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ARTICLE INFO ABSTRACT

In this work, the heterogeneous electro-Fenton process assisted by scrap zero-valent iron (SZVI) and with gra-
phite electrodes (as anode and cathode) is studied as an alternative way to treat wastewater from a textile plant
located in Medellin, Colombia. The effects of the initial pH, SZVI load, and current density in the SZVI-assisted
electro-oxidation process (EO/SZVI) are analyzed and optimized using multivariable regression models gener-
ated using the Box-Behnken experimental design and convex nonlinear optimization. The EO/SZVI process leads
to maximum reductions of approximately 100%, 67%, and 59% in color, chemical oxygen demand (COD), total
organic carbon (TOC), respectively, under the optimal operating conditions of pH of 3.5. Further, it leads to an
SZVI concentration of 0.6 g/L, and a current density of 20 mA/cm? during 30 min of electrolysis. The post-
process pollutants are characterized further using molecular weight distribution measurements, ultra-
violet—visible spectroscopy, high-performance liquid chromatography, biodegradability, and toxicity. The results
show that the treated effluent is polluted mostly by carboxylic acids of low molecular weight. A remarkable
enhancement of the biodegradability of the effluent is evidenced by an increase in the BODs/COD ratio (bio-
degradability index) from 0.15 to 0.54. Although the EO/SZVI process does not improve the toxicity (as mea-
sured by the mortality of Artemia salina), the latter is reduced subsequently from 100% to 20% through ad-
sorption using activated carbon (AC). The findings of this study indicate that the EO/SZVI process is an effective
and promising alternative for treating textile wastewater.
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1. Introduction

Industrial wastewater discharge is a matter of concern because of its
high pollutant content [1,2]. Textile industrial wastewater (TIWW)
generated owing to the typical textile manufacturing process, which is
diverse and contains various dyes and other chemicals (e.g., fabric
softeners, salts, pesticides, coupling agents, polishing and coating
agents, and surfactants). Therefore, conventional treatment is therefore
not viable, and only a few other types of treatment are effective; more
complex reactions are required to degrade the compounds in such
matrices [3]. The textile industry uses organic additives such as dyes
and surfactants. It is among the most prolific producers of wastewater,
which has poor biodegradability and high toxicity and/or mutagenicity.
Because of its high content of persistent organic pollutants, TIWW
cannot be treated by conventional means [2,4]. Therefore, TIWW
treatment has received considerable research attention.

Several TIWW treatment methods have been reported in the
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literature [5-9], including electrochemical advanced oxidation pro-
cesses (EAOPs). The efficacy of EAOPs has been demonstrated for the
organic pollutants in TIWW; moreover, EAOPs are highly en-
vironmentally compatible, which distinguishes them from other pro-
cesses [1,10]. Among EAOPs, those based on Fenton chemistry have
been studied as viable treatment alternatives, achieving satisfactory
degradation in TIWW [11,12]. However, EAOPs exhibit drawbacks such
as the following: (i) high electrical energy requirements and (ii) the
need for expensive materials, such as boron-doped diamond; these
challenges have been addressed in recent studies [1,10,13].

The electro-Fenton (EF) process is a widely known Fenton-based
EAOQP. As described in Egs. (1) and (2), the EF process uses hydroxyl
radicals (®OH) produced by the reaction of electrogenerated hydrogen
peroxide (H,0,) and ferrous ions (Fe?>") that are either added to the
solution or released by an iron source [1,13]:

Cathode: O, + 2H* + 2¢~ — H,0, (€8]
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Fe** + H,0, + H* — Fe** + HO" + H,0 @

Although the EF process is highly efficient for degrading several
persistent organic pollutants, including those in TIWW [14,15], this
process has the following major setbacks: (i) the EF process is only
optimal under strong acidic conditions, requiring a post-process step to
neutralize the pH of the effluent before discharge. (ii) Because the
catalyst (Fe2™) is dissolved, it is non-recyclable. (iii) The EF process has
a high energy consumption [11,16,17]. (iv) The electro-oxidation (EO)
process may generate organochlorine compounds in the presence of
chlorine, as well as other intermediaries that are more toxic than the
parent compounds [18].

To address the non-recyclability of iron, previous studies have ex-
plored the use of heterogeneous iron-containing catalytic sources for
decomposing H,0,. This approach can optimize the catalytic con-
sumption and widen the pH range of this process, which can reduce the
cost of controlling the pH before and after the process. Different
methods have been studied for applying heterogeneous EF methods,
including the use of natural iron-bearing materials [19,20], synthetic
catalysts containing iron [7,13], and cathodic materials containing iron
oxides and other transition metals, which act as both the cathode and
iron source [1,4,13]. However, the use of these iron-bearing catalysts
makes the process more expensive; therefore, further research is re-
quired.

In a previous work, scrap zero-valent iron (SZVI) was successfully
applied as a heterogeneous source of iron to produce reactive oxygen
species through Fenton-like chemistry, as shown in Egs. (3) and (4)
[21]:

Fe® + H,0, + 2H* — Fe*t + 2H,0 3)
Fe?* + H,0, - HO" + OH™ + Fe3* (€]

Several studies have reported the use of SZVI in various pollutants
and wastewater effluents [10,22-24]. This approach is a promising
alternative because it reuses residues from another industry and is in-
expensive.

Previous studies have reported a high concentration of chloride
(C17) in TIWW, at 1600-2100 mg/L owing to the high amount of NaCl
in TIWW. Therefore, carcinogenic and toxic chlorinated organic com-
pounds may be generated during the electrochemical reaction [18].
Consequently, the toxicity of the post-process sample must be con-
sidered prior to discharge. If necessary, additional steps that have been
used to successfully resolve toxicity issues, such as adsorption using
activated carbon (AC), must be included in the process [25].

Although ZVI-assisted Fenton-like systems have been effective for
water treatment in the past, to the best of our knowledge, no previous
studies have used ZVI in a heterogeneous EF system. Moreover, most
studies have only examined color removal in synthetic effluents con-
taining indigo or indigo carmine dye [26,27], with few studies pub-
lished on the use of real indigo dyeing effluents [28,29]. The char-
acterization and experimentation of such effluents are necessary
because unlike synthetic effluents, real effluents exhibit unpredictable
behavior; for example, processes that have been examined in synthetic
dyed water may lead to different results under practical conditions.
Moreover, few studies have used SZVI as a catalyst to treat actual in-
dustrial wastewater [21,23,30]; to the best of our knowledge, the de-
contamination of real indigo dyeing effluent by an EO/SZVI/AC process
has not yet been studied.

Therefore, this work focuses on the development of an effective
treatment for real wastewater produced by the indigo dyeing and textile
finishing processes of a local jeans factory, which is not amenable to
biodegradation. This treatment was achieved by an EO/SZVI process, in
which the pH, SZVI load, and current density (j) were optimized to
minimize the operational cost while maintaining a sufficient chemical
oxygen demand (COD) reduction and color degradation. The optimi-
zation was performed by using a Box-Behnken experimental design
(BBD) coupled with nonlinear optimization under certain restrictions.
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Changes in environmentally relevant parameters, such as biodegrad-
ability and toxicity, were monitored; subsequently, the total operating
cost (OC) was optimized.

2. Materials and Methods
2.1. Sample handling and characterization

A sample of TIWW was collected from a homogenization tank at the
end of the process of a textile manufacturing plant located in Medellin,
Colombia. The sample was stored at 4 °C to prevent self-degradation,
and periodic measures of COD, TOC, and absorbance (660 nm) were
performed as indicators that the sample did not change over time.

An initial characterization of the sample was performed to serve as
the baseline against which to compare the parameters of the post-
treatment sample. Different parameters were measured in duplicate
using an ultraviolet-visible (UV-vis) double-beam spectrophotometer
(Spectronic Genesys 2PC) and following the standard methods of the
American Public Health Association [31]. The UV-vis spectrum was
measured in the range of 200-700 nm to monitor the behavior of or-
ganic aromatic pollutants. Moreover, absorbance at 660 nm and true
coloration (TC) (ISO 7887: 2011) served as indicators of the blue col-
oration in the sample. The COD (method 5220D) and TOC (method
5310D) were measured as indicators of the content of organic pollu-
tants in the sample. Biodegradability was assessed by the proportion of
BODs5 (method 5210B) in relation to COD, and the toxicity was assessed
by checking the mortality of Artemia salina when exposed to the sample
by following the method used by Manfra et al. [32]. Further, the tur-
bidity (method 2130B) and total solids (2540B) were measured as in-
dicators of the quality of the sample. The Cl~ content was determined
using the standard Volhard titrimetric argentometry method and found
to be 1856.8 mg/L. The surface structure of the SZVI was studied using
a scanning electron microscope (SEM, JEOL JSM-5910 LV, Ltd., Tokyo,
Japan) coupled to an X-ray analyzer with energy dispersion to assess
the morphology and elemental composition before and after treatment.
The point of zero charge of the SZVI was determined by the solid ad-
dition method [33]. Seven samples were prepared by adjusting the pH
of 45-mL 0.1-mol/L NaCl solution to 3, 4, 5, 6, 7, 8, and 9 by adding
either 0.1-M HCI or 0.1-M NaOH. Then, the solution volume was ad-
justed to exactly 50 mL with 0.1-mol/L NaCl solution. Next, 0.1-g SZVI
was added, and the samples were stirred for 48 h. Subsequently, the
final pH (pHy) of each sample was measured, and the difference be-
tween the initial pH (pH;) and pHy of each sample was plotted against
pH;. The pH value at the x-intercept in the resultant graph was con-
sidered as the point of zero charge (pHpzc).

2.2. SZVI/EO process

Experiments were performed in an 80-mL glass cylindrical reactor
containing TIWW at a temperature of 25 °C and with an agitation speed
of 400 rpm that kept the SZVI suspended in the aqueous phase. Graphite
electrodes (1.5 x 3.3 x 0.6 cm®) were used as the anode and cathode
with a fixed submerged area, and the electric current was set to achieve
the desired current density. The pH of the aqueous phase was adjusted
with H,SO4 (Merck; 98% purity), and the gap between the electrodes
was fixed to 1 cm. To remove impurities, the SZVI (80% purity) was
first washed in NaOH (4.5 M) for 30 min and subsequently in HCI (5 M)
for 30 min. Then, it was washed three times with deionized water to
remove the residual Fe?* and HCI.

Parameters such as the pH, current density j [mA/cm?], and SZVI
load were determined using a Box-Behnken experimental design (BBD)
to obtain regression models for the percentage of color removal, per-
centage of COD removal, and OC, which were used to analyze the
parameters and optimize them by means of the response-surface
methodology and nonlinear convex optimization. Experimental runs of
30 min were performed, and the COD and TOC of the post-process
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sample were measured to determine the percentages of COD degrada-
tion (%DCOD) and color degradation (%DC), which served as response
variables for the experimental design. Any residual H,O, was quenched
with MnO, (Sigma Aldrich; reagent grade = 90%) before the COD
measurements to prevent measurement interference due to its presence.

The results of the BBD were analyzed using the Statgraphics
Centurion XVI software and fitted to a quadratic model to generate a
three-dimensional response-surface plot to visualize the individual and
interaction effects of the factors. Additionally, the OC of the process was
calculated as shown in Eq. (5) [4]:

USD\ a*I*V*t
oc( — ): — D BRC

()

where « is the cost of electricity (USD/kWh), I is the current during the
process, Vis the average voltage during the process, t is the process
time, v is the volume of the batch, §; is the cost of reactant i (USD/kg),
and RC; is the quantity of reactant i.

2.3. Optimization of parameters

The experimental results were fitted to the regression model that
correlates them with the process parameters by an empirical second-
order model of the form:

3 3 303
Yi=By+ D Bxi+ 2 BxE+ Y Y Byxix;
i=1 j=1

i=1 i=1

(6)

where 3, B, and §; are the regression coefficients for the different
variables and x; and x; are the independent variables. The model was
achieved via multivariable regression using R-project software [34],
and analysis of variance (ANOVA) was applied to study the fitting of the
model based on the F-test, R% and adj R2. This model can be used to
predict the different response variables according to the operational
variables. Additionally, it was used to generate response-surface plots
that show the effects of the different variables and their interactions.
However, this approach is only useful for optimizing individual vari-
ables, i.e., to find the parameter values that maximize or minimize one
of the response variables. Because it is necessary to find the lowest cost
in the acceptable region of %DCOD and %DC, the process was opti-
mized through nonlinear convex optimization with the following re-
strictions:

. _ 3 3 2 3 3
min OC = f,c + Zi:l Biocxi + zi:1 BiocXi” + zl_:l z}_:I /Sijocxixj,

@

DCOD = Bycop + Z,il BicopXi + Zill 6iCODxi2
+ Z;l Zj=1 BjcopXiXj 8)
DCOD > MinDCOD 9

where OC and DCOD are the OC and COD degradation, respectively, 3o,
Bi» and B are the regression coefficients for the OC and COD, and
MinDCOD is the minimum acceptable COD degradation. Notice that,
although the regression coefficients may be different for OC and DCOD,
x; and x; are the same in both equations; further, their values are re-
stricted to the studied range. Nonlinear programming in Microsoft Excel
was used to calculate the conditions that minimize OC while keeping
DCOD higher than the minimum value required to comply with reg-
ulations (DCOD.y;y).

2.4. Characterization of post-process effluent

Then, experimental runs under the calculated optimal conditions
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were performed to further characterize the post-process compounds and
compare the performances of the SZVI/EO and EF processes. The output
of the reaction was monitored for 1h for %DCOD, %DTOC, TOC de-
gradation, BODs/DQO ratio, molecular weight distribution (MWD),
concentration of carboxylic acid intermediates [through high-perfor-
mance liquid chromatography (HPLC)], and toxicity. These runs served
the following objectives: (i) better understand how the reaction behaves
over time, (ii) assess the ability of the quadratic model to predict %DC
and %DCOD accurately, and (iii) analyze the effectiveness of the pro-
cess at improving the environmentally relevant parameters.

2.4.1. Handling of A.Salina and toxicity assessment

Acute toxicity tests with A. salina (Carolina Biological Supply
Company) were performed in duplicate before and after the process,
following the method used by da Costa Filho et al. [35]. The A. salina
were bred beforehand for 24 h in an aqueous growth medium resem-
bling the conditions needed for these microcrustaceans to survive and
develop (35 g/L NaCl; lateral illumination of 3500 1x; 25 °C). Then, test
plates containing 20 A. salina crustaceans in 9.5 mL of the sample so-
lution and 0.5 mL of saline medium were incubated for 24 h, and no
nourishment was provided to these crustaceans between hatching and
testing. Immobilization was observed after 24h of incubation. The
crustaceans were considered immobile if they remained still for 15 s of
observation. Acute toxicity is expressed as the percentage of im-
mobilization compared with a nontoxic control. The mortality of A.
salina was calculated as follows:

. No — N
Mortality (%) = | ———— |x100,
v ( No ) (10)

where N, is the initial number of crustaceans and N; is the number of
crustaceans alive after exposure to the post-treatment sample for a
period of time t.

2.4.2. MWD and characterization of intermediate carboxylic acids

Ultrafiltration (UF) was used to separate the sample into five frac-
tions according to their MWD. Ultracell regenerated cellulose mem-
branes of 44.5mm (Millipore Corporation) with molecular weight
(MW) cut-offs of 3, 5, 10, and 30 kDa were used to separate the pol-
lutants according to their MWD. The membranes were stored in an
aqueous solution of 10% ethanol at 4 °C, and they were washed with
0.1-M NaOH for 30 min and flushed with deionized water before usage,
following the manufacturer’s instructions. The UF was performed in a
50-mL Amicon stirred-cell UF system (Millipore-Merck), and the op-
erational UF pressure was kept constant at 0.4 MPa using a steady
supply of highly pure N, (99.999%). The sample was filtrated through
the membranes, and the first 5 mL of filtrate was discarded to prevent
cross contamination due to membrane fouling. Then, the TOC was
measured for each filtrate as an indicator of the organic-matter con-
centration of each fraction.

Furthermore, ion-exclusion chromatograms were performed in the
sample to better understand the generation and degradation of car-
boxylic acids as intermediaries in the process. This was done using an
Agilent 1200 liquid chromatograph equipped with a Hi-Plex H, column
(300 mm and 7.8 mm (i.d.)), at 35°C and coupled with a photodiode
array detector at A =210 nm. 20-uL aliquots were injected into the li-
quid chromatograph under circulation of 4-mM H,SO, at 0.6 mL/min as
the mobile phase [36]. Benzoquinone (BQ) and tert-butyl alcohol (t-
BuOH) were used as scavengers to analyze the proposed reaction me-
chanism, these were reagent grade used without further purification
and purchased from Merck.
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3. Results and discussion
3.1. Physicochemical analysis of SZVI

The surface morphology and structure of SZVI before and after EO/
SZVI treatment were studied by SEM-EDX analysis. The SEM-EDX re-
sults for new and used SZVI are shown in Fig. S1. The particles exhibit
irregular shapes in the range of 83-600pum. As shown in Fig. S1
(Supplementary Information), the texture of the used SZVI differs from
that of the initial surface (with substantial deposition on the surface)
due to the oxidation-reduction of SZVI [see Eq. (2)], coagulation of iron
hydroxides, adsorption of molecules, and/or adherence of the reaction
by-products. Further, these features are reflected in the differences in
the elemental composition results obtained by SEM-EDX. The decrease
in the Fe percentage in the SZVI from 80.2 to 71.77 can be attributed to
the generation of Fe?* ions, which are produced by the oxidation of
SZVI and subsequently released to the solution. The increased O, level
in the composition confirms the increase in Fe oxides adhering to the
SZVI surface.

The point of zero charge for SZVI was determined using the solid
addition method described by Mortazavian et al. [33], resulting in
pHzpc,szyv1 = 7.2 (see Fig. S2, Supplemental Information). This result
indicates that the SZVI surface is positively and negatively charged at
pH values lower and higher than 7.2 by attracting and repelling anions,
respectively. Additionally, Li et al. [37] found a similar pH,. value of
7.4 for nZVI in the remediation of Cr (VI)-polluted water.

3.2. Sample characterization

The characteristics of the studied sample are summarized in Table 1
with the Colombian emission limits and treatment efficiency (under
optimal conditions). Notice that the COD of the raw sample does not
comply with regulations, whereas that of the post-process sample does.
Furthermore, notice that the biodegradability index (DBOs/DQO) in-
creased from 0.15 to 0.54, which suggests that the process increased the
sample’s biodegradability to a level that is acceptable for discharge.

3.3. BBD experimental results: model fit and statistical analysis

A BBD was performed with pH, SZVI load, and current density as
factors and %DC, %DCOD, and OC as response variables; Table 2 shows
the experimental runs and results of the BBD.

Experimental data for each response variable were fitted to a

Table 1
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Table 2
Experimental results of the EO/SZVI process for %DCOD, %DC, and OC ac-
cording to the BBD. Electrolysis time: 30 min.

Run pH SZVI j %DC %DCOD oC PHfinar  Va
(g/L) (mA/ (Usb/
cm?) m?%)
Yexp  Ypred Yexp Ypred
1 45 5 20 87.39 8463 40 41.13 411 5.5 11.8
2 3 2.8 10 91.82 88.13 48 46.88 1.91 3.6 9.4
3 45 28 15 80.0 81.33 43 43.67 3.05 5.1 115
4 3 0.6 15 9591 975 62 6425 3.17 3.3 11.3
5 6 2.8 20 78.45 81.88 38 39.13 4.28 5.1 12.3
6 45 0.6 20 9455 92.38 61 57.38 4.11 5.4 11.8
7 3 2.8 20 98.27 99.13 67 68.38 3.52 4.6 9.5
8 45 5 10 82.72 8563 44 47.63 1.72 5.3 9.3
9 6 2.8 10 60.36 58.88 34 32.63 1.48 5.7 7.9
10 45 06 10 55.18 57.38 24 22.88 1.34 5.2 7.1
11 6 5 15 86.0 845 49 4675 2.69 5.8 10.1

12 45 28 15 82.63 81.33 46  43.67 3.05 5.2 10.1
13 45 28 15 81.0 81.33 42  43.67 3.05 5.1 11.8
14 3 5 15 94.89 97.25 61 585 2.80 5.3 9.8

15 6 0.6 15 65.0 63.75 30 325 31 5.6 11.7

* Va: Average Voltage.

quadratic model for multivariate regression analysis using R-project
software (https://www.r-project.org/). The ANOVA results for the re-
gression models are presented in Table 3. The R* and R3; values of 0.96
and 0.92 for %DCOD, 0.97 and 0.92 for %DC, and 0.96 and 0.91 for OC
show that the variability in the data can be effectively explained by the
model. Moreover, an F-test was performed to verify the significance of
the models; p-values lower than the significance level (a = 0.05) in-
dicate that the model provides a better fit than the intercept-only model
(i.e., the model is significant). As shown in Table 3, the p-values of the
models for %DCOD, %DC, and OC are 0.003, 0.002, and 0.002, re-
spectively, indicating that all the models are significant. Table 3 shows
the p-values for the independent variables and interactions; p-values
below a = 0.05 indicate that the model with the respective variable
provides a better fit than the model without that variable (i.e., the
variable is significant). The results show that pH, j, and the SZVL;j in-
teraction are significant for %DCOD, pH, SZVI, j, and SZVI;j are sig-
nificant for %DC, and only j is significant for OC. Several nested models
were proposed and compared through the Akaike information criterion
(AIC) (not shown here). Those that yielded the best fit are presented in
Egs. (11-13).

Characterization of textile industrial wastewater (TIWW) before and after EO/SZVI and EO treatment, and efficiency under optimal operating conditions. Electrolysis

time: 60 min.

Parameter TIWW Emission limit® Treatment Treatment efficiency (%)
EO/SZVI EO EO/SZVI EO
pH 6.1 6-9 3.8 4 - -
Conductivity (mS/cm) 5.6 - 3.71 3.46 - -
Turbidity (NTU) 261 - 3 0 98.85 100
COD (mg O,/L) 704 400 112 270 84.1 62
TOC (mg O,/L) 194 - 56 92 71.1 53
BODs (mg O,/L) 105.6 200 58.05 95.5 45 10
Absorbance (660 nm) 1.474 - 0.003 0.432 99.8 71
True Color (mg Pt /L, C) ISO 7887:2012-04 (B,C) 1286 - 62 184 95.2 85.6
A = 436m (m~!,B) Aaze = 85 Aaze = 4.1 Aaze = 6.5 95 (A436) 92 (A43e)
A = 525m (m~',B) As2s = 78 As2s = 1.8 As2s = 4.1 98 (As25) 95 (A\s25)
A =620m (m~',B) Ae20 = 68 Ne20 = 1.5 Ne20 = 3.4 98 (M620) 95 (N\620)
BODs/COD 0.15 0.4 0.54 0.35 - -
Toxicity (% mortality of A. salina) 100 - 100 100 - -
Generated sludge (kg/m®) —_ 0.054 0 - -
OC (USD/m®) 6.78 6.78 - -

2 Emission limit values for industrial wastewater discharge into the municipal sewer system according to Res. 0631, 17/03/2015, issued by the Ministry of

Environment and Sustainable Development of Colombia (South America).
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Table 3

ANOVA results for %DC, %DCOD, and OC as a function of the initial pH, SZVI load, and current density (j). Electrolysis time: 30 min.

ocC

%DC

%DCOD

p-value

F value

Sum sq Mean sq

Df

p-value

F value

Sum sq Mean sq

Df

p-value

F value

Mean sq

Sum sq

Source

0.868
0.632
0.000
0.950
0.928
0.372

0.031

0.002 0.002

1
1
1
1
1
1
1
1
1

0.000

77.315
15.027
41.335
2.914

0.108
0.021

0.108
0.021

1
1
1
1
1
1
1
1
1

0.000
0.161

0.003

70.297
2.703
29.432
8.526

0.092

0.092

pH

0.260

0.019

0.019

0.012

0.004
0.039

0.004
0.039

1

SZVI

153.035
0.004
0.009
0.960
0.003

11.450
0.000
0.001

11.450
0.000
0.001

0.001

0.058

0.058

0.149
0.502

0.004
0.001

0.004
0.001

0.033

0.011

0.011

pH®

0.523
1.706
7.884
2.574

0.502
0.222
0.044
0.105
0.003

NA

0.524
1.949
7.149
3.905

1 0.001 0.001

SZVIZ
jZ

0.072

0.072

0.248

0.002
0.011

0.002
0.011

0.003

0.003

0.960
0.082
0.529

NA

0.000
0.352

0.000
0.352

0.038

0.009
0.005

0.039

0.009
0.005

1
0.039

pH:SZVI
pH:j

4.703

0.170
0.005
NA

0.004
0.032

0.001
Residual st er

0.004
0.032

0.457

NA

0.034

0.034

23.170

NA

29.851

NA

SZVL;j

0.075

0.374
Riqj

0.007
Riqj

0.001

0.007

Riqj
0.91

5

Residual

p-value
0.0028

F statistic
17.72

Residual st er

0.273

p-value R?

0.002

F statistic
19.16

R2?
0.97

p-value

0.003

F statistic

Residual st er

0.036

RZ

0.9149

0.9696

0.0373

0.92

17.15

0.96

Model
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%DC = 10.48 — 31.04*pH + 6.05*SZVI + 5.24% + 1.43*(pH)>
+ 1.59*pH*SZVI + 0.4*pH*j + 0.25%(SZVI)? — 0.82*SZVI*j
- 0.1%()? an

%DCOD = 28.43 — 26.66*pH + 6.78*SZVI + 9.36%] + 2.52*(pH)?
+ 1.52*pH*SZVI — 0.5*pH*j + 0.24%(SZVI)? — 0.93*SZVI*j
— 0.103*(j) 12)

oc( US? ) = 0.732 — 0.581*pH + 0.227%j + 0.0395*pH*j — 0.0056*(j)
m

a3

A Breusch-Pagan test was performed to verify the homoscedasticity
of residuals in these models; p-values of 0.12, 0.09, and 0.45 for DCOD,
DC, and OC, respectively, indicate that the models are homoscedastic,
fulfilling the linear regression assumption.

3.4. Variable effects and optimization

The regression models were used to determine the optimal condi-
tions of the process through nonlinear programming, the objective
being to minimize the OC while maintaining a %DCOD of at least 73%.
The lowest cost was achieved with a pH of 3.5, SZVI concentration of
0.6 g/L, and j =20 mA/cm?. This is shown in Fig. 1, which shows the
response surfaces for %DCOD and OC. Fig. 1(a,c and e) show how j and
the pH contribute to %DC, %DCOD, and the OC. Clearly, %DC and %
DCOD both increase with j, with the latter being a highly important
variable in any electrochemical treatment and one that influences the
process efficiency and OC significantly. The production rates of H,O,
Eq. (1) and ®OH Eq. (2) are controlled mainly by j during electrolysis.
As shown in Fig. 1(a-d), j had the greatest impact on %DC, %DCOD,
and OC among the studied variables. It has been reported that the re-
moval efficiencies increase with j in the range of 10-20 mA/cm? be-
cause of the higher production of oxidant species, such as ®OH, H,0,,
and active chlorine species. [36].

According to the plots shown in Fig. 1, the TIWW was degraded
most rapidly by EO/SZVI under acidic conditions, particularly at a pH
value of approximately 3. This is because a pH value of 3.0 allows the
largest concentration of the active Fe>* species and the lowest rate of
H,0, parasitic decomposition [18]. Furthermore, the pH of the solution
has a significant impact on the oxidation potential of ferrous ions in
EF—the concentrations of Fe>* ions and ®OH radicals are easily af-
fected by changing the concentration of hydronium ions, which is pH-
dependent [21]. At a pH value of approximately 6, divalent iron ions
are easily precipitated as iron (II) hydroxide because the precipitation
of divalent iron depends on the pH, as is well known.

Several SZVI concentrations from 0.6 to 5 g/L were tested, and the
results are shown in Fig. 1(b) and (d). Clearly, in the studied range of
iron concentration, a high oxidation yield was achieved. At j =10mA/
cm?, the oxidation rate increases with the SZVI concentration, but if j
and the SZVI concentration are both increased, then the process yield
worsens notably. This phenomenon can be attributed to the parasitic
reactions resulting from over dosing SZVI as a ferrous ion source [38],
observed a similar trend for the effects of j and the pH.

Fig. 1(e) and (f) show how j, pH, and SZVI concentration affect OC.
Clearly, the electrochemical cell OC increases with j. Further, a tech-
nically efficient process must be economically feasible. The major EO/
SZVI OC is the electrical energy consumed during treatment. Increasing
j and the electrolysis time enhances the efficiency of EO/SZVI; however,
it also raises the cell voltage, energy consumption, and OC. Therefore, it
is important to consider achieving the desired degradation with the
lowest cost possible.

It has been widely reported that H,O, can be electrogenerated by
the two-electron reduction of O, on the surface of graphite anodes with
a high surface area during EO [18]. H,0- is expected to react with iron
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Fig. 1. Three-dimensional response surfaces generated from the BBD method using Eq. (10) for %DC (a, b), Eq. (11) for %DCOD (c, d), and Eq. (12) for OC (e). These
are used to obtain the most important pair of factors. The reaction time was 30 min.

oxides on the surface of the SZVI to form ®OH in a Fenton-like process.
Because little consumption of SZVI occurs during the process, the effect
of the SZVI dosage is most likely associated with an increase in the
surface area of the SZVI. The experimental results indicate that the
effect of the SZVI load in the studied range is positive and significant for
%DC but not for %DCOD or cost. This trend most likely arises because
the reaction is primarily limited by the generation of H,O, and only a
fraction of the active iron sites are used during the reaction [13].
However, the interaction between SZVI and j is even more sig-
nificant than that of SZVI. This can be explained from the various re-
actions that can occur during the EO process with a graphite anode: (i)
the electro-generation of highly oxidant-active chlorine from the salt
that remains from the textile dyeing process, (ii) the production of
chemisorbed hydroxyl radicals from dissolved oxygen, and (iii) the

aforementioned production of H,O, from dissolved oxygen, which
likely produces even more ®OH radicals in the Fenton-like reaction. All
three reactions are mediated by the electrical current that is applied: a
higher current density will accelerate the rate of production of the
different oxidizing species, consequently increasing the rate of de-
gradation. This agrees with the experimental results; as shown in
Fig. 1(a) and (b), increasing the current density from 10 to 20 mA/cm?
increases %DC by 20% and %DCOD by 25%. In agreement with this,
notice thatj is a significant factor for all variables. However, because j is
the most cost-intensive parameter, it is necessary to minimize it to
optimize the OC.

As mentioned before, a Fenton-like reaction occurs when the elec-
trogenerated H,O, reacts with the iron oxides on the surface of the
SZVI. It has been widely reported that the Fenton process is more
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Fig. 2. Degradation of organic matter during 1 h of the EO/SZVI process under
optimal conditions (pH = 3.5, SZVI =0.6 g/L, and j =20 mA/cm?): (a) COD,
TOC, color, and OC; (b) UV-vis spectrum. The error bars (smaller than the
symbol if not visible) indicate the standard deviation.

efficient at pH of approximately 3 [18]. Therefore, it is expected that
acidic conditions significantly increase ®OH generation and the sub-
sequent organic-matter degradation, matching the experimental results.
Notice that in Fig. 1, where it can be seen that %DC and %DCOD are
both higher under acidic conditions, a pH of approximately 3 yielded a
%DCOD of approximately 83%, whereas a pH of 6 yielded only 43%
with j =20mA/cm? Furthermore, it is important to remark that al-
kaline conditions favor other paths of degradation, such as coagulation
(because of the production of hydroxides and polyhydroxides) and re-
ductive pathways [39], which is why an increase in %DCOD can be
seen from a pH of 6 onward. However, these pathways are much less
efficient than the ones favored under acidic conditions: the yield at a pH
of 9 was 33% less %DCOD than that at a pH of 3. Moreover, it has been
reported that using SZVI can increase the effective working range for
generating ®OH radicals [40], which explains why a pH of 3.5 is ac-
ceptable for maintaining a high COD degradation while lowering OC.
This cost is associated with the amount of reactant that is used to lower
the pH of the effluent and then neutralize it after the process [21].

3.5. Kinetic study and mechanism analysis

The color removal, COD degradation (%DCOD), and TOC degrada-
tion (%DTOC) over time during the EO/SZVI process are summarized in
Fig. 2(a). Notice that the color is removed almost completely after
30 min of reaction, and %DCOD and %DTOC show that organic-matter
degradation occurs rapidly during the first 15min and subsequently
slows down. Because the increase in the process yields between 30 and
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60 min are only 17% and 12% for %DCOD and %DTOC, respectively,
while being almost 200% for the OC, it seems logical to select 30 min as
the operating time for the process. Further, notice that as shown in
Fig. 2(b), the initial TIWW sample showed three main absorption bands
(A) at (i) 220 nm, (ii) 270nm (A = 200-250 nm corresponds to the
presence of primary-band acids, phthalates, ketones, aldehydes, al-
kanes, esters, etc., and A = 250-275 nm corresponds to secondary-band
alcohols, aldehydes, ketones, etc.) [41], and (iii) 660nm, corre-
sponding to the indigo dye. After 30 min of the process, the band at
660 nm had disappeared almost completely and the sample was almost
colorless. After 60 min, the peak at A = 220nm had disappeared
completely. This shows that the organic matter was degraded/oxidized
by the oxidant species (®*OH, H,0,, HOCI, etc.), with only a low-in-
tensity band remaining at A = 270 nm, indicating the presence of some
organic remnants that are attributed to intermediate degradation
compounds. It was found that the cell voltage decreased between 7.5%
and 10% during the process time while keeping current density at a
constant value, this is because the cell resistance decreases due to the
changes in the matrix (see Fig. S3, Supplemental Information).

It should be noted that the EO/SZVI system was not simply a
combination of EO and SZVI processes because a different reaction
(Fenton reaction) was expected in this case. At the graphite cathode,
H,0, was generated by the reduction of dissolved oxygen Eq. (1), which
reacted with Fe?" which was dissolved from SZVI, (Eq. (3)) to produce
®OH radicals Eq. (4) that can degrade organic pollutants. Additionally,
textile industry effluents can be decontaminated by another type of
indirect EO process, with chlorine species generated by graphite elec-
trodes [42]. Therefore, two types of indirect oxidation processes are
expected to occur. The first is EO with active chlorine, termed “indirect
oxidation” or “Cl™ -mediated oxidation” [43], where the anodic oxi-
dation of Cl~ present in the effluent yields active chlorine species
(dissolved Cl,, HCIO, and/or OCl™) and chlorite, chlorine dioxide,
chlorate, and perchlorate, which can then oxidize organic pollutants in
the bulk [18]. The second is the EF process, in which organics can be
destroyed by homogeneous ®OH formed from the Fenton reaction be-
tween Fe?™ (dissolved from SZVI) and H,0, electrogenerated from O,
reduction on a suitable cathode [17]. In both cases, contaminants are
competitively destroyed by direct anodic oxidation and reacting with
heterogeneous M(®OH), other ROS and weaker oxidants produced by
the oxidation of water and anions in the electrolyte. For real wastewater
from the textile industry, this process is very complex, with several
reactions that are unlikely to be explained or predicted. However, to a
first approximation, it can be assumed that the consumption of ®*OH
radicals by organic matter (OM) can be represented by a simple irre-
versible reaction regarding COD or TOC (fundamental parameters for
determining the efficiency of the treatment system and water quality),
as shown in Egs. (14) and (15) [44].

OM + HO' — Intermediates 14)

Intermediates + HO* — CO, + H,0 + inorganic acids (15)

Pseudo-first-order Egs. (16) and (17) and pseudo-second-order Egs.
(18) and (19) kinetic models were analyzed for COD and TOC as a
function of time, as illustrated in Fig. 3. Table 4 presents the kinetic
parameters, degradation rate (rp), rate constant (k), R?, R,z\dj, and AIC;
it can be seen that the ryp of the COD is greater than that of miner-
alization (39% and 50% for the first- and second-order models, re-
spectively). This decrease in mineralization is most likely due to the
generation of intermediate reaction products, such as organochlorine
compounds, alkyl amines, and other aliphatic compounds that compete
with the ®OH radicals and that have a greater resistance to sequential
treatment [44]. In addition, the second-order models exhibit higher
degradation rates of COD and mineralization than the first-order
models. Similar results have been reported by other authors [45].

To select a reaction order, one must determine which transforma-
tion is better fitted by a linear regression. Both models have very high
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Fig. 3. Kinetic models (a). pseudo First-order and (b) pseudo second-order
models for COD and TOC. (pH = 3.5, SZVI =0.6g/L, and j =20 mA/cm?).

R? and Ridj values; therefore, the AIC (an objective parameter that
quantifies the suitability of a particular model in relation to a set of
models [46]) was used to compare the linear regressions of the trans-
formed data for each kinetic model and identify the best alternative. A
lower AIC value suggests that the model fits the data better, it is less
complex, or a combination of both factors. The AIC was calculated
using the statistical software R (https://www.r-project.org/). According
to the determined AIC values, the pseudo-second-order kinetic model is
the most appropriate both for the COD and TOC.
Pseudo-first-order kinetic model
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OM  OM, 19)

Other authors, such as Kaur et al. [38] and Parsa et al. [47], have
effectively adjusted EO data to pseudo-first-order models most likely
because these authors primarily studied surface-mediated processes and
the dependence of the degradation rate on the pollutant concentration
as well as SZVI-mediated processes, as reported by Donadelli et al. [39]
and Ghanbari et al. [45]. None of these previous works provided a
comparison with the second-order kinetics, which seem to fit our model
better based on the AIC; however, although the second-order kinetics fit
our results better, the first-order equations also fit the EO/SZVI ex-
perimental data.

To better investigate the contribution of the different possible oxi-
dant species to the degradation, tert-butyl alcohol (t-BuOH) and ben-
zoquinone (BQ) were used as specific scavengers for ®OH radicals and
0,®~, respectively, and the results are depicted in Fig. S4
(Supplemental Information). The EO/SZVI process without scavengers
achieved a %DTOC of 71%, which decreased to 54.5% and 43.6% when
BQ and t-BuOH were added, respectively. The decrease in %DTOC in
the presence of -BuOH suggests that ®OH radicals are active species
during EO/SZVI treatment; while its decrease in the presence of BQ
indicates the existence of the 0,® — species in the degradation process.
In addition, the observed degradation rate (ro) decreased from 0.66 to
0.34 and 0.22 mM/min when BQ and t-BuOH were added to the reac-
tion, respectively. These results suggest that both ®OH and 0,®—
species were involved in the EO/SZVI process and were the primary
species responsible for the degradation of textile wastewater during the
treatment. The stronger trapping effect for t-BuOH compared with BQ
indicates that ®OH radicals, which are likely generated by the Fenton
process, were the predominant species during the EO/SZVI treatment.
These results agree with previous reports, such as that by Saleh and
Taufik [48], who found similar results when investigating the Fenton,
photo-Fenton, and sono-Fenton processes for the degradation of me-
thylene blue and congo red using BQ and t-BuOH scavengers.

Based on the above analysis, a possible mechanism for the de-
gradation in the EO/SZVI process (Fig. S4, Supplemental Information)
is proposed. In the EO/SZVI process with electrogenerated H,O, Eq.
(1), ®OH radicals from both anodic and cathodic sources act together to
strongly oxidize organic pollutants in wastewater, either by H atom
abstraction (producing H,0) or via ®OH addition to multiple bonds and
intermediate radicals (hydroxylation). The performance of the EO/SZVI
process can be attributed to the simultaneous occurrence of more
complex reactions, including oxidation-reduction SZVI Eq. (2), the
coagulation of iron hydroxides, direct electrochemical oxidation at the
graphite anode, indirect electrochemical oxidation by electrogenerated
oxidants (®OH, H,0,, Cl,, HCIO, and/or OCl~, etc.), and Fenton’s re-
action Egs. (2 and 4). EO/SZVI processes seem to be attractive because
the mineralization rates of organic pollutants are higher than those for

= — d(oM) = k;[OM] either electrochemical oxidation or the Fenton reaction. This high ef-
dt (16) ficiency is partially due to the continuous generation of H,O, at the
oM, cathode and because under acidic conditions, SZVI oxidizes to Fe?* and
Ln = k¥t - ° .
( oM ) i a7 reacts with H,O, to generate more ®OH radicals.
Pseudo-second-order kinetic model
3.6. Synergy of effects
d(OM
n=-2G0 i jomp —_
dt (18) To thoroughly evaluate the interaction between the EO process and
Table 4
Kinetic parameters of the EO/SZVI reaction.
Kinetic Model k R® R3qj ro (mM/min) AIC
1t order (COD) (min~ 1) 0.030 = 0.0023 0.9656 0.9599 0.66 + 7.8*107° -0.2877
2™ order (COD) (L/mmol-min) 0.003 * 4.3*10°° 0.9988 0.9986 1.45 + 1.5%1072 -73.96
1** order (TOC) (min™ ") 0.025 * 0.0023 0.9464 0.9375 0.41 * 5.8+1072 0.126
2" order (TOC) (L/mmol-min) 0.0028 + 1.44*10* 0.9842 0.9815 0.73 * 6.2*1072 —104.709
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Fig. 4. Synergistic effect during the reaction time in the EO/SZVI (B) process
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the addition of SZVI, the synergistic effect of the reactions was calcu-
lated as follows:

CODko/szvi

Synergystic effect = ————.
YIerey 4L CODgo + CODgzyr (20)

Here, the effect of the entire process is compared with the sum of the
effects of the individual processes. A synergistic effect value exceeding
unity suggests an effect due to an interaction between the individual
reactions.

Fig. 4 shows the synergistic effect during the reaction time, with the
value exceeding unity during the entire period. However, the sy-
nergistic effect diminishes with time, most likely due to the decrease in
the reaction rate, as shown in Fig. 2(a). This behavior suggests that SZVI
primarily contributes to the process by increasing the reaction rate,
thereby substantially reducing the OC.

The removal percentage of COD in the EO/SZVI process (Fig. 4) was
greater than that for EO and SZVI. The higher degradation efficiency for
EO/SZVI in comparison with EO occurs because SZVI oxidizes to Fe®*,
which then reacts with H,0, to generate ®OH radicals. These radicals
are more efficient under acidic conditions, as shown in Egs. (1-4).
Further, the %DCOD can be enhanced by the direct reaction between
SZVI and H,0,, which generates more ®OH radicals [36].

3.7. Analysis of post-process pollutants: toxicity and biodegradability

Additional information regarding the behavior of OM during the
process can be obtained by analyzing the average oxidation state (AOS)
and carbon oxidation state (COS), which are calculated as follows [49]:

cos = 4 — 154592,
TOC, 21
cop

408 = 4 — 154592y
Croc? 22)

where TOC, and TOC are the initial TOC and that at the sampling time,
respectively, and COD is the COD at the sampling time (all parameters
are expressed in units of mg/L). Notice that the COS considers TOC,,
whereas the AOS considers TOC, which is because the CO, eliminated
from the solution (oxidation state +4) is considered in the COS cal-
culation and only the organic compounds remaining in the solution are
considered in the AOS calculation. The AOS is therefore used to identify
variations in the sample that could change its biodegradability, and the
COS is considered an indicator of the process efficiency [50].

During the EO/SZVI process, both the COS and AOS increased with
time, as shown in Fig. 5. The final COS value of approximately 3
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Fig. 5. Average oxidation state (AOS), carbon oxidation state (COS), and BODs/
COD ratio during 60 min of EO/SZVI treatment under optimal conditions
(pH = 3.5, SZVI =0.6g/L, and j =20 mA/cm?). The error bars (smaller than
the symbol if not visible) indicate the standard deviation.

suggests that the OM in the post-process sample comprised mainly or-
ganic acids, and the increase in the AOS shows enhanced biodegrad-
ability, which is also noticeable in the increased biodegradability index
(BODs/COD). It has been reported that a biodegradability index higher
than 0.4 is acceptable for water discharges [6], and because the EO/
SZVI process achieved a value of 0.54, it seems logical to conclude that
the effluent is sufficiently biodegradable to be discharged.

It has been reported that several organic acids can be formed as
reaction intermediates, such as tartaric, formic, oxalic, and fumaric
acids, which are formed by the oxidation of azo dyes. Their formation
depends on the initial dye concentration, and some intermediates are
more stable and toxic than their parent compounds [36]. To further
analyze the evolution of organic compounds during the EO/SZVI pro-
cess, the acids in the samples were characterized by MWD and HPLC
during 60 min of the process, as shown in Fig. 6. Ion-exclusion chro-
matograms showed the presence of some short-linear-chain acids that
were formed as intermediaries of the EQ/SZVI process. Oxalic [reten-
tion time (rt) =7.2min], tartaric (rt =9.6min), and fumaric
(rt = 16.1 min) acids were detected. Notice that the concentration of
the acids that were identified corresponds to 70% of the TOC; according
to the HPLC analysis, 39 out of 56 ppm of the OM corresponds to the
aforementioned acids, and the remainder corresponds to other organic
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Fig. 6. Evolution of carboxylic acids generated during the degradation of TIWW
by EO/SZVI treatment under optimal conditions (pH = 3.5, SZVI =0.6 g/L, and
j=20 mA/cm?). The error bars (smaller than the symbol if not visible) indicate
the standard deviation.
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compounds such as organochlorinated compounds and aromatics.

The MWD showed that the initial TIWW comprised mainly OM with
high MW, as shown in Fig. 7. However, this fraction had degraded
completely after 60 min of the EO/SZVI process, yielding a sample that
was polluted mostly by compounds of low MW, which are more likely
to be biodegraded; this is in agreement with the results presented
previously.

3.8. Toxicity of treated samples

In addition to organic acids and possibly toxic intermediaries, it is
widely known that the EO process may generate organochlorine com-
pounds in the presence of chlorine, these being of higher toxicity than
their predecessors [18]. Fig. 8 illustrates the effect of acute toxicity on
A. salina in the sample. Notice that the TIWW sample caused a mortality
of 100% that remained after runs of both 30 and 60 min even though
the biodegradability had increased significantly; this was probably due
to the formation of compounds with high toxicity. Therefore, the EF-
treated wastewater is still lethal to aquatic life and requires additional
treatment to lower its toxicity further before being disposed of in the
environment.

Mortalty (7o)
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Fig. 8. Mortality of A. salina during each step of EO/SZVI treatment under
optimal conditions (pH = 3.5, SZVI =0.6 g/L, and j =20 mA/cm?). 1: EO/SZVI
(30 min); 2: EO/SZVI (30 min) + AC (4 h); 3: EO/SZVI (60 min); 4: EO/SZVI
(60 min) + AC (4h).
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Because of the high toxicity of the post-process sample, experi-
mental runs were performed for EO/SZVI combined with AC. Samples
subjected to 30 or 60 min of EO/SZVI treatment were stirred with 10 g/
L AC for 4 h; subsequently, the AC was isolated, and the toxicity was
measured. The incorporation of AC greatly reduced the toxicity of the
samples, yielding mortality rates of 10% and 20% in the samples
treated for 30 and 60 min, respectively, which agrees with previous
work [25].

3.9. Reuse potential of the SZVI catalyst during EO/SZVI treatment

Stability is significant for applications when considering the use of a
SZVI catalyst in the EO/SZVI process. Therefore, to evaluate the reuse
potential, several test runs under optimum conditions (pH = 3.5, SZVI
=0.6g/L, and j =20 mA / cm? for 30 min) were performed while re-
using the same SZVI load for each consecutive run until a drop in the
process efficiency (%DCOD or %DTOC) was observed. After each cycle,
the remaining SZVI particles were vacuum filtered, washed with 5mL
of DI water three times, and vacuum dried for use in the next cycle. The
results show that the degradation of COD and TOC remained similar
over six runs, with values of 84%, 84%, 82%, 82%, 80%, and 80% for %
DCOD and 71%, 70%, 69%, 69%, 68%, and 67% for %DTOC; the
process efficiency then decreased significantly, indicating that the EO/
SZVI process remains stable over 6 runs with reused SZVI.

4. Conclusions

The experimental results in this work show the effectiveness of the
EO/SZVI process for degrading persistent pollutants with low biode-
gradability in a TIWW effluent. The optimal operating conditions for
decreasing the cost while maintaining sufficient degradation for dis-
charge were an SZVI concentration of 0.6 g/L, pH of 3.5, and a current
density of 20 mA/cm?, which were found using a BBD and response-
surface methodology. These conditions led to color, COD, and TOC
reductions of 100%, 67%, and 59%, respectively, in 30 min of reaction.

The SZVI was found to accelerate the organic-matter degradation in
the EO process, leading to a reduction in the reaction time required to
achieve an effluent ready for discharge. Also, degradation in the EO/
SZVI process seems to adjust to a pseudo-second order kinetic model.
Experimental runs with scavengers (BQ and t-Bu—OH) suggest that
degradation in the EO/SZVI occurs mainly because of the generation of
®0H radicals, that can be either electrogenerated or by the reaction of
electrogenerated H,O, and Fe?* released from the surface of SZVI.

Additionally, the biodegradability index increased from 0.15 to 0.4,
and the AOS increased from —1.44 to 1, suggesting an increase in the
biodegradability of the process. Meanwhile, the acute toxicity to A.
salina decreased from 100% to 10% with an additional AC adsorption
step, indicating that the final effluent was nontoxic and sufficiently
biodegradable to be discharged.

The HPLC analysis showed that the final effluent comprised mainly
oxalic, fumaric, and tartaric acids, which corresponded to 74% of the
organic carbon. This was also supported by a COS value of around 3,
suggesting that the effluent comprised mainly organic acids.
Furthermore, the MWD showed the absence of pollutants with an MW
higher than 30 kDa in the final effluent, which comprised mainly pol-
lutants with an MW lower than 3 kDa (58% of the organic carbon).

Experimental runs showed that the SZVI can be reused around 6
times without compromising degradation. This leads to a process cost of
3.4 USD/m®, which is lower than that of some processes reported in
previous EO and EF works [18,25]. Moreover, considering the rapid
increase in biodegradability, optimizing the process with the objective
of biodegradability could be considered for coupling this process with
biological processes to attain an even lower OC.
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