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a b s t r a c t
This work focuses on the optimization of experimental factors affecting the adsorptive removal of 
Bisphenol A (BPA) using a response surface methodology in combination with central composite 
design. Thus, a multistructure carbon nanomaterial hybrid was prepared using chemical vapor depo-
sition of methane onto powder activated carbon loaded with nickel nanoparticles. The effects of var-
ious growth parameters, including growth temperature, reaction time, and gas ratio were assessed 
and correlated with quantitative responses. The highest yield of hybrid nanomaterial and removal 
percentage of BPA were found at growth temperature, reaction duration, and feed gases ratio (H2/CH4) 
of 950°C, 20 min, and 1.0, respectively. Optimization for adsorption conditions namely pH, adsorbent 
dose, and contact time was performed using the selected carbon nanomaterial hybrid sample. The 
adsorption kinetics followed accurately the pseudo-second-order model. Langmuir isotherm model 
provides an excellent model with a maximum adsorption capacity of 181.8 mg g–1.

Keywords:  Carbon nanomaterials synthesis; Adsorption; Response surface methodology; Bisphenol A; 
Chemical vapor deposition

1. Introduction

Bisphenol A (BPA) is a phenolic endocrine disrupting 
chemical commonly used in the production of polycarbonate 

plastics, epoxy resins, and polysulfones. However, BPA 
leaches easily into aqueous phases and affects the estrogenic 
activity in consumers. Moreover, BPA can cause neurologi-
cal disorders, diabetes, and cardiovascular disease. Due to 
the serious health risks of releasing BPA, efforts should be 
made to remove the BPA from the aquatic environment [1]. 
Water remediation using adsorption techniques has been 
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considered as a key approach for the removal of organic 
contaminants. Compared with other water treatment meth-
ods, adsorption offers an effective and economical solution 
because of the high efficiency, design simplicity, operational 
reliability, and the ability to recover adsorbents [2]. 

The unique properties of carbon nanomaterials (CNMs), 
including their shape, surface area, electronic, thermal, 
and sorption properties, have made them highly useful for 
environmental applications [3]. Generally, several synthetic 
schemes were used to produce CNMs, including arc dis-
charge, laser ablation, and chemical vapor deposition (CVD) 
[4]. Nevertheless, the versatility CVD approach has made 
it favorable since it represents a cost-effective technique 
and provides products with high purities under controlled 
growth conditions [5,6]. 

Porous materials, including silica gel and zeolites, are 
excellent catalyst supports that have been frequently used for 
carbon nanotubes (CNTs) production [7–9]. Activated carbon 
materials are well-established in the field of adsorption appli-
cations due to their exceptional removal ability and effective 
recollection after use by conventional separation processes 
[10]. In addition, the growth of CNMs on activated carbon 
substrate is boosted due to the abundant porous structure of 
activated carbon, and its applicability to hold metallic cata-
lyst particles [11,12]. 

The pyrolysis of hydrocarbon gases in the CVD method 
usually requires fine metal catalyst seeds of elements such 
as Ni, Fe, or Co to start nanostructure growth [13–15]. These 
metals have a high binding energy with carbon, leading the 
carbon-containing gases to form reactive species through a 
dissociative chemisorption process [2,16,17]. Powder acti-
vated carbon (PAC) assists the catalytic production of CNMs 
through dispersing well the catalyst particles and preventing 
the coalescence at high temperatures [18]. AlSaadi et al. [19] 
reported that PAC could catalyze effectively CNMs growth 
and improves the sorption capacity of heavy metals from 
aqueous solutions. Overall, the structure of deposited CNMs 
depends basically on the working conditions, including tem-
perature, growth duration, carbon source, feed gas flow rate, 
and the presence of carrier gas [20].

Carbon nanomaterial hybrid (CNMH) can form multi-
directional/multistructure integrated networks with unique 
physical, electronic, and chemical properties. In such hybrids, 
the exciting characteristics of CNMs coupled with the large 
porous structure and rapid adsorption capability of activated 
carbon [21]. 

The removal of BPA by adsorption has been widely 
explored by many researchers using various adsorbents. 
Zheng et al. [22] reported that the maximum adsorption 
capacity of BPA using organoclays was 151.52 mg g–1. Tsai 
et al. [8] showed that the hydrophobic zeolite has excellent 
affinity for BPA removal from aqueous solution. In another 
study, the commercial and synthesized chitosan revealed 
a maximum adsorbent uptake for BPA of 27.02 and 34.48, 
respectively [23]. Xu et al. [24] reported that the maximum 
adsorption capacity obtained from Langmuir isotherm 
for BPA decontamination using graphene was 182 mg g–1. 
According to Dehghani et al. [23] investigation, the maxi-
mum adsorption capacities of BPA by single-walled carbon 
nanotubes (SWCNTs) and multi-walled carbon nanotubes 
(MWCNTs) were 71 and 111 mg g–1, respectively.

There are few examples for the application of nanocarbon/
carbon hybrids in water treatment and purification [25–27]. 
Herein, CNMH was prepared on low-cost PAC impregnated 
with a Ni catalyst using CVD method. The hydrothermal 
growth parameters, including reaction temperature, growth 
duration, and ratio of feed reaction gases (methane and 
hydrogen), were optimized. The novel carbon nanohybrid 
adsorbent was characterized using field-emission scanning 
electron microscopy (FESEM), transmission electron micros-
copy (TEM), energy-dispersive X-ray spectroscopy (EDX), 
Raman spectroscopy, Fourier transform infrared spectros-
copy (FTIR), thermogravimetric analysis (TGA), Brunauer–
Emmett–Teller (BET), and zeta potential. In the second stage, 
further optimization of the removal parameters, includ-
ing pH, CNMH dosage, and contact time, was carried out 
for BPA adsorption. Response surface methodology (RSM) 
accompanied by analysis of variance (ANOVA) were applied 
to describe the possible interactions between process vari-
ables and then select the significant model [28,29]. 

2. Experiments and methodology 

2.1. Chemicals and gases

All chemicals were supplied by Sigma-Aldrich (Malaysia) 
as analytical grade and used without further purification. A 
coal-based commercial PAC was used as a substrate mate-
rial in this work. Acetone was used as a solvent for catalyst 
impregnation, and nickel(II) nitrate (Ni(NO3)2·6H2O) (purity 
> 95%) as source of nickel (Ni2+) ions catalyst. BPA (purity 
99%) ((CH3)2C(C6H4OH)2) for contaminated water prepara-
tion. Hydrochloric acid (36.5%–38%) and sodium hydrox-
ide pellets for pH adjustment. Gases used for production of 
CNMs were: methane (CH4), purified hydrogen (H2), and 
purified nitrogen (N2). All gases were provided by MOX® 
Gases Berhad, Malaysia, with 99.99% purity grade.

2.2. Preparation of the CNMH 

2.2.1. Catalyst impregnation

Nickel(II) nitrate (Ni(NO3)2.6H2O) was introduced as the 
catalyst precursor and impregnated into the support pores of 
PAC. Before running the growth experiment, PAC was dried 
overnight at 120°C. A solution of 1% w/v nickel(II) nitrate 
was prepared in acetone and mixed with 2.0 g of PAC. The 
mixture was sonicated for 1 h at 60°C and then heated in the 
oven at 120°C overnight to complete dryness. Later, metal 
catalyst nanoparticles were prepared using, thermal treat-
ment of two stages including a calcination process at 550°C 
for 2 h in N2 atmosphere, followed by a reduction using H2 
gas at 350°C for 1 h using the CVD tubular furnace. The final 
impregnated substrate (Ni-PAC) was then used for CNMH 
growth [30].

2.2.2. Optimization of CNMH growth 

A design of experiment (DOE) with a central compos-
ite design (CCD) was employed to optimize the synthesis 
parameters, including hydrothermal temperature, growth 
time, and hydrogen to hydrocarbon source flow rate ratio 
(H2/CH4) [31]. In this study, the percentage of carbon 
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nanomaterial hybrid yield (CNMHY) and BPA removal 
efficiency (RV1%) were selected as process responses and 
the results were represented in the form of a tridimensional 
graph at optimal conditions. Table 1 shows the growth vari-
ables studied for CH4 decomposition, denoted as A, B, and 
C, and represented at coded levels of –1, 0, and +1. A set of 
14 growth experimental runs were conducted to be applied 
in the response surface analysis.

Growth processes were executed using the CVD 
method inside a dual zone tube electrical furnace. In total, 
200 mg of the thermally treated Ni-PAC was placed in the 
middle of the tubular reactor. CH4 was used for the syn-
thesis under a temperature range of 750°C–1,000°C and 
introduced with a volumetric flow ratio H2:CH4 ranging 
from 1 to 5. To initiate the growth, the flow of the carbon 
source was allowed to pass through the heated reactor for 
periods between 20 and 60 min. Finally, the reactor was 
cooled to room temperature under a pure N2 stream [32]. 
The first response (CNMHY) was calculated by measuring 
the weight difference between CNMH after the growth and 
the PAC substrate that holds only the catalyst particles, fol-
lowing the formula: 

Yield after
catal

blank
catal

blank
catal% %=
−

×
m m

m
100  (1)

where mafter
catal  is the total mass of the product after the reaction, 

and mblank
catal  is the weight of the PAC substrate treated simi-

larly to growth reaction conditions, but without the introduc-
tion of any carbon sources.

To generate the second response (RV1%), batch adsorp-
tion experiments were conducted on the carbonaceous mate-
rial produced from each of the 14 growth experimental runs. 
A fixed dosage of each adsorbent (10 mg) was placed into 
50 mL Erlenmeyer flask of BPA (50 mg L–1) and shaken for 
120 min at a constant agitation speed (180 rpm) at room 
temperature. In addition, pH of the solution in all tests was 
maintained at pH = 6.0. A known volume of the solution was 
removed at the end of the adsorption time and centrifuged at 
4,000 rpm for 10 min. The BPA concentration in the superna-
tant was measured by UV–Vis spectrophotometry through 
monitoring the maximum absorbance wavelength at 277 nm 
[33]. The BPA removal efficiency percentage (RV1%) was cal-
culated using Eq. (2):

Removal efficiency % =
−

×
C C
C

t0

0

100  (2)

where C0 and Ct (mg L–1) are the liquid-phase concentra-
tions at the initial time point and after 120 min, respectively. 
Subsequently, RSM analysis was applied to optimize growth 
variables in order to predict the best value for responses. 
A list of design experiments runs and the ANOVA of both 
responses for CNMH are presented in Tables S1–S3 (supple-
mentary material). 

2.2.3. Adsorption of BPA onto CNMH adsorbent 

The second set of experiments demonstrates the opti-
mization of BPA removal by CNMH obtained at the opti-
mal conditions. The DOE analysis required 15 experimental 
runs (shown in supplementary material), and the inves-
tigated parameters are denoted as x1 for the pH, x2 for the 
CNMH dosage (mg), and x3 for the time (min). Coded lev-
els and adsorption parameters are provided in Table 2. Two 
responses in the adsorption process were considered: BPA 
removal efficiency percentage (RV2%) and adsorption capac-
ity (Q, mg g–1). The 3-D graphical responses of the studied 
parameters were used to describe the parameters influencing 
the process and resulting interactions.

The adsorption experiments were performed in the same 
manner as described in the previous section under varying 
conditions for pH (2–12), adsorbent dose (5–15 mg), and 
contact time (20–120 min) with an initial BPA concentration 
of 50 mg L–1. The stock solution was prepared by dissolving 
50 mg of BPA in a 1,000 mL volumetric flask followed by 
dilution up to the mark by addition of deionized water. The 
removal efficiency (%) was determined according to Eq. (2) 
and the equilibrium adsorption uptake, Qe (mg g–1), was cal-
culated using the following equation:

Adsorbent uptake  , Q
C C
w

Ve
e=

−
×0  (3)

where C0 and Ce (mg L–1) are the liquid-phase concentrations 
at initial and equilibrium states, respectively. V (L) is the vol-
ume of BPA solution and w (g) is the adsorbent dosage.

2.2.4. Kinetic studies

A convenient expression of the reaction mechanism 
rate was provided by kinetic modeling. The kinetic models 
summarized in Table 3, including pseudo-first-order, pseu-
do-second-order, and intraparticle diffusion, were applied 
in order to correlate the experimental data of obtained 
CNMH. Kinetics studies were performed using a series of 
adsorption experiments at regular time intervals (5, 10, 20, 
25, 30, 40, 50, 60, 70, 80, 100, 110, 120, 130, 140, 150, 160, 

Table 1
Experimental range and levels of the independent variables for 
CNMH synthesis

Independent parameters Range (coded levels)
Low (–1) High (+1)

Temperature (A), °C 750 1,000
Growth time (B), min 20 60
H2/CH4 flow rate 1 4

Table 2
Experimental design for batch adsorption of BPA using CCD

Independent parameters Range (coded levels)
Low (–1) High (+1)

pH (x1) 2 12
CNMH dosage (x2), mg 5 15
Time (x3), min 20 120
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170 min, and 24 h), whereas other conditions were chosen 
based on the second set of optimization results suggested 
by the DOE.

2.2.5. Adsorption isotherms

BPA adsorption characteristics can be expressed in terms 
of isotherm diagrams, including Langmuir, Freundlich, and 
Temkin. The investigated models and their outcome parame-
ters are presented in Table 4. 

A stock solution of BPA was prepared at a concentra-
tion of 100 mg L–1. For the adsorption isotherm experiments, 
lower concentrations were produced (i.e., 5, 10, 20, 30, 40, 50, 
60, 70, 80, and 90 mg L–1) by diluting with deionized water. 
BPA concentrations were measured for each experiment after 
reaching the equilibrium, while other working conditions 
were kept constant at the optimal values which were previ-
ously determined.

2.3. Equipment and measurements

The growth process using the CVD method was carried 
out in situ with an OTF-1200-80mm. Dual Zone Tube Furnace 
tubular reactor equipped for immediate use with one 50 mm 
diameter fused quartz tube (OD: 80 mm; ID: 72 mm; length: 
1,000 mm).

An FESEM equipped with an EDX (Quanta FEG 450, 
EDX-OXFORD) was used to obtain high-resolution images 

of nano-sized structures to study the CNMH morphology 
and surface elements. Other morphological features were 
observed using a TEM. TGA was obtained using a thermal 
analyser (STA-6000, PerkinElmer®) in an oxygen environ-
ment at a heating rate of 10°C min–1. Surface area analysis 
was performed using a gas sorption system (Micromeritics 
ASAP2020, TRISTAR II 3020 Kr) following the BET method. 
The prepared CNMs-PAC adsorbent was also characterized 
by Raman spectroscopy (Renishaw System 2000 Raman 
Spectrometer). The adsorbent surface chemistry before 
and after BPA adsorption was investigated using FTIR 
(PerkinElmer® FTIR spectrometer), during which the sample 
was ground with KBr to form pellets and a wavenumber in 
the range of 500–4,000 cm–1 was used. Furthermore, the dis-
persibility of the prepared hybrids in aqueous solutions was 
investigated by following zeta potential measurements using 
a Zetasizer (Malvern, UK). The concentrations of BPA were 
monitored using UV–Vis spectroscopy (PerkinElmer® spec-
trophotometer) [34].

3. Results and discussion

The experiments assessing CNMH growth were opti-
mized to obtain the optimum growth conditions based on 
two responses: growth yield and BPA removal efficiency. 
Then the adsorbent, which was prepared at the optimal 
growth conditions, was used to optimize the conditions for 
BPA removal from aqueous solution.

Table 3
Parameters deduced from kinetic models for BPA adsorption on CNMH

Model Plot Parameters Values

Pseudo-first-order ln(qe – qt) = lnqe – K1t ln(qe – qt) vs. time (t) K1 = –slope (min–1)
qe = e(intercept) (mg g–1)
R2

0.0161
27.107
0.8247

Pseudo-second-order t
q K q q

t
t e e

= +
1 1

2
2

 t
qt

 vs. t
qe = 1/(slope) (mg g–1)

K2

2

=
Slope

Intercept
 (g mg–1 min–1)

R2

144.928 

0.001608 

0.9992
Intraparticle diffusion qt = Kdt1/2 + c qt vs. t0.5 Kd = slope (g mg–1 min–0.5) 

R2

2.4 
0.821

Table 4
Isotherm constant parameters and the coefficients calculated for the adsorption of BPA on the CNMH

Model Equation Plot Parameters Values

Langmuir Ce/qe = 1/(KLQm) + Ce/Qm A plot of Ce/qe vs. Ce should indicate 
a straight line of slope 1/Qm and 
intercept of 1/(KLQm)

Qm (mg g–1)
KL (L mg–1)
RL

R2

181.818
0.514
0.0375
0.9941

Freundlich lnqe = lnKF + (1/n)lnCe The values of KF and 1/n were 
determined from the intercept and 
slope of linear plot of lnqe vs. lnCe

1/n
KF (L mg–1)1/n

R2

0.38
56.48
0.7316

Temkin qe = B1lnKT + BlnCe Values of B1 and KT were calculated 
from the plot of qe against lnCe

B
KT

R2

31.954
8.667
0.9207
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3.1. ANOVA and optimization

3.1.1. CNMH growth yield and BPA removal efficiency 

For CH4 decomposition, a set of experimental designs 
with different ranges of production conditions was prepared. 
The nanostructure production conditions were optimized 
using a second-level CCD with one central point. Tables S2 
and S3 show ANOVA analyses for the growth factors, specif-
ically temperature (A), duration of synthesis (B), gases flow 
ratio (C), and their higher-order terms 

The larger F values and smaller p values, the more signifi-
cant is the corresponding coefficient term [35]. Regarding the 
optimization of CNMH synthesis, the F value resulted from 
ANOVA was 210.54 for CNMH growth yield, and 13.87 for 
BPA removal efficiency. This indicates that the model was 
significant and the response variations were expressed well 
by the proposed regression equation. Furthermore, values of 
‘Prob > F’ less than 0.05 confirm that the model is statistically 
significant [36]. 

The final empirical model’s equations constructed from 
the experimental parameters for CNMHY and RV1% for CH4 
decomposition are given in Eqs. (4) and (5), respectively.

ln . . .

. .

CNMHY( ) = − + −

+ + ×

11 3533 0 030391 0 078949

10 96588 5 78868 1

A B

C 00 0 025148
1 09754 10 1 54115 10 4 59701 10

5

5 5 2

−

− −

−

− × − × + ×

AB AC
BC A

.
. . . −−

−+ + ×

4 2

2 5 20 012797 1 41316 10
B

C A C. .

 (4)

RV1 76 21 24 55 9 17 6 34 17 10
0 35 10 09 33 702

% . . . . .
. . .

= + − + −

− − −

A B C AB
AC A AA3  (5)

The coefficient of determination (R2) of CNMH yield and 
BPA removal were 0.9986 and 0.9418, respectively. The high 
R2 values and the low coefficient of variation (CV = 1.35% and 
5.47%) suggest that the obtained model provides an excellent 
estimation of the response, which can be reproducible as long 
as these values are not greater than 10% [37]. Both responses 
exhibited desirable precisions of ~47 and ~12, respectively, 
since their values are above 4.0 [38]. The model suggested 
for CH4 decomposition was found to be reliable in predict-
ing the optimal yield of CNMH and BPA removal efficiency 
at the following reaction conditions: a temperature of 950°C, 
synthesis duration of 20 min, and a H2 to CH4 flow ratio of 
1.0. Using this model, the growth yield and the removal effi-
ciency were predicted to be 22.9% and 87.6%, respectively, 
while the experimental values obtained were 22.7% and 
87.4% respectively, demonstrating excellent agreement with 
the model. In Fig. 1, it can be observed that there is a good 
relationship between the experimental and predicted values 
for both responses, since the data points exhibit a distribution 
that approaches a straight line. Moreover, the plots indicate 
that the proposed models were adequate in predicting the 
response variables for the experimental data.

3.1.2. Effects and interactions of variables on CNMHY 
and RV1% 

Generally, if the F function is greater than 4, the prod-
uct is significantly influenced by the parameter variations 

[39]. ANOVA results in Tables S2 and S3 show that the 
studied parameters significantly affect the graphitization 
of the prepared CNMH. Among these parameters, the 
reactor temperature (parameter A) and growth duration 
(parameter B) are the most important. The high F values for 
the linear terms of A and B (914.87 and 57.22, respectively) 
indicate that they will have a large effect on the CNMH 
yield. ‘Prob > F’ values were less than 0.01 and 0.0021 for 
the interaction of variables (AB) in the model, indicating 
their significant effect on the product yield and on BPA 
removal efficiency [40]. 

RSM results, displayed in Fig. 2(a), suggested that the 
yield increased proportionally with the increase in growth 
time, and then dropped as the reaction proceeded. However, 
longer reaction times were found to cause the deposition of 
amorphous carbon, limiting the growth duration to 20 min 
maximize the growth rate and minimize the formation of 
amorphous carbon [31]. Furthermore, Fig. 2(b) indicates 
that high growth temperature has more positive effects on 
promoting the BPA removal efficiency, compared with the 
impact of growth duration parameter.

3.1.3. Central composite design for BPA adsorption 
evaluations

Similarly, CCD was applied in the second set of exper-
iments to evaluate the adsorption performance of the 
CNMH produced with the optimal production condi-
tions. Two targeted responses were selected for the three 
adsorption factors: removal efficiency percentage (RV2%) 

Fig. 1. Predicted vs. actual data obtained from optimizing the 
growth yield for (a) CNMHY and (b) RV1% using ANOVA.
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and adsorbent uptake (Q). The variables coded for adsorp-
tion parameters in the CCD analysis and their ranges are 
described in Table 2. Based on the proposed design, 15 
experimental runs were performed, as summarized in 
Table S4. The constraints developed to control the optimi-
zation solutions of the CCD software were to maximize 
RV2% and Q by keeping adsorption variables in the ranges 
defined previously in Table 2. Accordingly, the optimal 
removal conditions were found at a pH of 3.2, adsorbent 
dosage of 15 mg, and removal duration of 120 min which 
produced the highest BPA removal efficiency (97.5%) and 
adsorbent uptake (181.8 mg g–1). The experimental and pre-
dicted data were found close enough with R2 correlation 
values of 0.9559 and 0.9941 for BPA removal efficiency and 
for adsorbent uptake, respectively.

ANOVA modeling for the two responses is summa-
rized in Tables S5 and S6, which indicate that the F values 
for the models were 28.9 and 93.42 in the two optimiza-
tion cases of removal efficiency and adsorbent uptake, 

respectively. This suggests that both models are signifi-
cant and the predicted R2 approached the adjusted values. 
For the removal percentage efficiency, the cases x1 (pH), 
x2 (dosage), x3 (contact time), x1x2, x2x3 and x2

2  offered sig-
nificant model terms. However, the adsorbent capacity 
showed significant effects for x1, x2, x3, x1x2, x1x3, x2x3, x1

2 , 
x3

2  and x x1
2

3 . The adequate precision values were 19.723 
and 36.048, which indicated satisfactory signals for both 
responses. Data analysis gave expression for RV2% and 
Q with the following equations:

RV2 19 1 2 24 7 65 0 202
0 00387 0 00675 0

1 2 3

1 2 2 3

% . . . .
. . .

= + +

+

−

− −

x x x

x x x x 1188 2
2x

 (6)

Q x x x x x x x
x x

= − − + + −

−

287 0 7 81 9 67 4 46 0 590 0 948
0 046

1 2 3 1 2 1 3

2 3

. . . . . .
. −− − +0 492 0 00937 0 06731

2
3
2

1
2

3. . .x x x x  (7)

Figs. 3(a) and (b) show a plot of experimental RV2% and 
Q vs. calculated values. The plots proved to be successfully 
reliable to represent the relation between the adsorption vari-
ables and the responses. 

(a)

(b)

Fig. 2. RSM plots of (a) growth yield of (CNMHY) and (b) BPA 
removal efficiency (RV1%) considering the effect of reaction time 
and growth temperature.

Fig. 3. Predicted vs. actual data obtained from optimizing the 
BPA adsorption onto CNMH for (a) removal efficiency (RV2%) 
and (b) adsorbent capacity (Q) using ANOVA. 
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3.1.4. Effects and interactions of individual variables on BPA 
adsorption

A significant effect for the linear variable terms was indi-
cated, along with x2

2 , as shown in Table S5. The high F val-
ues of the adsorbent dosage parameter (79.82) confirmed the 
superior effects of this variable, compared with the effects 
of pH and contact time, which were 27.08 and 12.52, respec-
tively. The effects of both the pH and CNMH dosage (x1x2) 
on removal efficiency were found to be more significant 
(p = 0.0176) than the combined impact of adsorbent amount 
and contact time (x2x3) (p = 0.1343). This can be attributed 
to the fact that adsorbent dosage provides a direct reflec-
tion of the surface area, while the pH corresponds to surface 
charge; therefore, both effects are combined in this model. 
The interaction effect of pH–adsorbent dosage (x1x2) was also 
valuable since it represented an F value of 15.44. 

The adsorbent uptake showed a similar trend for the 
interaction between variables as in the removal efficiency of 
BPA (Table S6). The most significant terms that combine two 
factors were found for pH with adsorbent dosage (p = 0.0055), 
and for adsorbent dosage with contact time (p = 0.0038).

The effect of pH was found to have a remarkable influ-
ence on the efficiency of removal and the adsorption capac-
ity, as it affects the properties of both the adsorbate and the 
adsorbent [41]. In this regard, the carbon surface charge and 
the dissociation of the electrolyte are mainly influenced by the 
pH. Fig. 4(a) shows the effect of pH on RV% at the optimal 
time. The plot indicates that the RV% increased gradually until 
it reached the highest value at pH 3.2. The surface charge of 
the adsorbent is inversely related to pH, and the H+ competi-
tion with BPA species is reduced. Furthermore, the pKa value 
of BPA is approximately 9.5, therefore, at basic pH and (espe-
cially when the pH of the solution is higher than the pKa value 
of BPA), a reduction in adsorption was observed due to the 
growing repulsion forces and a reduction in π–π interactions 
between bisphenolate anions and the surface of the sorbent 
[42]. Results from Liu et al. [43] indicated that of the lowest 
amount BPA adsorbed onto activated carbons at pH 11. This 
decreased adsorption of BPA can often be expected when the 
pH is greater than the pKa because both targeted chemical and 
the adsorbent become negatively charged and, therefore, can 
experience increased electrostatic repulsion [44]. Regarding 
the Q response, the effect of pH was more obvious than the 
adsorbent dose as seen in Fig. 4(b). The enhancement in BPA at 
high doses can be ascribed to the increase in surface area and 
the availability of more adsorptive sites for the removal of BPA.

3.2. Characterization

The synthesis conditions of CNMH were adopted in 
agreement with the earlier optimization to achieve the best 
production yield and removal efficiency. The CNMH pro-
duced under the optimal conditions was subsequently char-
acterized with different techniques to assess structural and 
physicochemical properties.

3.2.1. Morphology and surface elemental analysis

FESEM and TEM images were taken for the PAC loaded 
with the catalysts particles, as seen in Figs. 5(a) and (b). 

The PAC structure, as seen in the FESEM image, shows the 
presence of irregular pores and the dominance of rough areas 
on the surface. Metal particles are dispersed on the surface 
of the PAC or trapped in the pores. Good distribution of Ni 
catalyst particles was observed on the PAC surface. The large 
surface area and high porosity of carbon support prevented 
the catalyst particle from coalescing and helped to produce 
an equal dispersion of catalyst particles [45,46]. 

After CH4 decomposition at the optimized growth condi-
tions (950°C, 20 min, and H2/CH4 = 1.0), the results (Figs. 6(a) 
and (b)) show that the grown CNMH have groove-like micro-
structures and are closely related to the porous structures and 
surface conditions of the PAC support [47]. Both large parti-
cles and small particles of nickel can be observed in Fig. 6(a). 
The small Ni particles may be generated from a mother parti-
cle, and dispersed throughout the entire surface. The FESEM 
reveals that the resulted CNMH have short, well-dispersed 
CNTs that are embedded in the pores of PAC. PAC possesses 
an abundant porous structure, hence the produced CNMH 
are liable to insert into the pores of the activated carbon. 

(a)

(b)

Fig. 4. RSM plots of (a) BPA removal efficiency (RV2%) and (b) 
adsorbent capacity (Q) considering the effect of pH and dosage. 
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Furthermore, conducting the growth at high reaction tem-
peratures was suitable, and unlike other studies, the Ni cata-
lyst, was not deactivated at higher temperatures [48,49]. The 
catalyst deactivation can be minimized by creating a PAC 
network around the Ni catalyst. These observations confirm 
that PAC is an effective support for Ni catalysts, even at high 
temperatures [50]. EDX analysis was performed for PAC, 
Ni-PAC, and CNMH produced under the optimized condi-
tions (Figs. 7(a)–(c)). The elemental surface analysis of PAC 
substrate without catalyst impregnation (Fig. 7(a)), showed 
only carbon and oxygen-content. The highest percentage 
recorded for carbon was 91.6%. However, trace oxygen was 
detected in most of the samples because of oxygen adsorption 
from the surrounding environment during processing. In 
Ni-PAC (Fig. 7(b)), the nickel particles contributed to a total 
content of 2.1%. Other impurities were also present, includ-
ing Si and Fe (<2.0%). The Ni content has fallen after growth 
to 0.9% as seen in the synthesized CNMH (Fig. 7(c)). 

3.2.2. Raman spectroscopy

Fig. 8 shows Raman spectra of CNMH produced under 
optimized conditions. Two peaks were observed for all Raman 

spectra: the first at ~1,340 cm–1 (D band) and the second at 
~1,600 cm–1 (G band) [20,51,52]. The D peak can be attributed to 
the disordered structure of graphite, while the graphitic layers 
produce a stretching C–C vibration characterized by the band 
G at higher ranges of Raman shift (1,500–1,600 cm–1). Doping of 
Ni did not obstruct the overall structure of PAC, since it shows 
an ID/IG value of 0.81. No peaks were detected <400 cm–1, sug-
gesting that the as-prepared products possessed a multiwall 
structure [53]. The intensity ratio of D and G peaks was used 
as an index to characterize the level of material disorder. The 
intensity ratio for the CNMH structure was 0.93, similarly to a 
previously reported study [54]. Comparing the results of differ-
ent studies of CH4 decomposition, it can be concluded that the 
type of catalyst used for nanocarbon growth directly reflects 
the obtained structure and, therefore, the ID/IG ratio [55]. 

3.2.3. Thermogravimetric analysis 

Oxidation temperatures of CNMs characterize thermal 
stability and describe the differences in their crystalline prop-
erties. Moreover, it can be argued that the remaining weight 
after exposure to high temperatures (>650°C) during thermo-
gravimetric tests represents the catalyst residuals.

b

Fig. 5. (a) FESEM and (b) TEM images for Ni-PAC before growth 
reaction. Fig. 6. (a) FESEM and (b) TEM images of CNMH obtained at 

optimal conditions.



H.M. Alayan et al. / Desalination and Water Treatment 95 (2017) 128–143136

All samples exhibited single step degradation, as seen 
in Fig. 9, for the PAC, Ni-PAC, and CNMH obtained under 
optimized conditions. No weight loss was observed for 
PAC-Ni or CNMH at a degassing temperature range of 
100°C–400°C, suggesting the absence of oxygenated func-
tional groups [56].

Combustion began slightly below 550°C and ended 
at ~700°C. The majority of weight loss was detected in the 
range of 483°C–525°C. The same degradation trend was pre-
viously reported for CNT prepared on Ni catalyst CH4 [57]. 
According to the TGA curves for PAC samples, the weight 

residue remaining after the test was about 7% reflecting 
impurities in the substrate. This percentage increased to 21% 
after the catalyst particles were embedded in the structure. 
However, after growth using CH4, the remaining weight 
recorded above 650°C was approximately 14%. The reduc-
tion in residual percentage can be explained by the growth 
of CNMH on the catalyst surface and, thus, a change in the 
overall composition occurs.

3.2.4. Fourier transform infrared spectroscopy

FTIR spectra were used to qualitatively evaluate the 
presence of functional groups on the CNMH surface. 
Fig. 10 represents the FTIR spectra of BPA and the CNMH 
used in the adsorption experiments before and after BPA 
removal. Obvious peaks were detected on the carbon sur-
face before BPA adsorption within the wavenumber range of 
2,800–2,900 cm–1, reflecting the presence of C–H asymmetric 
and symmetric stretching vibrations [58].

Fig. 7. EDX analyses for (a) PAC before catalyst impregnation, (b) 
Ni-PAC after impregnation, and (c) CNMH produced from CH4 
decomposition at optimal conditions. 

Fig. 8. Raman spectra of Ni-PAC and CNMH.

Fig. 9. TGA curves for PAC, Ni-PAC and CNMH.

Fig. 10. FTIR spectra of BPA, CNMH before and after BPA 
adsorption.
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The peak at 1,515 cm–1 reflects the existence of carbon 
double bonds (C=C) in the graphitic structure. The peaks at 
1,200 and 3,450 cm–1 are associated with O–H. FTIR spectra 
of CNMH after BPA adsorption showed an intense peak at 
3,747 cm–1 which can be attributed to the O–H stretching 
vibration originating from chemisorbed phenolic groups. 
Some characteristics related to BPA molecule were also 
detected on the adsorbent surface, including aromatic –
C=C– bonds (at 1,600–1,400 cm–1), benzene ring –C–H bonds 
(at 900–650 cm–1), phenolic –C–O bonds (at 1,250 cm–1), CH 
stretching vibration (at 2,990 cm–1), and –CH3 stretching 
vibrations at 1,387 cm–1. The band at ~1,710 cm–1 with a high 
intensity can be attributed to the stretching vibration of a car-
boxylic group [59].

3.2.5. Surface analysis

The surface plays an important role in the adsorption of 
phenolic compounds by CNMs. Porosity and BET surface 
area were studied via nitrogen adsorption–desorption exper-
iments [60]. Various samples were analyzed for their surface 
area, including PAC, Ni-PAC, and CNMH (Table 5). 

The loading of Ni onto the PAC support has caused to 
decrease the pore volume of the support, likely due to the 
blockage of the PAC pores by the impregnated catalyst 
resulting, therefore, in a reduced surface area. The BET sur-
face area of the CNMH (164.6 m2 g–1) produced under opti-
mized conditions led to significant enhancements in surface 
area, due to the additional active surface added on the PAC. 
The total pore volume of CNMH reached 0.29 cm3 g–1 com-
pared with PAC (0.09 cm3 g–1). Thus, an excellent sorption 
capacity is expected for our material due to the enhancement 
of the surface area. 

3.2.6. Zeta potential 

Dispersibility of CNMs in aqueous media reflects the wet-
tability of their surfaces in an indirect way. The zeta potential 
is the electric potential in the interfacial double layer, which 
is important in measuring the surface charge of the material. 
Stability of dispersions is caused by repulsion forces between 
suspended particles in the solution, within which the abso-
lute value of zeta potential is higher than 30 mV [61]. It was 
found that the CNMH produced with CH4 exhibited a lower 
zeta potential, compared with the structures produced from 
other carbon sources [62]. Table 6 shows the zeta potential 
results of PAC, Ni-PAC, and CNMH produced under opti-
mized conditions. The positive value in the case of CNMH 
might indicate the dominance of positively charged func-
tional groups on the surface. This can enhance the attrac-
tion to phenolate ions possessing a negative charge, thereby 
boosting the adsorbing capability of the CNMH.

3.3. BPA adsorption

3.3.1. Kinetic studies

The kinetic studies were conducted for BPA adsorption 
(50 mg L–1) at the optimal conditions. The kinetic models of 
pseudo-first-order, pseudo-second-order, and intraparticle 
diffusion were employed to correlate with the experimental 
data on BPA adsorption to the prepared CNMH and deduce 
the best fitting model. The characteristics obtained from each 
model are summarized in Table 3.

The pseudo-first-order kinetic model was used to cal-
culate the rate constant k1 and qe values from the slope and 
intercept of the linear plot of ln(qe – qt) vs. t. The R2 value 
for this model was 0.8247 (Fig. 11(a)) and the model did not 
effectively describe the experimental adsorption data. The 
sorption kinetics following the pseudo-second-order model 
were also determined and the plot of t/qt vs. t presents a good 
match between this model and the experimental data (R2 = 
0.999), Fig. 11(b)), which indicates that the kinetics of BPA 
adsorption process depend on the adsorbent and adsorbate 
and could be controlled by chemisorption involving valence 
forces through sharing or exchange of electrons [63]. The 
R2 value of the intraparticle diffusion model presented in 
Fig. 11(c) was 0.821. It shows two region plots, the first region 
is a straight line correlated with the diffusion mechanism and 
the second one is attributed to the equilibrium stage, where 
intraparticle diffusion starts [64]. Based on these results, the 
adsorption kinetics of CNMH clearly follows the pseudo- 
second-order model with greater conformity, compared with 
the pseudo-first-order and intraparticle diffusion models. 
This behavior agrees with several previously reported stud-
ies which used carbonaceous adsorbents for BPA removal 
[28,33,65].

3.3.2. Adsorption isotherms

To describe adsorption of BPA onto the surface of CNMH, 
Langmuir, Freundlich, and Temkin isotherm models were 
used. Table 4 lists the equations of these models and the find-
ings obtained by applying each model.

The well-known linearized form of the Langmuir equa-
tion is presented in Table 4. In the equation, Ce (mg L–1) is the 
equilibrium concentration of BPA, qe (mg g–1) is the amount of 
BPA adsorbed per unit mass of the adsorbent. KL and Qm are 
Langmuir constants related to adsorption equilibrium con-
stant and maximum adsorption capacity, respectively. The 
value of the dimensionless constant equilibrium parameter 
(RL) can be used to indicate the essential features and type 
of Langmuir isotherm in the following manner: unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irreversible 
(RL = 0). Eq. (8) was used to calculate RL value [66]. 

Table 5
Summary of BET results for PAC, Ni-PAC, and CNMH

Property PAC Ni-PAC CNMH

BET surface area (m2 g–1) 101.1 97.2 164.6
Total pore volume (cm3 g–1) 0.09 0.07 0.29
Average pore diameter (Å) 34.89 21.29 96.19

Table 6
Zeta potential results for PAC and the different carbon structures 
produced

Sample Zeta potential (mV)

PAC –42.6
Ni-PAC +1.67
CNMH +9.64
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Following the Langmuir isotherm model, the constant 
KL and the maximum theoretical adsorbent capacity Qm were 
extracted from the Ce/qe vs. Ce plot (Fig. 12(a)). 

Freundlich isotherm can be described by the linearized 
equation as shown in Table 4, in which KF and n are Freundlich 
isotherm constants. The distribution coefficient KF represents 
the amount of BPA adsorbed onto adsorbent per unit equi-
librium concentration. While the factor 1/n defines the het-
erogeneity of the adsorbent surface. As its value approaches 
zero, it indicates that the adsorbent surface is becoming 

more heterogeneous [67]. A plot of logqe vs. logCe was used 
to describe the Freundlich isotherm, as shown in Fig. 12(b). 

Moreover, the Temkin isotherm equation presented in 
Table 4 was examined for its applicability in describing the 
experimental results. The parameters of the Temkin equa-
tions are B (dimensionless) = RT/B. B is the Temkin constant 
related to the heat of adsorption (J mol–1), R is the gas constant 
(8.314 J mol–1 K–1), T is the absolute temperature in Kelvin, 
and KT is the Temkin isotherm equilibrium binding constant 
(L mg–1) [68]. The Temkin isotherm model is depicted in 
Fig. 12(c).

The values of RL and n for the CNMH adsorbent con-
firmed the adsorption favorability of BPA for both the 
Langmuir and Freundlich isotherms under experimental 

(a)

(b)

(c)

Fig. 11. Fittings of different kinetics models for BPA adsorption 
onto CNMH. (a) Pseudo-first-order, (b) pseudo-second-order, 
and (c) intraparticle diffusion at optimum conditions.

(a)

(b)

(c)

Fig. 12. Isotherm plots for BPA adsorption onto CNMH follow-
ing the linearized forms of (a) Langmuir, (b) Freundlich, and (c) 
Temkin models.
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conditions [69]. However, the Langmuir model produced the 
best fit with a high correlation coefficient R2 (0.994), indicat-
ing a monolayer adsorption of BPA onto the CNMH surface. 
On the other hand, according to the Freundlich n value (n > 1), 
the adsorptive behavior is dominated by a physical adsorp-
tion process [70]. Similar isotherm results were reported for 
the adsorption of BPA onto activated carbon derived from 
rice straw agricultural waste [71]. Table 7 provides a compar-
ison of the maximum adsorption capacity of BPA onto sev-
eral adsorbents. In comparison with previous works, CNMH 
can be considered as a promising adsorbent for BPA removal 
from aqueous solution. 

3.4. Mechanisms

The adsorption of BPA onto the CNMH adsorbent was 
greatly affected by the characteristics of the adsorbent, 
removal conditions, as well as the molecular properties of 
BPA. Thus, CNMH has oxygen-functional groups, which 
enhance the dispersibility of CNMH in water. Moreover, 
–OH is an electron-donating functional group that can 
increase the sorption affinity of BPA by increasing the 
π-donating strength of the host aromatic ring [72]. The 
molecular size, pKa (pKa = 9.5 for BPA), and easily rotat-
ing structure of BPA influences its affinity toward CNMH 
[73]. The wedging of BPA into the groove regions of the 
adsorbent is allowed by the structure of BPA molecule. The 
π–π interactions between the benzene rings of BPA and 
the graphene planes includes the polar and charge inter-
actions that may be responsible for the adsorption of BPA 
onto CNMH. Moreover, the pH of the background solution 
is another major factor controlling adsorption. BPA is an 
organic acid and the non-dissociated species form dom-
inates in acidic solutions. Lin and Xing [72] reported that 
decreases in adsorption affinities for phenolic compounds 

over their pKa values could be attributed to the increased 
electrostatic repulsion between dissociated adsorbates and 
negatively charged MWCNTs. In addition, at pH 3 the 
methyl groups on BPA are protonated and increase the elec-
tron density of resonating π electrons in the benzene ring, 
enhancing the attraction between positive CNMH surfaces. 
Herein, the adsorption mechanism of BPA was governed by 
the π–π interaction effects, since the highest removal effi-
ciency was demonstrated at pH 3.2, which is less than the 
pKa value of BPA [73].

4. Conclusion

This study investigates the growth of hybrid multistruc-
ture material (CNMH) from the decomposition of methane 
using CVD method. The prepared material was utilized as 
a novel adsorbent for BPA removal from aqueous solution. 
Optimization studies using a center composite design and 
RSM were conducted to evaluate the growth parameters 
which achieve the highest growth yield and BPA removal 
efficiency. The optimal CVD production conditions were 
found to be 950°C as a growth temperature, 20 min reaction 
time, and a 1.0 feed gases ratio (H2/CH4). CNMH produced 
under optimal conditions showed excellent removal effi-
ciency at pH 3.2, with an adsorbent dosage of 15 mg and 
contact time of 120 min. The BPA adsorption system was 
fitted with pseudo-second-order kinetics and the maximum 
adsorbent capacity determined using the Langmuir adsorp-
tion isotherm was 181.8 mg g–1. The relatively strong π–π 
interaction and hydrogen-bonding between the benzene 
and rings hydroxyl groups of BPA could be the origin of the 
strong adsorption affinity for BPA. The growth of CNMH 
on activated carbon consists of a multistructure network 
and, unlike other CNMs prepared on metal oxides or silica 
substrates can be used directly in the adsorption processes 
without removing the substrate from the product. Our find-
ings contribute toward successful developing of hybrid 
CNM which can be used as an efficient adsorbent in water 
remediation.
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Supplementary material

Table S1
Experimental CCD data for the synthesis parameters 

Sample ID A  
(Temperature, °C)

B  
(Time, min)

C  
(Gas ratio)

CNMHY  
(Yield, %)

RV1% (BPA removal 
efficiency)

A1 850.0 40.0 2.5 10.3 70.4
A2 950.0 20.0 4.0 15.9 83.5
A3 750.0 60.0 4.0 11.7 85.1
A4 850.0 20.0 2.5 11.6 78.4
A5 1,000.0 20.0 1.0 27.7 5.6
A6 750.0 20.0 4.0 12.9 78.0
A7 750.0 60.0 1.0 9.7 76.2
A8 950.0 60.0 4.0 21.4 42.1
A9 750.0 40.0 2.5 9.1 76.3
A10 950.0 20.0 1.0 22.9 87.6
A11 850.0 40.0 4.0 8.4 83.9
A12 950.0 60.0 1.0 37.3 14.7
A13 850.0 60.0 2.5 14.1 78.5
A14 750.0 20.0 1.0 10.02 60.8

Table S2
ANOVA results for growth optimization to obtain the best yield (CNMHY) 

Source Sum of squares df Mean square F Value p Value Prob > F

Model 2.71 10 0.27 210.54 0.0005
A 1.18 1 1.18 914.87 <0.0001
B 0.074 1 0.074 57.22 0.0048
C 0.068 1 0.068 52.94 0.0054
AB 0.11 1 0.11 84.02 0.0027
AC 0.23 1 0.23 178.35 0.0009
BC 8.713 × 10–3 1 8.713 × 10–3 6.76 0.0804
A2 0.090 1 0.009 69.48 <0.0036
B2 0.043 1 0.043 33.05 0.0105
C2 1.144 × 10–3 1 1.144 × 10–3 0.89 0.4158
A2C 0.048 1 0.048 37.40 0.0088

R2 = 0.9986, Adj. R2 = 0.9938, Adeq. precision = 46.609.
A, temperature (°C); B, time (min); and C, gas ratio.

Table S3
ANOVA results for growth optimization to obtain the best BPA removal efficiency (RV1%) 

Source Sum of squares df Mean square F Value p Value Prob > F

Model 8,494.09 7 1,213.44 13.87 0.0025
A 510.83 1 510.83 5.84 0.0521
B 840.89 1 840.89 9.61 0.0211
C 352.03 1 352.03 4.02 0.0917
AB 2,339.28 1 2,339.28 26.74 0.0021
AC 0.98 1 0.98 0.011 0.9192
A2 275.25 1 275.25 3.15 0.1265
A3 1,324.83 1 1,324.83 14.14 0.0081

R2 = 0.9418, Adj. R2 = 0.8379, Adeq. precision = 11.923.
A, temperature (°C); B, time (min); and C, gas ratio.
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Table S4
Experimental CCD data for the BPA adsorption parameters using the as-synthesized CNMH

Sample ID x1 pH x2 dosage  
(mg)

x3 contact time  
(min)

RV2 BPA removal  
(%)

Q adsorbent uptake 
(mg g–1)

B1 2.00 20.00 10.00 89.6677 112.081
B2 3.00 5.00 120.00 64.7360 323.680
B3 7.00 10.00 65.00 62.4294 156.074
B4 11.00 20.00 120.00 74.4173 93.022
B5 7.00 12.50 20.00 67.8316 135.663
B6 7.00 10.00 40.00 67.0425 167.606
B7 2.00 20.00 120.00 97.8012 122.251
B8 3.00 5.00 10.00 47.9074 239.537
B9 11.00 5.00 120.00 44.8118 224.059
B10 6.00 12.50 40.00 74.1442 148.288
B11 7.00 12.50 40.00 72.0501 144.100
B12 5.00 15.00 65.00 86.3141 143.857
B13 7.00 15.00 20.00 84.7056 141.176
B14 11.00 20.00 10.00 69.9256 87.407
B15 10.00 15.00 20.00 73.0971 121.829

Table S5
ANOVA results for BPA adsorption optimization to obtain the best BPA removal efficiency (RV2%) using the as-synthesized CNMH

Source Sum of squares df Mean square F Value p Value Prob > F

Model 2,739.06 6 456.51 28.9 <0.0001
x1 427.73 1 427.73 27.08 0.0008
x2 1,260.95 1 1,260.95 79.82 <0.0001
x3 197.71 1 197.71 12.52 0.0076
x1x2 240.372 1 240.372 15.44 0.0176
x2x3 43.84 1 43.84 2.78 0.1343

x2
2 258.27 1 258.27 16.35 0.0037

R2 = 0.9559, Adj. R2 = 0.9228, Adeq. precision = 19.723.
x1, pH; x2, CNMH dosage (mg); and x3, contact time (min).

Table S6
ANOVA results for BPA adsorption optimization to obtain the best adsorbent capacity (Q) using the as-synthesized CNMH

Source Sum of squares df Mean square F Value p Value Prob > F

Model 53,404.52 9 5,933.84 93.42 <0.0001
x1 1,429.52 1 1,429.52 22.51 0.0051
x2 12,877.67 1 12,877.67 202.75 <0.0001
x3 0.290 1 0.290 4.554 × 10–3 0.9488
x1x2 1,380.95 1 1,380.95 21.74 0.0055
x1x3 318.70 1 318.70 5.02 0.0752

x2x3 1,639.68 1 1,639.68 25.82 0.0038

x1
2 193.73 1 193.73 3.05 0.1412

x3
2 69.11 1 69.11 1.09 0.3447

x x1
2

3
281.62 1 281.62 4.43 0.0891

R2 = 0.9941, Adj. R2 = 0.9834, Adeq. precision = 36.048.
x1, pH; x2, CNMH dosage (mg); and x3, contact time (min).


