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a b s t r a c t

Conventional wastewater treatment techniques are inefficient to manage large quantities of refractory
organics discharged by specialty chemical industries. It is aimed in the present investigation to compare
overall performance of the basic electrochemical reactor configurations such as batch, batch recircula-
tion and continuous recycle reactors, in removing the organic part of wastewater from a medium-scale,
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specialty chemical industry. The effects of current density, supporting electrolyte concentration, elec-
trolysis duration and fluid flow rate on the pollutant removal and energy consumption performances
were critically evaluated. Continuous recycle reactor is found to be the better configuration, because of
its flexibility of operation. Circulation flow rate and withdrawal flow rate enable control on transfer coef-
ficients and treatment duration respectively. The ability of artificial neural network (ANN) in predicting

atch e
rtificial neural network
ecycle reactor

the performance of the b

. Introduction

Treatment and safe disposal of bio-refractory pollutants in an
nvironmentally acceptable manner is a topic of universal impor-
ance. Speciality chemical industries require large volumes of water
f high purity and discharge large quantities wastewater containing
umber of refractory organics pollutants. The wastewater is com-
lex and highly variable with respect to its nature, containing high

evels of chemical oxygen demand (COD around 48,000 mg L−1),
issolved solids, a low level of biochemical oxygen demand, a con-
iderable amount of total organic halogen and intense color. The
ost extensively applied biological treatment often fail due to

he fact that many organic substances produced by the chemical
nd related industries are inhibitory, toxic or resistant to bio-
ogical treatment. Feasibility of the various advanced oxidation
rocesses based on ozone [1], hydrogen peroxide [2], hydrogen
eroxide/ferrous ion catalyst (the so called Fenton’s reagent) [3],
V radiation [4], sonochemical [5], and their combinations such
s ozone/UV [6], Fenton/UV [7], ozone/UV/hydrogen peroxide [8]
tc., for handling such pollutants are under investigation and their

pplication in large scale operation in still questionable.

Various electrochemical treatments such as electro-
oagulation, electro-oxidation etc. has also been studied for
anding these class of pollutants [9,10]. The performance com-
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lectrochemical treatment has also been demonstrated.
© 2009 Elsevier B.V. All rights reserved.

parison of the various electrochemical techniques and advanced
oxidation processes is of utmost interest of many researchers
[11–13]. Electrochemical techniques have been receiving greater
attention in recent years due to their distinctive advantages
such as, environmental compatibility; (the main reactant is the
electron which is a clean reagent) and versatility (a plethora of
reactors and electrode materials, shapes, and configurations can
be utilized). It is noteworthy that the same reactor can be used
frequently for different electrochemical reactions with only minor
changes and also the electrolytic processes can be scaled easily
from the laboratory to the plant, allowing treatment volumes
ranging from milliliters to millions of liters. Electrochemical
methods are generally safe because of the mild conditions and
innocuous nature of the chemicals usually employed. Electrodes
and cells can be designed to minimize power losses due to poor
current distribution and voltage drops and making the processes
more competitive in energy consumption than the conventional
techniques [14].

Development of phenomenological or empirical/semi-empirical
equations is always time consuming and usually has low accuracy
in prediction. In this context, soft computing technique like arti-
ficial neural network (ANN) provides an efficient alternative. ANN
has become increasingly recommended for applications where the
mechanistic description of the interdependence between variables
is either unknown or very complex. One of the characteristics of

modeling based on ANN is that it does not require the mathemat-
ical description of the phenomena involved in the process, and
might therefore prove useful in simulating and up-scaling com-
plex electrochemical systems. The fundamental element of ANN is
the processing elements called neurons. ANN can learn the latent

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cab_50@rediffmail.com
mailto:basha@cecri.res.in
dx.doi.org/10.1016/j.jhazmat.2009.10.131
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ig. 1. The logical flow chart illustrating the technique of integrating electro-oxidati
reatment for complete mineralization.

elationships between the inputs and outputs without prior knowl-
dge about functional relationship between them. ANN is more
ffective in expressing the non-linear relationships between the
ependent and the independent variables. In addition to these, the
lasticity of ANN enables updating the network with new data. The
rocessing style of neural network is parallel and there is no strict
ule or algorithm to follow. Further, ANNs are known as universal
unction approximators and they try to provide a tool that both pro-
rams learn on their own. Provision of model free solutions, data
rror tolerance, built in dynamism and lack of any exogenous input
equirement makes ANN attractive [15].

In the present investigation electrochemical degradation
ethodology has been applied in a batch, batch recirculation and

ontinuous recycle modes in managing the wastewater discharged
y a typical medium-scale speciality chemical industry. The pur-
ose behind the investigation is not to treat the effluent in the
ethodology recommended, but to estimate the energy demanded

y such a treatment so that a protocol similar to the logical flow
hart illustrated in Fig. 1 can be devised with the knowledge
f specific energy/charge required for complete mineralization

f this heavily loaded effluent (this may not be economically
iable if electrochemical degradation methodology alone followed
ecause of the energy consumption). The alternative technique is

ntegrating the electrochemical degradation (for improvement of
iodegradability [9]) with conventional techniques such as bio-
r improvement of biodegradability) with conventional techniques such as biological

logical treatment might be well accepted. The potential of ANN in
predicting the performance of the batch electrochemical treatment
has also been demonstrated. It is possible to predict the extent of
removal of COD by feeding the factors such as current density, time
and supporting electrolyte concentration. This is useful in design
and scale-up of the process.

2. Materials and methods

The effluent was collected from M/s Sanmar Speciality Chemi-
cals Limited, Berigai, Hosur, Tamilnadu, India. This medium-scale
unit manufactures performance chemicals for flavours and fra-
grances, resins, polymers, elastomers and intermediates for
complex phytochemicals extracted from plants such as aloe vera,
sunflower etc. The unit generates effluent around 35,000 L per day
containing industrial solvents such as benzene, ethylbenzene,
toluene, xylene and hexane and sodium chloride (used for cleaning
the equipments and the processing units). Physicochemical char-
acterization of the effluent was carried out. The effluent was found
dark brown colored and almost neutral (pH 7.3). Major portion

of the solids were appeared in suspension, 6300 mg L−1 (dissolved
solids: 156 mg L−1) and found heavily loaded organic matter espe-
cially in dissolved form (COD: 48,000 mg L−1). The low value of its
BOD5 (1100 mg L−1, biodegradability index: 0.023) indicates the
inappropriateness of the conventional biological treatment.
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Fig. 2. Experimental set-up of flow reactor: (1) reservoir, (2) pump, (3) rotameter,
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The effluent was distilled at atmospheric pressure in a simple
istillation set-up in order to measure the contribution of volatile
art in the pollution load (being the case of removal of volatile
art, this operation can be practiced in a solar evaporation set-
p). The COD of distillate was measured 17,750 mg L−1 with a
istillate–residue weight ratio of 4. BOD5 of the distillate is found
lmost zero. The semi-solid appeared residue, after removal of the
rystallised salt, was so concentrated in organic matter that it can be
urned with the starting support of fuel. The electrochemical degra-
ation of the distillate is examined in the present investigation. All
he chemicals used in the study were of analytical reagent (AR)
rade. COD of the samples was determined using the dichromatic
pen reflux method, strictly following the APHA [16]. Experiments
ere repeated until the difference found less than 3%. Electro-

hemical experiments were carried out using Ti/RuOx–TiOx coated
itanium substrate insoluble anode (TSIA) [17] and stainless steel
athode.

.1. Treatment in batch mode

Experimental set-up of the batch reactor used for electrochem-
cal degradation studies consists of a Perspex cylinder of 500 mL
apacity (diameter: 8 cm, height: 11 cm) with a PVC lid having the
rovision to fit a pair of electrodes. Provisions were also made in
he lid for periodic sampling. A rectangular, stainless steel flat plate
nd a rectangular flat expanded mesh of titanium (catalytic oxide
oated) of dimensions 5.5 cm×6.5 cm, were functioned as the cath-
de and the anode respectively. The plates were arranged parallel
o each other with an inter-electrode gap of 10 mm. The void frac-
ion of the mesh type anode was 20% by area, which resulted in
n effective area of 25.52 cm2 (dipped area: 5.5 cm×5.8 cm). The
lectrodes were connected to a 5 A, 10 V DC regulated power sup-
ly, through an ammeter and a voltmeter. The preliminary batch
xperiments on COD removal were conducted to find the influenc-
ng parameters and their experimental domain. The wastewater

as prepared for improvement of its ionic conductivity by adding
he required amount of sodium chloride. Since the pH of the efflu-
nt was found to be less in influencing the response (comparatively
etter at neutral) during the preliminary runs, no adjustment was
one. The electrode plates were cleaned manually by washing them

n distilled water prior to every run. The electrodes were placed
n the required volume (200 mL) of wastewater taken in the cell
uch a way that 25.52 cm2 of active surface of the anode immersed.
he solution was constantly stirred at 200 rpm using a magnetic
tirrer in order to maintain uniform concentration. DC power sup-
ly was given to the electrodes according to the required current
ensity and the experiments were carried out under constant cur-
ent conditions. The efficiency of the batch electrochemical reactor
n removing the organic part of the effluent (measured through
OD) was studied at various conditions of current density (up to
.0 A dm−2), supporting electrolyte concentration (up to 6 g L−1)
nd electrolysis duration (up to 10 h). Separate experiments were
onducted for the development of ANN model. Totally, 125 data
ere collected in random combination of factors within the exper-

mental domain (current density: 2–7 A dm−2; electrolysis time:
–10 h; and supporting electrolyte concentration: 2–7 g L−1).

.2. Treatment in batch recirculation mode

The experimental set-up of batch recirculation/recycle mode
f operation used for the electrochemical degradation studies is

chematically represented in Fig. 2. By adjusting of the valves the
ame set-up can be operated either in batch recirculation or recy-
le modes (i.e., for batch recirculation mode of operation, streams
0 and 12 will be in closed condition). The electrochemical reac-
or is of filter press type of 700 mL capacity. Two stainless steel
(4) flow cell, (5) anode, (6) cathode, (7) digital voltmeter, (8) digital ammeter, (9) D.C.
regulated power supply, (10) treated wastewater outlet, (11) recirculation stream,
(12) wastewater inlet reactor, and (13) mechanical agitator. For batch recirculation
system streams 10 and 12 will be absent.

rectangular flat plates and one rectangular flat expanded mesh
of Ti/RuOx–TiOx coated titanium substrate insoluble anode (TSIA)
were functioned as cathodes and anode respectively (see Fig. 2). The
plates were arranged parallel to each other with a constant inter-
electrode gap of 12 mm, anode being at the centre. The void fraction
of the mesh type anode accounts 20% by area, which resulted in an
effective anode area of 290 cm2 (25 cm×14.5 cm). Electrodes were
connected to a 10 A, 25 V DC regulated power supply in mono-polar
mode, through an ammeter and a voltmeter. The other compo-
nents of the set-up being a reservoir of 5.0 L capacity, a magnetically
driven self-priming centrifugal pump and a rotameter, connected
using silicone rubber tubes.

The batch effluent volume considered for every experimental
run was 2.0 L adjusted with supporting electrolyte concentration
(5 g L−1). Required flow rate through the reactor was established
by pumping and adjusting the valves. The effluent enters the cell
through a bottom connection provided at the gap between the
anode and one of the cathode, passes through the perforations
in the anode mesh plate to reach the other chamber and leaves
through the outlet connection situated at the top position of the
chamber. The flow rate of the effluent was measured by using a cal-
ibrated rotameter. After reaching the steady-state flow, DC power
supply was given to the electrodes keeping constant current at the
required level and for the set duration of electrolysis. Samples were
collected from the reservoir for estimation of COD. Experiments
were conducted for the cases of circulation flow rates varying from
20 to 100 L h−1 for two current densities of 4 and 5 A dm−2.

2.3. Treatment in recycle mode
The experimental set-up of the recycle mode of operation is
schematically represented in Fig. 2. Wastewater dissolved with
5 g L−1 sodium chloride was filled in the reservoir. The required
recycle flow rate (Q) and withdrawal flow rate (q) was established
by pumping and adjusting the valves. The wastewater inlet flow
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ate was adjusted to reach steady state reservoir level. Keeping the
ecycle flow rate (Q) constant 20 L h−1 the inlet/discharge flow rate
q) was varied (1–6 L h−1). DC power supply was connected to the
lectrodes keeping a constant current for the required current den-
ity of 4 A dm−2. Samples were collected from the exit stream for
ach experimental condition for estimation of COD.

.4. Artificial neural network

Most applications require networks that contain at least three
ormal types of layers—input, hidden and the output. The number
f the layers and processing elements in the layers vary from one
rocess to another. The user must determine the optimal number
f layers and neurons. Generally, the number of layers and pro-
essing elements are defined by trial and error. Back-propagation
ethod is a first order gradient method of ANN. The training of

ack-propagation neural network consists of two phases: a forward
ass during which the processing of information occurs from the

nput layer to output and a backward pass when the error from the
utput layer is propagated back to the input layer and the intercon-
ections are modified [18].

In the present study, feed-forward ANN model is designed in
ack-propagation training algorithm using the Neural Network
oolbox of MATLAB 7. The number of neurons in input and output
ayers depends on independent and dependent variables, respec-
ively. Since one dependent variable—percentage removal of COD;
epend on three variables—current density, electrolysis duration
nd supporting electrolyte concentration; one and three neurons
ere devoted to output and input layers respectively. All inputs and

utputs were linearly normalized before entering in ANN, using the
ollowing equation [19]:

i =
Xi − Xmin

Xmax − Xmin
(rmax − rmin)+ rmin (1)

here Xi is input or output of the network, Ai is the normalized
alue of Xi, Xmin and Xmax are extreme values of Xi, and rmin and rmax

efine the limits of the range where Xi is scaled. In this work, input
nd output data are normalized between −1 and 1; and 0.2 and
.8 respectively. After modeling, results were converted to original
tate.

Neural Network Toolbox of MATLAB 7 allows selecting the net-
ork type, number of hidden layers and hidden layer neurons,

terations during the model training and transfer functions. The
on-linear function chosen was tan-sigmoid. The training algo-
ithm used was Levenberg–Marquart and other parameters for
etwork were chosen as the default values of the software. Weights
ere initialized with random values for training. Optimal network

opology was determined by developing several networks that vary
nly with the size of hidden layer and simultaneously observing the
hange in the standard error.

. Theoretical approach—electro-oxidation

The mechanism of electrochemical oxidation of wastewater is
complex phenomenon involving the coupling of electron trans-

er reaction with a dissociate chemisorption step. Basically two
ypes of oxidative mechanism may occur at the anode; in the case
f an anode with high electro-catalytic activity, oxidation occurs
t the electrode surface, called direct electrolysis; in the other
nstances, for example metal oxide electrode, oxidation occurs via
he surface mediator generated continuously on the anodic surface,

alled indirect electrolysis. In direct electrolysis, the rate of oxida-
ion is depending on electrode activity, pollutants diffusion rate
nd current density. The electrochemical conversion/combustion
f organics on noble oxide coated catalytic anode (Ti/RuOx–TiOx)
an be explained as follows. In the first step, H2O is discharged at
ous Materials 176 (2010) 154–164 157

the anode to produce adsorbed hydroxyl radicals according to the
reaction,

(RuOx–TiOx) + H2O → (RuOx–TiOx)(•OH) + H+ + e− (2)

In the second step, the adsorbed hydroxyl radicals may interact
with the oxygen already present in the oxide anode with possi-
ble transition of oxygen from the adsorbed hydroxyl radical to the
oxide to form the higher oxide (RuOx–TiOx+1).

(RuOx–TiOx)(•OH) → (RuOx–TiOx+1) + H+ + e− (3)

At the anode surface, active oxygen can be present in two states,
either as physisorbed adsorbed hydroxyl radicals (•OH) or/and
as chemisorbed (oxygen in the lattice (RuOx–TiOx+1)). In the
absence of oxidizable organics, the active oxygen produces dioxy-
gen according to the following reactions:

(RuOx–TiOx)(•OH) → (RuOx–TiOx) + 1/2O2+H+ + e− (4)

(RuOx–TiOx+1) → (RuOx–TiOx) + 1/2O2 (5)

When NaCl is used as supporting electrolyte, chloride ion may
anodically react with (RuOx–TiOx)(•OH) to form adsorbed –OCl rad-
icals according to the following reaction,

(RuOx–TiOx)(•OH) + Cl−→ (RuOx–TiOx)(•OCl) + H+ +2e− (6)

Further, in presence of chloride ion, the adsorbed hypochorite
radicals may 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 the reaction given below. Simultane-
ously (RuOx–TiOx)(•OCl) can react with the chloride ion to generate
active oxygen (dioxygen) and chlorine according to the following
reactions:

(RuOx–TiOx)(•OCl) + Cl−→ (RuOx–TiOx+1) + Cl2+ e− (7)

(RuOx–TiOx)(•OCl) + Cl−→ (RuOx–TiOx) + 1/2O2+Cl2+ e− (8)

In the presence of oxidizable organics, the physisorbed active
oxygen (•OH) can cause predominantly the complete combustion
of organics and chemisorbed will participate in the formation of
selective oxidation [20,21] products according to the following
reactions:

1
2 R+ (RuOx − TiOx)(•OH)→ 1

2 ROO+H+ + e− + (RuOx − TiOx) (9)

R + (RuOx–TiOx+1) → RO + (RuOx–TiOx) (10)

The physisorbed route of oxidation is the preferable way for
waste treatment. Since, the organic hydrogen peroxides formed are
relatively unstable; decomposition of such intermediates will lead
to molecular breakdown and the formation of subsequent interme-
diates with lower carbon numbers. These sequential reactions will
continue until the formation of carbon dioxide and water [22,23].
In this case, the diffusion rate of organics on the anode area con-
trols the combustion rate [24,25]. On the other hand, temperature,
pH and diffusion rate of generated oxidants determine the rate of
oxidation in indirect electrolysis. In the same way indirect electro-
chemical oxidation mechanism has been proposed for metal oxide
with chloride as the supporting electrolyte for wastewater treat-
ment [26–28]. The reactions of anodic oxidation of chloride ions to
form chlorine in bulk solution as given by Eqs. (7) and (8) further
proceeds as follows:

2Cl−
k1−→Cl2 + 2e− (11)
Cl2 +H2O
k2−→H+ + Cl− +HOCl (12)

HOCl
k3←→
k3′

H+ +OCl− (13)
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rganic+OCl−
k4−→CO2 +H2O+ Cl− (14)

ince organic compounds of the effluent are electrochemically inac-
ive, the primary reaction occurs at the anodes is chloride ion
xidation [Eqs. (7) and (8)] with the liberation of Cl2, which is a
obust oxidizing agent. As regards the reactions in bulk, gaseous Cl2
issolves in the aqueous solutions due to ionization as indicated in
quation (12). In cathode the following reactions takes place

H3O+ +2e−→ H2+2H2O pH > 7 (15)

H2O + 2e−→ H2+2HO− pH < 7 (16)

The rate of bulk reaction is less in acidic solution due to OH−

nstability and considerably more in basic solution due to the ready
ormation of OCl− (pKa 7.44) ion in Eq. (13) implying that the
asic or neutral pH conditions are more favorable for conducting
eactions involving chlorine. The rate of direct electro-oxidation
f organic pollutants depends on the catalytic activity of the
node, the diffusion rate of the organic compounds in the active
oints of anode and applied current density. The indirect electro-
xidation rate of organic pollutants depends on the diffusion rate
f the oxidants into the solution, flow rate of the effluent, tem-
erature and the pH. In moderate alkaline solutions, a cycle of
hloride–chlorine–hypochlorite–chloride takes place, which pro-
uces OCl−. The pseudo-steady state theory can be applied to each
f the intermediate products (HOCl and OCl−) in the bulk solution.
he rate of reaction of the components can be written as

rCl2 = k2[Cl2] (17)

HOCl = k2[Cl2]− k3[HOCl]+ k′3[H+][OCl−] = 0 (18)

OCl− = k3[HOCl]− k′3[H+][OCl−]− k4[organic][OCl−] = 0 (19)

rorganic = k4[organic][OCl−] (20)

hen using the above equations we can easily deduce the following
xpression:

rCl2 = −rorganic = k4[organic][OCl−] (21)

inally as regard to bulk solution it is also to be noted that−rCl2 = r-
Cl

rom Eq. (12), that is

rCl2 = rCl− = k2[Cl2] = −rorganic = k4[organic][OCl−] (22)

here the rate of reaction ri and the rate constants ki (i = 2, 3 and 4)
re defined with respect to the bulk. The rate expression for main
lectrode reaction as per Eq. (11) can be written as

r′
Cl− = r′Cl2

= k1[Cl−] (23)

here k1 is the heterogeneous electrochemical rate constant.
In the following section an attempt is made to establish a rela-

ion between the reacting species in bulk and at the electrode
urface. The basic relationship applicable to all electrochemical
eactions is Faraday’s law that relates to the amount of substance
eacted on the surface to the charge (IAt) passed, MAIAt/nF (assum-
ng 100% current efficiency) and the characteristic measurable
arameter, current density, iA (defined as IA/Ae). Thus, the electro-
hemical reaction rate (for the disappearance of reactant A) can be
xpressed as(

VR

A

)
d[A]
dt
= iA

nF
(24)
e

here IA is the current passed in time t, MA is the molecular weight,
is the number of electrons transferred per mole of reaction,

e electrode area, VR reactor volume and F is the Faraday con-
tant (96,485.3 C/mol). It has to be noted that−rA =−d[A]/dt = iAa/nF
ous Materials 176 (2010) 154–164

where a is specific electrode area (Ae/VR). Assuming the main elec-
trode reaction, governed by a simple Tafel type expression,

−
(

VR

Ae

)
d[A]
dt
= iA

nF
= k′[A]exp(bE) (25)

or

−r′
Cl− = r′Cl2

= k1[Cl−] = k′1a[Cl−]exp(bE) (26)

The reaction may be assumed to be under diffusion control as the
reacting species, Cl− in the electrolyte is dilute. The reactant Cl− is
transported from the bulk to electrode surface where it undergoes
electrochemical oxidation to Cl2 and it may be transported back to
the bulk by diffusion reaction in the bulk. Then,

iA
zF
= kL([Cl−]− [Cl−]s) (27)

Elimination of [Cl−]s using Eqs. (17) and (18),

iA
zF
= k1[Cl−] (28)

where

1
k1
= 1

kL
+ 1

k′ a exp(bE)
(29)

From a material balance of species Cl− by taking note of Eqs. (13)
and (14) we can write

iA
zF
= k′[Cl2] (30)

iA
zF
= k′′[organic][OCl−] (31)

During electrolysis, if constant current is applied, the rate of
generation of [OCl−] will remain constant under a given set of
experimental condition, but will vary if the applied current is
altered. Then,

iA
zF
= kobs[organic] = k[COD] = kC (32)

3.1. Batch reactor

Adopting the same classification for the reactors as for conven-
tional reactors, the electrochemical reaction rate (for removal of
COD) in batch reactor can be expressed as

−
(

VR

Ae

)
dC

dt
= iA

zF
= kLC (33)

C = Coexp(−kLat) (34)

or integrated form − ln
[

C

Co

]
= kLat

In electrochemical conversion, the high molecular weight aro-
matic compounds and aliphatic chains are broken to intermediate
products for further processing. In electrochemical combustion, the
organics are completely oxidized to CO2 and H2O. The progress of
the destruction of the organic pollutant was monitored by COD esti-
mation. The potentials required for oxidation of organic pollutants
are generally high and the production of oxygen from the elec-
trolysis of water molecules may determine the reaction yield. The
current efficiency of the electrolysis can be calculated using the
following expression.
current efficiency (CE) = VR�C × 10−3

(16It/2F)
× 100 (35)

where �C is the difference in COD in mg L−1, due to the treatment
by passing I current for t seconds. VR is volume of the reactor (liters).
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represents the volumetric flow rate in L s−1 and F, Faraday’s con-
tant. Current efficiency can be defined as the ratio of milligrams of
xygen demand removed by the passage of a given charge of elec-
rical energy to the equivalent milligrams of oxygen predicted by
araday’s law. During electrochemical degradation of organic mat-
er COD removal is not due to oxidation by molecular oxygen alone.
number of other strong oxidizing agents (as explained before) are

enerated in situ which play major role in the destruction of the
rganic matter. So it is not possible to expect the current efficiency
gures in the range of 0–100%.

While current efficiency indicates the fraction of the total cur-
ent passed for the targeted reaction, the term, specific energy
onsumption (SEC) is the quantity of energy consumed in the pro-
ess for a kg of COD to get digested. The term (in kW h kg−1) for
atch reactor can be obtained using the equation,

pecific energy consumption (SEC)= VIt

3600× 103
× 1

�C × VR × 10−6

(36)

here V represents the applied cell voltage in volts and the remain-
ng terms are as defined above.

.2. Batch reactor with recirculation mode

As the flow through the reactor only in axial direction and the
ispersion number is very low, plug flow exists in the present in
ase of flow reactor. It was arrived based on residence time dis-
ribution (RTD) tracer experiment. An approximate model may be
escribed by a plug flow reactor (PFR) in which the reactions take
lace. A dynamic material balances to each of component or species
an be written as

[rate of change mass of species in the reactor]

= [rate of mass input]− [rate of mass output]

∓
∑

[rate of mass of species disappeared or generated

physicochemical phenomena]

The concentration variation of organic in the differential volume
f reactor (see Fig. 2) can be written as

A �x

(
∂C ′

∂t

)
= Q

(
∂C ′

∂x

)
�x + A �x kLa C ′ (37)

HS represents the rate of change of COD in the differential volume
f reactor, A �x where A is the cross-section area of the reactor. The
rst term of the RHS is the net rate of change of COD due to the bulk
ow in the differential volume and Q is the volumetric flow rate
hrough the reactor. The last term in the right-hand side represents
he rate of degradation of organic contaminants the solution due to
eaction.

Considering the reservoir to be a perfectly back-mix system, the
ass balance of the species across the reservoir can be written as:(

dC

dt

)
= QC ′ − QC (38)

urther it can also be assumed that the reactor is under steady state
ondition as dC′/dt = 0, and rewrite Eq. (33) as(

k A
)

′ = C exp(−kLa�R) = C exp − L e

Q
(39)

here a is specific electrode area (Ae/VR) and �R is the residence
ime (VR/Q) in the reactor. The mass balance equation can be solved
fter substitution of the expression for C′, knowing the initial COD,
ous Materials 176 (2010) 154–164 159

the resultant equation can be written as

C

Co
=exp

[
− t

�
(1− exp(−kLa�R))

]
=exp

[
− t

�

{
1− exp

(−kLAe

Q

)}]
(40)

where Co is the initial value of COD of waste water and � is the
residence time (V/Q) in the reservoir.

It should be noted that the extent of degradation is defined as
X = (Co−C)/Co. The unconverted species (1−X), (or C/Co), decreases
exponentially with time. According to Eq. (40), the slope of the
plot of −ln(1−X) versus t, gives the value

{
1− exp(−kLAe/Q )

}
/�

from which the value of kL, the rate transfer coefficient, may be
computed.

The current efficiency (CE) and specific energy consumption
(SEC) figures for flow reactors are obtained using the following
expressions.

current efficiency (CE) = Q �C × 10−3

(16I/2F)
× 100 (41)

specific energy consumption (SEC) = VI

3600× 103
× 1

�C × Q × 10−6

(42)

3.3. Recycle reactor

For the recycle reactor system, streams 10 and 12 will be present
and the material balance around the reservoir will give concentra-
tion of the reactant entering the reactor as,

C = qC0 + QC ′

q+ Q
= RC0 + C ′

R+ 1
(43)

where q is the volumetric inlet/discharge flow rate, and R is the
ratio, defined as R = q/Q and Q, the bulk flow rate of the effluent
circulating and entering the reservoir all the time. The material
balance around the reactor,

C ′ = C exp(−kLa�R) = C exp
(
− kLAe

Q + q

)
(44)

where Q + q is the total flow of effluent passing through the reactor.
In Eq. (40) substituting for C′ from the above expression, we get

C = RC0 + C exp(−(kLAe)/(Q (1+ R)))
R+ 1

(45)

The above equation can be rearranged in the following form.(
kLAe

Q (1+ R)

)
= ln

(
1− X

(R+ 1)(1− X)− R

)
(46)

According to Eq. (46), the slope of the plot ln((1− X)/((R+ 1)(1−
X)− R)) versus 1/(1 + R)Q, gives the value kLAe from which the value
of kL, the rate transfer coefficient, may be computed for the given
conversion in the recycle reactor.

4. Results and discussion

The results of the experiments carried out are presented in
Figs. 3–6. Preliminary batch experiments show that the electroly-
sis time, supporting electrolyte concentration and current density
considerably influence the performance of the process. Process per-
formance is defined in two ways, one with respect to the extent

of reaction completion (X or % COD removal) of the process and
the other with respect to the specific energy consumption, SCE
(kW h kg−1) in the process. Rate of the process, determined by the
current density (Eq. (32)), is evaluated in terms of the heteroge-
neous rate constant kL (cm s−1) by monitoring the extent of COD
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Fig. 3. The effect of supporting electrolyte concentration on performance of the
process in batch reactor. Conditions: current density of 4 A dm−2, initial COD:
17,750 mg L−1, pH 7, specific electrode surface: 0.128 cm−1, duration: 10 h, volume
of effluent treated: 200 mL. (a) Variation of COD removal (%) and (b) variation of
COD removal (%) and specific energy consumption.

Fig. 4. The effect of current density on performance of the process in batch reactor.
(a) Variation of COD removal (%) and (b) variation of COD removal (%) and specific
energy consumption. (All conditions are same as Fig. 3 except supporting electrolyte
concentration 5 g L−1.)

Fig. 5. Effect of current density and flow rate on the performance of the process in

batch recirculation reactor. (a) Variation of COD removal (%) and (b) variation of COD
removal (%) and specific energy consumption. Conditions: supporting electrolyte
concentration: 5 g L−1, initial COD: 17,750 mg L−1, pH 7, volume of effluent treated:
2000 mL, and specific electrode surface: 0.145 cm−1.

removal. The energy consumption is also defined in two ways. The
current efficiency computation indicates the path and course of
the targeted reaction by monitoring the extent of COD removal
(Eq. (35)). The actual utilization of energy in fulfilling unit quantity
of the targeted reaction (specific energy consumption, SCE, kW h
(kg COD)−1), is found by monitoring the cell voltage and extent of
COD removal (Eq. (36)). The results of detailed batch experiments
are reported in Figs. 3 and 4. Batch studies were useful in deter-
mining the operating parameters such as electrolysis duration,
supporting electrolyte concentration and current density giving

better rector performance.

Fig. 3a indicates the variation of the extent of the removal of
organic contaminants (in terms of COD) with electrolysis duration
for various supporting electrolyte concentrations at a current den-

Fig. 6. Effect of withdrawal flow rate on the performance of recycle reactor. Con-
ditions: current density: 4 A dm−2, recycle flow rate: 20 L h−1 and other relevant
conditions as in Fig. 5.



azard

s
c
p
e
t
t
o
p
i
c
s
a
t
t
t
o
m
t
t
d
h

r
t
T
i
(
a
a
o
o
i
i
e
c
w

c
t
i
n
e
t
c
w
l

o
1
w
e
c
t
a
i
c
H
h
i
n

4

t
o

C. Ahmed Basha et al. / Journal of H

ity of 4.0 A dm−2. It can be seen from the figures that the rate of
hange of completion of the process decreases exponentially as the
rocess progresses especially at situations of higher salt levels. The
xpected increase in pollutant removal performance beyond 8 h of
reatment is marginal. It can also be observed from the figures that
he supporting electrolyte plays a major role in the degradation
f the organic matter present in the wastewater. Even though the
ollutant removal performance of the system increases an increase

n salt levels, the change in the performance decreases as the salt
oncentration increases. As can be read from Fig. 3b, increase in
upporting electrolyte concentration from 1 to 2 g L−1 resulted in
n improvement from 48.6% to 63.7% in COD removal after 10 h of
reatment. But the same improvement was very less (from 78.6%
o 79.1%) due to an increase in the supporting electrolyte concen-
rations at higher levels, i.e., from to 5 to 6 g L−1. The performance
f the process due to salt concentration was found to improve only
arginally beyond 5 g L−1. Since the post-treatment for removal of

he dissolved inorganic substances is cumbersome, the salt level in
he wastewater has to be limited. Moreover, current density is a
irect measure of the energy consumption of the process and thus,
as to be limited for better overall economics of the process.

The trend of heterogeneous rate constant kL (cm s−1) with
espect to the variation of current density and supporting elec-
rolyte concentration was also studied in batch mode of operation.
here is a marked improvement in the value of kL with an
ncrease in salt concentration, especially at lower salt levels
1.45×10−4 cm s−1 at 1 g L−1 to 2.21×10−4 cm s−1 at 2 g L−1), prob-
bly due to the generation of more oxidizing agents from the
dditional amount of salt added in the effluent. With the addition
f extra salt, the controlling step of the process might have changed
ver from a condition of limiting oxidizing agents to any other lim-
ting condition, such as limiting organic species. As can be seen
n Fig. 3b, an increase in salt concentration improves the specific
nergy consumption of the process, especially at lower salt con-
entrations. This may be due to the improved ionic conductance of
astewater.

The effect of current density on the performance of the pro-
ess is also studied; the results are presented in Fig. 4a and b. Both
he figures shows that the improvement in process performance
s marginal for current density more than 4 A dm−2. It was also
oticed that an increase in current density increases the specific
nergy consumption. The possibility of loss of electrical energy in
he form of heat and for unwanted reactions is more at high levels of
urrent density. Thus, in general, a higher current density operation
ill give high capacity utilization, at the expense of more energy

oss.
In this investigation, for indirect electrochemical degradation

f organic contaminants, the current efficiencies increased above
00%. In the electrochemical degradation of pulp and paper mill
astewater, Mishra and co-workers [29] had reported current

fficiencies ranging from 400% to 500% and others [30] reported
urrent efficiency increases above 100%. Again it should be noted
hat COD is not a chemical compound to follow Faraday’s law in
thermodynamic sense. These higher value efficiencies may only

ndicate that there exists a large chemical reaction and physi-
al processes such as adsorption to contribute to COD reduction.
ere formation of strong oxidising agents such as chlorine (Cl2),
ypochlorite (OCl−), and chlorate (ClO3

−) may occur and these
ntermediate products may chemically oxidize organic contami-
ants of effluent in a long period of electrolysis.
.1. Batch reactor with recirculation mode

Dynamic response of the COD removal performance of the sys-
em was studied at various flow rates, Q at constant conditions
f current density (4 A dm−2), supporting electrolyte concentration
ous Materials 176 (2010) 154–164 161

(5 g L−1) and initial COD (17,750 mg L−1); the result is presented in
Fig. 5a and b. There is an increase in percentage of COD removal of
the process with respect to time as shown in Fig. 5a. The improve-
ment in process performance after 7 h of operation is marginal. It
can also be seen in the figure that the pollutant removal perfor-
mance of the system improves considerably with an increase in the
flow rate. As can be seen in Fig. 5b, the COD removal of the system
after 7 h of operation was found to be 65.3% and 82.7% at circula-
tion flow rates of 20 and 100 L h−1 respectively at a current density
of 4 A dm−2. This may because of the enhancement of the transfer
coefficient at higher flow rates. Pollutant removal performance and
energy consumption performance of the system were studied with
respect to the variation of flow rates for treatment duration of 7 h at
constant conditions as explained above; the results are presented
in Fig. 5b.

The improvement in COD removal (65.3–82.7%) resulted in con-
siderable improvement in current efficiency, CE (95.6–121.1%) and
specific energy consumption, SCE (15.06–12.45 kW h kg−1) figures
of the system when the flow rate (Q, L h−1) increased from 20 to
100 L h−1 at a current density of 4 A dm−2. This may because of the
improved ionic conductivity by bulk movement and with the reduc-
tion of resistance on the electrode surface. The quantity of pollutant
removed as been improved by 3.8 times; by this change in flow rate.
It has been tried to correlate the mass transfer coefficient with the
velocity of effluent flowing through the reactor, in the form,

kL = m un (47)

By graphical solution of the above equation the values of m and n are
obtained as 4.44 and 0.362 respectively for operation at a current
density of 4 A dm−2. This observation indicates that the kL for the
flow channel may be expressed theoretically using a Leveque-type
Eq. [31] in which kL is dependent on u0.33.

4.2. Recycle reactor

The pollutant removal and energy consumption performance
of the recycle reactor was studied for various influent/withdrawal
flow rates (q, L h−1) at a recycle flow rates (Q, L h−1) of 20; the
results are presented in Fig. 6. An increase in withdrawal flow
rate decreases the COD removal. The percentage of COD removals
reported at 1 and 6 L h−1 are reported as 21% and 5.3% respectively.
This may be due to the shorter residence time at higher withdrawal
flow rates. The improvement in the power consumption at higher
withdrawal flow rates can be seen in Fig. 6. There is considerable
increase in the value of kL as the withdrawal flow rate increases
(0.009 cm s−1 at 1 L h−1 to 0.056 cm s−1 at 6 L h−1). In general, the
operation of the reactor at higher withdrawal flow rates provides
better capacity utilization with better energy figures, but at the
expense of poor completion of the process. When compared with
batch recirculation reactor, recycle reactor performance is found
to be attractive on power consumption figures and heterogeneous
rate constant. Recycle reactor is found to be better configuration,
because of its flexibility of operation. Circulation flow rate and
withdrawal flow rate enable control on transfer coefficients and
treatment duration respectively. Thus the recycle reactor is more
apt for process integration.

4.3. Artificial neural network

In order to demonstrate use of ANN in predicting the
performance of batch electrochemical reactor, six numbers of back-

propagation neural networks, BPNN (see Table 1) have been tested
and the results are presented in Tables 2 and 3 and Figs. 7 and 8. Var-
ious neural networks were selected based on the number of weights
to be determined and the available number of data for training [32].
Table 1 shows the configurations of the networks studied-three
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Table 1
Configurations of the neural networks studied.

BPNN abbreviation Configuration

N1 3-5-1
N2 3-7-1
N3 3-9-1
N4 3-3-3-1
N5 3-3-5-1
N6 3-3-7-1

F
t

n
h
1
e
c
c
d
u
m

Fig. 8. Number of data points in six percentage deviation ranges for the case of four
layered networks in predicting the COD removal (%) in batch reactor.

Table 3
Standard statistical evaluation during validation of the model performance.

N1 N2 N3 N4 N5 N6

R 0.9982 0.9977 0.9979 0.9982 0.9982 0.9960
AARE (%) 1.1934 1.2313 1.2695 1.2575 1.2621 1.6128
RMSE 0.7624 0.8378 0.8322 0.8629 0.8641 1.1703

T
T

ig. 7. Number of data points in five percentage deviation ranges for the case of
hree layered networks in predicting the COD removal (%) in batch reactor.

umbers of single hidden layer cases and three numbers of double
idden layers cases were considered for the investigation. Totally,
25 data were collected in random combination of factors in the
xperimental domain for the development of ANN model. The one
ombination of variables, given complete COD removal, was not

onsidered for the ANN analysis. The remaining 124 experimental
ata were randomly divided into two sets. One set, 100 nos., was
sed for training and the other, 24 data, was used for testing the
odel.

able 2
est of the ANN models.

CD Time Salt Expt. N1 N

4.5 4.5 4.5 66.74 67.24 66
4.5 7 5.75 82.57 82.75 82
2 3.25 2 12.37 13.65 13
3.25 2 5.75 32.48 32.68 32
2 3.25 5.75 32.52 32.20 32
2 4.5 2 25.19 26.19 25
5.75 2 3.25 40.96 40.18 40
4.5 2 7 44.14 44.59 45
4.5 4.5 5.75 70.14 70.09 69
5.75 5.75 3.25 76.03 76.16 76
3.25 7 7 70.41 71.28 71
3.25 4.5 2 40.89 40.84 40
5.75 3.25 5.75 65.18 65.98 66
4.5 2 5.75 43.94 44.36 44
3.25 4.5 7 58.73 58.98 58
7 5.75 7 85.41 84.27 83
4.5 2 2 22.88 22.96 22
3.25 3.25 4.5 44.50 44.30 44
7 5.75 2 70.38 70.34 70
3.25 4.5 3.25 49.58 50.19 49
7 4.5 3.25 70.12 70.13 69
2 5.75 5.75 53.11 52.28 52
5.75 4.5 5.75 76.75 76.58 76
5.75 2 7 51.34 51.53 51
Slope 1.009 1
Intercept −0.87 −0
R2 0.997 0
Standard error 0.93 0
NMBE (%) −0.1694 0.0105 −0.2732 −0.5857 −0.5450 0.4632
SI 0.0129 0.0142 0.0141 −0.5857 −0.5450 0.4632

Several iterations were conducted with different numbers of
neurons of hidden layer in order to determine the best ANN struc-
ture. The trial started with the case of single hidden layer. The
number of neurons in the hidden layer is varied for 3, 7 and 9; the
corresponding networks are notated N1, N2 and N3 respectively.
The least standard error value and a good prediction of the outputs

of both training and validation sets were obtained with 7 neurons
in the hidden layer (N2). The cases of 10 and more neurons in the
hidden layer were not giving consistent results.

2 N3 N4 N5 N6

.87 66.65 67.70 67.58 67.23

.79 82.27 82.77 81.93 81.66

.37 13.36 14.14 12.85 15.72

.54 32.77 32.98 32.51 32.52

.65 32.55 32.47 32.34 32.98

.13 25.77 26.41 25.22 27.66

.11 40.50 39.93 40.57 39.14

.00 44.63 44.67 45.00 46.79

.85 70.29 70.21 70.07 69.64

.62 75.56 76.21 75.69 74.95

.06 71.36 70.68 71.25 71.14

.05 41.06 40.75 41.02 40.95

.31 65.91 65.59 65.65 66.51

.24 44.34 44.48 44.36 44.74

.84 58.19 58.81 59.04 58.29

.98 84.44 84.77 84.35 84.73

.57 23.64 22.35 22.11 21.29

.20 43.55 44.52 44.59 42.40

.31 70.77 70.41 70.25 70.32

.62 50.22 49.98 50.31 49.88

.61 69.93 70.20 69.98 68.85

.55 51.91 52.14 51.66 53.03

.77 76.52 76.35 76.73 76.74

.58 51.46 51.46 51.53 51.52

.005 1.013 1.011 1.005 1.024

.47 −0.98 −0.93 −0.49 −1.57

.998 0.998 0.998 0.998 0.995

.86 0.89 0.95 0.90 1.41



azard

√√√√

3
w
t
i
f
o
n
d
s
c
m
s

R

A

R

N

S

w
o
u
i
s
p
c
T
v
o
m
[
h
a
u
T
m
i
e
e
l

e
r
n
f
w
i

w

C. Ahmed Basha et al. / Journal of H

Standard error is defined by

1
(n− 2)

[∑
(y− ȳ)2 −

[∑
(x − x̄)(y− ȳ)

]2∑
(x − x̄)2

]
(48)

The performance of ANN models of two hidden layer cases, 3-
-3-1, 3-3-5-1 and 3-3-7-1 (notated N4, N5 and N6 respectively)
ere also studied. The test results along with their performance

erms such as slope, intercept, R2 and standard error are presented
n Table 2. Each network is tested for its ability in predicting the per-
ormance of the process by comparing prediction with 51 numbers
f experimental observations. The results for three and four layered
etworks are presented in Figs. 7 and 8 respectively. The pre-
ictability of the network is again quantified in terms of standard
tatistical performance evaluation measures such as correlation
oefficient (R), average absolute relative error (AARE), average root
ean square error (RMSE), normalized mean bias error (NMBE) and

catter index (SI), expressed as:

=
∑N

i=1(Ei − Ē)(Pi − P̄)√∑N
i=1(Ei − Ē)

2∑N
i=1(Pi − P̄)

2
(49)

ARE (%) = 1
N

N∑
i=1

∣∣∣ (Ei − Pi)
Ei

∣∣∣× 100 (50)

MSE =
[

1
N

N∑
i=1

(Pij − Eij)
2

]1/2

(51)

MBE (%) = (1/N)
∑N

i=1(Ei − Pi)

(1/N)
∑N

i=1Ei

× 100 (52)

I = RMSE

Ē
(53)

here E is the experimental finding and P is the predicted value
btained from the neural network model. Ē and P̄ are the mean val-
es of E and P respectively. N is the total number of data employed

n the investigation. The statistical terms of the networks are pre-
ented in Table 3. It can be read from Figs. 7 and 8 and their
erformance terms, given in Table 3, that N2, N3 and N5 are
omparably better in predicting the COD removal of the process.
he correlation coefficient is a commonly used statistic and pro-
ides information on the strength of linear relationship between
bserved and the computed values. Sometimes higher value of R
ay not necessarily indicate better performance of ANN model

33] because of the tendency of the model to be biased towards
igher or lower values. The AARE and RMSE are computed through
term-by-term comparison of the relative error and therefore are
nbiased statistics for measuring the predictability of a model [34].
he NMBE gives information on the mean bias in prediction from a
odel. Positive NMBE indicates over prediction whereas negative

ndicates under prediction from a model. In the case of three lay-
red networks, increase in number of neurons in the hidden layer
nhanced the performance of the network. But in the case of four
ayered networks the trend is found reverse.

It can be concluded that single hidden layer network is adequate
nough to predict the performance of the process. This observation
eaffirms the universal approximation theorem that a single layer of
on-linear hidden units is sufficient to approximate any continuous
unction. Hornik et al. [35] have also shown that a three layer ANN
ith sigmoid transfer function can map any function of practical

nterest.
This work addresses an important problem of electrochemical

astewater treatment. The process is a reasonably well behaved
ous Materials 176 (2010) 154–164 163

electrochemical system, and we have calculated reaction rate con-
stants as a function of current (so it is electrochemical reaction rate
constant) and as a function of flow rate (mass transfer limited rate
constant). With this information, the model will be able to predict
the effect of flow rate, current, concentration etc. on the current
and energy efficiencies. Therefore, one may think the need for ANN
is not justified. The intention of the ANN section in the paper is just
to indicate that as and when the real effluent was collected from
industry, experiments were carried out and concept of ANN was
applied and updated independently well before the process math-
ematical description of the phenomena of started. Therefore this
methodology might prove useful in simulating and up-scaling still
more complex electrochemical systems.

5. Conclusions

Electrochemical degradation of wastewater from a medium-
scale, specialty chemical industry was investigated using
Ti/RuOx–TiOx anode in various types of reactor configurations
such as batch, batch recirculation and continuous recycle systems.
The effect of important operating parameters such as current
density, electrolysis time and supporting electrolyte concentration
on the pollutant removal and energy consumption performance of
these systems are critically examined.

Batch studies show the operating parameters as current den-
sity: 4 A dm−2, electrolysis duration: 6 h, supporting electrolyte
concentration: 5 gm L−1, as optimal for better overall perfor-
mance of the system. The pollutant removal performance of the
batch recirculation system was to improve considerably with
an increase in the circulation flow rate. The improvement in
COD removal (65.3–82.7%) resulted in considerable improvement
in current efficiency, CE and specific energy consumption, SCE
(15.06–12.45 kW h kg−1) figures of the system when the flow rate
(Q, L h−1) increased from 20 to 100 L h−1 at a current density of
4 A dm−2. When compared with batch recirculation reactor, recycle
reactor performance is found to be attractive on power consump-
tion figures and rate constant. Recycle reactor is found to be better
configuration, because of its flexibility of operation. Circulation
flow rate and withdrawal flow rate enable control on transfer coeffi-
cients and treatment duration respectively. Thus the recycle reactor
is more apt for commercial applications. The performance of COD
removal in the batch reactor is predicted using ANN. Single hidden
layer feed forward back-propagation neural network is found ade-
quate enough to predict the performance of the process. Complete
mineralization such a heavily loaded organic effluent cannot any-
way, be economically viable. The present investigation is helpful
in estimating and comparing the energy demanded by the conven-
tional reactor configurations in destructing the organic part of a
typical high strength organic waste. The integration of this environ-
ment friendly treatment technique with other similar treatments
such as biological treatment, connected multiple units alternatively
in series, for improvement of biodegradability, with a fraction of the
energy demanded by the electrochemical treatment will a viable
technique.
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