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Abstract The metal cutting wastewater was treated
with electrocoagulation (EC) and electrochemical-
Fenton (EF) method in a bipolar trickle tower reac-
tor. In EC treatment, the COD removal efficiency
was obtained as 81.3% with 89.0 kWh/m® energy
consumption using 0.7 mA/cm? current density and
0.2 mM Na,SO,. With the EF method, 99.2% COD
removal was achieved with 78.0 kWh/m? energy con-
sumption in optimum conditions (0.7 mA/cm? cur-
rent density, 90 mM H,0,, 0.2 mM Na,SO, at pH
3) after 30-min treatment of wastewater. In EC and
EF process, TOC and toxicity of the wastewater were
decreased during the treatment period in parallel with
COD removal as a result of response surface meth-
odology (RSM) optimization. It was observed that
the main metal and heavy metal contents were B, Al,
Cr, Zn, Ni, Cu, Cd, and Pb when their concentrations
were listed in descending order at the level of ug/L,
and these heavy metal and boron contents were
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removed more efficiently in the EC process than EF
treatment. The FTIR-ATR spectrum of the sludge
observed the strong peaks around 875 cm~! and
884 cm™! related to vibrations of the Fe—O bonds in
iron oxide after the EC and EF treatment. This study
showed that metal cutting wastewater was success-
fully treated with EC and EF first time in the lit-
erature even if it had high COD, TOC, toxicity, and
heavy metal contents.

Keywords Electrocoagulation - Electrochemical-
Fenton - Organic matter - RSM - Boron - Toxicity

1 Introduction

The use of metal cutting fluid has also increased with
the development of the metal processing industry
today. Cutting fluids are used in all areas of the indus-
try to lubricate machinery and machine parts. Metal
cutting fluids include pure oils, emulsions (boron
oils), semi-synthetic products, and fully synthetic
products. Purification of metal cutting fluids is an
important problem. Electrochemical method stands
to be a reasonable tool supplying effective organic
matter, metal’heavy metal, and toxicity removal
required for the legal discharge limit for metal indus-
try wastewater.
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The electrochemical wastewater treatment process
consists of metal electrodes immersed in an electro-
lyte with electrical current applied to these electrodes
(Mollah et al., 2001). The basis of the electrocoagu-
lation (EC) treatment is precipitation, adsorption,
and flotation processes in an electrochemical reactor
(Ihara et al., 2004). Aluminum and iron electrodes are
used in the EC process because of the high adsorption
capacity of the ions produced from these metal elec-
trode surface as a result of current application (Chen,
2004). In the EC, if aluminum or iron electrodes are
used as anodes, these electrodes are dissolved and
give AI**, Fe?*, and Fe®* ions to the solution; these
ions also combine with hydroxyl ions in water; and
they form metal hydroxides such as Al (OH) ;, Fe
(OH) ,, and Fe (OH) ;. The adsorption abilities of
metal hydroxide particles formed during EC are quite
higher than chemical coagulation (Demirbas and
Kobya, 2017). In EC treatment, the following two
types of mechanisms are formed during the use of
iron electrodes in wastewater (Govindan et al., 2020).

First mechanism:

Anode 4Fe(, — 4Fe™ + 8¢” 1)
4Fe™ — 10H,0 + Oy, — 4Fe(OH); + 8H*  (2)

Cathode SHY + 8¢~ — 4H 3)

OverallreactiondFe;, + 10H,0 + O, — 4Fe(OH); + 4H

4

Second mechanism:
Anode 4Fe(, — 4Fe™ + 8¢~ (5)
Fe*? + 20H™ — Fe(OH), (6)
Cathode 2H,0 + 2¢~ — Hy,) + 20H™ (7

OverallreactionFe,, + 2H,0 — Fe(OH), + Hy,) (8)

At this stage, the pollutants in the water are depos-
ited by clinging to the formed Fe(OH), and Fe(OH);
Emulsifying agents, suspended solids, and colloi-
dal materials can be stabilized by the EC success-
fully. When the particles are properly contacted with
Fe(OH), and Fe(OH);, the particles are neutralized,
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and different particles come together to form large
flocs without coagulant addition from outside because
coagulants are produced as in situ electrochemically
(Larue et al., 2003). On the other hand, it is possible
to remove the dissolved organic and inorganic con-
taminants by adsorbing on the surface of these flocs.
During the electrochemical treatment, Fet? may be
simultaneously or separately produced in the water
or wastewater with in situ electrochemically, and then
the Fenton reaction occurs with following reactions
(Govindan et al., 2019).

Fe(y — 4Fe*” + 8¢~ 9)
0, +H" +2¢~ — H,0, (10)
Fe™ + Hy0,— Fe™ + OH + «OH 1)

This mechanism is called as electrochemical-
Fenton (EF) method in literature. During the EF pro-
cess, H,O, can be produced electrochemically in situ
(Gokkus & Yildiz, 2016), but it generally added to the
system from outside chemically because in situ H,O,
production requires high electrical potential applica-
tion and long contact time (Klidi et al., 2019). The
advantage of controlled hydroxyl radicals with prom-
ising results for non-biodegradable, persistent, and
toxic compounds in the wastewater with EF methods,
as compared to other conventional physical, mechani-
cal, and biological treatment methods (Chang et al.,
2004). It can be used for the following purposes in
the wastewater treatment of the EC process: heavy
metal removal, oil-water emulsion breakage, domes-
tic wastewater treatment, drinking water treatment,
biochemical oxygen demand (BOD), chemical oxy-
gen demand (COD), nutrient removal like phosphate
and nitrogen, suspended solids and colloid material
removal, and complex organics removal. The metal
cutting wastewaters including these listed pollutants
simultaneously create serious environmental prob-
lems in aquatic systems, and the EC process is seen
as capable and efficient method for this type mixed
wastewaters in literature (Bensadok et al., 2008). Ben-
sadok et al. (2008) conducted a study on the treatment
of coolant and cutting fluid emulsion by EC method.
The highest COD and turbidity removal efficiency
was obtained at pH 6-7 when the pH of initial waste-
water was carried out at 3, 5, 6, 7, 9, and 11. The
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optimum EC treatment conditions provided 92% COD
and 99% turbidity removal. In another work, Bakirci
(2014) conducted a study on this type of wastewa-
ter by electrooxidation (EO) method using steel and
EC treatment aluminum and iron electrodes. It was
reported that turbidity removal efficiency increased
as the voltage increased and the highest removal was
obtained with steel electrodes (EO), while the lowest
removal was achieved with an aluminum electrode
(EC) obtaining more than 90% when the discharge
efficiency increased as the number of electrodes
increased. Agkin (2011) carried out the removal of
vegetal-based metal cutting fluid from wastewater by
EC using a monopolar parallel electrode. As a result
of this work, the highest removal efficiency was
obtained as 90.6% COD and 99.3% turbidity under
the following EC operation condition: pH 4, current
density: 80 A/m?; electrolysis time: 30 min; and con-
ductivity: 1 mS/cm. Kobya et al. (2008) carried out the
treatment of metal cutting fluid wastewater EC method
with iron and aluminum plate to obtain COD and total
organic carbon (TOC) removal efficiency varying pH,
current density and duration parameters. As a result of
the study, the 93.0% COD and 78.0% TOC removal
efficiency were observed at 60 A/m? current density
in 25-min treatment time at pH 5 for aluminum elec-
trode, while 92.0% COD and 82.0% TOC removal
efficiency was obtained at 60 A/m? current density in
25-min treatment time at pH 7 for iron electrode under
optimum conditions with 0.497 $/m>® and 0.768 $/
m? operating cost for iron and aluminum electrodes,
respectively. In other study performed by the same
researchers, the metal cutting fluid wastewater was
treated by electrochemical precipitation method. As a
result of the studies, the current density for iron elec-
trode has been determined as 66.39 A/m>, pH 7.03,
and the treatment time as 20.60 min as optimum con-
ditions. For aluminum electrode, the best removal effi-
ciency was achieved with the current density of 62.67
A/m?, pH 5.01, and a treatment time of 24.39 min.
COD, TOC, and turbidity removal efficiencies for iron
electrode were 93.0%, 83.0%, and 99.8% while COD,
TOC, and turbidity removal efficiencies for aluminum
electrode were 93.5%, 85.2%, and 99.9%, respectively
(Kobya et al., 2011). Izquierdo et al. (2010) investi-
gated the effect of soluble cutting liquids on the treat-
ment efficiency of the electrolyte structure to be used
in electrochemical precipitation studies using iron

and aluminum electrodes. In electrochemical treat-
ment studies using Al electrode, 0.75 kWh/m® energy
was spent using sodium chloride, and about 5 kWh/
m? energy was used in electrochemical treatment stud-
ies using Fe electrode. Sangal et al. (2013) worked at
purification of metal cutting fluid with aluminum elec-
trode by electrochemical precipitation method. The
optimum value for pH is 6.50, 138.8 A/m? for current
density, and 40 °C for temperature, and 99% removal
efficiency is obtained in this study.

As it was seen in the given studies above, although
many electrochemical treatment studies are conducted
for wastewater with this feature, it was not investi-
gating in terms of heavy metals and toxic character.
Also, the optimization of electrochemical treatment
parameters such as pH, current density, and support-
ing electrolyte concentration was not studied in detail.
In this study, treatment of metal cutting fluid waste-
water was carried out by EC and EF processes, and
the effect of pH, flow rate, current density, amount of
support electrolyte on COD removal efficiency was
optimized using response surface method (RSM) in
parallel examining energy consumption of EC and
EF processes. By treating metal cutting wastewaters
with EC and EF in the bipolar trickle tower reactor
under the optimum treatment conditions determined
with RSM, COD, and TOC, heavy metals content and
toxic character were successfully studied with a holis-
tic approach first time in the literature.

2 Materials and Method

In this study, treatment of the metal cutting waste-
water was carried out with electrocoagulation (EC)
and electrochemical-Fenton (EF) method in a bipolar
trickle tower (BTT) reactor with Rashing shaped iron
electrodes operating recycled batch flow condition by
means of optimizing EC and EF processes’ operat-
ing parameters. The TOC, boron, heavy metals, and
cytotoxicity analysis of the treated wastewater were
performed in the BTT reactor. For the characteriza-
tion of sludge samples obtained by electrocoagulation
(EC) and electrochemical-Fenton (EF) treatment, the
morphological analysis was carried out via (FTIR).
Details of these methods are described in the follow-
ing sub-sections.

@ Springer
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2.1 Electrochemical Treatment Setup

The BTT reactor used in electrochemical studies con-
sisted of two intertwined glass pipes with the outer
diameter of 4 cm and the inner diameter of 2.5 cm.
The length of this column is 21.5 cm. The inside of
the BTT reactor was filled with Rasching shaped iron
electrode, and the BTT reactor consisted of 27 layers
containing 5 electrodes in each layer. The placement
and arrangement of the electrodes used in the reac-
tor was made as given in the literature (Koparal et al.,
2007). Insulating materials were placed between each
layer; thus, the Rasching shaped iron electrodes were
separated from each other, and bipolarity was pro-
vided for each electrode placed in the reactor. The
operated experimental set is shown in Fig. 1. In the
experimental studies, the BTT reactor with a volume
of 125 mL was worked with recirculated batch opera-
tion using 50 mL/min flow rate.

2.2 Determination the Influent and Effluent
Characteristic of the Wastewater

The real metal cutting wastewater characteristic used
in this work is given in Table 1. The metal cutting
wastewater with a volume of 500 mL was treated in
the bipolar trickle tower (BBT) reactor.

Fig. 1 Experimental setup
used in the electrochemical-
Fenton (EF) treatment

Table 1 Wastewater characteristic

Parameter Value
Chemical oxygen demand, COD (mg/L) 5500275
Total Organic Carbon, TOC (mg/L) 7500375
Boron Convention, B, pg/L 1100+50
Initial pH 9.00+£0.45
Conductivity (mS/cm) 5.02+0.26

Conductivity and pH values of the wastewater
samples were measured with pH meter (Thermo Sci-
entific Orion STAR A215). During the experiment,
samples were taken from the reactor at certain time
intervals during 30-min treatment time. These col-
lected samples were centrifuged with the centrifuge
(Nuve NF 800 R) for 7 min at 7000 rpm. The super-
natant was analyzed to determine the removal effi-
ciency of EC and EF methods by the utilization of
chemical oxygen demand (COD). The COD values
of wastewater were determined according to TS 2789
ISO 6060 Water Quality-Determination of Chemical
Oxygen Demand standard during the treatment pro-
cess using a thermo reactor (Merck Spectro quant TR
420).

The total organic carbon (TOC) values of the col-
lected samples taken under batch conditions from EC

ﬁér -
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and EF treatment process were evaluated with TOC
analyzer (SHIMADZU, TOC-LCP, and ASI-L) for
the metal cutting wastewater.

The heavy metal concentrations both of influent
and effluent were analyzed with Inductively Coupled
Plasma-Mass Spectrometer (Agilent 7800 ICP-MS)
according to EPA 6020A 2007-02.

2.3 Determination the Reaction Kinetic of EC and
EF Processes

The reaction kinetic of electrocoagulation (EC) and
electrochemical-Fenton (EF) treatment was exam-
ined with first-order reaction kinetic model. The
reaction constant was determined with linear regres-
sion coefficient (R*) between ¢ given x-axis and
In(%) given in y-axis according to following Eq. 12

and Eq. 13:

reaction rate = C;—f =kC (12)

I S\ _ kt
)

t

where dC/dt is the COD removal rate, k& is the first-
order reaction constant, and C is the COD concentra-
tion of sample.

2.4 Optimization of the Electrochemical Process
Parameters with RSM

Response surface method (RSM) was used for
optimization of electrochemical treatment pro-
cesses parameter for modelling and analyzing to
these parameters to show linear and non-linear
interactions of the treatment parameters inves-
tigating COD removal efficiencies. Fractional
design of experiment with 3 factors and 3 levels
was made for RSM. The parameters affecting the
electrochemical treatment studies, their code,
and their levels used in the process are given in
Table 2. The parameters were desired as the cur-
rent density (mA/cm?), Na,SO, concentration
(mM), and initial pH. Minitab 19.0 was used for
RSM statistical technique, and Pareto chart, sur-
face plot/counter plot, and regression equation
were obtained from RSM analysis.

Table 2 Factorial design of EC experiment for RSM

Factor Factor code  Factor level

-1 0 1
Current density (mA/cm?) A 03 05 0.7
Na,SO, concentration (mM) B 01 02 03
Initial pH C 3 6 9

2.5 Cytotoxicity Assays

The cytotoxicity experiments were conducted
with Microtox test procedure using Vibrio fis-
cheri bacteria comparing untreated model waste-
water after the utilization of H,0, for the opti-
mum treatment condition obtained in EC and EF
treatment studies. The Microtox system (Model
500 Analyzer) was supplied from Azur Environ-
mental (Carlsbad, CA, USA). The lyophilized
Vibrio fischeri bacteria (NRRL number B-11177,
Microtox Acute reagent, Modern Water) with
luminescence characteristics was used as test
microorganism. The Vibrio fischeri bacteria were
incubated with reconstitution solution (non-toxic
ultra-pure water, Modern Water) and osmatic
adjuster solution (22% sodium chloride, Modern
Water) at 15 °C for 15 min in glass cells. Four
serial dilutions of the sample were prepared with
dilution solution (2% sodium chloride, Modern
Water). The toxicity reduction was expressed as
relative toxicity index (RTI) with lethal concen-
tration required for 50% death of bacteria (LCs)
of untreated and treated wastewater for EC and
EF studies expressed as Eq. 14:

LCst=0
RTI= =~ (14)

where RTI is the relative toxicity index (dimen-
sionless), LCsyt =0 1is the lethal concentration
required for 50% population of bacteria at time 0 (%),
and LCsyt = ¢ is the lethal concentration required for
50% population of bacteria at time # (%).

2.6 Sludge Characterization

The characterization of the resultant sludge
samples was carried out by Fourier transform
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infrared spectrophotometer (FTIR-Shimadzu
IRTracer-100) and attenuated total reflectance
(ATR-Pike Tech). FTIR-ATR spectroscopy was
allowed to analyze solid or liquid samples to be
measured with small sample preparation with-
out KBr disk requirement easily and fast. The
sludge samples were dried at 80 C for 1 h to
remove water moisture. The prepared sludge
samples were analyzed with FTIR-ATR with
4 cm~! resolution between 4000 and 700 cm™!
wavelengths.

Fig. 2 COD removal

3 Results

3.1 The Results of Electrocoagulation (EC) and
Electrochemical-Fenton (EF) Treatment

The results of process conditions of electrocoagula-
tion (EC) and electrochemical-Fenton (EF) are given
in Figs. 2 and 3, respectively.

The treatment results of EC and EF methods are
summarized in Table 3 with the total energy con-
sumption (kWh/m?), first-order reaction constant
(min~!), and linearity.
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Fig. 3 Pareto chart of EC
process parameter on COD
removal efficiency

Pareto Chart of the Standardized Effects

il 3182

: Factor Name
1 A current density
: B Na2504 concentration

B i c initial pH
i
1
! a = 0,05
|
1

A I
1
1
1
1
|
1

| I
i

| |
0,0 05 1.0 15 20 25 3.0 - 35
Standardized Effect
Table 3 The treatment results of EC and EF method
i (mA/cm2) Na,SO, (mM) pH H,0, (mM) COD removal Energy Cons. &k (min~" R?
efficiency (%) (kWh/m?)

Electroco- 0.3 0.1 9 0 78.2 69 0.0526 0.9747
agulation (5 0.1 9 0 783 87 0.0596 0.8992
(EC) 0.7 0.1 9 0 78.7 95 0.0527 0.9634

0.7 0.2 9 0 81.3 89 0.0568 0.9953
0.7 0.3 9 0 75.3 75 0.0467 0.9566
0.7 0.2 3 0 78.6 83 0.0490 0.8928
0.7 0.2 6 0 78.9 83 0.0510 0.8017

Electro- 0.7 0.2 3 0 81.3 89 0.0568 0.9032
chemical- 7 0.2 3 30 89.2 83 0.0785 0.9953
(Fgl‘;;"“ 0.7 0.2 3 60 95.4 81 0.0991 0.9930

0.7 0.2 3 90 99.2 78 0. 1445 0.9941

The COD removal increases while the current
density value increases up to 0.9 mA/cm? from
0.2 mA/cm? as a result of the EC conducted in
Fig. 2 and Table 3. When the effect of current den-
sity change on energy consumption was examined,
it was seen that energy consumption increased with
increasing current as expected. In EC treatment,
the COD removal efficiency was obtained as 81.3%
with 89.0 kWh/m® energy consumption under the
optimum treatment conditions using 0.7 mA/cm?
current density and 0.2 mM Na,SO, at pH 9.

It was seen that these results obtained in EC treat-
ment studies are compatible with the literature. Tir
and Moulai-Mostefa (2008) investigated the effect
of pH, current density, and electrolysis time param-
eters on the treatment of oil industry wastewater
by using EC method using an aluminum electrode
with parallel plate design in the continuously stirred
tank reactor. As a result of their study, 89.6% COD
and more than 99.0% turbidity removal efficiency
were obtained during the 22-min electrolysis period
at pH 7 and applying 25 mA/cm? current density.
Unlike this previous study, the BTT reactor setup

@ Springer
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was operated in this paper, and similar COD removal
efficiency was obtained at lower current density due
to the increased electrode surface area in the BTT
reactor setup. In addition, the BTT reactor was oper-
ated as recycled dispersed plug flow reactor, which
is rarely reported in the literature. The main reason
for the same removal efficiency at lower current den-
sity was that the removal utilization efficiency of dis-
persed plug flow reactors is higher than that of con-
tinuously stirred tank reactors. Similarly, Canizares
et al. (2007) performed the purification of oil-water
emulsion by electrochemical methods. As a result of
the study, the initial pH of wastewater was reported
as effective factor on the removal efficiency when
the pH value varied between 5 and 9. As the current
density raised, the COD removal efficiency increased
with the same rate, while the COD removal efficiency
decreases with increasing oil concentration. Likewise,
Bensadok et al. (2008) conducted a study on the treat-
ment of emulsion by EC method. The effect of current
density was studied at values of 100, 150, and 200 A/
m?, and it was concluded that as the current density
increased, the COD and turbidity removal efficiency
raised. PH studies were carried out at pH 3, 5, 6, 7, 9,
and 11, and best COD and turbidity efficiency were
obtained at pH 6-7. At the end of the study, the best
conditions provided were COD and turbidity removal,
respectively, of 92.0% and 99.0%. The data presented
in this article was obtained from the BTT dispersed
plug flow reactor, unlike the parallel plate completely
stirred tank reactor generally used in literature.

There were any other studies where the BTT reac-
tor was used for the treatment of metal cutting waste-
water, but the efficiency of BTT reactor was examined
to remove the toxic pollutants such as dye and phenol
in the literature. Koparal et al. (2007) distinguished
Basic Red 29 removal with electrochemical oxidation
in BTT reactor with boron-doped diamond electrodes.
They examined the effect of dye concentration,
supporting electrolyte concentration, current den-
sity, flow rate, and pH on chemical oxygen demand
(COD) and color removal efficiency. As a result, they
obtained 97.2% color and 91.0% COD removal effi-
ciency at 1 mA/cm? current density, 36.3 mL/min
flow rate, 5.8 pH value, and 0.01 M Na,SO, con-
centration. These results differed from the fallouts
obtained in this presented article since the wastewa-
ter characteristics and the input organic pollution load
in terms of COD were different. In the similar study,

@ Springer

Yavuz et al. (2008) performed the phenol removal by
electrochemical oxidation in BTT plug flow reactor
with boron-doped diamond electrodes. They attained
the 99.5% phenol and over 95.0% COD removal
efficiency at 200 mg/L initial phenol concentration,
in the presence of 0.03 M NaCl with 60-min treat-
ment period (Yavuz et al., 2008). The same research
group investigated Basic Blue3 (BS3) removal with
the same method and same BTT reactor of another
study. Within the scope of their study, the removal
efficiency was examined based on the color, tempera-
ture, flow rate, support electrode concentration, dye
concentration, and COD. As a result, 99% color and
86.7% COD removal efficiency were obtained under
the optimum treatment conditions (0.875 mA/cm?
current density, 30 °C temperature, 109.5 mL/min
flow rate, and 0.01 M support electrode concentration
(Yavuz et al., 2011). Achieving high removal effi-
ciency in these studies for the removal of toxic pollut-
ants such as dye and phenol indicated that the 99.2%
COD obtained in our study was consistent for metal
cutting wastewater. It is known that the supporting
electrolyte type and concentration affect the treatment
efficiency of electrochemical treatment as indicated in
Fig. 2 and Table 3. Na,SO, was used in this present
article since the permissible concentration in water
is allowed to rise up to 250 mg/L, and it creates less
side reactions in this present article.

As could be seen in the studies summarized
above, the EC system is a very complex process,
and optimization for the current density, the sup-
port electrolyte concentration, and the initial waste-
water pH is required for each wastewater with dif-
ferent characteristics to be treated. The effect of
these three parameters must be investigated with
the COD removal response as a function of the cur-
rent density versus Na,SO, concentration and the
COD removal response as a function of and pH
versus Na,SO, concentration because of the com-
plexity of EC treatment. When EC treatment stud-
ies were examined, it was seen that the degradation
mechanism changes depending on the experimen-
tal parameters. The current density (0.3, 0.7, and
0.9 mA/cm?), the addition of sodium sulfate as the
support electrolyte concentrations (0.1, 0.2, and
0.3 M Na,SO,), and initial pH (3, 6, and 9) were
investigated according to factorial design ran-
domly. It was clearly stated that the effects of these
electrochemical treatment parameters and which
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parameters were more effective on COD removal
for this type of wastewater in the Pareto chart given
in Fig. 3. The regression equation expressing the
effects of these parameters on removal efficiency
was given in Eq. 15, where A is the current density
(mA/cm?), the supporting electrolyte concentration
of Na,SO, (mg /L), and C is initial pH to express in
a more comprehensible mode.

Removal Efficiency =78.41 4 5.09A + 15.5B — 0.054C
s)

It was determined that the concentration of Na,SO,
(B) is more effective than current density (A) and ini-
tial pH (C) on EC treatment when the removal effi-
ciency response showed the linear terms of the cur-
rent density (A) and the concentration of Na,SO, (B)
and the initial pH (C). The surface plot and the con-
tour plot of the COD removal as a function of Na,SO,
concentration versus the current density and Na,SO,
concentration versus initial pH are shown in Fig. 4

g @
2 COD removal
P efficiency
a
8 78 { | < 76
. 075 Wws- 7
76 060 l 77- 7
Na:SOs concentration  cyrrent density nB-"
: 045 M 79— 80
o1 M so- &
02 030 H > a
03
07
: -
06

05

current density

04

03

010 015 020 025 030

Na2S04 concentration

Fig. 4 The RSM analysis of EC (the surface plot (A) and the
contour plot (B) of the COD removal response as a function
of the current density versus Na,SO, concentration, and the

COD Removal

initial pH

and obtained from RSM analysis with the fractional
design of EC treatment.

As a result of RSM analysis with the fractional
design of the treatment, it was investigated that the
most effective parameter of EC treatment was the cur-
rent density. The main reason why the current density
was the most effective parameter of them was thought
that the current density played an effective role in
the Fe*? dissolved from the anode passing current. It
was examined that Na,SO, addition altered the COD
removal efficiency, while the initial pH of wastewater
had any significant effect on the COD removal. The
initial pH value of wastewater increased to about pH
9 in a very short time (about 5 min) regardless of the
input pH value due to OH™ producing from cathode
as seen as Eq. 7, so the pH of wastewater stayed basic
condition during EC treatment. Similarly, Gokkus
et al. (2014) reported that Taguchi method was useful
to determine the optimum treatment conditions such
as initial pH, Fe** and H,0, concentrations, initial
dye concentration, and mixing rate for color and COD

(&
a2 COD removal
efficiency
2 )
8 u < 7
Ws- 7
- 8 W 77- 78
7
Na:2S04 concentration izas B-
L S initial W 7 - 80
01 4 pH M s0- 8
02 | > 81
03
9
D
8
7
6
5
4
3
010 015 020 025 030

Na2S0s concentration

surface plot(C) and the contour plot (D) of the COD removal
response as a function of and initial pH versus Na,SO, concen-
tration)
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removal with Fenton oxidation process. The main
objective of this presented study was determining the
optimum treatment conditions of EC process and then
enhancing COD removal efficiency by EF method for
the treatment of the metal cutting wastewater.

The EC experimental setup created by using iron
electrodes could be easily converted to the EF method
by adding additional H,0O, from the outside because
Fe*? has already produced on site dissolving from the
anode passing current the amount. To improve the
treatment performance, the efficiency of EF method
on the metal cutting wastewater is also investigated
by adding H,0, to EC system, and the effect of EF
method on COD removal and energy consumption is
illustrated Fig. 5.

As can be seen in Table 1 and Fig. 5, the real
wastewater of metal cutting with a high COD concen-
tration is successfully treated for the first time in the
literature with the EC and EF methods. With the EF
method, 99.2% COD removal was achieved with 78.0
kWh/m> energy consumption in optimum conditions
(0.7 mA/cm? current density, 90 mM H,0,, 0.2 mM
Na,SO, at pH 3) after 30-min treatment of wastewa-
ter. The COD reduction mechanism of wastewater was
explained in first-order reaction kinetics in the EC and
EF treatment. The reaction rate constant was found
as 0.0568 min~! in EC treatment and 0. 1445 min~!
in EF treatment for the optimum treatment condition
as seen in Table 3. Sangal et al. (2013) reported that
the turbidity removal at different current densities for
the EC treatment of the soluble oil-water emulsion
showed first-order kinetics obtaining 0.02923 min~!,
0.03082 min™', 0.105128 min™', and 0.040314 min™"
rate constant for 59.2 A/m% 99.92 A/m?, 138.8 A/m?,
and 179.8 A/m? current density, respectively. Dirany

Fig. 5 COD removal 6000
efficiency and energy n
consumption of EF method. 5000
A The effect of H,0, con-
centration on COD removal 4000
efficiency in EF, B the .
effect of H,0, concentra- é} 3000
tion on energy consumption =
i (e}
in EF S 2000

1000

0
A 0 10 time (min)
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et al. (2012) reported first-order reaction kinetic for
EF treatment under the optimum treatment conditions
(50 mM Na,SO, and 0.2 mM Fe*2, at 60 mA, pH 3.0
using a Pt/carbon electrodes). The reaction kinetics
found in our study was compatible with the literature
when compared to the electrochemical studies.

In the EF method, high COD removal efficiency
could be attained in the treatment of high pollution
load wastewater in the literature like metal cutting
wastewater. Similarly, in this presented work, Cha-
chou et al. (2015), the treatment of oily water emul-
sions was purified by the EF method, and they carried
out using two parallel plate electrodes in the form of
stainless steel, graphite, and Ti/Pt electrodes adding
Fe,SO, from outside and producing in situ H,O,.
The highest COD removal efficiency with 93.6%
was obtained at pH 3, 0.15 A current value, 0.05 M
Na,SO, amount, 0.015 M Fe,SO, amount, and
180 min electrolysis with graphite electrode. Since
the producing H,O, in situ electrochemically takes
time in this reverse EF production method conducted,
the longer hydraulic retention time was applied in the
previous study. In this presented study, the hydraulic
retention time and energy consumption were reduced
by adding H,O, from the outside. In this process pre-
sented in this paper addition, the operating cost can
be decreased since Ti and Pt electrodes are more
expensive than Fe and Al electrodes.

The total organic carbon (TOC) is a potential alter-
native to both the COD and the BODj tests and has
the advantage of being both faster and potentially
more precise than the COD test. The effects of EC
and EF treatment on TOC removal efficiency are
given in the Fig. 6.

60 mM

10 time (min) 20 30
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Fig. 6 Comparison of COD and TOC Removal Efficiency of
EC and EF method (EC was conducted at optimum treatment
condition following 0.7 mA/cm? current density and 0.2 mM
Na,SO, at pH 9, and EF was conducted at optimum treatment
condition following 0.7 mA/em? current density, 90 mM H,0,,
0.2 mM Na,SO, at pH 3)

Wastewater contains organic matters, and these
organic matters in wastewater can be biodegradable
and non-biodegradable. These organic substances
can be measured in the biochemical oxygen demand
for 5 days (BODs), the chemical oxygen demand
(COD) test, and the total organic carbon (TOC) test.
Chemical oxygen demand includes carbon-based
BOD, non-biodegradable organic material, and bio-
mass (Eq. 16). Generally, COD value is higher than
the BOD; due to non-biodegradable organic material
ingredients for industrial wastewater.

COD = CBOD + Biomass + Non — biodegradableorganics

, (16)
+ Inorganicdemand

There are a few types of complex organic com-
pounds that cannot be broken down even in the COD
test. In this situation, TOC measurement could be more
effective to determine organic ingredients of waste-
water. TOC measures the total organic ingredients of
wastewater using a high precision thermo catalytic
oxidation with a high temperature TOC analyzer. TOC
could be used as an alternative measurement to the
COD test for monitoring the wastewaters and effluents.
TOC and COD comparison given in Fig. 5 of influent
and effluent samples of metal cutting wastewater shows
that this wastewater contained the complex organic
compounds that cannot be broken down even in the
COD test. TOC values of the samples were reported
higher than their COD values resulting complex organic
compounds during the EC and EF treatments. Also, it

could be inferred that the complex organic ingredients
of metal cutting wastewater could not treated effectively
due to lower TOC removal efficiency obtained EC and
EF processes. EF process is more effective on the com-
plex organic ingredients of metal cutting wastewater
than EC treatment according to Fig. 6. The difference
between TOC and COD value could lead to toxicity
because of the complex organic ingredients.

Metal cutting wastewater can contain boron com-
pounds as inorganic borate salts dissolved in oil, fatty
acid amide, 2,2’-oxycehanol, sodium sulfonate, alkyl
amide, tall oil fatty acid, N, N, methylenebismorpho-
line, isopropanol, and heavy metal resulting cutting
process of metal (Shah, 2009). In this study, boron
and heavy metal concentration of metal cutting waste-
water were investigated during the EC and EF treat-
ments in addition to organic content. The boron con-
centration in the wastewater obtained with ICP-MS is
given in Fig. 7. The heavy metal concentration in the
wastewater obtained with ICP-MS is given in Fig. 8.

As a result of ICP-MS, it was determined that the
boron content was approximately 1000 mg/L, and it
could be removed effectively with EC and EF treat-
ment (Fig. 7). According to Fig. 8, it is observed
that the main metal and heavy metal contents were
Al, Cr, Zn, Ni, Cu, Cd, and Pb when their concen-
trations were listed in descending order at the level
of ug/L. The ICP-MS results showed that the metal
and heavy metal content were removed more effi-
ciently in the EC process than EF treatment. Even
if there is no legal limit for boron discharge to the

—e—EC EF

-

Boron concentration (ug/L)
[=2]
S

0 10 time (min) 20 30

Fig. 7 Comparison of boron removal efficiency of EC and EF
method (EC was conducted at optimum treatment condition
following 0.7 mA/cm? current density and 0.2 mM Na,SO, at
pH 9, and EF was conducted at optimum treatment condition
following 0.7 mA/cm? current density, 90 mM H,0,, 0.2 mM
Na,SO, at pH 3)
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receiving water environment, the metal cutting
wastewater does not meet the discharge limit set for
the color parameter due to the milky color given by
the boron-containing emulsion. Therefore, it is nec-
essary to ensure boron removal as well as organic
pollution of wastewater considering the metal and
heavy metal content.

3.2 The Results of Cytotoxicity Assays
The of cytotoxicity reduction of metal cutting waste-

water is shown in Fig. 9 using the relative toxicity
index in the EC and EF treatment.

@ Springer

o

10 ime (min) 20 30

The results in Fig. 9 constitute a proof for the effi-
ciency and usability of EC and EF method for the
treatment of metal cutting wastewater. In the pro-
posed EC and EF method, it attained toxicity removal
in parallel with high COD, TOC, and metal and heavy
metal removal within 60 min of treatment. Although
this level of treatment efficiency can be satisfactory
for discharge, the cytotoxicity test is necessary for the
protection of aquatic life. Also electrooxidation pro-
cesses like EF tend to turn into more toxic forms of
heavy metals and permanent organic compounds with
toxic properties that these type wastewaters have.
Libralato et al. (2008) reported the ethanolamines
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Fig. 9 Comparison of
Cytotoxicity Result of EC
and EF Method (EC was
conducted at optimum treat-
ment condition following
0.7 mA/cm? current density
and 0.2 mM Na,SO, at pH
9, and EF was conducted at
optimum treatment condi-
tion following 0.7mA/cm?
current density, 90 mM
H,0,, 0.2 mM Na,SO, at
pH3

toxicity in oily wastewater with evaporation and air-
stripping to assess via Microtox bioassay investigat-
ing the monoethanolamine, diethanolamine, and
triethanolamine specifically. Such analysis is crucial

100%
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due to the possibility of treated wastewater to contain
cytotoxins that might have adverse effects to human
health and ecosystem in case of the more toxic inter-
mediate by-products could be formed especially in EF

Table 4 The legal discharge limit for metal industry wastewater including metal cutting, grinding, and sanding facilities in Turkey

Parameter Unit Discharge limit for 2 h Before treatment After EC treatment After EC treatment
composite sample
COD mg/L 800 5500 500 42
SS mg/L 125 150 10 12
Oil and grease mg/L 20 ND ND ND
NH,-N mg/L 300 ND ND ND
NO,-N mg/L 10 ND ND ND
Total Cr pg/L 1000 102 47 62
Crtt pg/L 500 ND ND ND
Pb pg/L 1000 72 0.35 0.18
CN~ pg/L 200 ND ND ND
Cd pg/L 100 913 1.07 1.57
Al pg/L 3000 1756 241 150
Fe ug/L 3000 13 15 14.2
Cu pg/L 1000 15.7 4.5 1.82
F mg/L 30 ND ND ND
Ni pg/L 1000 30 2 3.31
Zn pg/L 3000 37.43 13.1 13
B pg/L - 1084 293 858
TOC mg/L - 7427 2410 2272
Toxicity TDF 30% Highly toxic** Non-toxic** Non-toxic**

ND not detected

“The discharge limit reported as toxicity dilution factor (TDF) in the fish toxicity test based on Lepistes reticulates fish

““The results of Microtox cytotoxicity test based on Vibrio fischeri bacteria

@ Springer
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process. It is seen that the toxicity decreased below
the initial toxicity of the wastewater during the treat-
ment period in Fig. 9. The summarized treatment
results of EC and EF treatment are compared with
the legal national discharge limit for metal indus-
try wastewater including metal cutting, grinding,
and sanding facilities in Turkey in the Table 4 (Su
Kirliligi Kontrolii Yonetmeligi, 2004).

According to the compared results given in the
Table 4, EC and EF method stands to be a reasonable
tool with its high COD, TOC, metal/heavy metal, and
toxicity removal efficiency compared to legal dis-
charge limit for metal industry wastewater including
metal cutting, grinding, and sanding facilities in Tur-
key (Su Kirliligi Kontrolii Yonetmeligi, 2004).

3.3 The Results of Sludge Characterization

For the characterization of sludge produced by the EC and
EF treatment, the resultant sludge samples were analyzed

with Fourier transform infrared spectrophotometer (FTIR-
Shimadzu IRTracer-100) and attenuated total reflectance
(ATR-Pike Tech). FTIR-ATR spectrum of sludge formed
in EC and EF treatment is given in Fig. 10 and the related
FTIR spectrum must be placed after this paragraph) with
4 cm™! resolution between 4000 and 700 cm™" wavelengths.

As seen from FTIR spectra of spectrum of
sludge samples formed in EC and EF treatment,
the peaks of 2954 cm™!, 2920 cm™!, 2850 cm™!,
2113 ecm™, 1919 em™', 1562 cm™, 1454 cm™,
1377 ¢cm~!, 1087 cm™", 875 cm™!, and 884 c¢cm™'
peaks are presented in the Fig. 10. The major peak
was 1087 cm~! EC treatment, while 1056 c¢cm™'
and 999 cm~! were presented in the EF treatment.
Peaks at 2954 cm™', 2920 cm™', and 2850 cm™'
were corresponded to C-H stretching mode of satu-
rated C—C bonds, and these peaks showed the pres-
ence of hydrocarbons in the sludge (Aswathy et al.,
2016). Also, C-H stretching vibrations as asym-
metric and symmetric were observed at 2920 cm™!
and 2850 cm™!, respectively, indicating methylene
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Fig. 10 Comparison of FTIR-ATR spectrum of sluge samples
formed in EC ( == line) and EF treatment ( === line) (EC
was conducted at optimum treatment condition following 0.7
mA/cm2 current density and 0.2 mM Na2SO4 at pH 9, and
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0.7mA/cm?2 current density, 90 mM H202, 0.2 mM Na2S0O4
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groups presented in the sludge in EC and EF treat-
ment (Nidheesh & Gandhimathi, 2014). The peak
at 2113 cm™! and 1919 cm™! indicated the C=C
stretching vibrations of aromatic compounds.
The peaks of 1562 cm™!, 1454 cm™!, 1377 cm™,
1087 cm™!, 875 cm™', and 884 cm™' were pre-
sented in the FTIR spectra of Fe sludge sample
attributing to O-H stretching which implies the Fe
floc formation containing oxyhydroxides (Gonder
et al.,, 2017). The other peaks at 1087 cm™,
875 cm~', and 884 cm™! were also reported due to
C-N, C-0O, and C-C groups, respectively (Danial
et al., 2019). The strong band produced around
1087 cm™! can be attributed to C—O—C vibrations
and bands at 875 cm™! and 884 cm™! are related to
vibrations of the Fe—O bonds in iron oxide. After
the EE and EF treatment, the produced sludge con-
tained the wastewater ingredients and supporting
electrolyte solution. Similar sludge characteriza-
tion studies were carried out since the properties
of the sludge formed after treatment would deter-
mine the disposal or sludge treatment methods and
their cost. Although less sludge formation listed
among the advantages of the EF method, elemen-
tal characterization of formed sludge would be
necessary as it could be a possible option to reuse
that sludge in the appropriate area instead of its
treatment or disposal. In our study, Fe*? ion dis-
solved from electrode surface converted iron oxide
in sludge according to FTIR results.

4 Conclusion

This work presented the results of the metal cutting
wastewater treatment with electrocoagulation (EC)
and electrochemical-Fenton (EF) method in a bipolar
trickle tower reactor with Rashing shaped iron elec-
trodes operating recycled batch flow condition. The
results were summarized in the following list.

e In EC treatment, the COD removal efficiency was
obtained as 81.3% with 89.0 kWh/m® energy con-
sumption using 0.7 mA/cm? current density and
0.2 mM Na,SO,.

e With the EF method, 99.2% COD removal was
achieved with 78.0 kWh /m? energy consumption

in optimum conditions (0.7 mA/cm? current den-
sity, 90 mM H,0,, 0.2 mM Na,SO, at pH 3) after
30-min treatment of wastewater.

The COD reduction mechanism of wastewater
was explained first-order reaction kinetics in the
EC and EF treatment. The reaction rate constant
was found as 0.0568 min~! in EC treatment and 0.
1445 min~" in EF treatment.

As a result of RSM analysis with the fractional
design of the treatment, it was determined that
current density more effective than the concentra-
tion of Na,SO, and initial pH on EC treatment,
and the removal efficiency response showed the
linear terms of the current density and the concen-
tration of Na,SO, and the initial pH.

TOC values of the samples were reported higher
than their COD values resulting complex organic
compounds during the EC and EF treatments.
EF process was more effective on the complex
organic ingredients of metal cutting wastewater
than EC treatment.

In EC and EF process, it was seen that the cyto-
toxicity decreased below the initial toxicity of the
wastewater during the treatment period.

It was observed that the main metal and heavy
metal contents were Al, Cr, Zn, Ni, Cu, Cd,
and Pb when their concentrations were listed in
descending order at the level of ug/L. The ICP-
MS results showed that the metal and heavy
metal content were removed more efficiently in
the EC process than EF treatment

In the FTIR-ATR spectrums of the major peak
was 1087 cm™! EC treatment, while 1056 cm™!
and 999 cm~! were presented in the EF treat-
ment. Peaks at 2954 cm~!, 2920 c¢cm™' and
2850 cm™! were corresponded to C-H stretch-
ing mode of saturated C—C bonds, and these
peaks showed the presence of hydrocarbons in
the sludge. The strong band produced around
1087 cm™! can be attributed to C—-O—C vibra-
tions, and bands at 875 cm™! and 884 cm™! are
related to vibrations of the Fe—O bonds in iron
oxide. After the EE and EF treatment, the pro-
duced sludge contained the wastewater ingredi-
ents, and supporting electrolyte solution.
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