i@ Journal of Ecological Engineering

Received: 2026.05.12
Accepted: 2026.07.15
Published: 2026.08.01

Journal of Ecological Engineering, 2026, 27(9), 366—380
https://doi.org/10.12911/22998993/222414
ISSN 2299-8993, License CC-BY 4.0

Comparison of azo reactive and disperse dye decolorization
via electro-oxidation and chemical coagulation

Pratin Kullavanijaya'®, Sirachon Arthasarnprasit?, Supachai Hirunsupachote®*®,
Orathai Chavalparit*®

! Excellent Center of Waste Utilization and Management, Pilot Plant Development and Training Institute, King
Mongkut’s University of Technology Thonburi, Bangkok, 10150, Thailand

2 Department of Environmental Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok,
10330, Thailand

3 Division of Environmental Science and Technology, Faculty of Science and Technology, Rajamangala
University of Technology Phra Nakhon, Bangkok, 10800, Thailand

* Corresponding author’s e-mail: supachai.h@rmutp.ac.th

ABSTRACT

The treatment of wastewater containing azo dyes, a primary textile industry effluent, is strongly governed by the
dyes’ chemical properties. Herein, the decolorization efficiency and operating costs of electro-oxidation (EO)
using Pt/Ti electrodes and conventional chemical coagulation (CC) for treating synthetic wastewater containing
either Azo Reactive Red 196 (ARR ) or Azo Disperse Red 153 (ADR ) were investigated. Operational param-
eters—including initial dye concentration (C, e applied current intensity (I ), and wastewater feeding rate (F) for
EO; and C, , , aluminum sulfate dose (C,), and initial pH for CC—were optimized via the response surface meth-
odology (RSM). The results indicate that dye structure and solubility significantly influence treatment efficiency
and operating costs, as statistically confirmed via ANOVA for quadratic model predictions (p < 0.05 and R? values)
for both EO and CC processes. Conventional CC was most effective for the low-solubility ADR_,, achieving a
97% removal efficiency at a low operating cost of 0.03 USD/m’, compared to 57.5% at 0.15 USD/m’ for ARR .
In contrast, EO was superior for the highly soluble ARR ., achieving an 83.3% decolorization efficiency at 0.024
USD/m’, whereas ADR _, exhibited only 64.2% decolorization efficiency at a substantially higher operating cost
of 1.63 USD/m’. 1. and F were the critical factors (p<0.05) for the EO process, while pH was the primary deter-
minant for CC. This study identified a direct correlation between specific chemical characteristics of pollutants
and treatment efficiency, highlighting the necessity of selecting treatment technologies based on pollutant types to
strategically optimize both economic and environmental outcomes.

Keywords: azo dye, chemical coagulation, electro-oxidation, process optimization, RSM.

INTRODUCTION aquatic ecosystems and human health (Aquino et
al., 2011; Ning et al., 2015). It is estimated that

Colorant-bearing effluents from the textile  approximately 10% of global synthetic dye pro-

and dyeing industry pose a significant threat to
environmental sustainability. Throughout vari-
ous production stages, the textile process gener-
ates finished products alongside hazardous pol-
lutants in the forms of toxic gases, solid waste,
and liquid effluents (Hassan and Carr, 2018).
These effluents contain complex contaminants,
including fibrous fragments, synthetic dyes, and
trace metals, that are potentially harmful to both

366

duction is discharged annually through industrial
waste streams (Sandhya et al., 2010). In addition,
textile manufacturing is highly water-intensive,
typically consuming between 200 and 400 liters
per kilogram of product, primarily during wash-
ing and rinsing operations (Leal et al., 2019).
Consequently, textile effluents exhibit intense col-
oration and high turbidity due to the presence of
suspended solids, dyestuff, and oily scum (Kishor
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et al. 2021). These characteristics significantly
reduce sunlight penetration, inhibit aquatic pho-
tosynthesis, and disrupt oxygen transfer within
waterbodies (Verma et al., 2012; Momeni et al.,
2018). Furthermore, prolonged exposure to these
chemical constituents may pose serious health
risks, including hemorrhage, ulceration, skin ir-
ritation, nausea, and dermatitis (Elgarahy et al.,
2021; Kyrii et al., 2020).

Currently, nearly 10,000 commercially pro-
duced dye types are available worldwide, with
the annual global production of synthetic dyes
and pigments at approximately 0.75 million tons.
These colorants are extensively used for color-
ing fabrics and materials in the textile, cosmetics,
and furnishing industries (Semeraro et al., 2015;
Sharma, 2011). Synthetic dyes are generally clas-
sified into several categories, among which azo
dyes represent the dominant group, accounting
for 60-70% of total dye production (Zhou et
al., 2019). Structurally, synthetic dyes consist of
two principal components: chromophores, which
impart color, and auxochromes, which facilitate
dye fixation onto material surfaces. In azo dyes,
the azo bond (-N=N-) serves as the primary
chromophore, whereas the auxochromes groups
determine whether the dye is classified as reac-
tive, acidic, or disperse (Igbal and Ashiq, 2008;
Hunger, 2009). These functional groups strongly
influence the dyes’ applicability, solubility, and
treatability characteristics (Andrade et al., 2007;
Benkhaya et al., 2020). The utilization of azo dye
varies according to fabric type. Approximately
0.18 million tons of azo reactive dyes are annual-
ly applied to cotton fibers (Hunger, 2009), where-
as nearly 0.57 million tons of disperse dyes are
used for synthetic materials such as polyester and
nylon (Saritha et al., 2017). However, incomplete
dyestuff fixation during textile processing results
in substantial amounts of unfixed dyestuffs being
discharged into wastewater, thereby causing ma-
jor environmental threats.

Various physical, chemical, and biological
processes have been developed for the treat-
ment of dye-bearing wastewater (Robinson et
al., 2001). Nevertheless, variations in production
methods, fabric materials, and dye formations
produce effluents with highly diverse character-
istics, thereby influencing both treatment selec-
tion and decolorization efficiency. For instance,
textile wastewater commonly exhibits low BOD/
COD ratios, which limit the effectiveness of con-
ventional biological treatment processes (Hao et

al., 2000; Oller et al., 2011). Although carbon
adsorption using activated carbon is highly ef-
fective for color removal, its application remains
economically challenging due to adsorbent re-
generation requirements and secondary waste
management. Similarly, advanced oxidation pro-
cesses (AOPs) efficiently degrade organic pollut-
ants and refractory compounds; however, their
efficiencies often decline in effluents containing
high concentrations of dyeing auxiliaries and ad-
ditives (Wang et al., 2020; Ferreira et al., 2020).
Among the available alternatives, electrochemi-
cal technologies, particularly electro-oxidation
(EO), have attracted increasing attention because
of their high decolorization efficiency and po-
tential flexibility (Donoso et al., 2021). In direct
anodic oxidation, contaminants are oxidized di-
rectly on the anode surface, whereas indirect oxi-
dation involves the electrochemical generation
of oxidizing mediators, such as hypochlorous
(HCIO) and persulfate (H2S:0s), which subse-
quently oxidize pollutants within the bulk solu-
tion. EO offers several advantages, including the
efficient removal of toxic and non-biodegradable
compounds without frequent electrode replace-
ment or excessive sludge generation, thereby
minimizing post-treatment disposal costs.
Despite the promising performance of EO
for wastewater treatment (Brillas and Martinez-
Huitle, 2015; Chou et al., 2011; Andrade et al.,
2007; Rajkumar and Kim, 2006; Petrucci et al.,
2015), conventional chemical coagulation (CC)
remains one of the most widely applied tech-
nologies in textile wastewater treatment due to its
economic feasibility and operational simplicity.
CC is particularly effective for removing highly
suspended solids and hydrophobic dyes. In this
process, chemical coagulants, most commonly
aluminum sulfate (alum), neutralizes the surface
charges of dispersed dye particles, promoting the
formation of charge-neutralized flocs that entrap
organic matter and dyestuffs during precipitation.
In contrast, indirect EO processes commonly em-
ploy chloride salt (e.g., NaCl) as supporting elec-
trolytes to generate strong oxidizing chlorine spe-
cies, including chlorine gas (Cl,), hypochlorous
acid (HCIO), and hypochlorite ions (CIO"). These
oxidants subsequently diffuse into the wastewa-
ter and chemically degrade pollutants. Compared
with direct oxidation alone, indirect EO generally
achieves faster decolorization rates and provides
more effective advanced oxidation pathways for
pollutant degradation (Ahmed and Salman, 2023).
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Nevertheless, the mechanisms underlying
electrochemical degradation remain highly com-
plex and strongly dependent on wastewater com-
position and operation conditions, thereby neces-
sitating case-specific process optimization (Ka-
sih, 2017). Traditional optimization approaches
are often time-consuming and may fail to ad-
equately capture the complex interactions among
operational variables or account for partially un-
derstood reaction mechanisms. Moreover, limited
information is available regarding how differenc-
es in dye chemistry influence treatment efficiency
and process economic feasibility, particularly
when comparing reactive and disperse azo dyes.
Therefore, this study aimed to optimize the op-
erating conditions and evaluate the interaction of
key process variables on the treatment of synthet-
ic azo dye-bearing wastewater using EO and CC
processes (Khayet et al., 2011). Two representa-
tive azo dyes, azo reactive red 196 (ARR ) and
azo disperse red 153 (ADR ), were selected and
were compared in terms of decolorization perfor-
mance and operating costs.

MATERIAL AND METHODS

Synthetic wastewater preparation

Two azo dyes with distinct solubilities and
chemical structures—specifically Azo Reactive
Red 196 (ARR ) and Azo Disperse Red 153
(ADR ,,)—were selected for this study to repre-
sent high- and low-solubility groups, respectively
(Figure 1). Individual synthetic wastewaters were
prepared by dissolving each dye in tap water at
three target concentrations (22, 25, and 28 mg/L)
and adjusting the solution to the required pH us-
ing NaOH or H2SOas. This concentration range was
selected based on the realistic median concentra-
tion of industrial textile effluent, which typically
ranges from 10-50 mg/L, thereby ensuring the
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practical applicability of the optimized CC and
EO processes via RSM. For the EO experiments,
the wastewater conductivity was adjusted by add-
ing two supporting electrolytes, sodium sulfate
(Na2S0s) and sodium chloride (NaCl), each at 500
mg/L. This preparation protocol was applied con-
sistently to both the EO and CC processes. The dye
concentration of the initial and treated sample dye
concentrations was quantified using the American
Dye Manufacturers Institute (ADMI) color index
to ensure standardized measurement and compara-
bility across all experimental runs.

Electro-oxidation experimental set-up

EO experiments were performed in a rectan-
gular acrylic reactor (dimensions: 50 x 5 x 8 cm)
with an effective working volume of 2.0 liters,
as illustrated in Figure 2. The electrode configu-
ration consisted of three rectangular platinum-
coated titanium (Pt/Ti) plates (dimensions: 400
x 50 x 1 mm) that functioning both anodes and
cathodes in a symmetric electrode configuration.
The inter-electrode distance was fixed at 5 mm to
minimize Ohmic resistance and reduce electrical
energy consumption, as smaller gaps are known
to decrease the cell voltage required to main-
tain the target current intensity in textile effluent
treatment. The efficiency of EO process is gov-
erned by the properties of electrode material; in
this study, Pt/Ti was used as active anode. These
electrodes pose a low oxygen evolution potential,
which favors the chemisorption of radical leading
to the partial oxidation of pollutants. Since NaCl
was used as the supporting electrolyte, the 5 mm
spacing facilitates the rapid transport of electro-
generated active chlorine species from the elec-
trode surface into the bulk liquid, thereby enhanc-
ing the decolorization rate of the azo dyes. The
reactor was operated under steady-state plug flow
conditions. Electrical power was supplied to the
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Azo disperse red 153 (ADR;s3)

Figure 1. CI number and chemical structure of: (a) ARR ,, and (b) ADR
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electrodes via a DC power supply (GPR-606D)
to maintain the prescribed levels of current and
voltage. Following the wastewater feeding proto-
col, the colorant concentration was monitored pe-
riodically until a steady-state condition—defined
herein as a stabilized pollutant removal rate—was
achieved. The complete experimental assembly is
shown in Figure 2.

Chemical coagulation-precipitation
experimental set-up

CC experiments were conducted using a stan-
dard six-unit jar-test apparatus to facilitate the
simultaneous evaluation of multiple operating
conditions. For each run, 1.0 liter of synthetic
wastewater was treated in a glass beaker using
virgin alum (aluminum sulfate octadecahydrate,
Al(S0O,), 18H,0) as the primary coagulant. The
experiment protocol followed a structured three-
stage sequence of the standard treatment phases:
initial rapid mixing at 250 rpm for 30 seconds to
ensure homogeneous coagulant dispersion, fol-
lows by slow mixing for flocculation at 60 rpm
for 30 minutes to destabilize and promote micro-
floc aggregation or particle growth. Finally, the
settling period, the sedimentation was performed
by terminating the stirring, and the suspension
was allowed to settle for 90 minutes. Following
this period, the supernatant was collected for pH
and residual color intensity analysis, with the lat-
ter quantified in ADMI units.

Process parameter optimization and analysis

The optimization of operating variables and
their effects on the treatment efficiencies of the
EO and CC processes were evaluated using re-
sponse surface methodology (RSM) based on a

a) Electro-oxidation

three-level central composite design (CCD). This
method is widely utilized for investigating the in-
teractions of multiple factors within specific rang-
es. A full-factorial CCD with three coded levels
(-1, 0, 1) was implemented for both processes,
as summarized in Table 1. Each design variable
was assigned a central coded value of zero. A
second-order polynomial model was developed
through multiple regression analysis to fit the
experimental results of the CCD. The statistical
significance of the interactions between process
variables and responses was validated via analy-
sis of variance (ANOVA). CCD is particularly
suitable for such systems because it incorporates
axial (star) points in addition to factorial and cen-
ter points, enabling more accurate estimation of
second-order polynomial models and response
surface curvature. Both EO and CC experiments
were conducted at ambient temperature ranging
from 28-32 °C to reflect realistic operational
conditions, which influence reaction rates and
chemical solubility. Treatment performance was
monitored by collecting effluent samples at spe-
cific time intervals until a steady-state condition
was established. For the CC process, the initial
pH value was adjusted according to the design
specifications using 0.1 N HCl and 0.1 N NaOH.
Both influent and effluent pH values were moni-
tored using a pH meter. Color removal was deter-
mined by measuring absorbance at the maximum
wavelength (A ) of 425 nm using a UV-visible
spectrophotometer. The initial dye concentration
was measured using a DR6000 UV-visible spec-
trophotometer equipped with RFID.

Color removal efficiency was calculated ac-
cording to Equation (1):

_ Ci,dye_cf,dye

Yoo = ——"— (D

Ci,dye

b) Pt/Ti electrode

Figure 2. A set-up of an electro-oxidation chamber: (1) DC power supply; (2) wastewater feedstock; (3) influent
feed pump; (4) electro-oxidation reactor; (5) Pt/Ti electrodes; (6) effluent line for the sample
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Table 1. Symbol and coded factor of the three-level RSM designed for the selected azo dyes

ARR,, ADR,,
Process Factor Unit Symbol Coded factor Coded factor
-1 0 +1 -1 0 +1
C, e mg/L X, 22 25 28 22 25 28
Electro-oxidation Il A X, 0.7 1.0 1.3 24 3.0 3.6
F L/hr X, 12 15 18 1.8 24 3.0
C, e mg/L 2 22 25 28 22 25 28
Chemical coagulation pH - Y, 4.2 6 7.8 5.2 7 8.8
C, mg/L A 250 400 550 100 115 130
where: C, , represents the initial dye concentra- Operational treatment cost of CC =
tion in the influent or feed wastewater, _ PxCyx1L 3)

and C "+ e denotes the final color value.

The color intensity was determined in ADMI
units, following APHA standard methods of 2120F
(ADMI Weighted-Ordinate Spectrophotometer)
and 2120E (ADMI Tristimulus Filter method).

Operational treatment cost estimation

Operational expenditure (OPEX) is a criti-
cal factor in determining the practical viability of
various wastewater treatment technologies. This
study evaluated and compared the operating costs
of EO and conventional CC for treating synthetic
azo dye wastewater. For EO, the primary operat-
ing cost is driven by electrical energy consump-
tion, whereas the cost of the coagulant (alumin-
ium sulfate or alum) is the dominant factor for
coagulation. The optimization of color removal
efficiency and associated operating costs was
performed using the Design-Expert optimization
module. The optimization was defined by two
primary constraints: maximizing color removal
and ensuring the final effluent concentration re-
mained below the 300-ADMI-unit threshold. For
the EO process, the operational parameters: C,
wer 1> and F were maintained “within range” dur-
ing the optimization procedure. Similarly, for the
CC process, C, e C,» and pH were likewise kept
“within range”. The optimization of these param-
eters followed the objective functions defined in
Equations (2) and (3).

Operational treatment cost of EO =
_ ,baht | VXI;X0
N (kgdye) - FXCiayeXYcoL

2

The operating cost of the chemical coagula-
tion process can be calculated by Equation 3.
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Cidye X YcoL

In Equations 2 and 3, V is the applied volt-
age (volts). I is the applied current (amp). O is
the electricity cost (0.086 USD/kWh). F is the
wastewater feeding rate (L/h). C, e is the initial
dye concentration (mg/L), and Y, is the color
removal efficiency (%). Furthermore, P is the cost
of alum (0.24 USD/kg alum), and C , is the alum

concentration (mg/L).

Statistical analysis for mathematical equation
prediction efficiency

The adequacy and prediction efficiency of the
developed quadratic models were evaluated using
Analysis of Variance (ANOVA). Key statistical
indicators, including the coefficient of determina-
tion (R?), adjusted R?, and the Fisher’s statistical
test (F-test), were employed to determine the re-
liability of the mathematical equations in predict-
ing the experimental responses. A p-value of less
than 0.05 was considered statistically significant.
The coefficient of determination (R?) was used
to evaluate the proportion of variability in the
response that can be explained by the developed
model. It was calculated by Equation (4):

RZ — SSmodel -1 — SSresidual (4)
SStoal SStotal
where: S§ . SS .~ and SS . represent the

model sum of squares, residual sum
of squares, and total sum of squares,
respectively.

To account for the number of model parame-
ters and avoid overfitting, the adjusted coefficient
of determination (R*, dj) was calculated by (5)
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RZ =1 (Ssresidual/dfresidual) (5)
adj SStatai/Af totai

where: df . and df,  are the degrees of free-
dom associated with the residual and total

sum of squares, respectively.

The adjusted R* provides a more reliable
measure of model performance, particularly for
models with multiple predictors. The predictive
capability of the model was evaluated using the
predicted coefficient of determination (Rzpre )
which was calculated based on the Prediction Er-
ror Sum of Squares (PRESS) by Equation (6) and

Equation (7):

2 PRESS

Rpred =1- SStotal (6)
where: PRESS is defined as
N2
PRESS = Z(yl - y(l)) (7)

where: y, represents the experimental response
and ¥ is the predicted response ob-
tained by excluding the i-th observation
from the model fitting (leave-one-out
cross-validation).

The adequacy and robustness of the devel-
oped models were evaluated based on the fol-
lowing criteria: High R* values indicating good
model fit. Close agreement between R* and R?
suggesting minimal overfitting and a small dif-
ference between R’ 4 and Rzpre , (typically < 0.2),
indicating good predictive capability.

RESULTS AND DISCUSSION

Statistically optimized process factor for azo
dye treatment

RSM was employed to optimize the decol-
orization of azo dye wastewater and to evaluate
the interactions among key operational param-
eters. The experimental results are detailed in
Table 1, while the derived second-order poly-
nomial regression models are provided in Equa-
tions (4-7). These mathematical expressions
were utilized to construct three-dimensional
(3D) response surface plots and to perform the
ANOVA, as summarized in Table 2. For all de-
veloped models, a p-value < 0.05 indicated that
the regression models were statistically signifi-
cant at a 95% confidence level. Furthermore,

the calculated F-values ranged from 8.78 to
21.64, which substantially exceeded the critical
tabulated F-values (F_ ) of 2.92 to 3.02. These
high F-values, coupled with significant p-val-
ues, demonstrate that the models accurately
represent the experimental space and the com-
plex interactions between process variables.

EO process treatment efficiency:
For ARR /.

Ry = 71.77 = 2.17x, + 5.11x, —
— 7.24x5 + 1.263,%, — 0.91x;x5 + 6.01x,%5 (8)

Removal of ARR9¢(%) = 71.77 —
— 247C; gy + 5111 — 7.24F +
+1.26C; gyelc — 0.91C; gyeF + 6.01IcF

For ADR .
R, = 35.77 — 0.31x; + 3.33x, —
- 9.92.X3 + 0.30x1x2 - 0.31x1X3 -
— 0.43x,x3 — 0.046x% + 0.66x5 + 2.99x2 (9)
Removal of ADR,53(%) = 35.77 —
= 0.31C; gye + 3.331c — 9.92F +
+0.30C; gyelc — 0.31C; gy F —
— 0.43IcF — 0.046C/;,, + 0.661Z + 2.99F2

where: R is the color removal of reactive red 196,
and R, is the color removal of ADR| .

CC process treatment efficiency:
For ARR .
R} = 45.46 + 1.65y; + 1.32y, +
+ 18.42y5; + 2.33y,y, — 0.324y,y; +
0.198y,y; — 2.01y% —
—3.87y7 — 6.91y3

Color removal of ARR ¢ (%) = 45.46 +

+ 1.65C; gye + 1.32C4 + 18.42pH +

+ 2.33C; gyeCa; — 0.324C; gyepH +
0.198CypH — 2.01C7y,, —

—3.87C% — 6.91pH?

ForARR156:

R} = 60.76 + 7.23y; + 9.93y, —
—0.385y; — 7.83y1y, + 7.85y1y3 +  (11)
0.324y,y; + 8.35y% +
+ 6.90y2 — 15.00y2

Color removal of ADR;55 (%) = 60.76 +
+7.23C; gye + 9.93C4 — 0.385pH —
— 7.83C; qyeCar + 7.85C; qyepH +
0.324CypH + 8.35C;y, +
+6.90C% — 15.00pH?

where: R" is the color removal of ADR ,, and K",
is the color removal of ARR .

(10)
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It is worth noting that a distinct divergence
in model performance was observed between the
EO and CC processes. The EO system exhibited
higher F-values and greater consistency across all
R? metrics, indicating a more deterministic and
kinetically controlled regime. This behavior re-
sults in a relatively smooth response surface that
is effectively captured by second-order polyno-
mial models. A comparative evaluation using the
coefficient of determination (R*) confirmed the
superior predictive performance of the electro-
chemical process, with EO models yielding high-
er R? values (0.908-0.943) compared to the CC
models (0.837-0.888). These elevated values in
the EO system are attributed to its relatively well-
defined and reaction-controlled nature, governed
primarily by direct electron transfer and indirect
oxidation via hydroxyl radicals at the electrode
surface. These mechanisms facilitate a predict-
able, continuous relationship between operating
parameters—specifically I, F, and Ci, dye—and
the decolorization response. Contrastingly, the
CC process yielded lower R? values, particularly
for ADR ,, (R* = 0.837). This behavior reflects
the inherently stochastic and multi-mechanistic
nature of coagulation, which involves compet-
ing pathways such as charge neutralization, floc

EO RR196
100 >
.’ 4
2 R? = 0.938 o
S %97 Agire'=0.866 >
s Pred R? = 0.832 ¥ ]
g 60- o°
e o
3 40-
33 td
5 ~
E 20- e
/”
0 rd
(] 20 40 60 80 100
Actual removal (%)
Coag RR196
100 —
rd
td
£ god R =0.892 7
= Adj R? = 0.787 L
[ Pred R? = 0.724 e
S 60 id
£ »
£ !“
g 401 .®
33 Pl J
35 7
g 20 1 .,/'
rd
0 ."/
(] 20 40 60 80 100

Actual removal (%)

formation, particle aggregation, and sedimen-
tation. These processes are highly sensitive to
operating parameters such as pH and coagulant
dosage; these parameters often exhibit non-linear
transitions that are more difficult to approximate
using quadratic models compared to the EO pro-
cess. The comparative evaluation of mathemati-
cal predictions versus experimental performance
for each dye is depicted in Figure 3.

Furthermore, a comparative analysis between
ARR , and ADR ., highlights the significant influ-
ence of molecular characteristics on model perfor-
mance. While both dyes yielded high R? values in
the EO process, the coagulation model for ADR ,
demonstrated lower explanatory power. This sug-
gests that complex interfacial phenomena, such
as incomplete aggregation or the re-stabilization
of colloidal particles, may be involved (Figure 1).
Overall, the results indicate that EO is a more pre-
dictable and statistically robust process compared
to CC. The superior R? values and enhanced mod-
el consistency suggest that EO is highly suitable
for process modeling and optimization via RSM,
whereas coagulation may require more advanced
modeling approaches to fully capture its stochastic
behavior. As summarized in Table 2, the statisti-
cal adequacy of the developed response surface

EO DR153
100 B
— I”
R 80 R? = 0.943 ,/'
= Adj R? = 0.891 o
g Pred R? = 0.876 ”
2 601 L
g "'
]
= [ 2
£ 201 //
td
0+l . r ;
0 20 40 60 80 100
Actual removal (%)
Coag DR153
100 ee 7
'
td
8 a0l RE=0.836 -
= 801 Adj R® = 0.690 e .°%
> Pred R? = 0.607 Pid
g 604 ¢ s ®
2 L "
g 40 L
L Pig
< y il
E 20 41 .. ”I
’I
0+Z . . x .
0 20 40 60 80 100

Actual removal (%)

Figure 3. Comparative evaluation of mathematical prediction and experimental performance
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models was evaluated using ANOVA in conjunc-
tion with goodness-of-fit and predictive perfor-
mance indicators. All models were statistically sig-
nificant (P<0.0001), with F-values ranging from
8.78 to 21.64, confirming that the selected operat-
ing variables and their interactions significantly in-
fluenced decolorization efficiency. The coefficient
of determination (R?) ranged from 0.837 to 0.943,
demonstrating that the models explained a substan-
tial proportion of experimental variability. Further-
more, the adjusted R? values (0.690—0.891) were in
reasonable agreement with their corresponding R?
values, indicating that the regression models were
not overparameterized and that the included terms
were statistically relevant. Finally, the predicted
R? values (0.607-0.876) showed acceptable agree-
ment with the adjusted R? values (JAdj R* — Pred
R? < 0.2), confirming that the models possessed
satisfactory predictive capability within the studied
experimental domain.

Although the lack-of-fit was statistically sig-
nificant (p < 0.05), the developed model was still
considered acceptable for process optimization
because the model exhibited high R? adjusted R?
and predicted R? values with reasonable agreement
among them. Furthermore, the model F-value was
highly significant, indicating that the selected fac-
tors adequately described the experimental domain.
The significant lack-of-fit may be attributed to the
inherently complex and nonlinear behavior of the
treatment system, particularly coagulation and in-
terfacial interactions, which are difficult to fully
capture using a second-order polynomial model.

EO process optimization via RSM for ARR,
and ADR, ,, decolorization

Herein, the effects of operational parameters—

C, e I, and F—on decolorization performance

of azo dye via EO process were investigated. The
optimized results for the removal of ARR . and
ADR , are illustrated in Figures 4 and 5. It was
found that the I . and F were the primary factors
significantly affecting the decolorization of both
dyes. An increase in I led to a substantial im-
provement in color removal (p < 0.05), attributed
to the increased generation of oxidizing reagents
with higher oxidizing potential. Conversely, by re-
ducing F, the color removal efficiency was sharply
increased. This increase is directly linked to an in-
crease in the hydraulic retention time from 6 to 12
minutes, allowing for more contact between the
pollutants and the electrode surface. This decol-
orization of the dye occurs through a dual mecha-
nism: direct oxidation on the electrode surface
and indirect oxidation mediated via the genera-
tion of the strong oxidants. Similarly, as reported
by Szpyrokowicz et al. (2001), the electrolysis of
NaCl and Na, SO, generates powerful oxidizing
agents that could facilitate this indirect process.
The addition of NaCl significantly enhanced
the electro-oxidation performance by promoting
the formation of active chlorine species, includ-
ing hypochlorous acid (HOCI) and hypochlorite
ions (OCI"), which contributed to indirect oxida-
tion pathways. At the anode surface, chloride ions
were oxidized to chlorine gas, which subsequent-
ly hydrolyzed to form strong oxidizing agents
capable of degrading azo dye molecules. These
oxidants facilitated the cleavage of azo bonds
(-N=N-) and oxidation of aromatic intermediates,
thereby improving decolorization efficiency. The
electrochemical reactions involved can be de-
scribed as follows:
e Anodic chloride oxidation: 2CI' — Cl, + 2¢’
e Chlorine hydrolysis: Cl, + H,O — HOCl + H*
+CI
e Hypochlorite formation: HOCI <> H" + OCI

Table 2. ANOVA results for EO and CC treatments of ARR196 and ADR

Process Source ANOVA for ARR ANOVA for ADR .,
DF SS MS F-value | P-value DF SS MS F-value | P-value
Model 6 1445 240.8 21.64 | <0.0001 9 1632 240.8 18.21 | <0.0001
Residual 13 145.9 11.2 - - 10 99.6 11.2 - -
£O Lack-of-fit 8 135.6 16.9 8.62 0.0165 5 35.2 16.9 0.75 0.7382
Total 19 1591 - - - 19 1731 - - -
Model 9 5589 74.54 8.78 | <0.0001 9 8523 347.3 12.06 | <0.0001
Residual 10 707.3 2.64 - - 10 1664 28.8 - -
ce Lack-of-fit 5 641.5 3.02 0.013 | 0.3798 5 1636 50.35 58.62 | 0.0002
Total 19 6296 - - - 19 10187 - - -
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e Azo bond degradation: R—-N=N—-R'+[0] —
aromatic intermediates — CO,+H,O

These mechanisms are consistent with the
experimental observations obtained in this
study. Increasing the applied current intensity
enhanced decolorization efficiency due to the
greater generation of electrochemically active
oxidants at the electrode surface. Conversely,
lower flow rates improved treatment perfor-
mance by increasing hydraulic retention time
and promoting greater contact between oxidiz-
ing species and dye molecules. Furthermore,
ARR ,, exhibited superior electro-oxidation
performance compared with ADR ., which
may be attributed to its higher aqueous solu-
bility. The dissolved reactive dye molecules
were more readily exposed to electro-gener-
ated oxidants, whereas the low solubility of
ADR , likely induced colloidal aggregation
and mass-transfer limitations, thereby reduc-
ing oxidation efficiency and increasing energy
consumption. Similar chloride-mediated indi-
rect oxidation mechanisms have been widely
reported in previous electrochemical treatment
studies involving textile dye degradation.

374

In contrast, the initial dye concentration was
found to have a negligible effect on decolorization
efficiency within the studied range (p > 0.05). The
optimal treatment condition, which promoted the
maximum efficiency for ARR . decolorization
was achieved at a C, e of 28 mg/L, 1. of 1.06 A,
and an F of 10 L/h, yielding 83.3% color removal.
In comparison, the maximum decolorization for
ADR ., was 64%, requiring a significantly higher
[.of 3.51 A,atan F of 10 L/h and a C,; e of 23.3
mg/L. The requirement for a higher I . and extend-
ed retention time for ADR ; is attributed to the
low solubility of the dispersed azo dye, which im-
poses mass transfer limitations and consequently
reduces the overall reaction rate. Finally, for the
CC process, the initial pH was a critical factor;
optimal decolorization was observed between pH
5 and 8, whereas highly alkaline conditions (pH
>11) led to a reduction in removal efficiency due
to the formation of soluble aluminate species and
floc destabilization. The efficiency of the EO pro-
cess in this study is highly sensitive to the ini-
tial pH, as the distribution of electro-generated
active chlorine species is pH-dependent. When
NacCl is used as the electrolyte, the anodic oxida-
tion of chloride ions produces hypochlorous acid

(HOCI) and hypochlorite ions (OCI-). Between
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pH 3 and 7.5, HOCI is the predominant species.
As HOCl is a significantly more powerful oxidant
than OCIl-, decolorization rates for ARR196 and
ADR , are typically enhanced in slightly acidic
to neutral conditions. As the pH increases beyond
7.5, the equilibrium shifts toward the formation of
OClI-, which has a lower oxidation potential (E° =
0.89V) compared to HOCI (E° = 1.49V), leading
to the observed decrease in treatment efficiency at
higher pH values. This speciation effect explains
why the pH was identified by ANOVA as a sig-
nificant factor influencing both the decolorization
percentage and the overall operating costs.

CC process optimization via RSM for ARR
and ADR,_, decolorization

The optimization of operational parameters
for the CC process, including C, , , C,, and pH in
the removal of synthetic ARR , and ADR ,, are
illustrated in Figure 6 and 7. The results depict-
ed that the decolorization of ARR , by CC was
strongly influenced by initial pH and C,,, where-
asthe C, exerted a negligible effect on the ef-
ficiency. Under the optimized conditions—a C,
4o 0F 249 mg/L, C, of 440.8 mg/L, and an ini-

tial pH of 8.75—a removal efficiency of ARR

Removal (%)

=

26 T -

28 T 280
20 150

@

A: concentration (mg/l)

Figure 6. CC treatment efficiency for ARR , at various conditions: (a) C, , vs C

Removal (%)
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Figure 7. CC treatment efficiency for ADR _.: (a) C,

B: alum (mg/l)

of approximately 57.5% was achieved. Color
removal was minimal between pH 3 and 4, but
increased sharply from pH 5 to 9. This change
was attributed to the formation and precipitation
of AI(OH)s(s) (Wong et al., 2007). This finding
aligns with Yilmaz et al. (2007), who observed
that the decolorization of Reactive Orange 16
via CC was closely related to pH, peaking with-
in the neutral to alkaline range. Conversely, the
critical parameters influencing ADR ., removal
via CC were the C, e and pH. Due to its chemi-
cal structure and low solubility, the disperse dye
is inherently more susceptible to adsorption and
enmeshment within flocs than highly soluble re-
active dyes. At the optimum conditions (C, e of
28.4mg/L, C, of 136.7 mg/L, and pH of 7.59),
a maximum decolorization of ADR ., of 97.2%
was reached. Unlike the coagulation of ARR
the color removal efficiency increased propor-
tionally with the C, . as depicted in Figure 7.
Regarding pH, the color removal efficiency im-
proved as the initial pH increased from 4.0 to
7.59, followed by a decline as the pH increased
toward 10. This reduction at higher alkalinity is
likely due to the formation of soluble aluminate
ions, which leads to floc re-stabilization and a
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decrease in the available surface area for adsorp-
tion (Kim et al., 2004).

In this study, the performance of chemical
treatment processes was highly dependent on com-
plex operational parameters, as precisely eluci-
dated through RSM. The CCD model was applied
with four factors and five levels, resulting in 30 ex-
perimental runs. A second-order polynomial was
applied to correlate the responses with independent
variables similar to Wong et al. (2007). Mecha-
nistically, it was observed that dye degradation is
highly governed by molecular structure. Azo dyes
are electron-deficient molecules that typically un-
dergo degradation via reductive cleavage of the azo
linkage (-N=N-). The rate of decolorization is in-
fluenced by several intrinsic factors, including mo-
lecular weight, the presence of substituent groups,
the number of azo bonds, and the formation of
intermolecular hydrogen bonds between azo and
hydroxyl groups (Johnstrup et al., 2011; Leal et al.,
2019). Generally, azo dyes with simpler structures
and low molecular weights exhibit higher rates
of decolorization than those with high molecular
weights and highly substituted molecules (Solis et
al., 2012; De Oliveira et al., 2021). Furthermore,
a direct correlation exists between hydraulic re-
tention time (HRT) and color removal efficiency
across various treatment pathways (Karatas et al.,
2010; Da Silva et al., 2012; Spagni et al., 2010).
For instance, extended HRT in anaerobic digestion
enhances the activity of azo reductase enzymes
responsible for bond cleavage and enhances color
reduction (Johnstrup et al., 2011). In our EO and
CC systems, sufficient contact time was similarly
essential to facilitate either radical-mediated oxi-
dation or floc-mediated adsorption. Conversely,
high initial dye concentrations coupled with in-
sufficient retention times significantly impeded

removal efficiency, aligning with a previous study
that found that dye concentration remains a critical
factor, suggesting that lower concentrations (e.g.,
<50 mg/L) are most effectively decolorized.

Azo dye treatment cost via EO and CC
processes

The optimization of process parameters for
the treatment of ARR, and ADR _, via EO and
CC is summarized in Table 3. The operational ex-
penditure (OPEX) and treatment efficiency varied
significantly between the two methods, with both
achieving a final concentration below the 300
ADMI threshold in specific cases. While the CC
process successfully reduced the color of ADR ,
to 69 ADMI units—well below the discharge
threshold—the treatment of ARR , via CC failed
to meet the required wastewater standard. Eco-
nomically, EO proved highly cost-effective for
ARR ., with an operating cost of only 0.024
USD/m’. In contrast, the EO of ADR _, incurred a
prohibitively high operating cost of 1.63 USD/m?,
rendering CC a more viable alternative for this
specific dye. These findings align with previous
research regarding the necessity of separate treat-
ment streams for different dye classes, similar to
the work of Wong et al. (2007), who found that
the treatment efficiency of mixed azo reactive and
disperse dyes varies significantly and depends
heavily on the dye ratio and process synergy.
Our results suggest that while mixed-dye treat-
ment may offer operational simplicity, separate
treatment allows for the optimization of specific
mechanisms—oxidation for reactive dyes and
coagulation for disperse dyes—thereby maxi-
mizing decolorization while minimizing OPEX.
It is worth noting that the electrode stability and

Table 3. The operating cost comparison of the EO and CC processes at optimized conditions

Process Optimized conditions ARR ADR,,,
Initial dye concentration (mg/L) 26.6 28.9
Current (A) 0.51 2.26
EO Flow rate (mg/L) 1141 1.48
Final concentration (ADMI) 256 (<300) 290 (<300)
Operating cost (USD/m?) 0.024 1.63
Initial dye concentration (mg/L) 25 29.3
Alum dosage (mg/L) 399.7 124.8
cc Initial pH 7.84 7.59
Final concentration (ADMI) 615 (>300) 69 (<300)
Operating cost (USD/m?) 0.15 0.03

376



Journal of Ecological Engineering 2026, 27(9), 366—380

durability were given less consideration due to
the limitations of this laboratory-scale investiga-
tion. However, for practical applications, the op-
erational lifetime of the catalytic coating is a criti-
cal consideration governing the long-term OPEX.
This deterioration of the electrode is caused by
several factors, such as the dissolution of the thin
platinum layer or the growth of an insulating ti-
tanium dioxide layer (Moradi and Dehghanian,
2024). While the current study involved bench-
scale experiments and confirmed short-term oper-
ational stability, further investigation is required
to assess the true long-term stability and mechan-
ical durability of the electrodes before integrating
them into a continuous, industrial treatment plant.

While the EO process demonstrated high ef-
ficiency in decolourizing azo dyes by breaking
down their parent chromophore structures, achiev-
ing complete oxidation is essential to ensure that
no partially oxidised degradation products remain.
Incomplete oxidation resulting from the cleavage
of the -N=N- linkage occasionally yields interme-
diate compounds such as unsubstituted aromatic
amines and benzene-ring derivatives, which are
documented to possess toxic potential (Carras-
cal-Hernandez, 2025). To prevent the accumula-
tion of these intermediates, the reaction must be
driven toward complete mineralisation, converting
these fragments thoroughly into CO, and H,O. This
complete oxidation can be achieved by optimizing
operational process parameters, selecting suitable
supporting matrices (Ridruejo et al., 2017) and in-
tegrating additional treatment processes, such as
biological post-treatment.

Furthermore, the data gathered in this study
demonstrated specific matching characteristics
between the CC and EO processes, particularly
for various azo dye types. This finding reveals
distinct operational trade-offs regarding decol-
ourization efficiency and operational costs for
wastewater containing a single contamination
source. The highly economical CC process is
suitable for removing bulk colour and high or-
ganic loads, particularly when encountering
low-solubility azo fractions. Conversely, EO
exhibits superior capabilities for removing high
solubilized recalcitrant structures, though at a
higher energy penalty. Integrating both method-
ologies into sequential or hybrid processes rep-
resents a promising approach to achieving both
high treatment efficiency and low operating costs
in combined coloured wastewater treatment sys-
tems. However, this combination must be aligned

with process selection criteria specifically related
to the chemical properties of the dyes and the dis-
charge standards required for the treated waste-
water. Such integrated configurations can yield an
overall synergistic performance that reduces pol-
lutant concentrations, minimises chemical sludge
management costs, and slashes electrochemical
energy consumption compared to a standalone
process (Garcia-Montaio et al., 2015).

CONCLUSIONS

The results clearly demonstrate that molecu-
lar structure and aqueous solubility of azo dyes
are the primary determinants of both treatment
efficiency and operational cost. The high solu-
bility of the azo dye ARR ,, facilitated superior
electro-oxidation (EO) performance, yielding
high color removal efficiency at a negligible cost
of 0.024 USD/m?. In contrast, the EO treatment
of the disperse dye ADR _, achieved only 64.2%
removal efficiency, with a prohibitively high
cost of 1.63 USD/m’. This efficiency is attrib-
uted to the dye’s slow solubility, which leads to
the formation of recalcitrant colloids within the
aqueous phase, thereby imposing mass-transfer
limitations and consequently increasing energy
consumption and operating costs. While the in-
let flow rate (F) significantly influenced remov-
al rates for both dyes, the data indicate a clear
divergence in the optimal treatment method.
ADR , was effectively remediated via chemical
coagulation (CC) at a minimal operational cost of
0.03 USD/m’, whereas the CC of ARR , failed
to reduce the final concentration below the 300
ADMI threshold. These findings underscore the
necessity of establishing selection criteria for azo
dye wastewater treatment based on the specific
chemical characteristics of the contaminants.
Properties such as solubility, molecular weight,
and ionic nature directly dictate both economic
viability and treatment efficiency, suggesting that
separate treatment streams are essential for op-
timizing industrial textile effluent management.
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