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ABSTRACT

Electro-coagulation is an effective technique for treatment of pulp and paper industrial effluent. The
influence of electrolysis time, applied charge density, electrolyte pH and supporting electrolyte on electro-
coagulation efficiency for the treatment of pulp and paper industrial effluent has been attempted in the
present investigation. It has been observed from the present experimental results that the effluent can be
effectively treated using electro-coagulation. The maximum color removal efficiencies were recorded as
92% and 84% for mild steel and aluminum electrode respectively. The maximum COD reduction has been
recorded as 95% and 89%. Experiments were also carried out coupling electro-coagulation with sequential
batch reactor (SBR) to improve the efficiency of biochemical treatment by increasing the biodegradabil-
ity index through electro-coagulation. The electro-coagulation was modeled using various adsorption
isotherms and observed that the Langmuir and Radke-Prausnitz isotherm models predictions match

Reaction kinetics

satisfactorily with the experimental observations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Pulp and paper industry is one of the major water-intensive
chemical process industries. They are significant contributors of
pollutant to the environment in the form of black liquor. The efflu-
ent from pulp and paper industry contains high organic matter,
suspended solids, strong color, Biological Oxygen Demand (BOD)
and Chemical Oxygen Demand (COD). The strong blackish color is
mainly attributed to the complex compounds derived from poly-
merization between lignin-degraded products and tannin during
various pulping/bleaching operations. Conventionally, the pulp and
paper effluent is treated by physical adsorption, chemical oxida-
tion and biochemical methods. The low biodegradability index
(less than 0.4) of pulp and paper effluent clearly shows that this
kind of effluent cannot be treated effectively through biochemical
method. On the other hand, the chemical methods generate consid-
erable amount of sludge which itself needs further treatment. The
drawbacks associated with the conventional techniques forced the
industries/researchers for effective treatment method for complete
degradation of pollutants [1,2].

In recent years, there has been increasing interest in the
use of electrochemical techniques such as electro-coagulation,
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electro-floatation, electro-oxidation, etc., for the treatment of paper
industrial effluent. Among these methods, electro-coagulation
emerges as one of the promising techniques due to its unique
feature such as complete degradation of pollutants, less sludge gen-
eration and easy in operation. Electro-coagulation is a complex and
interdependent process where the generation of coagulants takes
place in situ by dissolving sacrificial anode. Aluminum or mild steel
is mostly used as sacrificial electrode. The mechanism of electro-
coagulation can be summarized as follows. When a potential is
charged through an external power source, the sacrificial electrodes
undergo oxidation as given below:For aluminum electrode:

Als — AT +3 e (1)
For mild steel electrode:
Fes — Felr +3e~ (2)

The gas generated at the cathode helps to float the flocculated par-
ticles, i.e.

3 Hy0+3e” — %H2g+30H;q (3)

The ionic species react to form flocks, i.e., Fe(OH), and Al(OH)3; as
given below,For aluminum anode

ALS +3 Hy0; — Al(OH); 5 + 3H, (4)
For mild steel anode

Feld +20H™ — Fe(OH)5 (5)
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The flock AI(OH)3)/(Fe(OH)3 incarcerates the organic molecules
present in the solution by precipitation and/or adsorption
mechanism. Successful electro-coagulation treatment of various
industrial effluents has been reported by earlier researchers [3,4].
Ugurlu et al. [5] reported more than 70% COD and lignin removal
from pulp and paper effluent through electro-coagulation. Mahesh
et al. [6] experimented the treatment of pulp and paper mill efflu-
ent by electro-coagulation and reported an overall COD removal of
91% with complete color removal. Ben Mansour et al. [7] studied
the treatment of paper industrial effluent by coagulation followed
electro-floatation and reported more than 95% removal of sus-
pended solids. Though there has been good amount of literature
available on electrochemical treatment of pulp and paper efflu-
ent, the work related to improvement of biodegradability and
isotherm modeling of electro-coagulation process is very scarce.
The objective of the present study is to treat the pulp and paper
effluent through electro-coagulation. The mechanism of electro-
coagulation and the effect of individual parameters on the efficiency
of electro-coagulation process have been critically examined. Fur-
ther it is attempted to model the electro-coagulation process using
adsorption isotherms. The effect of electro-coagulation on the
biodegradability index of the effluent has also been critically exam-
ined.

2. Materials and methods

Three types of experiments were carried out in the present
investigation: electro-coagulation, sequential batch reactor, inte-
grated process combining electro-coagulation followed by sequen-
tial batch reactor. For electro-coagulation, experiments were
carried out in a batch electrochemical reactor of 250 ml capacity
having aluminum/mild steel was used as anodes and stainless steel
as cathode. The active surface area of the electrode was 16 cm2. The
anode-cathode distance was kept constant at 1.5 cm. The electrodes
were cleaned with 15% hydrochloric acid followed by distilled water
prior to each experiment. The anode was weighed before and after
the each experiment to estimate the electrode consumption. All the
experiments were carried out under potentiostatic conditions. The
samples were collected at regular intervals of time and analyzed
for pollutant degradation. The effluent used in this study was col-
lected from nearby pulp and paper industry and its characteristics
are shown in Table 1.

For sequential batch reactor experiments, a laboratory scale SBR
having capacity of 1000 ml was used in the present investigation.
Proper aeration was provided by air pump with sintered sand dif-
fusers at the bottom of reactor. The required activated sludge was
collected from the local municipal sewage treatment plant. The
sludge was aerated for 1-2 days at room temperature before inocu-
lating the reactors and subjected for culturing with the effluent. For
integrated process, the effluent was treated by electro-coagulation
and then subjected for SBR treatment. The pollutant degradations
were estimated by dichromate method for COD/BOD estimation
using standard procedure [8].

Table 1

Characteristics of pulp and paper effluent.

Characteristics Value
pH 7.8
Color Black
COD (mgl—') 32,000
BOD (mgl-) 8225
BOD/COD 0.26
Suspended solids (mg1-') 2200
Dissolved solids (mgl-') 5800
Total solids (mg1-') 8000
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Fig. 1. Variation of (a) percentage COD removal, (b) percentage color removal with
electrolysis time; anode: mild steel, pH: 7, current density: 10 mAcm~2; NaCl:
400mgl-1.

3. Results and discussion

Experiments were carried out covering wide range in operat-
ing conditions and the observations are presented in the form
of tables and figures. Fig. 1a shows the variation of percentage
COD removal with process time. It can be noticed from the figure
that the percentage COD removal increases with electrolysis time.
This is obvious that the Fe(OH); flocks are generated in situ once
the charge is applied and the generated flocks adsorb the organic
molecules present in the effluent resulting reduction in percentage
COD with electrolysis time. Notice that more than 50% of COD has
been reduced within 15 min of electrolysis. It can be further ascer-
tained that the percentage COD removal decreased with increase
in the initial effluent concentration. The percentage COD removal
decreased from 91% to 53% when the initial effluent concentra-
tion was increased from 3200mgl-! to 6400 mgl-!. This can be
explained that the ratio of hydroxo cationic complexes to the ini-
tial effluent concentration decreased with influent concentration.
The COD removal is more in the case of mild steel anode than
the aluminum anode for the same operating conditions. Similar
observations have been recorded for the percentage color removal
(Fig. 1b).

3.1. Effect of initial pH

In electro-coagulation, the electrolyte pH plays an important
role on the performance of the process [9]. Experiments were car-
ried out at various pH in order to verify the effect of electrolyte
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Fig. 2. The effect of electrolyte pH on (a) percentage COD removal, (b) percentage
color with electrolysis time; anode: mild steel, current density: 10 mA cm~2; NaCl:
400mg1-1; influent concentration: 3200 mg1-'.

pH on the electro-coagulation efficiency and the observations are
given in Fig. 2. The maximum percentage COD removal has been
observed at the electrolyte pH of 7 for mild steel electrode (Fig. 2a).
Further increase in the electrolyte pH beyond 7 did not yield any
improvement on percentage COD removal.

This can be explained that the solubility of Fe(OH); increases
beyond the electrolyte the pH value of 7 resulting formation of sol-
uble Fe(OH)4~ which does not contribute to the COD reduction [10].
Similar observation has been recorded for percentage color removal
(Fig. 2b).

3.2. Effect of applied current density

It has already been reported by several authors [6,11] that the
applied current density has significant influence on the efficiency
of the electro-coagulation process. Experiments were carried out
by varying applied current density and the observations are given
in Fig. 3. It can be ascertained from Fig. 3a that the percentage COD
removal increased significantly when the current density increased
from 5mAcm~2 to 10mA cm—2. This can be attributed due to the
fact that at high current densities, the extent of anodic dissolution
increases and in turn the amount of hydroxo cationic complexes
resulting increased COD removal. Further, the applied current den-
sity determines the rates of coagulant (flocks formation) and bubble
production, which in turn can influence the process efficiency. An
increase in the gas bubbles density with reduction in their size
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Fig. 3. The influence of applied current density (a) percentage COD removal, (b)
percentage color with electrolysis time, anode: aluminum; pH: 5, NaCl: 400 ppm;
influent concentration: 3200 mg1-1.

enhances upwards flux resulting increased pollutant degradation
and sludge floatation [10]. However it can be noticed that increasing
the current density beyond 10 mA cm~2 did not show any signifi-
cant improvement in the percentage COD removal.

3.3. Supporting electrolyte concentration

The effect of supporting electrolyte concentration on COD
removal efficiency is given in Fig. 4. It can be ascertained from Fig. 4a
that the COD removal efficiency increases with an increase in the
supporting electrolyte concentration. This can be explained that
when chlorides are present in the solution, the products of anodic
discharge are Cl, and OCI~. The OCI~ itself a strong oxidant and
capable of oxidizing the organic molecules present in the effluent.
Thus, the supporting electrolyte not only increases the conductivity
but also contributes as strong oxidizing agents. A similar observa-
tion has been recorded for the percentage color removal (Fig. 4b).

In electro-coagulation process, the percentage COD removal is
proportional to the pollutant concentration and the amount of
hydroxides [flocks] generated. The rate equation can be written as

For aluminum:

—d[coD]

qr = KICOD][AI(OH);] (6)
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Fig. 4. The effect of supporting electrolyte concentration on (a) percentage COD
removal, (b) percentage color with electrolysis time, anode: aluminum, pH: 5, cur-
rent density: 10mA cm—2,

For mild steel:

~dICOD] _ kicopiire(om);] 7
The above equations can be simplified by assuming the generation
of aluminum/ferric hydroxide constant for a given current density
as,

—d[CcOD]
—4— = kcop] (8)

Table 2
Influence of individual operating parameter on reaction rate constant.

The integration of Eq. (8) yields

[COD,]
[CODo] —

where CODg refers the initial effluent COD and COD; refers the
effluent COD at time t. The reaction rate constant k, can be esti-
mated from the plot log [COD;/CODy] versus electrolysis time. The
rate constants were estimated for the present experiments and the
influence of individual operating parameters on rate constant has
been critically examined. Table 2 shows the influence of individ-
ual operating parameters on reaction rate. It can be noticed from
Table 2 that the reaction rate constant increased with applied cur-
rent density from 5mAcm~2 to 10mAcm~2. It can be explained
that the rate of coagulant generation increases with applied cur-
rent density and in turn the reaction rate constant. However, it
can be noticed from the table that no significant improvement on
rate constant observed when the current density increased beyond
10 mA cm~2. This is due to the fact that the applied charge beyond
10 mA cm~2 is used for increasing the electrolyte temperature than
the coagulant generation. It can be ascertained from Table 2 that
the reaction rate constant is maximum at pH 7 for mild steel elec-
trode, while the maximum reaction rate is observed at pH 5 for
aluminum. This is attributed due to fact that the maximum COD
removal efficiency has been observed at pH 7 for mild steel (Fig. 2)
and pH 5 for aluminum electrode. Finally it can be noticed from
Table 2 that the reaction rate constant increases with support-
ing electrolyte concentration for both aluminum and mild steel
electrodes.

—kt (9)

3.4. Biodegradability analysis

The biodegradability index (BOD/COD) has been calculated for
a typical electro-coagulation process in the present investigation
(Fig. 5). It can be ascertained from Fig. 5 that the biodegradabil-
ity index increased gradually and approaches maximum around
12 min of electro-coagulation. Continuation of electro-coagulation
beyond 12min did not show any significant improvement in
the biodegradability index. In fact a small drop in BOD/COD
value was observed after 12 min of electro-coagulation. This is
due to simultaneous decrease of both COD and BOD beyond
12 min.

Since the BOD/COD value can be increased to beyond 0.4 [which
is required for an effective treatment by biochemical technique]
within 10 min of electro-coagulation, it was attempted to treat
the effluent using sequential batch reactor (SBR) after improving
the effluent biodegradability index through electro-coagulation.
The effluent was first treated with electro-coagulation for 12 min
and then subjected for sequential bath reactor treatment. The
SBR experiments were repeated with various combinations of
sequences and observed that the sequence of aerobic phase

K (min~1)/electrode Parameter Process conditions
pH Initial effluent concentration: 3200 ppm;
5 7 © supporting electrolyte concentration:
Al 0.05 0.046 0.046 400 ppm; current density: 10 mA cm—2
MS 0.058 0.07 0.061
CD (mAcm—2) Initial effluent concentration: 3200 ppm;
5 10 15 supporting electrolyte concentration:
Al 0.021 0.051 0.051 400 ppm; electrolyte pH:7
MS 0.023 0.073 0.073
NaCl (ppm) Initial effluent concentration: 3200 ppm;
200 400 600 electrolyte pH:7; current density: 10 mA cm 2
Al 0.038 0.055 0.058
MS 0.057 0.071 0.082
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Fig. 5. Effect of electro-coagulation on biodegradability; anode: mild steel, pH: 7;
current density: 10 mAcm~2; NaCl: 400 mgl-'.

followed anoxic phase resulted better performance (Fig. 6). It
can be seen from Fig. 6 that a maximum percentage removal of
98% has been achieved within 10h of treatment. The percentage
COD removal for the effluent treated directly by SBR (without
pre treatment by electro-coagulation) is also given in Fig. 6 for
the performance comparison purpose. It can be ascertained from
Fig. 6 that the percentage COD removal is only 35% in direct
biochemical route during 8 h of operation compared to 90% in
integrated process. This clearly indicates that the improvement
of biodegradability through electro-coagulation increases the
efficiency of SBR very significantly. The percentage COD removal is
very marginal in the beginning of aerobic phase due to the acclima-
tion of microorganisms to the system and significant percentage
COD removal after 2h of process time. It can be noticed from
Fig. 6 that more than 80% COD removal has been obtained using
the aeration phase. The aerobic organisms are activated during
aeration which enhances the oxygen based metabolism takes
place. It can be noticed that more than 90% COD removal has been
obtained at the end of anoxic phase. Fig. 7 shows the effect of pH
on percentage COD on SBR process efficiency and observed that the
maximum percentage COD removal has been recorded at a pH of 7.
This can be explained that the optimum bacterial growth at neutral
pH.
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Fig. 6. Treatment of pulp and paper effluent using sequential batch reactor.
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Fig. 7. Effect of pH on COD removal in sequential batch reactor.

4. Adsorption isotherm

The pollutant is generally adsorbed at the surface of the
flocks generated during electro-coagulation. Critical analysis of the
electro-coagulation of organic pollutants reveals that there are two
separate processes, i.e.

e Electrochemical process though which the metal flocks are gen-
erated and

e Physio-chemical process through which the effluents are
adsorbed on the surface of the flocks.

Thus the removal of pollutant is similar to conventional
adsorption except the generation of coagulants. The electrode con-
sumption can be estimated according to Faraday’s Law and the
amount of flocks generated can be estimated stochiometrically [12].
Since the amount of coagulant can be estimated for a given time,
the pollutant removal can be modeled by adsorption phenomenon.
It is attempted to test the various adsorption isotherm models for
COD removal.

4.1. Two parameter models

4.1.1. Langmuir isotherm

The Langmuir isotherm assumes monolayer deposition of adsor-
bate on homogenous adsorbent surface (coagulant). It is well
known that the Langmuir equation is intended for a homogeneous
surface. The mathematical expression of Langmuir isotherm can be
given as

_ KiCe
e = Ttrace (10)
The linearization of Eq. (10) is given as
Ce _ 1 ar

The binding constant (Ki) and the sorbent capacity (ai) are esti-
mated by plotting Ce/qe against Ce. The estimated K; and a; along
with the linear regression coefficient R? are given in row R1 of
Tables 3 and 4 for mild steel and aluminum electrodes respec-
tively. It can be ascertained from Tables 3 and 4 that the value of
Ki increases with an increase in the applied current density. The
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Table 3
Estimated two parameter isotherm model parameters for mild steel electrode.
S. no. Two parameter models pH (CD:10) CD (pH: 7)
5 7 9 5 15
Langmuir
Ky 0.661 1.565 1.325 0.277 1.8311
R1 a 0.00829 0.00377 0.00689 0.00915 0.00086
R2 0.996 0.998 0.997 0.968 0.9999
RMSE 1.58 457 1.25 2.47 1.28
Freundlich
Ke 6.574 9.544 8.047 5.219 14.94
R2 n 3.146 7.633 6.083 2.346 11.098
R? 0.9254 0.9447 0.9329 0.903 0.9563
RMSE 10.58 478 7.45 8.48 12.89
Dubinin-Radushkevich
o 172.604 189.24 173.469 143.825 238.961
R3 bp 0.0031 0.0056 0.0044 0.0054 0.0863
R? 0.8594 0.8905 0.8691 0.8497 0.9115
RMSE 13.12 14.15 11.25 12.15 11.28
maximum K; values were recorded at neutral pH for mild steel isotherm model predictions do not match satisfactorily with the
and at acidic pH for aluminum electrode. The higher value of K experimental observation.
indicates a high affinity of pollutant towards the flocks. In general
high K and low a; values indicate good adsorption characteristic. 4.1.3. Dubinin—Radushkevich isotherm
The higher regression coefficient R? substantiates the model fitness The Dubinin-Radushkevich isotherm model estimates the char-
with the experimental observation. acteristic porosity of adsorbent and the apparent energy of
adsorption. The linear form of Dubinin - Radushkevich isotherm
4.1.2. Freundlich isotherm can be given as
The Freundlich isotherm is an empirical model relates the )
adsorption intensity of the sorbent towards adsorbent. The In g=In gp - Bp¢p (14)
1soth.ern:j 1 adoptid to fdescrll?e r?r\;]ermblehadsor.ptllon and not  \ here By is related to the free energy of sorption per mole of
refSt}?CIt:e tod?l%no azl/e?ormatlon. e mathematical expression the sorbate as it migrates to the surface of the coagulant from
of the Freundlich model is the solution and gp is the Dubinin-Radushkevich isotherm con-
e = KgCPF (12) stant related to the degree of sorbate sorption by the sorbent
- e .. . . .
surface. The Dubinin-Radushkevich constants are given in row R3 of
where Ky and by are the constants which give adsorption capacity Tables 3 and 4 for mild steel and aluminum electrodes respectively.
and adsorption intensity respectively. A linear form of the Fre- It can be seen from the tables that the low regression coefficient
undlich model can be written as follows of 0.941 for Dubinin-Radushkevich isotherm model indicates that
the model predictions do not match with the experimental observa-
In ge = In K¢ + bgIn Ce 13) - p p
tion.
A plot of Inge versus InCe gives a straight line with slope Kg
and intercept bg. The values of Kr and bg along with the linear 4.2. Three parameter models
regression coefficient R? for the present experimental conditions
have been obtained and are listed in row R2 of Tables 3 and 4 for 4.2.1. Redlich-Peterson isotherm
mild steel and aluminum electrodes respectively. The lower regres- Redlich and Peterson proposed “three parameter” model to rep-
sion coefficients of Freundlich isotherm indicate that the Freundlich resent adsorption equilibrium. The linearization of the expression
Table 4
Estimated two parameter isotherm model parameters for aluminum electrode.
S. no. Two parameter models pH (CD:10) CD (pH: 5)
5 7 9 5 15
Langmuir
Ke 0.6644 0.5896 0.4678 0.271 1.0678
R1 a 0.001012 0.00228 0.00398 0.006193 0.00051
R? 0.996 0.987 0.975 0.8961 0.9996
RMSE 3.26 2.15 1.58 478 1.48
Freundlich
Ke 7.425 4163 3.26.8 2572 10.768
R2 n 6.0168 41152 3.096 1.863 9.9800
R? 0.9657 0.9469 0.8774 0.8861 0.9583
RMSE 13.72 12.78 14.15 11.89 5.45
Dubinin-Radushkevich
o 161.871 158.808 148.205 125.261 239.770
R3 bp 0.0128 0.0127 0.0116 0.00206 0.1164
R? 0.9033 0.8622 0.8319 0.8045 0.9416
RMSE 13.12 418 15.24 14.72 13.85
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Table 5
Estimated three parameter isotherm model parameters for mild steel electrode.
S. no. Three parameter models pH (CD:10) CD (pH: 7)
5 7 9 5 15
Redlich-Peterson
Krp 2 2.863 2.744 1.0 3.21
- agp 0.045 0.0182 0.024 0.1508 0.0139
Bre 0.942 0.966 0.962 0.6913 0.9719
R? 0.9065 0.946 0.9004 0.9103 0.955
RMSE 7.661 9.192 5.869 8.846 5.462
Radke-Prausnitz
ag 1.5455 1.983 1.974 1.4322 2.048
- IR 65.94 140.1 89.46 60.03 150.43
Br 0.938 0.965 0.954 0.937 0.976
R? 0.9378 0.989 0.9426 0.958 0.999
RMSE 2.78 3.94 3.299 414 5.461
Sips
Ks 0.62 0.6501 0.6313 0.6015 0.6721
. as 0.1093 0.2637 0.2421 0.1218 0.2799
Bs 0.968 0.984 0.974 0.968 0.989
R? 0.9275 0.940 0.9385 0.9096 0.975
RMSE 6.241 3.953 4,559 2.54 3.635
gives aqueous solutions on to sorbent. The linear form of Radke-Prausnitz
isotherm can be written as
KrpCe
In T—] :ﬁRp In Ce + In agp (15) 1 1 1
e - = — 4+ 16
. . . q aRCf T'RCfZR ( )
The equation reduces to a linear isotherm at low surface cov-
erage, to the Freundlich isotherm at high adsorbate concentration, The Radke-Prausnitz model constants ag, rg, and the

and to the Langmuir isotherm when = 1. The isotherm constants
have been estimated from the plot In [kgpCe/ge—1] versus In Ct. The
estimated isotherm constants along the regression coefficient R?
are listed in row R1 of Tables 5 and 6 for mild steel and aluminum
electrodes respectively. The values of isotherm constant Kgp and
exponent Bgp have been observed maximum at neutral pH for mild
steel electrode and at pH 5 for aluminum electrode. On the con-
trary areverse trend has been observed for agp. The lower regression
coefficient R? of Redlich and Peterson isotherm shows thatisotherm
model does not reflect the present experimental observations.

4.2.2. Radke-Prausnitz isotherm
Radke and Prausnitz suggested an empirical correlation to
describe equilibrium for the adsorption of pollutant present in the

Radke-Prausnitz model exponent Bg can be estimated by plotting
1/q versus 1/C¢. The estimated Radke-Prausnitz model constants ag
and ry, the exponent SR along with the regression coefficient R? are
listed in row R2 of Tables 5 and 6 for mild steel and aluminum elec-
trodes respectively. The higher value of regression coefficient R?
indicates that the Radke-Prausnitz predictions match satisfactorily
with the experimental observations.

4.2.3. Sipsisotherm

Sips isotherms is a combination of the Langmuir and Freundlich
isotherms and expected to describe surface heterogeneity. At low
sorbate concentrations it reduces to a Freundlich isotherm, while
at high sorbate concentrations it predicts a monolayer adsorption
capacity characteristic of the Langmuir isotherm. The mathematical

Table 6
Estimated three parameter isotherm model parameters for aluminum electrode.
S. no. Three parameter models pH (CD:10) CD (pH: 5)
5 7 9 5 15
Redlich-Peterson
Krp 8.26 8.12 7.81 4.87 8.31
- agp 0.3842 0.5695 0.6816 0.784 0.2911
Bre 0.9726 0.970 0.968 0.964 0.9823
R? 0.9579 0.9359 0.8798 0.8845 0.961
RMSE 8.005 7.216 10.93 5.086 6.047
Radke-Prausnitz
aR 1.082 0.958.4 0.8146 0.7911 1.850
- R 48.12 46.48 4517 4418 49.56
Br 0.987 0.964 0.960 0.958 0.998
R? 0.989 0.978 0.9369 0.9264 0.9975
RMSE 3.987 5.836 4.726 2.144 5.763
Sips
Ks 0.5296 0.4884 0.4549 0.4401 0.5344
o as 0.096 0.088 0.076 0.065 0.148
Bs 0.9781 0.9684 0.9483 0.9324 0.9817
R? 0.9671 0.9343 0.8814 0.9285 0.9718
RMSE 3.925 5.957 4.939 1.679 5.003
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expression of Sips isotherm can be written as

KsCPs

QE=mrs (17)

where Kjs is the Sips model isotherm constant (1/g); as is the Sips
model constant (I/mg) and Bs is the Sips model exponent. A plot of
ge versus Ce enables to determine the constants. Both Sips isotherm
parameters and the regression coefficients have been estimated and
listed in row R3 of Tables 5 and 6. It can be noticed that the con-
stant Ks is maximum at pH 7 for mild steel electrode and pH 5 for
aluminum electrode. The lower value of regression coefficient con-
firms the Sips isotherm model predictions do not match with the
experimental observations.

5. Conclusion

Experiments were carried out to treat pulp and paper efflu-
ent using electro-coagulation. The influence of initial effluent
concentration, current density, pH and supporting electrolyte con-
centration on coagulation efficiency using mild steel and aluminum
electrodes has been critically examined. The following conclusions
have been made based on the present investigation:

(1) The percentage of COD and color reduction was significantly
influenced by the initial effluent concentration, pH, supporting
electrolyte concentration and current density.

(2) The electro-coagulation was modeled using adsorption
isotherm and it has been observed from the present investi-
gation that Langmuir and Radke-Prausnitz isotherm models
match satisfactorily with the experimental observations.

(3) The biodegradability of pulp and paper increased through elec-
trocoagulation to more than 0.4 from the original value of 0.2
within 10 min of process time.

(4) The performance of biochemical treatment of pulp and
paper effluent has been increased significantly when electro-
coagulation is combined with the sequential biological reactor.
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