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Abstract

Whereas electrochemical oxidation is noted for its ability to degrade 

bio-refractory organics, it has also been incorrectly criticized for excessive energy 

consumption. The present paper rectifies this misunderstanding by demonstrating that 

the energy actually consumed in the degradation process is much less than that wasted 

in the side reaction of oxygen evolution. To minimize the side reaction, the possible 

highest instantaneous current efficiency (PHICE) for electrochemical oxidation of 

phenol at Boron-doped Diamond (BDD), Ti/SnO2-Sb/PbO2 (PbO2), and Ti/SnO2-Sb 

(SnO2) anodes has been investigated systematically, and found to reach almost 100% 

at the BDD anode compared with 23% at the PbO2 anode and 9% at the SnO2 anode. 

The significant discrepancy between PHICE values at the various anodes is 

interpreted in terms of different existing forms of hydroxyl radicals. For each anode 

system, the PHICEs are maintained experimentally using a computer-controlled

exponential decay current mode throughout the electrolysis process. For applications,

the minimized energy consumption is predicted by response surface methodology 

(RSM), and demonstrated for the BDD anode system. Consequently, almost 100% 

current efficiency is achieved (for a relatively meagre energy consumption of 17.2 

kWh kgCOD-1) along with excellent COD degradation efficiency by optimizing the

initial current density, flow rate, electrolysis time, and exponential decay constant. 

Compared with galvanostatic conditions, over 70% of the energy is saved in the 

present study, thus demonstrating the great potential of electrochemical oxidation for 

practical applications.
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1. Introduction

Many industrial processes generate bio-refractory organic effluent, such as

coking processes (Lai et al. 2009; Zhu et al. 2009), oil refining(Wei et al. 2010),

textile dyeing(Abdessamad et al. 2013; Sathishkumar et al. 2017), the production of 

pharmaceutics (Wang et al. 2017), pesticide (Wee and Aris 2017), herbicide (Allan et 

al. 2017), pulp and paper (Fang et al. 2017), plastics and detergents (Hermabessiere et 

al. 2017). Such wastewaters usually contain many kinds of bio-refractory organic 

compounds, and so cannot be degraded efficiently by conventional biological 

methods. Instead, advanced oxidation processes (AOPs) including Fenton oxidation

(Gupta and Garg 2018), ozonation (Chacana et al. 2017), wet air oxidation (Li et al. 

2013), photocatalytic oxidation (Uyguner-Demirel and Bekbolet 2011), supercritical 

water oxidation (Yang et al. 2017) and electrochemical oxidation (Zhu et al. 2009; 

Zhu and Ni 2011; Yi et al. 2010; Xing et al. 2012; Li et al. 2010) have been widely 

investigated to treat these wastewaters.

Electrochemical oxidation is one of the most promising AOPs techniques 

because of its low use of chemicals, fast oxidization rate, and lack of secondary 

pollution. However, the electrochemical oxidation method has long been criticized for 

its poor current efficiency (CE) and high energy consumption, and so has not been 

widely applied. To remedy these defects, a considerable body of research has been 

undertaken on combinations of various oxidation methods (Cañizares et al. 2009; 

Garcia-Segura et al. 2012; Borràs et al. 2011; Brillas et al. 2004) and the enhancement 

of mass transfer processes (Lindermeir et al. 2003; Zhao et al. 2008). However, many 
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problems persist such as the need of extra chemicals, dependence on specialized 

equipment, formation of complex substances, etc., and no satisfactory results have 

been obtained to date.

Anode materials are critical for electrochemical oxidation processes and have a 

significant influence on CE. Over the past few decades, various anodes have been 

tested including Pt (Zhao et al. 2008), IrO2 (Martínez-Huitle et al. 2004), RuO2 (Zhou 

et al. 2011), PbO2 (He et al. 2018), SnO2 (Guo et al. 2016), and boron-doped diamond 

(BDD) anodes (Panizza and Cerisola 2005; Li et al. 2010; Zhu et al. 2011b; Zhu et al. 

2010a; Wei et al. 2011). According to the oxidation mechanism, these anodes can be

divided into two groups, i.e. active anodes and non-active anodes (Zhu et al. 2008; 

Zhu et al. 2007). During electrolysis, water molecules initially oxidize on the anode 

surface (MOx) leading to the formation of hydroxyl radicals (MOx( OH)). At active 

anodes, such as Pt, IrO2 and RuO2, the hydroxyl radicals oxidize the oxide lattice and 

form higher oxides (MOx+1) that participate in the electrochemical conversion of 

organic pollutants. At non-active anodes, such as SnO2, PbO2 and BDD, the hydroxyl

radicals are mainly physically adsorbed and react with organics directly. Besides 

oxidizing organics, oxygen is evolved through further oxidation of the hydroxyl 

radicals. This decomposition process wastes energy during electrolysis and this 

worsens the longer the duration of the process. Hence, it can be speculated that if the 

side reaction of oxygen evolution can be prevented or minimized, then energy 

consumption would be substantially reduced. Recently, a multi-step modulation 

method involving complicated adjustment to the applied current has been proposed
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(Panizza et al. 2008) to enhance CE in a BDD anode system. Simplification of this

method would make it attractive for use in practical applications.

In the present study, the possible highest instantaneous current efficiency

(PHICE) of three typical systems with non-active anodes of BDD, Ti/SnO2-Sb/PbO2

(PbO2), and Ti/SnO2-Sb (SnO2) is investigated by reducing the side reaction. Using a 

computer-controlled exponential decay current mode, the PHICE is successfully 

maintained throughout the electrolysis process without being affected by the

electrolysis time. System optimization using response surface methodology (RSM) is 

conveniently undertaken by altering the following operating parameters: initial 

current density, electrolysis time, flow rate, and exponential decay constant k. The 

optimization technique is demonstrated for phenol (Wei et al. 2011; Zhu and Ni 2011; 

Yi et al. 2010) electrochemical oxidation in a BDD anode system.

2. Experimental Section

2.1 Electrochemical system

A diagram illustrating the electrochemical installation is given in Figure S1, 

which is constant with previous study (Zhu et al. 2010b). The three anodes 

respectively comprise BDD (purchased from CONDIAS GmbH, Germany), PbO2 and 

SnO2 electrodes (purchased from the General Research Institute for Nonferrous 

Metals, Beijing, China), each with a working area of 24 cm2 (3 × 8 cm). A piece of

stainless steel of the same dimensions is used as the cathode. The gap between the 

electrodes is set to be 1.55 cm, and thus the working volume of the system is 37.2 mL.

The anode system is operated in continuous mode at room temperature for phenol 
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simulated wastewater. During the electrochemical oxidation process, the water 

contaminated with phenol is pumped from a tank at a constant flow rate through the 

reactor. At regular intervals, samples are drawn from the tank for chemical analysis.

2.2 Analytical methods

Phenol concentration is measured by an Agilent HP1100 HPLC instrument with 

a ZORBAX SB-C18 column and a DAD detector. The UV detector is set at 217 nm for 

phenol detection. The mobile phase is methanol: water (50:50), with a constant flow 

rate of 1.0 mL min-1. Initial chemical oxygen demand (COD) of the phenol simulated 

wastewater is controlled at 500 mg L-1 with 0.1 M Na2SO4 as the electrolyte. COD is 

measured by a titrimetric method using dichromate as the oxidant in an acidic solution 

at 150oC for 2 h (Hachi, USA). The instantaneous current efficiency (ICE) for the 

anodic oxidation of phenol is determined from:

[ ]F

8
t tCOD COD V

ICE
I t (1)

where CODt and CODt+ t are the COD (g O2 m-3) at times t and t + t (s), 

respectively. F is the Faraday constant (96,487 C mol-1), V is the volume of the 

electrolyte (L), I is the current (in A), and the number 8 is a dimensional factor for 

consistency of units (32 g O2/4 mol e-1 O2).

The time-averaged current efficiency (CE) is calculated using the mean-value theorem 

from:

0
( )ICE t dt

CE
(2)

where is the electrolysis duration (s) necessary to reach a target COD conversion.



8

Degradation efficiency (DCOD) is calculated using:

0

0

100%t
COD

COD COD
D

COD (3)

where COD0 is the initial concentration, CODt is the concentration after electrolysis 

time t (h).

The specific energy consumption per unit mass of COD (Esp, kWh kgCOD-1) is

calculated from:

1000

( )
sp

in out

UIt
E

COD COD V (4)

where U is the cell voltage (V), I is the current (A), t is the electrolysis time (h), 

CODin and CODout are the influent and effluent COD of wastewater (mg L-1) and V is 

the reactor volume (L).

2.3 Detection of hydroxyl radicals

N,N-dimethy-p-nitrosoaniline (RNO) is used as a spin trap of hydroxyl radicals 

according to the reference (Comninellis 1994). The change of the yellow color of 

RNO is measured by UV-vis spectrophotometer (Specord 200, Analytikjena) at 440 

nm. Electrolysis is performed in a 250 mL phosphate buffer (pH 7.1) solution 

containing 3×10-5 M RNO at room temperature of 25 for 60 min. BDD, PbO2 and 

SnO2 (4 cm-2) electrodes are used as anode respectively with stainless steel used as 

cathode. The gap between electrodes is set as 10 mm and the solution is stirred by a 

magnetic stirring bar.

2.4 Exponential decay current mode

The power supply (DH1765-1), provided by Beijing Dahua Electron Co. Ltd., 
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China, is computer-controlled through adjustments to two operating parameters: the

initial current density (ilim) and the exponential decay constant k. The current density

is kept constant after decaying to 5 mA cm-2 in order to ensure that the reaction occurs 

in the region of water decomposition (Panizza and Cerisola 2005; Panizza et al. 

2008).

2.5 Response surface methodology

Response surface methodology (RSM) is used to optimize the experimental 

conditions and to analyze the influence of operating parameters on the

electrochemical oxidation of phenol in the exponential decay current mode.

Second-order central composite design (CCD) is employed to determine the 

combinations of input parameters used in the test program.

The initial current density (X1), flow rate (X2), electrolysis time (X3) and 

exponential decay constant k (X4), all of which have significant influence on 

electrochemical oxidation processes, are chosen as independent variables. The 

degradation efficiency (DCOD) and specific energy consumption (Esp) are chosen as

output variables. Table 1 lists the independent variables and their experimental ranges.

For statistical calculations, the variables Xi are coded in normalized form as xi [-2, 

2] according to:

0i
i

X X
x

X (5)

where X0 is the value of Xi at the center point and X represents the step change.

Experimental data are analyzed using response surface regression by means of 

the software package Minitab 16 and fitting to the second-order polynomial model:
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Y=b0 + b1x1 + b2x2 + b3x3 + b4x4 + b11x1
2 + b22x2

2 + b33x3
2 + b44x4

2

+b12x1x2 + b13x1x3 + b14x1x4 + b23x2x3 + b24x2x4 +b34x3x4 (6)

where Y is the response variable, b0 is a constant; b1, b2, b3 and b4 are regression 

coefficients for linear effects; b11, b22, b33 and b44 are quadratic coefficients; and 

b12,b13,b14, b23, b24 and b34 are interaction coefficients.

3. Results and discussion

3.1 PHICE at different anodes

According to previous studies (Zhu et al. 2008; Zhu et al. 2007), the side reaction 

of oxygen evolution is the primary cause for energy waste at non-active anodes.

Hence, minimization of the side reaction is the key factor in energy saving. Here, a 

theoretical model is proposed by which to predict the limiting current density of BDD 

anode, assuming that oxidation process is controlled by diffusion (Panizza et al. 2001).

Using this model, the limiting current density is estimated from the COD 

concentration:

ilim(t) = 4Fkm COD(t)      (7)

where ilim is the limiting current density (A m-2) at a given time t, 4 is the number of 

exchange electrons per mol of O2, F is the Faraday constant (C mol-1), km is the 

average mass transport coefficient in the electrochemical reactor (m s-1), and COD(t) 

is the chemical oxygen demand (mol O2 m-3) at a given time t.

Rates of reaction between the organics and hydroxyl radicals were different at 

the three non-active BDD, PbO2 and SnO2 electrodes because of the various forms of 

hydroxyl radicals encountered. At the BDD anode, the hydroxyl radicals were weakly 
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adsorbed and tended to exist freely in a region near the anode surface. As a result, the

hydroxyl radicals reacted vigorously with the organics, and were utilized efficiently in 

the oxidation process (Panizza and Cerisola 2004; Zhu et al. 2009; Zhu et al. 2008). 

On the contrary, at PbO2 and SnO2 anodes, the hydroxyl radicals were strongly 

adsorbed at the anode surface and hence were readily wasted in the side reaction of

oxygen evolution (Figure S2). Thus, the limiting current density for PbO2 and SnO2

anodes cannot be determined from the COD concentration, unlike for the BDD anode.

Meanwhile different existing forms of hydroxyl radicals have been analyzed using a 

mathematical model based on van der Waals interaction (Vatistas 2010). In this model, 

the solution adjacent to the anode surface is divided into different layers (Figure S3).

The layer nearest the anode surface is defined as the adsorption layer and is taken to 

be the region in which oxygen forms. Most of the hydroxyl radicals are assumed to be 

located in the adsorption layer and only those which can diffuse out of the layer are 

able to react with organic pollutants efficiently. The thickness of the adsorption layer

depends on the anode material properties and exercises considerable influence on 

their ICE. At the BDD anode, is almost zero, and consequently all generated 

hydroxyl radicals can be utilized in the oxidation process. However, at the PbO2 and 

SnO2 anodes, the majority of generated hydroxyl radicals remains trapped in the 

adsorption layer and is utilized wastefully in the side reaction.

In order to estimate the utilization efficiency of hydroxyl radicals produced at the 

PbO2 and SnO2 anodes, the ICE was estimated under certain experimental conditions 

consistent with those for the limiting current density investigation at the BDD anode. 
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For conditions of initial COD of 500 mg L-1, flow rate of 250 mL min-1, mass-transfer 

coefficient km of 1.8×10-5 m s-1 (determined using the ferri/ferrocyanide couple), and 

supporting electrolyte 0.1 M of Na2SO4, the limiting current density ilim was 11 mA 

cm-2 (calculated using Eq. 7). Under these conditions, almost 100% ICE was achieved 

in the BDD anode system, implying that electrons supplied by the power source met 

exactly the COD degradation requirement. These results demonstrated the excellent 

catalytic capability of the BDD anode to convert electronic energy to chemical energy.

However, under the same experimental conditions, the values of ICE were only 23% 

and 9% at the PbO2 and SnO2 anodes, indicating that 77% and 91% hydroxyl radicals 

were wasted in the side reaction. For the limiting experimental conditions, these ICE 

values can be identified as the corresponding PHICE values at the three non-active 

anodes considered here for phenol oxidation.

3.2 Exponential decay current mode for PHICE

Under galvanostatic conditions, the time-averaged current efficiency (CE)

(calculated using Eq. 2) decreased with electrolysis time due to the growing side 

reaction of oxygen evolution (Jiang et al. 2010; Xing et al. 2012; Zhu et al. 2007). In 

order to maintain the idealized ICE throughout the entire electrolysis process and 

remove any influence of electrolysis time, a specially designed exponential decay 

current mode was applied to the electrolysis process. In this mode of operation, the

current was instantaneously adjusted using control software to remain at the limiting 

value (calculated using Eq. 6). Consequently, CE was able to achieve the maximum

value without being affected by the electrolysis time .
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This above current mode was applied to each of the three non-active anode 

systems using operating parameters consistent with the experimental conditions in 

Section 3.1. Under galvanostatic conditions with current density of 11 mA cm-2, the 

observed COD removal followed an exponential trend given by:

0 exp( )t CODCOD COD k t
(8)

The exponential decay constant k in the current mode was set to be the same as

kCOD which had values of 8×10-5, 2×10-5 and 7×10-6 s-1 respectively for the BDD, PbO2, 

and SnO2 anodes. Figure 1 presents the results for electrochemical oxidation of 

phenol at the three anodes obtained using the exponential decay current mode. The 

figure shows the degradation of phenol (A), removal percentage of COD (B), 

intermediate concentration (C) and CE (D) as functions of time during the entire

electrolysis process for the BDD, PbO2 and SnO2 anodes, respectively. It may easily 

be seen that the degradation rate of phenol at the BDD anode was much faster than at 

the PbO2 and SnO2 anodes. After 3 h electrolysis, the COD removal percentage was 

69.2% at BDD anode, a much higher value than the 17.6% and 7% obtained for the

PbO2 and SnO2 anodes. Here, COD represents the total concentration of organic 

compounds in solution, including phenol and all the intermediates formed during the

electrolysis process. Hence, the subtracted difference between the percentage of 

phenol and the COD indicates the presence of intermediates formed at the three 

anodes. The least amount of intermediates was produced at the SnO2 anode because of 

the slow removal rates of both phenol and COD. The most intermediates were 

produced at PbO2 anode owing to the much faster degradation rate of phenol than its 
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mineralization at the PbO2 anode. Intermediates did not accumulate too much in the 

BDD anode system due to its fast removal rates of both phenol and COD, in 

accordance with the excellent mineralization ability of the BDD anode. CE usually 

decayed rapidly with electrolysis time under galvanostatic conditions, but remained

constant for each of the three anodes during the entire process when the 

computer-controlled exponential decay current mode was applied. Throughout the

electrolysis process, the PHICE was maintained at each of the BDD, PbO2 and SnO2

anodes under consideration. Correspondingly, the specific energy consumption for per 

unit mass COD, Esp, was lowest at 17.6 kWh kgCOD-1 for the BDD anode, and much 

higher at 62.6 and 170.2 kWh kgCOD-1 for the PbO2 and SnO2 anodes.

Quantity of hydroxyl radicals formed during electrolysis process under 

exponential decay current mode at the three non-active anodes has been examined by 

RNO (Figure 2A), respectively. The experimental conditions were the same with 

COD degradation at the three anode materials. Referred previous study (Zhao et al. 

2010), the index of COD/[ OH]total has been introduced to describe the utilization 

of hydroxyl radicals. According to the experimental results (Figure 2B), it is 

obviously that the value of COD/[ OH]total for BDD anode at 60 min was 169.2, 

which was the highest, and 31.2, 17.4 for PbO2 and SnO2, respectively. In order to 

compare these values intuitively, the value on BDD was taken as 100%, which was 

constant with its PHICE, so those on PbO2 and SnO2 anode were 20.5% and 11.8%. It 

has been reported that oxidation at non-active anodes was meanly due to indirect 

oxidation by free hydroxyl radicals, therefore the utilization efficiency can be 
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identified as the percentage of free hydroxyl radicals existing at these anode surface.

3.3 RSM analysis for PHICE in BDD anode system

The preceding results have shown that the ideal ICE can be maintained 

throughout the entire electrolysis process in three non-active anode systems using a 

computer-controlled exponential decay current mode. In order to gain a deeper 

understanding of this mode, the influence of and interactions between its parameters 

have been interpreted using RSM analysis of the BDD anode system. Table 1 lists the 

design matrix obtained from full factor central composite design (CCD) and used for 

experimental test cases on the electrochemical oxidation of phenol simulated

wastewater investigated in the BDD anode system. Table 2 lists the values of DCOD

and Esp obtained for each case. For the various operating conditions, the value of DCOD

was in the range 20.04 ~ 71.03% and that of Esp was in the range 16.3 ~ 24.92 kWh 

kgCOD-1.

The experimental data are analyzed using the response surface regression 

procedures in RSM and fitted to a second-order polynomial model (Eq. 5). The 

regression curves obtained for the response variable Y related to DCOD and Esp are as 

follows:

Y(DCOD) = 50.96 + 8.408x1 + 5.895x2 + 24.873x3 -2.41x4 3.053x1
2 4.343x2

2

7.513x3
2 1.267x4

2 + 4.61x1x2 + 7.325x1x3 4.165x1x4 3.195x2x3

5.035x2x4 5.44x3x4 (R2 = 0.9556)       (9)

Y(Esp) = 18.9571 + 3.8792x1 2.0742x2 0.7642x3 0.4075x4 + 1.3283x1
2 + 2.4783x2

2

+ 0.4933x3
2 1.0117x4

2 2.0625x1x2 2.7275x1x3 + 2.4675x1x4 1.2875x2x3 
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+ 0.0575x2x4 + 0.3925x3x4 (R2 = 0.9377)        (10)

where x1 is the normalized initial current density, x2 is the normalized flow rate, x3 is 

the normalized electrolysis time, and x4 is the normalized exponential decay constant.

The correlation coefficients (R2) listed alongside Eq. 9 and Eq. 10 are high. Figure 3A 

and Figure 3B confirm that excellent agreement is obtained between the experimental 

and predicted values of DCOD and Esp in all cases. We now consider the residuals in 

order to examine deviations between the experimental and the predicted results. The 

error terms are assumed to be random and therefore normally distributed about zero

mean with constant standard deviation. Figure 3C and Figure 3D plot the normalized

probability against the residuals of DCOD and Esp. In both subplots, the points or point 

clusters are located close to the diagonal line. From this it may be concluded that it 

was reasonable to assume that the errors were normally distributed and independent of 

each other. The homogeneity of the error variances and independence of the residuals 

demonstrate that the RSM model (Eq. 9 and Eq. 10) is appropriate for describing both

DCOD and Esp in the electrochemical oxidation process considered herein.

In the electrochemical oxidation process using the BDD anode system, both 

COD degradation efficiency (DCOD) and specific energy consumption per unit mass of 

COD (Esp) were significantly affected by the ambient operating conditions. Figure 4

and Figure 5 present contour plots of DCOD and Esp obtained for different 

combinations of primary factors; namely, the initial current density i, flow rate v, 

electrolysis time t and exponential decay constant k.

Pairwise comparisons of the four influence factors affecting DCOD demonstrated 
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that electrolysis time was the most significant factor, when compared against either 

initial current density (Figure 4B) or flow rate (Figure 4C) or exponential decay 

constant k (Figure 4D). However, the initial current density and flow rate exhibit 

similar extents of influence (Figure 4A). Taking into account all the results, the 

overall influence order of the factors on DCOD was t > i > v > k. This suggests that to 

obtain higher degradation efficiency requires longer electrolysis time, higher initial 

current density, faster flow rate, and smaller exponential decay constant k.

Turning to Esp, the initial current density was more significant than the flow rate 

(Figure 5A), electrolysis time (Figure 5B) or decay constant k (Figure 5D). The flow 

rate was more important than electrolysis time (Figure 5B). Thus, the influence order 

of the factors on Esp was i > v > t > k, implying that lower energy consumption 

requires lower initial current density, faster flow rate, and longer electrolysis time.

Surprisingly, the relationship between Esp and electrolysis time under the 

exponential decay current mode does not follow the general understanding reported 

previously (Zhu et al. 2007). Under the computer-controlled exponential decay 

current mode, Esp tended to decrease with increasing electrolysis time, unlike cases 

operated under galvanostatic conditions. Besides COD concentration and current 

density, Esp is also influenced by the cell voltage U (Eq. 4). The cell voltage is 

particularly high during the initial stage of electrolysis and later decreases with time

when the system is operated under the exponential decay current mode. By combining 

Eqs.1,2 and 4, Esp can be expressed as:

125Fsp

U
E

CE (11)
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in which CE is taken as constant under exponential decay current mode, so that Esp

declines with U over the duration of the electrolysis process.

It should be stressed that both DCOD and Esp would be enhanced by lengthening 

the electrolysis time under the exponential decay current mode which overcomes the 

difficulties encountered under conventional galvanostatic conditions (Panizza and 

Cerisola 2004; Zhu et al. 2007; Yi et al. 2010; Xing et al. 2012). This breakthrough 

should lead to major benefits in the application of electrochemical oxidation systems 

that involve considerably less energy consumption.

To examine these findings, the following example concerns the optimized 

condition in a BDD anode system obtained using the RSM model, for given operating

conditions of i =11.53 mA cm-2, v = 253 mL min-1, t = 180 min and k = 6×10-5 s-1. For 

the phenol simulated wastewater, over 70% COD was removed from the initial 500 

mg L-1 phenol content (the remainder having COD < 150 mg L-1 as required by the 

National Discharge Standard of China) within 3 h with an Esp value of merely 17.2 

kWh kgCOD-1. For comparison, the RSM-minimized value of Esp under galvanostatic 

conditions was 63 kWh kgCOD-1 when operated under continuous mode (Zhu et al. 

2010b) and 84.79 kWh kg COD-1 under batch mode (Zhu et al. 2011a). Moreover, the 

energy saving through other modes, e.g. the pulse current mode (Wei et al. 2011), was 

not as encouraging as that from the exponential decay mode proposed in the present 

paper.
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4. Conclusion

In summary, PHICE has been achieved for three non-active anode systems by 

reducing the side reaction to its lowest level and maintaining this throughout the 

whole electrolysis period using a computer-controlled exponential decay current mode. 

A demonstration case of electrochemical oxidation of phenol by the exponential decay 

current mode for the BDD anode system was analyzed by RSM. These results showed

almost 100% CE was achieved, with Esp of merely 17.2 kWh kg COD-1, along with

excellent COD degradation efficiency. Meanwhile, DCOD enhancement and Esp

reduction occurred simultaneously as the electrolysis time increased, which never

happens under conventional galvanostatic conditions. Systematic analysis of 

experimental results under comparable conditions indicated that about 73% energy 

that would otherwise be wasted in the side reaction could be retrieved by exerting an

exponential decay current mode in the BDD anode system. This huge gain in energy 

has corrected a long-held misunderstanding that the BDD anode system is energy 

inefficient when degrading bio-refractory organics, and points towards the potential of 

electrochemical oxidation method for practical applications.
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Table 1 Experimental range and levels of independent variables.

Independent factors

Factor Range and levels

Xi -2 -1 0 1 2

Initial current density (mAcm-2) X1 7 9 11 13 15

Flow rate (mLmin-1) X2 100 150 200 250 300

Electrolysis time (min) X3 48 96 144 192 240

Exponential decay constant k (s-1) X4 6×10-5 8×10-5 1×10-4 1.2×10-4 1.4×10-4
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Table 2 Design matrix in coded units and the experimental responses.

Runs A B C D DCOD (%) Esp (kWh kgCOD-1)

1 -1 -1 -1 -1 30.48 18.23

2 1 -1 -1 -1 24.04 23.58

3 -1 1 -1 -1 32.45 18.97

4 1 1 -1 -1 44.62 21.95

5 -1 -1 1 -1 50.38 18.75

6 1 -1 1 -1 67.31 23.18

7 -1 1 1 -1 55.66 18.41

8 1 1 1 -1 71.15 17.24

9 -1 -1 -1 1 31.78 17.25

10 1 -1 -1 1 35.33 24.92

11 -1 1 -1 1 33.33 16.30

12 1 1 -1 1 39.22 22.28

13 -1 -1 1 1 52.9 17.99

14 1 -1 1 1 59.46 22.27

15 -1 1 1 1 56.48 16.69

16 1 1 1 1 61.97 20.22

17 -2 0 0 0 39.37 16.69

18 2 0 0 0 60.00 23.44

19 0 -2 0 0 41.51 23.91

20 0 2 0 0 55.28 18.52

21 0 0 -2 0 21.62 19.34

22 0 0 2 0 71.03 19.22

23 0 0 0 -2 59.83 18.35

24 0 0 0 2 48.18 17.10

25 0 0 0 0 51.46 19.43

26 0 0 0 0 51.36 18.23

27 0 0 0 0 49.55 18.72

28 0 0 0 0 50.02 19.23

29 0 0 0 0 52.4 18.69

30 0 0 0 0 52.4 18.85

31 0 0 0 0 49.53 19.55
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Figure Captions

Figure 1 Evolution of phenol concentration (A), COD concentration (B), the 

difference between removal percentage of phenol and COD (C), and current 

efficiency (D) as functions of electrolysis time at the BDD ( ), PbO2 ( ) and SnO2

( ) anodes for the exponential decay current mode.

Figure 2 Evolution of hydroxyl radicals concentration as function of electrolysis time 

at BDD, PbO2 and SnO2 anodes (A), Utilization efficiency of hydroxyl radicals for 

phenol oxidation at BDD, PbO2 and SnO2 anodes (B).

Figure 3 Comparison between experimental ( ) and predicted ( ) results for DCOD

(A) and Esp (B), subplots (C) and (D) show the normalized residuals for DCOD and Esp.

Figure 4 Contour plots of DCOD in BDD anode system plotted according to: (A) initial 

current density and flow rate, (B) initial current density and electrolysis time, (C) flow 

rate and electrolysis time, (D) electrolysis time and exponential decay constant k.

Figure 5 Contour plots of Esp in BDD anode system plotted according to: (A) initial 

current density and flow rate, (B) initial current density and electrolysis time, (C) flow 

rate and electrolysis time, (D) initial current density and exponential decay constant k.
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