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ABSTRACT

In this study, the treatment of pulp and paper wastewater using combined approach of coagulation/
sulfate radical-advanced oxidation process (SR-AOPs)/ultrafiltration (UF) was studied in the lab scale.
In the beginning of this system, the performance of three coagulants such as polyaluminum chloride
(PACI), ferric chloride (FeCl,) and alum was evaluated to achieve high recycled fiber. According to the
results yielded, the FeCl,, with high fiber recycling (98%) and removal efficiency, was more efficacious. In
the next step, the potassium persulfate (PPS)-Fe(II) and PPS-Fe(IIl) efficiency in the removal of the chem-
ical oxygen demand (COD), aromatic compounds (UV,,,) and the value of sludge volume index were
evaluated using Taguchi design of the experiment. The results showed that the removal efficiency of
COD and UV, in the process of PPS-Fe(Il) was 92.6% and 95.8% which had the better performance than
the process of PPS-Fe(III). The results showed that electrical conductivity (EC) in coagulation/SR-AOPs
had increased to 30.64%. Moreover, there was a significant amount of sulfate in the effluent; whereas, UF
was applied. Accordingly, using UF after pretreatment by coagulation/PPS-Fe(II), the removal efficiency

of sulfate, EC, COD and UV, increased to 99.44%, 62.05%, 97.35% and 98.75%, respectively.
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1. Introduction

The wastewater from paper industry has a significant
role on polluting the surrounding environment as well as
threatening the aquatic life and human health [1]. Due to raw
materials usage as well as the additive chemical compounds
that are employed during production processes, this kind
of wastewater contains more than 200 recalcitrant organic

* Corresponding author.

compounds which may lead to considerable chemical oxy-
gen demand (COD), total suspended solids (TSS), absorbable
organic halogens (AOX), color and phenolic compounds [2].
Various physical, chemical and biological methods were used
for the treatment and reducing the pollution load of pulp
and paper industry. The biological processes have the high
efficiency only for degradation of the wastewater containing
organic materials, whereas the pulp and paper mill wastewater
has a considerable amount of non-biodegradable matters [3];
therefore, the advanced chemical and physical methods in the
treatment of this type of wastewater can be effective.
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The coagulation—flocculation process is widely used
in the treatment systems because of its simplicity and cost-
effective benefits [4]. Moreover, using this treatment method,
the valuable fibers in the pulp and paper wastewater will
be recyclable. On the other hand, some of the components
are hardly removed using coagulation—flocculation process
and still remain in the effluent. Therefore, to further removal
of such components, the advanced treatment methods are
needed. The advanced oxidation processes (AOPs) are con-
sidered more as the new methods for water and wastewater
treatment and they have been widely used to remove the
degradation-resistant pollutant [5,6]. Generally, the AOPs
oxidize the pollutants and convert them to the harmless
materials [7,8].

Recently, the sulfate radicals with the oxidation—
reduction potential of 2.6 V (redox = 2.6 V) that is almost sim-
ilar to the hydroxyl radicals oxidation-reduction potential, is
significantly considered in AOPs [9]. The sulfate radicals are
produced during activation of persulfate ions (5,0,*), while
this oxidizing agent has characteristics of high resistance,
high solubility and high redox potential [10]. Persulfate can
be activated during exposure to the temperature and light
(Eq. (1)) [11] or by chemical reaction with metal ions (Eq. (2))
and produce sulfate radicals [12].

S,0% + photon or heat — 2SO} (1)

S,02 +Me" — SO} +Me™™" + S0 @)

The most important limitation of the AOPs process
is the high consumption of the chemical compounds for setting
the pH, the iron sludge accumulation and the cost to collect the
settled iron sludge [13]. Therefore, pretreatment of this type of
wastewater employing coagulation and flocculation approach
leads to a considerable reduction in the amount of oxidants
and catalysts used in the AOPs. But, on the other hand, adding
chemical agent in the AOPs, however, reduces the pollution
in wastewater, and may increase the dissolved matters more
than environmental standards. As a result, the post-treatment
like filtration is needed for the abatement of this problem and
also for the increment of the ultimate efficiency removal. The
ultrafiltration (UF) is known as the effective method for dis-
solved matters such as sulfates and polyvalent salts. Using
the coupled processes for the treatment of the industrial
wastewater has been considered more and more in recent
years. But employing coagulation/sulfate radical-advanced
oxidation process (SR-AOPs)/UF for the treatment of the
wastewater has not been reported yet. Also, few studies were
conducted on real wastewater applying sulfate radical [14,15].
In our previous research, the UF as pretreatment process was
used for SR-AOPs and AOPs; moreover, in addition to con-
trolling membrane fouling, the removal efficiency of COD,
UV,,, and lignin (UV ) reached more than 90% [14]. In the
other research, Jaafarzadeh et al. [15] employed the electroco-
agulation and UV-based sulfate radical oxidation for the treat-
ment of the pulp and paper mill wastewater and reached the
removal efficiency of 61% for COD.

The main purposes of this study are: (1) The perfor-
mance evaluation of some coagulants such as PACI, FeCl,

and alum in the removal of the COD, UV,,, and TSS. (2) The
optimization and review of the affecting factor in the pro-
cesses of SR-AOPs and coagulation/SR-AOPs (PPS-Fe(1I)
and PPS-Fe(III)), employing Taguchi method. (3) Evaluation
of the amount of remained sulfate and electrical conductiv-
ity (EC) at the end of the each process. (4) The performance
evaluation of the removal efficiencies in hybrid processes of
coagulation/SR-AOPs/UF.

2. Materials and methods
2.1. Experimental setup

The experimental study was conducted on a labo-
ratory scale (Fig. 1). A laboratory system was formed by
feed tank (V =10 L), coagulation tank (5 L), SR-AOPs tank
(5 L), membrane tank (5 L) and vacuum trap (4 L). The 4 L
of wastewater was entered into the coagulation tank by a
pump and in this point; the coagulant was added in the
natural pH of wastewater. The coagulation process was
started with the speed of 120 rpm and continued for 1 min.
Then, the flocculation process was started with the speed
of 30 rpm for 20 min. Subsequently, the flocs were settled
down during 15 min.

In the following, by adding catalyst and oxidant,
the SR-AOPs were started and after 15 min the process
quenched. Different methods have been reported for the
quenching of the SR-AOPs process. In some studies, sodium
azide [16], NaNO, [17] or Na,S,0, [18] have been reported
as a quenching substance. In addition, in some other papers,
SR-AOPs process was completed by adding alkaline mate-
rial to terminate this process [12,19]. In this study, by add-
ing alkaline material, OH" ions enter the solution, lead to
the increase of pH, the sediment of catalyst (Fe) and the
completion of the SR-AOPs process [14]. Also, based on
previous studies, according to the SR-AOPs reaction rate,
the initial reaction time was determined as the optimal time
for the SR-AOPs process (between 5 and 30 min) [18,20].
So, in order to reduce the number of experiments and to
investigate other effective parameters more precisely such
as pH, catalyst and oxidant concentration; the reaction time
was considered at 15 min. In the following, the pretreated
wastewater was entered to the filtration tank in which the
membrane was embedded in it. The UF membrane was
fixed in the filtration tank vertically and with the vacuum
trap made by a vacuum pump (Value 225 N) at the pressure
of —1 atmosphere, the filtration process was carried out for
8-10 min. To control the pressure, a manometer was used
and permeate flux of flow meter was measured. To control
the pH in all steps, the multi-meter instrument of Aqualytic
AL15 was employed.

2.2. Wastewater characteristics

This study was done on the types of wastewater which
was taken from Iran Pulp and Paper Industry (Chuka). This
factory with the wastewater flow rate of 25,000 m*/d plays an
important role in polluting the environment. The wastewater
characteristics were mentioned in Table 1. No pretreatment
was done on the samples, and the taken samples were kept
safe at 4°C. According to the wastewater characterization,
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Fig. 1. Schematic diagram of the processes and their sequences.

Table 1

Wastewater characteristics
Parameters Values
COD, mg/L 2,343 £ 50
BOD,, mg/L 476 + 30
BOD,/COD 0.2
TSS, mg/L 2,772 £ 50
Sulfate, mg/L 965 +5
uv,,, 1/m 2403 +0.1
Color Dark brown
Turbidity, NTU 3,655+ 50
EC, mS/cm 0.72 +0.01
pH 7.0 +0.05

the BOD,/COD ratio of the wastewater was 0.2, which indi-
cates the low degradability of this wastewater.

2.3. Chemical agents

The FeSO,.7H,O and FeCl, as the source of Fe (II) and Fe
(IIT) for the reaction with the K S,0, were used for SR-AOPs,
respectively. For this purpose, the stoke solutions of ferrous
sulfate, ferric chloride, potassium persulfate and alum with
the certain concentration in accordance with the standard
methods were prepared [21]. To set the pH, the solutions of
NaOH and H,SO, were used. All chemicals used in this study

were purchased from Merck, Germany. In the process of
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filtration, a plate and frame module of hydrophobic polyvi-
nylidene fluoride UF membrane (Shanghai Sinap Membrane,
China) with the effective area of 1,400 cm?, pore diameter of
0.1 um and molecular weight cut-off of 140 kDa was applied.

2.4. Analytical methods

The sample analysis for measuring the COD, TSS, sludge
volume index (SVI), and sulfate was conducted in accor-
dance with the standard methods [21]. The COD values were
measured using AL125 — AQUALYTIC thermo-reactor and
AL125 — AQUALYTIC COD meter. The value of UV,,, was
also identified using Jenway 7310. The SVI value was also
determined after 30 min. The device of Aqualytic AL15 was
employed for measuring the EC. Eq. (3) was applied for cal-

culation of the removal efficiency. In the following equation,

A, and Af are the initial and final values of COD, UV, EC,
sulfate and TSS, respectively.
R(%) = 1—ﬁ x 100

A, ©)

2.5. Design of experiments

The Taguchi method was used for the design of SR-AOPs
experiments in this study. According to the previous
researches, the efficiency of the AOPs is heavily related to
the variables such as pH, the oxidant concentration and the
catalyst concentration [22]. The effects of parameters affect-
ing the SR-AOPs were studied at four levels. The levels of the
process parameters for SR-AOPs were presented in Table 2.
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In normal mode, according to full factorial design, the 4° = 64
number of experiments with different combinations of the
independent parameters are needed for optimization and sur-
veying the efficiency of the SR-AOPs, but using the Taguchi
experimental design method according to its specific algo-
rithm, the number of experiments decreased to 16. Minitab
17.1.0 Statistical Software was used to design the exper-
iments. Using the Taguchi section of this software, the
design of the experiments and their layout was presented in
Table 3. The Taguchi method converts the responses to the
signal-to-noise (S/N) ratio to analyze the data and deter-
mination of the optimum condition [23]. According to the
type of optimization, the ratios of S/N are divided into three
categories called “nominal-the-better”, “larger-the-better”
and “smaller-the-better” [24]. Whereas in this study the
aim is to maximize the removal efficiency of COD and
UV,,, and minimize SVI, the S/N ratios were calculated
for the removal efficiency of COD and UV,,, based on the
larger-the-better (Eq. (4)) and for SVI based on the smaller-
the-better (Eq. (5)):

3. Results and discussion
3.1. Coagulation process

A significant amount of the cellulose fibers from the pulp-
ing process is entered into the wastewater, and in order to
save the costs, it should be returned to the production line.
According to the analysis, more than 90% TSS consisted of recy-
cled fibers. For this purpose, the coagulation process was used
to sediment all suspended solids and recover them. Therefore,
the removal efficiency of TSS was considered as the index of
fiber recycling in this study. In this step, the performance of
three coagulants such as PACI, FeCl, and alum in the removal
of COD, UV, and fiber recycling was compared. For this pur-
pose, the concentration of each coagulant in the initial pH of
wastewater (pH =7.0) was surveyed and the results were com-
pared (Table 4). According to the results obtained, FeCl, in the

Table 3
L,, (4°) randomized experimental plan

Exp No. SR-AOPs Coagulation/SR-AOPs
S/N (dB)=-10log (l —ZJ (larger-the-better) (4) pH PPS  Fe(ll) pH PPS  Fe(ll) and
= (mM)  (mM) (mM)  Fe(III) (mM)
1 3 10 5 3 4 2
1 2 3 20 10 3 6 4
S/N (dB)=-10log| =Y Y} | (smaller-the-better 5
( ) g[n ,;“ ' ) ( ) ©) 3 3 30 15 3 8 6
4 3 40 20 3 10 8
In the above equations, Y, is the measured response 9 4 10 10 4 4 4
for each test in each experiment and n is the experiments 6 4 20 5 4 6 2
replication. 7 4 30 20 4 8 8
8 4 40 15 4 10 6
Table 2 9 5 10 15 5 4 6
The levels of the process parameters 10 5 20 20 5 6 8
11 5 30 5 5 8 2
Parameters Levels 12 5 40 10 5 10 4
1 2 3 4 13 6 10 20 6 4 8
pH 3 4 5 6 14 6 20 15 6 6 6
H,O,(mM) 10 20 30 40 15 6 30 10 6 8 4
Fe(II) and Fe(III) (mM) 5 10 15 20 16 6 40 5 6 10 2
Table 4
Effect of coagulants concentrations on the removal efficiency
Coagulants Parameters Concentration (mM)
0.5 1.0 15 2.0 2.5 3.0
Alum COD removal (%) 16.3 21.0 24.5 33.6 35.8 28.6
UV, removal (%) 10.4 16.3 22.1 30.1 31.8 33.9
Fiber recycling (%) 32 44 59 77 82 96
FeCl, COD removal (%) 12.1 30.2 39.5 412 43.3 40.2
UV,,, removal (%) 14.6 25.6 37.7 443 422 315
Fiber recycling (%) 36 61 79 98 89 80
PACI1 COD removal (%) 16.5 20.7 26.3 30.0 35 322
UV,,, removal (%) 9.3 16.5 21.5 259 29.6 30.0
Fiber recycling (%) 24 46 66 73 95 88
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concentration of 2 mM with the maximum removal efficiency
and a high percentage of fiber recycling was known as the
best coagulant. When ferric chloride is added to the solution,
a sequence of hydrolysis species is formed. These hydrolysis
species have positive or negative charge, depending on the pH
of the solution that can be different, which hydrolysis species
are positive at a pH less than 6 and negative at high pH. The
positively charged hydrolysis species can be adsorbed on the
colloidal particles surface and lead to the particles to become
unstable. In the process of coagulation, this mechanism is
called “charge neutralization”. At high concentrations of
coagulant, the formed precipitates can physically sweep away
the colloidal particles from the solution, which is referred to
as “sweep coagulation” [25]. In this study, since coagulation
process was done in the natural pH of wastewater (pH = 7.0),
mechanism of coagulation demonstrated properties of sweep
coagulation. As a result, according to the mechanism of sweep
coagulation, the fiber recycling, the removal efficiency of COD
and aromatics compounds reached 98%, 41.2% and 44.3%,
respectively. It will be good to mention that the pH of the efflu-
ent from the coagulation process reached about 6. Actually,
by adding ferric salt to the solution, it works by reacting with
wastewater’s alkalinity [26,27]. The 0.92 mg/L of alkalinity is
consumed by each mg/L of ferric chloride [28]. Therefore, it led
to the reduction of pH to about 6.

3.2. The process of SR-AOPs (PPS-Fe(II))

According to the Taguchi method, the results of PPS-
Fe(Il) with the ratio of S/N are presented in Table 5. In this
study, the removal efficiency of COD, UV,,, and SVI was
considered as the response functions for the evaluation of

The effect of each parameter on the removal efficiencies
was identified at all levels by using the ratio of S/N. Fig. 2
shows the S/N ratios of each factor related to various levels
for each response of the corresponding process. Forasmuch
as the aim of the experiments was to survey the increment of
removal efficiencies and the reduction in sludge production.
Therefore, the maximum value of S/N ratio among the vari-
ous levels of each parameter for removal efficiencies of COD,
UV,,, and the values of SVI show the optimal condition of the
related factors.

The value of pH has the significant role in controlling
catalytic activity of the iron and the stability of the oxida-
tion [29]. In this study, the effect of pH at acidic pH range
(3, 4, 5 and 6) was considered. In the acidic pH range, the
hydrogen peroxide is produced by hydrolysis of persul-
fate which leads to the reaction with iron ions and the
hydroxyl radicals are produced that beside the sulfate
radicals cause further destruction of the pollutants [30].
Also, the sulfate radicals can hydrolysis the H,O and pro-
duce more hydroxyl radicals; moreover, the superoxide
radical (O,) can also be another important factor in the
removal of the pollutants [18]. It should be noted, at very
low pH, iron complexes such as [Fe(H,O)]* are formed.
These complexes react slowly with the oxidizing agent and
lessen the amount of radical production [31]. According to
Figs. 2(A) and (B), the maximum ratio of S/N occurred in
the pH = 3 and this level had the maximum removal effi-
ciency of COD and UV_,,. According to Eq. (6), the complex
species of Fe(OH)" is formed in pH = 3 which compared
with non-complex species of Fe?" has a higher activity in
the advanced oxidation [32].

the PPS-Fe(I) process. By using Egs. (4) an.d (5) the obtained  ga2+, H,0 — Fe(OH)"+ H" ©)

results are converted to the response function of S/N.

Table 5

Experimental results of the PPS-Fe(Il) process
PPS-Fe(II)
Exp. No. S/N (dB)

COD removal (%) UV, removal (%) SVI (mL/L) COD removal UV, removal  SVI(mL/L)

1 10.00 13.01 40.5 20.00 22.29 -32.15
2 33.45 48.34 46.5 30.49 33.69 -33.35
3 67.14 65.37 52.5 36.54 36.31 -34.40
4 66.00 56.24 71.0 36.39 35.00 -37.03
5 21.40 16.05 42.0 26.61 24.11 -32.46
6 13.16 11.35 50.0 22.39 21.10 -33.98
7 41.63 38.17 86.0 32.39 31.63 -38.69
8 69.23 70.09 73.5 36.81 36.91 -37.33
9 17.15 20.16 48.0 24.69 26.09 -33.62
10 18.85 22.65 77.0 25.51 27.10 -37.73
11 24.50 10.17 58.5 27.78 20.15 -35.34
12 56.84 48.53 73.0 35.09 33.72 -37.27
13 3.50 10.63 78.0 10.88 20.53 -37.84
14 30.10 40.24 70.5 29.57 32.09 -36.96
15 39.14 32.19 78.0 31.85 30.15 -37.84
16 16.10 7.53 64.0 24.14 17.54 -36.12
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Fig. 2. The effect of experimental parameters on the S/N ratio for PPS-Fe(II). (A) COD removal, (B) UV,,, removal and (C) SVI (mL/L).

On the other hand, in the pH higher than 3, the values
of S/N for the removal efficiency of COD and UV, rapidly
decreased. This is due to the reduction of the amount of free
catalyst in the solution which is a result of replacing the
hydroxy complexes such as Fe(OH), with the low activity in
comparison with iron ions [5]. Also, the amount of soluble
Fe? is reduced due to the formation of Fe(Ill) oxyhydrox-
ides complexes such as Fe (OH),*, Fe(OH)*, Fe(OH),’ and
Fe(OH)* have low efficiency for persulfate activation to pro-
duce sulfate radicals [33]. According to the results of the pre-
vious researches, pH = 3 was introduced as the optimum pH
for the SR-AOPs [33,34].

According to the Taguchi results in the pH = 3, the maxi-
mum ratio of S/N was seen for SVI and in this pH value, the
volume of the produced sludge reduced. This reduction in
the volume of the produced sludge could be attributed to the
reduction of the osmosis pressure and the effect of hydration
in the acidic pH range [35].

As seen in Fig. 2, the effects of PPS and Fe(Il) on the
removal efficiency of COD and UV, were shown. By increas-
ing the concentration of the PPS up to 40 mM, the removal
efficiency increased because of the increment in the produc-
tion of the sulfate radicals (Eq. (7)) [18].

S,0; +Fe(I) - SO; +SO; +Fe(II) @)

According to the Taguchi analysis, in the concentration
of 15 mM for Fe(Il), the maximum ratios of S/N were for
the removal efficiency of COD and UV,,,. By increasing the
concentration of the catalyst, the rate of radical generation
increases (Eq. (7)) but by increasing more than the optimum
value, iron ions are increased which leads to the increment of
the suspended solids in the solution. Moreover, this further
increase leads to the reaction of the sulfate radicals with the
remaining iron ions and finally the accessible free radicals
and the oxidation efficiency reduced [36]. The similar studies
also confirmed the effects of the iron ions and persulfate on
the removal of the organic compounds [10,33,37,38].

SO, "+ Fe™ — Fe® + SO 8)

Fig. 2(C) shows the changes of produced sludge with
regard to the concentrations of PPS and Fe. According to
Fig. 2(C) by increasing the concentration of PPS and iron,
the SVI also increased. Therefore, according to Fig. 2 the
optimal levels of COD and UV,,, removal efficiency were
at pH = 3, [Fe(Il)] = 15 mM and [PPS] = 40 mM, while the
optimal conditions for SVI were at pH = 3, [Fe(Il)] = 5 mM
and [PPS] = 10 mM. In contrast to the optimal conditions
for SVI which were in experiment 1 in Table 3, the optimal
levels which were determined by the highest S/N ratio for
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the removal efficiency of COD and UV, were not found in
any of the experiments in Table 3. Therefore, re-experiments
were carried out in the optimal conditions and then the
removal efficiency of COD, UV, and SVI value was 70.93%,
74.13% and 75.50 mL/L, respectively, that under these con-
ditions, more efficiency was obtained than the optimum
SVI conditions. Hence, the optimal conditions at pH = 3,
[Fe(IT)] = 15 mM and [PPS] = 40 mM were considered as the

optimal conditions for the PPS-Fe(II) process.

3.3. Coagulation/SR-AOPs (PPS-Fe(Il) and PPS-Fe(IlI))

In the previous section, the removal efficiency of SR-AOPs
for raw wastewater was investigated. In this section, using the
pretreated wastewater by the coagulation—flocculation pro-
cess, the removal efficiencies, the SVI values and the impact of
effective parameters were studied. The results of the two pro-
cesses of PPS-Fe(II) and PPS-Fe(IlII) at their optimal points after
pretreatment are presented in Tables 6 and 7, respectively.

As shown in Fig. 3, the maximum ratio of S/N of COD
removal efficiency for the process of PPS-Fe(Ill) and PPS-
Fe(II) occurred at pH =5 and pH = 6, respectively. The results
obtained from Taguchi statistical analysis showed that the
ratio of S/N of the COD removal efficiency was increased by
increasing the pH to 5 in the process of PPS-Fe(III) and PPS-
Fe(Ill), and after that, the changes altered with negligible
slope until the value of pH reached to 6. Similarly, the results
obtained from the survey on the removal efficiency of UV ,,
showed that the values of S/N did not have a considerable dif-
ference in pH =5 and pH = 6 in both processes. By rising the
value of pH to 5, the amount of OH" ions are increased, which
react with sulfate radicals, and according to Eq. (9), it leads
to produce more radicals than the acidic condition; therefore,
produced sulfate and hydroxyl radicals can quickly destroy

Table 6
Experimental results of the coagulation/PPS-Fe(Il) processes

organic matters [14]. On the other hand, by increasing the
pH to 6, iron ions are deposited in hydroxyl complexes such
as Fe(OH),, hence the concentration of the required solvent
catalyst for the oxidation reaction is significantly reduced, as
a result sulfate radicals are greatly lessened [5,39]. Thus, the
removal efficiency slightly decreased at pH 6. To compare
the removal efficiency at pH 5 and 6, a slight difference was
observed, therefore, with regard to reducing the amount of
acid as well as the acidification problems, the pH = 6 equaling
the pH of the effluent from the coagulation—flocculation pro-
cess could be considered as the optimum pH in the removal
efficiency of COD and aromatic compounds. Therefore, there
was no need for application of the chemicals to reduce the
pH. In the coagulation/AOP, the coagulation process, by elim-
inating a high percentage of suspended solids, likely acts as
a barrier and allows the iron catalysts to continuously react
with an oxidizing agent (persulfate) and prevents the involve-
ment of iron catalysts with suspended colloidal particles
[40,41]. Therefore, this led to the increase of optimal pH for
coagulation/SR-AOPs in comparison with SR-AOPs. Zhang
et al. [37] reported the neutral pH as the optimum pH for the
removal of the aniline by the process of Fe*"-activated persul-
fate oxidation. They showed that the sulfate radicals react with
H,O and OH~(Egs. (9) and (10)) and produce more radicals.

Alkaline pH:SO;" +OH™ — SO} + *OH + H" )
All pH values: SO," +H,0 - SO + *OH+H' (10)

When FeCl, was used as a coagulant, its optimum
concentration was obtained. Based on the results, the
concentration of Fe(IIl) in the treated effluent with the coagu-
lation—flocculation process was less than 0.1 mM, which was

Coagulation/PPS-Fe(II)

Exp. No. S/N (dB)
COD removal (%) UV, removal (%) SVI (mL/L) COD removal UV, removal  SVI(mL/L)

1 58.17 62.62 16.5 35.29 35.93 -24.34
2 69.75 76.74 19.0 36.87 37.70 -25.57
3 70.89 72.60 26.5 37.01 37.21 -28.46
4 61.97 68.22 36.0 35.84 36.67 -31.12
5 67.71 74.19 22.0 36.61 37.40 —26.84
6 70.39 81.80 19.5 36.95 38.25 -25.80
7 64.34 72.07 41.0 36.16 37.15 -32.25
8 82.97 83.43 52.5 38.37 38.42 —-34.40
9 64.13 70.57 33.0 36.14 36.97 -30.37
10 61.16 72.44 35.5 35.72 37.19 -31.01
11 87.12 83.66 26.0 38.80 38.45 -28.30
12 89.82 90.46 38.0 39.06 39.12 -31.60
13 58.89 60.85 32.5 35.40 35.68 -30.23
14 70.22 81.26 36.5 36.92 38.19 -31.24
15 92.63 95.81 25.0 39.33 39.62 -27.95
16 82.31 79.02 38.0 38.30 37.95 -31.59
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Table 7
Experimental results of the coagulation/PPS-Fe(III) processes

Coagulation/PPS-Fe(III)

Exp. No. S/N (dB)
COD removal (%) UV, removal (%)  SVI(mL/L) COD removal UV,,, removal SVI (mL/L)

1 48.30 52.34 8.50 33.67 34.37 -18.58
2 65.15 65.36 18.00 36.27 36.30 -25.10
3 68.30 76.14 21.50 36.68 37.63 -26.64
4 66.34 68.84 32.00 36.43 36.75 -30.10
5 62.45 68.66 17.50 35.91 36.73 -24.86
6 60.43 60.34 15.50 35.62 35.61 -23.80
7 71.00 77.45 32.50 37.02 37.78 -30.23
8 82.60 85.63 37.00 38.33 38.65 -31.36
9 72.45 66.54 23.50 37.20 36.46 -27.42
10 70.00 78.65 28.00 36.90 3791 -28.94
11 70.30 65.44 18.00 36.93 36.31 -25.10
12 77.60 85.50 24.50 37.79 38.63 —27.78
13 65.30 61.87 26.50 36.29 35.82 -28.46
14 76.41 79.36 30.00 37.66 37.99 -29.54
15 85.36 86.60 21.00 38.62 38.75 —26.44
16 64.30 65.34 23.50 36.16 36.30 -27.42

negligible compared with the concentration of added iron in
the SR-AOPs process. Therefore, the effect of Fe(IIl) on the
SR-AOPs process can be ignored. According to the Taguchi
analysis, in the concentration of 4 and 6 mM for Fe(II) and
Fe(IlI), the maximum ratios of S/N were for the removal
efficiency of COD and UV,,, respectively. Also, the concen-
tration changes of the PPS in the process of PPS-Fe(II) up to
10 mM and in the process of PPS-Fe(IIl) up to 8 mM was the
maximum for the removal efficiency of COD. The changes of
S/N ratio for the removal efficiency of UV, (Figs. 3(B,) and
(B,)) with the changes in the PPS concentrations showed that
the concentration of 8 mM of PPS had the maximum ratio
of S/N for the processes of PPS-Fe(Ill) and PPS-Fe(II). After
that by increasing the concentration of PPS more than the
optimal concentration, the 5,0 acts as the radical scaven-
ger (Eq. (11)), reacts with the sulfate radicals and leads to the
formation of sulfate anions and 5,0, radicals, while these
produced radicals have the lesser oxidation potential than
sulfate radicals [42].

SO; +5,0;” —» SOY +S,0; (11)

By evaluating the changes of pH, PPS and Fe(Il) in the
amount of produced sludge in the process of coagulation/
SR-AOPs, one can find out that these changes were the same
as changes in the process of SR-AOPs. As a result, as men-
tioned, by increasing the concentration of catalyst and oxi-
dant, the SVI was also increased.

3.3.1. Contribution ratios

After the S/N analysis, the analysis of variance (ANOVA)
for the determination of the relative importance of the various

parameters and estimation of the error variance was done
[43]. In the ANOVA, the sum of squares (SS), degrees of free-
dom (DF), mean square (MS) and F value are calculated [44].
The results of the statistical analysis on the removal efficiency
for the ratio of S/N are presented in Table 8. The percentage
contributions of each factor on response function are listed in
Fig. 4 which were calculated by Eq. (12) [45].

SS, — (DExMS,)
ss

P(%) = %100 (12)

T

According to Fig. 4, it can be seen that in the process of
PPS-Fe(Il), the concentration of the PPS and Fe(Il) with the
contributions of 42.52% and 36.64% for COD removal effi-
ciency and the contributions of 38.73% and 35.9% for UV,
removal efficiency had the significant effect on the response
(i.e.,, COD removal) with the a = 0.05. This represented the
high effect of oxidant and catalyst concentrations on the
amount of free radical generation for the removal of the pol-
lutants. The results of the similar studies also confirmed the
considerable effects of oxidant and catalyst in the process of
AOQOPs [32]. Also, the concentrations of the Fe(Ill) and PPS in
the PPS-Fe(III) process had the more impacts on the removal
efficiency. By evaluating the effectiveness of SVI affecting
factors, it was observed that the concentration of Fe had more
impact on the sludge of the produced iron, especially this
effect was more in the process of PPS-Fe(III).

3.3.2. Verifying the results

After identifying the optimum condition and
the analysis which was done for each response, the
confirmation experiments were done to verify the results.
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Fig. 3. The effect of experimental parameters on the S/N ratio for coagulation/advanced oxidation processes (PPS-Fe(Il) and
PPS-Fe(IlD)). (A) COD removal, (B) UV,,, removal and (C) SVI (mL/L).

In Table 9, the obtained results are compared with the pre-
dicted results obtained in the optimum conditions using
statistical analysis. As seen in Table 9, the error percentage
in all responses is in the acceptable range. Also, the 95%
confidence interval for all the parameters was calculated
and is presented in Table 9. The verification experiments
illustrated that experimentally obtained results were in
confidence interval.

According to the given results, in the process of PPS-
Fe(Il) and in the optimum condition of COD removal, the
removal efficiencies of COD and UV, were 93.83% and

86.21%, respectively, and SVI was equal to 31 mL/L. For the
optimum condition of UV, removal, the removal efficien-
cies of the COD and UV, were 92.63% and 95.81%, respec-
tively, and SVI was 25 mL/L. Also, in the minimum SVI,
the removal efficiencies of COD and UV, were 58.17% and
62.62%, respectively, and the SVI was 16.5 mL/L. By eval-
uating the obtained efficiencies under the various optimal
conditions, it can be seen that under optimum condition
of PPS-Fe(Il) process, the removal efficiencies of COD and
UV,,, were appropriate; therefore, the condition of pH =6,

PPS = 8 mM and Fe(Il) = 4 mM could be considered as the
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Table 8
Statistical results based on S/N ratio
Coagulation/PPS-Fe(II) Coagulation/PPS-Fe(I1I)
Factors DF SS Variance F Ratio Factors DF SS Variance F Ratio
COD removal (%) COD removal (%)
pH 3 3.91 1.30 9.62 pH 3 5.44 1.81 9.33
PPS 3 11.70 3.90 28.78 PPS 3 5.94 1.98 10.18
Fe(II) 3 10.14 3.38 24.94 Fe(III) 3 8.03 2.68 13.77
Error 6 0.81 0.14 Error 6 1.17 0.19
Total 15 26.56 Total 15 20.57
UV,,, removal (%) UV,,, removal (%)
pH 3 2.96 0.99 8.66 pH 3 2.93 0.98 3.75
PPS 3 6.91 2.30 20.19 PPS 3 8.21 2.74 10.52
Fe(II) 3 6.43 2.14 18.79 Fe(III) 3 10.64 3.55 13.62
Error 6 0.68 0.11 Error 6 1.56 0.26
Total 15 16.99 Total 15 23.34
SVI (mL/L) SVI (mL/L)
pH 3 23.35 7.79 11.21 pH 3 19.70 6.57 6.63
PPS 3 43.32 14.44 20.79 PPS 3 37.71 12.57 12.69
Fe(II) 3 46.31 15.44 22.22 Fe(II) 3 82.31 27.44 27.71
Error 6 4.17 0.69 Error 6 5.94 0.99
Total 15 117.16 Total 15 145.6
60
OpH OPPS(mM) @Fe(mM) o Error
50 r
Coagulation / PPS3-Fe(ll) Coagulation / PPS-Fe(lll)
xX 40 =
c
i) .
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Fig. 4. The contribution ratios of each factor of coagulation/PPS-Fe(Il) and coagulation/PPS-Fe(III).

overall optimal condition of PPS-Fe(Il) process. Similarly,
the process of PPS-Fe(Ill) also under optimal condition
of COD or UV, removal in pH = 6, PPS = 8 mM and
Fe(III) = 6 mM altogether had the better removal efficiencies
of COD and UV, as well as the better SVI value compared
with the optimal condition of SVI. By comparison between
the performance of the two PPS-Fe(Ill) and PPS-Fe(IIl)

processes, it can be observed that the PPS-Fe(Il) process
with the COD and UV, removal efficiency of 92.63% and
95.81%, and the SVI value of 25 mL/L had the better per-
formance than the PPS-Fe(Ill) process with the COD and
UV, removal efficiency of 88.73% and 90.39% and the
SVI value of 28 mL/L. According to the results obtained
by Rastogi et al. [34] the decomposition rate of 2-CB using
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Table 9
Verifying the results
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Responses  Operating Removal Predicted Confidence interval Error
parameters efficiency removal efficiency (%)
pH KS0, Iron COD UV,, SVI COD UV, SVI COD UV,, SVI COD UV,, SVI
(mM) (mM) (%) (%) (o) (%) (%) (%)

Coagulation/PPS-Fe(II)

COD 6 10 4 93.83 86.21 40.5 91.20 90.60 3793 86.32- 81.09- 32.35- 2.80 5.09 6.34
100 91.05  49.98

uv,, 6 8 4 92.63 9581 25 90.67 91.35 2643 91.09- 86.50- 19.50- 2.11 4.65 5.72
95.91 100 33.84

SVI 3 4 2 58.17 62.62 165 5785 60.66 1331 35.60- 56.92- 13.80- 0.55 312 19.33
67.05 67.69  22.53

Coagulation/PPS-Fe(III)

COD 6 8 6 88.73 9039 28 8323 8361 2931 81.39- 8538~ 21.42- 6.19 7.5 4.67
94.50 9534 3392

uv,, 6 8 6 88.73 9039 28 8323 8361 2931 81.39- 8538~ 21.42- 6.19 7.5 4.67
94.50 9534 3392

SVI 3 4 2 4830 52.34 85 46.69 45.88 8.18 41.45- 47.86- 580- 333 1234 3.76
54.08 55.66  14.53

Fe(Il)-peroxymonosulfate (PMS) is more than the decom- [oco0 muvast mec wsuree |

position rate obtained by the Fe(III)-PMS process. During 100 -

the redox, the electron transfer is done by the “bridged”

and “outer sphere” mechanisms which Fe(II)-PMS fol- 80

lowed by the outer sphere mechanism and because of 60 -

more electron transfer rate in the outer sphere mechanism a0 L

it is better than the bridged mechanism. The outer sphere g

mechanism does not require any transient bond formation, g 20 W

unlike the bridged mechanisms which makes it better to 5 0 .

transfer electron [34]. 20 @& & & &

By comparing the results of coagulation/SR-AOPs and a0 L e N ,@@ \(,«v
SR-AOPs, it can be observed that the process of coagula- & &
tion/SR-AOPs had the more removal efficiency compared 0 T ¢ oe"”@)

-80 -

with the process of SR-AOPs. Moreover, more than 80%
of the oxidant and 50% catalyst could be saved employ-
ing coagulation as the pretreatment process. Additionally,
the removal efficiencies of COD and UV, in the pH close
to the neutral range were appropriate and there was no
need for acidification in the SR-AOPs. Therefore, the chem-
icals could be saved. Moreover, the amount of produced
sludge in the process of SR-AOPs was much high. This is
while using coagulation as the pretreatment, the amount
of produced sludge in the process of SR-AOPs reduced
down to 66%.

3.4. Combined treatment (coagulation/SR-AOPs
(PPS-Fe(II))/ultrafiltration)

According to the results, although the removal effi-
ciency of the coagulation/SR-AOPs process dramatically
increased, but the effluent from the chemical unit had a con-
siderable amount of sulfate and EC. So, to reduce the amount
of remained sulfate and EC and generally the increase in
the removal efficiency, the UF was employed. In Fig. 5, the

removal efficiencies of COD, UV,,,, EC and sulfate for the

Fig. 5. The removal efficiency of coagulation, SR-AOP
(PPS-Fe(Il)), coagulation/SR-AOP (PPS-Fe(Il)) and coagulation/
SR-AOP (PPS-Fe(Il))/ultrafiltration.

process of coagulation, SR-AOPs, coagulation/SR-AOPs
(PPS-Fe(Il)) and coagulation/SR-AOPs (PPS-Fe(Il))/UF are
presented. As shown in Fig. 5, in the coagulation, the amount
of EC and sulfate removal efficiency increased up to 10.71%
and 24.1%, respectively. By applying the pretreatment pro-
cess, the removal efficiency of sulfate and EC compared
with the process of SR-AOPs changed from 56.5% to 30.64%
and 18.43% to 31%, respectively. According to the results
obtained, using UF process after pretreatment by coagula-
tion/PPS-Fe(Il), the amount of sulfate, EC, COD and UV,
decreased to 99.44%, 62.05%, 97.35% and 98.75%, respec-
tively. Beril Gonder et al. [46] also using UF and controlling
the fouling condition reached high removal efficiency of sul-
fate and COD. The results showed that the hybrid system
coagulation/SR-AOPs (PPS-Fe(I))/UF in addition to achiev-
ing high removal efficiency; the membrane fouling signifi-
cantly reduced.
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4, Conclusion

In this study, we showed that the pulp and paper waste-

water can successfully be treated by combined approaches of
coagulation/SR-AOPs (PPS-Fe(II))/UF. The following results
can be concluded from the present work:

The results of this study illustrated that using the FeCl, as
the pretreatment process for SR-AOPs caused recovering
a high percentage of fibers (98%).

The sludge production and the amount of chemicals
reduced up to 66% and 70%, respectively.

The coagulation/PPS-Fe(Il) process showed better
performance with more than 90% removal efficiency in
comparison with coagulation/PPS-Fe(III).

The effects of pH, oxidant and catalyst concentration
were evaluated for each of the processes, which the
results represented the high effect of oxidant and catalyst
concentration on the removal efficiency.

The results of the confirmation experiments were in
the confidence interval and the error percentage in all
responses were in the acceptable range.

The investigation indicated that the amount of sulfate
and EC in the effluent of coagulation/SR-AOPs was still
higher than environmental standards. In the final stage
by using UF membrane, more than 95% of removal effi-
ciency for sulfate, COD, aromatic compounds and 62% of
removal efficiency for EC was observed.

As the notable results of this study, we operated the
SR-AOPs process after pretreatment without any change
in the pH value and it significantly reduced the operating
costs.

At the end, we offer this method because of its simplicity
and cost-effectiveness for the treatment of the pulp and
paper wastewater.
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