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The performance of conventional biological treatment of tannery wastewater can be improved by the application
of electrochemical treatment to selected streams. In this study, soak liquor, tanning effluent, and post-tanning
effluent were electrochemically treated in batch recirculation mode. The experiments were designed, modeled,
and optimized using response surface methodology. Considerable removal of chemical oxygen demand (COD,
94.8%) was achieved by treating the soak liquor in a batch recirculation cell under conditions of a circulation
flow of 142.8 L h-1, a current density of 5.8 A dm-2, and a time of 7.05 h. Salt remaining in the treated soak
liquor was partly utilized in improving the ionic conductivity of the post-tanning effluent for electrochemical
treatment. In a separate treatment, the biodegradability index of the post-tanning effluent was improved from
0.3 to 0.67 under conditions of a circulation flow of 112.5 L h-1, a current density of 2.4 A dm-2, and a time
of 2.15 h. Considerable reduction in the requirement of reactor volume or residence time of the existing
aerated biological treatment system of the total wastewater stream can be achieved by applying such an
electrochemical pretreatment.

1. Introduction

The leather industry encompasses more than 5000 tanneries
partly scattered all over the region of South Asia. Most of the
tanneries are of small scale, processing 2-3 tons of hides or
skins per day. Approximately 30-40 m3 of wastewater is
produced for every ton of hide or skin processed. The total
production capacity of the region covers 20% of the world
market share. This invites special attention to environmental
issues related to the wastewater generated in tanneries.

Wastewater from tanneries usually contains high concentra-
tions of chlorides, aliphatic sulfonates, sulfates, aromatic and
aliphatic ethoxylates, sulfonated polyphenols, acrylic acid
condensates, fatty acids, dyes, proteins, soluble carbohydrates,
and Na2S. These substances are either derived from hides and
skins or obtained upon addition of reagents during the process.
The characteristics of tannery wastewater vary depending on
the nature of the tanning process adopted, the amount of water
used, the process of hide preservation, the hide processing
capacity, and the in-plant measures followed.1

Raw skins and hides are received in tanneries in salted
condition; nearly 40% sodium chloride salt by weight is used
in preserving the skins. The first processing step is to wash them
with water to remove the salt and other particles. After this
washing, a large quantity of water is released as wastewater.
This stream, called soak liquor, consists of 2-4% sodium
chloride by weight and contains traces of calcium chloride along
with bioparticles such as blood, flesh, skin, and other suspended
particles. The dissolved salts, especially chlorides, are a matter
of concern when the effluent is discharged into nearby lands or
stored in ponds. In the long run, it makes fertile land barren, in
addition to polluting the surrounding groundwater. Therefore,
it becomes necessary to tackle the problem on a priority basis
to control the severe environmental degradation caused by soak

liquor. The most common method of disposing of soak liquor
is evaporation in shallow solar ponds. The soak liquor is sent
to shallow solar ponds, and the water in these ponds is removed
through a natural evaporation process. The operation is slow
and season-dependent. Research is ongoing to improve equip-
ment to enhance the rate of heat transfer and thus the evaporation
rate,2,3 as well as to develop alternate techniques such as
membrane processes.4 The match of electrochemical treatment
with tannery soaking effluent is due to multiple reasons: the
presence of a high concentration of NaCl, the most effective
supporting electrolyte; the moderately lesser quantity to handle
(6-10 m3 per ton of skin), and the failure of conventional
methods.

The wastewater from small-scale tanneries is usually managed
by treatment in common effluent treatment plants (CETPs) for
a cluster of tanneries. Most of the large- and medium-scale
tanneries have their own effluent treatment plants (ETPs). The
CETP process includes the primary treatment (coagulation
followed by clarification) and the biological treatment where
the dissolved organic part is also removed. The capacity of
microorganisms to degrade some groups of tannins is limited
by a conventional biological process in either aerobic or
anaerobic environments.5,6 Moreover, variations in pH values,
effluent composition, contaminant type, structure, and concen-
tration can inhibit the functioning of an established biological
system, thus paralyzing the microorganism metabolism. Other
limitations of biological process include the long time needed
for the effluent to reach the required standards and the low color
removal efficiency. Tannery wastewater treatment by biological
processes can still be difficult because of the presence of broad
spectrum biocides used in the leather industry to prevent fungal
attacks.7

The rate of biological treatment increases with decreasing
molecular size of the pollutant. Conversely, electrochemical
oxidation of these intermediates to carbon dioxide and water is
difficult and less energy efficient, because the rate of electro-
chemical C-C bond scission seems to decrease with decreasing
molecular size. The concept of an integrated electrochemical-
biological treatment process has been devised by comparing
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these two separate observations in a qualitative sense. Morais
et al.8 reported that samples with BI smaller than 0.3 are not
appropriate for biological degradation. According to Chamarro
et al.,9 for complete biodegradation, the effluent must present a
BI of at least 0.4.

The technical feasibility of electrochemical treatment for
various industrial effluents10-22 has been established. Even
though various electrochemical techniques have been investi-
gated for the treatment of tannery wastewater,2,23-29 their
performance in treating soak liquor and improving biodegrad-
ability during the treatment has not been studied closely.

In the present investigation, we attempt to improve the
effectiveness of the existing biological wastewater treatment
system by treating different wastewater streams (soak liquor,
tanning effluent, and post-tanning effluent) of tanneries sepa-
rately by an electrochemical technique. The soak liquor and post-
tanning effluent were collected from the typical tannery and
tanning effluent from the CETP, Thuttipet, Ambur, North Arcot
District, Tamilnadu, India.

2. Theoretical Section

The mechanism of electrochemical oxidation of wastewater
is a complex phenomenon involving the coupling of and
electron-transfer reaction with a dissociate chemisorption step.
Two limiting types of anode behavior (classified as active or
inactive depending on chemical nature of the anode materials)
have been described. Active electrodes undergo significant
changes during the process and mediate the oxidation of organic
species through the formation of higher-oxidation-state oxides
of the metal (MOx+1) whenever such a higher oxidation state is
available for the metal oxide (e.g., Pt, RuO2, or IrO2), leading
to selective oxidation. Inactive electrodes simply act as electron
sinks, and their components do not take part in the process.
Inactive electrodes have no higher oxidation state available, and
the organic species is directly oxidized by an adsorbed hydroxyl
radical, generally resulting in complete combustion of the
organic molecule. Typical inactive electrodes include diamond
thin-film electrodes and fully oxidized metal oxides such as
PbO2 and SnO2.

30,31

In indirect electro-oxidation, chloride salts of sodium are
added to the effluent for better conductivity and generation of
HOCl or hypochlorite ions.28-31 In the first step, H2O is
discharged at the anode to produce adsorbed hydroxyl radicals
according to the reaction

When NaCl is used as the supporting electrolyte in alkaline
meduim, chloride ions can react anodically with RuOx-
TiOx(•OH) to form adsorbed -OCl radicals according to the
reaction

Further, in the presence of chloride ion, the adsorbed hypochorite
radicals can interact with the oxygen already present in the oxide
anode with the possible transition of oxygen from the adsorbed
hypochlorite radical to the oxide, to form the higher oxide
RuOx-TiOx +1 according to reaction 3. Simultaneously,
RuOx-TiOx(•OCl) can react with the chloride ion to generate
active oxygen (dioxygen) and chlorine according to the reactions

The reactions of anodic oxidation of chloride ions to form
chlorine in bulk solution as given by eqs 3 and 4 further proceed
as follows:

Because the organic compounds of the effluent are electrochemically
inactive, the primary reaction occurring at the anodes is chloride ion
oxidation (eqs 3 and 4) with the liberation of Cl2, which is a robust
oxidizing agent. The anodic (i.e., oxygen evolution) side reaction, by
the oxidation of hydroxyl ion, also takes place under the experimental
conditions. pH is one of the determining factors of the predominance
of this reaction. Acidic conditions reduce the contribution of this anodic
reaction. Because oxygen is a relatively weak oxidant, its evolution
will generally reduce the current efficiency of the process. The fine
oxygen bubbles formed can provide not only large interfacial
gas-liquid contact but also better mixing for improved reactor
performance. For the reactions in bulk, gaseous Cl2 dissolves in the
aqueous solutions as a result of ionization, as indicated in eq 7. The
rate of the bulk reaction is lower in acidic solutions because of OH-

instability and is considerably higher in basic solutions because of the
ready formation of OCl- ion (pKa ) 7.44) by eq 8, implying that
conditions of basic or neutral pH are more favorable for conducting
reactions involving chlorine. The indirect electro-oxidation rate of
organic pollutants depends on the diffusion rate of the oxidants into
the solution, the flow rate of the effluent, the temperature, and the
pH. In moderately alkaline solutions, a chloride-chlorine-hypo-
chlorite-chloride cycle occurs, which produces OCl-. Pseudo-steady-
state theory can be applied to each of the intermediate products (HOCl
and OCl-) in the bulk solution. The rates of reaction of the components
can be written as

Then, using these equations, one can easily deduce the expression

RuOx - TiOx + H2O f RuOx - TiOx(
•OH) + H+ + e-

(1)

RuOx - TiOx(
•OH) + Cl- f RuOx - TiOx(

•OCl) + H+ +
2e- (2)

RuOx - TiOx(
•OCl) + Cl- f RuOx - TiOx+1 + Cl2 + e-

(3)

RuOx - TiOx(
•OCl) + Cl- f RuOx - TiOx +

1
2

O2 + Cl2 +

e- (4)

2Cl-f
k1

Cl2 + 2e- (5)

2OH-f
k1 1

2
O2 + H2O + 2e- (6)

Cl2 + H2Of
k2

H+ + Cl- + HOCl (7)

HOClT
k'3

k3

H+ + OCl- (8)

organic + OCl-f
k4

CO2 + H2O + Cl- (9)

-rCl2
) k2[Cl2] (10)

rHOCl ) k2[Cl2] - k3[HOCl] + k′3[H
+][OCl-] ) 0

(11)

rOCl- ) k3[HOCl] - k′3[H
+][OCl-] - k4[organic][OCl-] ) 0

(12)

-rorganic ) k4[organic][OCl-] (13)

-rCl2
) -rorganic ) k4[organic][OCl-] (14)
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Finally, regarding the bulk solution, it should also be noted that -rCl2
) rCl- from eq 13; that is

where the rates of reaction ri and the rate constants ki (i ) 2, 3, and 4)
are defined with respect to the bulk. The rate expression for the main
electrode reaction as per eq 5 can be written as

where k1 is the heterogeneous electrochemical rate constant.
In the following section, an attempt is made to establish a

relation between the reacting species in the bulk and at the
electrode surface. The basic relationship applicable to all
electrochemical reactions is Faraday’s law, which relates the
amount of substance reacted on the surface to the charge (IAt)
passed, MAIAt/nF (assuming 100% current efficiency) and the
characteristic measurable parameter, current density, iA (defined
as IA/Ae). Thus, the electrochemical reaction rate (for the
disappearance of reactant A) can be expressed as

where iA is the current passed in time t, MA is the molecular
weight of reactant A, n is the number of electrons transferred
per mole of reaction, Ae is the electrode area, VR is the reactor
volume, and F is Faraday’s constant (96485.3 A s mol-1). It
should be noted that -rA ) -d [A]/dt ) iAa/nF, where a is the
specific electrode area (Ae/VR). Assuming that the main electrode
reaction is governed by a simple Tafel-type expression, one
obtains

or

where b is the Tafel slope of the polarization curve.
The reaction can be assumed to be under diffusion control,

given that the reacting species, Cl-, in the electrolyte is dilute.
The reactant Cl- is transported from the bulk to the electrode
surface, where it undergoes electrochemical oxidation to Cl2,
and it can be transported back to the bulk by a diffusion reaction
in the bulk. Then

where [Cl-]s is the Cl- concentration at the electrode surface.
Elimination of [Cl-]s gives

where

From a material balance of species Cl-, taking note of eqs 8
and 9, one can write

During electrolysis, if a constant current is applied, the rate of
generation of OCl- will remain constant under a given set of
experimental conditions, but it will vary if the applied current
is changed. Then

3. Materials and Methods

All chemicals used in this study were analytically pure. The
soak liquor and post-tanning effluent were collected from a
typical tannery, and the tanning effluent was obtained from the
CETP. The samples were characterized for biological oxygen
demand (BOD), chemical oxygen demand (COD), pH, solids,
dissolved salts, and color using the standard methods.32 The
characteristics of the wastewater are listed in Table 1.

The sample COD and BOD were determined using the
dichromatic open reflux method and Winkler’s method, respec-
tively, strictly following the American Public Health Association
(APHA) procedures.32 Experiments were repeated until the error
was less than 3%. The biodegradability index (BI) is defined
as the ratio of BOD to COD. The value ranges from 0 to 1.

3.1. Response Surface Methodology. Response surface
methodology (RSM) is a statistical technique that is useful for
modeling and optimization of processes in which the response
of interest is influenced by several variables. The RSM has
important applications not only in the design, development, and
formulation of new processes, but also in the improvement of
existing designs. It defines the effect of independent variables
on the process either individually or collectively. The technique
has been employed extensively for optimization studies in recent
years.33,34 RSM basically involves three steps: performing the
statistically designed experiments, estimating coefficients in the
proposed model and predicting the response of the process, and
checking the validity of the model. The central composite design
(CCD) is the most popular class of second-order designs of
RSM. This design is well-suited for fitting quadratic surfaces
and usually works well for process optimization.

In the present study, CCD with three factors at five levels
was applied using Minitab 15 (Minitab Inc., State College, PA,
trial version). The three parameters circulation flow rate, current
density, and electrolysis time are denoted as X1, X2, and X3,
respectively. The experimental ranges of factors giving the
maximum removal of COD or enhancement of biodegradability
were found by conducting preliminary experiments. Levels of
the independent variables for treatment of soak liquor and post-
tanning effluent are given in Table 2, parts a and b, respectively.

The independent variables were converted to the correspond-
ing coded variables x1, x2, and x3, between -∞ and +∞, in five
levels as -∞, -1, 0, +1, and +∞ using the equation

where Xi,max and Xi,min are the maximum and minimum values,
respectively, of variable Xi.

CCD helps to develop a model and optimize the effective
parameters with a minimum number of experimental runs. In

-rCl2
) rCl- ) k2[Cl2] ) -rorganic ) k4[organic][OCl-]

(15)

-r′Cl- ) r′Cl2
) k1[Cl-] (16)

-(VR

Ae
)d[A]

dt
)

iA

nF
(17)

-(VR

Ae
)d[A]

dt
)

iA

nF
) k′[A] exp(bE) (18)

-r′Cl- ) r′Cl2
) k1[Cl-] ) k′1a[Cl-] exp(bE) (19)

iA

zF
) kL([Cl-] - [Cl-]s) (20)

iA

zF
) k1[Cl-] (21)

1
k1

) 1
kL

+ 1
k′a exp(bE)

(22)

iA

zF
) k′[Cl2] (23)

iA

zF
) k′′[organic][OCl-] (24)

iA

zF
) kobs[organic] ) k[COD] ) kC (25)

xi )
2RXi - R(Xi,max + Xi,min)

(Xi,max - Xi,min)
(26)

9788 Ind. Eng. Chem. Res., Vol. 48, No. 22, 2009



general, for k factors, CCD requires 2k factorial runs with 2k
axial or star runs and nc center runs. Six replicate experimental
runs were made at the center point to evaluate the pure error.
The designs of experiments for the treatment of the soak liquor
and post-tanning effluent are given in Table 3, parts a and b,
respectively.

3.2. Electrolysis System. 3.2.1. Batch Recirculation
System for Treatment of Soak Liquor and Post-Tanning
Effluent. The laboratory-scale experimental setup of batch-
recirculation system used for the electrochemical degradation
studies is schematically represented in Figure 1. The electro-
chemical reactor was of filter-press type. Two stainless steel
rectangular flat plates and one rectangular flat expanded mesh
of Ti/RuOx-TiOx-coated35 titanium substrate insoluble anode
(TSIA) functioned as cathode and anode, respectively. The plates
were arranged parallel to each other with a constant interelec-
trode gap of 10 mm and with the anode at the center. The void
fraction of the mesh-type anode accounts for 20% by area, which
resulted in an effective anode area of 138 cm2 (15.1 cm × 11.4
cm). Electrodes were connected to a 10-A, 25-V dc regulated
power supply in monopolar mode, through an ammeter and a
voltmeter. The other components of the setup were a reservoir
of 3.0-L capacity, a magnetically driven self-priming centrifugal
pump, and a rotameter, connected using silicone rubber tubes.

The wastewater samples were allowed to settle for 1 h to
remove the major portion of the suspended matter. The clarified
sample, analyzed for COD and BOD (reported in Table 1 as
CODdissolved and BODdissolved), was used for all of the electro-
chemical experimental runs. The batch effluent volume used
for each experimental run was 2.5 L, adjusted for pH and
supporting electrolyte concentration. The required flow rate
through the reactor was established by pumping and adjusting
the valves. The effluent entered the cell through a bottom
connection provided at the gap between the anode and one of
the cathodes, passed through the perforations in the anode mesh
plate to reach the other chamber, and left through the outlet
connection situated at the top position of the chamber. The flow
rate of the effluent was measured using a calibrated rotameter.
After steady-state flow had been reached, dc power was supplied
to the electrodes, with the current kept constant at the required

level, and a stop watch was started to note the duration of
electrolysis. Samples were collected from the reservoir for the
determination of COD and BOD. Preliminary experiments were

Table 1. Characteristics of Selected Tannery Wastewater Streams

parameter
soak

liquor
tanning
effluent

post-tanning
effluent

pH 7.5 ( 0.5 7.9 ( 0.5 7.5 ( 1
chlorides (mg L-1) 41200 ( 3000 10700 ( 80 550 ( 70
sulfates (mg L-1) 1700 ( 500 2400 ( 60 360 ( 60
CODtotal (mg L-1) 5800 ( 120 3600 ( 100 2850 ( 70
BODtotal (mg L-1) 2000 ( 100 1550 ( 100 900 ( 80
CODdissolved (mg L-1) 4600 ( 70 2500 ( 100 2850 ( 70
BODdissolved (mg L-1) 1700 ( 70 1425 ( 100 850 ( 60
suspended solids (mg L-1) 6000 ( 1000 4200 ( 100 700 ( 60
dissolved solids (mg L-1) 43000 ( 4000 13000 ( 150 1000 ( 150

Table 2. Experimental Range and Levels of Independent Process
Variables for Electro-Oxidation

coded levels

independent variable -∞ -1 0 +1 +∞

(a) Soak Liquor

circulation flow rate (L h-1) 79.5 100 130 160 180.5
current density (A dm-2) 3.32 4 5 6 6.68
electrolysis time (h) 2.63 4 6 8 9.36

(b) Post-Tanning Effluent

circulation flow rate (L h-1) 52.96 70 95 120 137.04
current density (A dm-2) 0.32 1 2 3 3.68
electrolysis time (h) 0.32 1 2 3 3.68

Table 3. Designs of Experiments and Experimental Responses for
Treatment in the Batch Recirculation Flow Reactor

sample
no.

X1

(L h-1)
X2

(A dm-2) X3 (h)
cell

voltage (V)
COD

removal (%)

(a) Soak Liquor

1 100 4 4 3.4 49.3
2 160 4 4 3.3 50.1
3 100 6 4 5.6 67.4
4 160 6 4 5.5 68.8
5 100 4 8 3.4 62.2
6 160 4 8 3.3 65.2
7 100 6 8 5.6 85.3
8 160 6 8 5.5 88.8
9 79.55 5 6 4.6 71.8
10 180.45 5 6 4.4 85.9
11 130 3.32 6 2.6 47.2
12 130 6.68 6 6.1 87.9
13 130 5 2.64 4.5 45.7
14 130 5 9.36 4.5 77.1
15 130 5 6 4.5 87
16 130 5 6 4.5 87.3
17 130 5 6 4.5 88
18 130 5 6 4.5 87.8
19 130 5 6 4.5 88.5
20 130 5 6 4.5 86

(b) Post-Tanning Effluent

1 70 1 1 1.4 9.10 0.39
2 120 1 1 1.3 11.20 0.57
3 70 3 1 4.2 18.20 0.49
4 120 3 1 4.2 21.30 0.63
5 70 1 3 1.3 19.40 0.42
6 120 1 3 1.3 23.50 0.59
7 70 3 3 4.3 44.50 0.5
8 120 3 3 4.2 50.90 0.63
9 52.96 2 2 2.7 24.70 0.35
10 137.04 2 2 2.6 26.40 0.62
11 95 0.32 2 0.6 6.98 0.48
12 95 3.68 2 5.1 41.64 0.6
13 95 2 0.32 2.8 7.79 0.53
14 95 2 3.68 2.6 43.34 0.59
15 95 2 2 2.7 24.80 0.64
16 95 2 2 2.7 25.30 0.63
17 95 2 2 2.7 26.10 0.64
18 95 2 2 2.7 25.40 0.63
19 95 2 2 2.7 24.80 0.65
20 95 2 2 2.7 25.85 0.64

Figure 1. Experimental setup of batch recirculation filter-press reactor: (1)
reservoir, (2) pump, (3) rotameter, (4) filter-press cell, (5) anode, (6) cathode,
(7) digital voltmeter, (8) digital ammeter, (9) dc regulated power supply,
(10) recirculation stream, (11) mechanical agitator.
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carried out on the enhancement of BI and removal of COD for
the purpose of selecting the most significant factors and their
ranges. The resultant factors and their levels are presented in
Table 2. Moreover preliminary experimental runs were helpful
in determining the optimal values of less-influential factors such
as a supporting-electrolyte (NaCl) concentration of 4 g L-1 and
a pH of 7.5 for the experiments on soak liquor and post-tanning
effluent. Separate experimental runs, starting with 2.5 L of
wastewater taken in the reservoir, adjusted to pH 7.5 and 4 g
L-1 salt concentration, were made for the combination of factors
as required by the CCD of RSM as given in Table 3. For the
case of post-tanning effluent, ionic conductivity was improved
by mixing a quantity of treated soak liquor such that the NaCl
concentration read 4 g L-1 by Mohr’s method.

3.2.2. Batch System for Treatment of Tanning Ef-
fluent. The laboratory-scale experimental setup of the batch
reactor used for the electrochemical degradation of tanning
effluent consisted of a Perspex cylinder of 500-mL capacity
(diameter ) 8 cm, height ) 11 cm) with a poly(vinyl chloride)
(PVC) lid into which a pair of electrodes could be fit. Proper
provisions were also made in the lid for periodic sampling. A
flat rectangular plate of stainless steel and a flat rectangular
expanded mesh of Ti/RuOx-TiOx-coated titanium substrate
insoluble anode (TSIA), both of dimensions 6.2 cm × 6 cm,
functioned as anode and cathode, respectively. The plates were
arranged parallel to each other with a constant interelectrode
gap of 8 mm. The void fraction of the mesh-type anode
accounted for 20% by area, which resulted in an effective area
of 24.8 cm2 (dipped area ) 6.2 cm × 5 cm). The electrodes
were connected to a 5-A, 10-V dc regulated power supply,
through an ammeter and a voltmeter. The electrode plates were
cleaned manually by washing with distilled water prior to every
run. The electrodes were placed in the required volume of
wastewater taken in the cell in such a way that 24.8 cm2 of the
active surface was submerged. The solution was constantly
stirred at 200 rpm using a magnetic stirrer in order to maintain
a uniform concentration. dc power was supplied to the electrodes
according to the required current density, and the experiments
were carried out under constant-current conditions. The ef-
ficiency of the treatment in removing COD was studied under
various conditions of current density and reactor holdup. The
concentration of supporting electrolyte (NaCl) and the initial
pH were adjusted to 4 g L-1 and 7.5, respectively. The treatment
was carried out at five different current densities, viz., 1, 1.5,
2.5, 3.5, and 5.0 A dm-2, for holdup volumes of 300, 400, and
500 mL. Samples were collected at various time intervals for
estimation of COD for a total of 6 h.

3.2.3. Batch Recirculation System for Treatment of
Tanning Effluent. The setup was exactly the same in terms of
construction details as the one used for the treatment of soak
liquor and post-tanning effluent except for the surface area. The
active surface of the anode in this case was 64.8 cm2 (9 cm ×
9 cm). According to the preliminary experimental results, the
concentration of supporting electrolyte (NaCl) and the initial
pH were fixed at 4 g L-1 and 7.5, respectively. Experiments
were conducted to note the destruction of organic matter
measured in terms of COD removal at the end of every hour
for 8 h for 2 L of wastewater treated at various circulation flow
rates of 20, 40, 60, 80, and 100 L h-1 at a current density of
2.5 A dm-2.

3.3. Design of Reactor Model. Adopting the same clas-
sification as used for conventional reactors, for evaluation of
the electrochemical reaction rate (for removal of COD) in
various basic electrochemical reactor configurations such as

batch and batch recirculation, the expressions were developed
from first principles.

3.3.1. Batch Reactor. The rate of the process occurring in
the batch reactor can be expressed as

where

In electrochemical conversion, the high-molecular-weight aro-
matic compounds and aliphatic chains are broken into inter-
mediate products for further processing. The progress of the
destruction of the organic pollutants was monitored by COD
estimation.

3.3.2. Batch Reactor with Recirculation Mode. In the
present flow-reactor system, the flow is in the axial direction in
the reactor. An approximate model that represents the given
system in which the reactions takes place can be described as
a plug-flow reactor (PFR). A dynamic material balance for each
component or species in the reactor can be written as

The concentration variation of organics in a differential volume
of the reactor (see Figure 1) can be written as

The left-hand side represents the rate of change of COD in the
differential volume of reactor A∆x, where A is the cross-
sectional area of the reactor. The first term on the right-hand
side is the net rate of change of COD due to the bulk flow in
the differential volume, and Q is the volumetric flow rate
through the reactor. The last term on the right-hand side
represents the rate of degradation of organic contaminants in
the solution due to reaction. Because the reservoir is continu-
ously mixed using a mechanical agitator, it can be assumed to
be a perfectly back-mixed system. The mass balance for the
effluent reservoir is

Further, it can also be assumed that the reactor is under steady-
state condition with dC′/dt ) 0, so that eq 29 can be rewritten
as

where a is the specific electrode area (Ae/VR) and τR is the
residence time (VR/Q) in the reactor. The mass balance equation
can be solved after substitution of the expression for C′, given
the initial COD, and the resultant equation can be written as

-(VR

Ae
)dC

dt
)

iA

zF
) kC (27)

C ) Co exp(-kat) or in integrated form - ln[ C
Co] ) kat

(28)

[rate of change of mass of
species in the reactor ] ) [rate of

mass input ] -

[rate of
mass output ] -

∑[rate of change of mass of species disappearing or
being generated by physicochemical phenomena ]

- A∆x(∂C′
∂t ) ) Q(∂C′

∂x )∆x + A∆xkLaC′ (29)

V(dC
dt ) ) QC′ - QC (30)

C′ ) C exp(-kLaτR) ) C exp(-kLAe

Q ) (31)
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where Co is the initial COD value of the wastewater and τ is
the residence time (V/Q) in the reservoir. From eq 32, the rate-
transfer coefficient, kL, can be computed.

The current efficiency (CE) of the electrolysis can be
calculated for the batch and flow reactors using the expressions

where ∆C is the difference in COD in mg L-1, due to the
treatment of passing I current for t seconds. VR is the volume
of the reactor (L). Q represents the volumetric flow rate in L
s-1, and F is Faraday’s constant.

Whereas current efficiency indicates the fraction of the total
current passed for the targeted reaction, the term specific energy
consumption (SEC) is the quantity of energy consumed in the
process per kilogram of COD digested. The terms (in kW h
kg-1) for batch and flow reactors can be obtained using the
equations

where V represents the cell voltage in volts and the remaining
terms are as defined above.

4. Results and Discussions

The soak liquor, tanning effluent, and post-tanning effluent
were treated electrochemically. Because a maximum COD
removal and a maximum BI were noticed for the cases of the
soak liquor and post-tanning effluent, respectively, during the
preliminary investigations, the study was conducted according
to the RSM, and the resultant model was optimized for the best
operating point.

The characteristics of the waste streams listed in Table 1 show
that the soak liquor is heavily loaded with NaCl, at ap-
proximately 4% by weight. This makes the stream unsuitable
for conventional treatments and suitable for electrochemical
treatment. The BI of the post-tanning effluent (Table 1) has a
noticeably low value (0.3). The experimental domain as
presented in Table 2 was determined from the results of the
preliminary runs. The effects of operating variables such as
circulation flow rate, current density, and electrolysis time on
BI and COD removal were investigated using the RSM.

4.1. Response Surface Methodology. The experimental
responses of the CCD for the treatment of soak liquor and post-
tanning effluent are given in Table 3, parts a and b, respectively.
A second-order polynomial model, as given in eq 35, was fitted
to the experimental data

where Y is the response variable of COD removal (%) of the
soak liquor or BI of the post-tanning effluent; �0 is a constant;
�1, �2, and �3 are the regression coefficients for linear effects;
�11, �22, and �33 are the quadratic coefficients; and �12, �13, and
�23 are the interaction coefficients. The coefficients of the model
in coded terms for treatment of the soak liquor and post-tanning
effluent are given in Table 4, parts a and b, respectively. The
significance of the regression coefficients was analyzed using
the p and t test. The values of p, t, and the significant level (1
- p) are given in Table 4. It can be observed from Table 4a
that all of the terms, except for the interaction terms, are highly
influential in the model for the prediction of COD removal from
the soak liquor. Similarly, Table 4b shows that all of the terms
except for the interaction terms of flow-time and current
density-time are highly influential in the model for the
prediction of the BI of the post-tanning effluent.

Equation 35 can also be represented in terms of uncoded
variables as

where Y1 and Y2 represent the COD removal (%) of the soak
liquor and the BI of the post-tanning effluent, respectively. The
analysis of variance (ANOVA) presented in Table 5a shows a
higher F value for regression (100.2) than the tabulated value
of 3.02, but the F value obtained for lack of fit, 12.58, is higher
than the tabulated value of 4.77. In the case of second model,
the ANOVA presented in Table 5b shows a higher F value for
regression (232.19) and a lower F value for lack of fit (1.73)
than the tabulated values of 3.02 and 4.77, respectively. This
shows that the quadratic model can navigate the design space
well. The predictability of the model was quantified in terms
of standard statistical performance evaluation measures such
as the correlation coefficient (R), average absolute relative error

C
Co

) exp{- t
τ

[1 - exp(-kLaτR)]} )

exp{- t
τ[1 - exp(-kLAe

Q )]} (32)

For a batch reactor CE )
VR∆C

(16It/2F)
× 100

For a flow reactor CE ) Q∆C
(16I/2F)

× 100
(33)

For a batch reactor SEC ) VIt

3600 × 103
× 1

∆CVR × 10-6

For a flow reactor SEC ) VI

3600 × 103
× 1

∆CQ × 10-6

(34)

Y ) �0 + �1x1 + �2x2 + �3x3 + �11x1
2 + �22x2

2 + �33x3
2 +

�12x1x2 + �13x1x3 + �23x2x3 (35)

Table 4. Estimated Regression Coefficients and Corresponding t and
p Values for Electro-Oxidation

factor

coefficient
of the model

in coded factors t value p value
significance

level (%)

(a) Soak Liquor for Removal of COD

�0 87.4665 93.763 0 >99
�1 2.3734 3.835 0.003 >99
�2 11.1262 17.977 0 >99
�3 8.6922 14.044 0 >99
�11 -3.2514 -5.397 0 >99
�22 -7.2466 -12.027 0 >99
�33 -9.4209 -15.636 0 >99
�12 0.1375 0.17 0.868 >13
�13 0.5375 0.665 0.521 >47
�23 1.2375 1.53 0.157 >84

(b) Post-Tanning Effluent for Improvement of BI

�0 0.638145 177.922 0.000 >99
�1 0.078648 33.05 0.000 >99
�2 0.03528 14.826 0.000 >99
�3 0.011782 4.951 0.001 >99
�11 -0.05298 -22.87 0.000 >99
�22 -0.03353 -14.476 0.000 >99
�33 -0.02646 -11.423 0.000 >99
�12 -0.01 -3.216 0.009 >99
�13 -0.0025 -0.804 0.44 >55
�23 -0.005 -1.608 0.139 >86

Y1 ) -303.004 + 0.94175X1 + 79.2837X2 + 28.3506X3 -
3.6127 × 10-3X1

2 - 7.24658X2
2 - 2.35523X3

2 +
4.583 × 10-3X1X2 + 8.95 × 10-3X1X3 + 0.6187X2X3 (36)

Y2 ) -0.8748 + 0.02025X1 + 0.21742X2 + 0.13713X3 -
8.48 × 10-5X1

2 - 0.0335X2
2 - 0.02646X3

2 -
4 × 10-4X1X2 - 1 × 10-4X1X3 - 5 × 10-3X2X3 (37)
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(AARE), average root-mean-square error (RMSE), normalized
mean bias error (NMBE), and scatter index (SI), expressed as
follows

where E is the experimental finding and P is the predicted value
obtained from the model. Ej and Pj are the mean values of E
and P, respectively. N is the total number of data points
employed in the investigation. The values of the statistical terms
are presented in Table 6. The correlation coefficient is a
commonly used statistic and provides information on the
strength of the linear relationship between experimental and
predicted values. Higher values of R might not necessarily
indicate better performance of the model,36 however, because
of the tendency of a model to be biased toward higher or lower
values. The AARE and RMSE are computed through a term-
by-term comparison of the relative error and therefore are
unbiased statistics for measuring the predictability of a model.37

The NMBE provides information on the mean bias in predictions
from a model. A positive NMBE indicates overprediction,

whereas a negative NMBE indicates underprediction from a
model. It can be seen from the table that both models are
sufficiently able to predict the corresponding responses with
better levels of accuracy. By comparing the two models to each
other, it can be seen that model 2, which predicts the BI of the
post-tanning effluent performs better.

4.2. Combined Effects of Variables. 4.2.1. Electro-Oxi-
dation of Soak Liquor. The results of the main experimental
runs on the electro-oxidation of soak liquor are presented in
Figure 2a-c. The plots show that there exists a maximum COD
removal in the experimental domain. The optimal conditions
giving maximum COD removal were determined by the Monte
Carlo optimization technique to be a circulation flow rate of
142.8 L h-1, a current density of 5.8 A dm-2, and a time of
7.05 h; the corresponding COD removal is 94.8%. The third
parameter in Figure 2a-c is considered at its optimal value in
order to show the maximum removal picture. Increased COD
reduction with increasing current density can be explained as
being due to the increase in the generation of more oxidant
species. This phenomenon appears in the present investigation
up to a current density of 5.8 A dm-2, after which the COD
removal percentage reduces slightly. The reduction in COD
removal percentage at higher current density might be due to
an increase in size of the oxidant bubble, resulting in less contact
area per quantity of oxidant gas and less contact time. A similar
trend is seen with respect to the circulation flow rate. An increase
in the flow rate enhances the transfer coefficients, resulting in
improved completion of a reaction, when the reaction is mass-
transfer-limited. A further increase in the flow rate can result
in a situation in which the reaction is no longer mass-transfer-
limited, in which case no improvement in the completion of
reaction is observed. A slight reduction in the completion of
the process was noted for operation at circulation flow rates
higher than 142.8 L h-1. This might be due to the shorter contact
time between the oxidant gas bubble and the pollutant stream.

4.2.2. Electro-Oxidation of Post-Tanning Effluent. The
results of the main experimental runs on electro-oxidation of
post-tanning effluent are presented in Figure 3a-c. The plots
show that there exists a maximum BI in the experimental
domain. The optimal conditions giving maximum BI were
determined by the Monte Carlo optimization technique to be a
circulation flow rate of 112.5 L h-1, a current density of 2.4 A
dm-2, and a time of 2.15 h; the corresponding BI is 0.67. The
third parameter in Figure 3a-c is considered at its optimal value.
As explained in the mechanism of the process, the strong
oxidizing agents generated in the process are responsible for
degrading the organic part of the waste. Long-chain organic
matter such as tannins and synthetic dyes can be oxidized into
lower-molecular-weight components. This early-stage phenom-
enon will not considerably reduce COD but increases BOD,
resulting in an increase in BI. After a definite period of

Table 5. ANOVA Results for Electro-Oxidation

source
degrees

of freedom
sum of
squares

mean
squares F value P

(a) Soak Liquor for Removal of COD

regression 9 4717.61 524.179 100.2 0
residual error 10 52.31 5.231
lack of fit 5 48.46 9.692 12.58 0.007
pure error 5 3.85 0.771
total 19 4769.93

(b) Post-Tanning Effluent for Improvement of BI

regression 9 0.161607 0.017956 232.19 0.000
residual error 10 0.000773 0.000077
lack of fit 5 0.000490 0.000098 1.73 0.281
pure error 5 0.000283 0.000057
total 19 0.162380

Table 6. Standard Statistical Evaluation during Validation of the
Model Performance

model 1 model 2

R 0.9945 0.9976
AARE (%) 1.8381 0.9420
RMSE 1.6173 0.0062
NMBE (%) -0.0009 0.0005
SI 0.0219 0.0111

R )
∑
i)1

N

(Ei - Ej)(Pi - Pj)

�∑
i)1

N

(Ei - Ej)2 ∑
i)1

N

(Pi - Pj)2

(38)

AARE (%) ) 1
N ∑

i)1

N | (Ei - Pi)

Ei
| × 100 (39)

RMSE ) [ 1
N ∑

i)1

N

(Pij - Eij)
2]1/2

(40)

NMBE (%) )

1
N ∑

i)1

N

(Ei - Pi)

1
N ∑

i)1

N

Ei

× 100 (41)

SI ) RMSE

Ej
(42)

Table 7. Detailed Results of Six Experimental Runs of
Electro-Oxidation

term maximum minimum average std dev

(a) Soak Liquor-Optimal Condition for Maximum Removal of COD

COD removal (%) 95.30 93.80 94.40 0.61
BI 0.62 0.48 0.55 0.046
CE (%) 64.96 63.94 64.35 0.42
SEC [kW h (kg of COD)-1] 27.25 26.82 27.07 0.17

(b) Post-Tanning at Optimal Condition for Maximum BI

COD removal (%) 33.10 31.00 32.25 0.74
BI 0.70 0.61 0.65 0.03
CE (%) 110.64 103.62 107.80 2.47
SEC [kW h (kg of COD)-1] 11.32 10.60 10.88 0.25
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operation, even though the oxidation mechanism removes
organic matter, the proportion of easily degradable to slowly

degradable components changes, which results in a net decrease
in BI.

Figure 2. Combined effect on COD removal (%) in the batch recirculation
flow reactor treated for soak liquor: (a) at a circulation flow rate of 142.8
L h-1 for different electrolysis times and current densities, (b) at an
electrolysis time of 7.05 h for different circulation flow rates and current
densities, and (c) at a current density of 5.8 A dm-2 for different circulation
flow rates and times of electrolysis.

Figure 3. Combined effect on BI treated in the batch recirculation flow reactor
for post-tanning effluent: (a) at a circulation flow rate of 112.5 L h-1 for different
electrolysis times and current densities, (b) at an electrolysis time of 2.15 h for
different circulation flow rates and current densities, and (c) at a current density of
2.4 A dm-2 for different circulation flow rates and times of electrolysis.
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Whereas biological treatment always reduces BI, because of
the attack on easily biodegradable components first, electro-
chemical treatment results in an increased BI because of its
initial attack on slowly biodegradable long-chain molecules.
Thus, a cascade of electro-biological treatments in series is

expected to improve the performance of the overall process
significantly. Operation at lower current density (up to 2.4 A
dm-2) can attack preferentially the slowly degradable compo-
nents, converting them into easily degradable species, resulting
in an increase in BI. During operation at current densities greater
than 2.4 A dm-2, both slowly and easily biodegradable
components can be simultaneously attacked by the greater
quantity of oxidants generated, resulting in a net decrease in
BI. Circulation flow rate also has a similar effect on BI. At a
circulation flow rate of 112.5 L h-1, the trend of BI is reversed
(decreased) probably as a result of improved mass transport and
generation of more oxidants that attack the easily biodegradable
components.

4.2.3. Validation of Optimal Conditions for Maximum
COD Removal of Soak Liquor and Maximum BI of
Post-Tanning Effluent. The conditions of maximum COD
removal for the soak liquor and maximum BI for the post-
tanning effluent were verified experimentally by repeating the
experimental treatments six times and were examined in detail
by estimating the COD removal (%), current efficiency (CE in
%), and specific energy consumption based on the amount of
COD digested [SEC in kW h (kg of COD)-1] using the 33 and
34. The results are presented in Table 7. It can be seen from
the table that the responses predicted by the two models at the
optimal conditions are close to those observed experimentally.
Values of current efficiency reported to be greater than 100%
are a clear indication that a mechanism other than electrochemi-
cal reaction contributes in destroying the organic part of the
waste.

4.3. Electro-Oxidation of Tanning Effluent. 4.3.1. Batch
Reactor. Even though the BI of the post-tanning effluent (0.57)
was found to be improved (Table 1) and amenable to direct
biological treatment, the dynamics of COD removal of the
effluent was investigated in a simple batch electrochemical cell;
the results are presented in Table 8a and Figure 4a. Table 8a
shows a considerable increase in the performance of the process
(with respect to completion of COD removal and energy values)
due to increasing current density up to 2.5 A dm-2. This might
be due to the generation of more oxidant species under
conditions such that there is a deficit of these species. The
increase in process performance for current densities of more

Table 8. Performance of Electro-Oxidation of Tanning Effluent

volume (L)
flow rate
(L h-1)

current density
(A dm-2) cell voltage (V)

COD
removal (%)

SEC [kW h
(kg of COD)-1] CE (%) k × 104 (cm s-1)

(a) Batch Reactor

0.3 1 3.4 38.7 17.43 43.57 4.4
1.5 3.8 54.3 20.83 40.75 6.87
2.5 4.65 79.5 29.01 35.8 14.52
3.5 5.6 87.6 44.39 28.18 19.35
5 5.7 88.3 64.04 19.88 20.68

0.4 1 3.4 34.2 14.79 57.75 3.99
1.5 3.7 52 15.88 58.54 6.52
2.5 4.5 77.1 21.71 52.08 13.63
3.5 5.52 84.3 34.1 40.67 17.15
5 5.65 85.3 49.28 28.81 18.55

0.5 3.2 33.4 11.41 75.2 3.74
3.5 48.7 12.83 73.1 6.04
4.35 73.3 17.66 66.01 12.66
5.4 81.5 27.61 52.43 16.45
5.6 84.7 39.35 38.14 18

(b) Batch Recirculation Reactor

2 20 2.5 4.11 58 18.37 74.97 9.35
40 2.5 4.1 60.9 17.45 78.71 10.09
60 2.5 4.07 64.8 16.28 83.75 11.21
80 2.5 4 70.1 14.79 90.6 12.96

100 2.5 3.97 71.3 14.43 92.16 13.4

Figure 4. Variation of COD removal (%) of tanning effluent with time: (a)
at different current densities in the batch reactor (conditions: volume treated
) 500 mL, influent COD ) 2500 mg L-1, initial pH ) 7.5) and (b) at
different circulation flow rates in the reservoir of batch recirculation (filter-
press) reactor (conditions: current density ) 2.5 A dm-2, volume treated
) 2 L, influent COD ) 2500 mg L-1, initial pH ) 7.5.
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than 3.5 A dm-2 was found to be very minimal. This is probably
due to the changeover of the controlling mechanism from an
oxidant-limiting situation to, say, a mass-transfer-controlled
situation.

The effect of the specific electrode surface (surface area per
unit volume of the effluent) on COD removal was studied with
various treatment volumes but with the same electrode area.
The results presented in Table 8a show that the completion of
COD removal decreases as the specific electrode area decreases.
This is probably due to the decrease in the ratio of oxidant
species to organic matter. Even though the extent of completion
of the process is low, the amount of COD removed per unit of
electrical energy consumed (inverse of specific energy con-
sumption) and the utilization of energy for the targeted operation
(current efficiency) are better under conditions of lower specific
electrode surface. Figure 4a shows the dynamics of COD
removal at various current densities. It can be seen from the
figure that almost 90% of the COD is removed within 8 h of
treatment at a current density of 2.5 A dm-2 when 500 mL of
the effluent is treated. Operation at lower current density levels
(1 A dm-2) requires a longer duration (18 h) to reach the same
extent of completion of the process.

4.3.2. Batch Recirculation Reactor. The tanning effluent
was also tested by treatment in a batch recirculation electro-
chemical reactor; the results are presented in Table 8b and Figure
4b. Increasing the circulation flow rate showed an improvement
in the performance of the process with respect to completion
of the process and energy values. This might be due to the
improvement of transfer coefficients at increased circulation flow
rates. On the basis of the present investigation, the scheme
shown in Figure 5 is proposed for including electrochemical
steps in the existing biological wastewater treatment system for
the purpose of enhancing its overall performance.

5. Conclusions

It has been reported repeatedly that the electrochemical
degradation of the organic part of industrial effluents is
technically feasible and offers advantages such as a superior
rate and lower amounts of side products. However, the
consumption of the costliest form of energy makes the process
economically infeasible in most cases. Complete mineralization
of heavily loaded effluents is not acceptable because of the
energy costs. The requirement of adding salt to improve the
overall performance of the process is also a drawback. However,
the trend of increasingly stringent environmental regulations will
soonovertake the growing energy and electrode costs and make
the process economically viable. The extraordinary ability of
the technique to remove the organic part, color, and odor and
improve the biodegradability is noticeable. In the present
investigation, these abilities were optimally utilized improve the
performance of a conventional biological treatment process of
wastewater from a typical small-scale tannery, in terms of both
efficiency and economics. Salt available in the soak liquor is
effectively disposed by optimally utilizing two electro-oxidation
steps in order to achieve maximum energy efficiency and better
overall performance of the system. An outline of a treatment
scheme is proposed.

Electrochemical degradation of the soak liquor, tanning
effluent, and post-tanning effluent has been investigated using
Ti/RuOx-TiOx-coated titanium substrate insoluble anode (TSIA).
The treatment was found to be effective for the soak liquor in
almost complete mineralizing the organic part. A high concen-
tration of sodium chloride makes the process effective by
improving the rate, completion, and energy efficiency of the
process. The optimal operating point giving maximum COD
removal (94.8%) was found using RSM to be at a circulation

Figure 5. Proposed tannery wastewater treatment scheme.
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flow rate of 142.8 L h-1, a current density of 5.8 A dm-2, and
a time of 7.05 h. The salt remaining in the treated liquor is
partly utilized in improving the ionic conductivity of the post-
tanning effluent for electrochemical treatment. The post-tanning
effluent was pretreated for improvement of biodegradability. The
maximum improvement in BI (from 0.3 to 0.67) occurred under
conditions of a circulation flow rate of 112.5 L h-1, a current
density of 2.4 A dm-2, and a time of 2.15 h. Investigation of
the tannery effluent in batch mode showed the influence of
current density, specific electrode surface, and duration of ele-
ctrolysis on the profess performance measured in two dimen-
sions: completion of the process and current efficiency of the
process. An alternate treatment scheme has been proposed for
including electrochemical steps in the existing biological
wastewater treatment system.
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