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a b s t r a c t
The nanostructured MnO2/carbon fiber (CF) composite electrode was prepared using the anodic 
electrodeposition process. The crystal structure and morphology of MnO2 particles were deter-
mined with X-ray diffraction and field-emission scanning electron microscopy. The electrosorptive 
properties of the prepared electrode were investigated in the removal of cadmium ions from aque-
ous solution, and the effect of pH, cell voltage, and ionic strength was optimized and modeled using 
the response surface methodology combined with Box–Behnken design. The results confirm that 
the optimum conditions to remove Cd(II) ions were: pH of 6.03, a voltage of 2.77 V, and NaCl con-
centration of 3 g/L. The experimental results showed a good fit for the Freundlich isotherm model 
and the pseudo-second-order kinetic model.
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1. Introduction

The continuous use of water in various activities, 
whether domestic, industrial, or agricultural, produces 
wastewater effluents containing different types of harmful 
and unwanted pollutants [1–3]. Heavy metals are consid-
ered the most serious types of pollutants that threaten the 
aquatic environment with its living and non-living compo-
nents. Such metals pose significant risks to human health 
and aquatic ecosystems due to their non-biodegradability 
thus tend to be absorbed and accumulated in living organ-
isms over time [4–6]. Cadmium is one of the most hazardous 
heavy metals found in wastewater which is often released 
from electroplating, pigment manufacture, electronic com-
pounds, polymerization process, and plastic production [7,8]. 
Cadmium is classified as a probable human carcinogen and 
chronic exposure to it results in many health problems [3].  
There are several treatment techniques that have been used 

to remove cadmium ions from wastewater, such as ion 
exchange, adsorption, and chemical precipitation, however, 
these techniques are usually limited thus far due to tech-
nical or economic limitations, particularly at low cadmium 
concentrations [9,10]. Compared to these treatment tech-
niques, the electrosorption process, or referred to as capaci-
tive deionization technology (CDI), is a new and promising 
technology for removing ionic species from aqueous solu-
tions [11,12]. The electrosorption process has many advan-
tages such as low energy consumption, simple operation, 
easy regeneration, environmentally friendly, and has no 
secondary pollution [13–15]. The working principle of the 
electrosorption process is based on applying an external 
electric field between the electrodes making the ionic spe-
cies in the aqueous solution move towards the oppositely 
charged electrode to be absorbed onto the electrode surface 
and when the electric current is removed or reversed, the 
ions are released back into the solution [16,17]. The elec-
trode material and its physical properties are considered to 
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be the most important factor in the electrosorption process. 
The electrodes used are preferable of a high surface area, 
good electrical conductivity, high specific capacitance, sta-
ble electrochemical performance [9,18]. Conventional capac-
itive deionization CDI uses the carbonaceous materials as 
electrodes such as carbon fiber [19], carbon nanotube [20],  
carbon aerogel [21], glassy carbon [22], etc. which are char-
acterized by a high surface area, high conductivity, long 
cycling lives [23]. During the charging step, an electrical 
double layer (EDL) is formed at the carbon surface/solution 
interface and the ions are absorbed onto the carbon surface 
until reach its maximum ions adsorption capacity [24]. Due 
to the EDLs nature of the carbonaceous materials, their spe-
cific capacitances, interaction with metal ions, and selectiv-
ity are somewhat low [25]. To enhance the performance of 
the carbonaceous electrodes in the electrosorption process 
for ions removal, the composite electrode can be produced 
using the pseudocapacitive materials based on Faradaic ion 
storage where reversible redox reactions can be occurred 
to provide the electrode capacitance [24]. The most widely 
pseudocapacitive materials used are the transition metal 
oxides (TMOs) such as titanium dioxide (TiO2), manganese 
dioxide (MnO2), ruthenium dioxide (RuO2), nickel oxide 
(NiO), etc. [22,23]. Among these transition metal oxide, 
manganese dioxide (MnO2) is one of the most attractive 
pseudocapacitive materials and effective adsorbents due 
to the unique structures, high specific capacitance (close to 
1370 F/g), natural abundance, good cycle stability, low toxic-
ity, eco-friendly, and low cost [25–27]. MnO2 can be fabricated 
with different morphologies and has many valence states 
as well as crystal structures such as α-, β-, γ-, and δ-MnO2 
[27]; γ- and α- phases give a higher surface area than the 
other phases [25]. MnO2/carbon composite electrode shows 
a significantly improved adsorption ability lead to better 
performance for the electrosorption process of ions [19].

In the present work, the MnO2/carbon fiber composite 
electrode was manufactured using the electrodeposition 
process and the structure and morphology of the MnO2 
particles were examined. The performance of the prepared 
electrode in electrosorption of the cadmium ions from an 
aqueous solution was tested under different combinations 
of pH value, cell voltage, and ionic strength (NaCl con-
centration). These selected operating parameters and their 
interactive effects on the cadmium ions removal efficiency 
were optimized and studied adopting the response surface 
methodology using Box–Behnken experimental design.

2. Experimental work

2.1. Materials

All chemicals utilized in the experiments were of ana-
lytical grade and there was no need for purification. The 
electrolytic solution in the part of the preparation of the 
electrochemical electrode consisted of manganese(II) sul-
fate monohydrate (MnSO4·H2O) (98%, HiMedia, India), and 
sulfuric acid (H2SO4) (98%, Central Drug House (P) Ltd., 
India). While in the experiments of cadmium ions removal, 
cadmium sulfate (1:1) hydrate (3:8) (3CdSO4·8H2O) (99%, 
BDH Chemicals Ltd., UK) and sodium chloride (NaCl) 
(99.9%, Central Drug House (P) Ltd.) were used.

2.2. Preparation of electrodes

To prepare the MnO2/carbon fiber composite electrode, 
a facile method as the anodic electrodeposition process was 
used. As a preliminary work, the commercial carbon fiber 
that was utilized as a substrate was firstly cut into rect-
angle straps (12 cm × 5 cm). Then these straps were acti-
vated and treated for 30 min with 5% HNO3 (69%, Hopkin 
& Williams Ltd., UK) at 80°C and then rinsed with dis-
tilled water. The electrodeposition process of MnO2 onto 
the carbon fiber was conducted galvanostatically at a cur-
rent density of (0.5 mA/cm2) using a regulated DC power 
supply (UNI-T: UTP3315TF-L) for 4 h. The electrochemi-
cal solution was prepared by mixing 2 L of distilled water 
with 0.34 M H2SO4 and 0.35 M MnSO4. A hot plate magnetic 
stirrer (LABINCO L81) was utilized to mix the electrolytic 
solution well and raise its temperature to 90°C. The fabric 
substrate was soaked in the electrolyte for 2 h at 90°C before 
starting the electrodeposition process. The electrochemi-
cal cell consisted of two electrodes: the anode material was 
the pre-treated carbon fiber strap, and the counter cathode 
was a pair of graphite pieces, and both of which were fixed 
inside the glass electrolytic bath. After electrodeposition, 
the MnO2/carbon fiber electrode was washed with distilled 
water several times and then dried. The prepared electrode 
was kept for later use in the electrosorption process.

2.3. Structural characterization

The crystallographic characteristics of the deposited 
manganese oxide (MnO2) films were examined by X-ray dif-
fraction (XRD, Philips X’PERT, Holland) using Cu-Kα radia-
tion as the X-ray source with (λ = 1.54056°A). The diffraction 
data were collected over 2θ, ranging from 0° to 90°. Field-
emission scanning electron microscopy (FESEM, TESCAN 
Mira3, France) was used to characterize the surface morphol-
ogies of the electrochemically deposited electrode equipped 
with an electron energy-dispersive X-ray spectrometry 
(EDX) analyzer to examine the surface composition.

2.4. Electrosorption experiment

To investigate the electrosorptive properties of the pre-
pared electrode (MnO2/carbon fiber) for cadmium ions 
removal, a small lab-scale experimental electrosorption 
apparatus as illustrated in the photo and the schematic 
diagram was used as shown in Fig. 1.

The electrolytic cell was a 1 L glass beaker that contained 
an aqueous solution with 100 mg/L as a constant initial cad-
mium ions concentration and x of NaCl concentration in 
g/L. The electrodes were immersed in the aqueous solution. 
One strap of the prepared electrode (MnO2/carbon fiber) 
was used as a cathodic substrate (working electrodes), while 
two straps of pure carbon fiber were utilized as anodes 
(Counter electrodes). The cathode was placed between the 
two anodes at a distance of 2 cm from each other. A regu-
lated DC power supply (BAKU: BK-305D) was used with 
a hot plate magnetic stirrer (LABINCO L81) to continu-
ously stir the aqueous solution during the experiment to 
ensure ionic diffusion. The experiments were performed 
at room temperature under different operating parameters:  
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pH (3–8), cell voltage (2.2–3 V), NaCl concentration (1–3 g/L). 
The concentration of cadmium ions in the solution was ana-
lyzed by flame atomic absorption spectrometry (AAS) (AAS 
SensAA GBC). The pH of the solution was measured using 
a pH meter (Lutron: YK-21PH, United States) and adjusted 
by adding 0.1 M sodium hydroxide (97%, Sigma-Aldrich, 
United States) or 0.1 M hydrochloric acid (37%, Thomas 
Baker, India). The removal efficiency and the equilibrium 
adsorption capacity qe (mg/g) were calculated as follows [10]:
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where C0 (mg/L) and Ce (mg/L) are the initial and equilib-
rium concentrations of cadmium ions in the solution, m is the 
total mass of the electrode and V is the solution volume.

2.5. Design of experiments

Response surface methodology (RSM) is a combination 
of various statistical and mathematical approaches that are 
useful for designing, developing, and optimizing processes. 
This method can be used for assessing the effects of differ-
ent individual parameters, their relative significance, the 
interaction among the parameters, and determining the 
optimal conditions for the required responses. RSM has 
important applications in many processes in the chemical 
engineering and applied sciences to optimize and evaluate 
the interactive effects of their operating parameters, like the 
capacitive deionization process (electrosorption) [8,28–30].

In the present study, the optimum conditions for the elec-
trosorption of cadmium ions were determined utilizing Box–
Behnken (BBD) experimental design.

The advantage of the BBD is that it permits using rela-
tively few parameter combinations to determine the com-
plex response function [31]. A 3-level, 3-factor BBD was 
employed to investigate the effect of the selected parame-
ters on the removal efficiency of Cd(II) ions from aqueous 
solution using the MnO2/carbon fiber electrode. The three 
operating parameters of pH value (X1), cell voltage (X2), 
and NaCl concentration (X3) were chosen as process vari-
ables, while the removal efficiency (Y) of Cd(II) ions was 
considered as the response. The design is composed of three 
levels: low, medium, and high coded as −1, 0, and +1. The 
parameters were coded according to the following equation:
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where xi is the coded value of a parameter, Xi is the real 
value of a parameter, X0 is the real value of a parameter 
at the center point and ΔXi is the step change value [32]. 
Process parameters with their coded levels are shown in 
Table 1. A polynomial model of second-order or also called 
quadratic model can be used for further modeling of exper-
imental results, where interaction terms equipped with 
the experimental data obtained from the Box–Behnken 
model experiment, according to the following equation:

Y a a x a x a x xi i ii i ij i j� � � ����0
2  (4)

where (Y) is the removal efficiency of cadmium ions 
(response), xi, xj, … , xk are the input parameters of the 
process, a0 is the intercept term, ai is the linear effect, aii is 
the squared effect, and aij is the interaction effect. In this 
study, a total of 15 experiment combinations are needed to 
calculate 10 coefficients of the second-order polynomial 
equation [31]. A set of 15 experimental runs, which were 
designed using BBD for cadmium ions removal, including 
duplicates, is shown in Table 1.

Fig. 1. Photo and schematic diagram of the electrosorption system; 1. Regulated DC power supply, 2. Pair of pure carbon fiber straps 
(anode), 3. Beaker, 4. MnO2/carbon fiber (cathode), 5. Magnetic bar, 6. pH meter, 7. Hot plate magnetic stirrer.



J.T. Hasan, R.H. Salman / Desalination and Water Treatment 243 (2021) 187–199190

The data were analyzed for variance and the regression 
coefficient (R2) was calculated to determine the goodness of 
fit of the model.

3. Results and discussion

3.1. Morphological and structural characterization

The XRD analysis was used for demonstrating the 
presence of MnO2 particles on the carbon fiber surface and 
examining their crystal structures. Fig. 2 shows the XRD 
pattern of the deposited MnO2. This pattern demonstrated 

the crystalline structure of MnO2 particles on the carbon 
fiber surface. It should be noted that the sharp and intense 
diffraction peaks show the good crystallization of the prod-
uct [33]. The diffraction peaks at around 26° and 43.5° are 
associated with carbon fiber. Other peaks that appeared 
are associated with MnO2 diffraction peaks, which can be 
indexed as γ-MnO2 phase as in [27,34,35]. The XRD peaks of 
MnO2 that recorded at 2θ are 37.27°, 42.69°, 44.209°, 56.22°, 
and 64.62°.

The morphology of as-deposited MnO2 particles 
onto the CF surface imaged by FESEM is shown in Fig. 3. 
Fig. 3a represents a FESEM micrograph of the carbon fibers 
before the MnO2 deposition process, which appears with 
a smooth surface. The results refer (Fig. 3b) that the MnO2 
particles deposited on the carbon fibers surface was with 
flower-like nanostructure as in [36], and these flower-like 
nanostructures, at high magnifications (Fig. 3c), appear to 
consist of many MnO2 nanorods and this has been noted 
as well by [37]. The average diameters of the electrodepos-
ited MnO2 nanoparticles were 73.38 nm. As it is evident, 
most of the carbon fiber surface was covered by the MnO2 
particles and these particles tended to merge to create a thin 
film with a uniform structure and high capacitance in the 
ion charge process due to the large surface area [38,39].

The EDX result of the composite electrode is depicted 
in Fig. 4. The result confirms that the main chemical ele-
ments present on the surface of the carbon fibers are Mn and 
O, with very small amounts of S and Si. Fig. 4a represents 
the EDX analysis of the pure carbon fibers containing 0% 
Mn on their surface.

3.2. Response surface model analysis for electrosorption process

3.2.1. Model fitting and statistical analysis

The BBD model was utilized to design the experiments 
statistically to optimize and study the interactive effects of 
the selected operating parameters of the electrosorption 
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Fig. 2. XRD analysis of MnO2 film on CF substrate at C.D. of 0.5 mA/cm2, 0.35 M MnSO4 and 4 h.

Table 1
Box–Behnken experimental design for cadmium ions removal

Run Blk Coded value Real value

X1 X2 X3 pH Voltage 
(V)

NaCl concentration 
(g/L)

1 1 +1 –1 0 8 2.2 2
2 1 +1 0 –1 8 2.6 1
3 1 –1 0 +1 3 2.6 3
4 1 0 +1 +1 5.5 3 3
5 1 0 –1 –1 5.5 2.2 1
6 1 0 –1 +1 5.5 2.2 3
7 1 –1 –1 0 3 2.2 2
8 1 0 0 0 5.5 2.6 2
9 1 +1 0 +1 8 2.6 3
10 1 0 +1 –1 5.5 3 1
11 1 –1 +1 0 3 3 2
12 1 0 0 0 5.5 2.6 2
13 1 +1 +1 0 8 3 2
14 1 –1 0 –1 3 2.6 1
15 1 0 0 0 5.5 2.6 2
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process on the cadmium ions removal efficiency using the 
MnO2/carbon fiber composite electrode.

Fifteen experimental runs have been conducted under 
different combinations of pH, cell voltage, and NaCl con-
centration to identify which parameters and their interac-
tions have a significant impact on the removal efficiency of 
cadmium ions. Table 2 illustrates the measured values of 
the process response represented by the removal efficiency 
of Cd(II) ions. Minitab-17 software was used for experi-
mental data analysis.

By using the method of least squares (MLS) which is a 
multiple regression analysis techniques, the experimen-
tal data were fitted into a polynomial–quadratic model to 

get the regression equation. The final empirical regression 
equation which represents the relationship between the 
cadmium ions removal efficiency and the three operating 
parameters in terms of coded units is given in Eq. (5) as the 
software suggested.

Y X X X
X X X X

Cd�
� � � � �
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2 215 3 1 75 221 4 9 25

0 202 39 10 0 3
1 2 3

1 1 2 2

. . . .
. . . 775
0 896 0 568 3 37

3 3
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X X
X X X X X X� � �. . .  (5)

where Y is the removal efficiency for cadmium ions, namely, 
the response; X1, X2, and X3 are the values of the operating 

(a) (b) (c) 

Fig. 3. FESEM micrographs of MnO2 film on CF substrate (a) pure CF and (b,c) CF coated with MnO2 at C.D. of 0.5 mA/cm2, 0.35 M 
MnSO4, and 4 h.

Fig. 4. EDX results of MnO2 film on CF substrate (a) pure CF and (b) CF coated with MnO2 at C.D. of 0.5 mA/cm2, 0.35 M MnSO4, 
and 4 h.



J.T. Hasan, R.H. Salman / Desalination and Water Treatment 243 (2021) 187–199192

parameters, pH (X1), cell voltage (X2), NaCl concentration 
(X3). The positive coefficients in the equations demonstrate 
the compatible effects on the response, whereas the 
negative coefficients show their incompatible effects.

To evaluate the statistical significance and the appro-
priateness of the suggested quadratic models, the anal-
ysis of variance (ANOVA) was applied. ANOVA is a 
statistical method used to test the suppositions on the 
model coefficients by subdividing the total variance in a 

set of experimental data; associated with a specific pro-
cess, into defined parts related to sources of variation [40]. 
The ANOVA analysis was determined based on the degree 
of freedom (DOF), sum of square (SS), percentage contri-
bution %, mean of square (MS), adjusted mean of square 
(Adj. MS), adjusted sum of squares (Adj. SS), F-value, and 
P-value. The ANOVA results are given in Table 3.

In the ANOVA results tables, the percentage contribu-
tion for each coefficient is defined as a portion of the total 
variance that occurred in the experiment for each signifi-
cant coefficient, so the higher the percentage contribution 
of a specific coefficient, the more it contributes to the final 
results than the other coefficients, and any small variation in 
its value will have a great effect on the response [41].

As shown in the ANOVA results, the cell voltage has 
a high contribution percentage of 60.28% compared to the 
contribution percentages of the pH value and the NaCl 
concentration which have a low effect on the response. The 
linear term has the main contribution percentages with 
68.93%, while the square term and 2-way interaction term 
contribute by 25.96% and 3.28%, respectively. The signifi-
cance of each coefficient in the model on the response was 
determined by the F-values and P-values, where high sig-
nificance was represented by higher F-values and lower 
P-values [8]. The F-value is the ratio of the mean square 
of the model (MS) to the appropriate error mean square. 
The greater the ratio, the greater the F-value, and the 
greater the probability that the model’s variance is sig-
nificantly greater than random error [29]. The Probability 
value (P-value) is used to determine statistically significant 
effects in the model. P-value less than 0.05 indicates that 
the effect of the coefficients is statistically significant at a 
95% confidence level [42]. The ANOVA results revealed 
that the F-value of 29.77 for Cd(II) ions removal is greater 

Table 3
Analysis of variance for cadmium removal

Source DOF Seq. SS Contr. (%) Adj. SS Adj. MS F-value P-value

Model 9 555.310 98.17 555.310 61.701 29.77 0.001
Linear 3 389.943 68.93 389.943 129.981 62.70 0.000
X1 1 12.936 2.29 12.936 12.936 6.24 0.055
X2 1 340.984 60.28 340.984 340.984 164.49 0.000
X3 1 36.023 6.37 36.023 36.023 17.38 0.009
Square 3 146.834 25.96 146.834 48.945 23.61 0.002
X1X1 1 2.317 0.41 5.874 5.874 2.83 0.153
X2X2 1 143.999 25.46 144.475 144.475 69.70 0.000
X3X3 1 0.518 0.09 0.518 0.518 0.25 0.638
2-way interaction 3 18.533 3.28 18.533 6.178 2.98 0.135
X1X2 1 3.209 0.57 3.209 3.209 1.55 0.269
X1X3 1 8.071 1.43 8.071 8.071 3.89 0.105
X2X3 1 7.252 1.28 7.252 7.252 3.50 0.120
Error 5 10.365 1.83 10.365 2.073 – –
Lack-of-fit 3 10.094 1.78 10.094 3.365 24.84 0.039
Pure error 2 0.271 0.05 0.271 0.135 – –
Total 14 565.674 100.00 – – – –

Model summary
S. R2 R2 (Adj.) PRESS R2 (Pred.)
1.43977 98.17% 94.87% 162.109 71.34%

Table 2
Experimental results of BBD for cadmium ions removal

Run Blk pH Voltage 
(V)

NaCl concentration 
(g/L)

Re%

Act. Pred.

1 1 8 2.2 2 81.97 82.88
2 1 8 2.6 1 92.57 92.39
3 1 3 2.6 3 99.25 99.43
4 1 5.5 3 3 98.91 99.64
5 1 5.5 2.2 1 83.07 82.21
6 1 5.5 2.2 3 91.64 90.03
7 1 3 2.2 2 85.78 87.21
8 1 5.5 2.6 2 98.57 98.97
9 1 8 2.6 3 99.02 99.73
10 1 5.5 3 1 96.73 98.34
11 1 3 3 2 99.14 98.23
12 1 5.5 2.6 2 99.29 98.97
13 1 8 3 2 98.91 97.48
14 1 3 2.6 1 98.48 97.78
15 1 5.5 2.6 2 99.03 98.97
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than the critical F-value for the significance level of 0.05 
with freedom degrees equal to 9, which means that the 
model is statistically significant. The P-value of 0.001 
(<0.05) implies that the model has a highly significance 
and could be utilized for the prediction of the results of 
the electrosorption process. Therefore, it is observed; by 
analyzing the F-value and P-value, the X2 and X2·X2 terms 
are the most significant terms in the model.

The multiple correlation coefficient (R2) is used to eval-
uate the goodness of the fitting model. It is observed from 
Table 3 that the value of R2 is 0.9817, which showed that this 
regression was statistically significant and the model did 
not explain only 1.83% of the total variance.

3.2.2. Main effect plot

The main effect plot can display the relationship between 
the response and the selected operating parameters. Fig. 5 
represents the main effect plot that illustrates the effects 
of the pH solution, cell voltage, and ionic strength on the 
cadmium ions removal efficiency by applying the electro-
sorption process. It is evident from the figure that the cell 
voltage has the main influence on the removal efficiency 
as also observed in the ANOVA analysis and the model 
regression equation.

In the electrosorption process, the removal efficiency 
of cations increases with increasing the value of solution 
pH. This is attributed to the fact that the surface poten-
tial of the electrode becomes more negative when the pH 
value increases, which leads to an increase in the electro-
static attraction between the positive ions and the electrode 
surface. While the electrostatic repulsion increases at a low 
pH value. In addition, at a high solution pH, the concen-
tration of the H3O+ becomes lower and thus becomes less 
competitive with the positive ions for the adsorption sites 
[18,19]. As shown in the main effect plot, the removal effi-
ciency of cadmium ions increases with increasing the value 

of solution pH but then slightly decreases as the pH was 
further increased.

By applying a higher voltage between the electrodes, 
the electron flow velocity is accelerated and the electrostatic 
attraction between the ions and electrode surface becomes 
stronger [19], resulting in larger amounts of ions electro-
sorbed onto the electrode surface. Therefore, the electrosorp-
tion of the cadmium ions was enhanced and the removal 
efficiency increased with increasing the applied voltage. 
This is also observed in the main effect plot.

Both natural water and wastewater usually contain dif-
ferent ions, which can affect and interfere with the absorp-
tion of the other ions [9]. To study the effect of ionic strength 
on cadmium ions adsorption, NaCl was used as a support-
ing electrolyte. It is observed from the main effect plot, that 
the removal efficiency increases as the NaCl concentration 
increases from 1 to 3 g/L. Increasing NaCl concentration 
can improve the conductivity of the solution that leads to 
enhance the removal efficiency. When large amounts of NaCl 
are added, the removal efficiency may begin to decrease 
due to the competitive adsorption between the Na(I) 
and Cd(II) ions as observed in [9].

To visualize the predicted model equation and illus-
trate the variation that occurs when two or more parame-
ters change together, the response surface plot and contour 
plot can be utilized. The response surface plot is a three- 
dimensional plot that displays the relationship between 
the response and the independent parameters. The two- 
dimensional plot corresponding to the surface plot is called 
the contour plot which helps in visualizing the shape of 
the response by drawing the lines of the constant response 
in the plane of the independent parameters [43].

The response surface and contour plots that showing 
the interactive effects of the selected operating parameters 
on the removal efficiency of cadmium ions are depicted in 
Fig. 6. The combined effects on the removal efficiencies 
were tested by varying X1 (pH) from 3 to 8, X2 (cell voltage) 
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J.T. Hasan, R.H. Salman / Desalination and Water Treatment 243 (2021) 187–199194

from 2.2 to 3 V, and X3 (NaCl concentration) from 1 to 3 g/L 
for cadmium ions removal.

As observed in the surface plot in Fig. 6a, there is a slight 
decrease in the removal efficiency with increasing the pH 
value at a voltage of 2.2 V, whereas no significant effect of 

pH at 3 V. On the other hand, with pH 3 the removal effi-
ciency increased with increasing the voltage up to 2.9 V and 
then declined slightly as well as for pH 8. The correspond-
ing contour plot displays an ellipse area representing the 
maximum values of the removal efficiency where the pH 

Fig. 6. Response surface and contour plots for the effect of (a) solution pH and cell voltage (V), (b) NaCl concentration (g/L) and cell 
voltage (V), and (c) solution pH and NaCl concentration (g/L) on the cadmium removal (%).



195J.T. Hasan, R.H. Salman / Desalination and Water Treatment 243 (2021) 187–199

value are ranging from 3 to 6.7 and the voltage ranging from 
2.7 to 2.85 V.

Fig. 6b explains that at any value of NaCl concentration 
(1–3 g/L), the removal efficiency increased with increas-
ing the applied voltage and then slightly declined as it 
approaches 3V. At the voltage of 2.2, there is no significant 
effect in the removal efficiency with increasing the NaCl 
concentration, whereas there is a slight increase at the volt-
age of 3 V. It is obvious from the contour plot that the area 
of maximum values of the removal efficiency is confined 
between the NaCl concentration values (1.7–3 g/L) and the 
voltages (2.55–2.98 V).

Fig. 6c shows that at pH 8, the removal efficiency of 
cadmium ions increased steeply linearly with increasing 
the NaCl concentration from 1 to 3 g/L, whereas there is 
no significant effect of NaCl concentration at pH 3. On the 
other hand, at 1 g/L of NaCl concentration, the removal 
efficiency decreased with increasing the pH value, while at 
3 g/L NaCl concentration, the removal efficiency increased 
with increasing the pH value up to 7.5 and then declined 
slightly. The corresponding contour plot confirms the max-
imum values of the removal efficiency lie in the pH value 
range 3.7–7.5 and the NaCl concentration range of 2.4–3 g/L.

3.3. Optimization and confirmation test

Optimizing the operating parameters for any electro-
chemical removal system is essential for determining the 
conditions at which the highest removal efficiency and 
lower energy consumption can be obtained. The optimiza-
tion was attained by applying the RSM regression equation 
with the desirability function technique (DF). Depending on 
this function, the quality characteristics of each predicted 
response are represented by a dimensionless desirability 
value that ranges from 0 to 1, and as this value increases, the 
desirability of the response increases [44].

When optimizing the electrosorption process of cadmium 
ions from aqueous solution and regarding goal fields, the 
selected operating parameters of pH (X1), cell voltage (X2), 

NaCl concentration (X3) were within the range and the 
results, namely, removal efficiency (Y) was maximized with 
a corresponding weight of 1.0. For cadmium ions removal, 
the ranges of the parameters: pH (3–8), cell voltage (2.2–3 V), 
and NaCl concentration (1–3 g/L). The limit values of the 
removal efficiency were specified with the lower value of 
81.97% and the upper value of 99.29%. Under these limits 
and conditions, the optimizing for the cadmium removal 
process was carried out and the results are depicted in 
Table 4, with a desirability function of (1) for the model.

To confirm the adequacy of the developed model, 
repeated experiments can be conducted under the opti-
mal conditions and the results of these experiments are 
expected to be within the specified range obtained from 
the optimization analysis. The result of the confirmation 
experiments is shown in Table 5. Two experiments at the 
optimized operating parameters were performed. The 
removal efficiency was 99.542% and the value was within 
the range of the optimal value expected.

3.4. Adsorption isotherms

A preliminary experiment for the electrochemical 
adsorption processes of cadmium ions from an aqueous 
solution was performed to determine the equilibrium time 
required for the MnO2/carbon fiber composite electrode to 
reach its saturated adsorption point. The preliminary exper-
iment was carried out at pH 5.5, 2.6 V, and 2 g/L NaCl con-
centration. The results showed that the best period time for 
reaching the equilibrium at Cd(II) ions removal process, was 
approximately 300 min (5 h). Fig. 7 illustrates the curve of 
the adsorption capacity (qt) vs. the contact time (t) between 
the electrode surface and the solution.

Adsorption isotherms can be defined as suitable mathe-
matical models to describe the distribution of the adsorbed 
ions between the adsorbent material and the solution at 
equilibrium. The adsorption data were analyzed by utilizing 
the Langmuir and Freundlich isotherm models that relate 
the amount of adsorbed ions qe (mg/g) to the equilibrium 

Table 4
Optimal performance of system variables for the maximum removal of cadmium

Response Goal Lower Target Upper Weight Importance

Re (%) Maximum 81.97% Maximum 99.29% 1 1

Solution: parameters Results

pH Cell voltage (V) NaCl conc.(g/L) Re (%) fit DF SE fit 95 % CI 95 % PI

6.03 2.77 3 101.841 1 0.942 (99.42, 104.263) (97.419, 106.264)

Table 5
Confirmation experiments of cadmium ions removal

Run pH Cell voltage (V) NaCl conc. (g/L) Re (%) AC (mg/g)

Actual Average

1 6.03 2.77 3 99.334%
99.542%

41.91
2 6.03 2.77 3 99.75% 42.09
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concentration Ce (mg/g) [45]. Langmuir and Freundlich iso-
therm models represented by linearized equations as fol-
lows [46], respectively:

q
q bC
bCe

m e

e

�
�1

 (6)

q K Ce F e
n= 1/  (7)

where qe (mg/g) is the equilibrium adsorption capacity, Ce 
(mg/L) is the equilibrium concentration, qm (mg/g) is the 
maximum adsorption capacity of the adsorbent, b is the 
Langmuir constant of equilibrium adsorption, KF (mg/g)(L/
mg)1/n is the Freundlich constant, and n is the adsorption 
intensity.

The experiment was conducted at the optimal condi-
tions with different initial concentrations of 25, 50, 100, 150, 
200, 400, 600, and 800 mg/L. The parameters of Langmuir 
and Freundlich model equations were calculated from the 
slope and the intercept of the Ce vs. qe/Ce and lnCe vs. lnqe 
plots, respectively, using Origin software. Table 6 illustrates 
the calculated parameters and regression coefficient R2 of 
Langmuir and Freundlich isotherm.

As shown in Table 6, that according to the value of R2, 
the cadmium ions adsorption behavior was more accu-
rately predicted by the Freundlich isotherm model than the 
Langmuir model indicating the multilayer adsorption with 
n value greater than 0.5.

In the Langmuir isotherm model, the maximum adsorp-
tion capacity (qm) can be regarded as the equilibrium 
electrosorption capacity [47]. Therefore, the equilibrium elec-
trosorption capacity of the cadmium ions was 3,014.74 mg/g 
at the optimum conditions. For these two models, the 
isotherm graphical representations are displayed in Fig. 8.

3.5. Adsorption kinetics

The type of sorption mechanism that occurs was identi-
fied by testing the experimental data for the adsorption of 
cadmium Cd(II) ions onto the MnO2/CF composite electrode 

with the kinetic models namely pseudo-first- order and 
pseudo-second-order models. The mathematical expres-
sions of these models [46], as linear form, are given in 
Eqs. (8) and (9), respectively.

ln lnq q q K te t e�� � � � 1  (8)

t
q K q

t
qt e e

� �
1

2
2  (9)

where qe (mg/g) and qt (mg/g) are the adsorption capacities 
of the adsorbent at equilibrium and t (min), respectively, 
K1 is the pseudo-first-order rate constant, and K2 is the 
pseudo-second-order rate constant.

The parameters of the pseudo-first-order and pseu-
do-second-order models equations were determined from 
the slope and intercept of the plot of ln(qe – qt) vs. t and t/qe vs. 
t, respectively, using Origin software Table 7 summarizes the 
kinetics parameters and the correlation coefficient obtained 
from these model fits.

It is evident from the results that for cadmium ions 
removal, the fitting of the experimental data showed a 
higher correlation coefficient with the best agreement 
between the calculated and the experimental values of qe in 
the pseudo-first-order equation than in the pseudo-second- 
order equation. Therefore, the electrosorption of Cd(II) ions 

 Fig. 7. The adsorption capacity vs. contact time between the MnO2/carbon fiber electrode and the solution at conditions of pH 5.5, 
2.6 V, and 2 g/L NaCl concentration for Cd(II) ions removal.

Table 6
Determined parameters of Langmuir and Freundlich isotherm 
models for cadmium

Isotherm Parameter Value

Langmuir
qm (mg/g) 3,014.74
b 1.44 × 10–4

R2 0.71612

Freundlich
KF (mg/g)(L/mg)1/n 0.47591
n 1.0257
R2 0.99909



197J.T. Hasan, R.H. Salman / Desalination and Water Treatment 243 (2021) 187–199

onto MnO2/carbon fiber can be explained accurately by 
the pseudo-second-order kinetic model. Fig. 9 displays the 
kinetic graphical representations for the model.

4. Conclusions

A MnO2/carbon fibers composite electrode has been suc-
cessfully synthesized using the anodic electrodeposition 

process and tested as an electrosorptive electrode for remov-
ing cadmium ions from an aqueous solution. The XRD and 
FESEM results confirm the presence of the MnO2 particles 
deposited onto the carbon fiber surface with a flower-like 
nanostructure consisting of many nanorods and with crys-
talline phase corresponded to γ-MnO2. The average diam-
eters of the electrodeposited MnO2 nanoparticles were 
73.38 nm. The Box–Behnken design of RSM has proven to 
be a very useful and accurate methodology for optimiz-
ing the electrosorption of cadmium ions. The experimen-
tal data showed a good fit to the second-order polynomial 
model with R2 of 0.9817. The cell voltage has the main effect 
on the cadmium ions removal efficiency with contribu-
tion percentage of 60.28%. The optimum conditions were 
6.03 pH, 2.77 V, and 3 g/L NaCl concentration resulted in 
99.542% removal efficiency. The isotherm study performs 
that the experimental results of the cadmium ions removal 
fit very well with the Freundlich model (R2 = 0.99909) with 
a qmax of 3,014.74 mg/g at the optimum conditions, indi-
cating the high adsorption capacity of the prepared elec-
trode. The electrosorption of cadmium ions onto MnO2/CF 
correlated well with the pseudo-second-order kinetic model.
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Fig. 8. Adsorption isotherms of cadmium ions on MnO2/carbon fiber at the optimal conditions of 6.03 pH, 2.77 V, and 2.83 g/L NaCl 
concentration, the data is fitted with: (a) Langmuir model and (b) Freundlich model.
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Fig. 9. Kinetic graph for cadmium ions removal onto MnO2/carbon fiber at the optimal conditions of 6.03 pH, 2.77 V, and 2.83 g/L 
NaCl concentration with Cd(II) initial concentration of 100 ppm, the data is fitted with: (a) pseudo-first-order model and 
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Table 7
Determined parameters of pseudo-first-order and pseudo- 
second-order kinetic models for cadmium ions

Kinetics Parameter Value

Pseudo-first-order model
qe (mg/g) 62.124
K1 (min–1) 0.023
R2 0.95561

Pseudo-second-order model
qe (mg/g) 48.485
K2 (g/mg)(min–1) 5.88 × 10–4

R2 0.99529
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Symbols

Greek

α — Phase of MnO2 
β — Phase of MnO2 
γ — Phase of MnO2 
δ — Phase of MnO2 
θ — Angle
λ — Wavelength

Subscripts and superscripts

qe — Equilibrium adsorption capacity, mg/g
Re — Removal efficiency, %
Ce — Equilibrium concentration, mg/L
C0 — Initial concentration, mg/L
V — Volume of solution, L
m — Total mass of the electrode, mg
Y — Removal efficiency, %
X1 — pH value
X2 — Cell voltage value, V
X3 — Concentration of NaCl, g/L
xi — Input parameter
xj — Input parameter
xk — Input parameter
a0 — Intercept term
ai — Linear effect
aii — Squared effect
aij — Interaction effect
xi — Coded value of a parameter
Xi — Real value of a parameter
X0 —  Real value of a parameter at the center 

point
∆Xi — Step change value
R2 — Multiple correlation coefficient
qm —  Maximum adsorption capacity of the 

adsorbent, mg/g
b —  Langmuir constant of equilibrium 

adsorption
KF — Freundlich constant, (mg/g)(L/mg)1/n

n — Adsorption intensity
qt —  Adsorption capacity of the adsorbent at 

t(min), mg/g
K1 — Pseudo-first-order rate constant, min–1

K2 —  Pseudo-second-order rate constant, (g/mg),  
min–1

Abbreviations

CDI — Capacitive deionization
EDL — Electrical double layer
TMOs — Transition metal oxides
DC — Direct current
CF — Carbon fiber
XRD — X-ray diffraction
FESEM —  Field-emission scanning electron 

microscopy
EDX — Energy-dispersive X-ray spectrometry
AAS — Atomic absorption spectrometry
MLS — Method of least squares
ANOVA — Analysis of variance

DOF — Degree of freedom
SS — Sum of square
MS — Mean of square
DF — Desirability function technique
AC — Adsorption capacity
RSM — Response surface methodology
BBD — Box–Behnken design
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