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a b s t r a c t

In this study, metal hydroxides generated during electrocoagulation (EC) were used to remove the chem-
ical oxygen demand (COD) of oxide chemical mechanical polishing (oxide-CMP) wastewater from a
semiconductor manufacturing plant by EC. Adsorption studies were conducted in a batch system for
various current densities and temperatures. The COD concentration in the oxide-CMP wastewater was
effectively removed and decreased by more than 90%, resulting in a final wastewater COD concentra-
tion that was below the Taiwan discharge standard (100 mg L−1). Since the processed wastewater quality
exceeded the direct discharge standard, the effluent could be considered for reuse. The adsorption kinetic
studies showed that the EC process was best described using the pseudo-second-order kinetic model at
astewater treatment

hemical mechanical polishing (CMP)
dsorption kinetics
dsorption isotherms
hermodynamics

the various current densities and temperatures. The experimental data were also tested against differ-
ent adsorption isotherm models to describe the EC process. The Freundlich adsorption isotherm model
predictions matched satisfactorily with the experimental observations. Thermodynamic parameters,
including the Gibbs free energy, enthalpy, and entropy, indicated that the COD adsorption of oxide-
CMP wastewater on metal hydroxides was feasible, spontaneous and endothermic in the temperature
range of 288–318 K.
. Introduction

The semiconductor industry has become a representative indus-
ry in Taiwan. Chemical mechanical polishing (CMP) is a major
emiconductor manufacturing process, entailing micro-polishing
sed to obtain uniform surfaces of inter-metal dielectrics (IMD) or

nter-level dielectrics (ILD) during integrated circuit (IC) fabrication
1]. CMP ensures both the local and global flatness of a semiconduc-
or surface via the mechanical downward force of a slurry abrasive
nd the chemical oxidation of the wafer surface. Because of the
brasive slurry used in the CMP process, a large amount of water is
equired to wash out the abrasives that have adhered to the wafer
urface. As a result, correspondingly large quantities of wastewater
nd sludge are produced and released into the environment [2].

CMP wastewater is highly alkaline and turbid with high total
olids content. In addition, untreated CMP wastewater is rich in

rganic matter, which leads to an increased concentration of these
icroorganisms. The inorganic and organic contaminants in the

MP effluent derive primarily from the CMP slurry [3]. Inorganic
ontaminants may contain suspended, nano-sized solids generated
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from abrasive slurry particles of SiO2, Al2O3, or CeO2, depending
on the nature of the CMP application. Organic contaminants may
include metal oxidizing agents, additives, dispersing agents, and
rheology control agents [4]. Chemical oxygen demand (COD) is a
measure of the amount of oxygen used in chemical oxidation of
inorganic and organic matter contained in wastewater. Although
COD is not the only parameter to measure pollution, it is consid-
ered an indicator of the degree of pollution in the effluent and
of the potential environmental impact of wastewater discharge.
CMP wastewater contains suspended particles with highly nega-
tive surface charges that repel adjacent particles when they are
immersed in alkaline solutions. Because of these characteristics
of CMP wastewater, removing such nano-sized particles by con-
ventional chemical coagulation is not ideal. Therefore, there is an
urgent need to develop more efficient techniques for the treatment
of CMP wastewater.

Electrochemical method has attracted considerable attention
because of its environmental compatibility. Electrons are con-
sidered a “clean reagent” [5]. Thus, an electrocoagulation (EC)

technology has been proposed to treat wastewater containing dis-
persed fine particles without the need for additional chemicals [6].
This technique has some advantages as compared to conventional
methods: easier operation, simpler equipment, lower retention
time, lower sludge production, and better safety [7]. EC is a process

http://www.sciencedirect.com/science/journal/03043894
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dx.doi.org/10.1016/j.jhazmat.2010.04.017


2 ardou

t
a
t
t
d
d
g
o
p
[
m
t
a
s
a
e
i
t

C
i
k
a
t
a
u
t
t
e
p

2

2

a
S
i
N
e
T
a
t
c
7
o
p
e
a
w
a
a
S
C
1
i
(
m

2

s
f

18 W.-L. Chou et al. / Journal of Haz

hat generates metallic hydroxides in situ via electro-dissolution of
soluble sacrificial anode immersed in the wastewater. The elec-

rochemically generated metallic ions hydrolyze near the anode
o form a series of metal hydroxides that are able to destabilize
ispersed particles present in the wastewater to be treated. The
estabilized particles are believed to be responsible for the aggre-
ation and precipitation of suspended particles and the adsorption
f dissolved pollutants. EC has emerged as a technique in treating
otable water [8], urban wastewater [9], metal laden wastewater
10], dyeing wastewater [11], restaurant wastewater [12], chemical

echanical polishing wastewater [6,13–15], and wastewater con-
aining phosphates [16], fluoride [17], arsenic [18], indium [19,20],
nd polyvinyl alcohol [21–23]. Previous research has primarily
tudied removal characteristics and CMP wastewater quality before
nd after electrocoagulation treatment [6,13–15]. To our knowl-
dge so far, little information is available on the adsorption of COD
n oxide-CMP wastewater onto metal hydroxides produced during
he EC process.

Metal hydroxides generated during EC were used to remove the
OD of oxide-CMP wastewater from a semiconductor manufactur-

ng plant in central Taiwan by electrocoagulation. The adsorption
inetics of the electrocoagulants was analyzed using pseudo-first-
nd second-order kinetic models at various current densities and
emperatures. The equilibrium adsorption behavior was analyzed
nd compared to the model predictions of the Langmuir, Fre-
ndlich and Dubinin–Raduskevich (D–R) isotherms. The effect of
emperature on the adsorption isotherms was determined, and the
hermodynamic parameters during the adsorption such as the free
nergy, enthalpy and entropy were calculated for the various tem-
eratures.

. Experimental

.1. Materials and apparatus

Oxide-CMP wastewater was obtained from a dynamic random
ccess memory (DRAM) manufacturing unit in the Central Taiwan
cience Park, Taichung, Taiwan. The concentration of the support-
ng electrolyte in the aqueous solutions was adjusted by adding
aCl (Tedia Company, USA). Fig. 1 shows a schematic diagram of the
xperimental apparatus and electrode assembly for the EC system.
he electrolytic cell was a 1.0 L Pyrex® glass vessel equipped with
water jacket and magnetic stirrer (Suntex, SH-301, Taiwan). The

emperature of the electrolytic cell was controlled by continuously
irculating water from a refrigerated circulating bath (Model BL-
20, Taiwan) through the water jacket. From our previous studies
n oxide-CMP wastewater, a cast iron (Fe)/aluminum (Al) electrode
air (8 cm × 6 cm × 0.3 cm) is known to be the optimum choice of
lectrode pair combination (Fe/Al, Fe/Fe, Al/Al, and Al/Fe) as the
node/cathode pair [13–15]. The electrode pair was immersed in
astewater to a depth of 5.2 cm with the electrodes around 2 cm

part. The effective area of the electrode pair was 31.2 cm2. The
ssembly was connected to a direct current power source (2400
eries Sourcemeter, Cleveland, OH, USA) with a galvanostatic mode.
haracteristics of the oxide-CMP wastewater, such as pH (Y.S.I, pH
0, USA), conductivity (Eutech, Cyberscan 510, Singapore), turbid-

ty (in terms of NTU; HACH, 2100P, USA), a total organic carbon
Systematic, Model 1030W, USA), and total solids (TS), were deter-

ined using ROC EPA standard methods [24].
.2. Methods and analysis

Before each experiment, the electrodes were polished with
andpaper to remove scale, dipped in 3 M H2SO4 to a depth of 6 cm
or 10 min, and then cleaned with deionized water [25]. A circu-
s Materials 180 (2010) 217–224

lar container with 0.5 L of oxide-CMP wastewater was used as the
reactor. The magnetic stirrer was turned on and set at 300 rpm. The
stirrer speed was fast enough to provide good mixing in the elec-
trolytic cell and yet slow enough to not break up the flocs formed
during the process. A fixed amount of NaCl (0.002N) was added to
the oxide-CMP wastewater to increase the conductivity and facili-
tate the EC process. The direct current power source was operated
at a constant current density of 2.4, 3.2, 4.8, or 6.8 mA cm−2. A
steady temperature was maintained and ranged in this study from
288 to 318 K. The EC test run lasted 80 min for all of the exper-
iments. Particulates of colloidal ferric hydroxide were produced,
turning the aqueous solution a yellow-brown color after EC. Sam-
ples were periodically taken from the reactor and deposited for
6 h in a 20 ml Pyrex glass column. The COD concentration in the
aqueous solutions was measured using a HACH Model DR2800
spectrophotometer (HACH Company, USA), and the analysis was
conducted using the procedure described in Standard Methods
[26]. The COD removal efficiency after the electrocoagulation treat-
ment was calculated using:

COD removal efficiency (%) = COD0V0 − CODtVt

COD0V0
× 100 (1)

where COD0 is the initial concentration in mg L−1, CODt is the con-
centration value at time t in mg L−1, V0 is the initial volume of the
treated wastewater in liters, and Vt is the volume of the treated
wastewater at time t in liters.

2.3. Properties of oxide-CMP wastewater

The oxide-CMP wastewater had a diluted milky appearance
with a high total solids content of 4000–5000 mg L−1, a suspended
solids (SS) concentration of 10–20 mg L−1, turbidity in the range
of 200–300 NTU, TOC of 2–4 mg L−1, a COD of 400–600 mg L−1, a
conductivity of 100–200 �s cm−1, a pH of between 8 and 9, 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.

3. Results and discussion

3.1. Adsorption kinetics

The adsorption kinetics that describes the solute uptake rate
and governs the residence time of the adsorption reaction is one of
the important characteristics that define the adsorption efficiency.
In this study, the COD removal kinetics from oxide-CMP wastew-
ater was determined to observe the adsorption behavior of metal
hydroxides generated during EC process.

3.1.1. Adsorption kinetics at different current densities
The current density is an important factor that strongly affects

the performance of EC [27]. Current density was calculated as the
applied current divided by the projected surface area of the stud-
ied electrode. Fig. 2 shows the effect of the current density on
the COD removal efficiency for various electrolysis durations. As
the duration of electrolysis increased, comparable increases in the
COD removal efficiency were observed for all current densities. As
shown in Fig. 2, after 50 min of electrolysis time, 68.3%, 81.1%, 90.7%,
and 91.8% of the original COD was removed for current densities of
2.4, 3.2, 4.8, and 6.4 mA cm−2, respectively. As the current density

increased, the COD removal rate also increased. Furthermore, the
amount of COD removal depends on the quantity of metal hydrox-
ides generated, which is related to the time and current density.
The results indicate that the current density determines the coag-
ulant dosage rate. The required treatment times to reach over 90%
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Fig. 1. Schematic diagra

f the COD removal were 80, 66, 49, and 45 min for 2.4, 3.2, 4.8,
nd 6.4 mA cm−2, respectively. As the current density increased, the
equired time for the EC process decreased. When there is a suffi-
ient level of current passing through the solution, the metal ions
enerated by the dissolution of the sacrificial electrode, hydrolyze
nd form a series of metallic hydroxides. These metallic hydrox-
des neutralize the electrostatic charges on the dispersed particles,
hereby reducing the electrostatic interparticle repulsion so that
he van der Waals attraction dominated and facilitated agglom-
ration [28]. However, no significant improvement in the COD
emoval efficiency for any duration of electrolysis was observed
hen the current density was increased from 4.8 to 6.4 mA cm−2.

o investigate the optimum current, the performance of the elec-
ric energy consumption at a certain current density during EC was
valuated. The electrical energy consumption required achieving

he desired degree of treatment, rather than the highest removal
fficiency, determines the feasibility of the proposed treatment
pproach. Once the required currents and corresponding voltages
ere obtained from EC experiments, the amount of energy used

ig. 2. Effect of current density on the COD removal efficiency (NaCl = 0.002N,
= 298 K, d = 2 cm and agitation speed = 300 rpm).
he experimental setup.

was estimated. The oxide-CMP wastewater was treated by iron EC
for current densities in the range from 2.4 to 6.4 mA cm−2 after
50 min of electrolysis to determine the optimal COD removal effi-
ciency and the associated electrical energy consumption. The effect
of the current density and charge density on the COD removal effi-
ciency and electrical energy consumption are shown in Fig. 3(a)
and (b). Fig. 3(a) shows that increasing the current density from 2.4
to 6.4 mA cm−2 increased the COD removal efficiency from 68.3%
to 91.8%. When the current density was increased from 3.2 to
4.8 mA cm−2, the COD removal efficiency of oxide-CMP wastewater
increased from 80.1% to 90.7%, whereas the corresponding elec-
tric energy consumption increased only slightly. However, when
the current density was increased from 4.8 to 6.4 mA cm−2, the
COD removal efficiency increased slightly from 90.7% to 91.8%,
whereas the corresponding electric energy consumption increased
by almost a factor of two. So does the same tendency shown in
Fig. 3(b). Accordingly, a current density of 4.8 mA cm−2 was chosen
as the optimum current density for the following experiments.

3.1.2. Adsorption kinetics at different temperatures
The effect of temperature on EC has not thoroughly been inves-

tigated even though EC technology has been used for more than
100 years. The effect of temperature on the COD removal efficiency
of oxide-CMP wastewater was studied at 288, 298, 308, and 318 K,
as shown in Fig. 4. As the electrolysis time increased, comparable
increases in the COD removal efficiency were observed for the dif-
ferent temperatures. After 50 min of electrolysis, we observed that
the COD removal efficiency reached 87.3%, 90.7%, 94.7%, and 96.3%
for a temperature of 288, 298, 308, and 318 K, respectively. The
treatment time required to reach 80% COD removal was approxi-
mately 27, 30, 35, and 39 min for a temperature of 318, 308, 298,
and 288 K, respectively. The increase in the COD removal rate with
increased temperatures can be attributed to the increased destruc-
tion of the passivation film on the anode surface and increased rates

for all of the reactions involved in the process, according to the
Arrehenius equation [27]. Additionally, the increased temperature
promotes the generation of metal hydroxides in the EC process. The
increase in metal hydroxides leads to an increase in their mobil-
ity and more frequent collisions, resulting in an increased reaction
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ig. 3. Effect of (a) current density and (b) charge density on the COD removal effi-
iency and specific energy consumption (NaCl = 0.002N, t = 50 min, T = 298 K, d = 2 cm
nd agitation speed = 300 rpm).

ate between the metal hydroxides (i.e., iron hydroxides) and pol-
utants by adsorption [29]. As a result, the COD removal efficiency
f oxide-CMP wastewater increases with increasing temperature.

.2. Adsorption kinetic modeling

The pollutant is generally adsorbed at the surface of the metal
ydroxides generated during the EC process. Thus the removal of
ollutant is similar to conventional adsorption, except coagulants

re generated. Coagulated particles attract and absorb different ions
nd colloidal particles from the wastewater. If iron electrodes are
sed, the generated Fe ions immediately undergo further spon-
aneous reactions to produce corresponding hydroxides and/or

ig. 4. Effect of temperature on the COD removal efficiency (current den-
ity = 4.8 mA cm−2, NaCl = 0.002N, d = 2 cm and agitation speed = 300 rpm).
s Materials 180 (2010) 217–224

polyhydroxides. Ferric ions are commonly generated by oxidizing
ferrous ions produced at the anode during the dissolution of iron,
while OH− ions are generated at the cathode. Mixing the solution
produces hydroxide species, which remove pollutants by adsorp-
tion and co-precipitation. Fe(OH)3 is the dominant species in the
range from pH 6 to 10, according to predominance-zone diagrams
for Fe(III) chemical species in aqueous solution [30]. In the present
study, the pH values of oxide-CMP wastewater were varied from
7.5 (initial) to 9.5 (final) during the EC process, which indicates that
Fe(OH)3 is the dominant metal hydroxide functioning as an adsor-
bent. The corresponding voltage was varied from 7.7 V (initial) to
11.5 V (final) during the EC process. The electrode consumption can
be estimated according to Faraday’s law, and the amount of gener-
ated metal hydroxides can be stoichiometrically determined. Since
the amount of coagulant can be estimated for a given time, the pol-
lutant removal can be modeled using an adsorption phenomenon.
The metal hydroxides formed during EC possess adsorption abil-
ities. The amount of COD adsorbed by the Fe(OH)3 in oxide-CMP
wastewater was calculated from the difference between the COD
quantity added to the Fe(OH)3 and the COD content of the precipi-
tation using the following equation:

qe = V(C0 − Ce)
M

(2)

where qe is the COD uptake (mg g−1), C0 and Ce are, respectively,
the initial and final or equilibrium COD concentrations in the solu-
tion (mg L−1), V is the volume of the solution (L) and M is the
mass of Fe(OH)3 (s). In order to investigate the mechanisms of the
COD adsorption process, two different kinetic models, the pseudo-
first-order model and pseudo-second-order model, were applied to
describe the kinetics of the COD adsorption onto iron hydroxides.
The best-fit model was selected according to the linear regression
correlation coefficient values, R2.

3.2.1. Pseudo-first-order model
The first-order rate equation of the Lagergren model is one of the

most widely used expression describing the adsorption of solute
from a solution [31]. The pseudo-first-order equation is given by

dqt

dt
= k1(qe − qt) (3)

where qe (mg g−1) and qt (mg g−1) are the amounts of COD adsorbed
on the adsorbent at equilibrium and at any time t, respectively, and
k1 (min−1) is the rate constant of the pseudo-first-order model.
After integration of Eq. (3) and applying the boundary conditions
qt = 0 at t = 0 and qt = qt at t = t, we obtain:

ln(qe − qt) = ln qe − k1t (4)

The pseudo-first-order model considers the rate of occupation of
the adsorption sites proportional to the number of unoccupied
sites. The values of k1 and qe can be obtained from the slope and
intercept of the linear plot of ln(qe − qt) versus t, respectively. The
adsorption rate constants determined from the pseudo-first-order
model for various current densities and temperatures are listed in
Tables 1 and 2, respectively.

3.2.2. Pseudo-second-order model
The pseudo-second-order kinetic model is based on the adsorp-

tion equilibrium written as [32]:

dq
dt
= k2(qe − qt)

2 (5)

where k2 (g mg−1 min−1) is the rate constant of the pseudo-second-
order equation, qe is the maximum adsorption capacity, and qt is
the amount of adsorption at time t. After integration and apply-
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Table 1
Comparison of the pseudo-first-order and pseudo-second-order for different current densities.

Current density (mA cm−2) qe,exp (mg g−1) First-order model Second-order model

k1 × 102 (min−1) qe,fit (mg g−1) R2 k2 × 103 (L mg−1 min−1) qe,fit (mg g−1) R2

2.4 1512.3 4.83 1394.6 0.86 0.82 1533.2 0.97
3.2 1243.2 5.32 1030.9 0.91 1.31 1267.2 0.97
4.8 989.2 5.72 936.2 0.93 1.85 1004.6 0.98
6.4 862.7 5.93 829.4 0.94 2.84 871.8 0.99

Table 2
Comparison of the pseudo-first-order and pseudo-second-order for different temperatures.

Temperature (K) qe,exp (mg g−1) First-order model Second-order model

k1 × 102 (min−1) qe,fit (mg g−1) R2 k2 × 103 (L mg−1 min−1) qe,fit (mg g−1) R2
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Langmuir isotherm is [34]:
288 939.7 4.99 889.5
298 989.2 5.72 936.2
308 1011.1 8.54 951.6
318 1040.6 9.93 1014.3

ng the boundary conditions, qt = 0 at t = 0 and qt = qt at t = t, Eq. (5)
ecomes:

t

qt
= 1

k2q2
e

+ t

qe
(6)

s discussed above, the validity of the Lagergren and the pseudo-
econd-order kinetic models can be identified from each linear
lot. If second-order kinetics model is applicable, plotting t/qt as
function of t will result in a straight line, and qe and k2 can

e obtained from its slope and intercept, respectively. As shown
n Figs. 5 and 6, the plots of t/qt versus t yield relatively straight
ines for the different current densities and temperatures. Further-

ore, the correlation coefficients, R2, for the pseudo-second-order
inetic model obtained in all cases were above 0.97 and the cal-
ulated qe values agreed with the experimental qe values. The
dsorption rate constants determined from the pseudo-second-
rder model for the different current densities and temperatures
re also listed in Tables 1 and 2, respectively. We observed
hat the correlation coefficients for the first-order kinetic model
ere relatively lower than those obtained for the second-order

inetic model for the different current densities and temperatures.

hese results indicate that the second-order kinetic model can be
pplied suitably to predict the COD adsorption process onto iron
ydroxides.

ig. 5. Comparison between the experimental and calculated qe values for different
urrent densities in pseudo-second-order kinetic model at temperature 298 K.
0.85 1.74 957.9 0.95
0.93 1.85 1004.6 0.98
0.92 1.88 1027.5 0.98
0.94 1.94 1048.9 0.99

3.3. Adsorption isotherms

These gelatinous charged hydroxides generated during EC pro-
cess can effectively remove pollutants by adsorption and produce
charge neutralization by complexation, electrostatic attraction, and
precipitation [33]. To identify the mechanism of the adsorption
process, it is important to establish the most appropriate corre-
lation for the equilibrium curves. In this study, three adsorption
isotherms, Langmuir, Freundlich, and Dubinin–Raduskevich (D–R),
were applied to establish the relationship between the amounts of
COD adsorbed onto the iron hydroxides and its equilibrium con-
centration in oxide-CMP wastewater.

3.3.1. Langmuir isotherm
The Langmuir model was originally developed to represent

chemisorption at a set of well-defined localized adsorption sites
with the same adsorption energy, independent of the surface cov-
erage, and with no interaction between adsorbed molecules. This
model assumes a monolayer deposition on a surface with a finite
number of identical sites. The mathematical expression for the
qe = aLKLCe

1 + KLCe
(7)

Fig. 6. Comparison between the experimental and calculated qe values for different
temperatures in pseudo-second-order kinetic model at current density 4.8 mA cm−2.



222 W.-L. Chou et al. / Journal of Hazardous Materials 180 (2010) 217–224

Table 3
Langmuir and Freundlich and Dubinin–Radushkevich (D–R) isotherm constants for the COD adsorption onto iron hydroxides.

Langmuir Freundich Dubinin–Radushkevich (D–R)

KL (L mg−1) 0.0214 KF ((mg g−1) (L mg−1)1/n) 4.194 qm (mg g−1) 876
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aL (mg g−1) 1667 n

R2 0.97 R2

here aL (mg g−1) is a constant related to the area occupied by a
onolayer of adsorbate, reflecting the maximum adsorption capac-

ty; Ce (mg L−1) is the equilibrium liquid-phase concentration; KL
L mg−1) is a direct measure of the intensity of adsorption; and qe

mg g−1) is the amount adsorbed at equilibrium. This equation can
e linearized as

1
qe

=
(

1
KLaL

)(
1
Ce

)
+ 1

aL
(8)

rom the plot of 1/qe versus 1/Ce, KL and aL can be determined from
he slope and intercept of the resulting straight line.

.3.2. Freundlich isotherm
The Freundlich adsorption isotherm is typically an empirical

odel, which includes the surface heterogeneity and exponential
istribution of the active sites and their energies. The isotherm

s adopted to describe reversible adsorption and is not restricted
o a monolayer formation. The mathematical expression for the
reundlich mode is [35]:

e = Kf C1/n
e (9)

here Kf ((mg g−1) (L mg−1)1/n) and n (dimensionless) are con-
tants that account for all factors affecting the adsorption process,
uch as the adsorption capacity and intensity. This equation can be
inearized, resulting in:

n qe = ln Kf + 1
n

ln Ce (10)

he Freundlich constants Kf and 1/n are determined from the inter-
ept and slope, respectively, of the linear plot of ln qe versus ln Ce.

.3.3. Dubinin–Raduskevich (D–R) isotherm
The D–R isotherm is an empirical adsorption model on a single

ype of uniform pores [36]. It is applied to describe the adsorption
echanism with a Gaussian energy distribution onto a heteroge-

eous surface [37,38]. The mathematical expression for the D–R
sotherm is

e = qme−kε2
(11)

The linear form of the (D–R) isotherm equation is:

n qe = ln qm − kε2 (12)

here ε (Polanyi potential) is [RT ln(1 + 1/Ce)], R, T and Ce repre-
ent the gas constant (J mol−1 K−1), absolute temperature (K) and
dsorbate equilibrium concentration (mg L−1), qe is the amount of
olute adsorbed per unit weight of adsorbent (mg g−1), k is a con-
tant related to the adsorption energy (mol2 kJ−2), and qm is the
dsorption capacity (mg g−1). By plotting ln qe versus ε2, it is possi-
le to estimate the value of qm from the intercept and the value of
from the slope. The constant k gives an idea about the mean free
nergy E (kJ mole−1) of adsorption, which can be calculated using
he relationship:
= 1√
2k

(13)

The magnitude of E provides useful information for estimat-
ng the adsorption mechanism. In the case of E < 8 kJ mole−1,
0.664 k (mol2 (kJ2)−1) 0.03
E (kJ mol−1) 4.08

0.99 R2 0.87

physical forces may affect the adsorption. For E in the range of
8–16 kJ mole−1, ion exchange is the working mechanism. While
for E > 16 kJ mole−1 adsorption may be dominated by particle diffu-
sion [39]. In this study, the E value is calculated as 4.08 kJ mole−1,
which indicates the physical nature of COD adsorption onto iron
hydroxides.

The applicability of the isotherm equations was compared using
the correlation coefficient (R2). The Langmuir, Freundlich and D–R
isotherm constants for the adsorption of COD onto iron hydroxides
are presented in Table 3. The Freundlich isotherm model provided a
better fit to the experimental data (R2 = 0.99) based on comparison
of the R2 values for the COD adsorption onto iron hydroxides. The
variable Kf in the Freundlich equation is related to the adsorption
capacity of the adsorbent and n gives the deviation extent from
linearity of the adsorption. When the value of n is equal to unity,
the adsorption sites have equal energy and no interaction occurs
between the adsorbed species. If n < 1, the adsorption process is
largely physical. If n > 1, the adsorption process is chemical [40].
Since the value of n at equilibrium was 0.664 at 298 K in this study,
physical adsorption was dominant for the COD adsorption onto iron
hydroxides.

3.4. Adsorption thermodynamics

Thermodynamic parameters, including Gibbs free energy
change (�G◦), enthalpy change (�H◦), and entropy change (�S◦),
were used to determine whether or not the adsorption process was
spontaneous. The values of �G◦ were calculated using the following
equation:

�G◦ = −RT ln Kd (14)

where R is the gas constant (8.314 J mol−1 K−1), T is the temper-
ature (K), and Kd is the distribution coefficient. The Kd value was
calculated using the following equation [41]:

Kd = qe

Ce
(15)

where qe and Ce are the equilibrium concentrations of COD for
the adsorbent (mg L−1) and the solution (mg L−1), respectively. The
relationship between �G◦, �H◦ and �S◦ can be expressed by the
following equation:

�G◦ = �H◦ − T�S◦ (16)

Combining Eqs. (14) and (16) leads to:

ln Kd = �S◦

R
− �H◦

RT
(17)

The temperature effect on the adsorption efficiency of the
COD for CMP wastewater was evaluated at different temperatures
ranging from 288 to 318 K. For the different temperatures, the cor-
responding Ce values at different fixed values of qe were calculated.
The thermodynamic parameters of �H◦ and �S◦ were calculated

from the slope and intercept of the plot of ln Kd versus 1/T, respec-
tively, as shown in Fig. 7. The Gibbs free energies at different
temperatures were calculated from Eq. (14). The values of �G◦,
�H◦, and �S◦ for the COD adsorption onto iron hydroxides at dif-
ferent temperatures are given in Table 4. At all temperatures, �G◦ is
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Table 4
Thermodynamic parameters for the COD adsorption onto iron hydroxides at different temperatures.

Temperature (K) Kd �G◦ (kJ mol−1 K−1) �S◦ (kJ mol−1 K−1) �H◦ (kJ mol−1)

288 3.036 −7.112
298 3.378 −8.369
308 4.004 −10.253
318 4.342 −11.480
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ig. 7. Plot of ln Kd versus 1/T for the estimation of thermodynamic parameters for
he COD adsorption onto iron hydroxides.

egative, indicating the feasibility of the process and spontaneous
ature of the adsorption of COD on iron hydroxides. The increase

n the absolute magnitude of �G◦ with increasing temperatures
ndicates that these processes were favored at high temperatures.
he positive value of �H◦ indicates that the adsorption process
s endothermic. In addition, the positive value of �S◦ suggests
ncreased randomness at the solid–solution interface during the
OD adsorption of oxide-CMP wastewater on iron hydroxides.
hile the adsorption process was endothermic under these condi-

ions, the process was spontaneous owing to the positive entropy
hange.

. Conclusion

This study indicated that EC is a promising treatment for the
OD removal from oxide-CMP wastewater from a semiconductor
anufacturing plant and showed the feasibility of removing COD by

dsorption with iron hydroxides. The following conclusions were
btained:

1) The COD removal efficiency from oxide-CMP wastewater was
significantly influenced by the current density and temperature
for the present EC study.

2) The pseudo-first-order model and pseudo-second-order model
were applied to identify the kinetics of COD adsorption onto
iron hydroxides. The kinetic results showed that the COD
adsorption of oxide-CMP wastewater on iron hydroxides was
best described using the pseudo-second-order kinetic model at
the various current densities and temperatures.

3) The gelatinous and charged metal hydroxides generated by
EC can efficiently remove COD by adsorption, and the EC pro-
cess was modeled using adsorption isotherm models. The COD
adsorption of oxide-CMP wastewater fit the Freundlich adsorp-
tion isotherm best and the results were in good agreement with
the experimental data.

◦ ◦ ◦
4) Thermodynamic parameters (�G , �H and �S ) were also
determined. Their values indicated that the adsorption process
was favorable, spontaneous, and endothermic in nature. As the
temperature increased from 288 to 318 K, �G◦ became less neg-
ative, indicating more of a driving force and hence resulting in

[

0.145 34.63

a greater adsorption capacity at higher temperatures. The posi-
tive value of �H◦ confirmed that the process was endothermic,
meaning that the reaction consumed energy. The positive value
of �S◦ suggested that the increased randomness at the interface
during the COD adsorption onto iron hydroxides.

(5) Under the prevailing conditions, the COD removal was better
than 90% with a final COD concentration below the Tai-
wan discharge standard (100 mg L−1). The wastewater quality
exceeded the direct discharge standard, and the effluent could
be considered for reuse.
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