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Abstract In the present investigation, treatment of
metal cutting wastewater (MCW) using electrocoagu-
lation (EC) process is designed and analyzed using
response surface methodology (RSM). RSM is applied
to optimize the operating variables viz. initial pH,
current density, and operating time on the treatment of
MCW in a batch mode by EC process using iron and
aluminum electrodes. Quadratic models are developed
for the responses such as chemical oxygen demand
(COD), total organic carbon (TOC), and turbidity, and
operating cost is calculated with respect to energy,
electrode, and chemical consumptions. The actual
COD, TOC, and turbidity removal efficiencies at
optimized conditions are found to be 93.0%, 83.0%,
and 99.8% for Fe electrode and 93.5%, 85.2%, and
99.9% for Al electrode, respectively, which agree well
with the predicted response. The proposed model fits

very well with the experimental data with R2 adjusted
correlation coefficients of 0.927 for COD, 0.924 for
TOC, and 0.968 for turbidity removal for Al and
0.904 for COD, 0.976 for TOC, and 0.989 for
turbidity removal for Fe electrodes, respectively. This
study clearly shows that RSM is one of the suitable
methods to optimize the operating conditions and
maximize the COD, TOC, and turbidity removal
efficiencies for both electrodes while keeping the
operating costs to minimal (0.371 €/m3 for Fe and
0.337 €/m3 for Al electrodes).

Keywords Electrocoagulation .Metal cutting
wastewaters . Response surface methodology .

Optimization . Operating cost

1 Introduction

Metal cutting fluids (MCFs) are an essential component
of heavy manufacturing facilities such as automotive
engine, transmission, and stamping plants. MCFs have
two important functions which are to lubricate between
workpiece and tool and to remove heat generated during
cutting and forming processes. Different types of oily
wastes are generated, and the natures of these mainly
depend on the working system and the type of machine
used for each process. The main components in MCFs
are refrigerant (water), lubricants (mineral, vegetable,
and synthetic and semisynthetic oils), tensioactives
(surfactants), inhibitors for corrosion (amines, borates,
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nitrites, etc.), biocides, and additives of high pressure,
antiwear, and antifoam (Byers 2006; Anderson et al.
2003). MCFs are divided into two sections which are
water-based and oil-based MCFs. Water content varies
depending on the source, but oils in this group
generally contain between 3% and 60% water. A wide
variety of oil-contaminated waters and spent emulsions
contains up to 15% mineral oils or combinations of
mineral, vegetable, or animal oils. The main problem
with MCFs is that they become contaminated with use,
losing their properties and effectiveness, and have to
be replaced by new ones, thus yielding metal cutting
wastewater (MCW), which are generally high in
chemical oxygen demand (COD), total organic carbon
(TOC), and turbidity. The amount of MCWs generated
from metal cutting operations increases every year,
constituting a serious danger to the environment due to
their high surface active and organic pollutant loads
(Greeley and Rajagopalan 2004). These wastewaters
require treatment prior to disposal to meet local sewer
discharge standards. Various treatment methods for
MCWs are microfiltration and ultrafiltration, adsorp-
tion, chemical coagulation, evaporation, chemical
emulsion splitting and precipitation, and aerobic and
anaerobic biological process (Byers 2006; Cheng et al.
2006; Hilal et al. 2004; Rios et al. 1998). The high
organic content of most MCWs makes them good
candidates for degradation by bacteria for waste
treatment, but the high oil content of these fluids is
typically eliminated using biological treatment as the
primary treatment method. Biological treatment has
been used to remove MCFs (i.e., to trap oil and solids
from cutting fluids). However, these systems are prone
to fouling by the free oils. In addition, the oil
concentrate still needs to be disposed and a large
volume of water must be treated to separate a small
amount of oil (<5%). Thus, a chemical or physical
treatment process almost always precedes the use of
biological treatment for MCFs. However, biological
treatment is an excellent secondary or tertiary treatment
of MCFs for organics reduction. This process with
chemical treatment is most economical for large users
and especially in cases where there is not an option for
sewer discharge.

Recently, there has been considerable interest in
identifying new technologies that are capable of
meeting more stringent treatment standards. For this
purpose, electrocoagulation (EC) process has a more
prominent role in the treatment of MCWs since it

provides some significant advantages such as quite
compact and easy operation and automation, no
chemical additives, a shorter retention time, high
sedimentation velocities, more easier dewatering, and
reduced amount of sludge due to the lower water
content. It can also prevent the production of unwanted
side products (Chen 2004; Mollah et al. 2001).
Therefore, EC has the potential to be the distinct
economical and environmental choice for treatment of
various industrial wastewaters and other related water
management issues, and this treatment process has
been applied to treat various types of industrial
wastewaters (Kobya et al. 2006a, b, 2009, 2010;
Kobya and Delipinar 2008; Kabdasli et al. 2009;
Ponselvan et al. 2009; Arslan-Alaton et al. 2008;
Barrera-Diaz et al. 2006; Can et al. 2003; and so on).

A few literature studies have been available only
for the treatment of metal cutting and oily waste-
waters by EC (Kobya et al. 2008; Bensadok et al.
2008; Tir and Moulai-Mostefa 2008; Canizares et al.
2007, 2008; Khemis et al. 2005; Xu and Zho 2004;
Sanchez-Calvo et al. 2003; Bergmann et al. 2003). EC
treatment of MCWs has been tested on a laboratory
scale, and good removal of COD, TOC, and turbidity at
varying operating conditions is obtained. The process
efficiency in the EC process is generally affected by
many factors like pH, current density (CD), electrolyte
concentration, electrode type, time, and operating cost.
The optimization of these factors may significantly
increase the process efficiency and practicality, and EC
technology has been improved to minimize operating
cost and maximize pollutant (i.e., BOD, COD, TOC,
turbidity) effluent parameters. In conventional multi-
factor experiments, optimization is performed by
varying a single factor and keeping the rest of the
factors constant at a specific set of conditions. This
method is very time consuming and incapable of
producing an effective optimization (Olmez 2009;
Prasad et al. 2008; Saravanathamizhan et al. 2007;
Korbahti et al. 2007).

In this study, response surface methodology (RSM)
is employed to optimize and to evaluate interactions
of influencing factors on the treatment efficiency of
MCW with a limited number of planned experiments.
RSM focuses on effects and relationships of the main
process variables to maximize COD, TOC, and
turbidity treatment efficiencies and to minimize
operating cost effect of third operational parameters:
initial wastewater pH, current density, and operating
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time. Operating costs of the process at the optimum
conditions are also evaluated for both electrodes.

2 Materials and Methods

2.1 Metal Cutting Wastewater

MCWwas supplied by a local manufacturing company
in Gebze (Turkey) which is involved in the machining
of metallic pieces for the automotive sector. Two cubic
meters of MCW per month is produced approximately
for the effluent generated in the manufacturing pro-
cesses. MCW used in this experimental work was
maintained at 4°C to minimize microbial growth in the
wastewater sample. The characteristics of MCW used
in the study are given in Table 1.

2.2 Experimental Setup and Procedure

The characteristics of EC process and reactor are
given in Table 2. The EC experiments are conducted
in a 4.5-l Plexiglas reactor with a dimension of
255 mm×195 mm×90 mm. Aluminum (Al) or iron
(Fe) plates (220 mm×50 mm×4 mm) are chosen as
the anode/cathode pair for their performances, and the
electrodes are situated 45 mm apart from each other and
connected in a monopolar parallel mode, yielding a total
effective electrode surface area of 660 cm2. Four
electrodes are adopted in the electrolytic cell for all
experimental run. The electrodes are connected to a
digital DC power supply (Agilent 6675A model; 120 V,
18 A) operated at galvanostatic mode (Kobya et al.
2009; Kobya and Delipinar 2008). In each run, 4.0 l of
the wastewater solutions is placed into the EC reactor.
The current density is adjusted to a desired value and

the EC is started. At the end of EC, the solution is
filtered and then is analyzed. At the end of the run, the
electrodes are washed thoroughly with water to remove
any solid residues on the surfaces, dried and reweighted.

2.3 Experimental Design and Data Analysis

RSM is a collection of mathematical and statistical
techniques, commonly used for improving and opti-
mizing processes. It can be used to evaluate the
relative significance of several affecting factors in the
presence of complex interactions. When a combina-
tion of several independent variables and their
interactions affects desired responses, RSM is an
effective tool for optimizing the process (Myers and
Montgomery 2002). RSM uses an experimental
design such as the composite central design (CCD)
to fit a model by least squares technique. This
methodology optimizes for COD, TOC, and turbidity
removals from MCWs in the EC process in terms of
the process variables to provide more comprehensive
interpretation and quantitative assessment of the
treatment process.

Table 1 Typical characteristic of used MCW

Parameters Value Average value

pH 6.2–7.0 6.60

Conductivity (mS/cm) 1.75–1.95 1.85

Color White White

COD (mg/l) 14.500–20.124 17.312

TOC (mg/l) 2.650–3.660 3.155

Turbidity (NTU) 13.250–17.450 15.350

TSS (mg/l) 140–160 150

Table 2 Characteristics of EC reactor

Electrodes Specification

Material (anode and cathode) Iron (Fe) and aluminum
(Al) plates

Shape Rectangular plate

Connection mode Monopolar parallel

Size (mm) 220×50

Thickness (mm) 3

Number 4 (two anodes and
two cathodes)

Electrode gap (mm) 45

Effective electrode surface
area (cm2)

660

Reactor characteristics

Make Organic glass

Reactor mode Batch mode

Dimensions (mm) 250×190×80

Volume 4.5 l

Used wastewater volume 4.0 l

Stirring mechanism and rpm Magnetic and 300

Power supply

Voltage range (V) 0–120

Current range (A) 0–18
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The Design Expert 7.1.3 software (trial version) is
used for the statistical design of experiments and data
analysis and performed in duplicate. The three most
important operating variables, initial wastewater pH
(x1), current density (x2), and operating time (x3), are
optimized. The study ranges are chosen as initial
wastewater pH4–8, current density 30–100 A/m2, and
operating time 10–40 min for the EC process using Al
and Fe electrodes. Initial wastewater pH (x1), current
density (x2), and operating time (x3) are chosen as
three independent variables in the EC process. Their
range and levels are given in Table 3.

In this table, the coded values for x1, x2, and x3 are
set at five levels −2, −1 (minimum), 0 (central), +1

(maximum), and + 2. Three dependent parameters are
analyzed as responses, COD, TOC, and turbidity
removals, in order to obtain optimum initial waste-
water pH, current density, and operating time and to
achieve highest removal of COD, TOC, and turbidity
and lowest operating cost (as euros per cubic meter or
euros per kilogram COD) for the treatment of MCW
using the EC process. For Fe and Al electrodes, the
actual design of this work is presented in Tables 4 and 5.
These tables show the CCD in the form of a 23 full
factorial design with three additional experimental
trials (run numbers 1, 6, and 17) as replicates of the
central point. Analysis of variance (ANOVA) is used
for graphical analyses of the data to obtain the

Factor Variables Range of actual and coded variables

Unit −2 −1 0 +1 +2

x1 Initial pH – 4.00 5.01 6.50 7.98 9.00

x2 Current density A/m2 30 44.18 65 85.81 100

x3 Operating time min 10 16.08 25 33.91 40

Table 3 Process factors and
their levels

Table 4 The actual design of experiments and responses for EC using Fe electrodes

Exp. no. pH (x1) CD (x2)
A/m2

tEC (x3)
(min)

Removal efficiency (%) Energy consumption
(ENC)a

Electrode consumption
(ELC)a

Operating cost
(OC)a

COD TOC Turbidity kWh/m3 kWh/kg COD kg Fe/m3 kg Fe/kg COD €/m3 €/kg COD

1 6.50 65.00 25.00 89.00 79.00 99.00 5.873 1.334 0.572 0.130 0.959 0.21

2 7.99 85.81 16.08 82.00 75.00 98.70 6.718 1.656 0.429 0.106 0.898 0.21

3 6.50 30.00 25.00 69.10 57.10 10.00 1.791 0.525 0.257 0.075 0.398 0.11

4 4.00 65.00 25.00 83.00 75.00 85.00 5.618 1.368 0.543 0.132 0.916 0.21

5 6.50 100.00 25.00 93.00 79.10 94.00 14.693 3.194 0.829 0.180 1.812 0.38

6 6.50 65.00 25.00 91.00 80.00 99.50 5.975 1.328 0.543 0.121 0.942 0.20

7 7.99 44.19 16.08 76.10 66.00 50.00 2.117 0.563 0.256 0.068 0.421 0.10

8 7.99 44.19 33.92 80.00 70.00 50.20 4.371 1.105 0.514 0.130 0.802 0.19

9 9.00 65.00 25.00 87.30 81.00 91.00 6.129 1.424 0.512 0.120 0.928 0.20

10 5.01 85.81 33.92 90.00 82.20 99.80 12.251 2.752 1.114 0.251 1.879 0.42

11 5.01 44.19 33.92 72.00 65.00 45.00 4.230 1.188 0.542 0.152 0.816 0.21

12 6.50 65.00 40.00 93.00 81.00 97.00 9.234 2.007 0.943 0.205 1.516 0.32

13 5.01 85.81 16.08 83.00 74.10 97.00 5.938 1.446 0.457 0.111 0.866 0.20

14 5.01 44.19 16.08 68.00 61.10 45.40 2.072 0.616 0.243 0.072 0.406 0.10

15 6.50 65.00 10.00 75.00 69.00 95.00 2.431 0.655 0.171 0.046 0.371 0.09

16 7.99 85.81 33.92 91.00 83.00 99.70 14.719 3.270 0.771 0.171 1.766 0.38

17 6.50 65.00 25.00 91.00 82.00 98.00 5.924 1.316 0.541 0.121 0.938 0.20

a Operating cost (OC) = aENC + bELC + cCC (a, b, and c given for Turkey market in January 2010 are electrical (0.072 €/kWh),
electrode (0.85 €/kg Fe and 1.65 €/kg Al), and chemical costs such as NaOH and H2SO4 as 0.73 €/kg and 0.29 €/kg). ENC, ELC, and
chemical are energy, electrode, and chemical consumptions, respectively
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interaction between the process variables and the
responses. The quality of the fit polynomial model is
expressed by the coefficient of determination R2, and its
statistical significance is checked by the Fisher F test in
the same program. Model terms are evaluated by the P
value (probability) with 95% confidence level.

2.4 Chemical Analysis and Operating Costs

COD, TOC, and turbidity contents of liquid samples
are monitored. All analyses are performed according
to the standard method for water and wastewater
analysis (Cleceri et al. 1998). COD is measured
spectrophotometrically and analyzed by closed reflux
colorimetric method (Perkin Elmer Lambda 35 UV/
VIS spectrophotometer, USA). The TOC levels are
determined through combustion of the samples at
680°C using a nondispersive IR source (Tekmar
Dohrmann Apollo 9000). The turbidity (NTU) of
samples is analyzed using a Mettler Toledo 8300
model turbidimeter control. The pH is measured using
Mettler Toledo 2050 model pH control, and the

conductivity is determined with Mettler Toledo 7100
model conductivity meter control system. The accu-
racy of all measured values for COD, TOC, and
turbidity is estimated around 3%.

The operating cost (euros per cubic meter or euros
per kilogram COD) for the EC process including
mainly chemical, electrode, and electrical energy costs
is calculated (Kobya et al. 2009, 2010), and results for
both electrodes are shown in Tables 4 and 5.

3 Results and Discussion

3.1 Statistical Analysis

In the present work, the relationship between three
variables (namely initial wastewater pH, current
density, and operating time) and three important
process responses (namely COD, TOC, and turbidity
removal efficiencies) for the EC process using iron
and aluminum electrodes is analyzed using RSM.
Significant model terms are desired to obtain a good

Table 5 The actual design of experiments and responses for EC using Al electrodes

Exp. no pH (x1) CD (x2)A/m
2 tEC(x3)

(min)
Removal efficiency (%) Energy consumption

(ENC)a
Electrode consumption
(ELC)a

Operating cost
(OC)a

COD TOC Turbidity kWh/m3 kWh/kg COD kg Al/m3 kg Al/kg COD €/m3 €/kg COD

1 6.50 65.00 25.00 90.35 82.30 99.75 4.342 0.9752 0.403 0.090 1.023 0.269

2 7.99 85.81 16.08 81.20 73.80 73.80 5.418 1.352 0.372 0.093 1.053 0.301

3 6.50 30.00 25.00 75.10 65.20 65.20 1.367 0.425 0.114 0.036 0.337 0.139

4 4.00 65.00 25.00 93.45 80.25 80.25 3.677 0.799 0.486 0.106 1.116 0.282

5 6.50 100.00 25.00 87.75 79.85 79.85 9.664 2.220 0.657 0.151 1.830 0.459

6 6.50 65.00 25.00 83.80 82.95 82.95 4.290 0.975 0.429 0.098 1.066 0.281

7 7.99 44.19 16.08 65.10 63.05 95.05 1.538 0.399 0.229 0.059 0.538 0.176

8 7.99 44.19 33.92 83.75 76.30 98.15 3.055 0.735 0.343 0.083 0.836 0.239

9 9.00 65.00 25.00 81.30 74.80 98.30 4.648 1.160 0.343 0.086 0.950 0.275

10 5.01 85.81 33.92 91.90 85.20 99.90 8.685 1.868 0.857 0.184 2.101 0.489

11 5.01 44.19 33.92 87.25 73.15 99.70 2.632 0.612 0.486 0.113 1.041 0.281

12 6.50 65.00 40.00 91.20 83.95 99.90 7.354 1.634 0.601 0.133 1.570 0.388

13 5.01 85.81 16.08 87.95 78.15 99.80 4.031 0.926 0.514 0.118 1.189 0.312

14 5.01 44.19 16.08 78.50 73.15 97.60 1.181 0.291 0.314 0.078 0.654 0.199

15 6.50 65.00 10.00 73.75 67.65 99.60 1.655 0.452 0.143 0.039 0.405 0.147

16 7.99 85.81 33.92 93.30 84.10 99.80 11.062 2.405 0.629 0.137 1.884 0.449

17 6.50 65.00 25.00 88.85 79.95 99.40 4.392 0.998 0.457 0.104 1.121 0.293

a Operating cost (OC) = aENC + bELC + cCC (a, b, and c given for Turkey market in January 2010 are electrical (0.072 €/kWh),
electrode (0.85 €/kg Fe and 1.65 €/kg Al), and chemical costs such as NaOH and H2SO4 as 0.73 €/kg and 0.29 €/kg). ENC, ELC, and
chemical are energy, electrode, and chemical consumptions, respectively
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fit in a particular model. The CCD for Fe and Al
electrodes in Tables 4 and 5 allows the development of
mathematical equations where predicted results (yi) are
assessed as a function of x1, x2, and x3 as the sum of a
constant, three first-order effects (terms in x1, x2, and
x3), three interaction effects ((x1·x2), (x1·x3), (x2·x3)),
and three second-order effects (x21, x

2
2, and x23).

The adequacy of the RSM is justified through
ANOVA. The ANOVA results for response parame-
ters for Fe and Al electrodes are shown in Tables 6
and 7. Only terms found statistically significant are
included in the model. For Fe and Al electrodes,
Tables 6 and 7 illustrated the quadratic models in
terms of coded factors and also showed other
statistical parameters. F values from the ANOVA are
23.55 for COD, 22.67 for TOC, and 55.50 for
turbidity removal for Al and 17.68 for COD, 72.12
for TOC, and 156.52 for turbidity removal for Fe
electrodes, indicating that the model is significant.
The large value of F indicates that most of the
variation in the response could be explained by

regression equation. The associated P value <0.01
indicates that the model is considered to be statisti-
cally significant. Values of Prob>F are less than 0.5
which shows that the model terms are significant. The
R2 coefficient gives the proportion of the total
variation in the response variable accounted for by
the predictors (x's) included in the model. A high R2

value, close to 1, is desirable and has a reasonable
agreement with adjusted R2. A high R2 coefficient
ensures a satisfactory adjustment of the quadratic
model to the experimental data. In the present study,
the adjusted values of R2 (Tables 6 and 7) for Al and
Fe electrodes are 0.927 for COD, 0.924 for TOC, and
0.968 for turbidity removal and 0.904 for COD, 0.976
for TOC, and 0.989 for turbidity removal, respective-
ly. The coefficient of variance (CV) as the ratio of the
standard error of estimate to the mean value of the
observed response (as a percentage) is a measure of
reproducibility of the model. As shown in Tables 6
and 7, CV for COD, TOC, and turbidity removal is
found to be 3.18%, 1.70%, and 3.73% for Fe

Response R2 Adj R2 SD CV PRESS F value Prob>F AP

COD removal (%) 0.958 0.904 2.64 3.18 356.2 17.68 0.0005 12.18

TOC removal (%) 0.989 0.976 1.30 1.70 58.9 72.12 <0.0001 28.54

NTU removal (%) 0.995 0.989 2.97 3.73 462.4 156.52 <0.0001 41.60

ENC (kWh/m3) 0.993 0.985 0.50 7.71 13.7 117.28 <0.0001 33.27

ENC (kWh/kg COD) 0.992 0.983 0.11 7.42 0.69 100.66 <0.0001 31.24

ELC (kg Fe/m3) 0.980 0.956 0.05 9.85 0.16 33.00 <0.0001 22.29

ELC (kg Fe/kg COD) 0.977 0.947 0.01 9.25 0.006 39.33 <0.0001 20.43

OC (€/m3) 0.997 0.993 0.04 4.12 0.088 169.80 <0.0001 49.1

OC (€/kg COD) 0.995 0.990 0.01 3.82 0.005 261.71 <0.0001 40.6

Table 6 ANOVA results
for response parameters
for Fe electrode

SD standard deviation, CV
coefficient of variance,
PRESS predicted residual
error sum of squares, AP
adequate precision, P prob-
ability of error

Response R2 Adj R2 SD CV PRESS F value Prob > F AP

COD removal (%) 0.968 0.927 2.11 2.51 112.2 23.55 0.0002 16.8

TOC removal (%) 0.967 0.924 1.85 2.41 175.1 22.67 0.0002 15.4

NTU removal (%) 0.986 0.968 0.26 0.26 3.16 55.50 <0.0001 25.5

ENC (kWh/m3) 0.997 0.993 0.25 5.40 3.49 246.50 <0.0001 49.9

ENC (kWh/kg COD) 0.997 0.992 0.10 4.94 0.15 254.60 <0.0001 50.4

ELC (kg Al/m3) 0.944 0.872 0.10 15.6 0.30 13.13 <0.0001 12.5

ELC (kg Al/kg COD) 0.926 0.831 0.10 15.7 0.013 9.76 0.0033 10.7

OC (€/m3) 0.981 0.957 0.10 9.45 0.55 40.76 <0.0001 20.2

OC (€/kg COD) 0.978 0.950 0.02 7.92 0.03 34.57 <0.0001 18.1

Table 7 ANOVA results
for response parameters for
Al electrode

SD standard deviation, CV
coefficient of variance,
PRESS predicted residual
error sum of squares, AP
adequate precision, P prob-
ability of error
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electrode and 2.51%, 2.41%, and 0.26% for Al
electrode, respectively. Adequate precision (AP)
compares the range of the predicted values at the
design points to the average prediction error. Ratios of
CV>4 indicate that adequate model is desirable. The
AP values for Al and Fe electrodes used in the EC
process are found to be 12.18 for COD, 28.54 for
TOC, and 41.60 for turbidity removal and 16.8 for
COD, 15.4 for TOC, and 25.5 for turbidity removal
which indicate an adequate signal (Tables 6 and 7).

The following fitted regression models (equations
in terms of coded values for the regressors) are used
to quantitatively investigate the effects of initial pH,
current density, and operating time on the character-

ization of the EC process for COD, TOC, and
turbidity removal efficiency. Experimental results are
evaluated using approximating functions of dependent
variables COD (y1), TOC (y2), and turbidity (y3)
removal percents for the EC process using Fe and Al
electrodes. These approximating functions are pre-
sented in Eqs. 1, 2, and 3 for Fe electrode and Eqs. 4,
5, and 6 for Al electrode:

y1;COD ¼ 90:50þ 1:66x1 þ 6:62x2 þ 3:97x3

� 2:00x1x2 þ 0:25x1x3 þ 1:00x2x3

� 2:48x21 � 3:98x22 � 2:83x23 ð1Þ

Fig. 1 Comparison of predicted value for Fe electrode using Eqs. 1, 2, and 3 with experimental value for a COD, b TOC, and c
turbidity removal efficiencies
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y2;TOC ¼ 80:41þ 1:62x1 þ 6:52x2 þ 3:24x3

� 1:00x1x2 � 1:00x2x3 � 1:11x21

� 4:64x22 � 2:177x23 ð2Þ

y3;NTU ¼ 98:94þ 1:60x1 þ 25:38x2 þ 0:53x3

� 1:04x1x2 � 0:21x1x3 þ 0:49x2x3

� 4:72x21 � 17:45x22 � 1:90x23 ð3Þ

y1;COD ¼ 87:66� 3:13x1 þ 4:47x2 þ 5:33x3

þ 1:44x1x2 þ 2:66x1x3 � 1:42x2x3

� 0:081x21 � 2:19x22 � 1:81x23 ð4Þ

y2;TOC ¼ 81:67� 1:58x1 þ 4:41x2 þ 4:25x3

þ 0:19x1x2 þ 2:06x1x3 � 0:51x2x3

� 1:27x21 � 3:04x22 � 1:88x23 ð5Þ

Fig. 2 Comparison of predicted value for Al electrode using Eqs. 4, 5, and 6 with experimental value for a COD, b TOC, and c
turbidity removal efficiencies
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y3;NTU ¼ 99:55� 0:61x1 þ 0:85x2 þ 0:91x3

þ 0:30x1x2 þ 0:31x1x3 � 0:44x2x3

� 0:17x21 � 0:40x22 � 0:46x23 ð6Þ

The mathematical relationship between energy
(ENC, kilowatt hour per cubic meter or kilowatt hour
per kilogram COD) and electrode consumptions (ELC,
kilogram Fe or Al per cubic meter or kilogram Fe or Al
per kilogram COD), operating cost (OC, euros per
cubic meter or euros per kilogram COD), and variables
such as x1, x2, and x3 is obtained (Tables 4 and 5).

The actual and the predicted COD, TOC, and
turbidity removal efficiencies by EC process using Al
and Fe electrodes are shown in Figs. 1 and 2. Actual
values are the measured response data for a particular
run, and the predicted values are evaluated from the
model and generated by using the approximating
functions. It is seen in Figs. 1 and 2 that the data
points lie close to the diagonal line and the developed
model is adequate for the prediction of each response.

Equations 1, 2, and 3 for Fe electrode and Eqs. 4,
5, and 6 for Al electrode in the EC process are used to
visualize the effects of experimental factors on
responses under optimized conditions in 3D graphs

Fig. 3 3D response surface graphs with Fe electrode for combined effect of current density–initial pH, operating time–initial pH, and
operating time–current density on percentage of a COD, b TOC, and c turbidity removal efficiencies
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of Figs. 3 and 4. COD, TOC, and turbidity removal
percentages are obtained with the operating parame-
ters which are current density (30–100 A/m2),
operating time (10–40 min), and pH (4–8), respec-
tively (Figs. 3 and 4).

The COD, TOC, and turbidity removal efficiencies
are found to increase with an increase in CD values,
at any value of initial pH and operating time.
Generally, it is known that COD, TOC, and turbidity
removals increase with increasing Fe and Al dosages
in chemical coagulation. It may be inferred from

Figs. 3 and 4 that higher COD removal efficiency is
achieved at higher CD and operating time (tEC) values.
At higher CD, higher dissolution of electrode material
(Faraday's law) with higher rate of formation of iron or
aluminum hydroxides and some polymeric metal
complexes resulted in higher COD, TOC, and turbidity
removal efficiencies due to coprecipitation. In the case
of Al electrode, monomeric species such as Al(OH)2+,
Al(OH)2

+, Al2(OH)2
4+, and Al(OH)4

− and poly-
meric species such as Al6(OH)15

3+, Al7(OH)17
4+,

Al8(OH)20
4+, Al13O4(OH)24

7+, and Al13(OH)34
5+ are

Fig. 4 3D response surface graphs with Al electrode for combined effect of current density–initial pH, operating time–initial pH, and
operating time–current density on percentage of a COD, b TOC, and c turbidity removal efficiencies
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formed during the EC process (Can et al. 2003). In
the case of Fe electrode, Fe(OH)2+, Fe(OH)2

+,
Fe2(OH)2

4+, Fe(OH)4
−, Fe(H2O)2

+, Fe(H2O)5OH
2+,

Fe(H2O)4(OH)2
+, Fe(H2O)8(OH)2

4+, and Fe2(H2O)6
(OH)4

2+ are produced (Kobya et al. 2009). Forma-
tion rates of these different species depend on pH of
the medium and types of ions present and played an
important role in the EC process. A decrease of the
removal efficiency at a pH less than 4 and higher
than 8 is observed and is attributed to an amphoteric
behavior of Al(OH)3, Fe(OH)2, and Fe(OH)3 which
led to soluble Al3+, Fe2+, and Fe3+ cations when the
initial pH is low and to monomeric anions, Al(OH)4

−

and Fe(OH)4
− when the initial pH is high. These

soluble species are useless for water treatment.
Therefore, initial pH in the EC process is kept in
the range 4–9. Also, more sludge is produced from
electrodes at higher CD values due to elevated
dissolution rate of anode. Increased amount of
sludge enhanced COD, TOC, and turbidity removal
efficiencies due to sweep coagulation at higher CD
and operating time values.

Maximum COD, TOC, and turbidity removal
efficiencies as well as operating variables (CD, tEC,
and pH) at optimized values for treatment of MCW
are 88.43%, 79.1%, 99.8%, 66.39 A/m2, 20.60 min,
and 7.03 pH for Fe electrode and 90.11%, 81.30%,
99.9%, 62.67 A/m2, 24.39 min, and 5.01 pH for Al
electrode, respectively. Operating costs for Fe and Al
electrodes at optimum conditions are 0.80 €/m3 (or
0.22 €/kg COD) and 1.08 €/m3 (or 0.28 €/kg COD).

4 Conclusions

The statistical analysis shows that all the variables set
in the preparation of the model, within the tested
boundaries of the model, have significant effect on the
model. Current density, initial pH, and operating time
for the treatment of MCW influence the COD, TOC,
and turbidity removal efficiencies. The optimal
electrocoagulation conditions for maximum removal
efficiencies of COD, TOC, and turbidity found by
RSM are current density (66.39 A/m2), initial pH
(7.03), and operating time of EC (20.60 min) for Fe
electrode and current density (62.67 A/m2), initial pH
(5.01), and operating time of EC (24.39 min) for Al
electrode. It is characterized by desirability of 0.728
for Fe electrode and 0.819 for Al electrode. The actual

COD, TOC, and turbidity removals at optimized
conditions are found to be 93.0%, 83.0%, and
99.8% for Fe electrode and 93.5%, 85.2%, and
99.9% for Al electrode, respectively, which confirms
close to the predicted response using RSM. Minimal
operating costs for Fe and Al electrodes are 0.371 and
0.337 €/m3. A mathematical approach is useful for
picturing the theoretical electrocoagulation of metal
cutting wastewater treatment.
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