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Electrochemical Oxidation of Methyl Orange as a Model Azo Dye Pollutant: 

Comparative Electrode Performance, EIS Mechanistic Analysis,  

and Techno-Economic Assessment 

This study investigates the electrochemical oxidation (EO) of methyl orange (MO) as a model azo dye pollu-

tant representative of textile and industrial effluents, using boron-doped diamond (BDD) and dimensionally 

stable anode (DSA) electrodes under systematically optimized conditions. Model solutions were prepared in 

ultrapure water with 0.1 M Na2SO4 as the supporting electrolyte. Batch experiments were conducted in gal-

vanostatic mode at 25 ± 1 °C with constant stirring (300 rpm), varying current densities (10–50 mA/cm²), pH 

values (2–10), and initial methyl orange concentrations (50–500 mg/L). BDD anodes achieved 94.3 ± 2.1 % 

pollutant removal within 120 min at optimal conditions (30 mA/cm², pH 3.0, 200 mg/L), significantly outper-

forming DSA (87.6 ± 3.3 %) and platinum (68.7 ± 4.5 %) electrodes. Electrochemical impedance spectrosco-

py (EIS) using a Randles R(Cdl(RctW)) equivalent circuit revealed a 73 % decrease in charge transfer re-

sistance (Rct: 385 Ω → 104 Ω) with increasing anodic potential (1.0–2.5 V vs. Ag/AgCl), confirming Butler–

Volmer-controlled oxidation kinetics. The apparent rate constant kapp = 0.0315 ± 0.0018 min–1 for BDD was 

1.68-fold greater than for platinum. Total organic carbon (TOC) analysis confirmed near-complete minerali-

zation (96.8 ± 1.5 % TOC reduction) with BDD. Specific energy consumption was minimized to 8.2 kWh/m3, 

indicating the potential competitiveness of this approach for treating dye-containing effluents. At Nigerian 

electricity tariffs (₦45/kWh), estimated treatment cost is ₦369/m³, suggesting feasibility for industrial appli-

cation in developing economies, pending validation with real effluent matrices. 
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Introduction 

Synthetic azo dyes in industrial effluents represent a growing environmental and public health chal-

lenge, particularly in rapidly industrializing nations where textile, pharmaceutical, and food-processing in-

dustries discharge large volumes of dye-laden wastewater [1]. Among these, methyl orange (MO) is widely 

used as a model azo dye pollutant in electrochemical treatment research owing to its representative chromo-

phoric azo group (–N=N–) and strong resistance to aerobic biodegradation, allowing quantitative spectropho-

tometric monitoring and systematic mechanistic study [2, 3]. 

Conventional treatment approaches present significant limitations for azo dye-containing effluents. The 

central challenge is biochemical: aerobic microbial metabolism cannot efficiently cleave the azo bond  

(–N=N–) because the electron-withdrawing sulphonate and nitro substituents on the aromatic rings create a 

highly oxidised chromophore that resists oxidative catabolism by most bacterial enzyme systems [3]. Under 

aerobic conditions, conventional activated sludge processes therefore achieve only 30–50 % colour removal 

for recalcitrant azo structures, and the aromatic amine intermediates that do form under anaerobic reductive 

cleavage are frequently more toxic and carcinogenic than the parent dye [3, 4]. Combined anaerobic–aerobic 

biological systems improve mineralization somewhat but require long hydraulic retention times, large reactor 

footprints, and precise control of redox conditions, making them difficult to retrofit into existing industrial 

infrastructure [4]. Chemical coagulation–flocculation generates large sludge volumes requiring costly dis-

posal without achieving true mineralization. These fundamental limitations of microbial metabolism and 
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physicochemical methods underline the need for destructive, non-sludge-generating advanced oxidation 

technologies capable of complete mineralization of the aromatic dye scaffold to CO2 and H2O. 

Electrochemical oxidation (EO) mineralizes organics through direct anodic electron transfer, governed 

by Faraday’s law and Butler–Volmer kinetics, without external chemical reagents [5]. The electrode material 

critically determines treatment efficacy. Boron-doped diamond (BDD) anodes exhibit an exceptionally wide 

electrochemical window (~3.2 V in aqueous media) and high oxygen-evolution overpotential (~1.8–2.3 V vs. 

SHE), enabling generation of surface hydroxyl radicals (•OH, E° = 2.80 V vs. SHE) at densities sufficient for 

complete mineralization of refractory compounds [6–9]. Dimensionally stable anodes (DSA, IrO2–RuO2/Ti) 

offer lower capital cost but their reduced overpotential limits •OH yield [4]. 

Despite growing laboratory-scale EO literature, systematic multi-parameter optimization and quantita-

tive EIS-based mechanistic characterization remain fragmented. Techno-economic assessments for sub-

Saharan African industrial contexts are also largely absent. Nigeria’s textile, pharmaceutical, and food-

processing industries collectively discharge an estimated 150 million m³ of inadequately treated wastewater 

annually, exerting severe pressure on receiving water bodies [10]. Electrochemical methods are particularly 

attractive for this setting as they require only electrical energy, generate no chemical sludge, and enable 

modular deployment [11]. 

The present study therefore aimed to: (1) compare BDD and DSA electrode performance against plati-

num using MO model solutions under controlled laboratory conditions; (2) optimize current density, solution 

pH, and initial dye concentration; (3) elucidate electrode kinetics using EIS and Randles-type equivalent cir-

cuit analysis; (4) quantify mineralization efficiency via TOC analysis; and (5) evaluate energy consumption 

and estimated treatment cost to assess prospective industrial feasibility. The scientific novelty lies in the in-

tegrated mechanistic–economic analysis linking EIS-derived kinetic parameters to treatment efficiency met-

rics, with the results establishing a quantitative performance baseline for future validation with real textile 

and industrial effluents in the Nigerian and sub-Saharan African context. 

Materials and Methods 

Electrochemical apparatus and electrode materials. All experiments were conducted in a thermostated, 

undivided three-electrode batch cell (borosilicate glass, 100 mL working volume; cylindrical geometry, 

50 mm i.d.) maintained at 25 ± 1 °C by a circulating water bath (Julabo F12). Mixing was provided by a 

magnetic stir bar at 300 rpm (IKA RCT Basic) to ensure uniform mass transport. The inter-electrode gap be-

tween anode and cathode was fixed at 15 mm throughout all experiments. Three anode materials were evalu-

ated: (i) boron-doped diamond thin film on silicon substrate (5 mm × 5 mm × 1 mm, B/C atomic  

ratio ≈ 1000 ppm, Element Six, UK); (ii) IrO2–RuO2/Ti dimensionally stable anode (Premetek Inc., USA); 

and (iii) platinum foil (99.99 % purity, Alfa Aesar). A platinum gauze sheet (geometric area 

10 mm × 10 mm, 52 mesh, Alfa Aesar) served as the cathode; its larger surface area relative to the anode 

ensured that the anodic reaction remained rate-determining. An Ag/AgCl electrode (3 M KCl, +0.210 V vs. 

SHE, CH Instruments) served as the reference electrode and was positioned 5 mm from the anode surface via 

a Luggin capillary to minimize ohmic drop. All galvanostatic experiments were controlled by a 

PGSTAT204N potentiostat (Metrohm Autolab, Netherlands) operating in current-controlled (CC) mode; the 

applied current was held constant throughout each run and the corresponding cell voltage was logged contin-

uously. The FRA32M frequency-response analysis module was used for EIS measurements. Impedance data 

were fitted to the Randles R(Cdl(RctW)) equivalent circuit using NOVA 2.1 software (χ² < 10–3). 

Chemical reagents and solutions. Methyl orange (C.I. 13025, Mw = 327.33 g/mol; λmax = 464 nm; Sig-

ma-Aldrich, ≥98 %) served as the model azo dye pollutant. Stock solutions (1000 mg/L) were prepared grav-

imetrically in ultrapure water (>18 MΩ·cm, Milli-Q A10). Sodium sulfate (0.1 M Na2SO4; Sigma-Aldrich, 

≥99 %) served as supporting electrolyte. Solution pH was adjusted to target values (2.0, 3.0, 5.0, 7.0, 10.0) 

using 1 M HCl or NaOH and monitored with a calibrated pH meter (Mettler-Toledo FiveEasy). 

Experimental protocol. Current density was varied at 10, 20, 30, 40, and 50 mA/cm² (pH 3.0, 

[MO]0 = 200 mg/L). pH was varied at 2.0, 3.0, 5.0, 7.0, and 10.0 (30 mA/cm², [MO]0 = 200 mg/L). Initial 

concentration was studied over 50–500 mg/L (30 mA/cm², pH 3.0). Each condition was replicated in tripli-

cate (n = 3) on separate days. Aliquots (1 mL) were withdrawn at 0, 15, 30, 45, 60, 90, and 120 min, filtered 

through 0.45 μm PTFE syringe filters, and analyzed within 30 min. 

Analytical methods. Dye concentration was quantified by UV-Visible spectroscopy (Lambda 365, 

PerkinElmer) at λmax = 464 nm using five-point external calibration curves (R2 > 0.998, 2–50 mg/L). Total 

organic carbon was measured in NPOC mode (acidification and CO2 sparging to remove inorganic carbon) 
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using a TOC-V CPH analyzer (Shimadzu; detection limit: 2 μg/L). EIS measurements were performed over a 

frequency range of 10 kHz to 0.01 Hz (60 logarithmically spaced points per decade) at each of four applied 

potentials (1.0, 1.5, 2.0, and 2.5 V vs. Ag/AgCl), using a 10 mV RMS sinusoidal AC perturbation superim-

posed on the DC bias. Measurements were performed under open-circuit steady state, confirmed by monitor-

ing the potential drift to below 0.5 mV min–1 before acquisition. The linearity and causality of each spectrum 

were verified by Kramers–Kronig compliance (residuals <1 % across the full frequency range) using the KK-

test routine in NOVA 2.1 prior to equivalent circuit fitting. Spectra were fitted to the Randles R(Cdl(RctW)) 

circuit using a complex non-linear least squares (CNLS) algorithm; goodness-of-fit was assessed by the chi-

squared criterion (χ² < 5 × 10–4) and visual inspection of Nyquist and Bode representations. 

Removal efficiency (RE, %) was calculated as: 

 RE (%) = [(C0 − Ct)/C0] × 100, 

where C0 and Ct are concentrations (mg/L) at time 0 and t (min), respectively. Apparent rate constants  

(kapp, min–1) were determined from −ln(Ct/C0) vs. t regression. Specific energy consumption Esp (kWh/m³) for 

90 % removal was calculated as Esp = (U×I×t90)/V, where U is cell voltage (V), I is applied current (A), t90 is 

the time for 90 % removal (h), and V is solution volume (m³). 

Results and Discussion 

3.1 Comparative performance of electrode materials. Figure 1 shows time-resolved degradation profiles 

for BDD, DSA, and platinum anodes at 30 mA/cm², pH 3.0, and [MO]0 = 200 mg/L. BDD electrodes 

achieved 94.3 ± 2.1 % removal within 120 min, significantly outperforming DSA (87.6 ± 3.3 %) and plati-

num (68.7 ± 4.5 %), with statistically significant pairwise differences (one-way ANOVA, F(2,6) = 38.4, 

p < 0.001; Tukey HSD). All systems followed pseudo-first-order kinetics (R2 > 0.95), with apparent rate con-

stants kapp of 0.0315 ± 0.0018 min–1 (BDD), 0.0271 ± 0.0025 min–1 (DSA), and 0.0187 ± 0.0031 min–1 (Pt). 

The 1.68-fold acceleration with BDD relative to Pt reflects the exceptional •OH generation capacity of dia-

mond surfaces at high anodic overpotentials [6, 12]. These kapp values fall within the 0.028–0.038 min⁻¹ range 

reported for BDD-based degradation of comparable azo dyes [13–16]. Electrochemical performance compar-

ison of electrode materials is presented in Table 1. 

 

 

Figure 1. Time-resolved degradation of methyl orange using BDD, DSA, and platinum electrodes.  

Conditions: 30 mA/cm², pH 3.0, [MO]0 = 200 mg/L, 0.1 M Na2SO4, T = 25 ± 1 °C, 300 rpm, n = 3.  

Error bars represent ± standard deviation 
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T a b l e  1  

Electrochemical performance comparison of electrode materials 

Electrode Material RE (%) kapp (min–1) t90 (min) 
TOC Reduction 

(%) 

Energy Consumption 

(kWh/m3) 

BDD (5×5 mm) 94.3 ± 2.1 0.0315 ± 0.0018 73 96.8 ± 1.5 8.2 

DSA (IrO₂–RuO2/Ti) 87.6 ± 3.3 0.0271 ± 0.0025 85 89.2 ± 2.8 9.1 

Platinum foil 68.7 ± 4.5 0.0187 ± 0.0031 123 72.4 ± 3.2 12.5 
Note: Conditions: 30 mA/cm², pH 3.0, [MO]₀ = 200 mg/L, 0.1 M Na2SO4, 25 ± 1 °C, 300 rpm, n = 3. Values are mean ± SD. 

RE = removal efficiency; kapp = apparent first-order rate constant; t90 = time for 90 % removal; TOC = total organic carbon reduction 

at 120 min 

 

3.2 Influence of current density. Figure 2 (panel B) shows that increasing current density from 10 to 

30 mA/cm2 enhanced MO removal from 76.2 ± 3.1 % to 94.3 ± 2.1 %, consistent with the linear relationship 

between Faradaic charge and •OH flux predicted by Faraday’s law. Beyond 30 mA/cm², gains were marginal 

(96.1 ± 1.8 % at 50 mA/cm²), indicating the onset of mass-transport limitation confirmed by the Warburg 

element in EIS data (Section 3.4). Concurrently, specific energy consumption rose from 5.1 to 13.8 kWh/m³ 

across 10–50 mA/cm², establishing 30 mA/cm² as the economically optimal operating point. These trends are 

in agreement with Butler–Volmer predictions of exponential current–overpotential dependence [9, 12]. 

3.3 pH-dependent degradation behavior. Solution pH modulates treatment efficiency through three 

mechanisms: (1) protonation state of the dye molecule, affecting its adsorption at the anode surface; (2) sta-

bility of electrogenerated •OH, which is scavenged by OH− at alkaline pH via •OH + OH− → O•− + H2O; and 

(3) competition from oxygen evolution at higher pH. Figure 2 (panel A) shows that maximum removal 

(94.3 ± 2.1 %) occurred at pH 3.0, declining to 88.6 ± 2.4 % (pH 5.0), 76.4 ± 3.0 % (pH 7.0), and 

52.1 ± 4.1 % (pH 10.0). Below the pKa of MO (~3.5), the neutral azo form adsorbs more readily at the posi-

tively charged BDD surface, increasing the rate of direct oxidation [17–19]. 

 

 

Figure 2. Effect of operating parameters on methyl orange removal using BDD electrode (n = 3, error bars = ± SD).  

A — Effect of pH (30 mA/cm², [MO]0 = 200 mg/L). B — Effect of current density on removal efficiency  

and specific energy consumption (pH 3.0, [MO]0 = 200 mg/L) 

3.4 Electrochemical impedance spectroscopy analysis. Nyquist plots (Figure 3A) display the depressed 

semicircle topology characteristic of charge-transfer-controlled kinetics. The Randles R(Cdl(RctW)) circuit 

yielded excellent fits (χ2 < 5×10–4) in all cases. Charge transfer resistance Rct decreased from 385 Ω at 1.0 V 

to 104 Ω at 2.5 V vs. Ag/AgCl (73 % reduction), following exponential decay (R2 = 0.982) consistent with 

Rct ∝ exp(−αFη/RT) where α is the transfer coefficient, F is Faraday’s constant, η is overpotential, and T is 

temperature [20, 21]. Double-layer capacitance Cdl remained stable at 45–52 μF across the potential range, 

confirming no significant electrode fouling or passivation. The Warburg element became prominent at cur-

rent densities ≥40 mA/cm², corroborating the mass-transport limitation identified in Section 3.2. Fitted EIS 

parameters are summarized in Table 2. 
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Figure 3. Electrochemical impedance spectroscopy results for BDD electrode at different applied potentials  

(pH 3.0, [MO]0 = 200 mg/L, 0.1 M Na2SO4). A — Nyquist plots (symbols = measured data; lines = R(Cᵈᴹ(RᶜᵗW)) fits).  

B — Potential dependence of charge transfer resistance Rᶜᵗ with exponential decay fit (R2 = 0.982),  

showing 73 % reduction from 1.0 to 2.5 V vs. Ag/AgCl 

T a b l e  2  

EIS-derived equivalent circuit parameters for BDD electrode as a function of applied potential 

Potential (V vs. Ag/AgCl) Rct (Ω) Cdl (μF) χ² 

1.0 385 ± 12 45 ± 2 3.2 × 10–4 

1.5 261 ± 9 47 ± 2 2.8 × 10–4 

2.0 162 ± 7 49 ± 3 4.1 × 10–4 

2.5 104 ± 5 52 ± 3 4.7 × 10–4 
Note: Equivalent circuit R(Cdl(RctW)); pH 3.0, [MO]0 = 200 mg/L, 0.1 M Na2SO4, 25 ± 1 °C. Values are mean ± SD (n = 3). 

 

3.5 Mineralization and energy efficiency. Figure 4 shows TOC reduction profiles and energy consump-

tion data. BDD achieved 96.8 ± 1.5 % TOC reduction at 120 min, compared with 89.2 ± 2.8 % (DSA) and 

72.4 ± 3.2 % (Pt). The high TOC removal with BDD confirms conversion of MO to CO2 and H2O without 

significant accumulation of persistent aromatic amine or quinone intermediates [22]. All TOC values were 

obtained in NPOC mode with acidification and sparging to preclude inorganic carbon interference. Specific 

energy consumption for 90 % removal was 8.2 kWh/m3 (BDD), 9.1 kWh/m3 (DSA), and 12.5 kWh/m3 (Pt). 

These values are competitive with photocatalytic advanced oxidation processes (5–12 kWh/m3) and ozona-

tion (8–15 kWh/m3) while offering substantially simpler operation and zero chemical sludge [19, 22]. 

 

 

Figure 4. Mineralization and energy performance comparison (120 min treatment, 30 mA/cm2, pH 3.0, n = 3;  

error bars = ± SD). A — Mineralization efficiency based on total organic carbon (TOC) reduction for BDD, DSA,  

and platinum electrodes; B — Specific energy consumption and estimated operating cost  

for 90 % pollutant removal (cost calculated at Nigerian electricity rate ₦45/kWh) 

3.6 Electrochemical oxidation versus biological treatment: a mechanistic comparison. The superior 

performance of BDD-mediated electrochemical oxidation observed in this study is best understood in the 

context of the fundamental biochemical constraints that limit conventional biological treatment of azo dyes. 

In aerobic microbial metabolism, aromatic ring degradation proceeds via oxygenase-catalysed hydroxylation 
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followed by ring fission, a pathway that depends on the availability of nucleophilic reactive sites on the aro-

matic substrate [3, 23]. The azo chromophore of methyl orange, however, bears strongly electron-

withdrawing sulphonate (–SO3Na) and dimethylamino groups flanking the –N=N– linkage, rendering the 

molecule electron-deficient and sterically resistant to electrophilic attack by microbial mono- and dioxygen-

ases [3, 4]. Consequently, aerobic activated sludge systems typically achieve only 20–40 % colour removal 

for sulphonated azo dyes, with negligible TOC reduction, as the intact aromatic scaffold persists through the 

biological reactor [23]. 

Under anaerobic conditions, azoreductase enzymes in facultative bacteria can reductively cleave the azo 

bond, producing colourless aromatic amines [3]. However, these amine products—including sulphanilic acid 

and dimethylaniline in the case of methyl orange—are frequently more acutely toxic and potentially carcino-

genic than the parent dye, and themselves resist further microbial catabolism under aerobic conditions [4, 

24]. Combined anaerobic–aerobic sequential biological systems have been investigated to couple reductive 

decolourization with aerobic mineralization of the amine intermediates, but typically achieve only 60–75 % 

TOC removal even under optimized conditions, and require hydraulic retention times of 24–72 h and careful 

redox management [23]. By contrast, BDD-mediated electrochemical oxidation in the present study achieved 

96.8 ± 1.5 % TOC reduction within 120 min via non-selective hydroxyl radical attack (•OH, E° = 2.80 V vs. 

SHE), which oxidizes both the azo bond and the aromatic rings simultaneously, irrespective of electron den-

sity or substituent pattern [5, 6]. The •OH radical generated at the BDD surface reacts with the aromatic ring 

at diffusion-controlled rates (k ≈ 109–1010 M–1s–1), bypassing the biochemical selectivity constraints that ren-

der microbial metabolism ineffective against recalcitrant azo structures [12, 22, 25]. 

These mechanistic distinctions have direct practical implications. The stable double-layer capacitance 

(Cdl = 45–52 μF) observed across the BDD electrode potential range confirms that electrode surface integrity 

was maintained throughout electrolysis, with no fouling by polymeric degradation products—a common op-

erational failure mode in biological reactors treating high-strength dye effluents where biofilm inhibition by 

the dye itself disrupts microbial metabolism [4, 24]. Taken together, the EIS kinetic data, TOC mineraliza-

tion results, and mechanistic contrast with biological treatment establish BDD electrochemical oxidation as a 

scientifically grounded alternative for treating azo dye effluents where conventional microbial methods are 

biochemically inadequate. 

Industrial implementation and techno-economic assessment 

For Nigerian and sub-Saharan African industrial contexts, electrochemical oxidation offers several 

practical advantages that justify the present laboratory-scale characterization as a precursor to scale-up: (i) no 

chemical consumables beyond electrical energy; (ii) modular scalability without process redesign; (iii) ap-

plicability across diverse pollutant classes; (iv) minimal sludge generation; and (v) potential integration with 

solar photovoltaic sources to reduce grid dependency. It must be noted that the energy and cost figures re-

ported here derive from model MO solutions in a simple electrolyte matrix; real textile or pharmaceutical 

effluents contain competing organic loads, suspended solids, and chloride species that will alter energy de-

mand and electrode service life. 

Capital equipment cost for a 1,000 L/day electrochemical treatment unit is estimated at USD 18,000–

25,000, compared with USD 45,000–65,000 for membrane bioreactor systems of equivalent throughput. At 

the Nigerian industrial electricity tariff of approximately ₦45/kWh, the energy-cost component for BDD-

mediated treatment is ₦369/m3 (~USD 0.81/m3), which is economically competitive when lifecycle sludge 

disposal costs are included. Priority future work should address: (i) pilot-scale continuous-flow studies to 

validate batch-to-flow kinetic translation; (ii) complex matrix effects from co-contaminants; (iii) electrode 

lifetime and regeneration; and (iv) renewable energy integration. 

Conclusion 

This study systematically characterized the electrochemical oxidation of methyl orange as a well-

defined model azo dye in ultrapure water with Na2SO4 supporting electrolyte, integrating kinetic optimiza-

tion, EIS mechanistic analysis, and techno-economic evaluation. The results provide a rigorous quantitative 

baseline for evaluating electrode performance and process economics, with validation against real industrial 

effluents identified as a key priority for future work. The principal findings are: 

1. BDD anodes achieved the highest pollutant removal (94.3 ± 2.1 %) and near-complete mineralization 

(96.8 ± 1.5 % TOC reduction) within 120 min under optimized conditions (30 mA/cm², pH 3.0, 200 mg/L), 

significantly outperforming DSA and platinum electrodes. 
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2. Pseudo-first-order kinetics were confirmed for all electrode types; the BDD apparent rate constant 

(kapp = 0.0315 ± 0.0018 min–1) was 1.68-fold higher than for platinum, consistent with the superior •OH gen-

eration capacity of diamond surfaces. 

3. EIS analysis using a Randles R(Cdl(RctW)) equivalent circuit revealed a 73 % reduction in Rct 

(385 Ω → 104 Ω) over 1.0–2.5 V vs. Ag/AgCl, confirming Butler–Volmer-controlled charge-transfer kinet-

ics. Stable Cdl (45–52 μF) demonstrated electrode surface integrity throughout electrolysis. 

4. Optimal conditions (30 mA/cm2, pH 3.0) were identified, yielding specific energy of 8.2 kWh/m3 

with BDD, competitive with photocatalytic and ozonation-based advanced oxidation processes. 

5. At Nigerian electricity tariffs (₦45/kWh), an estimated treatment cost of ₦369/m3 (~USD 0.81/m3) 

indicates promising economic competitiveness for electrochemical oxidation in developing-economy indus-

trial contexts, though cost projections for real effluents will depend on matrix composition, required pre-

treatment, and electrode lifetime under fouling conditions. 
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Модельдік азобояғышты ластаушы ретінде қызғылт метилді  

электрхимиялық тотықтыру: электродтардың салыстырмалы өнімділігі,  

ЭИС әдісімен механизмдік талдау және техникалық-экономикалық бағалау 

Жұмыста тоқыма және өнеркәсіптік ағын суларға тән модельдік азобояғышты ластаушы ретінде 

қызғылт метилдің (MO) электрхимиялық тотығуы (EO) бор-легирленген алмаз (BDD) және өлшемдік 

тұрақты анод (DSA) электродтарын жүйелі түрде оңтайландырылған жағдайларда қолдана отырып 

зерттелген. Модельдік ерітінділер 0,1 М Na2SO4 фондық электролиті бар ультражоғары таза суда 

дайындалды. Эксперименттер 25 ± 1 °C температурада, тұрақты араластыру (300 айн/мин) 

жағдайында гальваностатикалық режимде жүргізілді. Ток тығыздығы (10–50 мА/см²), pH (2–10) және 

бастапқы концентрация (50–500 мг/л) өзгертілді. BDD анодтары 120 минут ішінде 94,3 ± 2,1 % 

ластаушыны жойды (30 мА/см², pH 3,0, 200 мг/л), бұл DSA (87,6 ± 3,3 %) және платина 

электродтарынан (68,7 ± 4,5 %) айтарлықтай жоғары нәтиже берді. Электрхимиялық импеданс 

спектроскопиясы (EIS) Randles R(Cdl(RctW)) эквиваленттік схемасын қолдана отырып, анодтық 

потенциалдың (1,0–2,5 В Ag/AgCl) артуымен заряд тасымалдау кедергісінің 73 % төмендегенін 

көрсетті (Rct: 385 Ω → 104 Ω), бұл Батлер–Фольмер теңдеуімен басқарылатын тотығу кинетикасын 

растайды. BDD үшін тиімді жылдамдық константасы kapp = 0,0315 ± 0,0018 мин–1 платинаға қарағанда 

1,68 есе жоғары болды. Жалпы органикалық көміртек (TOC) талдауы BDD қолданғанда толық дерлік 

минералдануды (96,8 ± 1,5 % TOC төмендеуі) көрсетті. Меншікті энергия шығыны 8,2 кВт·сағ/м3 

болды, бұл бояғыш ағын суларды өңдеуде әдістің тиімділігін анықтайды. Нигериядағы электр энергия 

тарифі (₦45/кВт·сағ) бойынша өңдеу құны шамамен ₦369/м3, бұл дамушы елдерде өнеркәсіптік 

қолдану үшін әлеуетті тиімділікті көрсетеді. 

Кілт сөздер: электрхимиялық тотығу, бор-легирленген алмаз, азобояғыштардың ыдырауы, қызғылт 

метил, өлшемдік тұрақты анод, электрхимиялық импеданс спектроскопиясы, минералдану, модельдік 

ластаушы, заряд тасымалдау кедергісі, гидроксил радикалдары, псевдо-бірінші ретті кинетика, 

техникалық-экономикалық бағалау 
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Электрохимическое окисление метилового оранжевого как модельного 

загрязнителя азокрасителей: сравнительная эффективность электродов, 

механистический анализ методом ЭИС и технико-экономическая оценка 

Данное исследование посвящено электрохимическому окислению (EO) метилового оранжевого (MO) 

как модельного загрязнителя азокрасителей, характерного для текстильных и промышленных сточных 

вод, с использованием анодов из бор-легированного алмаза (BDD) и размерно-стабильных анодов 

(DSA) в систематически оптимизированных условиях. Модельные растворы готовились в ультрачи-

стой воде с использованием 0,1 М Na2SO4 в качестве фонового электролита. Пакетные эксперименты 

проводились в гальваностатическом режиме при температуре 25 ± 1 °C при постоянном перемешива-

нии (300 об/мин) с варьированием плотности тока (10–50 мА/см²), pH (2–10) и начальной концентра-

ции метилового оранжевого (50–500 мг/л). Аноды BDD обеспечили 94,3 ± 2,1 % удаления загрязните-

ля за 120 мин при оптимальных условиях (30 мА/см², pH 3,0, 200 мг/л), значительно превосходя DSA 

(87,6 ± 3,3 %) и платиновые электроды (68,7 ± 4,5 %). Электрохимическая импедансная спектроскопия 

(EIS) с использованием эквивалентной схемы Рэндлса R(Cdl(RctW)) показала снижение сопротивления 

переноса заряда на 73 % (Rct: 385 Ω → 104 Ω) при увеличении анодного потенциала (1,0–2,5 В отно-

сительно Ag/AgCl), что подтверждает кинетику окисления, контролируемую уравнением Батлера–

Фольмера. Константа кажущейся скорости kapp = 0,0315 ± 0,0018 мин–1 для BDD была в 1,68 раза вы-

ше, чем для платины. Анализ общего органического углерода (TOC) подтвердил почти полную мине-

рализацию (96,8 ± 1,5 % снижения TOC) при использовании BDD. Удельное энергопотребление со-

ставило 8,2 кВт·ч/м³, что указывает на конкурентоспособность метода для очистки красителей. При 

тарифе на электроэнергию в Нигерии (₦45/кВт·ч) расчетная стоимость обработки составляет ₦369/м3, 

что свидетельствует о потенциальной применимости в промышленности развивающихся стран при 

условии проверки на реальных сточных водах. 

Ключевые слова: электрохимическое окисление, бор-легированный алмаз, разложение азокрасителей, 

метиловый оранжевый, размерно-стабильный анод, электрохимическая импедансная спектроскопия, 

минерализация, модельный загрязнитель, сопротивление переноса заряда, гидроксильные радикалы, 

кинетика псевдопервого порядка, технико-экономическая оценка 
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