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ABSTRACT

In the present study, coupling electro-Fenton (EF) and adsorption processes for textile industry wastewater
remediation was investigated, in both batch and continuous flow modes. Sepiolite was used as an adsorbent in the
coupled EF/adsorption processes. Various parameters such as reaction time, current intensity, Fe2* con- centration,
sepiolite dose, and flow rate were found to affect the efficiency of the coupled processes. In com- parison to the
single EF process, a synergistic effect occurred in the coupled EF/adsorption processes, leading to better performance
for COD and TOC removal from textile wastewater. Thus, in the single EF technology, using graphite felt electrodes,
COD and TOC removal efficiencies from real textile wastewater, were 58 % and 36 %, respectively. However, in the
coupled EF/adsorption processes, COD and TOC removal efficiencies increased to 85 % and to 63 %, respectively.
The higher COD and TOC removals may be attributed to the combined effect of adsorption and oxidation reactions
in coupled EF/adsorption process. Moreover, Artificial Neural Networks (ANN) model was built up in order to
estimate COD and TOC removal efficiencies of the coupled EF/adsorption processes. A good correlation was found
between the ANN model theoretical prediction, and the experimental data, for COD and TOC removals, in both
batch and continuous modes. The novelty of the current work lies in the synergistic effect occurring between the EF
and adsorption processes in wastewater treatment and provides the ANN model as a valuable tool for describing COD
and TOC removal efficiencies under different experimen- tal conditions.

1. Introduction

Textile industries consume great amounts of water and auxiliary
chemicals in the finishing and dyeing operations and produce large
volumes of wastewater containing various dyes and process chemicals
[1]. The resulting textile industry wastewaters represent the high col-
our, turbidity, chemical oxygen demand (COD), biochemical oxygen
demand (BOD), pH values, inorganic salts, and toxic substance
amounts [2]. The discharge of textile effluents into aquatic media
can cause serious environmental damages, due to their intense colour,
high organic load and low biodegradability. Therefore, textile effluents
needtobetreatedto meetdischargestandardsinaccordancewiththe
relevant regulations. Various techniques, such as conventional physic-
ochemical and biological processes are employed for textile wastewa-
ters treatment [3]. However, conventional treatment methods
generally result in low decolourization and organic matter

degradation, and they are not efficient for the reclamation of textile
wastewaters [4]. Advanced treatment techniques, such as activated
carbon adsorption [5], membrane processes [6], advanced oxidation
processes (AOPs) [7] and electrochemical processes [8] have been
integrated with the conventional treatment methods for the reclama-
tion of textile wastewaters.

Recently electrochemical advanced oxidation processes (EAOPSs)
have received great attention for the treatment of wastewaters con-
taining recalcitrant organic contaminants owing to their high effi-
ciency, cost-effectiveness and environmental compatibility [9].
EAOPs can be classified as direct and indirect EAOPs according to
the production mechanism of hydroxyl radicals (OH"). In direct EAOPs
the OH are produced at the anode surface by direct oxidation of water
while in indirect EAOPs, OH" are produced by the in situ formed or
externally added chemicals [10]. Anodic oxidation (AO) is based on
the oxidation of organic pollutants by the direct electron transfer



and heterogeneous OH' produced at the anode. The efficiency of the
AO process depends on the selection of anode material. The anodes
usedinthe AO process are classified as active and non-active anodes.
Active anodes, such asPt, IrOz, RuO2and graphite, have high electro-
catalytic activity and chemical stability. However, they produce che-
misorbed OH" which are less available and only allow the partial
oxidation of organic contaminants due to their low oxygen evolution
overpotential. Non-active anodes such as PbO, BDD, and SnO; possess
a high oxygen evolution overpotential and produce physically
adsorbed OH", which are not strongly attached to the electrode and
are more available for oxidation reactions. Therefore, organic contam-
inants are oxidized efficiently, since OH" are formed in high amounts
and can react readily with organic contaminants [11]. In the AO pro-
cess, contaminant degradation occurs through the conversion of
organiccontaminantsinto biodegradable by-products such as short-
chain carboxylic acids, and the complete decomposition of organic
contaminants into CO2, H20 and inorganic ions [12].

Among the electrochemical AOPs (EAOPs), the EF process has been
proven as the most effective technology to achieve fastand complete
degradationoforganiccontaminantsinwater[13].Inthe EF process,
theelectrolysis continuously generates H.0: in solution by the catho-
dicreduction of oxygenin theacid medium (Eq. (1)). Electrochemical
production of H202 from oxygen is an attractive and sustainable
method for in situ H202 production under ambient conditions
[14-18].Theadditionofferrousionsintothesolutionleadstothegen-
eration of OH’ by Fenton's reaction (Eq. (2)). The OH' are highly reac-
tive oxidizing agents and non-selectively attack organic contaminants
leading to their complete decomposition [19]. In the EF process, the
Fe?* ions are also regenerated by the following reactions. (Eq.
(3-7)) [12]. Heterogeneous hydroxyl radical (M(OH")) is also pro-
duced atthe anode (Eq. (8)) in addition to homogeneously produced
OH" in the solution. The M(OH") contributes significantly to the
decomposition and mineralization of organics in the EF processes
[20]. In the EF process, carbonaceous materials are widely used as
the cathode, owing to their broad electrochemical activity for Oz
reduction andlow catalyticactivity for H.0> decomposition. Also, car-
bonaceous materials like carbon felt and graphite felt have a high
porosity which is beneficial for absorbing oxygen gas supplied near
the cathode and resulting in the formation of a higher amount of
hydrogen peroxide [12].
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Fe* + H,0, ' Fe®+ OHo+ OH*® o2
Fe®+ H,O0 ¥ Fe(OH)?* + HP a3p
Fe(OH)® + ex ¥ Fe® + OHh o4p
Fe® + H,0, ¥ Fe®+ HP +HO,* d5p
Fe® + HO,*! Fe*+ HP + O, d6P
Fe®+ R*¥ Fe®+ RP o7p
M+ H,O ' M(OH*) + HP + en a8b

EF oxidationrepresentsa promising alternative toclassical Fenton
oxidation for the treatment of wastewaters. In the EF process, organic
contaminants in wastewater are oxidized either by abstraction of H*
ionorby additionof OH'to multiple bonds and intermediate radical
species (hydroxylation). As a result of consecutive oxidation steps,
short-chain organic acids (e.g., oxalic acid) are produced which are rel-
atively stable towards further oxidation by OH-", particularly in the
presence of Fe3* ions. Finally, complete mineralization of pollutants
is achieved [21]. Compared with the classical Fenton process, the

electro-Fenton process is advantageous in terms of better control of
the process and preventing the storage and transport of H202 [22].
Furthermore, electricity used in the EF process is a clean energy
source, therefore the overall process is accepted not to cause secondary
pollution. EF process is regarded as an environment-friendly method in
water and wastewater treatment since it doesn’t use any harmful
reagents[23]. EF process can be integrated with the biological treat-
ment as a pre-treatment or post-treatment process. EF pre-treatment
is applied to enhance the biodegradability of wastewater while EF
post-treatment is applied as a polishing step of treated wastewaters
to remove refractory organics.

Adsorption is considered one of the most prevailing processes for
dyes removal and is widely used for the decolourization of industrial
wastewaters. In the adsorption process, the selection of adsorbents is
crucial and many types of adsorbents have been used in wastewater
treatment. Among the adsorbents, clay minerals have been increas-
ingly receiving attention because of their low cost, sheet-like struc-
tures, and high specific surface area. Sepiolite which constitutes an
important group of clay minerals is a naturally hydrated magnesium
silicate ((Sii2)(Mgs)O30(OHs).(OH2)4-8H20). Structurally, it consists
of blocks and channels extending in the fiber direction [24]. A great
numberofsilanol (Si-OH) groups existonthe external surface of sepi-
olitewhichareaccessibletoorganicspecies, actingasneutraladsorp-
tionsites[25]. Sepiolitehas beenusedasanadsorbentintheremoval
of dyesand hasbeenfoundtohaveahighadsorption capacity for both
anionic and cationic dyes [26]. Although the adsorption process is
effectivein removing both organicand inorganic pollutants, it gener-
ates wastes that should be disposed of properly to reduce environmen-
tal risks. The regeneration of adsorbents is of great interest to reduce
the waste generatedinadsorptionandthe economiccost of wastewa-
ter treatment. Various techniques based on chemical, biological and
physical processes are used for the regeneration of spent adsorbents.
EAOPs can be a promising method for regenerating spent adsorbents
duetotheformation of highly reactive species that can oxidize a wide
variety of pollutants [27].

The novelty of this study is the coupling of the electro-Fenton and
adsorption processes to enhance the removal of refractory organics
from biologically treated textile industry wastewater and to improve
the treated wastewater quality. The combination of the electro-Fenton
and adsorption process enables the removal of organic pollutants
through both oxidation and adsorption as well as regeneration of the
adsorbent during the electro-Fenton process. The coupled EF/adsorp-
tion method was appliedinbatch and continuous mode using graphite
felt electrodes for the reclamation of textile industry wastewater. Batch
experiments were performed at different oxidation times, currents,
Fe?* concentrations and sepiolite doses in order to obtain optimal
operating conditions. Continuous experiments were also performed
atdifferentflow ratestoassessthe practical applicability of the EF pro-
cess. Thefeasibility of coupled EF/adsorption process was additionally
evaluatedintermsofenergy consumption. ANN modelingwasused to
predict the performance of the EF/adsorption process.

2. Materials and methods
2.1. Materials

FeS04-7H-20, H2S04, and Ca(OH)2 were of analytical grade and
supplied from Merck and Sigma-Aldrich. All solutions were prepared
with ultrapure water. Graphite felt was obtained from Mersen,
Tarkiye.

2.2, Textile wastewater

Thetextile wastewatersamples usedinthis study were taken from
a textile factory located at Corlu in Tlrkiye. The main wastewater



sourcesinthetextileindustry are syntheticyarnand fabric production
and dying operations. The wastewater samples used in the experi-
ments were collected from the outlet line of the biological treatment
unit. The suspended particles in the wastewater were removed by sand
filtration before performing the experimental studies. Table 1 shows
the characteristics of textile wastewater.

2.3. Experimental system

Theexperimental studies were conductedin batch and continuous
modesof operation. Theexperiments wereperformedinanundivided
electrochemical reactor with a volume of 0.5 L for the batch system
and 1.5 L for the continuous system equipped with graphite felt elec-
trodes (Fig. 1). The dimensions of the electrodes were
4.5 x 6 x 0.3 cm for the batch reactor and 8 x 10 x 0.3 cm for
thecontinuousreactor. Theelectrodeswere placedintothe EFreactor
with aninterval of 4 cm. The pH of wastewater was adjusted to pH 3.0
before starting the EF experiments by using a pH meter (Thermo Sci-
entific Orion Star A215). The pH of the solution was not controlled
during the reaction. Experiments were conducted with the natural con-
ductivity of textile wastewater. The wastewater was stirred with a
magnetic stirrer at a rate of 250 rpm to provide complete mixing con-
ditionsinallexperiments. The voltage was supplied by a DC power
supply (GE). FeSO4 was used as the catalystin EF experiments. In
the coupled EF/adsorption experiments, sepiolite was added to the
EF reactor as a low-cost adsorbent. Continuous aeration was per-
formed by using air diffusers submerged in both reactors. At the end
of EFand EF/adsorptionexperiments, the pH of samples was adjusted
between 7 and 9 to stop the oxidation process. Before the analysis, all
samples werefiltered by 0.45 um PTFE filters. In the batch experi-
ments, the influence of Fe?* concentration (1-3 mM), applied current
(0.35-0.55 A) and reaction time (0-60 min) was examined while in
the continuous experiments the influence of flow rates (25and

50 mL min—1) was investigated.

2.4. Analytical methods

Textile wastewater characterization before and after experiments
was performed in terms of pH, electrical conductivity, colour, COD
and total organic carbon (TOC) according to standard methods. The
colour (Pt-Co) was measured by Hach-Lange spectrophotometer
(DR6000).COD analyses were carried out by means of the standard
closed reflux method using a Hach-Lange spectrophotometer
(DR6000).TOCwasdetermined through the combustion of the sample
at 700C using a TOC analyzer with NDIR detector (Teledyne Tekmar
Lotix). TOC standard solution was used to check the measurements.

Thecolour, COD and TOC removal percentage was calculated by:

“Cy,—C,
Colourd%b vy 20—
Co

m 100 a9p

Table 1
Characteristics of textile wastewater.

Parameter Unit Range Average
pH - 7.4-8.4 7.97
EC (pS/cm) 2380-4000 3034
Colour (Pt-Co) 150-210 184
COD (mg/L) 91-98 95
TOC (mg/L) 23-32 28
Chloride (mg/L) 93-633 356
Sulfate (mg/L) 35-418 236
RES 436 nm (m™Y) 4.90-6.50 5.63
RES 525 nm (m™Y) 3.30-4.70 4.12
RES 620 nm (m™1) 1.85-2.90 2.43

* COD, — COD,~
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COD3Y%b Ya CODs m 100 a10p
“TOC, — TOC, >
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where Cois theinitial and C: is the final colour, COD and TOC concen-
trations of textile wastewater.

2.5. Characterization of sepiolite

Sepiolite used in this study was obtained from Eskisehir (Tlrkiye).
It was crushed with a mechanic mill and was sieved to obtain a frac-
tionbetween0.425and0.600 mm). The XRD spectrumofthesepiolite
sample was recorded by using an X-ray diffractometer operating in
transmission geometry (STOE Stadi-P diffractometer, IS2M, Mul-
house-France). The XRD scan was performed at 40 kV and 40 mA, in
therange of 5° < 26 < 80° ata step size of 0.02° and a scan rate of
0.3 s/step, by usinga monochromatic radiation A\(KaCu) = 1,5418 A.
The elemental composition of the sample wasperformed by
energy-dispersive X-ray spectroscopy (EDX, Quanta 400, I1S2M, Mul-
house-France). Brunauer, Emmett-Teller specific surface area (BET,
ASAP 2020 V4.00 IS2M, Mulhouse-France) was usedto determine
the specific surface area and the pore volume of sepiolite. Scanning
Electron Microscopy analyses were performed by using SEM (Quanta
400, IS2M, Mulhouse-France) with a maximum voltage of 20 V.

2.6. Energy consumption

Economicfeasibility of the EF and EF/adsorption system was eval-
uated with regard to electrical energy consumption (EEC) which was
calculated as in Eq. (12):

EEC kwhg—1CODF,

O%IAI‘ a12p

t
whereEcaistheaveragecellvoltage (V), Iistheappliedcurrent (A), At
is the electrolysis time (h), V is the volume of wastewater (L), and CODo
and COD: are the COD values (mg L™1) at initial and specified electrol-
ysis time [28].

2.7. Artificial neural network modelling

Artificial neural network (ANN) was employed to predict the treat-
ment efficiency of the EF/adsorption process in batch and continuous
systems. ANN calculations were performed using Matlab R 2020b soft-
ware. The three-layered feed forward back propagation neural net-
work was used for modeling of EF/adsorption process. The input
variables were applied current (A), electrolysis time (min), Fe?* con-
centration (mM) and sepiolite dose (g L™1) in the batch system and
flow rate (ml min—1), time (min) and sepiolite addition in the contin-
uous system. COD and TOC removals were selected as the output vari-
ables. Intotal, 176 ofthe experimental datasetincluding 96 batch and
80 continuous system data were used to develop the ANN model. The
dataset was randomly divided into training, validation and test sets
with a ratio of 70 %, 15 % and 15 %.

3. Results and discussion

3.1. Sepiolite characterization

3.1.1. XRD analysis

Characterization of sepiolite by XRD revealed that it contained
68.147 % of Si0O2, 27.420 % of MgO, 3.514 % of CaO and minor
amounts of Naz0, K0, NiO, Fez03, Al203, SO3, Cr20s. As expected,
the sepiolite is magnesium phyllosilicate.
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Fig. 1. Schematic diagram of EF reactor and experimental methodology.

3.1.2. N: adsorption/desorption analysis

Fig. 2(a) shows the N, adsorption/desorption isotherms using the
BET analysis (ASAP 2020 V4.00 (V4.00H), IS2M). Fig. 2(b) shows
the BET plotof the Nitrogen adsorption on sepiolite fromwhich the
specificsurface areawas determined. Fig. 2(c) shows the determined
BJH pore size distribution of the sepiolite. As can be seenin Fig. 2
(a) the N2 adsorption—desorption isotherms of the sepiolite sample
are of type IV with hysteresis loops, mostly attributed to mesoporous
materials, according to IUPAC classification. From Fig. 2(b) the calcu-
lated specific surface area is 329.7 m?/g. From Fig. 2(c) and by using
the BJH method, the pore volume and the average pore diameter of
the sepiolite were calculated as, respectively, 0.486 cm3® g—*! and
17.2 nm. The higher values of the sepiolite’s specific surface area
and pore volume account for its use as an adsorbent for wastewater
treatmentand resultfromthe configuration of the sepiolite fiber, con-
sisting of elongated hollow bricks.
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Fig. 2 (continued)

3.1.3. SEM and EDX analyses

Fig. 2(d) shows the SEM images and Fig. 2(e) shows the EDX
spectrum of sepiolite. As can be seenin this figure, the EDX spectrum
shows three main peaks due to the presence of Mg, Si, and O, in good
agreementwith the XRD analysis, whereas from the SEMimages, the
micro-fibrous form of sepiolite is clearly evidenced.

3.1.4. XRD analyses

The XRD pattern of the purified sepioliteisshownin Fig. 2(f). As
can be seeninthisfigure, the sepiolite characteristic peaks occurring
at26=17.1°,11.7°,13.1°,17.7°,19.7°,20.6°, 28.2°,29.5°, 34.6° and
39.5° are comparable to those contained in Sepiolite JCPDS card
(No. 75-1597). Further, thanks to Bragg's law (2dsin® = nA), the
intense peak centered at 26 = 7.15° is attributed to the layer spacing
di10=1.24 nm of the sepiolite. In addition, Fig. 2(f), shows reflections
at20=20.7°and 37.6° which correspond to the quartz characteristic
reflections whereas the reflections occurring at 26 = 29.4° and 36.5°
are attributed to the carbonates impurities. The overall X-ray data of
the sepiolite as presented in Fig. 2 (f) are in good agreement with
the sepiolite crystalline properties found in the literature.

3.2. Batch Electro-Fenton process

3.2.1. Effect of applied current

The applied currentis one of the main operating parameters influ-
encing the performance of the electro-Fenton process, asit promotes
the production of OH" (Eq. (2)) by means of the electrochemical gen-
eration of H20: in the solution (Eq. (1)) and the regeneration of Fe?*
from Fe3* (Eq. (3-7)) and also the generation of OH at the anode sur-
face (Eq. (8)). In order to determine the optimum current, experiments
were performed at currentvaluesintherangeof0.35Aand0.75A
(6.5-13 mA cm™2) in the presence of 2 mM Fe2* with and without
sepiolite. Fig. 3(a) shows the colour removal by single EF and coupled
EF/adsorption processes, at different current values. It can be seen
from the figure that colour removal by EF and coupled EF/adsorption
processes were almost same and the effect of current on colour
removal was insignificant. The influence of current on the COD
removal was shown in Fig. 3(b). As can be seen, the higher removal
percentages of COD werereachedathighercurrentsin EFand coupled
EF/adsorption process. The COD removal efficiencies were 80 %, 85 %
and 94 % forthe EF/adsorption processand 36.5 %, 58 % and 62.4 %
for the EF process at applied currents of 0.35, 0.55, 0.75A, respec-
tively. Regarding the increase in COD removal efficiency observed
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Fig. 2 (continued)

for the EF process and the potential variations in textile wastewater
composition [29], 0.55 A (10 mAcm—2) was selected as the optimum
current for the subsequent experiments. The increased oxidation rate
atahighercurrentcouldbe attributed to theincreased rate of H202
formation (Eq. (1)) as well as the faster regeneration of Fe?* (Eq.
(3-7)), resulting in the generation of higher amounts of OH' by Fen-
ton’s reaction (Eq. (2)). Similar results were reported by Panizza and
Oturan [30], forthe oxidation of Alizarin Red dye by the EF process
using graphite felt cathode. Lietal. [31] investigated the production
of H,0: at different voltages for graphite felt electrodes. They reported
that as the voltage increases, the current density increases and this
leads to an increase in the H202 production efficiency.

On the other hand, TOC removal slightly increased when the
applied current increased (Fig. 3(c)). TOC concentrations were
reduced by 62.5 %, 63 % and 63.6 % in EF/adsorption process and
32.3%,36% and42.3 % for EF processat0.35A,0.55Aand0.75
A, respectively. Panizza and Cerisola [32] investigated the electro-
chemical oxidation of anthraquinone dye Alizarin Red by using a gas
diffusion cathode and reported that the COD removal rate increased
gradually withincreasing currentfrom 100to 200 mA. Similarly, Rego
etal.[33]investigatedthedegradation of NovacronBluedyebythe EF
process and stated that the increase in applied current resulted in an
increasein CODremoval. The higher COD removalsathighercurrents
were associated with higher H.O> production and consequently
greater OH' generation. The colour, COD and TOC removal rates are
relatively fast at the initial stage of EF oxidation for<15 min. How-
ever,itwasobservedthattheremovalrate decreased with longeroxi-
dation times due to the formation of carboxylicacids by the oxidation
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Fig. 3. Effectsof timeand currenton (a) colour, (b) CODand (c) TOCremoval
by EF and EF/adsorption processes.

reactions which are less reactive towards OH  when compared to
parent compounds [34].

Energy consumptionisa principal factor to evaluate the feasibility
ofthe EF process in wastewater treatment. Energy consumption of EF
and EF/adsorption process for different applied currents were shown
inFig.4.Itcanbeseenthattheincreaseintheapplied currentresulted
inhigherEEC. Inthe EF process, energy consumptionswere 0.19kWh
g—! COD for 0.35 A and 0.45 kwh g~ COD for 0.75 A. The increase in
energy consumption by the applied current indicates that more energy
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Fig. 4. Energy consumption of EF and EF/adsorption processes at different
currents.

was spent for side reactions at higher currents. In EF/adsorption
process lower energy consumptions were obtained than that of the
EF process, 0.08 kWh g—! COD for 0.35 A and 0.31 kWh g—! COD
for 0.75 A.

3.2.2. Effect of Fe concentration

The concentration of Fe?* which is employed as the catalyst is one
of the important parameters influencing the efficiency of the EF pro-
cess. Fe?* concentration determines the amounts of OH" production,
according to Eq. (2). The efficiency of the EF process increases with
Fe2* concentration, since the concentration of OH", which are the
main oxidizing agents in the EF process, increase with increasing
Fe?* concentration. However, when the ferrous ions present in the
wastewater are in excess amounts, degradation rates reduce due to
the consumption of OH' [23]. The high concentrations of Fe?* also
cause the formation of iron precipitates, decreasing the current effi-
ciency. Therefore, the optimal Fe?* concentration should be deter-
mined to maximize the efficiency of the EF process [35].

The experiments were performed to investigate the effect of differ-
ent Fe?* concentrations on the colour, COD and TOC removals. The
colour removal at different Fe?* concentrations was shown in Fig. 5
(a). As can be seen, colour removal was almost same for all the Fe?*
concentrations. On the other hand, Fe?*concentration has been
observed to significantly affect COD removal (Fig. 5 (b)). The COD
removal efficiencies were 54 %, 58 % and 70.7 % for EF and
78.8%,85%and92.6 % for EF/adsorption processat Fe?* concentra-
tionsof 1,2and 3mM, respectively. Similarly, TOCremovalincreased
for EF and EF/ adsorption process with the increased Fe?* concentra-
tion. The TOCremoval efficiencies were 33 %, 36 % and 47.7 % for EF
and 45 %, 63 % and 67 % for EF/adsorption process at Fe?* concen-
trationsof1,2and 3 mM, respectively (Fig. 5(c)). Thiscanbeascribed
to the increased rate of OH' production with increasing Fe?*concen-
tration, resulting in improved removal efficiencies.

The removal of COD and TOC increased with the increasing elec-
trolysis time. The rate of removal was found to be very highin the
early stage of the EF process (about 15 min) for overall Fe** concen-
trations. In the initial stage of electrolysis, Fe?* ions which are in high
concentrations in wastewater react with the H.02 produced at the
cathode to generate OH". The Fe2*concentration decreases with elec-
trolysis time because of the formation of iron hydroxides as well as
adsorptiononthecathodesurfaceresultinginadecreaseinthe EF pro-
cess efficiency [36].
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Fig. 5. Effects of time and Fe?* concentration on (a) colour, (b) COD and (c)
TOC removals by EF and EF/adsorption processes.

Previous studies have shown that the oxidation efficiency increased
as the Fe?* concentration increased. Wang et al. [37] reported that
COD removal efficiency from real dyeing wastewater increased from
19.8 % to 43.1 % with the addition of Fe?* at a concentration of
0.33mMandthemaximum COD removal of 75.2 % was achieved with
aFe?* concentration of 2 mM. El-Desoky etal. [34] reported thata
30 % colour removal of Ponceau S azo-dye was attained with an EF
treatment for 210 min in the absence of Fe?*ions. The colour removal
increased with increasing Fe?* concentration up to 0.1 mM and then
decreased due to the scavenging effect of Fe?* ions on the OH’

formed. The complete colour removal of Ponceau S was attained by
EF treatmentfor150,45,90and 180 minin presence of 0.05, 0.1,
0.5 and 1.0 mM FeSOa, respectively.

Fig. 6 shows the energy consumptions for different Fe?* concentra-
tions. It can be seen that the energy consumption reduced with increas-
ing Fe?* concentration inthe EF process. The energy consumption was
obtained as 0.39 and 0.23 kWh g~ COD for Fe®* concentrations of
1 mMand 3 mM, respectively. In EF/adsorption process, energy con-
sumption reduced from 0.25 to 0.18 kWh g—! COD by increasing
Fe?* concentration from 1 mM to 2 mM, then gradually increased to
0.26 kWh g—! COD at 3 mM Fe2* concentration. Minimum energy
consumption was obtained at 0.55 A, 2 mM Fe?*, 5 g/L sepiolite dose
and60mininEF/adsorption process. Consideringthecolour, CODand
TOC removal efficiencies and energy consumption, the optimum Fe?*
concentration was determined as 2 mM.

3.3. Effect of sepiolite dose

Inthe EF/adsorption process, theinfluence of sepiolite dose on the
removal of colour, COD and TOC was investigated, using different
sepiolite doses ranging from 2.5 to 10.0 g/L. As can be seen from
Fig. 7, the colour removal efficiency didn’t change significantly with
increasing sepiolite dose. On the other hand, an increase was observed
in COD removal from 78.5to 91 % and TOC removal from 54.4 % to
68.3 %when the sepiolite dose increased from 2.5to0 10 g/Lat 60 min
EF/adsorption treatment. Whereas COD and TOC removals were
57.9%and 35.9 % after 60 min of EF treatmentinthe absence of sepi-
olite under the same experimental conditions. The increase in COD
and TOC removal with increasing sepiolite dose may be attributed to
theincrease of surface area for the adsorption of organic pollutants.

3.4. Comparison of processes

To evaluate the advantage of the coupled EF/adsorption process,
comparative studies between EF/adsorption, EF and adsorption pro-
cesses were conducted under optimum experimental conditions
(Fe?* concentration of 2 mM, applied current of 0.55 A, and sepiolite
dose 5 g/L). Adsorption experiments were performed in the same reac-
torwithoutthe use of chemicalsandelectrolysis. The colour, COD and
TOC removal efficiencies of EF/adsorption, EF and adsorption pro-
cesses are shown in Fig. 8. It can be seen that the colour removal by
adsorption is very low compared to the other processes. After
60 min, whilethe colourremoval efficiency was 49 %with adsorption,

0.5 4

0.4

EEC (kwh.gCOD™)

0.1

0.0 -

1mM Fe2+ 2mM Fe2+ 3mM Fe2+ ImM Fe2+ 2mM Fe2+
EF EF/ADS

N 15 min I 30 min 45 min [l 60 min (b)

3mM Fe2+

Fig. 6. Energy consumption of EF and EF/adsorption processes at different
Fe2* concentrations.
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90 % colour removal was obtained with EF and EF/adsorption
processes (Fig. 8(a)).

The COD removal was greater in the EF/adsorption process when
compared with the classical EF and adsorption processes (Fig. 8(b)).
After 60 min, the COD was reduced by 85 % by EF/adsorption,
58 % by the classic EF, and 40 % by the adsorption process. The
TOC removal efficiency by the EF/adsorption process was about
63 % after60 min, which was higherthan thatofthe EF (36 %) and
adsorption processes (49 %) (Fig. 8(c)). Integration of EF and
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Fig. 8. Comparison of EF, adsorption and EF/adsorption processes for (a)
colour, (b) COD and (c) TOCremovals.

adsorption process was found to improve the COD and TOC removal
efficiencies compared to the single processes, which may be attributed
to the combined effect of adsorption and oxidation processes [38].
The degradation mechanism of organic pollutants may be
explainedbythedirectoxidation ontheanodesurfaceandtheindirect
oxidation by OH’ produced in the EF reaction. The graphite felt used
inthisstudyisanactiveanode (low Ozevolution overpotential), there-
foreitis thought that heterogeneous OH' produced at the anode sur-
face may cause partial oxidation of organic pollutants. On the other
hand, homogenous OH® produced through the reaction of
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electrogenerated H»0: and externally added Fe?* ions in the EF
process has a significant role in the oxidation of organic pollutants.
In the EF/adsorption process, the OH' in the solution also reacts with
the adsorbed pollutants achieving the regeneration of the adsorbent. In
the coupled EF/adsorption process, removal of pollutants by adsorp-
tionand regeneration of the adsorbent by EF oxidation occur simulta-
neously resulting in enhanced treatment efficiency. Furthermore,
competitive reactions may occur on the anode surface and in the

aqueous phase during electrochemical oxidation, since textile
wastewater contains inorganic ions such as chloride and sulfate
[39]. Thechlorideions in the textile wastewater produce reactive
chlorine species by electrochemical reactions which contribute to the
oxidation of organic pollutants [13]. Chlorideions are oxidized to pro-
duce chlorine which is then transformed into hypochlorous acid and
hypochloriteionsby hydrolysisreaction (Eq. (13-15))[10]. AtpHval-
ues < 5,thehypochlorousacidisthedominantformandmayincrease

Table 2
Literature on the treatment of real industrial textile effluents by electrochemical processes.
Wastewater type Initial Process Operating conditions Electrode type %COD %TOC %~Colour Ref.
COD mg/ removal removal removal
L
Biologically 91-98 E- 10 mA/cm?, pH 3.0, 1 mM Fe?*, Graphite felt electrodes 58 36 90 Present
Treated textile Fenton + Adsorption 60 min, 5 g/L sepiolite dose study
ww
Biologically 91-98 E-Fenton 10 mA/cm? pH 3.0, 1 mM Fe?* Graphite felt electrodes 85 63 90 Present
Treated textile 60 min study
ww
Real Textile ww 262 EC + E-Fenton 10 mA/cm? EF pH 3, 60 min EC (Fe/Fe)+EF 98.5 98.10 100 [8]
(BDD/CF)
Real dyeing ww 1224 E-Fenton 3.2 mA/cm? pH 3, 240 min, 2 mM  Activated carbon fiber cathode, 75.20 [37]
Fe?* platinum wire anode
Real Textile ww 2154 Electrochemical 60 mA/cm?, 3.0 g/L NaCl, pH 2.0, Bipolar boron-doped diamond 100 - - [40]
oxidation 3h electrodes
Real Textile ww 347 Electrochemical 27.8 A/m?, 2.0 g/L NaCl Graphite electrodes 90.78 - 96.27 [41]
(Acrylic) oxidation pH 4.0, 110min
Real Textile ww 530 Electrochemical 45 A/m?, pH 7.9 Graphite electrodes 93.00 - - [42]
oxidation
Treated textile 704 SzZVI-assistedElectro- 20 mA/cm?, pH 3.5, 30 min Scrap zero-valent iron (SZVI) 67.00 59.00 100.00 [43]
ww oxidation anode and graphite cathode
(EO/SZVI)
Printing and 443 Electrochemical 50 A/m?, 0.2 g NaCl, pH 7.0, Expanded graphite/ 43.50 - 90.60 [44]
dyeing mill oxidation 20 min attapulgite
ww anode and copper cathode
Real Textile ww 325 EC + E-Fenton 10 mA/cm?, pH 3, 60 min Iron electrode 95.00 99.00 96.00 [45]
Real Textile ww 1310 E-Fenton 4.76 mA/cm?, pH 3, 160 min Platinum sheet anode-Graphite 64.20 - 77.00 [46]
felt cathode
Real Textile ww 1310 E-Chemical Fenton 4.76 mA/cm?, pH 3, 40 min, Iron electrode 82.10 - 94.40 [46]
500 mg/L H202
Real Textile ww 1698 E-Fenton 10 mA/cm?, pH 3 BDD anode and Ti cathode, 52.00 45.00 95.00 [47]
0.3 mM Fe?*
Real Textile ww 300 E-Fenton 0.45 mA/cm?, 180 min Carbon fiber cathode and a 55.00 85.00 [48]

stainless-steel mesh anode
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Fig. 10. Effects of time and flow rate on (a) colour, (b) COD and (c) TOC
removals in continuous EF and EF/adsorption processes.

the performance of EF treatment. The proposed degradation mecha-
nism of organic pollutants in textile wastewater by the EF/adsorption
system is shown in Fig.9.

2CbY Cl, + 2& 013p
Cl, + H,O ¥ HOCI| + Clo+ HP 814p
HOCI &5 HP + OCh 815p

10

AOS & COS

-1.89 -1.89

T
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I A0S Il COS

Fig. 11. AOS and COS values before and after EF and EF/adsorption
treatment of textile wastewater.

Several researchers have investigated the feasibility of
electrochemical oxidation of textile wastewater with various electrode
materials such as titanium-based electrodes, platinum electrodes, dia-
mond and metal alloy electrodes, boron-doped diamond electrodes,
carbon fiber, and graphite felt electrodes. The comparison of the
results obtained in this study with the results of previous researches
on textile wastewater treatment by EF oxidation is given in Table 2.

3.5. Continuous Electro-Fenton process

EF and EF/adsorption reactors were operated in continuous mode
for the up-scaling of the system. The optimal parameters obtained from
batch experiments (Fe?* concentration of 1 mM, applied current of
0.55 A (current density of 10 mAcm™2), sepiolite dose of 5 g/L, and
wastewater pH of 3) were applied for the continuous flow experi-
ments. The wastewater flow rate was set at 25 mL min—! and
50 mL min~—?! to maintain the HRT at 30 min and 60 min. The reactor
was stirred at a rate of 250 rpm to ensure the complete mixing of the
wastewater.

Fig. 10(a) shows the influence of flow rate on the colour removal
efficiency. The higher colour removals were reached with the lower
flow rates but there was no significant difference between the EF
and EF/adsorption processes. Fig. 10(b) presents the COD removal effi-
ciencies for different flow rates. The higher COD removals were simi-
larly attained at a lower flow rate and the EF/adsorption process
showed higher COD removal efficiencies compared to the EF process.
The COD removal efficiency remained stable at approximately76 %
and 65 %for flow rates of 25 and 50 mLmin—*for the EF system and
92 % and 73 % for flow rates of 25 to 50 mLmin—*for the EF/adsorp-
tionsystem, respectively. The TOCremoval efficiency at different flow
rateswasshowninFig. 10(c).Similarly, TOCremovalswerehigherfor
the EF/adsorption process when compared to the EF process and
increased with decreasing flow rate. TOC removal efficiencies were
61 % and 50 % at a flow rate of 25 mLmin—!for EF/adsorption and
EF process, respectively.

Ascanbeseenfromtheresults, thecolour, CODand TOCremovals
decreased by increasing the flow rate from 25 to 50 mL min—1. This
can be attributed to the decrease of electrochemical treatment time
from 60 to 30 min, resulting in less contact time of pollutants with oxi-
dant species produced in the electrochemical reactor. The wastewater
flow rate determines the hydraulic retention time (HRT) in the EF
reactor. A higher HRT results in higher treatment efficiency and the

treatment capacity decreases with a decrease in HRT. Similar results
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were also obtained by Rosales et al. [47] who stated that
decolourization of dyes increased with increasing residence time in
the continuous EF system. Ren et al. [48] employed a vertical-flow
EF reactor for the treatment of tartrazine. They reported that TOC
removal increased with decreasing flow rate owing to the increase in
HRT. Pajootanetal. [49] also reported that the removal efficiency
of AR14 AB92 dyes decreased by increasing the flow rate.

3.6. Evaluation of biodegradability

Average Oxidation State (AOS) and Carbon Oxidation State (COS)
parameters were used to evaluate the biodegradability of wastewater

11

afterEFand EF/adsorption processes. The AOSisemployedtoidentify

the variations causing changesin the biodegradability of wastewater

whilethe COSisconsidered astheindicator of process efficiency [42].
AOS and COS were calculated as follows:

AOSl/44—1:5n6@

b

o16p

COSY4—1:5 cob
4 : méTOCOD

where, TOCo is the TOC concentration (mg L—1) of textile wastewater.
COD and TOC are the COD and TOC concentrations (mg L™1) after the
EF process. The valuesof AOSand COS vary intherange of-4and + 4

o17p



Table 3

Weights matrix for COD removal in batch system, W1: weights between input and hidden layers; W2: weights between hidden and output layers.

Neuron w1 w2

Input variables Output

Time Current Fe Sepiolite COD removal %
1 1.35390 -2.60300 1.04500 1.00250 0.16445
2 -0.42929 -2.18450 0.10746 -1.18410 0.38471
3 1.57180 -0.20831 -0.88645 -1.26110 0.18051
4 0.35120 1.74680 -0.97712 0.46749 0.50711
5 -0.19053 0.00718 -1.00420 -1.93300 -0.87638
6 1.00610 -1.86500 0.91216 1.82730 -0.17710
7 0.63769 -2.03090 -1.40130 2.40950 -0.18124
8 -2.34980 -1.45420 0.88926 1.17980 0.11464
9 -0.80673 0.63412 -1.26880 -0.86454 -0.40003
10 1.57880 -1.68870 -0.59601 0.56033 -0.01090

Table 4

Weights matrix for TOC removal in batch system, W1: weights between input and hidden layers; W2: weights between hidden and output layers.

Neuron w1 w2
Input variables Output
Time Current Fe Sepiolite TOC removal %
1 0.26482 0.54170 -0.31079 2.65830 0.36391
2 1.24680 0.54847 4.76380 2.53710 0.22346
3 -1.74900 -2.63730 -1.31890 0.54004 -0.01325
4 -5.64160 4.66490 -3.64730 3.77600 -0.05319
5 1.53900 0.03460 1.82900 1.08910 0.23850
6 -3.63800 0.70694 -1.73860 0.61410 -0.03110
7 2.75530 -1.16750 -3.08620 7.61760 -0.08420
8 -0.16674 0.26325 -1.67870 -4.64870 -0.55870
9 -1.91770 -2.28200 -2.27510 -1.70770 0.13072
10 3.51330 0.16942 -2.73040 -2.28150 -0.04881
for methane and carbon dioxide, representing the most reduced and the
most oxidized form of carbon [50,51].
Table 5

The AOS can be employed as an overall measure of the organic
compounds remaining in the wastewater, while COS represents the
elimination of carbon from the wastewater in the form of COa..
Fig. 11 shows that AOS and COS parameters have an initial value of
-1.89 which indicates the high reduction level of the textile wastew-
ater and increased with the treatment period, reaching a maximum
value of 0.38 and 1.52 for EF and 1.78 and 3.12 EF/adsorption pro-
cesses, respectively. High COS values indicate that the organic com-
pounds in the process effluent comprise mainly of organic acids, and
the increase of AOS shows enhancement of biodegradability [42].

3.7. ANN modeling of the EF/adsorption process

Artificial neural network is defined as a computation tool stimu-
lated by biological neural systems. ANN consists of agroup of interre-
lated artificial neurons (nodes), arranged in a variety of layers (input,
hidden and output layers). The neurons are connected to each other
through synapses which are defined as connections or links [52].
ANNs canbetrainedtodetecttrends andreveal the patternsinacom-
plicated system [53].

Inthis study, the ANN model which contained three layers and
topology of 4:10:1 in the batch system and 3:10:1 in the continuous
systemwasusedto predictthe treatment efficiency of the EF/adsorp-
tion process. The structure of the neural network for the batch and
continuous system was shown in Fig. 12(a) and (b), respectively.

A series of topologies with a number of neurons varying from 2 to
20 were tested to determine the optimum number of neurons in the
hidden layer. Each topology was repeated three times to avoid random
correlation as the weights were randomly initialized. The mean square
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Relative importance of input variables on the COD and TOC removal efficiency
in batch system.

Input variable Importance % COD Importance % TOC

Time 13.9 % 10.6 %
Current 11.5 % 6.0 %

Fe 27.6 % 29.9 %
Sepiolite 47.1 % 53.5 %
Total 100 % 100 %

error (MSE) was used as the error function to evaluate the performance
of the model. MSE was calculated by the following equation:
1
2,

MSE v, — Ig\’.Y{;pmdfyi:exp
N pa

18p

where N is the number of data points, Yi,pred predicted data by the
model, Yi,exp experimental data and i is the index of data [54]. Since
the minimum MSE value was reached with 10 neurons, this number
of neuronsinthehidden layerwas used inthe modeling process.

The tan-sigmoid transfer function was used as a transfer function in
the hidden layer. This is the most widely used transfer function and is
defined by the following equation:

fepu &8

1 p expd—xb
where f(x) is the output of the hidden neuron [53]. Since the transfer
function used in the hidden layeris sigmoid, all samples should be
scaled into 0.1-0.9. Therefore, any Xi sample from the training, valida-
tion and test datasets was scaled to a new Aivalue as follows:
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. 2
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where min(Xi) and max(Xi) are minimum and maximum values of X
variable [55].

The relative importance of the various input variables on the out-
put variables was evaluated by the neural weight matrix. The

following equation which is based upon the partition of connecting
weights was used:
- b2
. %ﬁ’h WZ]’IW1=ZII\<[’IA1WII}<["1 x W’:r?n
I] 1/ n

4 =
kY/aNi mYaNh ih .—§~Ni ih h0
. .= . X .

Zk‘/al Zm‘/d ka kel ka w mn

o 621p

whereljistherelativeimportance oftheinputvariablej onthe output
variable, Wsare connectionweights, Niand Nnarethenumbersofinput
and hidden neurons, respectively. The superscripts ‘', ‘h’and ‘o’ indi-
cate the input, hidden and output layers, and subscripts ‘k’, ‘m’ and
‘n’indicate theinput, hidden and output neurons, respectively [56].

Tables 3 and 4 show the weights provided by ANN for COD and
TOCremovalsin the batch system. The neural weight data were used
to calculate the effect of each input variable on the output variable.
The relative importance of input variables on the COD and TOC
removal efficiency in the batch system was shown in Table 5. The
obtained results showed that the impact of input variables on the
COD and TOC removals was found to be in the following order: sepi-
olite dose > Fe?* concentration > time > applied current. Therela-
tive importance of sepiolite dose, Fe?* concentration, time and
applied current on COD and TOC removal efficiency was 47.1 %,
27.6%,13.9%and11.5% and 53.5 %, 29.9%, 10.6 %o and 6 %,
respectively.

The experimental values were compared with predicted values to
assesstheaccuracy ofthe ANN model. Fig. 13(a) and (b) showacom-
parison between the experimental and predicted COD and TOC
removals based on a neural network model for the batch system.
The plots show correlation coefficients (R?) of 0.979 for COD removal
and 0.996 for TOC removal. The results revealed that the ANN model
provided good predictions with high correlation coefficients for COD
and TOC removal.

The ANNusedinthe continuoussystemprovidedthe weightslisted
inTables 6 and 7 for COD and TOC removal. The relative importance
of input variables on the COD and TOC removal efficiency obtained by
the neural weight matrix in the continuous system was shown in
Table 8. It can be seen that all of the parameters (time, flow rate,
and sepiolite addition) have strong effects on the COD and TOC
removal efficiency. However, time appeared tobe the mostimportant
parameter in the COD removal with a relative importance of 54.1 %,
while flow rate appeared to be the most important parameter in the
TOC removal with arelative importance of 52.6 %. Fig. 14(a) and
(b) show a comparison between experimental and calculated COD
and TOCremovals by using a neural network modelin the continuous
system. Plots in this figure have correlation coefficients of 0.980 and
0.993 for COD and TOC removal, respectively. The correlation coeffi-
cientsofthe plotsindicate thereliability ofthe model. The results con-
firm that the neural network model reproduces the COD and TOC
removals in the batch and continuous system within experimental

Table 6
Weights matrix for COD removalin continuous system, W1: weights between inputand hidden layers; W2: weights between hidden and output layers.
Neuron w1 w2
Input variables Output
Time Flow Rate Sepiolite COD removal %
1 2.90640 -1.43850 -0.15265 0.89757
2 -0.14866 2.70140 1.66920 0.71658
3 0.78649 2.28460 1.50890 0.06533
4 -1.89920 3.37570 0.27420 -1.18690
5 -3.10970 1.43570 -0.60433 0.13602
6 -0.36869 0.30367 -3.54500 0.12968
7 -2.33930 -1.74690 -4.10890 -0.32688
8 -1.28160 -2.59580 2.07380 -0.71802
9 0.17516 -1.51120 -2.64700 0.01343
10 0.51773 1.39830 0.44730 0.71662
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Table 7

Weights matrix for TOC removalin continuous system, W1: weights between inputand hidden layers; W2: weights between hidden and output layers.

Neuron w1 w2

Input variables Output

Time Flow Rate Sepiolite TOC removal %
1 1.46520 -1.05400 0.18265 0.20930
2 0.83980 1.69240 2.09730 1.12600
3 -2.39070 2.74650 1.88400 1.40810
4 -2.61750 -2.39150 -0.13519 0.29165
5 -1.90960 3.38950 2.59960 -1.67380
6 0.41697 2.19110 1.20500 0.32253
7 -0.18998 1.85820 -2.26070 -0.39894
8 -0.10862 2.21970 2.03320 0.29352
9 4.09470 -0.44823 1.15670 0.22472
10 -0.90022 3.38600 2.32310 -1.50790

14



Table 8
Relative importance of input variables on the COD and TOC removal efficiency in continuous system.

Input variable Importance % COD Importance %TOC
Time 54.1 % 27.6 %
Flow rate 28.3 % 52.6 %
Sepiolite 17.6 % 19.8 %
Total 100 % 100 %
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Fig. 14. Comparison between ANN predicted and experimental values of (a) COD and (b) TOC removals in continuous system.
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ranges adopted in the established model. Based on the results, it can be concluded that the ANN model can accurately model the experimental
data and can be used to predict the output variables under different conditions.

4. Conclusion

Coupling EF and adsorption processes was successfully applied for the remediation of textile industry wastewater. The efficiency of the
coupled EF/adsorption system was investigated in both batch and con- tinuous flow modes. Thus, in batch experiments, the effects of reaction
time, applied current, Fe?* concentration and sepiolite dose on the process performance were investigated. The optimal operating condi-
tions were found as pH of 3, 1 mM of Fe?*, 0.55 A of current and 5 g/| of sepiolite. The application of the coupled EF/adsorption process
resulted in an increase in the degradation efficiency in comparison to the single EF process. Under the optimal operating conditions, 85 %
and 58 % COD, 63 % and 36 % TOC removals were attained by the EF/adsorption and the EF processes, respectively. The enhanced
removals of COD and TOC were observed owing to the combined effect of adsorption and oxidation reactions. The EF/adsorption cou-
pled system was also operated in a continuous flow mode at different flow rates. It was observed that for the flow rate of 25 mL min~! (the
corresponding HRT was 60 min), the colour removal efficiency reached near 90 % and the COD and TOC removal efficiencies were 92
% and 60 %, respectively. Further, the AOS and the COS values increased significantly after the EF/adsorption treatment indicating
biodegradability enhancement in the textile industry wastewater. Moreover, in order to predict the COD and the TOC removals by the
coupled EF/adsorption and the single EF processes, an Artificial Neural Network model was developed. A good agreement was observed
between the experimental results and the theoretical values, indicating that the ANN model can predict the effect of various operating param-
eters on the removal of the COD and the TOC, with high accuracy. The overall data show that combining the EF and the adsorption processes
leadsto enhanced efficiencies and sustainability in the textile effluent treatment.
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