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a b s t r a c t
This study investigates novel multi-walled carbon nanotubes (MWCNTs) grown on agricultural 
waste, using loaded iron nanoparticles as catalyst templates and acetylene as carbon source through 
chemical vapor deposition under specific conditions, to wit: 550°C reaction temperature, 47 min 
reaction time, and 1 gas ratio. The specifications of MWCNTs are analyzed and characterized with 
the use of field-emission scanning electron microscopy, energy-dispersive X-ray spectroscopy, 
transmission electron microscopy, Fourier-transform infrared spectroscopy, X-ray diffraction, ther-
mogravimetric analysis, Brunauer–Emmett–Teller surface area analysis, and zeta potential analysis. 
The results reveal that MWCNTs have high quality and unique morphologies. The removal and 
capacity of Al3+ are optimized through response surface methodology, whilst the adsorption kinetics 
results are well ascribed to the pseudo-second-order model, the isotherm data are effectively fitted 
using a Langmuir model. The maximum adsorption capacity is 393.52 mg/g. The results demon-
strate that MWCNTs can be regarded as a new low-cost adsorbent in wastewater treatment for the 
removal of Al3+.
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1. Introduction

Relentless industrialization and infrastructure devel-
opment have led to progressive environmental degener-
ation. Pollutants, including industrial waste, agricultural 

run-off and wastewater discharge, sewage, are primary 
contributors to environmental contamination and contain 
deadly substances, such as metallurgical toxins, and other 
organic and inorganic poisons. Specifically, metal-based 
pollution is generated as a consequence of industrial efflu-
ence being released into the environment via water sources. 
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The resultant damage threatens not merely human welfare 
and existence, but all life on Earth. Aluminum is particu-
larly reactive to both oxygen and carbon. Moreover, it has 
the potential to cause significant damage to human health 
and has been implicated in the development of autistic 
spectrum disorders, Alzheimer’s disease, and neurotoxicity 
of the central nervous system [1].

According to the Environmental Protection Agency, 
the concentration of aluminum in potable water must not 
be permitted to pass 0.05–0.20 mg/L [2]. This suggests that 
it is necessary to eliminate aluminum from waste prior to 
any discharge which might reach natural water sources.

There are multiple techniques which are currently uti-
lized for the removal of metals from wastewater, including 
chemical precipitation with hydroxides, chelating precipita-
tion with sulfides, ion exchange, bioadsorbents, adsorption 
using porous carbon materials, electrodialysis, coagula-
tion and flocculation, membrane filtration, flotation, and 
electrochemical treatment [3–7].

The technique of choice is currently deemed to be 
adsorption using porous carbon materials due to its relative 
inexpensiveness, its applicability for large-scale use, the ease 
with which it can be employed, and its inherent adaptabil-
ity. Typically, adsorbents use comprised of elements such 
as sawdust [8], rice husks [9], maize cobs [10], granulated 
blast furnace slag [11], kaolinitic and Giru clays [12], aquatic 
plants [13], powdered activated carbon (PAC) [14], and 
nanomaterials [15].

The use of nanomaterials has been widely investi-
gated due to the excellent mechanical performance of these 
materials. Carbon nanotubes (CNTs) have been widely 
used and evaluated in water treatment as a consequence 
of their unique structure, small size, catalytic potential, 
high reactivity, easy separation, and large surface area, 
all of which render them an effective adsorbent for many 
metals. CNTs have been developed using several methods, 
including chemical vapor deposition (CVD), laser abla-
tion, and arc discharge. CVD is superior thanks to its cost- 
effectiveness and ability to produce high-purity materials 
under controlled growth conditions.

PAC is considered the ideal substrate for CVD because 
of its wide precursor accessibility, low-cost, and chemical 
alteration potentials. Selective growth is comparatively easy 
to achieve through synthesis using pre-patterned catalyst 
nanoparticles, such as iron, nickel, molybdenum, alumi-
num, cobalt, and zirconium. Research by Xiang et al. [16] 
and Aljumaily et al. [17] resulted in the successful synthesis 
of CNTs on PAC via CVD through the use of acetylene as 
a carbon source with several catalysts produced from iron, 
cobalt, aluminum, and nickel. Moreover, Alayan et al. [18] 
synthesized carbon nanomaterials (CNMs) on commercial 
PAC loaded with nickel nanoparticles by using methane 
as a carbon source and Yahyazadeh and Khoshandam syn-
thesized CNTs via CVD on silicon sheets loaded with iron 
by utilizing methane as a carbon source. Research by Zhao 
et al. [20] has demonstrated that high yields of CNTs can 
be synthesized in water through CVD by using iron and 
molybdenum catalysts supported on a magnesium oxide 
substrate. An inverse correlation between catalyst lifetime 
and CNT growth rate was observed by Chen et al. [21]. 
Furthermore, Mamun et al. [22] have reported that PAC can 

function as a useful precursor for CNT growth. Interestingly, 
when compared to other substrates, PAC does not need to 
be chemically or physically removed from the functional 
bulk material. Catalyst iron nanoparticles with acetylene 
as a carbon source can provide CNTs with high quality, 
increased density, and enhanced purity. Having reviewed 
the relevant literature in this field, the researcher intends 
that the current study will offer insights into the growth 
of unique multi-walled carbon nanotubes (MWCNTs).

This research investigates the use of synthesized 
MWCNTs on PAC as an agrarian effluence precursor when 
loaded with iron nanoparticles using CVD. Several tech-
niques are adopted in order to identify and evaluate the 
structural and morphological properties of MWCNTs, to wit: 
energy-dispersive X-ray spectroscopy (EDX), field-emission 
scanning electron microscopy (FESEM), transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), thermogravimetric 
analysis (TGA), Brunauer–Emmett–Teller (BET) analysis, 
and zeta potential analysis. The results indicate that it is 
possible to divorce MWCNTs from the water with compara-
tive ease due to their hydrophobicity. This suggests that this 
procedure might comprise a scalable process with applica-
bility to industrial waste management, both due to its ease of 
operation and its superior removal performance. Moreover, 
MWCNTs are also a relatively inexpensive adsorbent. 
Response surface methodology (RSM), with central com-
posite design (CCD), is adopted to optimize Al3+ removal. 
Adsorption kinetics and isotherm models are extensively 
evaluated and discussed.

2. Experimental

2.1. Materials and reagents

Iron(III) nitrate nonahydrate Fe(NO3)3·9H2O and ace-
tone are purchased from Friendemann Schemicit, Malaysia. 
Aluminum standard solution Al(NO3)3·9H2O, hydrochloric 
acid (HCl), sodium hydroxide (NaOH) are obtained from 
Merck (Malaysia). C2H2, H2 and N2 are used for MWCNTs 
growth are purchased from Alpha Gas Solution (AGS), 
Malaysia. The agricultural wastes PAC which have been fab-
ricated by our group is utilized to synthesis MWCNTs [23].

2.2. Synthesis MWCNTs

2.2.1. Catalyst impregnation

Fe was utilized as a catalyst and added in 5 mL ace-
tone, then mixed with (2 g) PAC. However, the mixture 
is sonicated at 60°C for 99 min till acetone evaporated. 
Subsequently, sample bio-PAC/Fe is dried at 105°C for 24 h. 
Calcinated PAC/Fe at 400°C at 2 h under inert gas (purified 
N2, 200 mL/min) [24].

2.2.2. CVD growth

CNTs growth is carried out by placing (300 mg) PAC/
Fe in a ceramic boat with in CVD reaction tube. Typical 
growth is accomplished by reduction under H2 at 550°C 
with the flow (160 mL/min). Thereafter, C2H2 is used as a 
carbon source and mixed with H2 at a 1:4 ratio. The reaction 
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is passed through a heated reactor at 47 min. After the 
MWCNTs growth sample is slowly cooling under puri-
fied N2 flow rate (200 mL/min) to room temperature, the 
MWCNTs sample is collected after the completion of the 
reaction.

2.3. Characterizations

Surface morphology for MWCNTs is characterized by 
FESEM with EDX, model ZEISS (Merlin, UK), and TEM, 
(Hitachi-HT7700, Japan). FTIR is utilized in order to analyze 
both surface functional groups and chemical bonds (Perkin 
Elmer, USA). The structural phase is analyzed relying on 
the powder XRD by a Burker AXS D8 advance (Germany). 
Whereas the determination of thermal oxidation is obtained 
from the TGA using STA-6000 thermal analyzer (Perkin 
Elmer, USA). Moreover, the pore size and surface area are 
calculated by the BET method (TriStar II 3020, USA). Lastly, 
Zeta potential is utilized for surface charge measurement 
(Zetasizer, UK).

2.4. Adsorption study

2.4.1. Kinetic and isotherm adsorption

The kinetic study specifies the crucial features of the ions 
transfer rate, from the solution to the surface of adsorbents, 
and its associated aspects. For the sake of determining the 
potential adsorbent application, the kinetic adsorption pro-
cess is relied on to specify the adsorbent competence [25]. 
The setting of the adsorbent dosage and the pH parame-
ters attains the kinetic study. Meanwhile, the Al3+ ion con-
centrations varied in their values (3 and 5 mg/L) when the 
kinetic behavior is being studied and they are managed 
at various contact times pending on the equilibrium state 
that is reached at 92 min. Three known kinetic models are 
adapted in the present research namely, the pseudo-first- 
order, pseudo-second-order and the intraparticle diffusion 
model. The optimum condition of pH, amount of MWCNTs 
dosage and contact time are obtained into consideration 
when conducting the isotherm study along with the opti-
mization study. Freundlich and Langmuir’s models are the 
most known in the isotherm study [26]. Both models tend 
to depict the Al3+ adsorption processes on MWCNTs sur-
face where the primary concentration of Al3+ is varied from 
3 to 40 mg/L.

3. Results and discussion

3.1. Characterization of MWCNTs

The morphologies and structures of synthesized 
MWCNTs are determined through FESEM prior to and 
after fabrication. Figs. 1a and b demonstrate that FESEM 
images with different magnifications can be observed before 
growth activated carbon (AC/Fe). The substrate surface is 
rough, and the catalyst is dispersed. Figs. 1c and d reveal 
that there is a carpet-like deposit containing highly dense 
MWCNT arrays without evident catalyst impurities fol-
lowing growth. The diameter of the nanotubes ranged from 
34.18 nm to 37.45 nm. TEM images confirmed that MWCNTs 
possess successful structure formation and high quality.

EDX analysis determined the substrate elements prior 
to and following growth. Fig. 2a shows that the EDX spectra 
have indicated that the catalyst is successfully embed-
ded on the AC/Fe surface. The surface of MWCNTs con-
tained 97.8% carbon after growth with other impurities 
either decreasing or disappearing, as illustrated in Fig. 2b.

Fig. 3a illustrates the fundamental traits of the func-
tional groups, in addition to the surface chemistry, all of 
which were revealed through the application of FTIR. The 
weak peaks at 3,747 and 3,593 cm−1 can be attributed to 
either the O–H stretching vibration of the hydroxyl group 
or to the adsorption of some atmospheric water during 
FTIR measurements on the surface of MWCNTs [27]. At 
3,022 and 2,819 cm−1, the two broad peaks can be assigned 
to the C–H stretching vibration, with the sharp peak of 
2,072 cm−1 indicating the C≡C stretching vibrations [28]. 
The sharp peak of 1,685 cm−1 may be attributed to C=C with 
C=O conjugation or the interaction of the skeletal MWCNTs 
and carboxyl or even ketone groups [29]. A strong and 
sharp peak located at 1,552 cm−1 is attributed to the C=O 
conjugation resulting from the starching mode of the func-
tional groups on the surface of MWCNTs that originated 
from the hybridized carbon [30]. The peaks of 1,365 and 
1,238 cm−1 can be assigned to the N–N and CH–CH3 bonds 
caused by the intercalated N atoms between the graphite 
layers of the nanotube walls. The band at 1,127 cm−1 indi-
cated the C–O stretching vibrations in alcohols, phenols, 
and ether or ester groups [31,32]. A sharp peak at 867 cm−1 
is assigned to the CH3 group vibration. Fig. 3b shows the 
XRD patterns of MWCNTs. XRD is an accelerated ana-
lytical method mainly utilized to identify crystalline and 
molecular structural materials, which can provide infor-
mation on unit cell dimensions. The strongest diffraction 
peak, at 2θ = 25.7, corresponds to the (002) reflection asso-
ciated with the crystalline and cylinder structures [33]. 
The peaks of 2θ = 33.37° and 43.47° correspond to the 
(100) and (101) orientations, respectively. All peaks were 
well matched with the hexagonal graphite structure.

TGA is employed to gauge thermal stability in the 
MWCNTs, as indicated in Fig. 3c. Moreover, there is a 
small weight loss arising from the elimination of water at 
around 200°C, as revealed in the TGA curve. The existing 
weight loss is a consequence of the loss of carbon and the 
oxidation of the nanotubes at 650°C–750°C. Decomposition 
of the formed carbonaceous material is signified by the 
weight reduction, which commences at 650°C. As noted 
in Fig. 4, these findings have been verified via the FTIR 
spectra. There are multiple factors that determine the acti-
vation energy of MWCNT oxidation. These include the 
quantity of walls, the defects, and the existence of impu-
rities. According to Misra et al., it is possible to observe 
comparable findings in the TGA profiles [35]. The fact 
that no composition was recorded when the temperature 
passed 1,000°C indicates that the MWCNTs can be regarded 
as possessing thermally stability.

It is essential that an evaluation of the surface tem-
perature is performed. Specifically, the BET surface area 
appraisal can be employed to enhance understanding 
of the surface structure of the synthesized MWCNTs. 
As indicated in Fig. 3d, nitrogen adsorption/desorp-
tion of MWCNTs exhibits typical IV-type curves with 
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Fig. 1. Field-emission scanning electron microscopy images (a and b) before growth, (c and d) MWCNTs and transmission electron 
microscopy images (e and f) of MWCNTs.
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Fig. 2. Energy-dispersive X-ray spectra (a) AC/Fe before growth and (b) after growth.

Fig. 3. Plots of MWCNTs (a) Fourier-transform infrared spectroscopy spectra, (b) X-ray diffraction analysis, (c) thermogravimetric 
analysis curve and (d) N2 adsorption–desorption isotherms.
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hysteresis loops for the relative pressure (P/P0) range of 0.5–1.0.  
In accordance with the BET surface area, the results show 
that the total surface area is 54.26 m2/g, the pore volume is 
0.156 m3/g, and the pore size is 11.5 nm. Further, this was in 
keeping with the results of the morphological analyses [34].

Zeta potential is crucial both to the classification of 
surface behavioral features in the provided aqueous 
solutions and to the assessment of suspension stabil-
ity. Consequently, zeta potential analysis is conducted in 
order to gauge the electrical potential on the surface of the 
MWCNTs. The zeta potential of various samples, and the 
differences between them, are determined under numerous 
pH levels. When MWCNTs (10 mg) were spread in 20 mL in 
a pH range of 3–11, zeta potential values between 0.440 mV 
to and 0.0712 mV were recorded. The surface charge of 
MWCNTs is positive in an acidic medium (pH < pHpzc). 
Although the surface charge was negatively reduced when 
pH > pHpzc, resulting in the easy interaction of positive 
ions and the surface of MWCNTs, thereby influencing 
the high adsorption as a result of electrostatic interaction.

3.2. Optimization

3.2.1. Experimental design for optimization of Al3+ adsorption

RSM is utilized to optimize the removal of Al3+. The 
current study has thoroughly investigated the impact of 
interaction amongst independent factors on the adsorp-
tion of MWCNTs under 5–20 mg adsorbent dosage, pH 
3–11, and with a 10–120 min contact time. Table 1 presents 
the actual parameters of each run using the Design-Expert 
software. In this optimization, the initial concentration 
was reduced to 5 mg/L and the flasks were agitated in a 
shaker at 180 rpm [35].

Seventeen experimental runs are conducted to exam-
ine the optimal adsorption factors using RSM. The CCD 
technique has been utilized to conduct experiments in 
the current study, a technique which is widely employed 
to predict more accurate values in relation to the actual 
responses. Nonetheless, CCD are very efficient, providing 

much information on experiment variable effects and over-
all experimental error in a minimum number of required 
runs. [36]. The removal and capacity of responses are taken 
into consideration in the design, as per Table 1. The high-
est removal and capacity are 97% and 90.6 mg/g under a 
5 mg/g adsorbent dosage, pH 10, and with a 120 min contact 
time. The experimental and predicted values are close to the 
correlation (R2) of the Al3+ removal (%) and capacity (mg/g), 
which are found to be 0.97% and 0.9453 mg/g, respectively.

The analysis of variance results for the responses are 
indicated in Tables 2 and 3. The F-values of the two mod-
els are 95.76 and 13.44 in respect of removal and capacity. 
This result suggests that the two models are significant. In 
addition, p < 0.0500 confirms that the two models are highly 
significant. Data analysis provides the expressions for the 
responses using the following equations:

Removal = + − + + + −

+ +

84 95 1 17 40 55 0 97 0 94
0 74 3 06 0 5

. . . . .
. . .

A B C AB
AC BC 11 38 19 1 752 2 2A B C− +. .  (1)

Capacity = + − + + − −

− +

33 65 29 83 15 13 9 11 4 38
11 51 7 46

. . . . .
. .

A B C AB
AC BC 220 70 14 69 1 282 2 2. . .A B C− +  (2)

where A is MWCNTs dosage, B is pH, and C is contact time
Figs. 4a and b present the theoretical and the experi-

mental lab values for the removal (%) and capacity (mg/g), 
respectively. The optimum predicted conditions values 
are comparable to the lab experimental values.

Fig. 5a illustrates the 3D surface plot interaction effects 
of MWCNTs dosage and pH on adsorption processes in 
terms of removal (%) and capacity (mg/g). The impact of 
adsorbent dosage and pH on adsorption are also signifi-
cant. There is a correlation between the degree to which the 
adsorbent increases and the concentration of the dynamic 
sites. Thus, the electrostatic charge of the adsorbed solu-
tion is regulated in accordance with the desired adsorp-
tion level through the elimination of the competitive H+ 
cations. Adsorbent dosage increases in direct accordance 

Fig. 4. Predicated vs. experimental data for Al3+ (a) removal (%) and (b) capacity (mg/g) on MWCNTs adsorbent.
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Table 1
List of design of experiments runs and the actual values obtained from each response

Run Factors Responses

Dosage (mg/g) pH Time (min) Removal (%) Capacity (mg/g)

1 5.00 11.00 10.00 80.72 80.72
2 20.00 3.00 120.00 7.96 1.99
3 12.50 7.00 65.00 85.22 34.088
4 12.50 7.00 65.00 85.22 34.088
5 12.50 7.00 10.00 92.96 37.184
6 5.00 7.00 65.00 87.2 87.2
7 20.00 11.00 120.00 92.4 23.1
8 12.50 7.00 120.00 80.04 32.016
9 12.50 3.00 65.00 3.24 1.296
10 20.00 3.00 10.00 6.64 1.66
11 12.50 7.00 65.00 85.22 34.088
12 20.00 7.00 65.00 83.32 20.83
13 12.50 11.00 65.00 89.88 35.952
14 5.00 3.00 10.00 12.24 12.24
15 5.00 3.00 120.00 10.02 89.88
16 20.00 11.00 10.00 85.36 21.34
17 5.00 11.00 120.00 97.22 97.22

Table 2
Analysis of variance for Al3+ removal on multi-walled carbon nanotubes

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value P-value 
Prob. > F

Model 22,208.45 9 2,467.61 95.76 <0.0001
A-dose 13.74 1 13.74 0.53 0.4890
B-pH 16,441.40 1 16,441.40 638.06 <0.0001
C-contact time 9.45 1 9.45 0.37 0.5639
AB 6.99 1 6.99 0.27 0.6185
AC 4.38 1 4.38 0.17 0.6924
BC 74.66 1 74.66 2.90 0.1325
A2 0.69 1 0.69 0.027 0.8742
B2 3,907.76 1 3,907.76 151.65 <0.0001
C2 8.20 1 8.20 0.32 0.5903

Table 3
Analysis of variance for Al3+ capacity of multi-walled carbon nanotubes

Source Sum of  
squares

Degree of  
freedom

Mean  
square

F-value P-value 
Prob. > F

Model 15,080.63 9 1,675.63 13.44 0.0012
A-dose 8,900.68 1 8,900.68 71.41 <0.0001
B-pH 2,288.14 1 2,288.14 18.36 0.0036
C-contact time 829.23 1 829.23 6.65 0.0365
AB 153.39 1 153.39 1.23 0.3039
AC 1,059.15 1 1,059.15 8.50 0.0225
BC 445.66 1 445.66 3.58 0.1005
A2 1,147.84 1 1,147.84 9.21 0.0190
B2 578.38 1 578.38 4.64 0.0482
C2 4.41 1 4.41 0.035 0.8561
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Fig. 5. Surface response plots interaction effects of Al3+ adsorption, (a) pH and MWCNTs dose, (b) MWCNTs dose and contact time, 
and (c) pH and contact time.
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with the removal when the pH and contact time are fixed. 
The capacity decreases when the adsorbent dosage increases. 
It is possible that this finding is due either to the raised 
adsorption dosage and conglomeration or to an overlap in 
the active adsorption sites [37,38].

Fig. 5c presents the results pertaining to the impacts of 
the interaction between the pH and the contact time of the 
Al3+ adsorption processes on the MWCNTs. Both the removal 
(%) and the capacity (mg/g) directly correlate with time 
because the system did not achieve equilibrium. Removal 
(%) is increased when the pH reaches 10 and decreases in 
accordance with the decrease in pH. The capacity (mg/g) 
reaches its maximum at pH 4 and is stabilized [33].

Heavy metals are acknowledged precipitates when 
pH values are elevated [23,39]. A certain amount of Al 
in the solution is precipitated in the form of Al3+ (NO3) 
due to the effect of OH– anions present in the solution 
[40]. The initial concentration is measured after adjust-
ing the pH. The effects of precipitation on the capac-
ity and removal of MWCNTs are minimum. Irrespective 
of the precipitation, the overall number of H+ cations 
decreases in accordance with the increase in pH, indicat-
ing that they are competing with the Al3+ cations to occupy 
the active sites on the adsorbent. The surface charge 
of adsorbents is enhanced when the pH is raised [41].

3.3. Adsorption studies

3.3.1. Kinetic study

Kinetic studies are conducted to determine the 
performance of the MWCNTs adsorbent reaction. For this 
experimental data, three kinetic models are used including, 

pseudo-first-order, pseudo-second-order and the intra-
particle diffusion model [42,43]. To conduct the kinetic 
study, the selected Al3+ varies in the concentrations from 
3 to 5 mg/L, whereas the absorption dosage value is fixed 
at a 5 mg and pH of 10 at different time intervals during 
the time that the equilibrium state is attained. An evalu-
ation of the three models reveals that the pseudo-sec-
ond-order fits better at various Al3+ concentrations, which 
is expressed by a higher correlation coefficient R2. Fig. 6 
presents the outcomes of the pseudo-second-order, whilst 
Table 4 illustrates the results of the applied kinetic models.

3.3.2. Isotherm study

The Langmuir and Freundlich isotherm models are 
employed in order to examine the adsorption of Al3+ in 
relation to the MWCNTs adsorbent surface. This requires 
the evaluation of various Al3+ concentrations of 3, 5, 10, 
20, 30 and 40 ppm using pH 10 and a MWCNTs dosage of 
5 mg, which are indicated through an optimization study. 
These are employed to investigate the adsorption isotherm 
study [18]. The findings emerging in connection with the 
isotherm models are displayed in Fig. 7. In accordance 
with these results, the adsorption of Al3+ on MWCNTs 
surface comprises a better fit in respect of the Langmuir 
model. Specifically, the Langmuir R2 model value is 0.993, 
which is higher than that for the Freundlich model, which 
is 0.6306. The high adsorption capacity of 393.52 mg/g sug-
gests that the adsorption of Al3+ occurs on a homogeneous 
surface where there is an interaction between the molecules 
of the adsorbent [44]. The comparison of the maximum 
capacities of the Al3+ removal with the various adsorbents, 
which were used previously, is shown in Table 5.

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

0 20 40 60 80 100

t/q

Time

3 mg/L
5 mg/L

Fig. 6. Plot of pseudo-second-order kinetic for Al3+ adsorption on MWCNTs.

Table 4
Adsorption kinetics and correlation coefficient

Pseudo-first-order  
ln(qc–qt) vs time (t)

Pseudo-second-order  
(t/qc vs. t)

Intraparticle 
(qc vs. t0.5)

C0, (mg/L) R2 R2 R2

3 0.893 0.9968 0.8507
5 0.6932 0.999 0.62
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4. Conclusions

The objective of the current research has been to exam-
ine the synthesized MWCNTs grown on PAC impreg-
nated with Fe catalyst (PAC/Fe). This is achieved through 
the use of acetylene as a carbon source under conditions 
of 550°C for 47 min. The growth of synthesized MWCNTs 
was characterized via EDX, FESEM, and TEM. The results 
of FTIR, XRD, BET, TGA, and zeta potential analysis 
reveal the graphitic structural formation of MWCNTs, 
indicating that they comprise a good adsorbent. The opti-
mal parameters for Al3+ adsorption are utilized through 
RSM for MWCNTs under a 5 mg/g dosage, pH 10, and 
with a 120 min contact time. The adsorption kinetic and 
isotherm models of adsorption are effectively described 
using both the pseudo-second-order and the Langmuir 
models, respectively. The maximum adsorption capacity 
is 347.88 mg/g. The high-quality structure of MWCNTs 
can be attributed to the supported catalyst (Fe) on the PAC 
substrate. The MWCNTs on the PAC/Fe, which are synthe-
sized from agricultural waste, can be used as a low-cost 
adsorbent and can be expanded in the treatment of other 
pollutants in wastewater and for several other purposes.
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