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ARTICLE INFO ABSTRACT

Keywords: Wastewater collected from a local jean manufacturing plant was treated using an electrocoagulation process (EC)
Textile wastewater coupled with activated carbon (AC) adsorption. The process variables were optimized using multivariate re-
indigo gression coupled with nonlinear programming with nonlinear restrictions to achieve the lowest possible cost
optimization while keeping a high enough degradation rate for chemical oxygen demand (COD), color, and turbidity to fulfill
Zﬁgzzgacg;fgfn the Colombian environmental regulation requirements. Under optimal conditions (pH = 5.4, 0 =2 mS/cm, j
toxicity =14 mA/cm? and t = 11 min) color, COD, and TOC removals of 95%, 63%, and 51%, respectively, were

achieved. The biodegradability index also increased from 0.13 to 0.29, whereas toxicity tests showed a re-
maining toxicity of 45%. A kinetic study was conducted for the EC process. The activated carbon (AC) adsorption
process was successfully used to completely remove toxicity, while further increasing color, COD, and TOC
removals to 96%, 72%, and 61%, respectively. The conditions for the AC adsorption process (20 g/L of AC and 1
h) were determined by experimental adsorption isotherms and kinetic studies. The optimized EC/AC process led
to an effluent satisfying the Colombian regulations and seems technologically viable with lower costs than other
similar process that were reported in previous works.

1. Introduction

In recent years, the textile industry has been a focus of environ-
mental concern because of the large amounts of water it uses and the
high quantities of wastewater it produces [1-3]. Textile industrial
wastewater (TIWW) generated by textile manufacturing contains var-
ious dyes and a diverse array of other chemicals (e.g., fabric softeners,
salts, pesticides, coupling agents, polishing and coating agents, and
surfactants), composing a complex matrix with low biodegradability
that may cause severe environmental impacts because of the toxicity of
its components [4,5]. Conventional treatment is not viable for TIWW
because of its complexity, thus only treatments based on more complex
reactions can effectively remove pollutants in such matrices [1,6].

As reported in previous research [7,8], chemical coagulation can
remove approximately half of the pollutants in TIWW. However, the
outcome of chemical coagulation is very sensitive to changes in TIWW’s
organic load, which is highly variable over time. Therefore, this kind of
approach is prone to coagulant overdoses or underdoses that lead to
inefficiencies of the process. Additionally, coagulants often consist of
iron and aluminum salts, thus adding coagulants can become a
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secondary source of pollution.

The electrocoagulation (EC) process has been studied as a response
to these inconveniences [9-17]. In the EC process, the oxidation of a
sacrificial anode in the presence of an external electrical current leads
to the dissolution of Fe?™" (Eq. (1)), which reacts with OH- formed on
the cathode (Eq. (2)), thus forming iron hydroxides that act as coagu-
lant agents. Between pH values of 5.5 and 9.5, Fe(OH),, precipitates (Eq.
(3)), and Fe(OH)3 is formed by the oxidation of Fe2" in the presence of
dissolved Oa(g) (Eq.(4)), with released protons then reduced to H, gas
(Eq. (5)). The summarized reaction for this process is presented in Eq.

6 [1l.

Fe — Fe** + 2e~ M
2H,0 + 2¢~ — 20H™ + Hy) 2
Fe** + 20H- — Fe(OH)s @)
4Fe?* + 10H,0 + Oy — 4Fe(OH )3y + 8H* ()]
8H* + 8¢~ — 4Hy g (5)
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4Fe + 10H,0 + Oz(g) i 4F€(OH)3(S) + SHZ(g) (6)

This approach can be conducted without the direct addition of
chemical agents, which makes it easy to automate and implement [18].
Although EC treatment has been widely studied, most research has
focused solely on removing pollutants without considering the remnant
toxicity or secondary contamination by metal species added during
treatment [19-22]. Specifically, it has been reported that in the pre-
sence of chloride, the EC process can lead to secondary reactions that,
despite enhancing the removal of organic pollutants, are undesirable
because they generate highly toxic chlorine containing intermediates
(Egs. 7-10) [4,23].

2CI~ = Cl + 2e~ %)
ClL + H,0 — HOCI + HCI ®
HOCI + 2Fe** — 2Fe3* + Cl~ + OH™ ©)
Dye + Cl, — OxidizedDye + 2CI~ (10)

Therefore, monitoring environmentally concerning parameters such
as toxicity is crucial as complex matrices such as those in TIWW are
unpredictable, and treatment can cause several problems, such as the
generation of highly toxic byproducts. Granulated activated carbon
(AC) adsorption has been reported as an effective alternative for re-
moving several kinds of pollutants, including dyes [24], and reducing
toxicity in post electro-chemically treated effluents [25,26]. Therefore,
several studies have used it as a post-process step to control treated
effluent, achieving further organic-matter reduction as well [7]. Al-
though several works have studied the EC process coupled with acti-
vated carbon adsorption (EC/AC) [25], most of them dealt with syn-
thetic lab-prepared samples [25]. It is important to study real industry
effluents because such samples are unpredictable and more complex
than synthetic ones. Moreover, though few works have studied EC/AC
with the real effluents [10,11], no studies have been conducted on
TIWW polluted with indigo dye, which is a vat type dye that is one of
the most light-stable organic dyes. This characteristic explains its
longevity as a colorant that not only is highly resistant to treatments but
that can be degraded into highly toxic byproducts.

Therefore, this study aims to apply the EC/AC process for real
TIWW polluted with indigo dye to achieve discharge conditions that are
nontoxic and biodegradable and that fulfill Colombia’s environmental
regulations at the lowest possible cost. This is accomplished through an
experimental design coupled with nonlinear optimization.

2. Materials and Methods
2.1. Sample handling

A sample of TIWW was collected from a homogenization tank at the
end of the manufacturing process at a textile plant in Medellin,
Colombia. The sample was stored at 4 °C to prevent self-degradation.
An initial characterization of the sample was performed to serve as a
baseline for comparison of post-treatment sample parameters.
Additionally, periodic measures of chemical oxygen demand (COD),
total organic carbon (TOC), and absorbance (660 nm) were performed
as indicators that the sample did not change significantly over time.

2.2. Characterization methods

Different parameters were measured in duplicate to characterize the
samples using an ultraviolet-visible (UV-vis) double-beam spectro-
photometer (Spectronic Genesys 2PC) following the standard methods
of the American Public Health Association [27]. The UV-vis spectrum
was measured in the 200-700 nm range to monitor the behavior of
organic aromatic pollutants. Moreover, absorbance at 660 nm and true
coloration (TC) (ISO 7887: 2011) served as indicators of the sample’s
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blue coloration. COD (method 5220D) and TOC (method 5310D) were
measured as indicators of organic pollutant content in the sample.
Biodegradability was assessed by using the proportion of biological
oxygen demand over 5 days (BODs) (method 5210B) relative to COD
over a 5 day time frame, and toxicity was assessed by checking the
mortality of Artemia salina when exposed to the sample following the
method used by Manfra et al. [28]. Further, turbidity (method 2130B)
and total solids (2540B) were measured as indicators of sample quality.
We determined the CI” content using the standard Volhard titrimetric
argentometry method and found it to be 625 mg/L.

2.3. Toxicity measurement

As it is known that the EC process may increase the toxicity of
wastewater, the sample was tested for toxicity following the method
used by Da Costa Filho et al. [29], which measures toxicity by exposing
A. salina crustaceans to the sample for 24 hours. The A. salina were bred
beforehand for 24 h in an aqueous growth medium with the necessary
conditions for the survival of the subjects (35 g/L NaCl; lateral illumi-
nation of 3,500 Ix; 25 °C). Test plates containing 20 A. salina crusta-
ceans in 9.5 mL of sample solution and 0.5 mL of growth medium were
then incubated for 24 h, with no nourishment provided between
hatching and testing. The crustaceans were considered immobile if they
remained still for 15 s during observation. Acute toxicity was calculated
as the percentage of immobilization compared to a nontoxic control.
The mortality of A. salina was calculated as follows:

. N, — N;
Mortality (%) = | ——— |x100
o ( No ) an

2.4. Biodegradability measurement

Biodegradability was measured using WTW Oxitop-C measuring
heads and an Oxitop OC100 controller. To measure BOD, 1:1 dilutions
of the sample were prepared in a WTW spectroquant BOD nutrient
solution. We then followed the procedure described in ISO 5815 to
measure BODs. Oxygen consumption was monitored by the measuring
heads every 8 h and was compared to a control sample with no added
microorganisms. The biodegradability index (BODs/COD ratio) has
been extensively used in previous research as an indicator of waste-
water biodegradability, and a threshold value greater than 0.35 is
generally accepted as biodegradable [30-33].

2.5. Molecular weight distribution and analysis of after process pollutants

Molecular weight distribution (MWD) analysis of the sample after
processing was used to better understand the nature of the pollutants
after each phase of the process [34-37]. Ultrafiltration (UF) was per-
formed in a 50-mL Amicon stirred-cell UF system (Millipore-Merck)
with ultracell regenerated cellulose membranes of 44.5 mm (Millipore
Corporation). This was performed to separate the pollutants based on
their MWD (in cut-offs of 3, 5, 10, and 30 kDa). The membranes were
stored in an 0.1 v/v ethanol-water solution at 4 °C, washed for 30 min
with a 0.1 M NaOH solution, and then flushed with deionized water
before usage, as instructed by the manufacturer. The operational UF
pressure was kept constant at 0.4 MPa by a steady supply of nitrogen.
The first 5 mL of filtrate for each membrane was discarded to avoid
cross contamination due to membrane fouling. The color, COD, TOC,
and toxicity for each filtrate were then measured to indicate the or-
ganic-matter concentration of each fraction.

2.6. EC process

The EC experiments were performed in a 100-mL borosilicate glass
reactor containing TIWW at a temperature of 22 °C with a 60 rpm
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agitation to prevent floc formation. Iron electrodes (1.5 cm x 3.5 cm x
0.5 cm) were used as anode and cathode with a fixed submerged area
and a gap of 1 cm between them so current density (j) could be con-
trolled by changing the electric current. The aqueous phase’s pH was
controlled by adding H,SO4 (Merck; 98% purity) or 1 M NaOH solution
as appropriate. Additionally, the process’s conductivity (o)was con-
trolled by adding NaCl. The reaction time, pH, current density, and
conductivity were set following the 4-factor Box-Behnken experimental
design (BBD). After each run, the supernatant phase was filtered and
centrifuged at 4000 rpm, then its COD, color, and turbidity were
measured to determine the percentages of COD degradation (%DCOD),
color degradation (%DC), and turbidity degradation (%DT), which
served as response variables for the experimental design.

To assess the viability of the EC process, we considered operational
cost (OC) as one of the response variables, and calculated this variable
to be used as the optimization methodology’s objective. The process OC
was calculated as follows [11]:

p

v 12)
where I and V are the electrical current and voltage used during process
time t, respectively, Cywn is the cost of electricity for the industrial
sector by a local provider, Cyy is the cost of the H;SO4 or NaOH re-
quired to set the pH to the required condition, M is the molar mass of
iron, z is the valency of iron in an ion form, F is the Faraday constant,
Cre is the cost per kilogram of iron, and C; is the cost of the treatment
for the generated sludge. Lastly, V is the volume of the sample treated
under such conditions.

[USD] B T*V*tY*Crewn + CpH + (&?)*Cpe + G
m3

2.7. Optimization process

We performed a linear regression to correlate the experimental re-
sults to the process variables. This was done by finding the parameters
Bn of an empirical second-order model of the form:

Yi=py+ Z?:l Bxi + 2;1 Bxi + Z?:l Zj:l By (13)

where (3¢, B;, and B;; are the regression parameters for input variables x;
and x;. The model was achieved through multivariable regression using
the R programming language [38,39], and the linear regression as-
sumptions were checked and analysis of variance (ANOVA) was used to
analyze the model’s fitting based on the R?, and adj-R2. The F-test’s p-
value was used to determine the statistical significance of the model
(i.e. to determine if the findings in our sample are statistically corresponding
to those of the population with a 95% confidence interval from the F dis-
tribution). The model was used to analyze the behavior of process out-
puts relative to operational variables. Additionally, response-surface
plots were generated to illustrate the input variables’ effects on the
response variables, similar methodologies have been used in previous
studies [15,16,32].

These models were then used to optimize the process with min OC
as the objective in the acceptable region of pH, a, j, and time that
maintain satisfactory %DCOD, %DC, and %DT values. This was ac-
complished by nonlinear convex optimization with the following re-
strictions:

. _ 3 3 N 3 3
minOC = Byoc + zi:l BiocXi + Ei:l Biocxi + Zl_:l E}_:l BjocXiXj

14)
3 3 3 3
DCOD = Bycop + Zi:l BicopXi + Zi=1 BicopXi + Zi:l ZFI BicopXiXj
(15)
DCOD > MinDCOD 1e6)

where OC and DCOD are the OC and COD degradation, respectively, 3o,
Bi, and B;; are the OC and COD regression coefficients, and MinDCOD is
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the minimum acceptable COD degradation. Although the regression
coefficients may be different for OC and DCOD, x; and x; are the same in
both equations. Further, their values are restricted to the studied range.
We used the fmincon function in Matlab to calculate the conditions that
minimize OC while keeping DCOD higher than MinDCOD.

2.8. Activated carbon (AC) process

For the AC adsorption experiments, different amounts of AC (6, 10,
12, 16 and 20 g/L) were added to 100 mL of EC-treated samples (under
optimum conditions), and the system was continuously stirred at 160
rpm for 4 h, at which time adsorption equilibrium was achieved. Other
experimental conditions included a pH of 6.9 + 0.1 and temperature of
26 °C = 0.5 °C. The used AC was commercial coconut-based granular
activated carbon (GAC) manufactured via high temperature steam ac-
tivation (Hong-Yu, Taiwan) was used as received. The average physical
properties of GAC were: total surface area (BET) = 1200 mz/g, Iodine
Number = 1150 mg/g, apparent density =482 kg/m>, U.S. Standard
Sieve Size (Mesh Size) 30 and Ash, Max (ASTM D-2866) 3

After the adsorption process, the sample was vacuum filtered, and
the free and total chlorine concentrations were measured to quantify
the amounts of adsorbed free and total chlorine. Additionally, DCOD,
DC, DT, biodegradability, toxicity, and UV-vis spectrum were measured
to determine the optimal AC dose and adsorption time.

OC,c was also considered for this step as shown in Eq. (17), with the
objective of minimizing the final effluent’s toxicity at the lowest pos-
sible cost.

USD ] _ Muc*Cuc

OCyc [ ®
m’ v %)

Here, Mc is the mass of AC used during the adsorption and Cac is the
cost per mass unit of AC. The total cost of the process was thus calcu-
lated as the sum of the cost of OC and OCac (Eq. 18).

USD
ocC — | = 0C + OC,
Total [ ) ] AC (18)

3. Results and Discussion
3.1. Sample characterization

Table 1 presents the characteristics of the sample used for this study,
and shows a parallel between these characteristics and Colombian
emission limits. Additionally, the efficiency of both EC/AC treatment
steps is presented. The TIWW presents a slightly acidic pH and high
organic load, with 97% of the COD related to auxiliary products and
only 3% to dyes. A high concentration of chloride ions (625 mg Cl'/L) is
also observed, which may be related to the high dose of NaCl that is
often used as a retardant agent in reactive dyeing during the dyeing
process. The TIWW UV-vis spectrum showed the maximum absorbance
at 660 nm, corresponding mainly to the indigo dye, which is the main
raw material in the denim dyeing process. The wastewater shows a
greenish-blue color, equivalent to 1193 mg Pt-Co/L. Furthermore, very
similar absorbance values were observed at 436 nm, 525 nm, and 620
nm, indicating the presence of violet, green, and orange in the waste-
water absorption spectrum. Moreover, based on the low BODs/COD
ratio (approximately 0.13), a low biodegradability was attributed to the
raw industrial wastewater, which is in accordance with previous re-
search on TIWW [7,40,41]. Notice that the raw sample’s COD does not
comply with regulations, whereas that of the post-EC sample does.

3.2. BBD experimental results: Model fit and statistical analysis

A BBD experiment was performed for the EC experimental runs
[13,41]. In this experiment, pH, o, j, and time were selected as
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Table 1
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Characterization of textile industrial wastewater (TIWW) before and after electrocoagulation (EC) and activated carbon (AC) treatment, and efficiency under optimal

operating conditions.

Parameter TIWW EC Treatment EC/AC Overall
Efficiency (%) Efficiency (%)

pH 6.0 7 - 8 -

Conductivity (mS/cm) 2.5 2.4 - 2.2 -

Turbidity (NTU) 206 10 95 6 97

COD (mg O,/L) 840 311 63 235 72

TOC (mg O,/L) 215 105 51 85 60.5

BODs (mg O,/L) 107.2 74.5 31 61 43

Total solids (g/L) 3.4 0.4 88 0.32 91

Chloride - C1™ (mg/L) 625 595 4.8 590 5.6

AOX (mg/L) photometric method (985007) Machery-Nagel 16.5 9.6 42 3.2 81

Total chlorine (mg/L) photometric method (91816) Machery-Nagel 15.6 40 - 3.7 91

Absorbance (660 nm) 1.11 0.03 97 0.02 98

True Color ISO Naze = 72.4 Naze = 3.3 95 (N436) Aaze = 3.1 96 (A\436)
7887:2012-04 (B) As2s = 61.6 As2s = 2.0 97 (As25) As2s = 2.0 97 (As2s)

Ne20 = 71.3 Ne20 =1.6 98 (N620) Ne20 = 1.3 98 (M620)

1SO 7887 Method C mg/Lpt.co 1,193 60 95 48 96

BODs/COD 0.13 0.24 - 0.29 -

Toxicity 100 45 55 0 100

Generated sludge (kg/mz) 0.35 0.35

OCrotat (USD/m®) 0.92 11

Table 2

Experimental results of the electrocoagulation process for chemical oxygen
demand degradation (%DCOD), color degradation (%DC), turbidity degrada-
tion (%DT), and organic carbon based on the Box-Behnken experimental design
(BBD).

pH o (mS/ j (mA/ t (min) %DCOD %DC %DT OC (USD/ \%
cm) cm?) m®)

6 3 10 10 54 92 95 0.766 6.3
3 2 10 10 53 90 94 0.975 4.5
9 2 10 10 54 83 91 0.822 4.9
3 4 10 10 52 88 66 1.036 5.4
9 4 10 10 66 92 93 0.876 5.7
6 3 5 5 44 70 62 0.215 5.1
6 3 15 5 52 88 91 0.501 5.7
6 3 5 15 33 92 90 0.584 3.9
6 3 15 15 67 88 95 1.713 7.1
3 3 10 5 50 69 62 0.639 4.1
9 3 10 5 55 82 82 0.483 4.8
3 3 10 15 54 92 85 1.358 5.1
9 3 10 15 60 85 91 1.168 5.0
6 3 10 10 56 91 92 0.685 5.1
6 2 5 10 34 90 95 0.386 3.8
6 4 5 10 49 90 74 0.416 4.7
6 2 15 10 61 86 94 1.162 7.3
6 4 15 10 68 95 95 1.072 6.4
3 3 5 10 33 87 88 0.740 4.5
9 3 5 10 50 88 84 0.549 4.2
3 3 15 10 62 89 82 1.482 7.2
9 3 15 10 64 92 94 1.312 7.3
6 2 10 5 50 82 85 0.369 5.9
6 4 10 5 58 81 57 0.369 5.9
6 2 10 15 57 84 91 1.058 5.4
6 4 10 15 62 93 84 1.098 5.8
6 3 10 10 52 90 92 0.779 6.5

independent variables, and %DC, %DCOD, %DT, and OC were chosen
as response variables. Table 2 shows the experimental runs and results
of the BBD.

Experimental data for each of the response variables was fitted to a
quadratic model of the independent variables by multivariate linear
regression analysis using R. The ANOVA for the models is presented in
Table 3. The R? and Ragj- values indicate the level at which the model
explains the variability in the data, with respective values of 0.97 and
0.94 for %DCOD, 0.94 and 0.87 for %DC, 0.93 and 0.85 for DT, and
0.99 and 0.98 for OC, indicating that the model can effectively explain
variability in the dataset [32,38]. Additionally, the F-test indicates that

the model provides a better fit than the intercept-only model (i.e., the
model is significant). This is shown by p-values of almost O for all of the
models, which are below the significance level of 0.05, indicating that
all of the models are significant. ANOVA also shows p-values for the
independent variables and interactions, with p-values of less than 0.05
indicating that the model with the respective variable provides a better
fit than the model without it (i.e., the variable is significant) [38].
Therefore, as shown in Table 3, the considered variables are all sig-
nificant toward most of the response variables and thus shall be in-
cluded in the quadratic models shown in Egs. (19)—(22).

COD = 33.1 — 0.94*pH — 11.16* o + 5.11*j — 1.51*t + 0.11 * pH?
+ 1.08*pH*0 — 0.25*pH*j + 0.016 * pH* t + 2.33 * 02
—04*0*j—015%c*t — 0.14*j2 + 0.26*j* ¢ — 0.016 * ¢
(19)
DC = 37.5+3.61*pH — 11.5%0 + 1.11*j + 8.73*t — 0.26 * pH?>
+0.92*pH*0 + 0.03*pH*j — 0.33*pH*t — 0.25* g2
+045%c*j + 0.5%c*t — 0.005%j2 — 0.22*j*t — 0.25* {2
(20)
DT = 78.75 — 0.38 * pH — 22.25% 0 + 1.23*j + 9.4*¢ — 0.48 * pH?
+25*pH*0 + 026*pH*j — 023*pH*t — 3.5%0% + 1.11*c*j
+1.05%c*t — 0.015%j2 — 0.24*j*t — 0.36 * 12 2n

OC = 0.9 — 0.3*pH + 0.14* o — 0.032*j — 0.0097 * t + 0.023 * pH>
+ 0.002*j2 + 0.008*j * t 22)

The Breusch-Pagan test yielded p-values of 0.46, 0.09, 0.08, and
0.67 for DCOD, DC, DT, and OC, respectively. This indicates the
homoscedasticity of residuals in these models, thus fulfilling the linear
regression assumption [32]. However, it's also clear that DCOD and OC
comply with the linear regression assumptions better than the others,
and DC and DT are generally at a level that complies with the regula-
tion; therefore, the former were used for optimization.

3.3. Optimization and effects of process variables

Nonlinear programming was used to determine the best process
variable conditions based on the obtained quadratic models. The
fmincon function in the Matlab environment was used to minimize OC
while maintaining a %DCOD of at least 60% as a constraint. It was
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Table 3
Analysis of variance for %DC, %DCOD, %DT, and OC as a function of initial pH, o,j, and time.

%DCOD %DC
Variable Df Sum Sq Mean Sq F value p-value Df Sum Sq Mean Sq F value p-value
pH 1.00 168.75 168.75 35.89 0.00 1.00 4.08 4.08 0.86 0.37
o 1.00 176.33 176.33 37.51 0.00 1.00 48.00 48.00 10.09 0.01
j 1.00 1430.08 1430.08 304.18 0.00 1.00 36.75 36.75 7.73 0.02
t 1.00 48.00 48.00 10.21 0.01 1.00 320.33 320.33 67.34 0.00
pH? 1.00 10.98 10.98 2.34 0.15 1.00 7.35 7.35 1.55 0.24
o? 1.00 70.67 70.67 15.03 0.00 1.00 11.56 11.56 2.43 0.15
j2 1.00 69.47 69.47 14.78 0.00 1.00 23.01 23.01 4.84 0.05
t2 1.00 0.93 0.93 0.20 0.67 1.00 208.33 208.33 43.80 0.00
pH:o 1.00 42.25 42.25 8.99 0.01 1.00 30.25 30.25 6.36 0.03
PH:j 1.00 56.25 56.25 11.96 0.00 1.00 1.00 1.00 0.21 0.65
pH:t 1.00 0.25 0.25 0.05 0.82 1.00 100.00 100.00 21.02 0.00
a;j 1.00 16.00 16.00 3.40 0.09 1.00 20.25 20.25 4.26 0.06
ot 1.00 2.25 2.25 0.48 0.50 1.00 25.00 25.00 5.26 0.04
Jjit 1.00 169.00 169.00 35.95 0.00 1.00 121.00 121.00 25.44 0.00
Residuals 12.00 56.42 4.70 NA NA 12.00 57.08 4.76 NA NA

R? Rﬁdj Residual St-Er F stat p-val R? Rﬁdj Residual St-Er F stati p-value
Model 0.97 0.94 2.16 34.35 1.69E-07 0.94 0.87 2.18 14.37 2.19E-05

oC %DT
Variable Df Sum Sq Mean Sq F value p-value Df Sum Sq Mean Sq F value p-value
pH 1.00 0.09 0.09 48.03 0.00 1.00 280.33 280.33 15.59 0.00
o 1.00 0.00 0.00 0.40 0.54 1.00 546.75 546.75 30.41 0.00
i 1.00 1.58 1.58 874.24 0.00 1.00 280.33 280.33 15.59 0.00
t 1.00 0.94 0.94 521.89 0.00 1.00 784.08 784.08 43.61 0.00
pH? 1.00 0.29 0.29 160.39 0.00 1.00 21.60 21.60 1.20 0.29
o? 1.00 0.00 0.00 1.53 0.24 1.00 8.56 8.56 0.48 0.50
Ia 1.00 0.02 0.02 9.77 0.01 1.00 41.34 41.34 2.30 0.16
2 1.00 0.00 0.00 2.07 0.18 1.00 432.00 432.00 24.03 0.00
pH:o 1.00 0.00 0.00 0.01 0.94 1.00 225.00 225.00 12.51 0.00
pHyj 1.00 0.00 0.00 0.06 0.82 1.00 64.00 64.00 3.56 0.08
pH:t 1.00 0.00 0.00 0.15 0.70 1.00 49.00 49.00 2.73 0.12
o 1.00 0.00 0.00 2.01 0.18 1.00 121.00 121.00 6.73 0.02
ot 1.00 0.00 0.00 0.22 0.65 1.00 110.25 110.25 6.13 0.03
Jit 1.00 0.18 0.18 98.38 0.00 1.00 144.00 144.00 8.01 0.02
Residuals 12.00 0.02 0.00 NA NA 12.00 215.75 17.98 NA NA

R? Rfdj Residual St-Er F stat p-value R? dej Residual St-Er F stat p-value
Model 0.99 0.98 0.042 122.8 9.891E-11 0.93 0.85 4.24 12.35 4.91E-05

found that a pH = 5.4, 0 =2 mS/cm, j=14 mA/cm?, and t = 11 min
yielded the optimum cost for the system in the studied range, which
was 0.92 USD/m* with 62% DCOD. Fig. 1 shows the three-dimensional
response surfaces generated from Egs. (19-22) for the different re-
sponse variables. These response surfaces show the behavior of two
variables when the rest are fixed at optimum conditions.

3.3.1. Effect of conductivity (o)

Conductivity in the sample has two major effects on the system.
First, higher conductivity leads to a lower cell potency (i.e., lower en-
ergy consumption), which also leads to a decrease in the OC of the
process that surpasses the cost of the electrolyte itself, as shown in
Fig. la. The second effect is that a higher conductivity indicates a
higher number of electrolytes that can react on the anode to form
oxidizing species, such as HOCl and CIO ™ in the case of NaCl as shown
in Eq. (8), which exist in equilibrium depending on the treated sample’s
pH [4,40]. These species favor the degradation of organic pollutants,
but also lead to the formation of organo-chlorinated components in-
creasing toxicity. Because toxicity is to be avoided and because the
objective is not to maximize DCOD but rather to minimize OC, the extra
DCOD provided by chlorine species is unnecessary and the optimum o
=2 mS/cm seems acceptable. Nippatla et al. [40] evaluated con-
ductivity’s effects on the EC process for textile dyes in the range be-
tween 2 and 8 mS/cm, and obtained the highest degradation at the
higher level; however, the process wasn't optimized and toxicity due to
the generation of Cl species was not considered.

3.3.2. Effect of pH
The effect of pH in the EC process is mainly related to iron coagulant

species in the solution, which exist in equilibrium and prevail de-
pending on the pH. This affects the process because different species
yield varying coagulation performances for different pollutants[8]. The
effect of pH can also be attributed to changes in the physico-chemical
behavior of the pollutants as a function of pH [4]. It has been reported
that neutral to slightly acidic media show better EC performance,
matching the experimental results (optimum pH = 5.4) as shown in
Fig. 1 (a, b, and c); however, the opposite effect occurs at high con-
ductivity values, probably because the nature of chlorine species gen-
erated at the anode vary with different pH conditions, enhancing or
hindering the process. Moreover, during the EC process, a sudden pH
variation was observed. If the initial pH value was 3 (acidic medium),
the final pH of the treated effluent was around 6.8 to 7.0, and when the
initial pH value was 6, the final value was between 7 and 7.4. However,
pH decreased between 1 and 0.7 units when the initial pH value was
(alkaline medium). Similar results were described by Hendaoui et al.
[8] and Varank et al [42]. This behavior can be attributed to the for-
mation of H, gas and release OH™ during the EC and the generation
HCIO [4].

3.3.3. Effect of current density (j)

Current density controls the reactions that occur in solution as well
as their kinetics [13,40], and is the major source of OC in the process.
The application of a higher j value may lead a greater electrodissolution
of iron ions and electrogeneration of oxidant Cl species and, as a con-
sequence, a higher DCOD, as can be seen in Fig. 1 (b-f); However, asj is
the main source of OC, lowering j values is likely to be one of the main
objectives for the optimization algorithm to yield the maximum treat-
ment performance with the lowest possible cost. This matches the
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Fig. 1. Three-dimensional response surfaces generated from the BBD method using Egs. (19,20, and 22) for DC, DCOD, and OC.

results reported by Verma [3], who also worked with TIWW and re-
ported that color and %COD tend to stabilize after 15 mA/cm?>.

3.3.4. Effect of time

Because pH, o, and j affect the kinetics of iron electrodissolution,
and coagulant and oxidizing species generation, it is expected that the
time covariant interacts with all of them [11,13]. In general, as only
suspended matter can be coagulated, EC performance reaches a plateau

when all the suspended matter has been removed. However, Fig. 1 (e
and f) show that when j is low, an increase in time would lead to de-
creased DCOD, likely because of the destabilization of coagulant par-
ticles. In contrast, the opposite happens at when j is high, where DCOD
kept increasing in the studied range, probably because of the generation
of oxidant chlorine species. However, DC started decreasing because
the solution tends to become yellowish with the excess release of iron
ions.
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Fig. 2. Organic-matter removal during 20 min of the EC process under optimal conditions (pH = 5.4, 0 =2 mS/cm, and j =14 mA/cm?). (a) COD, TOC, color, and

OC; (b) UV-vis spectrum. The error bars indicate the variance of the data.

Time plays a major role in process cost as using a cell potency for
longer times leads to higher costs [3,11,12,40]. Based on the results of
the optimization algorithm, maximum efficiency is obtained at minute
11, as this is the minimum time required for the process to achieve the
necessary degradation. This result is lower than that reported by other
authors, such as Khorram and Fallah [13], who optimized the time of
decolorization for TIWW by the EC process and reported a minimum
time of approximately 23 min for 98% decolorization and 40% COD
removal. These differences can be attributed to the varying character-
istics of real TIWW.

3.3.5. Analysis of during and after process variables

Color, COD, TOC, turbidity, and OC were monitored during the EC
process over time to better understand their behavior and verify the
information the models provided. Fig. 2 shows that color was almost
completely removed a few minutes after the process started, whereas

COD and TOC reached a plateau at around 55% and 50%, respectively,
within approximately 10 minutes of reaction time. This is because EC
mainly removes suspended organic matter [37,41] and leaves a dis-
solved remnant in the sample that corresponds with the remaining COD
and TOC.

Furthermore, the kinetic study was performed based on the removal
of COD and TOC evaluated under optimal conditions as described by
the following equation [11]:

dc,
dt

= ke @3)
For the pseudo-zero, pseudo-first, and pseudo-second-order kinetics,
the value of reaction order (n) is equal to 0, 1, and 2, respectively. By
replacing the value of n for each of the mentioned reaction orders into
Eq. (23) and integrating it, the following equations were obtained for
the zero, first, and second-order kinetics, respectively:
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Ct . Co - ko*t (24)
G (25)

i - i = kz*t
t Co (26)

where C, is the initial concentration (COD or TOC); C; is the con-
centration at time t; and ko (mg/L-min), k; (min~ 1), and k,, (L/mg-min)
are the zero, first, and second-order reaction rate constants, respec-
tively. The plots of C;/Cy vs. time (for n = 0), In (Cy/C,) vs. time (for n
= 1), and ((1/Cp -(1/Cp)) vs. time (for n = 2) should exhibit linear
tendencies for each order of reaction (n). Therefore, to select an ade-
quate reaction order, one must determine which transformation is
better fitted by a linear regression. The three models have very high R?
and Adj-R? values; therefore, a different parameter, such as the Akaike
information criterion (AIC), which is an objective parameter quanti-
fying the suitability of a particular model relative to a set of models
[31,43], can be used. A lower AIC value suggests that the model fits the
data better, is less complex, or a combination of both. Based on the
obtained results, the EC performance proved to be well-described by the
second-order kinetics. The values of k were calculated by applying a
least square regression analysis, and the results are shown in Fig. 3.
Similar fits of second-order kinetics were obtained by Bener et al. [11]
and Amani-Ghadim et al. [44].

Analyzing the data of the process over time not only served to better
understand the behavior of different parameters during the EC process,
it also served to verify the regression model. In summary, the experi-
mental results shown in Fig. 2 show that the EC process under the
optimum conditions of pH = 5.4, ¢ =2 mS/cm, andj =14 mA/cm?,
achieved %DC, %DT, %COD, and %TOC values of 95%, 95%, 63%, and
51%, respectively, with approximately 10 minutes of reaction time.
This matches the results obtained through the optimization algorithm.
Additionally, the process adjusted to a pseudo-second order kinetic
model with k, = 5.5¥10* for COD and k, = 2.1%10~* for TOC. These
results differ from those observed by Bener et al., who applied the EC
process with aluminum electrodes to deal with TIWW and found that j
=25mA/cm? 0 =7.4 mS/cm, pH = 5, and t=120 min would lead to
%DC, %DT, %COD, and %TOC values of 95%, 83.5%, 18.6%, and 65%,
respectively, at a cost of 1.5 USD/m®. These differences are likely due to
the focus of the optimization approach in that study being maximizing
%TOC, one variable at a time, rather than minimizing cost with an
optimization algorithm, thus achieving a greater degradation at a
higher j and higher cost.

In contrast, the pollutants in industrial textile effluents include or-
ganic and inorganic products such as finishing agents, surfactants, in-
hibitor compounds, active substances, chlorine compounds, salts,
dyeing substances, total phosphate, dissolved solids, and total sus-
pended solids [2,40,45]. In the EC process, the use of NaCl as electro-
lyte can lead to anodic oxidation of Cl to produce chlorine species like
Cl,, HCIO, and ClOg, which can oxidize organic materials [46-48].
Nevertheless, degradation with said species may lead to important
disadvantages [1] such as (i) the formation of undesirable toxic chloro-
organic derivatives and (ii) the electrogeneration of chlorine-oxygen
byproducts such as chlorite, chlorate, and perchlorate (as shown in Egs.
(7)-(10)), which pose high health risks. As a consequence, chlorine and
intermediates should be removed before discharge.

Consequently, the toxicity in the sample after EC was monitored.
The toxicity of the initial sample was 100% and decreased to 45% after
the EC process, with the remaining toxicity being attributed to either
the initial toxicity of the dissolved components or the generation of
toxic compounds by process reactions. Therefore, activated carbon was
used to remove the toxicity of waters treated by EC.
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Fig. 4. Adsorption isotherms and kinetics for free and total Cl adsorption on AC. (a) Freundlich isotherm, (b) Langmuir Isotherm, (c) Elovich kinetics, and (d) Weber-

Morris kinetics.

3.4. AC adsorption

AC is ideal for removing active chlorine species from wastewater
because it does not require the addition of reactants and can remove
most persistent organic pollutants at the same time [41,49]. Adsorption
isotherms indicate how adsorption molecules are distributed between
the liquid and solid phases when the adsorption process has reached
equilibrium. The analysis of isotherm data fitted to different isotherm
models is an important step to finding a suitable model that can be used
for design purposes [50]. We fitted adsorption isotherms to the Lang-
muir and Freundlich isotherm models, and the results are presented in
Fig. 4. Furthermore, adsorption is a complex process, so it is imperative
to understand its kinetics as they can be used to calculate the rate at
which a pollutant is removed. This allows the optimization of variables
to maximize the adsorption of free and total chlorine onto AC. Ad-
ditionally, adsorption kinetics provide valuable data for understanding
the involved mechanisms. Therefore, the experimental kinetic data
were fitted by linear regression using the Weber-Morris and Elovich
models. The linear regression results are also shown in Fig. 4.

The fittings of different isotherm and kinetic models to the ad-
sorption data were compared by R? and AIC values, and these criteria
are presented for each model in Fig. 4 (i.e., the values of the correlation
coefficients (RR) for the Weber-Morris and Elovich models were higher
than those of the pseudo-first and pseudo-second-order models). Al-
though all of the presented models yielded acceptable R* and AIC

values, the Langmuir isotherm (Fig. 4b) has AIC values of -21.96 and
-20.84 for free and total chlorine, respectively, which are lower than
the -17.6 and -20.35 obtained by the Freundlich isotherm (Fig. 4a).
Therefore, we can conclude that the Langmuir isotherm is the most
appropriate representation of the distribution of chlorine between the
liquid and solid phases in the system's equilibrium. By a similar argu-
ment, we concluded that the Weber-Morris model (Fig. 4d) is the one
that best described the AC adsorption kinetic as its AIC values were
-12.27 and -14.74 for free and total chlorine, respectively, which are
lower than those of the Elovich model (Fig. 4c).

The Langmuir isotherm was then used to determine the optimum
quantity of AC to maximize Cl adsorption. The mass of adsorbed pol-
lutants per unit of AC used stabilized at approximately 20 g/L of AC,
which suggests that it is reasonable to select such an AC load for the
process. The sample after EC was subjected to a 4 h AC adsorption
experimental run at room temperature with 20 g/L of AC, and samples
were taken every 15 min to understand the behavior of the real sample
during the process. The results of this run are shown in Fig. 5. Although
the organic matter was only slightly reduced, toxicity was null after the
first hour of the AC process. Therefore, it seems reasonable to select 1 h
as the time for the AC phase. Moreover, because AC can be reused
several times, using AC adsorption as an additional step only increases
the overall process cost (OCrow) from 0.9 USD/m® to 1.1 USD/m?,
including the reactivation cost for AC. The overall EC/AC process led to
a nontoxic sample with %DC, %COD, and %TOC values of 96%, 72%,
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Fig. 5. Organic-matter removal and toxicity behavior after EC during 4 h of the
AC process at room temperature with 20 g/L of AC and pH = 7.

and 60%, respectively. Chang et al. [25], reported a similar behavior for
the EC/AC process when removing Reactive Black 5 (RB5) dye in a
synthetic sample. The EC process showed high decolorization (100%) of
the sample within 8 min of reaction at pH = 7, j=27.7 mA/cm?, and 1
g/L NaCl. However, there was a 61% COD remnant after the treatment
and toxicity was high (97% light inhibition). The AC step using 20 g/L
completely removed the toxicity, matching our results. However, they
also reported a higher COD adsorption of up to 97% for the overall
process, which is probably due to using a synthetic sample containing
only RB5, which can be adsorbed on the AC surface.

Although the EC/AC process was able to remove 72% of COD and
60% of TOC, it is clear that there is an organic remnant in the after
process sample. Fig. 6 shows the distribution profiles of color, COD,
TOC, and toxicity for initial and post-process TIWW. The initial TIWW
(Fig. 6a) was mainly colored by compounds in the > 30 kDa range,
which yielded between 68% and 90% of the sample color depending on
the measuring wavelength. This changed for the after process sample
(Fig. 6b) where pollutants in the < 5 kDa range yielded approximately
60% of the color for each wavelength. A similar behavior was observed
for COD and TOC, for which the initial TIWW was mainly polluted with
organic pollutants in the > 30 kDa and < 3 kDa MW fractions, for
which approximately 40% of COD and TOC can be attributed to the
former (probably due to auxiliary chemicals such as surfactants, starch,
wazxes, oils, stabilizers, organic compounds, resins, carboxymethyl cel-
lulose, etc.), and 43% of the organic matter can be attributed to the
latter (due to the presence of formaldehyde and acids such as acetic
acid, formic acid, and oxalic acid etc.). After the EC/AC process, not
only were the COD and TOC concentrations significantly decreased, the
profile changed, with approximately 80% of the COD and TOC classi-
fied in the < 3 kDa fraction and less than 10% found to be < 30 kDa. It
has been pointed out that polymers and organics with MW > 30 kDa
tend to be more biorecalcitrant than smaller and more soluble mole-
cules because of the difficulty in gaining access inside bacterial cells
[36,51]. This likely explains the overall increase in biodegradability
after EC/AC. In contrast, Fig. 6a shows that most of the toxicity is also
yielded by pollutants with higher MW, likely because the EC/AC pro-
cess mainly removed these components, as well as any electro-chlori-
nated intermediaries. Thus, the toxicity was completely removed by the
process, as shown in Fig. 6b.

The MWD evaluation showed that the EC/AC process is very ef-
fective in removing most large and complicated molecular structures. It
has been shown that the EC process is not effective at removing com-
pounds with MW < 5 kDa [34,36,41]. However, although most of the
TOC removal can be attributed to the coagulation of bigger molecules,
further degradation of the smaller molecules can be attributed to the
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Fig. 6. Molecular weight distribution (MWD) of (a) raw TIWW and (b) TIWW
after EC/AC treatment under optimal conditions (pH = 5.4, 0 =2 mS/cm, j
=14 mA/cm?, and time = 11 min).

generation of oxidant species and AC adsorption. However, these effects
pale in comparison to the coagulation effect [4].

4. Conclusions

The results of this study show that the EC/AC process is effective for
degrading TIWW effluents that contain persistent non-biodegradable
pollutants. Linear regression and nonlinear optimization with con-
straints led to the lowest possible cost while keeping a high enough
removal for discharge. These conditions were: pH = 5.4, 0 =2 mS/cm,
j =15 mA/cm?, and t 11 min to obtain color, COD, and TOC re-
ductions of 95%, 63%, and 51%, respectively. However, the effluent
showed remaining toxicity of 45%, which was removed using an AC
adsorption process. The conditions for the AC adsorption process were
determined using the Langmuir isotherm, and found to be a con-
centration of 20 g/L and duration of 1 h.

The whole EC/AC process led to reductions of 72% for COD, 60%
for TOC, and 96% for color, toxicity was null and the biodegradability
index (BODs/COD) increased from 0.13 to 0.29, suggesting that the
effluent is acceptable for discharge. Further characterization showed
that most of the toxicity is generated by the larger pollutants, which are
quickly removed by the EC process, remaining toxicity is probably
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attributed to the electro-generated chlorinated compounds, which are
removed by the AC step.

The total operative cost (OCro1) of the AC/EC process was ap-
proximately 1.1 USD/m?, which is similar the findings of other studies
[4,8], while also controlling the toxicity issue. Moreover, this seems to
be a technologically viable option as the EC/AC process can be operated
in a continuous system and cost could be reduced further based on the
reuse approach implemented for AC adsorption.
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