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a b s t r a c t

This study explores the feasibility of reducing COD and turbidity from real oxide chemical mechanical
polishing (oxide-CMP) wastewater. Based on the dynamic characteristics of batch electrocoagulation,
three operating stages (lag, reactive, and stabilizing) are proposed to identify the relationships among
the zeta potential of the silica particles, solution turbidity, and the corresponding mean particle size.
Experiment results show that the silica particles were destabilized and settled at the critical electrolysis
time, which was estimated to be about 12 min under an applied voltage of 20 V and a supporting elec-
trolyte of 200 mg/L. The corresponding turbidity removal occurred mostly during the reactive stage. The
process variables, including applied voltage and electrolyte concentration, were investigated in terms of
astewater treatment

OD removal
hemical mechanical polishing (CMP)
urbidity removal
pecific energy consumption

COD removal efficiency and turbidity removal. In addition, the effects of applied voltage and support-
ing electrolyte on COD removal efficiency and specific energy consumption were evaluated. Under the
optimum balance, satisfactory removal efficiency and relatively low energy consumption were obtained.
The optimum electrolyte concentration and applied voltage were found to be 200 mg/L NaCl and 20 V,
respectively. Under the optimum conditions, COD and turbidity decreased by more than 90% and 98% in

er, re
real oxide-CMP wastewat

. Introduction

The semiconductor industry is one of the most important
anufacturing industries in Taiwan. The chemical mechanical

olishing (CMP) process represents an important operation and
idely adopted in the wafer fabrication processes. The CMP pro-

ess has emerged as a solution for surface global planarization,
nd has been widely used in fabricating microchips for inte-
rated circuits (IC), semiconductors, hard disks, optical glass, and
icro-electromechanical systems [1]. The chemical–mechanical

ynergistic effect on CMP processes is important for a wide range of
otential applications [2,3]. The process is mainly used for “polish-

ng” the device side of a semiconductor wafer via the mechanical
ownward force of a slurry abrasive in association with the chemi-
al oxidation of the wafer surface. Due to this slurry that is used in
he CMP process, a large amount of ultra pure water is required to
ash out abrasives that have adhered to the surface of wafers [4].

ccording to a previous report [4], CMP processes may account for
0% of water consumption in the semiconductor industry, and the
uantity of wastewater generated is thus proportional to the water
sed in the CMP process [5]. Moreover, the resulting wastewater

∗ Corresponding author. Tel.: +886 4 26318652x4005; fax: +886 4 26319175.
E-mail address: wlchou@sunrise.hk.edu.tw (W.-L. Chou).
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© 2009 Elsevier B.V. All rights reserved.

streams need proper treatment to comply with local regulations
before being discharged into surface water systems, and thus meth-
ods to treat it more efficiently are topics of interest to the industry.

Real CMP wastewater has the nature of high alkalinity, total
solids content, and turbidity (in the range of 100–300 NTU). In addi-
tion, untreated real CMP wastewaters are mostly rich in organic
matter consumed by the bacteria and algae normally present in
healthy water sources, leading to an increased concentration of
these microorganisms. The inorganic and organic contaminants in
the CMP effluent derive mostly from the CMP slurry [6], and the
content of insoluble inorganic contaminants depends on the type
of slurry used. Inorganic contaminants in CMP wastewater may
include suspended solids of SiO2, Al2O3, or CeO2 that typically have
concentrations in the range of 50–500 mg/L. Organic contaminants
may include metal complexing agents, surfactants, stabilizers, and
rheology control agents [7]. Chemical oxygen demand (COD) is a
measure of the amount of oxygen used in the chemical oxidation
of inorganic and organic matter contained in wastewater. It is also
considered as an indicator of the degree of pollution in the efflu-
ent, and of the potential environmental impact of the discharge

of wastewater. Currently, chemical coagulation or membrane sep-
aration processes are used widely to treat CMP wastewater in the
semiconductor industry [8]. CMP wastewater possesses highly neg-
ative surface charges that repel adjacent particles when they are
submerged in alkaline solutions. Due to these wastewater char-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:wlchou@sunrise.hk.edu.tw
dx.doi.org/10.1016/j.jhazmat.2009.02.163
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Table 1
Water properties of real oxide-CMP wastewater.

Parameter Real oxide-CMP wastewater

pH 8–9
Conductivity (�s/cm) 100–200
Turbidity (NTU) 200–300
Mean particle size (nm) 85–95
Zeta potential (mV) −28 to −35

provided by a manually controllable DC power supply (Fann-chern,
GC50-20D, Taiwan) operating in the constant voltage mode (range:
0–50 V). Characterization of the CMP wastewater, such as pH (Y.S.I,
pH10, USA), conductivity (EUTEOH, cyberscan 510, Singapore), tur-
bidity (in terms of Nephelometric turbidity unit, NTU; HACH, 2100P,
W.-L. Chou et al. / Journal of Haza

cteristics, removing such nano-scale particles by conventional
hemical coagulation is not ideal. In order to resolve these prob-
ems, electrochemical treatment techniques have attracted a lot of
ttention because of their versatility and environmental compati-
ility. Using electrons, which are a “clean reagent” [9], as the main
eagent, an electrochemical treatment method has been proposed
o treat wastewater containing dispersed fine particles without
hemical addition [10–14]. Belongia et al. [15] first investigated
he particle removal phenomena of synthetic alumina and silica
olution using electrodecantation and electrocoagulation. Elec-
rocoagulation is an electrochemical method of treating polluted
ater whereby sacrificial anodes dissolve due to an applied volt-

ge, producing active coagulant precursors. Sacrificial anodes of
ron and aluminum are commonly used to continuously supply

etallic ions as the source of coagulation. These electrochem-
cally generated metallic ions can hydrolyze near the anode to
orm a series of metallic hydroxides capable of destabilizing dis-
ersed particles. The electrocoagulation process utilizes the effect
f charge neutralization/surface complexation/adsorption onto the
n situ formed metal hydroxides generated from the oxidation of
orrodible anode materials. Pollutants are then removed by sed-
mentation and become the slurry [16]. Electrocoagulation is a
ater treatment technology that has been applied to treat vari-
us wastewaters, including potable water [17,18], urban wastewater
19], heavy metal laden wastewater [20–22], restaurant wastewa-
er [23], colored water [24], dyeing wastewater [25,26], wastewater
ontaining phosphate [27,28], mechanical cutting oil [29], flu-
ride [30], and arsenic [31]. Previous researchers have mostly
tudied the removal characteristics and CMP wastewater quality
efore and after electrocoagulation treatment [10,11]. To extend
ur early investigation of treating synthetic oxide-CMP wastew-
ter and to discuss silica particle settling characteristics [32], in
his study, electrocoagulation was employed to treat real oxide-
MP wastewater from a large semiconductor plant in central
aiwan in an attempt to remove the suspended silica particles,
educe the wastewater turbidity, and decrease the COD concentra-
ion.

The dynamic characteristics (e.g., zeta potential and mean par-
icle size) of suspended silica particles in the real oxide-CMP
astewater during electrocoagulation were monitored. These char-

cteristics were investigated to determine the optimum treatment
onditions and to explain the dynamic nature of batch electrocoag-
lation by considering three stages: lag, reactive, and stabilizing.
arameters, such as applied voltage and supporting electrolyte
oncentration, both of which govern the removal performance,
ere also investigated in terms of COD removal efficiency and

urbidity. In addition, an effective process must also be econom-
cally feasible with regard to its electrical energy consumption, and
ractically applicable to environmental problems. Electrical energy
onsumption is itself a very important economic parameter in the
lectrocoagulation process, and so the effect of two operational
arameters (applied voltage and supporting electrolyte) on the spe-
ific energy consumption (SEC) under the optimum conditions was
lso evaluated in this study.

. Experimental

.1. Properties of real oxide-CMP wastewater

Real oxide-CMP wastewater was obtained from a dynamic
andom access memory (DRAM) manufacturing unit in Central

aiwan Science Park, Taichung, Taiwan. The oxide-CMP wastew-
ter had a diluted milky color, indicative of the presence of the
ne suspended oxide particles [10]. Table 1 shows the chemical
nd physical properties of the real oxide-CMP wastewater used
n this study. The real oxide-CMP wastewater had a high total
COD (mg/L) 300–600
TOC (mg/L) 3–5
SS (mg/L) 10–20
TS (mg/L) 4000–5000

solids content of 4000–5000 mg/L, a suspended solids (SS) con-
centration of 10–20 mg/L, turbidity in the range of 200–300 NTU, a
TOC of 3–5 mg/L, a COD of 400–600 mg/L, a conductivity of 100–to
200 �s/cm, a pH of between 8 and 9, a zeta potential of between
−28 mV and −35 mV, and a mean particle size between 85 nm
and 95 nm. All samples were measured in duplicate to ensure data
reproducibility, and an additional measurement was carried out if
necessary.

2.2. Equipment

A diagram of the experimental apparatus and the electrode
assembly used for electrocoagulation is shown schematically in
Fig. 1. The electrolytic cell was a 1-L pyrex glass reactor equipped
with a water jacket and a magnetic stirrer. The temperature of the
electrolytic cell was controlled by continuously circulating water
through the water jacket from a refrigerated circulating bath (Scilab,
BL-720, Taiwan). A magnetic stirrer (Suntex, SH-301, Taiwan) was
employed in the reactor to maintain adequate mixing of the CMP
wastewater during the electrocoagulation process. From our pre-
vious studies on synthetic oxide-CMP wastewater, we know that
the Fe/Al electrode pair is the optimum choice of the four electrode
pair combinations [32]. Therefore, cast iron (Fe) and aluminum (Al)
plates (8 cm × 4 cm × 0.5 cm) were used as the anode/cathode pair.
The electrode pair was dipped in the CMP wastewater to a depth
of 4.5 cm, with the electrodes approximately 2 cm apart. The effec-
tive area of the electrode pair was 18 cm2. Electrical voltage was
Fig. 1. Schematic diagram of the experimental setup.
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initial COD concentration, 200 mg/L NaCl concentration, 8.5 initial
pH, and a 300 rpm agitation speed. Fig. 3 indicates the effect of
applied voltage on the COD removal efficiency for various durations
of electrolysis. As the time of electrolysis increases, comparable
202 W.-L. Chou et al. / Journal of Haza

SA), TOC (Systematic, Model 1030W, USA), and total solids (TS),
ere determined using ROC EPA standard methods [33]. A Malvern

eta potential and size analyzer (Malvern Instruments, Zetasizer
ano Series, UK) was used to determine the zeta potential and par-

icle size distribution of the suspended silica particles in the CMP
astewater.

.3. Chemicals and reagents

The pH of the solution was adjusted by adding either dilute
ulfuric acid (H2SO4) or sodium hydroxide (NaOH). Stock H2SO4
nd NaOH solutions of 0.1 M were freshly prepared by dissolv-
ng reagent grade H2SO4 (Scharlau, Chemie, SA, SPAIN) and NaOH
Sigma–Aldrich, Germany) in deionized water, respectively. The
onductivity of solutions was adjusted to different values by the
ddition of NaCl (Tedia Company, USA). The COD concentration of
amples was measured using a HACH Model DR2800 spectropho-
ometer (HACH Company, USA), and the analysis was conducted by
he procedures described in Standard Methods [34]. The calculation
f COD removal efficiency after the electrocoagulation treatment
as performed using this formula:

(%) = COD0V0 − CODtVt

COD0V0
× 100 (1)

here COD0 is the initial concentration in mg/L, CODt is the concen-
ration value at time t in mg/L, V0 is the initial volume of the treated
astewater in liters, and Vt is the volume of the treated wastewater

t time t in liters.

.4. Method

Before each experiment, the electrodes were abraded with sand
aper to remove scale, then dipped in 3 M H2SO4 to a depth of
cm for 30 min, and finally cleaned with successive rinses of water.
uring each test run, 0.5 L of CMP wastewater was placed in the

eactor. The magnetic stirrer was turned on and set at 300 rpm. A
teady temperature of 25 ◦C was maintained for all test runs. The
tirrer speed was found to be sufficient to provide good mixing
n the electrolytic cell, and yet was not strong enough to break
p the flocs formed during the treatment process. A fixed amount
f between 100 mg/L and 300 mg/L (NaCl) was added to the CMP
astewater to increase the wastewater conductivity and thus facil-

tate the electrocoagulation treatment. The DC power supply was
urned on with constant voltages of 10 V, 20 V, and 30 V, respec-
ively. An electrocoagulation test run lasted no more than 60 min in
ll experiments. At the end of electrocoagulation, all samples were
llowed to settle for 5 h in a 20 mL pyrex glass column. The turbid-
ty of the CMP wastewater after electrocoagulation treatment was
etermined using a turbidity meter, while the COD of samples were
nalyzed using a HACH Model DR/2800 spectrophotometer.

. Results and discussion

.1. Characterization of real oxide-CMP wastewater

The concept of surface potential (i.e., zeta potential) is a valuable
ractical parameter for coagulation and the resultant separation
rom the aqueous solution, providing a direct indicator of solution
tability. Fig. 2 indicates the zeta potential of the suspended silica
articles and the corresponding particle size as a function of the
olution pH. The solution pH of real oxide-CMP wastewater was

djusted and maintained by the addition of the required amount
f NaOH or H2SO4. As can be seen in Fig. 2, an increase in pH led
o a greater degree of negative zeta potential and a decrease in the
orresponding particle size. For example, by increasing the pH of
he solution from about 2 to 10, the zeta potential changed from
Fig. 2. Effect of solution pH on the zeta-potential and mean particle size of real
oxide-CMP wastewater.

−7.6 mV to −42.3 mV and the mean particle size decreased from
96.1 nm to 80.8 nm. This may be attributed to the pH increase in
the real oxide-CMP wastewater causing the silica particles to adsorb
more OH− ions on the particle surface and creating Si–O− on the
surface, thus resulting in greater negative zeta potential. Electro-
static repulsion between the particles of the electric double layers
with greater negative potential drives suspended particles apart,
leading to particle stability and reducing the particle size. Accord-
ingly, the relatively smaller mean particle size associated with the
suspended silica of real oxide-CMP wastewater can be attributed to
its relatively large negative zeta potential. Furthermore, the isoelec-
tric point at which charge reversal is observed for the suspended
silica of real oxide-CMP wastewater was about 1.4, corresponding
to a mean particle size of approximately 97 nm.

3.2. Effect of applied voltage

Among the various operating parameters in all the electrochem-
ical processes, the applied voltage is an important factor which
strongly influences the performance of electrocoagulation [35].
The effects of applied voltage on the COD removal efficiency and
the turbidity of real wastewater were studied at 10 V, 20 V, and
30 V levels. In order to evaluate these effects, a series of exper-
iments was conducted with 250 NTU initial turbidity, 571 mg/L
Fig. 3. Effect of applied voltage on the COD removal efficiency during electroco-
agulation with Fe/Al electrode pair, 571 mg/L initial COD, 250 NTU initial turbidity,
200 mg/L NaCl, 300 rpm agitation speed.
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increases in the COD removal efficiency were observed regardless
of the supporting electrolyte concentration. As the concentration
of the supporting electrolyte increased, the COD removal efficiency
of the real oxide-CMP wastewater also increased. The COD removal
efficiency reached 78%, 85%, and 92% after 20 min of electrolysis

Table 2
Effect of various applied voltages on real wastewater turbidity and particle size for
various durations of electrolysis.

EC time (min) Turbidity (NTU) Particle size (nm)

10 V
0 250 93.
6 281 95

12 286 98
18 294 100
24 311 108
27 314 112
30 479 247
33 18 5160

20 V
0 250 94
4 271 97
8 325 106

12 436 172
16 24 5120

30 V
0 250 92
2 262 95
4 293 100
6 334 117
ig. 4. Effect of applied voltage on the turbidity during electrocoagulation with
e/Al electrode pair, 571 mg/L initial COD, 250 NTU initial turbidity, 200 mg/L NaCl,
00 rpm agitation speed.

mprovements in the COD removal efficiency were observed for all
pplied voltages. It can be seen that the COD removal efficiency
eached 62.3%, 85.3%, and 91.5% after 20 min of electrolysis for 10 V,
0 V, and 30 V, respectively. As the applied voltage increased, so did
he COD removal efficiency. This was probably because the organic
ompounds present in the real oxide-CMP wastewater that reacted
ith iron ions (Fe (II) or Fe (III)) to form insoluble compounds were
ostly removed. The required treatment time to reach over 90%

OD removal efficiency was 20 min, 24 min, and 60 min for 30 V,
0 V, and 10 V, respectively. Fig. 4 illustrates the effect of various
pplied voltages on the turbidity of real oxide-CMP wastewater for
arious durations of electrolysis where the sludge was allowed to
ettle for over 5 h. As can be seen in Fig. 4, the final turbidity removal
f wastewater reached over 90% in less than 10 min and 16 min of
lectrocoagulation for 30 V and 20 V, respectively. As the applied
oltage increased, the length of each electrocoagulation process
ecreased. Due to a sufficient voltage through the solution, the
etal ions generated by the dissolution of the sacrificial electrode
ere hydrolyzed to form a series of metallic hydroxide species.

hese species neutralized the electrostatic charges on the dispersed
articles to reduce the electrostatic interparticle repulsion enough
or the van der Waal’s attraction to predominate, thus facilitating
gglomeration [36]. However, it took a longer time (about 33 min)
o reach over 90% turbidity removal for an applied voltage of 10 V.
his is because the applied voltage of 10 V was unable to completely
estabilize the suspended oxide particles in the solution. There-
ore, both 20 V and 30 V are suitable operating applied voltages for
his electrocoagulation experiment, requiring treatment times of
ess than 16 min. The influence of the applied voltage, regardless
f voltage value, in the beginning period on the turbidity of real
xide-CMP wastewater was interesting. Fig. 4 indicates that the tur-
idity of the real oxide-CMP wastewater increased gradually in the
rst 8 min, 12 min, and 30 min for 30 V, 20 V, and 10 V, respectively.
his could be explained by insufficient coagulant dissolving from
he iron anode at the beginning of electrocoagulation, effectively
educing the double layer of the suspended particles to destabilize
hem, resulting in inadequately large particles to settle and thus
nhanced turbidity. Table 2 summarizes the dynamic variation of
article size of the suspended silica and the corresponding turbid-

ty in real oxide-CMP wastewater during electrocoagulation. As can
e seen in Table 2, the turbidity of the real oxide-CMP wastew-
ter increased gradually in the beginning period and decreased

bruptly from 479 NTU to 18 NTU, 436 NTU to 24 NTU, and 428 NTU
o 25 NTU after 10 min, 16 min, and 33 min of treatment time for
0 V, 20 V, and 10 V, respectively. The corresponding mean parti-
le size increased dramatically from 189 nm to 6255 nm, 172 nm to
Materials 168 (2009) 1200–1207 1203

5120 nm, and 247 nm to 5160 nm when the treatment time reached
10 min, 16 min, and 33 min for 30 V, 20 V, and 10 V, respectively.
These observations imply that the suspended silica particles in real
oxide-CMP wastewater were destabilized to settle at the mean par-
ticle size that rapidly increased in this period. The corresponding
turbidity removal mostly occurred during this period. In order to
study and explain this phenomenon, the dynamic characteristics
of suspended silica particles during electrocoagulation are investi-
gated in the subsequent section.

3.3. Effect of the concentration of the supporting electrolyte

Solution conductivity affects the cell voltage, current efficiency,
and consumption of electrical energy in electrolytic cells. There-
fore, the electrical conductivity of the solution is an important
parameter for saving electric energy in an electrochemical cell.
More energy is required for overcoming a high ohmic resistance
between an anode and a cathode when the electrical conductiv-
ity of the solution is low. In this study, the original conductivity of
the real oxide-CMP wastewater from a semiconductor plant was in
the range of 100–200 �s/cm, as shown in Table 1. This solution is
not conductive enough for electrocoagulation treatment. The most
common method used to overcome this problem is to add a small
amount of supporting electrolyte, which increases the conductiv-
ity of the solution and thus reduces the energy consumption during
electrocoagulation [37,38]. In this study, sodium chloride (NaCl) was
used as the supporting electrolyte for increasing the conductivity
of the real oxide-CMP wastewater. When investigating the support-
ing electrolyte’s influence on the COD removal efficiency, the value
of the applied voltage was 20 V, the electrode pair was the Fe/Al
combination, the initial COD concentration was 571 mg/L, and the
temperature was 25 ◦C. Fig. 5 shows the effect of the NaCl con-
centration on the COD removal efficiency for various durations of
electrolysis. With increasing electrocoagulation time, appreciable
8 428 189
10 25 6255

The significance of bold values in Table 2 is to emphasize an abrupt decrease in the
turbidity of solution and a significant increase in silica particle size of solution.
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ig. 5. Effect of supporting electrolyte concentration on the COD removal efficiency
uring electrocoagulation with Fe/Al electrode pair, 571 mg/L initial COD, 250 NTU

nitial turbidity, 20 V applied voltage, 300 rpm agitation speed.

or 100 mg/L, 200 mg/L, and 300 mg/L, respectively. It can be also
een that the treatment time to reach 90% COD removal efficiency
as around 20 min, 24 min, and 28 min for 300 mg/L, 200 mg/L, and

00 mg/L, respectively.
Fig. 6 indicates the effect of various supporting electrolyte con-

entrations on the turbidity variation of real oxide-CMP wastewater
or various durations of electrolysis. As can be seen in Fig. 6, the
xcellent final turbidity of oxide-CMP reached over 90% in less
han 20 min of electrolysis for NaCl concentrations of 200 mg/L and
00 mg/L. When the concentration of the supporting electrolyte
NaCl) was increased from 100 mg/L to 200 mg/L, the required treat-

ent time to reach 90% turbidity removal was improved greatly
rom 36 min to 16 min. However, no significant improvement in
he required treatment time to reach 90% turbidity removal was
bserved when the concentration of the supporting electrolyte was
ncreased from 200 mg/L to 300 mg/L. This shows that an excess
mount of NaCl in the solution is detrimental to removal of turbid-
ty.

Fig. 6 also shows that the turbidity of the real oxide-CMP
astewater increased gradually in the first 12 min, 12 min, and
4 min for 300 mg/L, 200 mg/L, and 100 mg/L, respectively. This is

lso shown in Fig. 4, which may be attributed to inadequate coag-
lant generated from the anode at the beginning of electrolysis,
educing the double layer of the silica particles to destabilize them,
ausing insufficient large particles to settle and thus increase tur-
idity. Consequently, in terms of the COD and turbidity removal

ig. 6. Effect of supporting electrolyte concentration on the turbidity during electro-
oagulation with Fe/Al electrode pair, 571 mg/L initial COD, 250 NTU initial turbidity,
0 V applied voltage, 300 rpm agitation speed.
Materials 168 (2009) 1200–1207

shown in Figs. 5 and 6, respectively, the effect of NaCl addition was
significant. This was probably because the Cl− anions can destroy
the passivation layer and increase the anodic dissolution rate of
metal, either by the incorporation of Cl− into the oxide film or by
the participation of Cl−in the metal dissolution reaction [39]. In
addition, the increase of the chloride ion concentration in the solu-
tion can reduce the overpotential in the anodic oxidation of chloride
ions, resulting in a higher current efficiency [40,41]. The problem
of electrode passivation is a serious drawback in the present appli-
cations of electrocoagulation, so destroying the passivation layer
and hence enhancing the dissolution rate of Fe or Al is thus cru-
cial. The de-passivation effect was more significant when more Cl−

anions were added to the solution. Therefore, the problem of elec-
trode passivation was partially solved and the performance of the
electrocoagulation process was increased when NaCl was used as
the electrolyte.

3.4. Dynamic characteristics of silica particles during the
electrocoagulation process

Many coagulation mechanisms of suspended particles, includ-
ing surface charge neutralization, double layer compression,
adsorption and bridging, have been proposed that depend on the
chemical and physical properties of the aqueous solution, pollutant,
and coagulant [42,43]. As previously discussed, colloid particles
were maintained in stable suspension by the electrostatic repul-
sion between particles. Zeta potential is regarded as an effective
measurement of the charge of a particle while it migrates to the
solution, thus providing an indicator of solution stability. Generally,
the electrocoagulation process is inherently dynamic, with ferrous
ions entering the system, being hydrolyzed with suspended par-
ticles, and then removed from the system. To investigate of the
dynamic characteristics of silica particles during electrocoagula-
tion, the zeta potential of the oxide particles and the corresponding
turbidity were measured during the treatment period. The changes
during the course of electrocoagulation for the applied voltage of
20 V and the supporting electrolyte of 200 mg/L are shown in Fig. 7.
It can be obviously seen from this figure that there were three
stages, defined as lag, reactive, and stabilizing, during the elec-
trocoagulation process [32]. Fig. 7 shows that the zeta potential
of silica particles remained relatively steady in a range of −40 mV

to −38 mV for the first 12 min—a response that is considered as
the lag stage. An increase in turbidity was observed during this
stage, which might be ascribed to the aggregated particle size in
this period being not big enough to settle. As time progressed and

Fig. 7. Effect of wastewater zeta potential and turbidity during electrocoagulation
with the Fe/Al electrode pair, 571 mg/L initial COD, 250 NTU initial turbidity, 20 V
applied voltage, 200 mg/L NaCl, 300 rpm agitation speed.
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issolved coagulants from the iron electrode increased, a period
as reached where there was an abrupt increase in the zeta poten-

ial (i.e., a small degree of negative zeta potential). The majority
∼98%) of turbidity removal occurred during this reactive stage.
herefore, the beginning of the reactive stage might be defined as
he period where a rapid decrease in turbidity starts. As the sys-
em moved into the stabilizing stage, the rate of turbidity removal
ontinued to decrease until it approached zero, while the corre-
ponding zeta potential reached a plateau in the range of −20 mV
o −18 mV after 28 min of electrolysis. The stable increase in the
eta potential after a short steady period reveals that electroco-
gulation appeared as a double layer compression [44]. As time
rogressed and the amount of coagulants (i.e., iron cations) pro-
uced at the anode increased, these suppressed the electric double

ayer suspended silica particles and destabilized these particles,
hus promoting the aggregation of the suspended silica particles. As
an be seen in Fig. 7, at the beginning of the reactive stage, the tur-
idity started to decrease rapidly after 12 min of electrolysis. At this
ime, the zeta potential increased (i.e., a small degree of negative
eta potential), which resulted in the aggregation of the silica parti-
les and the generation of bigger particles. The corresponding mean
article size increased dramatically from 172 nm to 5120 nm as the
reatment time increased from 12 min to 16 min for the applied
oltage of 20 V and the supporting electrolyte of 200 mg/L, as shown
n Table 2. These observations imply that the suspended silica par-
icles were destabilized to settle at the critical electrolysis time,
hich was estimated to be 12 min for the applied voltage of 20 V

nd the supporting electrolyte of 200 mg/L. The corresponding tur-
idity removal mostly occurred during this period (i.e., the reactive
tage).

.5. Evaluation of specific energy consumption

Ultimately, it is not the highest removal efficiency, but rather
he electric energy consumption required to achieve the desired
egree of treatment that will determine the feasibility of a pro-
osed treatment approach. Consequently, it is critical to evaluate
he electrical energy consumption of wastewater treatment to
ecide whether electrocoagulation is economically as well as tech-
ically viable for the COD removal of real oxide-CMP wastewater.
OD values are related to the total concentration of organics in
he solutions. Once the required voltages and the correspond-
ng currents were obtained from the electrocoagulation tests, it
as possible to estimate the amount of energy required. We

onsidered the initial and final concentrations of COD in real
xide-CMP wastewater at different times. The specific energy
onsumption was then calculated as a function of 1 kg COD
emoval of real oxide-CMP wastewater during electrocoagulation
n kW h/kg with a constant applied voltage using the following
quation [45]:

EC = U
∫

I dt

(COD0 × V0 − CODt × Vt) × 3.6

= U × Iavg × �t

(COD0 × V0 − CODt × Vt) × 3.6
(2)

here U, Iavg, and �t are the applied voltage (V), average current
A), and electrolysis time (sec), respectively. In addition, COD0 is
he initial concentration of COD in mg/L, CODt is the concentration
alue of compounds at time (t) in mg/L, V0 is the initial volume of
he treated wastewater in liters, and Vt is the volume of the treated

astewater at time t in liters. In order to investigate the optimum
alance with reasonable COD removal efficiency and relatively low
nergy consumption, the applied voltage and the amount of the
upporting electrolyte during electrocoagulation are optimized in
he following section.
Fig. 8. Effect of applied voltage on the specific energy consumption and COD removal
efficiency after 20 min of electrolysis with Fe/Al electrode pair, 571 mg/L initial COD,
250 NTU initial turbidity, 200 mg/L NaCl, 300 rpm agitation speed.

3.5.1. Effect of applied voltage on specific energy consumption
and COD removal efficiency

In order to evaluate the effect of applied voltage on the specific
energy consumption and COD removal efficiency, a series of elec-
trocoagulation experiments were carried out on real oxide-CMP
wastewater after 20 min electrolysis. The initial COD concentra-
tion was set at 571 mg/L, a fixed amount of 200 mg/L supporting
electrolyte was added to the real oxide-CMP wastewater, the agi-
tation speed was 300 rpm, and the electrode distance was 2 cm.
The real oxide-CMP wastewater with applied voltages in the range
of 10–30 V was treated in terms of the specific energy consump-
tion and COD removal efficiency by iron electrocoagulation, as
shown in Fig. 8. It can be seen that the specific energy consumption
increased by increasing the applied voltage, which increased the
COD removal efficiency. When the applied voltage was increased
from 10 V to 20 V, the COD removal efficiency was raised appre-
ciable from 62.3% to 77.3%, whereas the corresponding specific
energy consumption increased only slightly. However, when the
applied voltage was increased from 20 V to 30 V, the COD removal
efficiency increased only slightly from 77.3% to 82.5%, whereas
the corresponding specific energy consumption increased signif-
icantly. When considering both specific energy consumption and
COD removal efficiency simultaneously, the applied voltage of 20 V
provides the optimum balance for the present electrocoagulation,
with a reasonable COD removal efficiency and relatively low specific
energy consumption.

3.5.2. Effect of supporting electrolyte on specific energy
consumption and COD removal efficiency

To investigate the effect of the supporting electrolyte on the
specific energy consumption and COD removal efficiency, a num-
ber of experiments were performed after 20 min of electrolysis
with 571 mg/L initial COD concentration, 20 V applied voltage,
2.5 initial pH, 300 rpm agitation speed, and 2 cm electrode dis-
tance. The concentration of supporting electrolyte was adjusted
to the desired level by adding a suitable amount of NaCl to the
real oxide-CMP wastewater. Fig. 9 indicates the effect of various
supporting electrolyte concentrations on the performance of COD
removal efficiency and specific energy consumption during the
electrocoagulation process. It can be seen that increasing the con-

centration of supporting electrolyte increases the COD removal
efficiency, while significantly increasing the specific energy con-
sumption. When the concentration of the supporting electrolyte
was increased from 100 mg/L to 200 mg/L, the COD removal effi-
ciency increased from 78% to 86%, while the corresponding specific
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Fig. 9. Effect of supporting electrolyte concentration on the specific energy con-
s
e
3

e
t
s
C
w
f
w
C
a
s

4

a
w
o
f
o
i
p
s
r
t
t
s
r
s
f
1
F
c
o
s
c
d
c

A

T
N

[

[

[

[

[

[

[

[

[

[

[

umption and COD removal efficiency after 20 min of electrolysis with Fe/Al
lectrode pair, 571 mg/L initial COD, 250 NTU initial turbidity, 20 V applied voltage,
00 rpm agitation speed.

nergy consumption increased slightly from 1.29 × 10−3 kW h/kg
o 1.84 × 10−3 kW h/kg. However, when the concentration of the
upporting electrolyte increased from 200 mg/L to 300 mg/L, the
OD removal efficiency increased slightly from 86% to 92%,
hile the corresponding specific energy consumption increased

rom 1.84 × 10−3 kW h/kg to 2.98 × 10−3 kW h/kg. Accordingly,
hen considering both the specific energy consumption and the

OD removal efficiency, 200 mg/L NaCl provides the optimum bal-
nce with desirable COD removal efficiency and relatively low
pecific energy consumption.

. Conclusion

The results of this study show the applicability of electroco-
gulation in removing turbidity and COD from real oxide-CMP
astewater from a large semiconductor plant in central Taiwan. In
rder to investigate the dynamic characteristics of silica particles
rom real oxide-CMP wastewater during electrocoagulation, three
perating stages (lag, reactive, and stabilizing) were proposed to
dentify the relationships among the zeta potential of the silica
articles, the turbidity of the suspended solution, and the corre-
ponding mean particle size of the suspended silica. Experimental
esults show that the suspended silica particles were destabilized
o settle at the critical electrolysis time, which was estimated
o be 12 min of electrolysis for an applied voltage of 20 V and a
upporting electrolyte of 200 mg/L. The corresponding turbidity
emoval mostly (98%) occurred during this period (i.e., the reactive
tage). Furthermore, the corresponding mean particle size varied
rom 172 nm to 5120 nm as the treatment time progressed from
2 min to 16 min, which also occurred during the reactive stage.
or low specific energy consumption and good COD removal effi-
iency, an applied voltage of 20 V was found be the optimum
verall within the test range of between 10 V and 30 V with rea-
onable COD removal efficiency and relatively low specific energy
onsumption. 200 mg/L NaCl provides the optimum balance with
esirable COD removal efficiency and relatively low specific energy
onsumption.
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