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ABSTRACT

The present paper deals with the treatment of paper and pulp industry wastewater through
electrocoagulation in a batch reactor using aluminum as a sacrificial electrode. The effect of
various parameters such as pH, treatment time, current density, and inter-electrode distance
on the removal of chemical oxygen demand (COD), total organic carbon (TOC), and color
from pulp and paper industry wastewater has been investigated to determine the optimum
process conditions. A central composite design has been used to design the experimental
conditions for developing mathematical models to correlate the removal efficiency with the
process variables. The optimum process condition for the maximum removal of COD, TOC,
and color from pulp and paper industry wastewater have been found to be as pH: 7, treat-
ment time: 75min, current density: 115A/m2, and inter-electrode distance: 1.5 cm with a
combined desirability index value of 0.816. Under optimum operating conditions, the percent
removals of COD, TOC, and color are �77, 78.8, and 99.6%, respectively. The proposed
models are found suitable to predict the percent removals of COD, TOC, and color with the
error limits of ± 7, ± 9, and+ 2 to �6%, respectively. The sludge and scum produced during
the process have been characterized to assess their potential as a source of energy and alumi-
num recovery.

Keywords: Wastewater; Electro-coagulation; COD; TOC; Colour; Electrode; Pulp and paper
industry

1. Introduction

Wastewater from pulp and paper industry con-
tains chlorinated compounds (measured as AOX),
fatty acid, tannins, resin acid, phenols and its deriva-
tives, lignin and its derivatives, sulfur and sulfur
compounds [1,2]. All of these compounds are respon-
sible for high total organic carbon (TOC), chemical
oxygen demand (COD), color, AOX, and low biode-
gradability index (<0.4) [3]. These compounds create a

condition that is toxic to aquatic life and exhibit
strong mutagenic effects. So, the removal of these
pollutants from effluent becomes necessary before its
discharge to main water sources.

Various conventional techniques available for the
treatment of pulp and paper industry wastewater
such as adsorption [4,5], chemical oxidation [6,7], and
chemical coagulation [8,9] require chemicals and
produce secondary pollutants. Further, the biological
processes are normally not effective for the treatment
of pulp and paper industry wastewater due to its low*Corresponding author.
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biodegradability index (<0.4). Under this backdrop,
electrocoagulation (EC) technique is getting strong
research interest around the world for the treatment
of pulp and paper industry wastewater because it
produces coagulants in situ by dissolving electrodes in
the cell which helps in the removal of the pollutants
producing negligible secondary pollutants [10]. The
major phenomena taking place during the EC process
are anode oxidation, reduction of water at cathode,
electrolytic reaction in electrode surface, and adsorp-
tion of colloidal pollutants on coagulant followed by
removal through sedimentation or flotation. Some
important reactions are shown through Eqs. (1–4).

Oxidation of anode: MðsÞ ! MnþðaqÞ þ ne� ð1Þ

Reduction ofwater at cathode:

nH2Oþ ne� ! n=2H2 þ nOH� ð2Þ

Reaction at alkaline conditions:

Mnþ þ nOH� ! MðOHÞn ð3Þ

Reaction at acidic conditions:

Mnþ þ nH2O ! MðOHÞn þ nHþ ð4Þ

The treatment of real pulp and paper industry
wastewater using EC process have been reported by
some investigators, [11–14] dealing with the removal
of color, COD, and biological oxygen demand. How-
ever, hardly any literature is available, which deals
with the removal of TOC and modeling for finding
the correlation among various operating parameters
and the removal efficiencies (percent removals) of
COD, TOC, and color. The studies on sludge charac-
terization and its management are also less reported.

In the present paper, the removal of COD, TOC,
and color from real pulp and paper industry waste-
water through EC in a batch reactor has been
presented. The effect of parameters such as current
density, pH, treatment time, and inter-electrode
distance on the removal efficiencies has been investi-
gated to determine the optimum process conditions. A
central composite design (CCD) has been used to
design the experimental conditions for developing
mathematical models to correlate the removal
efficiencies with the process variables and study the
interactive influences of parameters on the removal
efficiencies of COD, TOC, and color. The sludge and
scum generated during the process have been charac-
terized to assess their potential to be used as energy
source and aluminum recovery.

2. Experimental methods

2.1. Materials

The wastewater treated in the present study was
black liquor obtained from an agro-based Indian paper
mill. It was a medium-scale industry having paper
production capacity �14,500 TPA and using bagasse
as the raw material. The wastewater was stored at 4˚C
to conserve its characteristics. The initial characteristics
(after dilution) of the real pulp and paper industry
wastewater used for experimental study are shown in
Table 1. The aluminum electrode was sourced from a
local market in Roorkee. All the chemicals used in the
present study were of A. R. grade and purchased from
M/s Himedia Ltd., Mumbai.

2.2. Experimental setup

For EC studies, the batch reactor of volume
1.52 liters, made of Perspex glass, was used. Alumi-
num metal plates with an area of 8� 8 cm2 acted as
electrodes. The electrodes were positioned vertically
and parallel to each other with an inner gap of
1–3 cm. These were kept at 5 cm above the bottom
surface of reactor for the proper mixing by the
magnetic stirrer. The active area of each electrode
used for EC was 64 cm2. The electrodes were
connected through a parallel arrangement. DC supply
(0–30V, 0–5A) was given to the electrodes in monopo-
lar mode according to the required current intensity
and each experiment was carried out at constant
current condition. The schematic diagram of the
experimental setup is shown in Fig. 1.

2.3. Experimental procedure

2.3.1. Pretreatment and characterization of electrodes

The electrode plates were cleaned manually by
abrasion with sandpaper followed by further cleaning
with 15% HCl for cleaning and washing with distilled

Table 1
Initial characteristics of wastewater used for experimental
studies

Parameters Values

COD (mg/l) 7,000

Color (Hazen) 10,312

pH 11.68

TOC (mg/l) 2,825

TC (mg/l) 2,878

IOC (mg/l) 53

Note: TC: Total carbon, IOC: Inorganic carbon.
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water prior to its use. The electrodes were dried for
half an hour in an oven and weighted.

2.3.2. Batch EC studies

Each 1.5 L of industrial solution was taken in the
reactor and a desired amount of NaCl 1mg/l was
added. Then, the pH of the solution was adjusted using
0.1M HCl and 0.1M NaOH solutions. The distance
between electrodes was set at desired value (1–3 cm).
The magnetic stirrer and DC power supply were kept
at desired value. The experimental conditions (current
density, pH, distance between electrodes, and treat-
ment time) were decided on the basis of CCD of experi-
ments as shown in Table 2. A total of 25 experiments
were performed to obtain the removal of COD, TOC,
and color at different process conditions. After the
completion of experiment, the sample was centrifuged
for 30min at 10,000 RPM and the final COD, TOC, and
color of the clear solution were measured.

Finally, COD, TOC, and color removals (obtained
through experiments) were used to develop the
empirical correlation using design expert software and
the optimum process conditions were determined on
the basis of desirability index.

2.3.3. Analytical procedures

COD of samples was measured according to
closed reflux colorimetric method using COD analyzer

(SN 09/17443 Lovibond Spectrophotometer) after add-
ing the desired chemicals and providing digestion
period of 2 h in COD reactor (ET 125 SC Lovibond)
[15]. TOC was measured by TOC analyzer (TOC-Vcph
Shimadzu) as per high temperature catalytic combus-
tion method by combustion of organic compounds at
680˚C [15]. The clear sample was analyzed by
UV-Spectrophotometric method for color units accord-
ing to Canadian Pulp and Paper Association (CPPA)
standard method [16]. Before measurement, the pH of
sample was adjusted to 7.6 using 0.1M H2SO4 or
0.1M NaOH. The absorbance values were transformed
into color units (CU) according to the equation [16]:

CU ¼ 500� A2

A1

ð5Þ

where A1 is the absorbance of 500 CU platinum–cobalt
standard solution (A465 = 0.132) and A2 is the absor-
bance of the effluent sample.

The experimental data were used to find out the
optimum process conditions as well as to regress
mathematical expressions correlating percent removals
of COD, TOC, and color with the process parameters
through ANOVA using design expert software. Errors
on COD, color, and TOC removal were computed as
per Eq. (6).

% Error ¼ ðExperimental value�Modeled valueÞ
Modeled value

� 100 ð6Þ

Fig. 1. Schematic diagram of the experimental setup.
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2.3.4. Characterization of sludge

The sludge and scum generated during the EC
process were characterized by using SEM-EDAX
model Quanta 200 F, FTIR Model Nicolet 6700, and
TGA/DTA/DTG model EXSTAR TG/DTA 6300. The
thermal analysis was carried out under oxidizing
atmosphere of air under flow rate of 200ml/min. The
range of temperature was 25–1,000˚C. The details of
temperature profile for TGA analysis of scum and
sludge are given in Table 3.

3. Results and discussion

The effect of various process parameters on the
removal efficiencies, development of models and their

validation, and characterization of sludge and scum to
assess its suitability for energy production is described
below.

3.1. Effects of process parameters

The effects of initial pH and current density on the
removal of COD, TOC, and color are shown in Fig. 2.
From Fig. 2(a)–(c), it is evident that the maximum
removal efficiencies for the removal of COD, TOC,
and color are achieved at the pH value of around 7.
During electrocoagulation, the generated metallic
cations interact with OH� to form hydroxides, which
adsorb pollutants (bridge coagulation). In some cases,
the hydroxides form larger lattice-like structures and
sweep through the water (sweep coagulation). The
cations or hydroxyl ions can also form a precipitate
with the pollutants through neutralizing the charge of
the colloidal particles. Further, the adhesion of
bubbles to the flocs resulting electroflotation can also
help in the removal of pollutants [17]. The charge and
stability of the aluminum hydroxides vary signifi-
cantly with pH of the solution. Since the pHzpc of
aluminum varies within 7–8.3 [18], below this pH
range the aluminum hydroxides are predominantly
positively charged, above this pH range these become
predominantly negatively charged, and in this pH
range these are predominantly neutral. At the pH
value of around 7, polymeric species like Al6(OH)15

3+,
Al7(OH)17

4+, Al8(OH)20
4+, etc. are formed that are

finally converted into Al(OH)3 [19]. Freshly formed
amorphous Al(OH)3 has the minimum solubility and
is finally polymerized into Aln(OH)3n, which results
into dense flocs formation. The dense flocs have a
large surface area which provides quick adsorption of
soluble organic compounds and entrapment of
colloidal particles and thus result in the maximum
reduction of COD, TOC, and color by flotation and
sedimentation [17]. Further at pH>7, the predominant
form of aluminum hydroxide is Al(OH)4

-, which is

Table 2
Four-factor five-level central composite design for deciding
experimental conditions

Experiment
no.

A: Current
density (A/
m2)

B:
pH

C: Distance
between
electrodes (mg/
l)

D:
Time
(min)

1 �1 �1 �1 �1

2 1 �1 �1 �1

3 �1 1 �1 �1

4 1 1 �1 �1

5 �1 �1 1 �1

6 1 �1 1 �1

7 �1 1 1 �1

8 1 1 1 �1

9 �1 �1 �1 1

10 1 �1 �1 1

11 �1 1 �1 1

12 1 1 �1 1

13 �1 �1 1 1

14 1 �1 1 1

15 �1 1 1 1

16 1 1 1 1

17 �2 0 0 0

18 2 0 0 0

19 0 �2 0 0

20 0 2 0 0

21 0 0 �2 0

22 0 0 2 0

23 0 0 0 �2

24 0 0 0 2

25 0 0 0 0

Note: The five levels of current density (A) are: 2 = 180A/m2,

1 = 145A/m2, 0 = 110A/m2, �1= 75A/m2, �2= 40A/m2; for pH

(B): 2 = 9, 1 = 8, 0 = 7, �1 = 6, �2 = 5; for distance between electrode

(C): 2 = 3.00, 1 = 2.5, 0 = 2, �1 = 1.5, �2= 1.0; and for treatment time

(D): 2 = 90min, 1 = 75min, 0 = 60min, �1= 45min, �2= 30min.

Table 3
Temperature profiles for TGA analysis of scum and sludge

Sample Heating rate
(˚C/min)

Transition
zone

Temperature
range (˚C)

Scum 10 1st zone 25–200

2nd zone 200–500

3rd zone 500–1,000

Sludge 10 1st zone 25–200

2nd zone 200–500

3rd zone 500–1,000
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negatively charged and thus gives lower adsorption of
negatively charged pollutants resulting in lower
removal of COD, TOC, and color.

At lower pH (<7), the predominating forms of
aluminum hydroxide are Al3+, Al(OH)2+, and Al(OH)2

+,

which favor coagulation and precipitation through
neutralization of the charge on anionic colloidal particles
present in the wastewater [20]. Less number of larger
flocs may be responsible for the lesser removals than
that achieved at pH 7.

Fig. 2. Effects of intial pH and current density on removal of COD, TOC, and color (a) COD removal (b) TOC removal (c)
Color removal (inter-electrode distance: 2 cm, time: 60min).
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From Fig. 2(a)–(c), it is evident that percent
removal of COD, TOC, and color increases initially
with the increase in current density, reaches the
maximum value at around 115A/m2, and thereafter
decreases. The amount of metal ion (aluminum)
released into solution by electrolytic oxidation of
anode material is a function of current and time and
can be calculated by the Faraday’s law [21]:

W ¼ itM

ZF
ð7Þ

where W is the metal dissolved (g), i is the current
(A), t is the contact time (s), M is the molecular
weight of aluminum, Z is the number of electron
involved in the redox reaction (Z= 3), and F is the
Faraday constant (96,500 C/mol).

Fig. 3. Effects of inter-electrode distance and time on removal of COD, TOC, and color (a) COD removal (b) TOC
removal (c) Color removal (current density: 110A/m2, pH: 7).
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The initial increase in current density increases
aluminum dissolution (aluminum hydroxide forma-
tion) in the solution and increases the removal
efficiency via coprecipitation and sweep coagulation.
In addition, the increase in current intensity also
increases the gas evolution rate and decreases the size
of emanating bubbles with increasing bubble density
which may favor quick flotation of the particles result-
ing in increase in the pollutant removal efficiency [22].
However, it is observed that at higher current
intensity(>120A/m2), the removal efficiency
decreases. It might be due to the increase in solution
pH and its temperature, which increases the solubility
of precipitates and thus reduces the removal efficiency
[23]. Further, at higher current density (>120A/m2),
the cathode passivation may occur considerably
because of the monopolar electrodes in EC reactor

under DC conditions, which may also be responsible
for the reduction in removal efficiency. It is also
interesting to note that under the operating condi-
tions, with the initial COD value of 7,000mg/l, the
maximum removal of COD and TOC is around
77–78%, whereas the color removal is > 99%. This indi-
cates that the organic compounds present in the
wastewater are not equally removable by electrocoag-
ulation and the compouds responsible for color
development are almost completely removable
through electrocoagulation.

The effects of electrode distance and time on the
removal efficiencies of COD, TOC, and color are
shown in Fig. 3. From Fig. 3(a)–(c), it is noteworthy
that with increase in treatment time, the COD, TOC,
and color removal increases. The increase in removal
with time can be explained on the basis of Faraday’s

Fig. 4. Experimental and predicted percent removals of COD, TOC, and color (a) COD removal (b) TOC removal (c)
Color removal.
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law as expressed in Eq. (7), which shows that the rate
of formation of Al ions and their flocs are propor-
tional to treatment time. These flocs are responsible
for the removal of pollutant by coprecipitation and
sweep coagulation [14]. It is observed that the percent
removals of COD, TOC, and color increase very fast
with increase in time up to 65min. Thereafter, the
pollutant removal rates become slow and approach a
steady state. The optimum time for the maximum
removal was observed as 75min.

Fig. 3(a)–(c) also shows the effects of inter-elec-
trode distance on the percent removals of COD, TOC,
and color during EC process. It has been observed
that with the increase in inter-electrode distance from
1 to 3 cm, the percent removals of COD, TOC, and
color increase from 56 to 65, 59 to 65, and 88 to 94%,
respectively. When the inter-electrode distance is low
(1 cm gap), the interaction of colloidal particles/flocs
may significantly affect their settling and flotation
characteristics, which results in high resistance among
the particles/flocs, resulting in less removal [24].With
the increase in inter-electrode distance, the hindrance

effects may reduce gradually and as a result the per-
cent removals increase to some extent. The optimum
conditions as determined on the basis of maximum
desirability index value (0.816) using design expert
software are: current density: 115A/m2, pH: 7, inter-
electrode distance: 1.5 cm and treatment time: 75min.

3.2. Model development

The proposed empirical model equations derived
by using design expert software to correlate the
percent removals of COD, TOC, and color with
process parameters (confidence level > 95%) in actual
factors are shown through Eqs. (8)–(10), respectively.
Empirical models are developed because of the appar-
ently complex nature of the EC process.
where A= current density (A/m2), B =pH, C=distance
between electrode (cm), and D= time(min)

The experimental and predicted percent removals
of COD, TOC, and color are shown in Fig. 4(a)–(c),
respectively. It seems that the above models are suit-
able to predict the percent removals of COD, TOC,

Fig. 5. SEM micrograph of scum and sludge (1,000 times magnification) (a) scum and (b) sludge.

% removal ofCOD ¼ 0:4009Aþ 31:9421Bþ 35:5739Cþ 2:5809Dþ 0:0229AB� 0:0002AD� 0:0096AC

þ 0:1020BDþ 3:1462BC� 0:5474DC� 0:0023A2 � 3:4320B2 � 4:6730C2 � 0:0136D2

� 193:2841

ðR2 ¼ 0:96; Fvalue 24:40;P value\0:0001Þ

ð8Þ

% removal of color ¼ 0:4638Aþ 21:0313Bþ 9:0408Cþ 0:7020D� 0:0049ABþ 0:0001AD� 0:0045AC

þ 0:1528BDþ 1:5325BC� 0:3308DC� 0:0019A2 � 2:3692B2 þ 0:9733C2 � 0:0070D2

� 43:2709

ðR2 ¼ 0:90; Fvalue 9:98; P value\0:0001Þ

ð9Þ
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and color with the error limits of ± 7, ± 9, and+ 2 to
�6%, respectively.

3.3. Scum and sludge management

Scum and sludge produced during the EC process
were characterized to find out suitable option(s) for
their utilization. The scanning electron micrographs
(SEM) of the scum and sludge, as shown in Fig. 5(a)
and (b), were developed to study the differences in
their morphology. Comparing Fig. 5(a) and (b), it
seems that the scum particles are more irregular and
porous than the sludge particles, which may be due
the floatation of these particles as scum during EC.
The dense structure of sludge favors its settling.

From Fig. 6(a) and (b), it is evident that there is
hardly any difference in the patterns of FTIR spectra
of the scum and sludge, which supports the presence
of similar types of functional groups in both scum

and sludge. Broad bands in between 3,500 and
3,000 cm�1 are due to the O–H functional groups.
Peaks at 2,925.43 and 2,851.76 cm�1 for scum, and
2,929.4 cm�1 for sludge are caused due to the presence
of symmetric or asymmetric CH stretching of aliphatic
acid [25]. Peaks between 1,800 and 1,300 cm�1 are
caused due to the presence of C=C in aromatic ring
and C=H stretching [26]. This range also shows the
C=O. The peaks at 1,110.23 cm�1 for scum and
1,074.05 cm�1 for sludge are probably due to C–O
stretching. Peaks in the wave number range of 1,000–
500 cm�1 indicate the presence of C–H (aromatics)
with strong appearance and miscellaneous oxides
including silicon oxides [27]. Small and sharp peaks
observed at 468.52 cm�1 for scum and 477.67 cm�1 for
sludge are probably due to the C–X stretching [28].
The presence of C, O, and Si in scum and sludge as
shown in their EDAX analysis in Table 4 also
supports the presence of above functional groups.

% removal of TOC ¼
¼ 0:5230Aþ 15:9636Bþ 18:1060Cþ 1:4578Dþ 0:0222AB� 0:0009ADþ 0:0230AC

þ 0:1077BD� 0:6438BC� 0:4276DC� 0:0028A2 � 1:7226B2 þ 3:1046C2 � 0:0064D2

� 96:2586

ðR2 ¼ 0:91; Fvalue 10:24; P value\0:0001Þ

ð10Þ

Fig. 6. FTIR spectra of scum and sludge, (a) scum and (b) sludge.
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The EDAX analysis of scum and sludge as shown
in Table 4 also indicates that the aluminum content
in sludge (38.3%) is more than that in scum (22.5%)

and the carbon content in scum (38.3%) is more than
that in sludge (23.8%). It seems that the scum can be
used as a source of energy through incineration
and both scum and sludge can be used to recover
aluminum [29].

The thermal stabilities of scum and sludge are
directly dependent on the decomposition temperature
of their various functional groups and oxides. The
TGA, differential thermal analysis (DTA), and
differential thermal gravimetric (DTG) of scum and
sludge are shown in Fig. 7(a) and (b).

The TGA shows the loss in weight due to moisture
and some low molecular weight compounds from 25
to 200˚C. The rate of weight loss increases between 200
and 500˚C due to evolution of CO2 and CO for both

Table 4
EDAX analysis of scum and sludge

Element Scum (wt%) Sludge (wt%)

C 38.32 23.81

O 28.02 30.33

Na 04.55 02.92

Al 22.45 38.34

Si 01.75 01.24

S 01.94 01.55

Cl 02.98 01.81

Temp  Cel
1000900800700600500400300200100

D
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  u
V

300.0

200.0

100.0

0.0

-100.0

-200.0

-300.0

-400.0
TG

  %

160.0

140.0

120.0

100.0

80.0

60.0

40.0

D
TG

  m
g/

m
in

0.40

0.20

0.00

-0.20

-0.40

-0.60

-0.80

-1.00

-1.20

-1.40

-1.60

Temp  Cel
900800700600500400300200100

D
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  u
V

100.0

50.0

0.0

-50.0

-100.0

-150.0
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  %

150.0

140.0

130.0

120.0

110.0

100.0

90.0

80.0

70.0

60.0

D
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  m
g/

m
in

0.20

0.00

-0.20

-0.40

-0.60

-0.80

-1.00

(a)

(b)

Fig. 7. Thermo gravimetric analysis of scum and sludge (a) scum (b) sludge.
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scum and sludge. The weight loss of scum is found to
be more as compared to sludge, which is due to the
less carbon content in sludge with respect to scum as
evident from Table 4. The weight loss due to the heat-
ing in the temperature range of 500–1,000˚C is �3%
only for both scum and sludge. The maximum degra-
dation rates are 0.29mg/min at 360˚C for scum and
0.17mg/min for sludge at 349˚C. From Fig. 7(a) and
(b), it seems that the incineration of these materials
may be carried out within the temperature range of
400–500˚C. The ash content in scum and sludge are
found as �40 and 60%, respectively. From Fig. 7(a)
and (b), the calorific value of sludge seems to be lower
than scum, which is also supported by the low carbon
and high ash in sludge with respect to scum. The
significant amount of heat (�8.62 J/mg) released due
to the oxidation of scum as shown in Fig. 7(a) indicates
that the calorific value of the scum is in the range of
municipal solid wastes, and thus it can be used effec-
tively for energy production through incineration.

4. Conclusions

From the above discussion, the following conclu-
sions are made:

(1) Optimum conditions for the removal of color
and organic pollutants from pulp and paper
industry wastewater are pH: 7, treatment time:
75min, current density: 115 A/m2, and inter-
electrode distance: 1.5 cm.

(2) Under the optimum operating conditions, the
percent removals of COD, TOC, and color are
found to be 76, 76, and 99%, respectively.

(3) Under the experimental domain, the proposed
empirical models can give prediction on COD,
TOC, and color removal with error limit of ±7,
±9, and +2 to �6%, respectively.

(4) The scum is more porous than sludge, but both
possess similar types of functional groups.

(5) Calorific value of scum is more than sludge
(6) Scum and sludge can be utilized for energy

production through incineration followed by
aluminum recovery since these contain consid-
erable amount of carbon (in scum �38.3% and
in sludge �23.8%) and aluminum (in scum
�22.5% and in sludge �38.4%).
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