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ABSTRACT

Inorganic polymeric ferric chloride (POFC) coagulant with proposed structure of Fe (Cl,,OH,), is synthesized
using waste materials and characterized by XRD. In the current work scrutinized efficiency of POFC for paper mill
wastewater (PMW) treatment using response surface methodology (RSM) with central Composite Design (CCD)
modeling. Different factors; dose, rapid mixing speed, and rapid mixing time are used for optimize the coagula-
tion process using POFC for treating PMW. The turbidity and chemical oxygen demand (COD) removals are the
indicators for assessing POFC efficiency. The obtained result for XRD confirms the production of new material of
inorganic polymeric coagulants. Based on RSM modelling, there is a high correlation between the experimental
and predicated removals of turbidity and COD. Subsequently, the model is significantly applied for predicating
COD and turbidity removals at different operation condition. Conclusively, the obtained results proposed for prac-
tical application of POFC coagulant for treatment of paper mill wastewater for COD and turbidity elimination.

Furthermore, the applied RSM with CCD is talented model for optimizing treatment of PMW.

Keywords: paper mill wastewater, RSM, CCD, POFC, inorganic polymeric coagulant.

INTRODUCTION

The paper industry is considered the third
industry for water consumption subsequent to
the metal and chemicals industry and discharged
large amounts of wastewater (Jaria etal., 2017;
Soucy et al., 2014; Adhikari et al., 2015). It pro-
duces wastewater quantity 1.5 and 60 m?® per ton
for produced paper (Szolosi, 2003; Thompson et
al., 2001). It is recognized that PMW is vastly
contaminated by diverse categories of refractory
organic contaminants such as adsorbing organic
halides (AOXs), as well as residual chemicals
generally used during the manufacturing of paper
(Kamali and Khodaparast, 2015; Chandra et al.,
2018; Kumar et al., 2018). However, the quantity
of contaminants PMW effluents is greatly reliant
on the paper production technology and the kind

of the raw materials used for the production of
pulp (Hubbe et al., 2016). The challenges that
facing paper industry are protection of human
health and environment through efficiently treat-
ment for discharged wastewater or reprocessing
of treated wastewater into the production (Pel-
legrin et al., 1999; Pokhrel and Viraraghavan,
2004; Emiliano et al., 2018). Coagulation/floc-
culation technique is a coupled effective process
used widely as a critical part of the overall treat-
ment of wastewater to decrease turbidity due to
the presence of suspended particles (Tatsi et al.,
2003; Zhong et al., 2003; Ahmad et al., 2005;
Nasser et al., 2006; Sharma et al., 2006; Wong et
al., 2006; Yue et al., 2008). From long time, the
most common used coagulants are the multiva-
lent inorganic metals salts as alum, ferric chlo-
ride and calcium chloride that is due to their low
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cost and simple application method (Joo et al.,
2007). On the contrary, they have some draw-
backs, for instance pH adjustment before or after
treatment, over dosages use, and their sensitivity
to wastewater composition. Moreover, the utili-
zation results have two worse ecological outputs;
high sludge production and metal residues in the
treated water which may have harmful implica-
tion on environment and public health (Flaten,
2001, Lombi et al., 2010).

In the conventional multi-factorial trials, fac-
tors optimizing for wastewater treatment con-
ducted via changing one variable with keeping
the further factors constant, that was considered
time consuming and incompetent of effective op-
timization (Kim etal., 2003; Wang et al., 2007;
Ayodele et al., 2014). Recently, response surface
methodology (RSM) with CCD modeling had
been employed to optimize the individual fac-
tors as well as their interacting effects and un-
derstand the performance of complex systems
(Shaykhi and Zinatizadeh 2014; Suéarez-Escobar
et al., 2016). RSM is a procedure for manipulat-
ing attempts and assisting investigators to con-
struct models, estimate the influence of numerous
variables and optimize the response with lower
quantity of trials (Ali et al., 2018; Adel Alaeddini
et al., 2013; Mohammed et al., 2015). ANOVA
affords the statistical outcomes and investigative
confirmatory checks that assess satisfactoriness
of the models. Herein, in the current work, new
inorganic polymeric ferric chloride (POFC) coag-
ulants was employed for remediation of PMW as
cost-effective material, and the central composite
design (CCD) incorporated with RSM was used
for optimizing the operating parameter of treat-
ment processes; coagulant dose, rapid mixing
speed and mixing time.

MATERIALS AND EXPERIMENTAL DESIGN

Preparation and characterization of polymeric
coagulant for laboratory experiments

The polymeric coagulant; POFC was pre-
pared via neutralizing 100 ml of iron-containing
waste with 100 ml of sodium carbonate accord-
ing to submitted Egyptian Patent No.-1096/2018
with proposed structure (Fe (OH), , Cl,,) ) whose
XRD is analyzed using PANalytical X-Pert Pro-
diffractometer equipped with a diffracted beam
monochromator Cu Ka source.
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Coagulation/flocculation experiments

The coagulation experiments were conducted
using jar test apparatus (JLT6-6, Jar Test, VELP
Scientifica Co., Italy) at room temperature. Com-
posite wastewater samples were collected from
paper mill factory, Alexandria, Egypt. The factory
discharged about 23000 m*/day and the criteria of
wastewater are displayed in Table 1. Five hundred
milliliter of paper mill wastewater was used for jar
test trials. Under rapid mixing ranged from (1-5)
with the set agitation speed ranged from 100 to 300
round per min (rpm), predetermined amount of co-
agulant of POFC was introduced. Then, the speed
was switched to speed of 40 rpm for 10 min. Fi-
nally, after quiescent settling of 30 min, the clarified
treated wastewater was withdrawn from 2 cm be-
low the surface for analyzing the residual turbidity
and COD. The turbidity of the supernatant was de-
termined with a turbidity-meter (Lovibond TB 210
IR, Lovibond Company, Germany) and chemical
oxygen demand (COD) was analyzed using APHA
(Rice, 2017). The trials are repeated for three times.
As well, the analysis is preformed triplicate.

Experimental design

The required number of experimental trial
(N¢) to construct the CCD is given by the follow-
ing equation:

N, = 2k factorial point + 2K avia;
€]
ponts + 6 ventral point

where: N, — trials number;
k — the number of changeable factors
which is K= 3 in the present study.
Thus, N= 20 — the number of runs required
for CCD with three changeable factors
(Box and Hunter, 1957).

Table 1. Characteristics of industrial papermill
wastewater

Parameter Unit Value
pH - 7.3
Turbidity NTU 2130
Total Suspended Solid
(TSS) mg/L 1588
Biological Oxygen Demand
(BOD) mg/L 1073
Chemical oxygen demand
(COD) mg/L 2094
Oil and grease mg/L 32

Note: * nephelometric turbidity units (NTU)
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Table 2 shows the range of values of the inde-
pendent natural variables (X;) and there levels for
the CCD. The relation between the code values or
the levels (—a, —1, 0, 1, @) and the natural values
X for the CCD can be obtained from the following
set of equations (Napier-Munn, 2000):

—a = Xnin

1= [Xmax + Xmin] _ [Xmax - Xmin]
2 28

0= [Xmax + Xmin] 2)

2

1= [Xmax + Xmin] [Xmax B Xmin]
= +
2 28

@ = Xmax

where: B = 2% Xnin and X,y are the mini-
mum and maximum natural values,
respectively.

Three changeable factors are nominated for
investigating their effect on the efficiency, ac-
cording to Table 2 the changeable factors are: the
dose (X1), rapid mixing speed (rpm) (X2), and
rapid mixing time (X3).

A second order polynomial is then used for
fitting the efficiency y7 (percentage of turbidity
removal) and y (percentage of COD removal)
achieved from the trials. The quadratic polyno-
mial is given by Eq. 3:

k k
Ym =30+Zﬁixi+z,3ixiz+
7 ;

k
k
+§,§L. BijXij + €
=1 j=i+1

where: y, — the response variable (y1 or y7),
Xj— the changeable factors,
B’s — the unknown coefficients.

3)

The experimental CCD is depicted in Tables 2,
where for each set of combination among the

changeable factors and the analogous observed re-
sponse. The experimental detected efficiency values
in addition to the values of the changeable factors are
then substituted in equation 3 to obtain a set of equa-
tions which in matrix form can be written as Eq. 4:

Y=XB+¢ )

where: Y is the matrix for the measured efficiency
values;
X is the matrix of the input factors;
B is the regression coefficients matrix.

The solution of equation 4 can be obtained by
using the method of least square (Ali et al., 2018).
The Matlab software is used to perform the multi-
linear regression of the responses in Y on the in-
put factors in X in order to obtain coefficients of
the quadratic equations in the 3 matrix.

RESULTS AND DISCUSSION

Characteristic for the patent
coagulant/flocculent polymer

XRD analysis for inorganic
polymeric coagulant POFC

Figure 1 displays the XRD diffraction con-
figuration for different prepared polymeric fer-
ric chloride (POFC) coagulants. XRD of POFC
showed diffraction pattern of prepared polymeric
coagulant from iron waste. It is noticeable that
characteristic diffractive peaks of crystalline mate-
rial are observed at certain 2 © 0of 27.9°, 32.2° and
46.02° that are revealed the presence of new other
crystals. As shown, the XRD spectra reveals that
no existence of FeCl,-H,O and Na (CO,)-(H,0).
While diffraction peaks are related to FeCl,-H,O
at 2 © of 17.5° (Cao et al., 2013, Louvain et al.,
2013) and Na, (CO,)-(H,0) at 18.2° and 30° (Ma
et al., 2010; Zhao et al., 2018). The existence of
XRD diffraction at 2 © of 27.9°, 32.2° and 46.02°
in the polymeric coagulant reveals the presence
of new other crystals with high intensity indicat-
ing non-standard crystalline structure in POFC.

Table 2. Input variables and their levels employed in the 24 central composite design

Range of values and levels for CCD
Variables
-1.6818 -1 0 1 1.6818
X, Dose (g/l) 0.21 0.6 1.2 1.8 22
X,, Rapid mixing speed (rpm) 116 150 200 250 284
X,, Rapid mixing time (min) 1.32 2 3 4 4.68
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Figure 1. XRD pattern for prepared polymeric coagulant POFC

Meanwhile, the intensities of other peaks are weak.
Finally, a new combination has been formed from
inorganic polymer coagulants (POFC).

The response surface methodology
for optimization turbidity and COD
removal from wastewater

Central composite design

Response surface method and the central
composite design are employed to obtain the op-
timal conditions for the input parameters; coagu-
lant dose, rapid mixing speed, and rapid mixing
time that maximize the turbidity and COD re-
moval. The experimental and the predicted results
are shown in Table 3. Multiple regression analy-
sis of these results gives the following equations
(Eq. 5-6) that embody the relationship between
the efficiency y1 (turbidity), and y, (COD), and
the input factors; x1 (coagulant dose), x (rapid
mixing speed) and x3 (mixing time):

y, = 108.342 + 4.843x, — 0.1281x, — 2.9732x; +

+0.0119xle + 1.2609X1X3 - 0.004‘7x2x3 - (5)
—3.6473x740.0003x% + 0.4467x2

¥y, = 65.4054 + 14.8151x; — 0.3046x, + 25.2404x; +
+0.0241x,x, — 1.1529x, x5 — 0.0487x,x3 — (6)
—5.9258x%+0.0011x2 — 2.6689x2

According to quadric equation for turbidity
and COD response, coagulant dose and mixing
time has a positive impact on the COD removal
%, meanwhile mixing speed has a negative im-
pact one. But only dose has a positive impact on
turbidity removal. The statistical significance of
the models was performed with ANOVA. The
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probability (i.e. P value) of the model terms
was calculated at 95% confidence level. The
ANOVA data are given in Table 4. It was noted
that CCD model has high significance with low
P-value (P-value of 0.0001) for predicting the
turbidity and COD removal rates after coagula-
tion treatment using. Previously, Momeni et al.
(2018), investigated the removal of color and tur-
bidity via coagulation treatment process by using
RSM model, they found that lack of fit value is
not significant and not effectual; this means the
used variable in CCD model is adequate for op-
timization of the coagulation treatment process.
Currently, ANOVA analysis for COD removal
showed that lack of fit value is highly insignifi-
cant; this means the used variables are enough to
obtain the maximum COD removal via coagula-
tion treatment of wastewater. Meanwhile, it was
found the corresponding value for turbidity is
significant. Figure 2 represents a relationship be-
tween the observed and the predicted efficiencies
for turbidity and COD. It noteworthy well consis-
tence among the observed and the predicted ef-
ficiencies with regression coefficients of 0.94 and
0.96 for turbidity and COD removal efficiency,
respectively. Moreover, the regression of COD
removals indicates that 96% of the variations in
the response are due to the model independent
variables and only 4% of the variations are not
explained by the model. Meanwhile, the regres-
sion of turbidity removals indicates only 6% of
the variations are not explicated by the model.

Influence of dose and rapid mixing
speed on turbidity and COD removals

The variation of the turbidity and COD re-
movals rate from wastewater with POFC dose
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Table 3. CCD of the experiment with related the observed and predicted responses

Rapid mixing Rapid mixing Turbidity removal (%) COD removal (%)
Run Dose (g/L/10) - ; - -
speed (rpm) time (min) Observed Predicted Observed Predicted
1 0.6 150 2 95.01 94.91 77.66 77.95
3 0.6 150 4 94.80 94.43 81.28 80.42
9 0.6 250 2 95.09 94.61 84.13 84.52
10 0.6 250 4 94.19 93.19 78.23 77.26
11 1.8 150 2 94.80 95.39 80.21 80.24
5 1.8 150 4 97.86 97.93 81.28 79.94
6 1.8 250 2 96.56 96.52 89.79 89.70
7 1.8 250 4 98.43 98.13 80.91 79.67
8 0.21 200 3 88.90 89.90 75.20 75.44
2 2.2 200 3 94.70 94.32 78.09 79.22
4 1.2 116 3 98.30 98.00 87.87 88.53
12 1.2 284 3 97.02 97.9 93.14 93.82
13 1.2 200 1.32 96.67 96.50 79.64 78.82
14 1.2 200 4.68 96.68 97.44 70.32 72.48
15 1.2 200 3 95.45 95.71 85.11 83.18
16 1.2 200 3 95.74 95.71 81.91 83.18
17 1.2 200 3 95.81 95.71 83.40 83.18
18 1.2 200 3 95.79 95.71 82.77 83.18
19 1.2 200 3 95.81 95.71 82.98 83.18
20 1.2 200 3 95.78 95.71 83.19 83.18
Table 4. The ANOVA analysis for turbidity and COD removal % of CCD
Parameter Source of variance Degree of freedom Sum of squares Mean square F-value | P-value
Model 9.00 70.803 7.867 15.038 | 0.0001
- Residual 10.00 4.566 0.457 - -
Turbidity Lack of fit 5 4.469 0.894 45.883 | 0.0004
Removal(%)
Pure error 5 0.097 0.019 - -
Total 19.00 75.370 - - -
Model 9.00 461.612 51.290 27.938 | 0.0001
Residual 10.00 18.358 1.836 - -
CcoD o Lack of fit 5 12.798 2.560 2.302 | 0.1908
Removal(%)
Pure error 5 5.561 1.112 - -
Total 19.00 479.971 - - -
a) 100 b) o5 , , , ,
< o8 : —~
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Figure 2. The relation between the experimental and the predicted
values of the percentage of turbidity and COD removals
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and rapid mixing speed is shown in Figure 3a-d
by keeping mixing time at 3 min. The obtained
results reveal that turbidity and COD remov-
als increased with increasing rapid mixing
speed and POFC dose. The turbidity removal
rate recorded a maximum value of 99% at dose
of 0.16 g/L and rapid mixing of 300 rpm. The
corresponding recorded removal value of COD
is 94%. Figures 5b and 5d shows a consider-
able interaction between the dose and the rapid
mixing on turbidity removal and COD removal
which helps for optimization coagulation treat-
ment of wastewater. Also, adding lower co-
agulant dose to wastewater led to minimum
COD removal at rapid mixing range (150-250
rpm). It was noted that POFC dose and the
fast speed are the detrimental factors for op-
timizing coagulation treatment of wastewater,
where POFC dose enhances sorption and flocs
development and also fast mixing of highly
turbid wastewater disperses the coagulant and
improves collision of particle velocity (Kan et

~~ 1m‘
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Dose (g/l) 0 100 Rapid Mixing (rpm)
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al., 2002; Sheng et al., 2006). Kan et al., 2002
investigated the fast mixing speed influence on
turbidity removal with initial 380 NTU using
polyaluminum chlorides (PACI). The obtained
high turbidity removal of 98% at speed of 350
rpm which is higher than that used in current
study with turbidity elimination efficiency of
99% (i.e. the current mean turbidity value in
PMW is 2130 NTU).

Influence of dose and rapid
mixing time on the removals

The turbidity removal from wastewater
against POFC dose and mixing time illustrates
in Figure 4 (a-d). The turbidity removal is in-
versely proportional to mixing time, where and
maximum turbidity removal was recorded at the
lower mixing time. Meanwhile, the increasing
the POFC dose leads to a significant increase in
the turbidity removal and maximum turbidity re-
moval ~98% from PMW was achieved at 0.18

198
= 48
S5
B
v
8 1
a

0.5k

150 200 250
(b) Rapid Mixing (rpm)

Dose (g/L/10)

-

150 200 250
(d) Rapid Mixing (rpm)

Figure 3. Effect of dose and rapid mixing on the turbidity removal (a, b)
and the COD removal (c, d), the rapid mixing time of 3 min
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g/L. Lower doses of POFC are not adequate to
neutralize the surface charge of suspended par-
ticulates. Therefore, the coagulant dose has the
highest influence on the turbidity removal. For
COD data, removal rate increased with increas-
ing time to 3 min and dose to 0.16 g/L. Figure
4c-d shows well interactive effect between dose
and mixing time on COD removal value. The
maximum observed COD removal is achieved at
mixing time of 1.4 min and POFC dose of 0.14
g/L. The excess of POFC dose declines the co-
agulation treatment efficiency, owe to restabilize
suspended and colloidal particle in solution as
well destroying flocs at higher dose of coagu-
lants (Zhang et al., 2004). Also, the optimization
of POFC dose will achieve low sludge formation
and lower treatment cost.

Influence of mixing speed and
mixing time on the removals

The turbidity removal from wastewater as
a function of mixing speed and mixing time

8

&
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Turbidity Removal (%)

o8
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€,
g
& 75,
Q
14
Q 704
Q
o
65..
3 = +
2 3 il R
R ~ 3
0‘_' - 2
Dose (g/1) ' Rapid Mixing Time (min)

(c)

illustrated in Figure 5a-d. It is observed that,
there is lower interaction among rapid mix-
ing time and speed on turbidity removing ef-
ficiency. Where, it is inversely proportional
to turbidity removal, the maximum value was
achieved at high rapid mixing speed with low-
er mixing time. Meanwhile, the COD removal
was increased with increasing rapid mixing
speed and lowering mixing time (Figure 5c).
There is no clear impact on COD removal due
to interaction between mixing speed and mix-
ing time. The optimal COD removal is 95% at
rapid mixing of 280 rpm and time of 2 min. as
shown in Figure 5d. This finding can be ex-
plicated as following; the lowering of mixing
time assists the formation of bridging between
POFC particle and suspended particulates in
wastewater and establishing of flocs. Mean-
while, the similar charged flocs will be re-
pelled with more mixing time that leads to de-
stabilizing flocs and re-stabilizing suspended
and colloidal particles in wastewater.

1.5

Dose (g/L/10)

—

Dose (g/L/10)

15-—27 25 & 85 ¢~ 4S5
( d) Rapid Mixing Time (min)

Figure 4. Effect of POFC dose and mixing time on turbidity and COD
removal from paper mill wastewater at rapid mixing of 200 rpm
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Figure 5. Effect of rapid mixing speed and mixing time on turbidity and
COD removal from paper mill wastewater at dose of 0.12 g/1

Global effect of all variables on the
turbidity and COD removal

Matlab graphical user interface (GUI) is used
for optimization to makes this visualization more
perceptive which is shown in Figure 6. While, the
optimal value of the individual removal within
the range of experimental results can be esti-
mated. As clearly seen, the removal percentage
for turbidity or COD is not directly proportional
to the input parameters and a careful estimation
for the values of the inputs is required to maxi-
mize the removals. The optimal predicted values
of turbidity and COD removal from PMW after
coagulation with POFC are recorded to be 97.5%
and 85%, respectively at POFC dose of 0.16 g/L,
rapid mixing speed of 280 rpm, and mixing time
of 2.2 min. Upon applying the optimal parameters
for treatment process the experimental removals
of COD and turbidity 86% and 97%, respectively,
that are too close model results confirming appli-
cation of RSM model for optimizing paper mill
wastewater treatment using POFC.

160

Treatment efficiency of paper mill
wastewater at optimal condition

The efficiency of chemical coagulation treat-
ment using POFC for paper mill wastewater was
estimated at optimal condition of dose of 0.16
g/L, rapid mixing speed of 280 rpm, and mix-
ing time of 2.2 min and depicted in Table 5. The
obtained results revealed high removal efficiency
for turbidity, TSS, BOD, COD and oil & grease.
The removal efficiencies for TSS, and COD from
paper mill wastewater recorded 98.4% and 86%,
respectively which is much higher than that pre-
viously achieved for paper mill treatment using
3.7 g/L of PAC and 35 mg/L of PAM (Kim, 2016).

CONCLUSION

An inorganic polymeric ferric chloride coagu-
lant was prepared from waste material and em-
ployed for treatment of PMW. RSM with central
composite design was effectively developed to
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Figure 6. Graphical user interface for optimizing investigated factors

Table S. Characteristic of treated effluent after chemical coagulation using POFC

Parameter Unit Treated effluent R %
pH - 7.2 -
Turbidity mg/L 19 99
Total suspended solid (TSS) mg/L 25 98.4
Biological oxygen demand (BOD) mg/L 152 85.8
Chemical oxygen demand (COD) mg/L 290 86
Oil and grease mg/L <2 100
Residual Iron mg/L 0.42 -

attain the optimal circumstances for coagulation
treatment process of PMW; POFC dose, mixing
time, and rapid mixing speed. The results revealed
that the studied factors have a significant impact
on turbidity and COD elimination efficiency. The
ANOVA analysis proved that the applied model is
highly noteworthy for prediction of turbidity and
COD elimination from wastewater after coagula-
tion treatment using POFC. At optimum treatment
conditions; POFC dose of 0.12 g/L, rapid mixing
of 280 rpm, and mixing time of 2.2 min, the high-
est removal percentages with POFC coagulant are
85% for COD removal and 97.5% for turbidity
removal, which are close with experimental data;
86% for COD and 99% for turbidity. Also, coagu-
lation and flocculation method was powerfully op-
timized by RSM with CCD model. Consequently,
POFC is promising proper coagulant for COD,
TSS and turbidity removal from industrial PMW.

Acknowledgements

Authors would like to express special thanks
of gratitude to the Academy of Scientific Re-
search and Technology (ASRT) for the logisti-
cal help and for funding grant projects via Fund
grants No.# 1404 and 4488. As well Authors

thank Technical Assistance and Information Ex-
change (TAIEX) of the European Commission
via training visit on wastewater modelling.

REFERENCES

1. Adhikari G., Bhattacharyya K.G. 2015. Impact of
pulp and paper mill effluents and solid wastes on
soil mineralogical and physicochemical proper-
ties. Environmental Monitoring and Assessment,
187, 1-13.

2. Ahmad A.L., Ismail S., Bhatia S. 2005. Optimiza-
tion of Coagulation—Flocculation Process for Palm
Oil Mill Effluent Using Response Surface Meth-
odology. Environmental Science & Technology, 39
(8), 2828-2834.

3. Alaeddini A., Yang K., Murat A. 2013. ASRSM:
A Sequential Experimental Design for Response
Surface Optimization. Quality and Reliability En-
gineering International, 29, 241-258.

4. Ali M.E.M., Abdelsalam H., Ammar N.S. Ibrahim,
H.S. 2018. Response surface methodology for opti-
mization of the adsorption capability of ball-milled
pomegranate peel for different pollutants. Journal
of Molecular Liquids, 250, 433—445.

5. Ayodele O.B., Lim J.K., Hameed B.H. 2012. Deg-
radation of phenol in photo-Fenton process by

161



Ecological Engineering & Environmental Technology 2022, 23(5), 153-163

phosphoric acid modified kaolin supported ferric-
oxalate catalyst: optimization and kinetic modeling.
Chemical Engineering Journal, 197, 181-192.

6. Bashir M.J.K., Abu AmrS.S., Aziz S.Q., Aun N.C.,
Sethupathi S. 2015. Wastewater Treatment Process-
es Optimization Using Response Surface Methodol-
ogy (RSM) Compared with Conventional Methods:
Review and Comparative Study Middle-East. Jour-
nal of Scientific Research, 23(2), 244-252.

7. Box G.E.P., Hunter J.S. 1957. Multi-factor experi-
mental design for exploring response surfaces. An-
nals of Mathematical Statistics, 28, 195-24.

8. CaoL., Yang L., Liu H., Yuxi C., Xiaohong X., Ha-
ibo Z. 2013. Investigation of graphite/carbon spiral
nanoribbons using FeCl,~CuCl,~graphite interca-
lation compounds as precursors. Materials Letters,
108, 196-199.

9. Chandra R., Sharma P., Yadav S., Tripathi S., 2018.
Biodegradation of endocrine-disrupting chemicals
and residual organic pollutants of pulp and paper mill
effluent by biostimulation. Frontiers in Microbiology,
9, 1-15. https://doi.org/10.3389/fmicb.2018.00960.

10. Emiliano M.S., Juan C.L.D., Francisco J.C.G., Va-
lentin M.M. 2018. Proposal of Sustainability Indi-
cators for the Waste Management from the Paper
Industry within the Circular Economy Model. Wa-
ter, 10, 10-14.

11. Flaten T.P. 2001. Aluminium as a risk factor in Al-
zheimer’s disease, with emphasis on drinking water.
Brain Research Bulletin, 55(2), 187-196.

12. Hubbe M.A.M.A., Metts J.R., Hermosilla D.,
Blanco M.A.A., Yerushalmi L., Haghighat F., Lind-
holm-Lehto P., Khodaparast Z., Kamali M., Elliott
A. 2016. Wastewater treatment and reclamation: a
review of pulp and paper industry practices and op-
portunities. Bioresources, 11, 7953—-8091.

13.Jaria G., Silva C.P., Ferreira C.I.A., Otero M., Cal-
isto V. 2017. Sludge from paper mill effluent treat-
ment as raw material to produce carbon adsorbents:
An alternative waste management strategy. Journal
of Environmental Management, 188, 203-211.

14.Joo D.J., Shin W.S., Choi J.H., Choi S.J., Kim M.C.,
Han M.H.,HaT.W., Kim Y.H. 2007. Decolorization
of reactive dyes using inorganic coagulants and syn-
thetic polymer. Dyes and Pigments, 73(1), 59-64.

15. Kamali M., Khodaparast Z. 2015. Review on recent
developments on pulp and paper mill wastewater

treatment. Ecotoxicology and Environmental Safe-
ty, 114, 326-342.

16.Kan C., Huang C., Pan J.R. 2002. Coagulation of
high turbidity water: the effects of rapid mixing.
Journal of Water Supply: Research and Technology,
51, 77-85.

17.Kim H.K., Kim J.G., Cho J.D., Hong J.W. 2003.
Optimization and characterization of UV-curable

162

adhesives for optical communication by response
surface methodology. Polymer Testing, 22, 899-906.

18.Kim S.C. 2016. Application of response surface
method as an experimental design to optimize coag-
ulation—flocculation process for pre-treating paper
wastewater. Journal of Industrial and Engineering
Chemistry, 38, 93—102.

19. Kumar V., Singh J., Chopra A.K. 2018. Assessment
of phyto-kinetic removal of pollutants of paper mill
effluent using water hyacinth (Eichhornia crassipes
(Mart.)Solms). Environmental Technology, 39(21),
2781-2791.  https://doi.org/10.1080/09593330.2
017.1365944.

20. Lombi E., Stevens D.P., McLaughlin M.J. 2010. Ef-
fect of water treatment residuals on soil phosphorus,
copper and aluminum availability and toxicity. En-
vironmental Pollution, 158, 2110-2116.

21.Louvain N., Ahmed F., Pierre B., EI-Ghozzi M.,
Katia G., Sougrati M.T., Claude J.J., Patrick W.,
2013. One-shot versus stepwise gas—solid synthesis
ofiron trifluoride: investigation of pure molecular F,
fluorination of chloride precursors. CrystEngComm
Journal, 15, 3664-3671.

22.Ma H., Quantong Y., Yinghuan F., Chun M., Xiaoli
D. 2010. Synthesis of Zeolite of Type A from Ben-
tonite by Alkali Fusion Activation using Na,CO,. In-
dustrial & Engineering Chemistry Research, 49(2),
454-458.

23.Momeni M.M., Kahforoushan D., Abbasi F.,
Ghanbarian S., 2018. Using Chitosan/CHPATC as
coagulant to remove color and turbidity of indus-
trial wastewater: Optimization through RSM de-
sign. Journal of Environmental Management, 211,
347-355.

24. Napier-Munn T.J. 2000. The central composite rotat-
able design, JKMRC. The University of Queensland
Brisbane, Australia, 1-9.

25.Nasser M.S., James A.E. 2006. The effect of poly-
acrylamide charge density and molecular weight
on the flocculation and sedimentation behaviour of
kaolinite suspensions. Separation and Purification
Technology, 52(2), 241-252.

26. Pellegrin V., Juretschko S., Wagner M., Cottenceau
G. 1999. Morphological and biochemical proper-
ties of a Sphaerotilus sp. isolated from paper mill
slimes. Applied and Environmental Microbiology,
65, 156-162.

27.Pokhrel D., Viraraghavan T. 2004. Treatment of
pulp and paper mill wastewater-A review. Science
of the Total Environment, 333, 37-58.

28.Rice E.W., Baird R.B., Eaton A.D. 2017. Standard
Methods for the Examination of Water and Waste-
water, 23" Edition, American Public Health Asso-
ciation, American Water Works Association, Water
Environment Federation.



Ecological Engineering & Environmental Technology 2022, 23(5), 153-163

29. Sharma B.R., Dhuldhoya N.C. 2006. Merchant U.C.,
Flocculants—an Ecofriendly Approach. Journal of
Polymers and the Environment, 14(2), 195-202.

30. Shaykhi Z.M., Zinatizadeh A.A.L. 2014. Statistical
modeling of photocatalytic degradation of synthetic
amoxicillin wastewater (SAW) in an immobilized
TiO, photocatalytic reactor using response surface
methodology (RSM). Journal of the Taiwan Institute
of Chemical Engineers, 45, 1717-1726.

31.Sheng W., Peng X.F., Lee D.J., Su A. 2006. Co-
agulation of particles through rapid mixing. Drying
Technology, 24, 1271-1276.

32.Soucy J., Koubaa A., Migneault S., Riedl B. 2014.
The potential of paper mill sludge for wood—plas-

tic composites. Industrial Crops and Products, 54,
248-256.

33. Suarez-Escobar A., Pataquiva-Mateus A., Lopez-
Vasquez A. 2016. Electro-coagulation-photocat-
alytic process for the treatment of lithographic
wastewater. Optimization using response surface
methodology (RSM) and kinetic study. Catalysis
Today, 266, 120—125.

34.Szolosi O. 2003. Water cycle with zero discharge
at Visy Pulp and Paper, Tumut, NSW: Water (Aus-
tralia), 30, 34-36.

35. Tatsi A.A., Zouboulis A.I., Matis K.A., Samaras P.

2003. Coagulation—flocculation pretreatment of sani-
tary landfill leachates. Chemosphere, 53(7), 737-744.

36. Thompson G., Swain J., Kay M., Froster C.F. 2001.
The treatment of pulp and paper mill effluent: A
review. Bioresource Technology, 77, 275-286.

37. Wang J.P.,, Chen Y.Z., Ge X.W., Yu H.Q. 2007. Op-
timization of coagulation-flocculation process for a
paper recycling wastewater treatment using response
surface methodology. Colloids and Surfaces A: Phys-
icochemical and Engineering, 302, 204-210.

38. Wong S.S., Teng T.T., Ahmad A.L., Zuhairi A., Na-
jafpour G. 2006. Treatment of pulp and paper mill
wastewater by polyacrylamide (PAM) in polymer
induced flocculation. Journal of Hazardous Materi-
als, 135(1-3), 378-388.

39. Yue Q.Y., Gao B.Y., Wang Y., Zhang H., Sun X., Wang
S.G., Gu R.R. 2008. Synthesis of polyamine floccu-
lants and their potential use in treating dye wastewater.
Journal of Hazardous Materials, 152(1), 221-227.

40. Zhang P., Hahn H.H., Hoffmann E., Zeng G. 2004.
Influence of some additives to aluminum species
distribution in aluminum coagulants. Chemosphere,
57, 1489-1494.

41.ZhaoY., Cheng G., Xiang Y., Long F., Dong C. 2018.
Thermodynamic Study of the Corrosion of Refracto-
ries by Sodium Carbonate. Materials, 11,2197-2208.

42.Zhong J., Sun X., Wang C. 2003. Treatment of oily
wastewater produced from refinery processes using
flocculation and ceramic membrane filtration. Sepa-
ration and Purification Technology, 32(1-3) 93-98.

163



