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The removal of pharmaceutical pollutants from water and wastewater resources has

gained significant attention due to widespread environmental and public health concerns.
Over recent decades, various advanced technologies have been explored for treating of
pollutants from wastewater systems. Among these, electrochemical oxidation has been
recognized as an effective and robust approach for treating high-strength effluents,
capable of degrading persistent contaminants into simple, less hazardous mineral species
such as CO, and H,0. In this study, a Ti/IrO,-RuO; electrode as the anode and a
graphite electrode as the cathode were utilized to evaluate the electrochemical removal
of cefazolin sodium in aqueous solutions. The morphological, structural and
electrochemical properties of the Ti/IrO,-RuO, anode were characterized via scanning
electron microscopy, Raman spectroscopy, and cyclic voltammetry. Response surface
methodology was implemented to evaluate and optimize the influences of key operational
parameters, including current intensity (mA), initial pH, initial CFZS concentration
(mg/L), and reaction time (min), on CFZS removal efficiency. Under optimum operating
- current intensity of 500 mA, initial pH of 5.10, initial CFZS concentration of 31.78
mg/L, and a treatment time of 150 min, maximum CFZS removal efficiency of 99.28%
was achieved. Furthermore, in an independent validation experiment conducted at the
optimal point, removal efficiency of 98.10% was obtained. Moreover, analysis of
variance confirmed a high correlation between experimental data and the predicted
second-order quadratic model, with a coefficient of determination (R?) of 0.9210.
Overall, the results of this study indicate that the synthesized Ti/IrO,-RuO, electrode
possesses suitable capability for the treatment of aqueous solutions containing CFZS.
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1. Introduction pretreatment by degreasing and acid etching,
The release of persistent organic pollutants from followed by multiple coating and calcination
industrial and pharmaceutical effluents into cycles. The fabricated electrode was characterized
aquatic environments has emerged as a critical by scanning electron microscopy® (SEM, MIRA3,
environmental issue due to their toxicity and TESCAN,  Czech  Republic), and  its
resistance to conventional biological treatment electrochemical behavior was evaluated using
processes (Da Silva et al., 2021, Torshabi et al., cyclic voltammetry’ (Origa Flex-OGFO1A,
2025). Origalys, France). CFZS degradation was
Cefazolin sodium ' , a first-generation monitored by UV-Vis  spectrophotometry
cephalosporin antibiotic widely used in human and (Specord 250, Analytik Jena, Germany). Raman
veterinary medicine (Balevic et al., 2019), is analysis was performed using an Andor DR316B-
frequently detected in wastewater and may LD (UK) instrument. A DC power supply was
contribute to the development of antibiotic- used for electrochemical experiments, and solution
resistant bacteria, posing significant risks to pH was measured using a digital pH meter under
ecosystems and public health (Brandt et al., 2015). continuous magnetic stirring. EO experiments
Electrochemical advanced oxidation were performed in a 100 mL cell containing 50 mL
processes?, particularly anodic oxidation®, have CFZS solution with sodium sulfate as supporting
demonstrated high efficiency in the degradation of electrolyte at room temperature, using graphite as
recalcitrant organic contaminants (Kurian, 2021) the cathode. Process optimization was conducted
through the generation of reactive oxygen species, using a central composite design'® within RSM.
especially hydroxyl radicals (Brillas and Martinez- The effects of initial CFZS concentration, current
Huitle, 2015, Shah Karami et al., 2025). intensity, initial pH, and reaction time were
These processes enable both partial investigated. A total of 30 runs were designed
degradation and complete mineralization of using Design-Expert software and evaluated by
organic compounds via direct and indirect analysis of variance'!.
oxidation pathways. Considering the limited . .
research on the electrochemical removal of CFZS 3. Results and discussion
using mixed metal oxide* electrodes, in this study, As shown in Fig. la, the fabricated Ti/
dimensionally stable anodes® based on titanium Ir0;—Ru0, DSA showed a rough crack like
substrates coated with IrO, and RuO, were morphology confirmed by SEM (Okur et al.
fabricated and evaluated. The morphology and 2022). These surface features can increase active
electrochemical properties of the prepared surface area and improve pollutant electrode
electrode were also characterized. AO was applied interactions. Raman results confirmed metal oxide
for the removal of CFZS from aqueous solutions. bands indicating higher crystallinity and better
The removal efficiency was evaluated by conductivity, which can increase active sites and
investigating the effects of key operational reactive species formation. Fig. 1b shows CV
parameters, including CFZS concentration, curve of Ti/Ir0,—RuO, anode in 0.1 M sodium
reaction time, current intensity, and pH, using sulfate solution and a standard three-electrode
response surface methodology® in Design-Expert configuration was employed, including Ti/
software. =~ The  findings  indicate  that Ir0,—Ru0, working electrode, a platinum'? as the
electrochemical oxidation’ using the engineered auxiliary electrode, and a saturated calomel
DSAs is an efficient and promising approach for electrode'? as the reference over one cycle at room
the treatment of aqueous solutions containing temperature (25 °C). As can be seen, results
CFZS. showed improved redox behavior and higher
electrochemically active surface area. CV showed
2. Materials and methods delayed oxygen evolution reaction onset around
DSAs based on titanium substrates coated with 1.1 V vs SCE, indicating better selectivity for
IrO, and RuO, were prepared via repeated brush- organic oxidation and lower side reactions, leading
coating and thermal decomposition, involving to higher degradation efficiency (Zarei et al., 2024,
Han et al., 2025).
! Cefazolin Sodium (CFZS) 8 Scanning Electron Microscopy (SEM)
2 Electrochemical Advanced Oxidation Processes (EAOPs) ? Cyclic Voltammetry (CV)
3 Anodic Oxidation (AO) 10 Central Composite Design (CCD)
4 Mixed Metal Oxide (MMO) ! Analysis of Variance (ANOVA)
5 Dimensionally Stable Anodes (DSAs) 12 Platinum (Pt)
¢ Response Surface Methodology (RSM) 13 Saturated Calomel Electrode (SCE)
7 Electrochemical Oxidation (EO)
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SEM HV: 15.0 kV ‘ :15.85 mm
View field: 84.8 ym | Det: SE 20 pm
SEM MAG: 1.50 kx | Date(midly): 11/22/22
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Fig. 1. a) SEM image, and b) CV curve of Ti/IrO,—Ru0, anode
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Fig. 2. The response surface and contour plots of the CFZS removal efficiency. The interaction between
(a) initial pH and current intensity (mA), and (b) initial pH and time (min)

The ANOVA results confirmed the statistical significant lack of fit (p = 0.6595) demonstrated
significance and adequacy of the developed model adequacy, indicating that the regression
models. The high F-value (12.49), together with models are suitable for predicting removal
the low p-values (<0.005) indicated the statistical efficiency and optimizing process conditions. The
significance of the regression model and a best condition gave 99.28% removal efficiency at
negligible contribution of experimental noise initial CFZS concentration = 31.76 mg/L, current
(Okur et al., 2022). intensity=500 mA, initial pH=5.10, and reaction

The difference between adjusted ( Rgdi‘ = time of 150 min. Experimental (98.10%) and
0.8472) and predicted (R?q = 0.6789), which was ~ Predicted  values (99.28%) were in good
0.1683 and lower than the statistically accepted agreement, confirming mo‘.‘el validity. I,n the RSM
critical value ( < 0.2), indicated reasonable section, the ~corresponding tMeerlmen51onal
agreement between them. The coefficient of response sqrface pl.ots are presented m Fl.g' 2. As
variation (2.25%) and adequate precision (14.24) shown in Fig. 2a, hlgher remo val efficiencies were
confirmed acceptable reproducibility and an obtalp.ed under.mlldly acidic to near—r.leutra! pH
adequate signal to noise ratio. In addition, the non- conditions, particularly at lower current intensities.

Water and Wastewater |

Vol. 37, No. 2, 2026

VE+0 Jlo Y o,led FY 550



53 dx.doi.org/10.22093/wwj.2026.590531.3563

Mahmoud Zarei et al....

In addition, according to Fig. 2b, the highest
removal efficiencies were observed under mildly
acidic to near-neutral pH conditions and at longer
reaction times.

4. Conclusion

The fabricated Ti/IrO,—RuO, anode was
successfully used for the AO removal of CFZS in
aqueous solution. Based on the experimental
results, the RSM model showed good agreement

Water and Wastewater

between the predicted and experimental values for
the Ti/IrO,—Ru0O, electrode. The optimal
conditions (initial CFZS concentration=31.76
mg/L, current intensity=500 mA, initial pH of
5.10, and reaction time of 150 min). ANOVA
confirmed model reliability with a coefficient of
determination (R?) value of 0.9210. Overall, the
prepared electrodes showed high efficiency and
good potential for the treatment of aqueous
solutions containing CFZS.
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Table 1. Physicochemical characteristics of Cefazolin Sodium (CFZS)
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Table 2. Values and ranges of used factors in the AO process

Ranges and levels

Values Factors
-2 -1 0 +1 +2
pH (X)) A 1.5 3 4.5 6 7.5
CFZS concentration (mg/L) (X2) B 10 20 30 40 50
Current intensity (mA) (X3) C 100 200 300 400 500
Process time (min) (X4) D 30 60 90 120 150
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Table 3. The four-factor CCD matrix and the value of response function RE (%) of CFZS
CFZ Current . Removal efficiency (%)
RUN pH concentration intensity Time
(min) Experimental Predicted
(mg/L) (mA)

1 4.5 30 300 90 94.40 94.92

2 4.5 30 300 90 96.26 94.92

3 40 400 60 81.74 83.05

4 3 40 200 120 90.84 91.71

5 4.5 30 300 30 82.97 82.42

6 3 20 400 120 95.31 95.29

7 4.5 30 300 90 98.54 94.92

8 4.5 50 300 90 87.40 85.97

9 1.5 30 300 90 84.86 85.33

10 40 200 60 89.10 90.11

11 3 20 200 120 94.51 94.21

12 40 400 120 96.45 95.70

13 4.5 30 300 90 94.92 94.92

14 3 40 400 60 76.31 77.55

15 20 400 60 88.33 88.46

16 4.5 10 300 90 94.45 93.88

17 3 20 400 60 90.05 88.73

18 4.5 30 300 90 92.47 94.92

19 4.5 30 300 150 98.03 96.58

20 6 20 200 60 92.46 93.03

21 4.5 30 500 90 93.17 92.37

22 40 200 120 95.38 97.71

23 3 40 400 120 89.86 90.30

24 20 200 120 94.68 94.44

25 4.5 30 100 90 99.55 98.35

26 3 40 200 60 85.58 84.01

27 20 400 120 92.35 94.93

28 4.5 30 300 90 92.94 94.92

29 3 20 200 60 90.94 92.69

30 7.5 30 300 90 93.54 91.07
(1):%%)%)5.313911'5x5§)(—2)%32 i}26 Hoky = 1661 - PH (s gla el )y S o o 5 plasen sb 4 1 g

chle s ols byl 5 oate ol s shils STy ol 5 4l
el o5 SV F Sy s 45,50 Jan ANOVA sl o sl "L’.‘”"' S = “"""f f"" oo 9
dar i lsime sl P soml s FVU e Sl et gl B e ’“\;L*
¥ s > S 6550ks (Okur et al. 2022) wies bne Y L0400 1 144, — 198 1, — 149 1, + "
3 SOl P ol s VY/FAL ol Juo F e 3 58 0 sanlie 3.54 x, + 1.44 X, X, — 0.1506 X, X5 — 0.0256 X; X, —
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Table 4. The results of ANOVA for the removal of CFZS by the AO process

Degree of Sum of Mean
Source F-Value P-Value
freedom squares square
Model 14 745.25 53.23 12.49 <0.0001 Significant
A (pH) 1 49.45 49.45 11.60 0.0039
B (CFZ,S 1 93.89 93.89 22.03 0.0003
concentration)
C (Current intensity) 1 53.55 53.55 12.56 0.0029
D (Process time) 1 300.97 300.97 70.61 <0.0001
AB 1 33.26 33.26 7.80 0.0136
AC 1 0.3630 0.3630 0.0852 0.7744
AD 1 0.0105 0.0105 0.0025 0.9611
BC 1 6.24 6.24 1.46 0.2451
BD 1 38.22 38.22 8.97 0.0091
CDh 1 25.53 25.53 5.99 0.0272
A2 1 77.50 77.50 18.18 0.0007
B2 1 42.84 42.84 10.05 0.0063
C? 1 0.3263 0.3263 0.0765 0.7858
D? 1 50.43 50.43 11.83 0.0036
Residual 15 63.93 4.26
Lack of fit 10 38.84 3.88 0.7739 0.6595 Not significant
Pure error 5 25.09 5.02
Cor total 29 809.19

Predicted R? = 0.6789, adjusted R? = 0.8472, adequate precision = 14.2478, coefficient of variation (CV) =2.25%

3 Coefficient of Variation (cV)

4 Adequate Precision (AP)
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Table 5. Characteristics of the optimal point for CFZS removal

Variable Optimal amount

pH of solution (A) 5.10

Initial CFZ concentration (mg/L) (B) 31.78
Current intensity (mA) (C) 500
Process time (min) (D) 150
Predicted removal efficiency (%) 99.28

Experimental removal efficiency (%) 98.10
Relative error (%) 1.19
Desirability 0.98

Table 6. Comparison of the experimental and predicted values for the replicate point experiments

Actual value

Predicted value

94.40
96.26
98.54
94.92
92.47
92.94

94.92
94.92
94.92
94.92
94.92
94.92
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Table 7. Validation results for the selected point for the replicate point experiments
Parameter Value (%)
Mean 94.92
Sample standard deviation (SD) 2.24
Mean + SD 94.92 +£2.24
Coefficient of variation (CV) 2.36
oy 175
——t=0 min
90 150 —— t=90 min
. 80- ——t=150 min
X 1.25 4
; 70 -
£ o0+ £ 1.00 -
2 g
= =
E e $ 0751
2 40+ Z
E 3 0.50 -
g 04
20 - 0.25
10 -
0.00
0- T T T T T T T
1 2 3 4 5 6 200 250 300 350 400 450 500 550 600
Repetition Wavelength (nm)
a) b)

Fig. 7. (a) Replicate experiment results at the central point of RSM, (b) comparison of UV-Vis spectra during the AO
process at different times under identical conditions
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