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real dyeing wastewater by the
electro-Fenton process using drinking water
treatment sludge as a catalyst

Duc Dat Duc Nguyen, Huy Hoang Phan Quang, Xuan Hoan Nguyen
and Tan Phong Nguyen *

This study aims to evaluate the performance of the electro-Fenton process (EFP) using drinking water

treatment sludge (DWTS) for the treatment of dyeing wastewater. Effects of operating parameters

including pH, electrode distance, applied voltage, operation temperature and time on the electro-

Fenton-oxidation of dyeing wastewater were investigated. The decolorization and COD degradation

efficiencies of 97.8% and 89.8%, respectively, were achieved indicating almost complete mineralization

of organic pollutants after 90 minutes of reaction at pH 4.0, dosage of DWTS of 2.0 g, applied voltage of

20.0 V, electrode distance of 3.0 cm and ambient temperature. The morphology of the sludge and

presence of Fe(OH)3 after Fenton-oxidation were investigated to understand the mechanisms involved.

The degradation of COD in EFP was found to fit well the pseudo-first-order kinetic model. The

thermodynamic constants of the Fenton oxidation process were also determined and showed that the

Fenton-oxidation process was spontaneous and endothermic. This study provides an efficient and low-

cost method for the degradation of non-biodegradable pollutants in dyeing wastewater to solve waste

using waste.
1 Introduction

Dye wastewater is negatively affecting the environment not only
as a result of several man-made activities such as textile dyeing,
but also due to disposal of dangerous by-products into the
rivers.1 Coloured waters are regarded as hazardous substances
due to their toxic and permanent properties in the environ-
ment2 that create huge challenges to the removal of such
contaminants by using conventional technologies.

Drinking water treatment sludge (DWTS) is a waste by-
product from water treatment plants where rich iron salts are
the most commonly employed coagulants.3 Pollutants in DWTS
such as heavy metals are soluble at low pH conditions.4

However, DWTS is normally generated in waste and discharged
directly into rivers or dumped in landlls aer dewatering.3

Direct discharge of DWTS from a water treatment plant (WTP) is
harmful to the environment and human health. In order to
solve this environmental issue, the recovery and utilization of
DWTS has been investigated in several studies such as appli-
cations in building material development, removal of phos-
phorus and reduction of waste disposal.5,6

The electrochemical Fenton process (EFP) has been realized
as an efficient approach for the degradation of organic pollut-
ants and proves to be more effective than conventional Fenton's
and Climate Change, Ho Chi Minh City

y, Vietnam. E-mail: phongnt@hu.edu.vn

the Royal Society of Chemistry
reactions. Therefore, it appears as a good solution for dyeing
wastewater.7 In EFP, electrochemically hydrogen peroxide
(H2O2) is generated on the cathode; then, ferrous ions are added
externally into the system to yield OHc radicals for Fenton
reactions. However, one of the main drawback of EFP is the
operating cost, particularly chemical cost, in practical scale.8 In
order to reduce the cost, it has been improved to utilize
sustainable alternative sources such as sludge to minimize the
use of chemical sources in order to meet the demand of
continuous supplement of ferrous ion to the treatment system
or utilization of laterite soils to catalyze in EFP.9 Hence, there
has been a great research interest on the minimization of
chemical costs in EFP for practical dye wastewater treatment.

Recently, the combination of electrochemical peroxidation
(ECP) and electro-Fenton (EF) by using anaerobic sludge has
been developed by Vargas et al., (2019).8 Such a system proved as
one promising system to remove COD and TOC. However, the
system used by adding H2O2 as chemical external and ferrous
ions releasing from Fe electrodes. It means that the system may
enhance the chemical costs and operation costs as well. Then,
oxygen in cathode could affect anaerobic sludge in system,
resulting negatively in EF performance and settling sludge
abilities. Therefore, an EFP employing solid waste, which has
been limited to report, could be a solution in terms of
decreasing the chemical cost in practice and improving the
degradation of organic pollutants.
RSC Adv., 2021, 11, 27443–27452 | 27443
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Fig. 1 A schematic diagram of DWTS treatment by EFP.
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To the best of our knowledge, there have been few studies on
the application of EFP using drinking water treatment sludge
(DWTS), which is generated as a by-product from water treat-
ment plants. In addition, the utilization of this sludge waste for
EFP will solve waste by waste with highly environmental
signicance as a great amount of DWTS was discharged every
year. It has been reported that about 100 000 tons of DWTS is
discharged per year during the processing of raw water to
drinking purposes for a typical water treatment plant.10 In this
context, in this study, wemainly focused on: (i) investigating the
possibility of treatment of EFP in dyeing wastewater by using
DWTS; (ii) determining kinetics and thermodynamics in EFP;
(iii) understanding characteristics of DWTS. The obtained
results show that this process can offer a promising, cost
effective and the efficiency for dyeing wastewater treatment.

2 Materials and methods
2.1. Characterization of DWTS and wastewater

Drinking water treatment sludge was collected at sedimentation
tank from Saigon Underground Water Company Limited, Viet-
nam. The collected sludge was immediately transferred to the
lab and stored in refrigerator at 4 �C for 24 h prior to use. Aer
24 h of gravity sedimentation, the concentrated sludge was used
as raw sludge. The sludge is then dried at 103–105 �C for 2–4
hours. The characteristics of raw sludge was given in Table 1.

2.2. Experimental reactors

The dyeing wastewater samples were collected from a textile
plant from Thanh Cong Textile Company, which located at Ho
Chi Minh in Vietnam and then stored in a refrigerator 4 �C. The
measured characteristics of wastewater were as follows: pH 6.0–
9.0, COD 400–600 mg L�1, and color 1300–3500 Pt–Co. The
graphite cathode and anode were stripped from either 1 N
NaOH or 1 N H2SO4 solutions for cleaning, were then ushed
with deionized water prior to conducting experiments (Fig. 1).

2.3. Analytical methods and procedures

COD and color were measured following the Standard Method-
Section 5210D and 2120C, respectively. Ferrous iron concen-
tration was determined using 1,10-phenanthroline method
(Standard Method-Section 3500 B) and ferric iron concentration
was calculated by the differences between the total and ferrous
iron concentrations (APHA 1998).11 Powder X-ray diffraction
patterns (XRD) of all samples were measured by a D2 Phaser
Bruker (Germany) diffractometer using Cu Ka radiation at a 2q
range of 5� to 80� with a scan speed of 5 s min�1. X-ray uo-
rescence analyses of sample were performed using an energy
dispersive X-ray uorescence system (S2 PUMA Bruker, Ger-
many) using a voltage of 15–50 kV and a probe current of 2 mA.
Sludge parameter was analyzed by settling volume ratio at
Table 1 The characteristics of raw sludge

MgO (%) Al2O3 (%) SiO2 (%) K2O (%) CaO (%)

4.02 0.57 11.51 0.28 57.83

27444 | RSC Adv., 2021, 11, 27443–27452
30 min (sludge volume index – SVI30) according to Standard
Methods (APHA 1998).11 All the experiments and analytical
determinations were conducted in duplicates and the obtained
results are the mean values. In the kinetics study, the parame-
ters were achieved by using the Origin 8.1 soware, based on
the pseudo rst- and second-order equations.

The removal efficiency (RE) of decolorization and COD
degradation was calculated using eqn (1):

RE ð%Þ ¼ Co � Ct

Co

� 100% (1)

where Co and Ct are the initial concentration and the concen-
tration aer treatment time t.

Energy consumption (kW h per kg COD) was calculated
using eqn (2):12

EC ð%Þ ¼ Vt � I � t

3600� DC � V � 103
(2)

where EC is energy consumption (kW h per kg COD), Vt is the
average cell voltage (Vt), I is the applied current (A), t is the
electrolysis time (s),DC is the difference in COD inmg L�1 and V
is the volume (L).

Instantaneous current efficiency (ICE) (%) values were
calculated from eqn (3):13

ICE ð%Þ ¼ ðCODt � CODtþDtÞ � F � V

8� I � Dt
(3)

where F is the Faraday constant (96 485.3 C mol�1), V is volume
(L), I is the applied current (A), t is the electrolysis time (s) and
COD (mg O2 per L) at times t and t + Dt.
3 Results and discussion
3.1. Effect of initial pH

pH is not only a signicant impact for the electro-Fenton effi-
ciency, but also a vital parameter for the electro-generation of
MnO2 (%) Fe2O3 (%) SrO (%) Sb2O3 (%) BaO (%)

0.90 24.50 0.08 0.05 0.26

© 2021 The Author(s). Published by the Royal Society of Chemistry
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H2O2.14 The effects of different initial pH ranging from 2.0 to 7.0
were investigated under a current density of 10 mA cm�2 and
DWTS dosage of 1.0 g. As illustrated in Fig. 2, slight increases in
removal efficiencies (both color and COD) were observed when
increasing pH from 2.0 to 4.0. Further increasing pH to 5.0
caused amore severe decrease in the treatment efficiencies then
followed by a decrease in pH more than 5.0. Many researchers
conrmed that the Fenton reaction was occurred mainly in an
acid solution in the pH range of 2.0–4.0.15–17 In good agreement
with previous reports, this study the best treatment efficiency
was obtained at pH 4.0 with 91.3% and 71.9% of color and COD
degradation, respectively. This pH range may be the best
condition for OHc production because the co-action of
hydrogen peroxide and ferrous(II) ion, the conversion of Fe2+

and Fe3+ to Fe(OH)n-type structures can lead to the decoloriza-
tion and COD degradation tendency. In addition, the decrease
in H+ concentration is insufficient for the H2O2 reduction
reaction at high pH (pH > 5.0).

O2 + 2H+ + 2e� / H2O2 (4)

Fe2+ + H2O2 / Fe3+ + OH� + OHc (5)

An increase in pH causes the deactivation of the catalytic
Fe2+ ions due to its conversion to Fe3+, which reduces the ability
to catalyze the reactions thus diminishing the production of
OHc and EFP performance eqn (5).18

H2O2 + H+ / H3O2
+ (pH < 3) (6)

In acidic solution is theoretically advantageous for the
production of H2O2 in eqn (4). However, at pH below 3.0, H2O2

is assumed to remain stable to the formation of oxonium ion
(H3O2

+) (eqn (6)), leading to enhanced peroxide stability and
decreased reactivity of Fe2+ ion.19 Notably, in strong acidic
solution (pH < 2.0) iron species form stable complexes with
H2O2.17 In addition, in low pH environment, the Fenton
Fig. 2 Effect of pH value on color and COD removal efficiency of
DWTS at J¼ 10.0 mA cm�2, t¼ 60min, d¼ 4.0 cm;mDWTS ¼ 1.0 g and
T ¼ 25 �C. The error bars represent standard deviation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
reaction has been reported to be deactivated due to the
production of complex species such as [Fe(H2O)6]

2+,
[Fe(OH)(H2O)5]

2+.12 Therefore, pH 4.0 appears as the optimum
condition for EFP.
3.2. Effect of inter-electrode distance

To further investigate effect of inter-electrode distance (ED) on
the decolorization and COD degradation in EFP, a series of
experiments were conducted with ED varying from 1.0 cm to
5.0 cm. As shown in Fig. 3, the highest decolorization and COD
degradation efficiencies (96.3% and 83.3%, respectively) were
achieved at an inter-electrode distance of 3.0 cm under the
current density of 10 mA cm�2 and pH 4.0. Meanwhile, either
a shorter (<3.0 cm) or longer electrode distance (>3.0 cm)
offered lower treatment performance. This is due to the fact that
the Fe2+ concentration in the solution decreased as a result of
easy oxidation of newly generation of Fe2+ to Fe3+ (eqn (7)), thus
reducing the Fenton reaction that produces OHc in case of
shorter inter-electrode distances.20

Fe2+ � e� / Fe3+ (7)

On the other hand, an increase of inter-electrode distance to
4.0 cm and 5.0 cm resulted in a higher resistance and a lower
current density ow. It can be explained that a longer distance
between electrodes contributed to the limited transfer of Fe3+

ion to the cathode surface.21 Particularly, the amount of Fe2+ in
case of longer distance electrodes could be limited to react fully
with H2O2 thus resulting in less OHc available and inhibiting
the catalyst regeneration and EFP efficiency.
3.3. Effect of applied voltage

Aplied voltage is a fundamental parameter which inuences the
performance of EFP by controlling the rate of EF reactions. To
further investigate effect of applied voltage on the decoloriza-
tion and COD degradation in EFP, a series of experiments with
the different applied voltage were performed in the presence of
Fig. 3 Effect of inter-electrode distance on decolorization and COD
degradation at J¼ 10.0 mA cm�2, t ¼ 60 min,mDWTS ¼ 1.0 g, pH ¼ 4.0
and T ¼ 25 �C. The error bars represent standard deviation.

RSC Adv., 2021, 11, 27443–27452 | 27445
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Fe2+ from DWTS as catalyst. As illustrated in Fig. 4, EFP
performance was observed from 15.0 V to 25.0 V, that is
equivalent to current density (J) from 13.0 mA cm�2 to 15.0 mA
cm�2. The best values of decolorization and COD degradation
efficiencies at 20.0 V were achieved at 96.8% and 86.8%,
respectively. It can be seen that the higher applied voltage,
equivalent to the much higher current density, leads to an
increase in the amount of Fe2+ ions thus accelerating the H2O2

formation rate (eqn (4)) and promotes the greater production of
OHc radicals (eqn (5)). According to Faraday's formula, the
release of Fe2+ from the anode depends crucially on the higher
current density,22 thus such a higher applied voltage can
support more complete degradation of organic pollutants via
reactions with OHc radicals.

However, it should be mentioned that highest applied
voltage of 25.0 V (15.0 mA cm�2) provided the lower treatment
efficiency due to the oxidation of H2O2 (eqn (8)–(14))23 and/or
consumption of hydroxyl radicals by Fe2+ ions (eqn (15) and
(16))19 according to the following reactions:

H2O2/HO
�

2 þHþ þ e� (8)

H2O2 þOH� /HO
�

2 þH2 (9)

HO
�

2 þOH� /H2OþO2 (10)

OHc / O2 + 2H+ + 2e� (11)

2OHc / H2O2 (12)

H2O2 + 2H+ + 2e� / 2H2O (13)

HO
�

2/O2 þHþ þ e� (14)

Fe2+ + OHc / Fe3+ + HO� (15)

Fe3þ þH2O2/Fe2þ þHO
�

2 þHþ (16)

Furthermore, an increase in the applied voltage contributes
to more heat generation and requires greater energy
Fig. 4 Influence of applied voltage on the decolorization and COD
degradation in electro-Fenton treatment. Conditions: d ¼ 3.0 cm; t ¼
60 min; mDWTS ¼ 1.0 g; pH ¼ 4.0 and T ¼ 25 �C.

27446 | RSC Adv., 2021, 11, 27443–27452
consumption9 and, as a result, more electricity was wasted when
the applied voltage exceeds 20.0 V. Therefore, the optimal
applied voltage for decolorization and COD degradation is
suggested to be 20.0 V (current density of 14.0 mA cm�2) due to
the benets of enhanced degradation rate, less removal time
and the saving of energy consumption.
3.4. Effect of DWTS dosage

The effect of DWTS dosage on EFP performance was investi-
gated as shown in Fig. 5. The decolorization and COD degra-
dation efficiency without the presence of DWTS in the solution
was relatively poor (19.0% and 9.0%, respectively) whereas they
were markedly increased from 57% to 95.0% by externally
adding an amount of ferrous ions from DWTS in range of 0.5–
4.0 g. This indicates that the Fe2+ ions from DWTS may react
with hydrogen peroxide to produce hydroxyl free radicals at the
cathode (eqn (5)), resulting in enhanced decolorization and
COD degradation efficiency. On the contrary, in the absence of
ferrous ions, the production of hydrogen peroxide at the
cathode is not strong enough to destroy large molecules like dye
compounds.

The amount of Fe2+ ions provided from a DWTS dosage of
2.0 g was found to be optimal for the Fenton reaction as evi-
denced by high decolorization and COD degradation efficiency
of 95.0% and 78.0%, respectively (Fig. 6). The initial ferrous
irons concentration in DWTS dosage from 0.5 g to 4 g were in
range of 3.06–24.5 mM. For underdose of DWTS of 2 g, the
percentage distribution of Fe2+ declined from 55% to 10%
whereas Fe3+ increased from 45% to 90%, which indicates the
conversion from Fe2+ to Fe3+ by Fenton reactions in eqn (5)
(Fig. 7). In addition, Fe3+ ions released from DWTS in acid
solution might react with H2O2 molecules to regenerate Fe2+

ions, which then possibly participated in further reactions with
H2O2 to form OHc radicals in eqn (16). Hence, signicant
enhancement in treatment efficiency was obtained. With
Fig. 5 Influence of the dosage of DWTS on the decolorization and
COD degradation in electro-Fenton treatment. Operating conditions:
d ¼ 3.0 cm; U ¼ 20.0 V; t ¼ 60 min; pH ¼ 4.0 and T ¼ 25 �C. The error
bars represent the standard deviations.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic presentation of EFP reactions by using DWTS.
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a catalyst amount higher than 2.0 g is equivalent to the
concentration of ferrous ions at [Fe2+] > 12 mM, that is a decline
in the treatment performance was observed. This study was in
good agreement with the previous study that higher amount of
Fe2+ ions may negative affect on EFP performance when
concentration of ferrous ions exceeds 20 mM.24 However, when
there were excessive Fe3+ ions alongside the cathode surface, the
production of hydrogen peroxide was likely reduced (eqn (16)).
This result is much consistent with the ndings of Wang et al.,
(2010)17 showing that a redundant amount of Fe3+ negatively
affected the electro-Fenton reactions. As an advantage over the
conventional Fenton process, EFP involves continuously-
produced ferrous ions, which are originally generated and/or
re-generated from Fe3+ ions in DWTS, thus offering remark-
able enhancement in the treatment performance.
3.5. Effect of temperature and operating time

To investigate the effect of temperature in the EFP, the experi-
ments were conducted at three temperatures from 25 �C to
35 �C. As indicated in Fig. 8a, increasing temperature caused
Fig. 7 Percentage distribution of Fe2+/Fe3+ ions before and after EFP
reactions by using DWTS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a negative effect on the COD degradation. Particularly, the COD
removal efficiency decreased from 91.4% to 68.9% as the
temperature increased from 25 �C to 35 �C aer 90 min of
reaction. Interestingly, a rise of 10 �C (from 25 to 35 �C) resulted
in a more than 3-fold decrease in the treatment efficiency. This
can be attributed to the less electro-generation of hydrogen
peroxide due to decreased solubility of oxygen in water at high
temperature.25 As a result, less hydroxyl free radicals or less-
valence iron species were available for the decomposition
reactions. These results were also in good agreement with the
study of Wang et al. as the COD removal was found to decline as
the temperature rose from 20 �C to 40 �C.17 In addition, at
higher temperature seems to be exothermic reactions, which
exceeds activation of reactive energy of molecules.26

In contrast, Giwa et al., (2020)27 reported that the degrada-
tion efficiency of methylene blue (MB) was enhanced by
increasing temperature from 25 �C to 45 �C. There are con-
icting to our results as concentration of H2O2 of their studies
might signicantly excess to supply in process with ferrous ions
for EFP, resulting decomposition of H2O2 at higher tempera-
tures (eqn (5)). In this study, it is likely that an enough forma-
tion of H2O2 such an internal resource from oxygen in solutions
was convenient for EFP at high temperatures (eqn (4)). More-
over, 25 �C was suggested to be the optimal temperature for
Fenton reactions according to several studies.24,28,29 Therefore,
at 25 �C of temperature has been employed in EFP with good
performance.

The effect of operating time is given in Fig. 8b which shows
that decolorization and COD degradation efficiency increased
with increasing time. The highest decolorization and COD
degradation efficiency of 97.8% and 89.8% were achieved aer
90 min. The decolorization and COD degradation recorded aer
120 min did not change considerably with respect to those at
90 min likely due to the more transformation of H2O2 into H2O
and O2 (eqn (17) and (18)) as time increased, thus slowing down
the rate of EFP as following reactions:30

2H2O2 / 2H2O + O2 (17)

H2O2 þOH� /HO
�

2 þH2 (18)

Instantaneous current efficiency (ICE) of decolorization and
COD degradation is illustrated in Fig. 8b. It is clear that ICE
decreased dramatically in 30 min and almost unchanged until
90 min. The early rapid degradation of organic compounds can
be attributed to the reactions between hydroxyl radicals and
pollutants, then the reaction rate decreased when the pollutant
concentration reduced and more intermediate products are
generated. Chu et al., (2012)31 also observed that the minerali-
zation of organic matters was fast in the rst reactions time,
then slowly oxidation of organic intermediates at longer elec-
trolysis times. In addition, a decrease in ICE at the beginning
also implied that the initial high dosage of DTWS would release
a signicant amount of Fe2+ ions to facilitate the mineralization
process. Hence, the lower concentration of DWTS, the lower
decolorization and COD degradation were achieved. However,
the previous study by Rahmani et al., (2015)13 showed that ICE
RSC Adv., 2021, 11, 27443–27452 | 27447
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Fig. 8 Effect of temperature (a) on COD degradation; operating time (b) on decolorization and COD degradation efficiency at J¼ 14 mA cm�2, t
¼ 60 min, mDWTS ¼ 2.0 g, and pH ¼ 4.0. Symbols are experimental data. The curve (a) presents the corresponding kinetics analysis assuming
a pseudo first-order reaction.

Table 2 Kinetic rate constant (kapp) and half-life times (t1/2) of COD
degradation in EFP

T
(�C)

Pseudo-rst-order model Pseudo-second-order model

kapp (min�1) t1/2 (min) R2 k
0
app (min�1) t1/2 (min) R2

25 0.0194 36.0938 0.9855 �1.6611 21.5506 0.9659
30 0.0144 48.1251 0.9229 �0.8592 41.8659 0.8951
35 0.0121 57.2727 0.9771 �0.5889 61.8206 0.9499
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tent to increase at the early stage and then decreased steadly.
This can be explained by the different characteristics of organic
compounds in the bio-refractory wastewater and dye waste-
water. The bio-refractory wastewater has a majority of biode-
gradable organic matters (BOD/COD ¼ 0.5–0.67) while dye
wastewater has organic compounds which are more difficult to
biodegrade (BOD/COD < 0.5).32,33

3.6. COD degradation kinetics

The oxidation rate of organic molecule (OM) by the HOc radicals
in EFP can be exhibited as follows:34

r ¼ �dC

dt
¼ kOHCOHCOM þ

Xn

i

kOxiCOxiCOxi (19)

where Oxi represents oxidants other than OHc such as (hydro-
peroxyl radical HOOc, superoxide (O2

�), etc.). It can be re-written
based on the apparent rate constant kapp which includes the
concentration of OHc as:34

r ¼ �dC

dt
¼ kapp � COM (20)

By integration, the pseudo-rst order rate equation can be
obtained:

ln
Co

C
¼ kapp � t (21)

where C and Co are the initial COD and the COD measured at
time t, kapp (¼k[cOH]) is the apparent pseudo-rst-order rate
constant.

The pseudo-second order rate equation is given as follows
(eqn (22)):

r ¼ �dC

dt
¼ k

0
app � COM

2 (22)

By integrating the eqn (22), the linear pseudo second order
model can be achieved as eqn (23):
27448 | RSC Adv., 2021, 11, 27443–27452
t

C
¼ 1

k0
app � Ce

2
þ t

Ce

(23)

where Ce is the equilibrium concentration of COD degration,
k0appð¼ k½�OH�Þ is the apparent pseudo-second-order rate
constant. The pseudo second order rate constant was achieved
from the plot of t/C versus t. Values of kapp and k0app can be
obtained from the plots of ln (Co/C) against t and t/C against t,
respectively.

The kinetics data of COD degradation under different
temperatures are given in Table 2. Reaction kinetics at different
temperature was plotted according to pseudo-rst and second-
order models as can be seen in Fig. 9. It was found that the data
tted well with the pseudo rst-order kinetic model (R2 > 0.92)
rather than the second-order kinetics (R2 > 0.89). Thus, it means
that decomposition of organic compounds as in EFP would be
achieved as pseudo-rst-order kinetics. In addition, Table 2
indicates the obtained values of kapp, k

0
app and half-life times, t1/

2 from pseudo-rst- and pseudo-second-order kinetics. The
negative rate constant derived from the pseudo second order
kinetic model indicated that this model was not suitable to
describe the experimental data as the value of rate constant is
always positive.27 The pseudo-rst-order rate constants were
inversely proportional to an increase of temperature due to the
decomposition of hydrogen peroxide at higher temperature
(Table 2). Particularly, the rate constant decreased by a factor of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Reaction kinetics plot for differential temperature: pseudo first-order (a) pseudo-second-order (b) model for the COD degradation.
Conditions: V ¼ 500 mL, J ¼ 14.0 mA cm�2, t ¼ 90 min, mDWTS ¼ 2.0 g, and pH ¼ 4.0. The symbol are the experimental data. The curve (a)
presents the corresponding kinetics analysis assuming a pseudo first-order reaction, the curve (b) presents pseudo second-order reaction.
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1.6 with increasing temperature from 25 �C to 35 �C. It is worth
noting that the rate of COD degradation is inuenced by the
production rate of hydroxyl radicals which in turn depend on
the amount of hydrogen peroxide. Herein, the kinetic study
showed that the rst order kinetic model is more appropriate
for the description of COD degradation in the used treatment
system. This result is quite similar to those reported by the
previous studies.27,35,36
Fig. 10 The plot of ln kapp and (1/T) for the degradation of COD.
3.7. Thermodynamic for COD degradation

To investigate the temperature (298, 303, and 308 K) effect on
COD degradation, thermodynamic parameters was assessed.
Gibbs free energy DG� is calculated using equilibrium constant
kapp as the following eqn (24):

DG� ¼ DH� � TDS� (24)

The Fenton oxidation is found by using the Arrhenius (eqn
(25)):

ln kapp ¼ ln A� Ea

R

�
1

T

�
(25)

Standard enthalpy DH� and standard entropy DS� are ob-
tained according to van't Hoff equation (eqn (26)):

ln kapp ¼ DS
�

R
� DH

�

RT
(26)

where kapp is the apparent rate constant for COD degradation,
Ea is the activation energy, R is the ideal gas constant (8.314 J
mol�1 K�1), and T is the reaction absolute temperature.

kapp value is calculated from the following equation (eqn
(27)):34
© 2021 The Author(s). Published by the Royal Society of Chemistry
kapp ¼ CAe

CSe

(27)

where CAe is amount of COD degradation at equilibrium and CSe

is equilibrium concentration of COD degradation.
The activation energy (Ea) of the EFP was calculated from the

slope of the Arrhenius plot in Ea to be�36.1 kJ mol�1. This value
proved that meaning that the reaction slows down with
increasing temperature. DH� and DS� were calculated as the
slope and intercept of van't Hoff plots of ln kapp versus 1/T
(Fig. 10). Linear relationship between the plot of ln kapp and 1/T
was best tted with R2 > 0.98. The Gibbs free energy DG�,
standard enthalpy DH�, standard entropy DS� and thermody-
namic parameters for COD degradation are shown in Table 3.
The negative value of DG� indicates that COD degradation
RSC Adv., 2021, 11, 27443–27452 | 27449
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process was spontaneous in EFP. The negative value of activa-
tion enthalpy (DH�) was obtained (�36 kJ mol�1) showing that
the oxidative reaction is exothermic27,37 and the degree of
spontaneity of oxidation reaction decreased with increasing
temperature.
Fig. 11 XRD pattern of DWTS before (a) and after (b) electro-Fenton
reaction.
3.8. Characterization of DWTS

XRD analysis was performed for DWTS before and aer electro-
Fention reaction. As shown in Fig. 11, the diffraction peaks of
magnetite (Fe3O4) and maghemite (g-Fe2O3) were observed in
all samples,38–42 indicating that these crystal substances were
formed on DWTS. Interestingly, an obvious appearance of
diffraction peaks of Fe(OH)3 crystals was observed in DWTS
sample aer EFP, revealing that the Fe(OH)3 could be generated
in electro-Fenton process, which is corresponded with the
reaction in eqn (28)–(32).

To verify the changes of morphology aer treatment process,
the SEM images of DWTS were shown in Fig. 12. SEM images of
DWTS indicated no signicant changes in the surface
morphology except for the precipitation Fe(OH)3 into porous
structures aer electro-Fenton reactions (Fig. 12a–c) much
likely as a result of (eqn (31) and (32)). TEM images revealed the
presence of the amorphous ferrihydrite matrix (Fig. 12d). It
seems likely that the darker and denser aggregates are visible in
the ferrihydrite matrix in DWTS. This nding is were in good
agreement with Macera et al., (2020)41 reports.

Fe3+ + OH� 4 Fe(OH)2+ (28)

Fe(OH)2+ + OH� 4 Fe(OH)2
+ (29)

Fe(OH)2+ + OH� 4 Fe(OH)3 (30)

Fe(OH)3 + Fe(OH)3 4 precip (31)

Fe(OH)3 + precip 4 precip (32)

SVI is one of the fundamental parameter to evaluate the
settling properties of sludge. SVI value from the EFP was
determined 22.0 mL g�1 in optimum condition at pH 4.0,
current density 14.0 mA cm�2, dosage of DWTS 2.0 g. Tchoba-
noglous et al., (2003)43 reported that SVI value below 100.0 mL
g�1 is considered as the high settling sludge. This might be
attributed to the formation of Fe(OH)3, as explained above, that
helps improve the sedimentation characteristics of sludge. This
result is also in good agreement in many studies stating that SVI
Table 3 Thermodynamic parameters for COD degradation in EFP

T (K) DG� (kJ mol�1) ln kapp DH� (kJ mol�1)
DS�

(J mol�1 K�1)

298 �80.958 �3.9425 �36.0719 153.9814
303 �82.728 �4.2405
308 �83.498 �4.4145

27450 | RSC Adv., 2021, 11, 27443–27452
value for the electro-Fenton was lower than 100.0 mL
g�1.24,28,29,44
3.9. Cost evaluation and perspectives

The operating cost of EFP can be calculated, including chemical
cost, energy cost, sludge management and other costs, e.g.
anode consumption, etc. In case of 14.0 mA cm�2, the energy
cost of DWTS for dyeing wastewater in this study was about
$0.15 m�3 ($3.1 kg�1 COD), which are calculated from Vietnam
electricity price of $0.12 kW h�1. For optimum conditions of
current density (14.0 mA cm�2) and operating time, EEC of
obtained DWTS was calculated at 37.5 kW h per ton. Hence,
chemical cost was estimated to be 0.68 L�1 as chemical prices
are H2SO4 (98% w/w) at $2.6 kg�1, NaOH at $3.5 kg�1 for pH
adjustment. Remarkably, the EFP in this work is no addition
H2O2 and FeSO4$nH2O, which are used as an external to
compare with previous studies.13,17,21,24 It is already known that
majority cost of electro-Fenton is chemical cost and here we
showed that the premises are applicable to treat dye wastewater
as using DWTS in EFP. Specically, Vargas et al., (2019)8 re-
ported that the majority of operating cost in electro-Fenton
reactions represent at 64%, then energy cost (29%), sludge
management (6%) and others.

The use of no additional chemicals in this study except for
pH adjustment chemicals is of great signicance in reducing
actual operating costs. In addition, the percentage of chemical
costs that account for the majority of wastewater treatment
costs makes the application of this technology more practical
due to the signicant savings cost. Moreover, the use of
FeSO4$nH2O as a supplements makes the higher production of
sludge because of more precipitation of Fe(OH)3.20 It means that
the application of EFP using DWTS not only reduces the cost of
sludge treatment or management but also contributes to the
environmentally green solutions in case of reusing sludge
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Scanning electron microscopy microphotographs of DWTS before (a), after (b, c) reaction and TEM (d) images of DWTS electro-Fenton
reaction.
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sources. Therefore, it has been demonstrated that DWTS has
been shown excellent potential capacity to improve removal of
contaminants form wastewater as a practical dye wastewater
treatment.
4 Conclusions

This study developed a new way to generate a low cost catalyst to
enhance the removal of contaminants in dye wastewater.
Herein, the performance of EFP was investigated using a DWTS
to generate complex Fe2+/Fe3+ catalyst. The results of EFP under
different experimental conditions demonstrated that the
optimal parameters for EFP aremDWTS¼ 2.0 g, V¼ 20.0 V, J¼ 14
mA cm�2, d ¼ 3.0 cm, pH 4.0 and at 25 �C of temperature. The
decolorization and COD degradation were obtained at 97.8%
and 89.8%, respectively. The pseudo-rst-order kinetic model
was found to best tted with the experimental data. The nega-
tive value of DG� and positive value of DH� obtained indicated
that the oxidation of dye contaminants by EFP was spontaneous
and endothermic. The results showed that Fe(OH)3 crystals was
achieved in DWTS sample and no signicant changes in the
surface morphology aer EFP. Notably, the cost evaluation
indicated that the practical application of this technology is
highly potential. The ndings of this research shows that the
EFP with DWTS is a fully promising, efficient and low-cost
method for the treatment of contaminants, especially in dying
wastewater, and can be extensively implemented for other
polluted waters in practice.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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38 A. Rúız-Baltazar, R. Esparza, G. Rosas and R. Pérez, J.
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