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a b s t r a c t

The electrochemical treatment of industrial water-based paint wastewater was investigated in a contin-
uous tubular reactor constructed from a stainless steel tube with a cylindrical carbon anode. Industrial
wastewater was prepared by thinning a commercial paint down to 4.4% (w/v) with water, which is the
solid material content of the wastewater generated in the paint manufacture. The effects of residence
time on chemical oxygen demand (COD), color and turbidity removals and pH change was studied at
eywords:
-optimal design
lectrochemical wastewater treatment
nergy consumption
ass transfer
ptimization
aint wastewater

30 ◦C, 35 g/L electrolyte and 7496 mg/L COD feed concentrations with 66.8 mA/cm2 current density. The
optimum residence time in the reactor was determined 6 h for a cost driven approach, enabling COD,
color and turbidity removal as 44.3%, 86.2% and 87.1%, respectively, and a discharge pH value of 7.33. At
6 h of residence, 42 kWh energy was consumed per kg COD removed maintaining a mass transfer coeffi-
cient value of 3.62 × 10−6 m/s. In all runs, the polymer/water emulsion always broke into insoluble solid
particles during the electrochemical treatment, which eventually precipitated.
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. Introduction

Paint is generally considered as a mixture of pigment, binder,
olvent and additives, and the type and proportion of each com-
onent in the mixture characterize the properties of a particular
aint. The components of paint also determine the characteristics
f the waste generated in its manufacture and use [1–4].

A convenient method to classify paints is based on their primary
olvent for waste reduction and disposal. In this respect, paints can
e classified as water based, organic solvent based or powder (dry),
ithout solvent [2]. The term “water based” refers to coating sys-

ems that use water as solvent to some extent. Water-based paints
ave advantages over some types of organic solvent based coat-

ngs because they generally decrease volatile organic carbon (VOC)
missions, eliminate organic solvents for thinning and reduce the
se of organic solvents during clean-up. The major waste that paint

ndustry must manage is dominantly equipment-cleaning wastes

hich make up 80% of the waste generated in paint manufacture

3].
In recent years, electrochemical oxidation is becoming a

trong alternative for wastewater treatment because many indus-

∗ Corresponding author. Tel.: +90 312 2977404; fax: +90 312 2992124.
E-mail addresses: korbahti@mersin.edu.tr (B.K. Körbahti),
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rial processes produce toxic wastewaters, which are not easily
iodegradable and requiring costly physical or physico-chemical
retreatments [5]. Many researchers had investigated the elec-
rochemical oxidation of various types of wastewater containing
,4-benzoquinone [5], phenol [6–9], olive oil [10,11], vinasse [12],
-chlorophenol and p-nitrophenol [13], dichloromethane [14], 2-
aphtol [15], ammonia [16], cadmium [17,18], nuclear wastes [19],
uman and domestic wastes [20,21], tannery wastewater [22,23]
nd textile wastewater [24–28], and metal recovery [29].

However, there is only one study dealing with electrochemical
reatment of paint wastes in literature [30], other publications are
nly related to conventional treatment methods. In the study of
utluay et al. [31] the chemical treatability of water-based indus-
rial wastewater via adsorption was investigated and the authors
oncluded that highest chemical oxygen demand (COD) removal
fficiency was achieved with sodium bentonite. Another study
y Dovletoglou et al. [32] dealt with coagulation–flocculation of
aint industry wastewater using ferrous and aluminum sulphate
nd polyaluminum chloride. El-Gohary et al. [33] also applied
hemical treatment to paint factory wastewater for sedimenta-
ion using FeCl3 in combination with CaO at optimum pH. The

nly work for bio-oxidation was carried out by Brown and Wein-
raub [34] in a laboratory scale continuous-flow-through reactor
sing cathodic electrocoating paint process wastewater, which
as not toxic at all to the microorganisms in activated sludge
rocess.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:korbahti@mersin.edu.tr
mailto:tanyolac@hacettepe.edu.tr
dx.doi.org/10.1016/j.cej.2008.09.019
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Fig. 1. The schematic view of the continuous electrochemical tubular reactor (1.
wastewater reservoir, 2. driving motor, 3. glass stirrer, 4. feed lines, 5. peristaltic
pumps, 6. electrochemical reactor, 7. Plexiglas reactor cover, 8. carbon electrode, 9.
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Continuous electrochemical treatment studies were also scarce
n literature. Sonoyama et al. [14] studied the continuous electro-
hemical decomposition of dichloromethane using a flow cell with
u metal-powder column electrode. Alfafara et al. [16] treated brine
astewater with high ammonia content from an iodine processing
lant by electrolysis in batch and continuous modes with indirect
lectrochemical treatment process via generating chlorine at the
nodes. Grau and Bisang [17] examined the behavior of a contin-
ous undivided electrochemical reactor with a rotating cylinder
lectrode. Sakalis et al. [27] investigated the electrochemical degra-
ation of Reactive Orange 91, Reactive Red 184, Reactive Blue 182
nd Reactive Black 5 azodyes using batch and continuous elec-
rolytic cells with carbon fleece cathodes and Pt/Ti anodes, and
odium chloride and sodium sulfate electrolytes. In our previous
tudy, the electrochemical treatment of phenolic wastewater was
nvestigated in a continuous tubular reactor which was constructed
f a stainless steel tube with a cylindrical carbon anode at the center
7].

In this work, the electrochemical treatment of water-based paint
astewater was investigated in a continuous tubular reactor with

he presence of NaCl electrolyte on carbon anode and stainless
teel cathode. In addition to possible electrochemical destruction
f the paint components with undisclosed mechanisms, the pres-
nce of NaCl provided the discharge of chlorine gas and in return
rreversible reactions of hydrolysis and ionization. With this study,
pplication of the continuous tubular reactor for electrochemical
xidation of paint wastewater was realized for the first time in liter-
ture. The purpose of the present study was to investigate the effect
f residence time on electrochemical treatment of paint industry
astewater. Additionally, the optimization of operating parameters

or the electrochemical degradation of paint industry wastewater in
continuous tubular reactor was successfully accomplished using

esponse surface methodology (RSM).

. Materials and methods

.1. Chemicals and materials

Acrylic copolymer water-based white primer was obtained
rom Marshall Boya Sanayi A.Ş., Kocaeli, Turkey. Water-based blue
olorant was supplied from Polisan Boya Sanayi ve Ticaret A.Ş.,
ocaeli, Turkey. Extra pure sodium chloride of Merck was utilized
s additional electrolyte. Double distilled water was used for the
reparation of synthetic water-based paint wastewater. All other
hemicals used for the analysis were also obtained in highest degree
f purity from various sources. Carbon electrodes (Meteor, Ger-
any) used in the reactor (cylindrical, D = 13.2 mm) were originally

esigned and manufactured for DC electric motors to endure high
oltage and current. Stainless steel 6R35 (Sandvik, Sweden) was
sed as cathode material (cylindrical, OD = 88.9 mm and wall thick-
ess = 2 mm) with a weight % chemical composition 0.045 C, 0.40
i, 1.18 Mn, 0.026 P, 0.001 S, 17.45 Cr, 10.14 Ni, 0.46 Ti, and the rest
e.

.2. Preparation and properties of synthetic water-based paint
astewater

The synthetic paint wastewater was prepared with 46.15 mL
crylic copolymer based white primer and 4.62 mL water-based

lue colorant in a solution added up to 1 L using double distilled
ater, which corresponded to 4.4% (w/v) mixture. The character-

stic of simulated water-based paint wastewater was presented in
he previous study [30]. The original sample of discharged paint
astewater from a paint factory had COD, pH and total suspended

t
t
t
t
k

eactor support, 10. heating/cooling coil, 11. feed in, 12. feed out, 13. heating/cooling
n, 14. heating/cooling out, 15. DC power source, 16. connections, 17. heating/cooling
ank and 18. heater).

olid values of 7863 mg/L, 7.84 and 3021 mg/L, respectively, with
.4% (w/v) of total solid content.

.3. Experimental set-up and procedure

A continuous electrochemical tubular reactor was designed in
ur laboratory (Fig. 1) [35]. The 32 cm tall reactor (OD = 8.89 cm)
ad a net volume of 1774 cm3 and was constructed of stainless steel
Sandvik, Sweden) with a heating/cooling coil around. The carbon
lectrode was used as the anode material and placed at the center
f the reactor. The stainless steel wall of the reactor was used as
athode. A Cole Parmer model peristaltic Masterflex® pump was
sed to pump the paint wastewater from a 20 L reservoir. The reac-
ion temperature was controlled with circulating water recycled
rom a temperature controlled water bath (New Brunswick, G-86)
nd monitored with glass thermometers immersed in the inlet and
utlet of the column. The current was applied by a constant volt-
ge/current controlled DC power source (NETES NPS-1810D).

Synthetic paint wastewater with the electrolyte was prepared
n the wastewater reservoir at specified concentration and was fed
o the column to fill it completely. An initial sample of 10 mL was
aken from the reservoir to determine the initial COD concentration,
olor, turbidity and pH prior to the reaction. The reaction started
ith the application of the specified voltage and current, and the
ater for temperature control was recycled through the reactor

oil while feed stream was pumped to the column continuously. At
ppropriate time intervals, samples of 5 mL were taken from the
eactor outlet and analyzed to determine the intermediate proper-
ies of the reaction medium. DC power source was turned off and
he reaction was terminated after 8 h of elapsed time.

.4. Analysis

During the reaction 5 mL samples were taken from the elec-
rochemical reactor at appropriate time intervals and pH was

easured with a NEL pH30 model pH meter. Then the sample was
entrifuged at 5000 rpm for 10 min to have supernatant for analysis
nd measurements. The color of the reaction medium was moni-
ored by a Hitachi 150-20 model spectrophotometer at 595 nm and
he turbidity was measured by a Hach 2100 AN IS model turbidime-

er at 860 nm. COD analysis was performed with Palintest PL464
est kit after color and turbidity analysis. The samples were pre-
reated in order to prevent the interaction of Ag+ ions in COD test
its with Cl− ions remained in the sample as given previously [30].
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for 2 h residence time and color and turbidity removals fluctuated
between 55.6–70.8% and 57.5–71.9%, respectively, after 3 h. During
electrochemical treatment it was concluded that organic molecules
were electrooxidized at the anode or electroreduced at the cath-
ode forming smaller intermediate molecules. In electrochemical
46 B.K. Körbahti, A. Tanyolaç / Chemica

.5. Experimental optimization

In the study, the electrochemical degradation of paint industry
astewater in a continuous tubular reactor was optimized using

esponse surface methodology (RSM) by Design-Expert® 7.1. The
uns were designed in accordance with D-optimal design. The D-
ptimal criterion could be used to select points for a mixture design
n a constrained region. This criterion selects design points from a
ist of candidate points so that the variances of the model regression
oefficients are minimized [36,37].

The main purpose of the optimization part in the present study
as to find a suitable approximating function in order to predict

nd determine the dependent variable response appropriately, and
o investigate the operating conditions in a pre-determined region
o optimize the selected goals under specified constraints.

The independent variables residence time and elapsed time
ere coded with low (1 h) and high levels (8 h) in D-optimal design,
hile COD, color and turbidity removals, pH, mass transfer coef-
cient and energy consumption were the responses (dependent
ariables). The D-optimal designed runs were augmented with
hree replications in order to evaluate the pure error and were
arried in randomized order as required in many design procedures.

In the optimization process, the response can be simply related
o chosen factors by linear or quadratic models. A quadratic model,
hich also includes the linear model, is given as

= ˇ0 +
k∑

j=1

ˇjxj +
k∑

j=1

ˇjjx
2
j +

∑
i

k∑
<j=2

ˇijxixj + ei (1)

here � is the response, k is the number of factors, xi and xj are
ariables, ˇo is the constant coefficient, ˇj’s, ˇjj’s and ˇij’s are inter-
ction coefficients of linear, quadratic and the second-order terms,
espectively, and ei is the error [36,37]. In the study, the data was
rocessed for Eq. (1) including ANOVA to obtain the interaction
etween the process variables and the response. The quality of the
t of polynomial model was expressed by the coefficient of deter-
ination R2 and R2

adj. The statistical significance was checked with
dequate precision ratio, F-values and P-values.

In the optimization, a module in Design-Expert® 7.1 software
earched for a combination of factor levels that simultaneously
atisfy the requirements placed on each of the responses and fac-
ors. The desired goals were selected as maximum COD, color and
urbidity removal percents at minimum residence time and min-
mum energy consumption. Corresponding importances of goals

ere selected as 5 for COD removal, color removal and energy con-
umption, 3 for residence time, elapsed time, pH and mass transfer
oefficient, and 2 for turbidity removal. These individual goals were
ombined into an overall desirability function by Design-Expert®

.1 software for maximization to find the best local maximum.

. Results and discussions

Experiments were carried out to determine the effects of the res-
dence time on COD, color and turbidity removals, and pH change
f the paint wastewater, as well as on mass transfer coefficient
nd power consumption. All runs were carried out under opti-
ized reaction conditions determined previously through batch

uns [30]. These optimized conditions were 35 g/L NaCl concentra-
ion, 30 ◦C reaction temperature and 64.37 mA/cm2 current density

t 7496 mg/L initial COD concentration. In all continuous runs,
he COD feed concentration was 7496 mg/L with 35 g/L electrolyte
oncentration and 66.8 mA/cm2 current density at 30 ◦C reaction
emperature. In every run, the polymer/water emulsion was always
roken into insoluble solid particles. In the study only the soluble

F
6

ig. 2. The COD concentration profiles in the tubular reactor (current density:
6.8 mA/cm2; T: 30 ◦C; electrolyte concentration: 35 g/L).

OD in the supernatant was measured, therefore the solid particles
ere not analyzed.

.1. The effect of residence time on electrochemical degradation

The discharge COD concentration, color and turbidity, and pH
ere determined at the column reactor outlet for 1, 2, 3, 4, 6 and 8 h

f residence time as appeared in figures. In Fig. 2, the COD removal
as realized as 12.3%, 25.7%, 32.9%, 38.5%, 44.3% and 50.3% for 1, 2,
, 4, 6 and 8 h residence time, respectively, at the end of 8 h elapsed
ime. In Fig. 2 all COD profiles except that of 1 h residence almost
eached at steady state. The color and turbidity removals deter-
ined at the reactor outlet are shown in Figs. 3 and 4, respectively.

or 1 h of residence time after 4 h, maximum color and turbidity
emovals were obtained as 74.7% and 72.3%, respectively, and then
hese values fluctuated between 40.1–63.8% for color removal and
0.4–61.4% for turbidity removal. Similar trends were also observed
ig. 3. The color removal profiles in the tubular reactor (current density:
6.8 mA/cm2; T: 30 ◦C; electrolyte concentration: 35 g/L).
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were obtained as 7.16, 6.97, 6.93, 7.25, 7.33 and 7.05 at 1, 2, 3, 4, 6
and 8 h of residence time, respectively, after 8 h.

Although there has not been any work done yet with electro-
chemical treatment of paint wastewater in literature using the
ig. 4. The turbidity profiles in the tubular reactor (current density: 66.8 mA/cm2;
: 30 ◦C; electrolyte concentration: 35 g/L).

reatment, COD, color and turbidity removals in the presence of
aCl electrolyte were also realized by indirect electrolysis gener-
ting in situ active chlorine (Cl2, HOCl/ClO−). Any residence time
horter than 2 h leads to increase in the concentration of low molec-
lar weight organic compounds, which may possibly contribute
o the turbidity. Nevertheless, for residence time above 2 h, both
olor and turbidity removals showed smooth increasing profiles
ith non-fluctuating nature. In Figs. 3 and 4, the color and tur-

idity removals were realized as 40.1%, 30.4%; 61.6%, 66.0%; 87.0%,
7.0%; and 88.0%, 86.9%; 86.2%, 87.1%, 94.3%, 92.8% for 1, 2, 3, 4, 6
nd 8 h residence time, respectively, at the end of 8 h. Apparently,
ncreasing residence time resulted in steady profiles of removal

ith higher treatment performances.
The approximating functions of dependent variables (factors)

OD (ŷ1), color (ŷ2) and turbidity (ŷ3) removal percents obtained
ith D-optimal design in this study are presented in Eqs. (2)–(4).

ˆ1 = 5.676x1 + 8.218x2 + 0.504x1x2 − 0.503x2
1 − 0.892x2

2 − 5.396

(2)

ˆ2 = 12.141x1 + 21.336x2 + 0.668x1x2 − 1.269x2
1 − 2.416x2

2 + 9.321

(3)

ˆ3 = 16.394x1 + 22.422x2 + 0.587x1x2

−1.631x2
1 − 2.540x2

2 − 0.779 (4)

In Eqs. (2)–(4), x1 was residence time (h) in the reactor and x2
as elapsed time (h) during the electrolysis. ANOVA results of these

uadratic models are presented in Table 1. In the table, model F-
alues of 104.80, 20.64 and 23.04 imply the models are significant
or COD, color and turbidity removal percents, respectively. For all
quations, adequate precision signal to noise ratio is greater than 4,
hich is desirable for sound models. Also for all models, P-values

re less than 0.0001, indicating that terms are significant in all mod-

ls while correlation coefficients denote good enough quadratic fits
o navigate the design space. The normal % probability and stu-
entized residuals graphs for responses ŷ1, ŷ2 and ŷ3 yielded fair
traight lines, proving normal distribution of the data (the graphs
ere not shown).

F
T

ig. 5. The effect of residence time on COD removal (current density: 66.8 mA/cm2;
: 30 ◦C; electrolyte concentration: 35 g/L).

Eqs. (2)–(4) have been used to visualize the effects of experimen-
al factors on responses under optimized conditions in response
urface graphs of Figs. 5–7. In Fig. 5, COD removal percent increased
y increasing residence time and maximum COD removal obtained
t 8 h residence time in the reactor for elevated elapsed time. How-
ver, 6 h of residence time is good enogh for complete color and
urbidity removals as observed in Figs. 6 and 7.

Fig. 8 shows the pH profile at the outlet of the tubular reac-
or where pH was not controlled. As a general trend, pH sharply
ecreased in 30 min down to pH 7.0–7.8 from 8.7, and then con-
inued to drop to neutral pH gradually. This trend was observed in
ll runs and was most likely due to hydrolysis, ionization and OCl−

onsumption reactions, in which H+ is a by-product. Nevertheless,
nstable pH values were observed due to incomplete reactions in the
eactor within the time range of runs as well as non-homogeneous
haracter of the reactor. In Fig. 8, the pH values at the discharge
ig. 6. The effect of residence time on color removal (current density: 66.8 mA/cm2;
: 30 ◦C; electrolyte concentration: 35 g/L).
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Table 1
ANOVA results of the quadratic models for COD, color and turbidity removal percents, mass transfer coefficient and energy consumption.

Source Sum of squares Degrees of freedom Mean square F-value P-value

COD removal (%)a

Model 10231.91 5 2046.38 104.80 <0.0001
x1: residence time (h) 3545.09 1 3545.09 181.55 <0.0001
x2: elapsed time (h) 4047.79 1 4047.79 207.30 <0.0001
x1x2 613.50 1 613.50 31.42 <0.0001
x2

1 352.13 1 352.13 18.03 <0.0001
x2

2 1581.84 1 1581.84 81.01 <0.0001
Residual 1054.44 54 19.53

Color removal (%)b

Model 30022.23 5 6004.45 20.64 <0.0001
x1: residence time (h) 5710.13 1 5710.13 19.63 <0.0001
x2: elapsed time (h) 9203.16 1 9203.16 31.63 <0.0001
x1x2 1076.39 1 1076.39 3.70 0.0597
x2

1 2243.03 1 2243.03 7.71 0.0075
x2

2 11618.22 1 11618.22 39.93 <0.0001
Residual 15710.95 54 290.94

Turbidity removal (%)c

Model 33161.81 5 6632.36 23.04 <0.0001
x1: residence time (h) 8527.68 1 8527.68 29.62 <0.0001
x2: elapsed time (h) 8320.93 1 8320.93 28.90 <0.0001
x1x2 831.41 1 831.41 2.89 0.0950
x2

1 3704.85 1 3704.85 12.87 0.0007
x2

2 12841.21 1 12841.21 44.61 <0.0001
Residual 15545.44 54 287.88

Mass transfer coefficient (m/s)d

Model 1.850 × 10−10 5 3.700 × 10−11 64.99 <0.0001
x1: residence time (h) 5.752 × 10−11 1 5.752 × 10−11 101.03 <0.0001
x2: elapsed time (h) 7.224 × 10−11 1 7.224 × 10−11 126.88 <0.0001
x1x2 1.532 × 10−12 1 1.532 × 10−12 2.69 0.1067
x2

1 2.902 × 10−12 1 2.902 × 10−12 5.10 0.0280
x2

2 3.766 × 10−11 1 3.766 × 10−11 66.14 <0.0001
Residual 3.074 × 10−11 54 5.694 × 10−13

Energy consumption (kWh/kg COD removed)e

Model 2.747 × 105 5 54935.63 40.41 <0.0001
x1: residence time (h) 96043.47 1 96043.47 70.65 <0.0001
x2: elapsed time (h) 1.514 × 105 1 1.514 × 105 111.38 <0.0001
x1x2 30063.28 1 30063.28 22.12 <0.0001
x2

1 45352.45 1 45352.45 33.36 <0.0001
x2

2 642.74 1 642.74 0.47 0.4946
Residual 73404.30 54 1359.34

a R2 = 0.91; R2
adj

= 0.90; adequate precision = 35.87.
b R2 = 0.66; R2

adj
= 0.62; adequate precision = 15.31.
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c R2 = 0.68; R2
adj

= 0.65; adequate precision = 16.98.
d R2 = 0.86; R2

adj
= 0.84; adequate precision = 28.65.

e R2 = 0.79; R2
adj

= 0.77; adequate precision = 25.97.

ubular reactor to compare with our results, there are other works
arried out in different systems for paint wastewater treatment. In
iterature, Kutluay et al. [31] investigated treatability of water-based
ndustrial paint wastewater by adsorption using sodium bentonite.
heir work resulted in 84–94% COD removal with 500 mg/L sodium
entonite concentration at original pH of the wastewater with an

nitial COD value of 1200 mg/L. They also achieved 92–100% color
emoval using sodium bentonite with 300–1000 mg/L dosages at
H 9, 10 and at original wastewater pH [31]. Dovletoglou et al.
32] determined the optimum pH 9.7 for FeSO4 addition at a dose
f 2 g/L, and achieved 30–80% COD removal for an initial COD
f 128 ± 88 g/L via coagulation/flocculation. In their runs, no pH
djustment was needed when Al2(SO4)3 was used at a dose of
.5 g/L, which yielded 70–95% COD removal. They also achieved
urbidity removal as 70–99%, 90–99% and 98% with the addition of

eSO4, Al2(SO4)3 and polyaluminum chloride, respectively. More-
ver, their separation process required 4 min for the addition of
oagulant, 25 min for flocculation and 30 min for settling, which
n total was faster than our removal rate [32]. El-Gohary et al.
33] also applied physicochemical treatment to the paint factory

3

c
o

astewater using 50 mg/L FeCl3 in combination with 140 mg/L CaO
t the optimum pH 8.2 and they obtained 90% COD removal of an
verage initial COD value of 1590 mg/L. Brown and Weintraub [34]
btained COD reduction as 39% and 87% for residence times of 1.2
nd 2.4 days for an initial COD of 900–1000 mg/L, respectively, with
ctivated sludge treatment of paint process wastewater. Huang
nd Ghadirian [38] applied coagulation/flocculation to wastewa-
er samples from a paint manufacturing plant, and they obtained
0% COD removal at pH 3.5, while only 35% removal was achieved
t alkaline pH. In terms of COD removal, some of literature stud-
es apparently achieved better results than our work, however, this
uccess was granted at the expense of rather high concentration
f coagulants and adsorbents requiring pH adjustment and, more
mportantly, their processes were merely physical separation.
.2. Mass transfer coefficient

As the wastewater flows through the tubular reactor, the con-
entrations of the electroactive species decrease due to reactions
ccur on the electrodes and in the solution. This depletion depends
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ig. 7. The effect of residence time on turbidity removal (current density:
6.8 mA/cm2; T: 30 ◦C; electrolyte concentration: 35 g/L).

n the electrode potential, length of the electrode, flow rate, and
he ratio of electrode area and electrolyte volume. In a flow reactor,
reaction layer next to the electrode surface forms with a concen-

ration gradient where its thickness is a function of “current/mass
ransport controlled limiting current ratio” and the Reynolds num-
er [39,40].

In an electrochemical reactor, mass transfer coefficient is related
o the physical parameters of the system including the solution
roperties. In general, the cell and electrode arrangements are so
omplex that specification of the velocity and concentration vari-
tions with time and location cannot be made accurately [41].
herefore, general correlations in engineering literature to express
he mass transfer coefficient as Sherwood number in terms of
chmidt and Reynolds numbers may lead to unrealistic mass trans-
er coefficients for laminar flow [39,40]. Nevertheless, in a reactor it
s possible to characterize the mass transport regime as a function
f flow rate and cell and electrode dimensions. Mass transfer coef-

cient for a single pass plug flow reactor could be estimated by Eq.
5), which is a mass balance over the reactor via Faraday’s law. The
quation holds valid with the assumption that the entire electrode
upports a reaction under mass transport control via convective

ig. 8. The pH profiles in the tubular reactor (current density: 66.8 mA/cm2; T: 30 ◦C;
lectrolyte concentration: 35 g/L).
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iffusion of the reactant or product and the longitudinal dispersion
f flow due to diffusion is negligible [39,41];

PFR = 1 − exp
[(−kmA

VR

)
�R

]
(5)

In Eq. (5), VR is internal reactor volume, A is the electrode area, km

s mass transfer coefficient, �R is average residence time, and xPFR
s fractional COD conversion. In Eq. (6), the approximating function
f mass transfer coefficient (ŷ4) obtained with D-optimal design is
iven. In Table 1, the model F-value, P-value and adequate precision
alue imply that the quadratic model is significant for the mass
ransfer coefficient.

ˆ4 = −7.319 × 10−7x1 + 1.616 × 10−6x2 − 2.519 × 10−8x1x2

+4.566 × 10−8x2
1 − 1.376 × 10−7x2

2 + 2.696 × 10−6 (6)

The changes of Reynolds number, km and fractional COD con-
ersion with residence time in the tubular reactor are presented
n Table 2. As the residence time increased, fractional COD conver-
ion increased because of extended reaction time. The flow in the
ubular reactor was in the range of 1.11 × 10−5 to 8.89 × 10−5 m/s
ndicating that flow regime in the column was laminar for corre-
ponding Re numbers between 0.9 < Re < 6.9. Eq. (5) was derived at
oth time-independent inlet and outlet COD concentrations in the
ase of a steady state reactor. Consequently, the results estimated
ith Eq. (5) should be in the case of steady state. However, as can

e seen in Fig. 2, for 1 h residence time COD outlet concentration
ontinued to rise indicating an unestablished flow regime/steady
tate. Therefore, the mass transfer coefficient estimated for 1 h resi-
ence time could be ignored. For residence time values greater than
h, km decreased with increasing residence time i.e. decreasing

inear velocity and Reynolds number. The film resistance i.e. stag-
ant film thickness around the electrodes proportionally increases
ith decreasing flow rate within the reactor resulting in dimin-

shed mass transfer rate [39]. Other factors affecting the km can
e the length of the entry section where hydrodynamic bound-
ry layer is still developing and gas evolution at the electrodes.
he gas discharge may introduce a complex iR drop in the elec-
rolyte, which is also sensitive to the prevailing hydrodynamics [39].
m values decreased with decreased flow rate however increas-
ng retention time enabled higher overall mass transport to the
lectrodes.

Although there has not been any literature work done yet
o compare the results of this study, there are estimated mass
ransfer coefficients in different investigations. Morão et al. [9]
tudied the electrochemical oxidation of multi-component mix-
ures of organic compounds using boron doped diamond anode and
btained mass transfer coefficients for phenol, phenyl-methanol, 1-
henyl-ethanol and m-cresol degradation as 1.9 × 10−5, 1.9 × 10−5,
.7 × 10−5 and 2.1 × 10−5 m/s, respectively. Panizza and Cerisola
15] investigated the electrochemical oxidation of 2-naphthol
sing lead dioxide, boron-doped diamond and Ti–Ru–Sn ternary
xide anodes, and determined the mass transfer coefficient in the
ange 0.7 × 10−5 to 2.0 × 10−5 m/s. Fernandes et al. [28] studied
he electrochemical oxidation of C. I. Acid Orange 7 on a boron
oped diamond electrode and calculated an average mass trans-
er coefficient of 1.46 × 10−5 m/s. Mass transfer coefficient values
xperienced in this study had the same order of magnitude with
hose of literature data related to electrochemical treatment.
.3. Energy consumption

The energy consumption during the electrochemical treatment
s given in the last column of Table 2, where E is the overall mean
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Table 2
The change of system characteristics as a function of residence time in the continuous tubular reactor.

Residence time (h) Linear velocity (×105 m/s) Fractional COD conversion Re km (×106 m/s) E (kWh/kg CODr)

1 8.89 0.123 6.90 4.88 167.30
2 4.44 0.257 3.45 5.51 82.64
3 2.96 0.329 2.30 4.93 51.90
4 2.22 0.385 1.72 4.51 42.01
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1.48 0.443
1.11 0.503

nergy consumption up to stabilized conversion. The E was rela-
ively high at 1 h of residence time as 167.3 kWh/kg COD removed
ue to unsettled steady state conditions and low conversion. In
able 2, the energy consumption decreased with the increase in
esidence time up to 6 h, and above 6 h of residence time increased
ith enhanced residence time. The minimum energy consumption
as obtained for 6 h of residence time as 42 kWh/kg COD removed
hile the residence time at 6 h was also determined as the optimum

ccording to Figs. 6 and 7. Thus electrochemical tubular reactor
ust be operated at 6 h of residence time for a cost driven approach
ith 35 g/L electrolyte addition and 66.8 mA/cm2 current density

t 30 ◦C reaction temperature. These conditions ensured COD, color
nd turbidity removals as 44.3%, 86.2% and 87.1%, and a discharge
H value of 7.33, respectively, with a prevailing mass transfer coef-
cient of 3.62 × 10−6 m/s.

The approximating function of energy comsumption (ŷ5)
btained with D-optimal design is given in Eq. (7). In Table 1, the
odel F-value, P-value and adequate precision value imply that the

uadratic model is significant for energy comsumption.

ˆ5 = −50.645x1 + 28.540x2 − 3.528x1x2 + 5.708x2
1

+0.568x2
2 + 90.626 (7)

In the literature, the mean energy consumption was deter-
ined as 1.273–12.3, 12.4, 4.8–200, 21 and 1.273–12.3 kWh/kg COD

emoved for the electrochemical treatment of olive oil wastewater
11], domestic wastewater [21], tannery waste liquors [23], tex-
ile dye wastewater [25,26] and noncyanide strippers wastes [42]
n a re-circulated tubular batch reactor consisted of 304 stainless
teel cathode and Ti/Pt anode placed at the center of the reactor,
espectively.

.4. Optimization of experimental conditions

The results were optimized by Design-Expert® 7.1 using the
pproximating functions in Eqs. (2)–(4) and Eqs. (6)–(7). In the opti-
ization, residence time and energy consumption were minimized

or a cost driven approach within 0–8 h of elapsed time, whereas
OD, color and turbidity removal percents were maximized at 100%
ollution load (COD = 7496 mg/L). The optimization resulted in 6 h
esidence time and 5 h elapsed time with the prediction of pH 7.1,
4.0% COD, complete color and turbidity removals. Under these
ptimized conditions, mass transfer coefficient and energy con-
umption were estimated as 3.87 × 10−6 m/s and 42.1 kWh/kg COD
emoved, respectively. The results of the RSM optimization were
n a reasonable prediction with the results obtained experimen-
ally.
. Conclusion

The electrochemical treatment of industrial water-based paint
astewater in a continuous tubular reactor constructed from a

tainless steel tube with a cylindrical carbon anode at the center

[

[

1.15 3.62 41.96
0.86 3.25 79.39

as investigated. The effects of residence time on COD, color and
urbidity removals and pH change of the reaction medium were
tudied at 30 ◦C, 35 g/L electrolyte concentration and 7496 mg/L
OD feed concentration with 66.8 mA/cm2 current density. Steady
tate conditions started to prevail with increased residence time
hich also led to enhanced COD, color and turbidity removal effi-

iencies. The COD, color and turbidity removals were realized 12.3%,
0.1%, 30.4%; 25.7%, 61.6%, 66.0%; 32.9%, 87.0%, 87.0%; 38.5%, 88.0%,
6.9% and 44.3%, 86.2%, 87.1%, 50.3%, 94.3%, 92.8% for 1, 2, 3, 4,
and 8 h of residence time, respectively, after 8 h. As a general

rend the outlet pH sharply decreased within 30 min down to pH
.0–7.8 from 8.7, and then continued to drop to neutral pH gradu-
lly in proportion with the residence time in the tubular reactor.
his trend was observed in all runs and was most likely due to
ydrolysis, ionization and OCl− consumption reactions. Optimum
esidence time for minimum energy consumption was determined
s 6 h, estimating COD, color and turbidity removals as 44.3%, 86.2%
nd 87.1%, respectively, and a discharge pH value of 7.33 with the
xpense of 42 kWh/kg COD removed. The results indicate that the
ontinuous tubular reactor could be a feasible and an effective alter-
ative system for the electrochemical treatment of industrial paint
astewater, whereas it could also be used at an oxidation pretreat-
ent stage for the detoxification of the wastewater and breaking

he polymer/water emulsions.
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