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Abstract

In the present study pulp and paper industry effluent was treated with the
help of aluminum electrode using electrocoagulation (EC) process with feasi-
ble sludge management. The influences of pH, time, current density and elec-
trolytes dose were investigated and optimum conditions were established to
reduce the maximum amount of Chemical Oxygen Demand (COD) and col-
or. At optimum conditions 70% of COD and 98% of color were removed.
Additionally, the behavior of electrolytes (NaCl and Na,SO,) was determined;
it has shown that Na,SO, results in the generation of less secondary pollutants
than that NaCl and thereby could be used as better replacement in paper in-
dustries for electrocoagulation mediated treatment of wastewater. The resi-
dual amount of operational parameters in EC treated water was compared to
the World Health Organization (WHO) and Central Pollution Control Board
(CPCB) of India. It was found to be safe for utilization in irrigation. Fur-
thermore, sludge produced during the EC process has been analyzed for phy-
sicochemical characteristics. To understand the physical and elemental phas-
es of sludge, the analytical technique such as field emission electron micro-
scope coupled with energy dispersive spectroscopy has been used to find out
the possible management alternative.

Keywords

Pulp and Paper Wastewater, Electrocoagulation, Reuse, Irrigation, Sustainable
Sludge Management

1. Introduction

The production of paper by pulp and paper industries requires a tremendous
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volume of fresh water (10 - 110 m’ per tonne) subsequently generating the high
volume of effluent therefore considered to be one of the most polluting indus-
tries [1]. This industry generates wastewater which has a large amount of total
solids (TS), color, numerous recalcitrant compounds and increased chemical
oxygen demand (COD) [2]. More than 250 chemicals compounds have been
acknowledged in effluents generated at different stages of papermaking includ-
ing phenols and Chlorophenols compounds, resin and fatty acid, lignin and its
derivatives [3] [4] [5]. If this effluent is directly discharged into the environment
it will lead to significant environmental damage such as loss of environmental
aesthetics, the extensive negative effect on aquatic animals, likewise seriously af-
fecting the terrestrial ecosystem [6] [7] [8] [9]. The pulp and paper industry
wastewater has been listed in the “red category” by the Ministry of Environment
Forest and Climate Change (MOEFCC), India CPCB, India which indicates the
severity of associated pollution risk [10]. Thus, there is an urgent need of the
suitable treatment for wastewater generated by pulp and paper industry. The In-
dian paper industries adopted pre, primary and secondary treatment facility to
treat the wastewater, but they have failed to achieve complete degradation of re-
calcitrant compounds and attain the satisfactory level of treatment [5] [6]. There
are various technologies like, aerobic and anaerobic, adsorption, advanced oxi-
dation, membrane separation process and chemical coagulation which can be
used for the removal of refractory chemicals [11]-[16]. However, these methods
have their own limitations such as high cost, high chemical consumption, longer
retention time, and chances of secondary pollution. Additionally, biochemical
methods cannot be applied to treat paper industry wastewater due to the limita-
tion of lower biodegradability [17] [18]. Recently, Electrocoagulation (EC) me-
thod attracted the researcher’s attention as an alternative with some attractive
factors which make EC process one of the most important technologies for
treating the wastewater. EC uses simple equipment with ease of automation
while no or very few chemicals are required to be added to this process [19] [20]
[21] [22] [23]. Additionally, O, and H, bubbles are formed during the process
which improves the separation efficiency by electro-flotation and it can handle a
wide variety of pollutants [24] [25] [26]. In EC method three main stages are
involved 1) Electrolytic reaction at anode and cathode surfaces 2) Formation of
coagulant in solution 3) Suspended pollutant matter gets adsorbed on coagulant
and gets removed by settling and flotation process. In EC, generally anode re-
leases positive metal hydroxide ions at desired pH [21] [22] [27]. In this study
aluminum was used as the electrode and the mechanism of reaction during the

EC process for both anode and cathode are represented below:

Anode: Al — AP +3e” (1)
Cathode: 3H,0+3¢e” — %H2 +30H" (2)

Under high pH condition, H, produced OH ions at cathode [22].
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2A1+6H,0+20H" — 2A1(OH), +3H, (3)

In EC, AI** and OH™ ions were generated at electrode and they react to form var-
ious monomeric species such as AI(OH)*, Al(OH),, Al, (OH);H , AI(OH),
and polymeric species such as Al (OH)?S+ , Al (OH)?7+ , Al (OH)Z ,
Al;0,(OH).’, Al,(OH),, which finally transformed into AI(OH), accord-
ing to complex precipitation kinetics [21] [28] [29].

AP +3H,0 - AI(OH),  +3H' (4)

s

These Al(OH),, flocs produced during the treatment, have the larger surface
area, which strengthen the removal of pollutants from wastewater through ad-
sorption or precipitation. AI(OH),, have the neutral characteristic which func-
tion as a coagulating agent in the reaction vessel for the suspended and conta-
minated particle. Finally, these flocs are separated from the treated wastewater
without any difficulty by sedimentation or H, floatation [22] [28]. In recent
years, the approach of EC treatment process has been extensively used for the
treatment of various types of effluent including dye containing effluent [21], lig-
nin and phenol [29], Oil refinery wastewater [30], textile effluent [22], pharma-
ceutical industry effluent [20], recalcitrant and dissolved organic matter from
paper industry effluent [12]. The previous literature has widely discussed the
operating parameters and associated physical and chemical reaction to complete
the process but, physicochemical characterization of sludge and management of
sludge has been studied poorly. The production of sludge is an integral part of
EC process and considered as a waste material, therefore pulp and paper mills in
India get rid of this sludge by landfilling practices [31]. However, such practices
of land filling are associated with potential risk of polluting the soil, water table
and entire ecosystem. From the environmental perspective, the disposal of
sludge becomes a challenging task which needs immediate sustainable manage-
ment. As per our best knowledge, there have been studies which have categori-
cally focused on the settling characteristics and sludge volume index of electro-
coagulation sludge, whereas there has been a consistent lack of research efforts
in the direction of physicochemical characteristics, and elemental analysis of EC
sludge investigation [32] [33] [34]. Similarly, very few studies have been con-
ducted on the removal of biochemical oxygen demand (BOD), chemical COD,
and total organic carbon (TOC) evaluation of wastewater. The studies related
to sludge management and treated water reused also less reported. The objec-
tives of the present study were to develop the optimum conditions for the
treatment of pulp and paper industry wastewater and sludge management. To
investigate the optimum conditions of treatment, COD and color were taken
into consideration and the resulting optimum conditions were utilized to de-
termine the BOD, TOC, total dissolved solids (TDS) and conductivity of
wastewater to find out the option to reuse EC treated water in irrigation and

sludge for further application.
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2. Materials and Methods

2.1. Wastewater Sample Collection and Characterization

The effluent sample was procured from the nearby paper industry after the pri-
mary treatment. The industry used OCEpHH bleaching sequence for the pro-
duction of pulp and paper. Collected sample was stored below 4°C in the labor-
atory for further investigation. General characteristics of collected effluent are
presented in Table 1. The evaluation of the study was performed on the basis of
reduction in COD and color at the various pH, current density, time, and dose of
electrolytes. Further, at the optimum conditions, the samples were analyzed us-
ing different environmental parameters such as pH, BOD,, COD TOC, color,
conductivity, TDS and sludge characterization as per standard methods [35].
The treatment efficiency was evaluated in terms of COD and color reduction

percentage using the following equation:-

IO_F;

Treatment efficiency (%) = %100 (5)

0

where, [, = Initial value, F, = Final value at time ¢

2.2. Sludge Characterization

The EC process completed within 30 min and after the completion of every run,
a viscous mixture of semi liquid and solid was settled at the bottom while scum
content was moved upwards at the top of reaction vessel. The sludge was col-
lected after applying filter process, both sludge and scum were dried for three to
four days at room temperature followed by oven drying in at 105°C until con-
stant weight was obtained (Popular Model No. HAC405) and finally crushed in
mortar pestle for further used. Field Emission Scanning Electron Microscope
(FESSEM, MIRA3 TESCAN) coupled with energy dispersive X-ray spectrometry
(AMETEK EDAX) was used to determine morphological characteristics and
elemental analysis of sludge respectively.

2.3. Electrocoagulation Unit

The schematic diagram of batch scale laboratory experimental setup is shown in
Figure 1. The EC experiment and electrodes configuration details are given in
Table 2. The experimental unit was stirred with a magnetic stirrer at 100 rpm

Table 1. Characteristics feature of effluent collected from the paper industry.

Parameters (Unit) Values (+SD)
pH 7.7 +0.02
BOD; (mg/L) 180.54 + 4.70
COD (mg/L) 584 + 3.62
BOD,/COD 0.30 £ NA
TOC (mg/L) 216.44 + 3.54
Color (Pt-Co. units) 1202 + 6.53
TDS (mg/L) 1686 + 10.58
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Figure 1. Laboratory scale experimental setup of the electrocoagulation unit (1-Solar

panel, 2-Direct current supply and 3-Treatment vessel, consists of Anode and Cathode in
mono-polar mode, magnetic-bead, and 4-Magnetic stirrer).

Table 2. Configuration detail of electrocoagulation unit: (i) electrode characteristics; (ii)
reactor characteristics and (iii) optimized operating conditions.

(i) Electrode characteristics

Cathode and anode material Aluminum
Shape Rectangular
Size (L X W) 40 x 70
Numbers of electrode 4
Plate arrangement Parallel
Connection mode Mono-polar
Effective area of the electrodes (mm?) 496

(ii) Reactor characteristics

Material Plastic
Mode Batch
Volume (ml) 250
Used effluent volume (ml) 250
Electrodes gap (mm) 10
Power supply Direct current
Voltage range (V) 1-12
Current range (A) 0.25-1.75

(iii) Optimized operating conditions

pH 7.0
Cell voltage (V) 4.2
Current density (mA/cm?) 25.20
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for the uniform mixing of wastewater. Uniform and the continuous power
supply are mandatory to achieve satisfactory result during wastewater treatment.
India having 250 - 300 clear and sunny days in a year hence considered as a
tropical country. So, it has huge solar energy potential which can be easily uti-
lized as a source of power [36]. Moreover, Government of India promoting solar
energy by initiating many schemes and subsidized the programme such as Na-
tional Solar Mission and several central financial assistance schemes and encou-
rages the public to adopt green and clean energy approach. Photovoltaic (PV) is
a most popular source of renewable energy, was used as a direct power source
and connected to direct power supply because in EC method direct current (DC)
is utilized [37]. Application of PV as a power source successfully applied in elec-
trochemical method to treat various types of water and wastewater [38] [39] [40]
[41]. It reduced the load and expenses of electricity, cost of equipment for con-
verting the alternate current into direct current. Low maintenance cost, long life,
and nonpolluting nature are positive factors of PV which make it a promising
and safe alternative for wastewater treatment [42].

3. Results and Discussion
3.1. Parameters Optimization

Paper mill wastewater consists of the heavy organic load in terms of COD and
color. The study was carried out for the optimization of different variables i.e.
pH (5.0 - 9.0), time (10 - 50 min), current density (5.04 - 25.20 mA/cm™) and
electrolyte dose (0.5 - 2.0 g/L). All these parameters were determined on the ba-

sis of maximum COD and color removal.

3.2. Effect of pH

The pH is one of the major parameters to determine the performance of the EC
process [43] [44] [45]. The impact of pH was investigated for the elimination of
COD and color; all other parameters were kept constant during this study. Re-
duction percentage of color and COD showed positive relation till the pH
range of 5 to 7. The highest COD (23%) and color (42%) removal was observed
at pH 7 (Figure 2). As the pH goes higher from neutral pH 7, the reduction rate

504
404
£
T 301 —=— COD
=]
5 —e— Color|
20
104
5 6 7 8 9

pH
Figure 2. Effect of pH on removal of COD and Color (Conditions: Time = 10 min; Cur-
rent density = 5.04 mA/cm? Electrolyte dose = 0.5 g/L and stirrer speed 100 rpm).
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of COD and color started declining and lowest color (35%) and COD removal
(129%) was observed at pH 9 (Figure 2). The higher COD and color removal at pH 7
is observed to be due to the formation of aluminum hydroxide Al(OH), (Reaction
7). Al(OH), has a larger surface area and is amphoteric in nature which enhances
the coagulation process. At pH higher than 8, Al(OH); is converted to Al(OH),
which suppresses the removal of COD and color and accounts for the lower per-
centage of COD and color removal at alkaline pH (Reaction no 8 to 10) [46].
Reaction for alkaline and acidic conditions:

For acid condition

Al > AP +3e” (6)
AP* +3H,0 — Al(OH), +3H" (7)
For alkali condition
Al > AP +3e” (8)
3H,0+3e” — %Hz(g) +30H" 9)
2A1+6H,0+20H" — 2A1(OH), +3H, (10)

Highest COD and Color removal was observed around pH 7, where the buf-
fering effect during EC also plays a significant role investigated by earlier au-
thors [16] [22] [44] [47]. In this study, initial pH was adjusted at two acidic le-
vels, pH 5 and pH 6 which rose to pH 6.73 and pH 7.28 respectively. In acidic
condition, hydrogen ions were liberated at cathode which neutralized the pH of
the aqueous solution in EC. This study, it was examined that initial basic pH 8
and 9 reduced to 7.88 and 8.38, respectively due to the buffer reaction. In the ba-
sic environment such as at pH 8 and 9, the hydroxide ions precipitate near
anode which results in lowering of wastewater pH. The water oxidation and
chlorine production at the vicinity of the anode in basic wastewater treatment by

EC process also helps in maintaining the pH around 7 [44] [48] [49].

3.3. Effect of Current Density

The effect of current density on the percentage removal of COD and color was
studied with an initial COD (584 mg/L) and initial pH 7 of solution (Figure 3).
In this study, we observed that COD removal and color removal increased by
increasing current density 5.04 mA/cm® to 25.20 mA/cm’. When current density
was varied from 25.20 to 35.28 mA/cm® the COD removal remained constant at
around 58%. However, the percentage of color removal showed positive relation-
ship even after 25.20 mA/cm* current density. Percentage of color removal was
approximately% at 25.20 mA/cm’ and minor reduction found to be up to 92% at
35.28 mA/cm’ current density [49]. In the EC process the higher current density
directly proportion to the formation of high coagulant and bubble which causes
the high efficiency of the process. Additionally, when gas bubble density increases
consequently the size of bubble reduce and enhance the upward floatation of bub-
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ble subsequent pollutant reduction and sludge settling increases [48] [50].

3.4. Effect of Time on Treatment

The effect of treatment durations (10 to 50 min) on the percentage removal of
COD and color with initial pH (7), current density (25.20 mA/cm?®) and electro-
lyte dosage (0.5 g/L) and resultant finding are graphically presented in Figure 4.
Initially, in the experiment the color gradually turns cloudy which may be due to
production of Al ions at anode. At the end of the first set of experiment ie. after
10 min, there was a significant percentage removal of color (Figure 4). The color
removal after 20 min of process time is observed to be about 90% and the high-
est percent of color removal was noted on 40 min of experiment duration.
However, no significant change in color removal was observed from 40 min to
50 min time interval (Figure 4). With the progression of time the Al ions which
were produced initially and imparted cloudy color at the anode were removed by

coagulation method in the form of sludge [46]. The percentage of COD removal has

100 -
80 -
S
= 60+
>
=}
£
D
E 404
—a— COD
—e— Color|
20 4

5.04 10.08 15.12 20.16 25.20 30.24 35.28
Current density (mA/ cm2)

Figure 3. Effect of current density on the removal of COD and color (Conditions: pH = 7;
Time = 10 min; Electrolyte dose = 0.5 g/L; and stirring speed 100 rpm).

100 1
90 1
—a— COD

S
?: 80+ —e— color]
«
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£ 704
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50 T T T T T
10 20 30 40 50
Time (min)

Figure 4. Effect of time on the percentage removal of COD and color (Conditions: pH =
7; Current density = 25.20 mA/cm? Dose of electrolyte = 0.5 g/L; and stirring speed 100
rpm).
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progressively increased from 10 min to 40 min (Figure 4). After 40 minutes of
time duration, no effect on COD removal percentage was observed (Figure 4).
COD removal was 58% on 10 min and it reached to 68% in just next 30 minutes
which can be attributed to the fact that, AI(OH),s, dissolved in solution and
formed hydroxo complexes [AI(OH)m]"™ [51]. These hydroxyl ions neutralize
the pollutants which favor the aggregation and settling of suspended particle and
dissolved organic matter resultant higher COD and color reduction [30]. The
trend of COD shows no significant removal after 40 min. Therefore 40 min of
reaction time was considered as optimum and was used for further study. It is
supported by earlier findings [43] [46] [52] [53].

3.5. Effect of the Supporting Electrolytes

Electrolytes are generally used and mixed in the aqueous solutions to enhance its
conductivity [54]. In this study we have investigated the effect of two electrolytes
(Na,SO, and NaCl) on percentage of COD and color removal. The time duration
of experiment, pH and current density was optimized initially as 40 min, 7 and
25.20 mA/cm’, respectively. It was observed that COD removal percentage in-
creased as we increased the electrolyte (in both: NaCl and Na,SO,) dose from 0.5
g/L to 1.0 g/L (Figure 5). Electrolyte application at the rate of 1.0 g/L for NaCl
and Na,SO, results in approximately 70% and 71% COD removal respectively
(Figure 5). The increase in COD removal percentage on the application of elec-
trolytes is due to rapid motion of ions in the solution. However, on enhancing
electrolyte dose from 1.0 g/L to 2.0 g/L no significant change in COD removal
was observed (Figure 5) [50]. On the other hand, on decreasing the value of
electrolyte to 0.5 g/L of NaCl and Na,SO, about 98.5% and 98% of color removal
was found and no significant change was achieved on the addition of extra
amount of electrolyte (Figure 5). On addition of NaCl as an electrolyte in
aqueous solution, it converted into ions of chloride (Cl” and OCI") at anode [55].

100 4
=S H {
. —a— COD-Na2S04
g —eo— Color- NapSOy
= —a— COD-NaCl
2 804 —v— Color- NaCl
5
&
70 4
60 T T T T
0.5 1.0 1.5 2.0

Dose of electrolytes (g/ L)

Figure 5. Effect of dose of electrolytes on the percentage removal of COD and Color
(Conditions: pH = 7; current density = 25.20 mA/cm? time = 40 min; and stirring speed
100 rpm).
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This chloride plays a crucial role in oxidation reaction which results in degrada-
tion of organic matter [56]. Some researchers [44] [57] [58] have reported that
Cl” ions may react with lignin and phenols present in pulp and paper industry
effluent and produce oxidizable chlorolignin and chloro-compounds. After dis-
charging these chlorolignin & chlorocompounds in the freshwater ecosystem
they cause harmful effects on the fauna and flora [17]. To the best of our know-
ledge, there is no harmful chemistry is associated with the use of Na,SO, there-
fore; Na,SO, may be a good possible option instead of NaCl as an electrolyte.
Nevertheless, this observation requires to be proven by experimental evidence

and thus this constitutes the future analysis in this direction.

3.6. Biodegradability Study

Biodegradability of the effluent (BOD/COD) has been measured at optimum
conditions. During the treatment the biodegradability of effluent increased pro-
gressively and reached maximum at around 40 min by electro-coagulation. After
40 min of treatment there is no improvement in the biodegradability index.
Therefore, 40 min was assumed to be the optimum time duration for the biode-
gradability of effluent. In present study it was observed that the biodegradability
increased up to 0.41 within 40 min of electrocoagulation process. As reported by
previous author, the sample of wastewater considered ease to biodegradation when
the value BOD/COD ratio reaches in the range of (0.4 - 0.8) and the treatment
process mentioned as effective for the destruction of pollutants [55] [59].

3.7. Reuse Option for EC Treated Water

According to Table 3, all residual operating parameters were in the prescribed
range of the World Health Organization (WHO) and CPCB standard that en-
sure the reusability of treated water for irrigation purposes. This EC process and

its applications are environmentally sustainable and economically viable.

4. Sludge Characteristics and Its Management

Characterization of sludge involves the explanation of sludge behavior during
the treatment and disposal but improper dumping of EC sludge may contribute

main consequences such as leachate, odour, transportation, escalating cost and

Table 3. Comparison of studied treated water quality with CPCB and WHO wastewater
reuse standards for irrigation in agriculture land [60].

Characteristics Treated water PL* (CPCB) PL' (WHO)
pH 7.9 5.5-9.0 6-9
BOD (mg/L) 72 100 200
COD (mg/L) 175 NA 500
TDS (mg/L) 995 NA 1500
Color (Pt-Co. Units) 24 NA NA
Conductivity (mS) 2.648 NA NA
Aluminum (mg/L) 2.53 NA 5.0

*PL = Permissible Limit.
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negative effect on the environment [61]. As for environmental consideration
only, sludge disposal is not necessary but a need of sustainable sludge manage-
ment is the necessity. So, analysis of the sludge and an integrative approach
practice became a necessity to understand its properties and management. In
this study main focus on the characterization which provides the valuable in-
formation to alternative approaches for reusing it in agriculture land applica-
tions. The major physiochemical characteristics are given in Table 4. The sludge
produced in EC process found to be dark brown in color and average moisture
content was 15%, less moisture content will be helpful in reduced weight and
handling properties of sludge. The pH was found to be basic in nature 7.90 this
may be due to the basic nature of paper mill effluent and buffering effect of EC
process. This could be beneficial for agriculture soil which has low pH value
somewhere in Indian subcontinent. The higher organic content in sludge is
working as a soil conditioner and enhances the soil fertility [62]. The volume of
sludge in g/L was measured on dry basis formed by 1 L of wastewater during the
treatment at optimum condition followed by separation and drying process. It
was found to be 1.07 g/L. The quantity of sludge development is not act of anode

ingestion whereas the maximum amount of sludge is formed at the neutral pH

Field Emission Scanning Electron Microscope-Energy Dispersive
Spectroscopy (FESEM-EDX) Analysis of Sludge

The sludge and scum both were analyzed by scanning electron micrographs
(SEM) to identify its morphological characteristics. As clearly shown in Figure
6(a) and Figure 7(a), the scum particles look like more even and porous in
comparison to the sludge particles, which is due to floatation process which oc-
curred during EC. On the other hand, sludge particles seem dense, which are
suitable for the settling process. The variation of particle size in both sludge and
scum varied 2 - 24 and 2 - 19 pm respectively in Figure 6(b) & Figure 7(b) and
found to be mostly amorphous in nature. In case of scum which particle seems
big size, these may be due to aggregation of several particles otherwise all par-
ticle found to be less than 20 pm.

The EDAX analysis was performed for the confirmation of elemental consti-
tuent in sludge scum. Figure 8(a) indicates that the aluminum (43.24%) and
oxygen (42.35%) content are in considerable amount followed by Manganese,

chlorine, calcium, sulfur, carbon, sodium, silicon and phosphorus, all of which

Table 4. Characteristics of sludge.

Characteristics Value (+SD)
pH 7.93 +0.15
Color Dark brown
Moisture content (%) 15.03 + 3.57
Sludge formation (g/L) 1.07 £ 0.03
Organic/inorganic ratio 62/38 £+ NA
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Figure 6. (a) FESEM analysis of sludge; (b) Particles size of sludge
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Figure 8. (a) & (b) Images of EDAX analysis of sludge and scum.

were in the range of (1% - 3%) and rest were present in less than 1%. On the
other hand, Figure 8(b) represent the scum, in which top content was oxygen
(41.42%) and aluminum (23.51%) followed by calcium, sulfur, chlorine, sodium,
manganese, magnesium nitrogen, zinc and silicon were present in the range of
(1% - 4%) and leaving behind all other elements were less than 1%. As alumi-
num content was seen to be present in good quantity in both sludge and scum, it
can be recovered and applied for the removal of pollutants from wastewater [63].
Most of the essential elements mentioned as nutrients for the growth of plants
are present in good amount in both sludge and scum. So, it is suitable to be used
as blending material for compost process [32]. Nevertheless, further experimen-

tation is needed for the composting process.

5. Conclusion

The encouraging results achieved from experiments show that the electrocoagu-
lation is a promising process and has the potential to reduce the BOD, COD,
Color, TOC and TDS from pulp and paper industry wastewater. The overall re-
duction in COD, Color, TOC and TDS was 70%, 98%, 68% and 41% respective-
ly; biodegradability ratio enhanced up to 0.41 at pH = 7.00, current density =
25.20, time = 40 min and a dose of electrolyte 1 g/L with 100 rpm stirring speed.
The analysis was repeated in triplicate and result showed the good repeatability
in the error range of 2% - 5%. SEM-EDX analysis revealed that EC sludge can act
as a potential nutrient for plants growth and can be used for several other pur-
poses. All the physiochemical parameters of EC treated water were found below
the permissible limit prescribed by WHO and CPCB; thus, can be used as an al-

ternative to reduce the freshwater input in agriculture fields.
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