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ABSTRACT

Several methods have been used for wastewater processing. Electrochemical oxidation is consid-
ered a potent technique for removing dyes from wastewater. In this study, methyl blue (MB) dye
was successfully removed from contaminated wastewater using a stainless-steel rotating cylinder,
and five factors were studied, including NaCl concentration, applied current, MB concentration,
rotating cylinder speed and time. The response surface methodology with rotatable central com-
posite design and half factorial method was used for the experimental design of this work and for
deriving the mathematical model as well as the optimum conditions for this investigation, which
included 95.0455 mg/L MB, 230 mA applied current, a rotation rate of 35 rpm, and 0.225 mg/L

NaCl and 37.44 min time of reaction.

Keywords: Methyl blue; Electrochemical oxidation; Rotating cylinder; Response surface methodology

1. Introduction

Wastewater contaminated with organic textile dyes
poses a real challenge to the environment due to the large
amounts of stable coloured water formed from textile
industries [1-3]. Synthetic dyes are significantly harmful
substances for the environment, since they are non-biode-
gradable and cause odour, discolouration, oxygen deficiency
and bioaccumulation [4,5].

Several methods have been investigated for organic
textile dye removal, some of which include physical meth-
ods such as adsorption [6-10], coagulation and flocculation
[11-15], filtration and nanofiltration [16-23] as well as bio-
logical methods [24-31]. All these methods are considered
to be expensive [32] and inefficient, since the textile dyes
are chemically resistant and non-biodegradable, and fur-
ther treatment is required for the by-products formed and
the chemicals added during the treatment process [33-36].

Advanced oxidative processes on the other hand are
considered effective and innovative treatment methods for
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the degradation of hazardous contaminants [37]. Hydroxyl
radical is the main oxidising agent formed in these pro-
cesses, and it is considered the main factor responsible for
complete decomposition of the organic pollutants due to
its elevated oxidation potential [38—40]. These methods
have been successfully approved as effective techniques
for textile dye wastewater treatment [36,38,41-51]. The
main products from these processes include H,O, CO, and
non-toxic products [45].

Advanced oxidative processes may include electro-
chemical oxidation [52-55], ozonation [56-58] and the
Fenton process [59-61]. Electrochemical oxidation may be
direct—in which the -OH group generated at the anode is
the main oxidising agent—or indirect—in which chlorine
and hypochlorite formed at the anode oxidise the organic
contaminants.

In this work, electrochemical oxidation of methyl blue
dye in sodium chloride (NaCl) electrolyte was investi-
gated using a stainless-steel rotating cylinder anode.

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



A.B. Salman, S.N. Abdulgahar / Desalination and Water Treatment 300 (2023) 158-166 159

2. Experimental set-up
2.1. Materials

Samples of simulated wastewater with the desired
properties were prepared with methyl blue (MB) dye, NaCl
(assay 99.9%), NaOH and HCI of analytical grade pur-
chased from the Alpha Company (India). Solution samples
were prepared using distilled water, MB dye and NaCl.
Solution’s PH was adjusted with the aid of NaOH (0.1 N),
and diluted HCI (0.1 N) solutions.

2.2. Apparatus

A 1-L glass beaker was used as the batch reactor, a
316 L stainless steel cylinder of 30 mm diameter and 50 mm
length was deployed as the anode, and four carbon sheets
(35 mm x 145 mm x 2 mm) were used as the cathode.

An intelligent control adjustable DC power supply
(DP3003, China) was used to apply the desired value of
current with the aid of two digital multimeters connected
between the reactor and the power supply in order to
monitor the applied current and the voltage.

A digital overhead stirrer with LED tachometer was
used to move the anode at the desired rotation rate.

800 mL of simulated wastewater solutions with the
required dye concentrations were added to the reactor
in each run, and samples of the treated water were taken
and analysed at the end of each run. The dye concentra-
tion in these samples were measured using the Shimadzu
UV-1900 Spectrophotometer (Japan) at 735 nm wavelength.
A plot of the experimental set-up is illustrated by Fig. 1.

3. Experimental design

A rotatable central composite design (CCD) with half
factorial method was used to design the experiments in this
study and obtain a mathematical model for the correlation
among the removal efficiency (response) and the studied
variables (estimators), with the aid of Minitab 19, by using
five factors — NaCl concentration, applied current, MB
concentration, rotating cylinder speed and reaction time.

A set of 32 experiments were performed with one base
block, six centre points in cube, 10 axial points, 16 cube
points, significance level of 0.05 and with a = 2. The inde-
pendent variables (predictors) utilised in this work included
the initial concentration of MB (X,), applied current (X,),
electrode rotation rate (X,), molarity of supporting elec-
trolyte (X,) and reaction time (X,). The dependent vari-
able (response) was the removal percentage of the MB dye.
The minimum and maximum values of the independent
variables are shown in Table 1.

4. Results and discussion
4.1. Mathematical model

The quadratic model that establishes the correlation
among the removal percentage and the independent vari-
ables used in this study was predicted by conducting and
analysing the experiments according to the CCD method
using the values shown in Table 2.

The obtained quadratic model has the R? value of 95.82%,
the adjusted R* value of 88.22% and lack-of-fit p-value of
0.116, implying that the model is well-matched with the
experimental data. This model is shown in Eq. (1).

Y =-80.5-0.031X, +1.050X, +0.138X,
-6.5X, +4.045X, —0.001041X;
-0.001757X; —0.000010X7 +4.44 X
-0.0423X2 +0.000193X, X, —0.000389X, X,
+0.1205X, X, +0.00459X, X, —0.000204X, X,
-0.1445X,X, —0.00547 X, X, +0.0124X,X,
-0.00223X,X, +0.106X, X,

The accuracy of this model can be further confirmed
by plotting the predicted removal values vs. the observed
removal values. The residual plot values of the response
are shown in Figs. 2-6.

The normal probability of the residual plot is shown
in Fig. 3a. The points in this figure are close to the straight
line, with the Anderson Darling test p-value equal to 0.263.
This implies that the data is normally distributed and
departure from normality is insignificant, thus confirming
the accuracy of the predicted model.

Table 1

Minimum and maximum values of independent variables

Fig. 1. Schematic diagram of experimental set-up. (1) DC power
supply, (2) Resistance box, (3) Multimeter, (4) Electrical motors,
(5) Stainless steel rotating cylinder anode, (6) Carbon plates
cathode, (7) Reference electrode.

Coded Variable name Minimum  Maximum

variable value value

X, Initial concentration of 57 150
methyl blue

X, Applied current 80 180

X, Rotation rate 100 230

X, Molarity of supporting  0.65 15
electrolyte

X Time 16 38

5
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Table 2

Central composite design of experiment with removal percentage values
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Run order Coded variables Natural variables %

Xl XZ X3 X4 X5 Xl XZ X3 X4 XS Removal
1 0 -2 0 0 0 103.5 30 165 1.075 27 34.299
2 1 1 1 -1 -1 150 180 230 0.65 16 73.333
3 0 0 0 0 0 103.5 130 165 1.075 27 90.338
4 -1 -1 -1 -1 1 57 80 100 0.65 38 73.684
5 1 -1 1 -1 1 150 80 230 0.65 38 66.666
6 0 0 0 0 0 103.5 130 165 1.075 27 84.541
7 -2 0 0 0 0 10.5 130 165 1.075 27 71.428
8 1 1 -1 -1 1 150 180 100 0.65 38 97.333
9 0 0 -2 0 0 103.5 130 35 1.075 27 79.71
10 0 0 0 0 -2 103.5 130 165 1.075 5 27.536
11 0 0 0 0 0 103.5 130 165 1.075 27 85.507
12 0 2 0 0 0 103.5 230 165 1.075 27 97.101
13 -1 1 -1 -1 -1 57 180 100 0.65 16 84.21
14 1 -1 -1 1 1 150 80 100 1.5 38 84
15 -1 -1 1 -1 -1 57 80 230 0.65 16 54.385
16 2 0 0 0 0 196.5 130 165 1.075 27 77.099
17 0 0 0 -2 0 103.5 130 165 0.225 27 89.371
18 1 1 1 1 1 150 180 230 1.5 38 96
19 1 -1 -1 -1 -1 150 80 100 0.65 16 32
20 1 1 -1 1 -1 150 180 100 1.5 16 72.666
21 0 0 0 2 0 103.5 130 165 1.925 27 83.574
22 0 0 2 0 0 103.5 130 295 1.075 27 86.473
23 1 -1 1 1 -1 150 80 230 1.5 16 50
24 0 0 0 0 0 103.5 130 165 1.075 27 86.473
25 -1 1 1 -1 1 57 180 230 0.65 38 99.5
26 0 0 0 0 2 103.5 130 165 1.075 49 98.067
27 -1 1 -1 1 1 57 180 100 1.5 38 92.982
28 -1 1 1 1 -1 57 180 230 1.5 16 82.456
29 0 0 0 0 0 103.5 130 165 1.075 27 87.439
30 -1 -1 1 1 57 80 230 1.5 38 82.456
31 0 0 0 0 103.5 130 165 1.075 27 76.811
32 -1 -1 -1 1 -1 57 80 100 1.5 16 49.122

Observed Removal %

Fig. 2.
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The residual vs. fits plot is visualised in Fig. 3b. The

figure shows that the data are randomly distributed with-
out any particular pattern, implying that the data have a
constant variance. This in turn confirms the accuracy of the
predicted model.

Fig. 3d shows the residual vs. order plot. From this plot,
it can be concluded whether the variables are correlated
with each other or not. The random distribution without
a particular pattern of data in this figure confirms that the
variables are uncorrelated with each other, meaning that
the predicted model is accurate.

The significancy of the standardised effect level of
each variable on the removal percentage can be illustrated
and compared using a Pareto chart (Fig. 4).

Fig. 4 shows that the independent variables affect
the removal percentage in a descending order as per the
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Residual Plots for % Removal
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Fig. 3. Residual plots for % removal (a) normal probability plot, (b) vs. fits plot, (c) histogram plot, and (d) vs. order plot.

Pareto Chart of the Standardized Effects
(response is % Removal, « = 0.05)
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Fig. 4. Pareto chart of the standardised effects.

following sequence: time, applied current, anode rotation
rate and NaCl concentration.

Effects of the studied independent variables on the
MB removal percentage (response); are shown in the main
effects plot of these variables (Fig. 5). It is shown that
the increase in MB concentration within a certain range
enhanced the removal percentage. However, after that range,
any further increase in MB concentration will negatively
affects the removal percentage.

Increasing the applied current to a certain extent
enhanced the removal percentage. Then this percentage
decreased with any further increase in the applied current.
Also, the rotation rate had a positive linear effect on the
removal percentage all through the applied range.

The removal percentage slightly decreased with increase
in the molarity of the supporting electrolyte to a partic-
ular point, and after that it increased with elevation in
molarity. Reaction time is positively affects the removal
percentage to some extent, after which the removal per-
centage seemed to be minimised.

The interactions among the experimental variables as
well as the effects of these interactions on the response are
shown in Fig. 6.

4.2. Effect of initial MB concentration

Increasing the initial concentration of MB within the
range of 10-94 mg/L was found to enhance the removal
percentage, due to enhancement in mass transfer rate and
mass transfer coefficient. This was a result of the increase
in the concentration gradient between the bulk concen-
tration and the electrode surface’s concentration.

At concentrations above 94 ppm, the removal percent-
age was reduced with any further enhancement in concen-
tration when the quantity of active oxidation agents (active
chlorine) became insufficient to oxidise the entire lot of dye
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Main Effects Plot for % Remowval
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Fig. 5. Main effects of the independent variables on the removal percentage: (a) effect of methyl blue concentration, (b) effect of
applied current, (c) effect of rotation rate, (d) effect of NaCl concentration, and (e) effect of reaction time.

Interaction Plot for % Removal
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Fig. 6. Effect of the interactions among the independent variables on the removal percentage.

molecules. This resulted in a lower removal percentage.
This effect is represented in Fig. 5a.

4.3. Effect of applied current

The removal percentage was significantly promoted
with increase in the applied current due to increase in the
amount of the oxidising agent formed (chlorine), which in
turn enhanced the decomposition rate.

At 210 mA, the oxidation process reached a near-equi-
librium state, and after 218 mA, the removal percentage

curve showed a slight descent. This behaviour was attrib-
utable to the increase in the formation of carbon molecules
resulting from the incineration reaction, which in turn
affected the reading of the UV-visible instrument, causing
a slight virtual reduction in the actual reading. This effect is
shown in Fig. 5b.

4.4. Effect of electrode rotation rate

The electrode rotation rate significantly enhances the
removal percentage through all the ranges deployed in this
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work. This was attributable to the increase in mass transfer
rate as a result of the mass transfer coefficient enhancement
and the reduction in diffusion layer thickness formed at the
anode, which enhanced the transfer of dye molecules to
the surface of the electrode. This effect is illustrated in Fig. 5c.

4.5. Effect of NaCl concentration

From the predicted model, it is clear that the molar-
ity of the supporting electrolyte is negatively affects MB
removal percentage in the range of 0.2-0.88 M; then it is
positively affects MB removal percentage at molarity values
higher than 0.88.

It is thought that the degradation mechanism is direct
oxidation in the range of 0.2-0.88 M, and that an increase
in molarity through this range will reduce the removal
percentage, due to the increase in viscosity and as a result
of salt film formation at the electrode surface. This in turn
inhibits electrons’ transfer at the interface between the
solution and electrode.

For molarity values higher than 0.88, the degradation
mechanism is thought to be indirect, and hence, an increase
in the NaCl concentration will increase the chances of active
chlorine formation as a strong oxidising agent, leading to a
higher removal percentage. This effect is shown in Fig. 5d.

4.6. Effect of time

The removal percentage increased significantly with
time due to the seemingly quick incineration reaction

Contour Plot of % Removal vs Current, [MB]
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rate during the first 35 min of the reaction, since the reac-
tion rate is proportional to the initial concentration of the
reactants. However, after 35 min, the reaction rate became
slow due to depletion in the number of molecules of the
oxidising agents. The effect of the reaction time is shown
in Fig. 5e.

5. Process optimisation

The response surface methodology is an effective sta-
tistical design for mathematical model prediction and data
analysis, while the CCD is an effective method for optimis-
ing independent variables (predictors) and obtaining an
optimum response.

The interactions among operating variables and
their effects on the removal percentage are illustrated
through contour and surface plots of removal percentage,
shown in Figs. 7 and 8.

This figure shows that the optimum (highest) removal
percentage exists within the region confined by 156-228 mA
applied current and 21-170 mg/L dye concentration.

The optimum conditions were determined accord-
ing to these figures, while the optimisation procedure was
performed according to the settings illustrated in Table 3.

The optimum conditions required to obtain the opti-
mum response (maximum removal % of 99.5%) are shown
in Table 4.

The optimisation plot of the maximum removal per-
centage with the highest, lowest and optimum values of
independent variables is shown in Fig. 9.
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Fig. 7. Contour plot of methyl blue removal percentage vs. applied variables.
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Table 3 Table 4
Optimisation parameter settings Optimum conditions
Response % Removal Solution 1
Goal Maximum [MB] 95.0455
Lower 27536 Current 230
Target 99.5 rpm 35
Upper weight 1 [NaCll 0.225
Importance 1 Time 37.4444
% Removal fit 115.113
Composite desirability 1
Initial B] Current RPM Madl] Time
- 1000 High 13650 230.0 295.0 13250 43.0
et Cur [95.0455] [230.0] [25.0] [0.2250] [27.4444]
Low 10.50 300 350 0.2250 50
TS T T T ""7""° >
% Remova # — /
Maxinnum /
y = 1151131
d = 1.0000

Fig. 9. Optimisation plot of maximum removal percentage.
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6. Conclusions

In this study, the electrochemical removal of MB dye

from simulated wastewater was investigated, and the
removal percentage was correlated with the operating vari-
ables by a full quadratic regression correlation. Furthermore,
the effect of individual variables on the response were
studied and the optimum conditions were determined.
The conclusions were as follows:

The MB dye can be successfully removed by electro-
chemical oxidation with the rotating cylinder electrode.
The mathematical model among the removal percent-
age and the operating variables was predicted and
tested for accuracy with the aid of the response surface
methodology and the CCD of the experiments.

MB concentration is positively affects MB removal per-
centage through the range of 10-94 mg/L, and negatively
affects MB removal percentage for dye concentrations
higher than 94 mg/L.

Generally, the applied current has a positive effect
on the dye decomposition, and this effect reaches an
equilibrium state at 210 mA.

Increasing the anode’s rotation rate will significantly
enhance the removal percentage over the entire
applied range of the anode rotation rate.

The removal percentage significantly increased with
time during the first 35 min and then the incineration
reaction turned slower.

The dye degradation occurred by direct oxidation
within the range of 0.2-0.88 M NaCl with negative effect
of NaCl molarity, and by indirect oxidation at NaCl
molarity levels higher than 0.88 with positive effect of
NaCl molarity.

The optimum conditions for the highest removal per-
centage (99.5%) were 95.0455 mg/L MB concentration,
230 mA applied current, 35 rpm, 0.255 M supporting
electrolyte and reaction time of 37.444 min.
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