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ABSTRACT

The electrochemical oxidation of D-fructose solution was studied using a Box–Behnken
design. Seventeen batch runs of electrochemical oxidation were conducted based on three
sets of operating conditions generated using Design-Expert software. The effects of
D-fructose concentration, applied voltage and NaOH concentration on oxidation percentage
and oxidation rate were studied. As revealed by ANOVA, the D-fructose and NaOH
concentrations significantly affected the oxidation percentage, and the applied voltage and
NaOH concentration significantly affected the oxidation rate. Functional models for the
oxidation percentage and oxidation rate were generated and reported. The electrochemical
oxidation of D-fructose was optimised by maximising the D-fructose concentration and
minimising the applied voltage and NaOH concentration. The models were validated
by comparing the adjusted optimised solution with the experimental data. A 62.78%
electrochemical oxidation percentage and an oxidation rate of 12.20mM/L h were achieved
using 82% D-fructose with 0.14M NaOH and a 10 V applied voltage.

Keywords: Electrochemical oxidation; D-fructose; Box–Behnken; Wastewater treatment;
Optimisation; Modelling

1. Introduction

Electrochemical oxidation has been widely studied
in waste management to treat high-COD wastewater
using direct anodic oxidation and/or indirect oxidation
methods. Such wastewater is commonly discharged
from landfills [1,2] and livestock effluent [3], textile
[4,5], refractory [6], sugar [7,8] and food and fruit
processing industries [9]. The direct anodic oxidation
method involves the application of metal oxide and

catalytic metal alloy anodes, such as titanium-based
dimensionally stable anodes [10] and boron-doped
diamond and metal alloy electrodes [11,12], where
direct oxidation occurs at the electrode surface [13].
In contrast, the indirect oxidation method involves
the reduction of chlorine, hypochlorous acid and/or
hypochlorite to oxidise the organic compounds near the
anode and/or in the bulk of the solution in alkaline
media. However, the effects of the addition of NaCl on
the indirect oxidation may depend on the anodic
material [14].

Recently, the electrochemical oxidation of simu-
lated sugar industrial effluent containing a saccha-*Corresponding author.
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rose mixture solution has been reported using a
RuO2-coated titanium anode [7], iron, carbon and
SS304 stainless steel [8]. A maximum COD removal
of 80% was achieved by both the reported studies.
The effects of current density, initial COD concentra-
tion and flow rate on COD removal were studied
using a Box–Behnken design. Guven and co-workers
studied the effects of applied voltage, NaCl concen-
tration and waste concentration on the COD removal
and initial COD removal rate using the CCD
method. An iron electrode provided the highest per-
centage of COD removal; however, the resultant
high turbidity indicated iron corrosion and Fe(OH)3
formation.

In the present study, we focus on the electrochemi-
cal oxidation of D-fructose solution in alkaline
media, as D-fructose is a prevalent substituent that
contributes to the high COD of wastewater from the
wine [15] and fruit processing industries [16]. The
electrodes were comprised of 304 stainless steel due to
its good corrosion resistance and moderate oxidation
efficiency before the optimisation. The effects of
D-fructose concentration, applied voltage and
NaOH concentration on the oxidation percentage and
oxidation rate are analysed using statistical tests. The
electrochemical oxidation is modelled, and the
optimised solution is predicted and compared with
the experimental results.

2. Materials and methods

A 0.1M D-fructose (HmbG Chemicals) solution
was prepared by dissolving 18.016 g of D-fructose in a
1 L volumetric flask. Next, 4 g of sodium hydroxide
(NaOH; UNIChem Chemical Reagent) was added to
provide an alkaline supporting electrolyte. Both the
anode and cathode were comprised of stainless-steel
plates (SS304) with dimensions of 20 cm (length) × 5
cm (width) (immersed length: 12 cm). The stainless-
steel plates were connected with alligator clips and
wires to the DC power supply (GPC-3030) with a
working voltage of 5–15 V. The D-fructose solution
was stirred gently with a magnetic stirrer to yield a
homogenous mixture while avoiding vortex formation
or aeration.

The D-fructose concentration, pH and temperature
of the solution were monitored and recorded in 1 h
intervals. The D-fructose concentration of a 1mL sam-
ple taken from the reactor was measured using a
refractometer (Reichert r2mini) in Brix %, and the
solution pH was simultaneously measured using a pH
metre (Eutech Instruments) by placing the pH
electrode in the reactor.

The Box–Behnken design methodology was used
to generate an experimental design with three
factors and three levels using Design-Expert 8.0.
The three independent variable levels were: the
D-fructose concentration (20–100%), applied voltage
(5–15 V) and NaOH concentration (0.05–0.20M). The
total number of experiments required was 17, as
defined by N = 2 k(k − 1) +C0, where k is the
number of factors and C0 is the number of central
points (5 for this experiment) [17]. The perfor-
mance of the electrochemical oxidation of the
D-fructose solution was evaluated by analysing the
responses for oxidation percentage (%) and
oxidation rate (mM/L h).

3. Results and discussion

The various concentrations of D-fructose (0, 0.01,
0.05 and 0.10M) were calibrated at different concen-
trations of 0, 0.05, 0.13 and 0.20M NaOH, as shown in
Fig. 1. The Brix percentage of the solution increased as
the D-fructose concentration and NaOH concentration
increased. These calibrated results were used in the
calculation of the D-fructose concentration before and
after the electrochemical oxidation treatment based on

Fig. 1. Calibration data for various D-fructose concentrations
for 0.05, 0.10, 0.13 and 0.20M NaOH.

Table 1
Calibration equation with R2 value for different concentra-
tions of NaOH

NaOH concentration (M) Calibration equation R2

0.05 y = 16.29x + 0.2734 0.9987
0.10 y = 16.29x + 0.6484 0.9912
0.13 y = 14.194x + 0.9513 0.9854
0.20 y = 15.161x + 1.2685 0.9984
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the Brix degree (˚Bx). The calibration equations and R2

values for different NaOH concentrations are shown
in Table 1.

The preliminary electrochemical oxidation of
D-fructose solution was conducted using 0.10M
D-fructose with 0.10M NaOH at a 10 V applied
voltage. The D-fructose concentration, pH and temper-
ature of the solution were monitored at 1 h intervals,
and the results are shown in Figs. 2 and 3. After 1 h of
treatment, 10.9% of the D-fructose had been oxidised,
and the oxidation had reached equilibrium. The pH of
the solution slowly decreased from the initial value of
12.03 to the final value of 11.88 after 4 h. The decrease
of the solution pH could be due to the formation of
the 2-keto-D-gluconic acid as a major product [18].
The temperature of the solution increased gradually
from 28.4 to 37.3˚C after 4 h due to the exothermic
electrochemical oxidation process.

The effects of D-fructose concentration, applied
voltage and NaOH concentration on the oxidation per-
centage and oxidation rate were further investigated
with 17 batch runs from the Box–Behnken design and
are presented in Table 2. Generally, increasing the
applied voltage and NaOH concentration increased
the oxidation percentage and oxidation rate. The high-
est oxidation percentage (71.80%) and oxidation rate
(17.18 mM/L h) were achieved for a 100% D-fructose
with a 10 V applied voltage and 0.20M NaOH. The
runs with operating conditions of 60% D-fructose,
10 V applied voltage and 0.13M NaOH used five
replicates, and the observed oxidation percentage and
oxidation rate were in the ranges of 67.30–100% and
8.81–14.09mM/L h, respectively.

The experimental data were further analysed using
ANOVA and regression testing, as shown in Table 3.

Fig. 2. D-fructose oxidation percentage after 4 h of treat-
ment with 0.10M NaOH and a 10 V applied voltage at an
initial temperature of 25˚C.

Fig. 3. Temperature and pH profile for a 4 h treatment
with 0.10M NaOH and a 10 V applied voltage.

Table 2
Experimental parameters and results for various runs generated by Design-Expert using the Box–Behnken method

Runs Fructose (%) Applied voltage (V) NaOH (mol/L) Oxidation percentage (%) Oxidation rate (mM/L h)

1 60 5 0.2 56.39 4.94
2 100 10 0.05 10.95 3.07
3 100 5 0.13 13.86 3.52
4 20 5 0.13 82.30 3.52
5 60 10 0.13 83.04 12.33
6 100 15 0.13 37.23 8.81
7 60 10 0.13 67.30 8.81
8 20 10 0.05 61.16 3.07
9 60 5 0.05 9.74 1.53
10 60 15 0.05 19.47 3.07
11 60 15 0.20 75.10 11.54
12 20 15 0.13 100.00 10.57
13 60 10 0.13 100.00 14.09
14 60 10 0.13 94.21 12.33
15 20 10 0.20 69.44 4.95
16 100 10 0.20 71.80 18.14
17 60 10 0.13 71.17 10.57
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The final equations for the oxidation percentage and
oxidation rate are expressed in Eqs. (1) and (2) by
comparing the significant values, lack of fit, pure error
and R2 of the models.

Oxidation percentage:

Y1 ¼� 47:42183� 0:74177�Aþ 15:74777�B
þ 1029:16667�Cþ 0:0070875�ABþ 4:38083�AC

þ 5:98667�BC� 0:0036356�A2 � 0:75918�B2

� 4264:80�C2 ð1Þ

Oxidation rate:

Y2 ¼� 15:82848þ 0:032204�Aþ 3:04573�B
þ 74:00000�C� 0:00220�ABþ 1:09917�AC

þ 3:37333�BC� 0:00932344�A2 � 0:14117�B2

� 502:53333�C2 ð2Þ

In Eqs. (1) and (2), A is the D-fructose concentration, B
is the applied voltage and C is the NaOH
concentration. The quadratic models for the responses
of oxidation percentage and oxidation rate were
selected based on their high R2 values (0.8803 and
0.8691, respectively) and low F-values for lack of fit
(1.71 and 2.76, respectively). In the ANOVA test, the
Prob > F for the oxidation percentage and oxidation
rate was 0.0157 and 0.0208, respectively. As Prob > F is
less than 0.05 for both models, they are deemed signif-
icant. There is a 1.57% chance that the F-value for the
oxidation percentage, 5.72, and a 2.08% chance that
the F-value for the oxidation rate, 5.17, could occur
due to noise.

The effects of D-fructose concentration and applied
voltage during the electrochemical oxidation on the
oxidation percentage and oxidation rate are shown in
Fig. 4(a) and (b). According to the ANOVA analysis,
the D-fructose concentration significantly affected the
oxidation percentage but not the oxidation rate.
However, the statistical data show the opposite trend
for the effect of the applied voltage on the oxidation
percentage and oxidation rate. The oxidation rate of
the D-fructose solution increased with increasing
applied voltage. Based on Eq. (2), the optimum oxida-
tion rate of the D-fructose solution, 12.27mM/L h,
could be achieved using 12 V of applied voltage with
100% D-fructose and 0.13M NaOH. A higher applied
voltage overcomes the resistance between the elec-
trodes much better, due to the low ionic conductivity
of the solution and enhances the electrochemical
reaction rate [8].

Fig. 5(a) and (b) shows the effects of D-fructose
concentration and NaOH concentration on the
oxidation percentage and oxidation rate when a 10 V
applied voltage was used in the treatment process.
The D-fructose and NaOH concentrations signifi-
cantly affected the oxidation percentage during the
treatment. The optimum oxidation percentage was
obtained using 0.14M NaOH and 20% D-fructose.
This NaOH concentration facilitated the degradation
of D-fructose [19], increased the ionic conductivity
and reacted with the major product of electrochemical
oxidation, 2-keto-D-gluconic acid, maintaining the
reaction equilibrium in the forward direction.

The combination of the effect of applied voltage
and NaOH concentration produced dramatic changes
in the oxidation percentage and oxidation rate, as

Table 3
ANOVA and regression analyses for D-fructose oxidation percentage and oxidation rate

Source Sum of squares Degree of freedom Mean square F-value
p-value
Prob > F

Oxidation percentage
Model 13441.77 9 1493.53 5.72 0.0157
Residual 1826.92 7 260.99
Lack of fit 1025.92 3 341.97 1.71 0.3024
Pure error 801.00 4 200.25
R2 = 0.8803, Adjusted R2 = 0.7265, Adeq. Precision = 7.394

Oxidation rate
Model 328.50 9 36.50 5.17 0.0208
Residual 49.46 7 7.07
Lack of fit 33.36 3 11.12 2.76 0.1757
Pure error 16.11 4 4.03
R2 = 0.8691, Adjusted R2 = 0.7009, Adeq. Precision = 7.488
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shown in Fig. 6(a) and (b). The model predicted that
the highest oxidation percentage (69.15%) would be
obtained using 0.18M NaOH and a 11.30 V applied
voltage, and the highest oxidation rate (16.42 mM/L h)
would be obtained using 0.20M NaOH and a 12.0 V
applied voltage. By optimising the applied voltage
and NaOH concentration, the highest combination
of oxidation percentage (65%) and oxidation rate

(16.3 mM/L h) was achieved for 100% D-fructose by
applying 13.34–13.46 V and adding 0.20M NaOH.

The electrochemical oxidation conditions and
process for D-fructose solution were optimised using
the models generated in Eqs. (1) and (2) by Design-
Expert. To achieve the economically optimal oxidation
percentage and oxidation rate, the D-fructose concen-
tration was maximised and the voltage and NaOH
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Fig. 4. Effects of D-fructose concentration and applied voltage on (a) oxidation percentage and (b) oxidation rate for 0.13
M NaOH.
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Fig. 5. Effects of D-fructose and NaOH concentrations on (a) oxidation percentage and (b) oxidation rate for a 10 V
applied voltage.
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concentration were minimised to reduce the operation
cost. The model produced only one solution, as
reported in Table 4. To validate the suggested optimal
conditions, the electrochemical oxidation conditions
were readjusted to facilitate the experimental process.
A D-fructose concentration of 82% was supplemented
with 0.14M NaOH and subjected to an applied
voltage of 10 V. The validation results revealed a
14.98% error for the oxidation percentage and a 5.65%
error for the oxidation rate compared to the adjusted
optimisation condition. This model has provided a
moderate prediction for the oxidation percentage with
an acceptable accuracy in the oxidation rate.

4. Conclusion

The electrochemical oxidation of D-fructose has
been studied by analysing the effects of D-fructose con-
centration, applied voltage and NaOH concentration.
The effects of applied voltage and NaOH concentration

significantly affected the oxidation percentage and
oxidation rate for the highest D-fructose concentration.
Electrochemical oxidation models for oxidation
percentage and oxidation rate have been generated by
statistical analysis and compared with the experimen-
tal results. An oxidation percentage of 62.78% and an
oxidation rate of 12.2 mM/L h were achieved under
the operating conditions of 82% D-fructose, 10 V of
applied voltage and 0.14M NaOH. The experimental
results are comparable to the predicted optimisation
solution generated from models. These models can be
used as a preliminary guide for the investigation of the
COD removal of sugars as the main component in
wastewater under alkaline conditions.
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