 32–34].
However, the optimum conditions for using Iranian oak ex-
tract to remove turbidity fromwater are as follows: oak extract
concentration of 40–60 mg/L, water sample with initial tur-
bidity of NTU = 150–250, and pH = 5.6–7.5.

To date, several studies have used polyaluminium chloride
as a coagulant to remove suspended substances in water. The
results of previous studies indicated the higher efficiency of
this coagulant compared with iron sulfate, iron chloride, and
aluminum sulfate [35–38]. In the present study, it was found
that after increasing the initial turbidity of the sample, turbidity
removal efficiency by this chemical coagulant was increased,
which is consistent with the results of previous studies [26]. It
can be stated that with increasing the initial turbidity of the
sample water, the amount of colloidal and suspended sub-
stances in the water increases. Consequently, the probability
of their collisions with the coagulant compounds increases
and helps form larger particles. Hence, with increasing initial
turbidity, there is an increase in the efficiency of water

Fig. 5 3D plots of the effect of variable on the turbidity removal efficiency by the simultaneous application of polyaluminium chloride: (a) PACl and oak
extract, (b) PACl and pH, (c) pH and initial turbidity concentration, and (d) PACl and initial turbidity concentration
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turbidity removal by coagulants. In this study, it was found
that turbidity removal efficiency by polyaluminium chloride
coagulant depends on the sample pH. With increasing the
sample pH, turbidity removal efficiency increases such that
the highest efficiency of turbidity removal is observed at
pH = 8 (69.7%), which is consistent with the results of other
studies [38, 39]. It is worth noting that the results of previous
studies have shown that the use of polyaluminium chloride as
a coagulant reduces the pH of the water, which leads to a
reduction in the efficiency of the water turbidity removal by
the coagulant [26, 35]. Hence, it is recommended using
polyaluminium chloride coagulant to achieve the maximum
efficiency of turbidity removal in optimal pH conditions
(range 7.5–8.5). The results of this study indicated that
polyaluminium chloride does not play an effective role in
decreasing the total organic carbon content in the sample wa-
ter and cannot prevent the improper effects of these com-
pounds in water (a 2.5% decrease in initial value). However,
optimal conditions recommended using polyaluminium chlo-
ride to remove turbidity from water are using of 50–60 mg/L
of polyaluminium chloride for water sample with initial tur-
bidity of 120-250NTU at pH = 7–8.

The results of this study indicated that the simultaneous use
of Iranian oak extract and polyaluminium chloride extract co-
agulants, after increasing initial turbidity and pH of the water
sample, increased turbidity removal efficiency, which is con-
sistent with the results obtained from the separate use of each
coagulant. In this study, it was found that the optimum effi-
ciency of water turbidity removal by simultaneous application
of Iranian oak extract and polyaluminium chloride (85%) was
significantly higher than that of the separate use of Iranian oak
and polyaluminium chloride extract (63.5% and 66.5%, re-
spectively). To achieve the same efficiency, there is a need
for a lower amount of coagulant, which is consistent with
the results of a study by Orooji et al. [38]. These authors
investigated the simultaneous use of natural coagulant of chi-
tosan and the chemical coagulant of polyaluminium chloride
in the removal of water turbidity. It is of note that when using a
chemical compound of polyaluminium chloride, it is likely to
have aluminum metal ions remained in the water after the
coagulation process, which could have a negative effect on
the users’ health [40]. Nevertheless, the results of previous
studies have shown that the simultaneous use of a natural

coagulant with polyaluminium chloride decreases the amount
of residual alumina in water compared with the separate use of
polyaluminium chloride alone. As a result, the negative health
effects of this toxic metal decrease in consumers. The results
of the present research indicated that the simultaneous use of
Iranian oak extract and polyaluminium chloride significantly
decreased the total amount of organic carbon present in the
sample (i.e., 42.3%) compared with the separate use of each of
these coagulants. This can decrease the amount of coagulants,
the growth of bacteria, and the probability of formation of
trihalomethane compounds and subsequently prevent cancer
induced by these compounds in humans [41]. In comparison
with other natural coagulants, such as Horse chestnut with
80% turbidity efficiency, peanut seeds with 80% efficiency
and chitosan with 84% efficiency in turbidity removal, the
combination of oak extract with chloride was more effective
[27, 31, 42]. By applying multiple regression analysis, it was
found that a quadratic model is effective in explaining the
relationship of independent variables and response variables
in the coagulation process using oak extract and PACl, and
simultaneous use of oak extract and PACl. The models are
shown in Eqs. 5–7.

YOak ¼ 73:52þ 8:05X 1−1:556X 2 þ 1:951X 3

þ 11:939X 1X 2

þ 12:107X 1X 3−16:866X 2X 3−12:122X 2
1

−24:153X 2
2−13:332X

2
3

ð5Þ

YPACl ¼ 60:226þ 9:872X 1 þ 32:756X 2

þ 4:304X 3−12:57X 1X 2

þ 9:523X 1X 3−7:12X 2X 3 þ 0:555X 2
1

þ 9:483X 2
2 þ 20:951X 2

3 ð6Þ

Table 7 Optimum conditions
found by design expert and
verification for turbidity removal

Condition Turbidity
(NTU)

pH Oak extract
(mg/L)

PACl
(mg/L)

Predicted Removal
Efficiency (%)

Experimental Removal
Efficiency (%)

Oak
Extract

196 6 62 – 63.5 62.3

PACl 208 8 – 52 66.5 62.6

Oak
extract+
PACl

218 6.2 63.5 32.6 85 86.1
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YOakþPACl ¼ 96:092þ 17:874X 1 þ 11:447X 2

þ 6:449X 3

þ 2:182X 4−2:136X 1X 2−3:739X 1X 3

−17:668X 1X 4−18:334X 2X 3

þ 35:926X 2X 4

þ 0:084X 3X 4−13:563X 2
1−6:692X

2
2−3:817X

2
3

−42:239X 2
4

ð7Þ

The desirability functions as a numerical tool of the soft-
ware was used to evaluate the optimum level of parameters for
maximum turbidity removal. Based on response surface and
desirability functions, the optimum levels for turbidity remov-
al were obtained. The predicted optimum levels of variables is
shown in Table 7. In order to evaluate the accuracy of the
predicted turbidity removal efficiency and the reliability of
the optimum condition of coagulation process, an additional
experiment was carried out at optimum level of variables.
Table 7 presents the experimental results under the optimum
levels of independent variables compared with the predicted
values from the proposed models by Design Expert software.
The results showed that there is a good agreement between
predicted turbidity removal from proposedmodel of RSM and
experimental data.

The use of oak extract in water and wastewater treatment as
a natural coagulant and coagulant aids has more benefits than
chemicals, including biodegradability, far less effect on hu-
man health and environment, and non-existing residual metal
problems in water and wastewater. For these reasons, oak
extract may be of great interest since they are environment-
friendly products, natural matter and low-cost coagulant,
which increases the efficiency of the turbidity removal from
water and wastewater in coagulation process.

Conclusion

In this study, the efficiency of Iranian oak extract as the main
coagulant and polyaluminium chloride as an auxiliary coagu-
lant was studied. With increasing the initial turbidity and pH
of the sample water, the efficiency of coagulants in turbidity
removal increased. The simultaneous use of the two coagu-
lants, including Iranian oak extract and polyaluminium chlo-
ride, increased the efficiency of water turbidity removal and
decreased the coagulant use rate compared with the use of
each coagulant separately. In comparison to the non-Iranian
oaks, Iranian oak extract showed the same or even higher
efficiency in turbidity removal although having lower protein
content. The simultaneous use of Iranian oak extract and

polyaluminium chloride decreased the total amount of organic
carbon present in the sample water.
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