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ABSTRACT 

In this new era of globalization, magnetic adsorbents have gained vast attention from researchers in wastewater treatment 
applications. In this study, sulphonated magnetic multi-walled carbon nanotubes (S-MMWCNTs) were used to remove methylene blue 
(MB) from an aqueous solution. The S-MMWCNTs are characterized by various analytical methods to investigate their adsorbent 
features. Adsorption behaviours of the as-prepared composites affected by solution pH and contact time were systematically studied 
and discussed. The adsorption kinetic data fit the pseudo-second-order kinetic model well. Moreover, the MB removal efficiency of S-
MMWCNTs only drops slightly (~6.5%) after five consecutive adsorption cycles, showing their good stability and recyclability. 
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1. INTRODUCTION 

Water is an essential natural resource that supports life, 
food production, economic growth, and well-being [1]. 
Water pollution has become a severe environmental 
concern due to rapid population expansion and 
industrialization [2]. Methylene blue (MB), a synthetic dye, 
is one of the primary pollutants dumped from the textile 
industries that cause significant water pollution due to its 
carcinogenic, toxic, mutagenic, or teratogenic nature, which 
poses a severe threat to the environment and living 
organisms [3]. In this sense, the dye-contaminated 
wastewater must be treated adequately before disposal into 
the environment. 

At present, various separation methods have been 
developed to remove dye from wastewater, such as 
coagulation, flocculation, precipitation, ozonation, 
biological treatment, sedimentation, and adsorption [4], [5]. 
Adsorption has been verified as the most operative method 
and has gained significant attention from researchers due to 
its high removal efficiency, simple operation, low cost, and 
wide variety of adsorbents [6], [7]. 

Recently, magnetic adsorbents have become a research 
hotspot due to their simple and environmentally friendly 

separation [8], [9]. Magnetic adsorbents can easily and 
rapidly separate from the medium by applying a magnetic 
field, unlike conventional adsorbents, which require 
additional filtration or centrifugation procedure which is 
tedious and complicated [10]. 

The primary purpose of this work is to synthesize 
sulphonated magnetic multi-walled carbon nanotubes (S-
MMWCNTs) by doping the 50-100 nm of iron oxide, Fe3O4 
nanoparticles with sulphonated multi-walled carbon 
nanotubes (s-MWCNTs) via the facile solvent-free direct 
doping method for the removal of MB from an aqueous 
solution. It is worth noting that in prior research, 30 nm 
Fe3O4 nanoparticles were employed to synthesize S-
MMWCNTs [11]. Therefore, this work aims to address a 
research gap by investigating the impact of Fe3O4 
nanoparticle size on the formation of magnetic composites 
and its subsequent effects on adsorption performance. The 
synthesized S-MMWCNTs were characterized using 
scanning electron microscopy coupled with energy-
dispersive X-ray (SEM-EDX) and X-ray diffraction (XRD). 
Batch experiments that considered the pH parameter, 
adsorption time, and kinetic study were conducted. Finally, 
the regeneration experiment with S-MMWCNTs was 
undertaken to evaluate the magnetic composite's 
reusability.
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2. MATERIALS AND METHODS 

2.1. Materials 

The MWCNTs were purchased from Shen Zhen 
Nanotechnologies Port Co. (China). Magnetite iron oxide 
Fe3O4 (50–100 nm) nanoparticle was supplied by 
NanoAmor (USA). Concentrated HNO3 (69%), SYSTERM® 
was supplied from CLASSIC CHEMICALS (Shah Alam, 
Selangor, Malaysia). Ammonia sulphate ((NH4)2SO4) was 
purchased from Qrec (Asia) Sdn. Bhd. (Rawang, Selangor, 
Malaysia). Methylene blue powder (C.I.52015), StainPur, 
SYSTERM® were purchased from CLASSIC CHEMICALS 
(Shah Alam, Selangor, Malaysia). 

2.2. Synthesis of S-MMWCNTs 

Firstly, surface modification of pristine MWCNTs was 
carried out by acid-treatment using concentration HNO3 to 
form c-MWCNTs and then further functionalized to s-
MWCNTs through thermal decomposition of ((NH4)2SO4) as 
described in previously published work [7], [12]. After that, 
the synthesized s-MWCNTs were mixed with 50–100 nm-
sized Fe3O4 nanoparticles to form the S-MMWCNTs 
composite via facile solvent-free direct doping method, 
according to the previously published work [11]. 7 mL of 
2000 ppm Fe3O4 solution was pipetted into the centrifuge 
bottle with 30 mL of distilled water, and the solution pH was 
adjusted to 4.5. Next, 21 mg of s-MWCNTs were dispersed 
into the pH-adjusted Fe3O4 solution and sonicated for 5 
mins before shaking overnight using an orbital shaker. After 
shaking overnight, S-MMWCNTs formed were collected by 
applying a magnetic field to the centrifuge bottle and rinsed 
with DI water repeatedly. Lastly, S-MMWCNTs were dried 
in an oven for 12 hours at 100°C. 

2.3. Batch Adsorption 

A batch adsorption study was carried out by dispersing 20 
mg of S-MMWCNTs into 20 mL of a 10 ppm MB solution 
using a scintillation vial at room temperature. The mixture 
was then allowed to shake for 1 h at different pHs (pH 3, 7 
and 10) for the pH parameter study. The agitation time 

range of 1 to 180 min was carried out for the adsorption 
time study. After adsorption, the S-MMWCNTs suspended in 
the mixture were isolated from the medium by subjecting 
the magnetic field to the dispersion. Then, the 
concentrations of MB remaining after the adsorption 
process were analyzed using a UV-Vis spectrophotometer. 
The removal efficiency of MB was then calculated by 
Equation (1): 

𝑅 =
𝐶𝑜−𝐶𝑒

𝐶𝑜
× 100% (1) 

where R is the removal efficiency of MB (%), Co is the initial 
concentration of MB (mg/L) and Ce is the final concentration 
of MB (mg/L). 

2.4. Characterization of S-MMWCNTs 

XRD analysis was performed to investigate the crystalline 
phase of the bare Fe3O4, pristine MWCNTs, s-MWCNTs and S-
MMWCNTs using a D2 phaser instrument (Brucker, Germany). 
Prior to the analysis, the samples were dispersed onto the 
middle column of a round, transparent glass disc sample 
holder, and the surface was flattened using a glass plate or ruler 
to avoid interference with the XRD results. Subsequently, the 
sample holder was inserted into the XRD chamber and scanned 
over a range of 2 angles from 10° to 90° with Cu-Kα radiation 
(Cu = 1.5406 Å) at a tube voltage of 30 kV and a tube current of 
10 mA. The surface morphology and chemical composition of 
bare Fe3O4, pristine MWCNTs, s-MWCNTs, and S-MMWCNTs 
were investigated using SEM-EDX (JEOL, JSM-6460LA, Japan) 
analysis. Prior to the SEM-EDX analysis test, the samples were 
coated with a thin layer of gold under vacuum and then 
analyzed at an operating voltage of 4.0 kV. 

3. RESULTS AND DISCUSSION 

3.1. Characterization 

In this section, S-MMWCNTs were analyzed by XRD and 
SEM-EDX. The crystalline structure of pristine MWCNTs, 
bare Fe3O4, s-MWCNTs and S-MMWCNTs was investigated 
using XRD analysis, and their XRD patterns are shown in 
Figure 1. 

 

 

Figure 1. XRD patterns of (a) bare Fe3O4, (b) pristine MWCNTs, (c) s-MWCNTs and (d) S-MMWCNTs 
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The XRD pattern of bare Fe3O4 as shown in Figure 1 (a) 
consisted of six diffraction peaks at 2θ values of 30.39°, 
35.53°, 43.32°, 53.61°, 57.23° and 62.79°, corresponding to 
(220), (311), (400), (422), (511) and (440) diffraction 
planes, respectively. These observed diffraction peaks 
matched the phase magnetite JCPDS no. 01-085-1436, 
indicating that the bare Fe3O4 used in this study had a cubic 
spinel structure [11]. This diffraction pattern of bare Fe3O4 
with the size of 50-100 nm is in accordance with the bare 
Fe3O4 with the size of 30 nm used in previously published 
work, even though the particle size is different [11], [13]. On 
the other hand, a sharp peak at 26.27° (002) was detected 
for the XRD pattern of pristine MWCNTs, as shown in Figure 
1 (b), assigned to the graphitic tubular structure of the 
carbon atoms [14]. Interestingly, the XRD pattern of s-
MWCNTs (Figure 1 (c)) is found to be identical to the XRD 
pattern of pristine MWCNTs (Figure 1 (b)), which indicates 
the functionalization process of MWCNTs did not alter or 
disrupt the original graphitic structure of MWCNTs. 
Regarding the XRD pattern of S-MMWCNTs (Figure 1 (d)), 
all the diffraction peaks from bare Fe3O4 and pristine 
MWCNTs were found to coexist, indicating that the bare 
Fe3O4 nanoparticles were successfully doped onto the s-
MWCNTs without altering the crystalline structure. 

Figure 2 shows the SEM images of bare Fe3O4, pristine 
MWCNTs, s-MWCNTs and S-MMWCNTs. As shown in Figure 
2 (a), the surface morphology of bare Fe3O4 appeared in a 
homogenous bulky agglomerate. Figures 2 (b) and (c) show 
 

 the surface morphology of MWCNTs before and after 
functionalization, respectively, where both SEM images 
were almost the same. Moreover, the bare Fe3O4 
nanoparticles were found to appear on the surface of s-
MWCNTs (highlighted with the red circle) in the SEM image 
of S-MMWCNT as shown in Figure 2 (d), which proved that 
the bare Fe3O4 nanoparticles were successfully doped onto 
the s-MWCNTs by the facile solvent-free direct doping 
method. 

Figure 3 shows the elemental analysis of bare Fe3O4, 
pristine MWCNTs, s-MWCNTs and S-MMWCNTs by EDX. 
There are two elements detected in bare Fe3O4 according to 
Figure 3 (a), which are Fe (47.78 wt%) and O (52.52 wt%). 
Besides that, the EDX analysis of s-MWCNTs (Figure 3 (c)) 
showed the presence of the S element. The appearance of 
the S element indicates that the sulphonated group (―SO3H) 
was successfully functionalized onto the surface of 
MWCNTs through sulphonation. In addition, the existence 
of Ni element found in the pristine MWCNTs (Figure 3 (b)) 
disappeared in EDX spectra of s-MWCNTs (Figure 3(c)) due 
to the acid treatment carried out before the sulphonation 
process, which can purify and remove impurities existing in 
the pristine MWCNTs [11]. Furthermore, the EDX result of 
S-MMWCNTs (Figure 3 (d)) showed the presence of Fe 
elements and an increase in O element composition, which 
further proved that the bare Fe3O4 had been successfully 
doped onto the s-MWCNTs to form S-MMWCNTs. 

 

Figure 2. SEM images of (a) bare Fe3O4, (b) pristine MWCNTs, (c) s-MWCNTs and (d) S-MMWCNTs 
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Figure 3. EDX spectrum of (a) bare Fe3O4, (b) pristine MWCNTs, (c) s-MWCNTs and (d) S-MMWCNTs 

3.2. Adsorption Study of MB 

3.2.1. Effect of solution pH 

The pH of a solution plays an essential role in affecting the 
adsorption efficiency by altering the surface charge of the 
adsorbent. In this sense, the pH solution parameter study 
was carried out at various pH mediums, which are pH 3 
(acidic), pH 7 (neutral) and pH 10 (basic) under constant 
conditions: 20 mL of 10 ppm MB solution, 20 mg of S-
MMWCNTs dosage, 1 h of agitation time and room 
temperature. Figure 4 shows the MB removal efficiency of 
S-MMWCNTs at different solution pHs studied. As shown in 
the figure, the MB removal efficiency increased from pH 3 
(77.13%) to pH 10 (93.04%), reflecting that the adsorption 
of MB by S-MMWCNTs is preferable in basic medium and 
pH-dependent. Such observation can be explained by the 
cationic nature of MB, which is favorable to be uptake by the 
adsorbent at neutral and basic conditions. At pH 3, an acidic 
medium, cationic MB competes with the hydrogen ions (H+) 
to occupy the active site of the adsorbent [15]. Therefore, at 

a pH higher than 7 (neutral or basic medium) lacking or free 
of H+ as the competent, adsorption of MB onto S-MMWCNTs 
could achieve higher adsorption efficiency. 

 

Figure 4. The effect of solution pH on adsorption of MB by  
S-MMWCNTs 
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3.2.2. Influence of Adsorption Time on Adsorption and 
Adsorption Kinetics 

The adsorption time study is vital to investigate the time 
taken for the adsorption to reach equilibrium. In this study, 
the adsorption time varied from 1, 3, 5, 10, 20, 40, 60, 90, 
120, 150, 180 and 210 min, and the adsorption rate versus 
adsorption time plot is shown in Figure 5. The results show 
that the MB removal efficiency increased rapidly over the 
first 60 min and remained almost constant after 150 min. 

Furthermore, the MB adsorption kinetics onto S-MMWCNTs 
were evaluated by the two most common kinetic models, 
pseudo-first-order and pseudo-second order kinetic 
models. The equations of pseudo-first-order and pseudo-
second-order in linear regression form are expressed in 
Equations (2) and (3), respectively: 

ln(𝑞𝑒 − 𝑞𝑡) = ln 𝑞𝑒 − 𝑘1𝑡 (2) 

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
 (3) 

where qt and qe (mg/g) are the amount of MB adsorbed at a 
given time and equilibrium, respectively; k1 (min-1) is the 
rate constant of the pseudo-first-order model, and k2 
(g/mg.min) is the rate constant of the pseudo-second-order 
model. The linear regression plots of these two kinetic 
models were displayed in Figure 6, whereas the kinetic 
constants and the correlation coefficient (R2) were 
tabulated in Table 1. From the results, the kinetic  
 

 

Figure 5. Effect of adsorption time on MB adsorption onto  
S-MMWCNTs 

adsorption data is better fitted to the pseudo-second-order 
model than the pseudo-first-order model to describe the 
adsorption behavior of MB adsorption onto S-MMWCNTs 
due to the higher R2 value (0.9984) and the closer relation 
between the calculated qe (10.152 mg/g) and experimental 
qe (9.8380 mg/g) values. Therefore, the adsorption of MB 
onto S-MMWCNTs obeyed pseudo-second-order, 
suggesting that the chemisorption interaction caused by 
electrostatic attraction is the rate-controlling step in the 
adsorption process [16]. 

Table 1. Kinetic parameters for the adsorption of MB onto S-MMWCNTs 
 

Experimental Pseudo-first-order Pseudo-second-order 

qe 
(mg/g) 

k1 
(min-1) 

qe 

(mg/g) 
R2 qe 

(mg/g) 
k2 

(g/mg.min) 
R2 

9.8380 0.0400 8.5806 0.9559 10.152 0.0150 0.9984 

 

 

Figure 6. (a) Pseudo-first-order and (b) Pseudo-second-order kinetic plots for the adsorption of MB onto S-MMWCNTs 
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3.3. Regeneration and Reusability of S-MMWCNTs 

As performed in previously published work, the MB 
adsorbed S-MMWCNTs were regenerated through the 
Fenton reaction method [11]. Figure 7 displays the 
reusability results of S-MMWCNTs for five adsorption 
cycles. The results show that the MB removal efficiency of S-
MMWCNTs at the fifth adsorption is still around 80%, with 
a slight drop (~6.5%) from 86.46%. Therefore, S-
MMWCNTs have commercial value for wastewater 
treatment applications because of their excellent recycling 
performance. 

4. CONCLUSION 

In this study, S-MMWCNTs magnetic composite was 
synthesized successfully using a facile solvent-free direct 
doping method. XRD and SEM-EDX characterization 
techniques proved that the bare Fe3O4 nanoparticle had 
been successfully doped onto the surface of s-MWCNTs. The 
effect of solution pH as an adsorption parameter study 
showed that the adsorption of MB onto S-MMWCNTs is pH-
dependent, and the highest adsorption rate was found at pH 
10. In addition, the kinetic studies reveal that the adsorption 
of MB onto S-MMWCNTs obeys the pseudo-second-order 
kinetic model. Furthermore, S-MMWCNTs exhibited good 
stability and recyclable properties as their MB removal 
efficiency remained at 80%, with a slight drop (~6.5%) after 
five successive adsorption cycles. 
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Figure 7. The recovery efficiency of S-MMWCNTs in MB removal 
for five cycles 
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