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Abstract
Industrial hydrodesulfurization method has not been efficient for removal of dibenzothiophene (DBT) from petroleum distillates.
Therefore, in this current study, adsorptive desulfurization (investigated in batch mode) was carried out using functionalized
carbon nanotubes (FCNTs) to reduce the amount of DBT in a model diesel. Different techniques, such as, scanning electron
microscope (SEM) equipped with energy-dispersive X-ray (EDX), were used to check the morphological structure and the
elemental compositions of the adsorbent; Fourier transmission infrared (FTIR) was used to check the chemical functionalities
of the adsorbent; and nitrogen physisorption at 77 K was used to check the surface area, pore size, and pore volume of the
adsorbent. The results show that the FCNTs outperformed the non-functionalized carbon nanotubes (CNTs) during the desul-
furization by about 10%, indicating the functionalization did improve the desulfurization performance of the CNTs. The %
removal of DBT by the FCNTs and CNTs was 70.48 and 60.88%, respectively. It can be concluded that the acid treatment of
CNTs enhanced its surface affinity for DBT, thus contributing to the improved adsorption performance of the adsorbent. The
isotherm results show that Freundlich isothermmodel described well the mechanism of the adsorption process for both CNTs and
FCNTs. In addition, pseudo second-order kinetics describes the behavior of the adsorbents during the adsorption process. The
results obtained in this study therefore show that functionalized CNTs could be efficient and potential adsorbent for removal of
DBT in petroleum distillate (e.g., diesel), to meet up with the stringent policies regarding emission of sulfur oxides.
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Introduction

Sulfur usually exists in the form of organo-sulfur compound in
diesel. Sulfur oxides (SOx) released during combustion of fuel
have increasingly become a serious environmental challenge
resulting in degradation of the environment and formation of
acid rain that corrodes metallic materials (Jiang et al. 2003).
These have also contributed greatly to health challenges, such
as, heart disease and asthma (Sadare et al. 2017). As a result, a
good number of countries have enforced policies to minimize
the emission of these compounds (Jiang et al. 2003).
Therefore, removal of sulfur compound before combustion

from transportation fuel has been the interest of researchers
over the years. In order to ensure clean fuel combustion and to
eradicate environmental degradation (Gawande and Kaware
2018), different techniques of desulfurization, such as, oxida-
tion, biodesulfurization, extraction, hydrodesulfurization, and
adsorption, have been employed by researchers for removal of
organo-sulfur compound from diesel. Hydrodesulfurization
(HDS) is the most widely employed technique in petroleum
refineries. It has been discovered to effectively remove
organo-sulfur compounds, such as, sulfides, thiols, and
disulfides. However, thiophene (TH) and aromatic thiophene
derivatives, such as, dibenzothiophene (DBT) and 4,6-
dimethyldibenzothiophene, are recalcitrant to this technique
(Hernández-Maldonado and Yang 2004). In addition, HDS
is costly and energy-consuming due to elevated pressure and
temperature. Therefore, exploiting a promising and cost-
effective method of desulfurization is sorted for, from both
environmental and economic considerations. Adsorption has
been considered as a promising option for desulfurization of
sulfur compounds (e.g., removal of DBT) in petroleum
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distillates. It has been employed by many researchers because
it is relatively cheap and can be conducted at relatively mild
temperature and atmospheric pressure (Moosavi et al. 2012;
Gawande and Kaware 2018). In addition, regeneration and re-
usability of the adsorbents employed in adsorption are prom-
ising (Ahmed and Ahmaruzzaman 2015). Researchers have
used different kinds of adsorbents, such as, activated carbon
(AC) (Zhou et al. 2009), carbon nanotubes (Saleh et al. 2014),
zeolite (Xiao et al. 2008), bentonites and montmorillonite clay
(Ahmad et al. 2017), and palm kernel shell (Al-Zubaidy et al.
2013), to remove organo-sulfur compounds from transporta-
tion oil. Commercial AC, among others, has been widely used
as adsorbent for its excellent removal efficiency because of its
improved surface area and microstructures (Eddebbagh et al.
2016). However, processing of AC and its use as an adsorbent
in desulfurization are cost-intensive (Ahmed and
Ahmaruzzaman 2015).

The exceptional properties of CNTs have drawn the atten-
tion of researchers for employing them as adsorbent mate-
rials. Surface of CNTs is chemically inert with high surface
area and strong Van der Waal binding energy. They have
more definite and uniform surfaces compared to AC at the
atomic scale. CNTs’ adsorption capacity can be quantified
directly with the available adsorption sites; however, effi-
ciency of AC depends on the pore diameter distribution in
order to quantify its adsorption properties. CNTs have been
widely investigated owing to their extremely hollow and
porous structures, improved surface area, and strong
interaction with organic molecules. Khaled (2015) studied
the adsorption performance of MWCNTs and graphene ox-
ide (GO) for removal of TH and DBT from model diesel.
Saleh et al. (2014) also investigated a novel nanomaterial of
multi-walled carbon nanotubes doped with titania (CNT/
TiO2) for the treatment of a model diesel (e.g., DBT).
Furthermore, DBT adsorption on CNTs supported on
CoMoS/HDS catalyst was investigated by Chen et al.
(2004). However, to improve DBT adsorption performance
of CNTs, their surface area needs to bemodified, and this can
be achieved via acid treatment which purifies and induces
functional group that improves the adsorption of DBT onto
the active adsorption sites of the adsorbent (Saleh et al.
2014). However, a few studies have been conducted on the
application ofmodification ofCNTsurface by acid treatment
for desulfurization of DBT compound in diesel. Therefore,
for the first time, this study investigates and reports adsorp-
tive desulfurization of DBT in petroleum distillate (model
diesel) using acid-treated and functionalized CNTs (using
(H2SO4/KMnO4)) as an adsorbent. Influence of surface
modification on the desulfurization performance of the
CNTs was equally studied. For better understanding of the
adsorption mechanisms of the adsorbent and the interaction
that exists with adsorbents and adsorbates, kinetics and ther-
modynamic studies were carried out as well.

Materials and experimental

Materials

Multi-walled carbon nanotubes (> 98% carbon basis),
dibenzothiophene (DBT), and hexane (98% purity) were pur-
chased from Sigma-Aldrich (Pty) Ltd., South Africa, and used
in this study.

Experimental

Functionalization of carbon nanotubes

Acid functionalization of CNTs was done in our laboratory.
Firstly, the CNTs were purified using solution of concentrated
acetic acid and concentrated hydrochloric acid at a ratio of 3:1.
The ratio of solid (CNTs) to liquid was 1:100. The solution
was stirred on a magnetic stirrer at 400 rpm for 24 h at 80 °C.
The CNTs were filtered and washed severally with deionized
water until a neutral pHwas achieved. The CNTs were dried at
ambient temperature for 24 h and then in an oven at 50 °C for
24 h. For the functionalization, a mixture solution containing
about 10 g of KMnO4 and 500 mL of 0.5 M H2SO4 was used,
and the same operating conditions employed during purifica-
tion of CNTs were used in the functionalization. The mixture,
containing CNTs in the ratio of 1:100, was stirred on a mag-
netic stirrer using a reflux medium for 24 h. The resulting
mixture was washed thoroughly with deionized water until
pH of 7 and then filtered. The filtered CNTs were dried at
ambient temperature for 24 h and then at 50 °C for 24 h until
a constant weight was achieved.

Physico-chemical characterization of CNTs and FCNTs

Fourier transmission infrared (FTIR) spectroscopy, nitrogen
physisorption at 77 K, scanning electron microscopy (SEM),
X-ray diffraction (XRD), energy-dispersive X-ray spectrosco-
py (EDS), and Raman spectroscopy were used to check the
surface chemistry, textural properties, morphology, crystallin-
ity and phases, elemental composition, and chemical informa-
tion, respectively, of the adsorbents. FTIR analyzer, at a wave-
number range of 500 to 5000 cm−1, was used to check the
attachment functional groups on the adsorbent. N2

physisorption experiments were conducted at 77 K on the
adsorbents to obtain the following textural properties: surface
area, cumulative pore volume, and pore size of the adsorbents.
The morphology of the adsorbents was checked using Carl
Zeiss Sigma field electronic scanning electron microscope
(FESEM). The purity of the CNTs after functionalization
was also checked with Raman spectroscopy as suggested else-
where (Mlanga et al. 2009). Thermogravimetry analyzer (TA
SDT Q600 DRYCALTA) was used to investigate the thermal
stability and weight degradation of the samples from 30 to
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1100 °C at 10 °C/min under air. About 4.0 ± 0.2 mg of CNT
and FCNT samples was weighed and put inside a container
and placed on an alumina pan. The data was recorded and
plotted automatically.

Desulfurization experiment

The desulfurization of DBT inmodel diesel was carried out on
two different commercial adsorbents, namely CNTs and
FCNTs, in batch mode. Hexane (100 mL) was used as model
oil to dissolve 0.1 g of DBT. The solution was stirred until
completely dissolved. Different initial DBT concentrations
were prepared from this stock solution. About 0.2 g adsorbent
was weighed into an Erlenmeyer flask consisting of 20 mL of
model oil. The mixture was stirred for 180 min on a rotary
shaker at 25 °C and 130 rpm. The operating variables, such as,
DBT concentration, adsorption temperature, contact time, and
amount of adsorbent, were varied. Samples of desulfurized
model diesel were taken for analysis at different time intervals.

Analysis of the treated diesel was done on a gas
chromatography–mass spectroscopy (GC–MS, Shimadzu
(Japan)) equipped with fused silica column RXi-5MX. The
dimension of the column was 0.25 μm in thickness,
0.25 mm in diameter, and 30.0 mm in length. The temperature
of the column was set to hold at 90 °C for 2 min and then
increase to 300 °C at 10 °C/ min and kept at 300 °C for
30 min. MS-ion source temperature was 200 °C. The pressure
was set at 100 kPa with 1.39 mL/min column flow, linear
velocity at 43.7 cm/s, purge flow at 3 mL/min, and stop time
at 10 min. The injection of the sample (1.0 μL) was through a
split mode with a ratio of 100:1 (the ratio indicates that the
volume of the sample goes into the sampling loop for analysis
versus the volume that was vented into the atmosphere). A
pre-determined calibration curve was used to calculate the
unknown concentrations of the treated model diesel.

To minimize error and ensure accuracy of the experimental
results, all the experiments were done three times. The mean
value of the data obtained was used in this study. Adsorption
capacity, qe was calculated using the formula in Eq. (1):

qe ¼ V
C0−Ce

m
ð1Þ

where V in L is the volume of the model diesel, m in g is the
mass of adsorbent, C0 in mg/L is the initial DBT concentra-
tion, and Ce in mg/L is the DBT concentration at equilibrium.

The percentage sulfur (DBT) removal (SR %) efficiency of
CNTs and FCNTs was calculated using Eq. (2):

SR% ¼ C0−C f

C0
� 100 ð2Þ

where Cf is the final DBT concentration in the desulfurized
model diesel and SR is the sulfur (DBT) removal.

Isotherm studies of the desulfurization using CNTs
and FCNTs

Isotherm studies provide comprehensive information on the
adsorption mechanism (Wang and Wei 2017). In this study,
evaluation of equilibrium data was done using Freundlich and
Langmuir isotherm models. Equation (3) represents the line-
arized form of Langmuir isotherm model.

1

qe
¼ 1

qo
þ 1

bqoCe
ð3Þ

where b is the Langmuir constants and qo in mg/g is the max-
imum monolayer coverage capacities. Favorability of
Langmuir adsorption process can be determined by separation
factor, RL, as expressed in Eq. (4) (Wang and Wei 2017):

RL ¼ 1

1þ bCo
ð4Þ

where b in L/mg is the Langmuir coefficient and C0 is the
initial concentration of adsorbate in mg/L. The RL values in
an adsorption process indicate the following:

RL between 0 and 1 means that the adsorption process is
favorable
RL > 1 indicates that the adsorption process is unfavorable
RL = 1 indicates that the adsorption process is linear
RL = 0 shows that the adsorption process is irreversible

Freundlich isotherm model can be linearized as shown in
Eq. (5):

Log qe ¼ Log K f þ 1

n
Log Ce ð5Þ

Kf in mg/g is the Freundlich constants (adsorption capacity)
and n is the adsorption intensity.

Kinetic study of the adsorptive desulfurization

Kinetic study on the adsorption process helps to understand the
behavior of the adsorbent. Lagergren model (pseudo first-order
kinetic) is the most commonly used (Lagergren 1898). The ex-
pression in Eq. (6) represents the Lagergren kinetic equation:

dqt
qt

¼ K1 qe−qtð Þ ð6Þ

Pseudo first-order kinetic equation is given by:

Log qe−qtð Þ ¼ Log qe−
K1

2:303
t ð7Þ

where qt in mg/g is the amount of adsorbate on the adsorbent
at time t and k1 in L/min is the pseudo first-order constant.
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The linearized form of Ho and McKay’s pseudo second-
order kinetics is given in Eq. (8) (Ho and McKay 1999):

t
qt

¼ 1

K2qe2
−
1

qe
t ð8Þ

where K2 is the pseudo second-order constant.

Thermodynamic study of the adsorptive
desulfurization

Equilibrium adsorption constant, Kd, can be determined using
the expression in Eq. (9):

Kd ¼
Amount of DBT in the adsorbent at equilibrium qeð Þ mg

g

� �

Concentration of DBT in the model oil at equilibrium Ceð Þ mg

mL

� �

ð9Þ

Kd values obtained from Eq. (9) can be used to obtain the
thermodynamic parameter, ΔG0, using Eq. (10):

ΔG0 ¼ −RTlnKd ð10Þ
where ΔG0 in kJ/mol is the standard free energy, R is the
universal gas constant (8.314 Jmol−1 K−1), and T is tempera-
ture in Kelvin.

ΔH0 in J/mol is the standard enthalpy which can be deter-
mined using the expression in Eq. (11). ΔS0 is the standard
entropy (J/K) which can be calculated using Eq. (12):

lnKd ¼ ΔSo

R
−
ΔHo

RT
ð11Þ

ΔSo ¼ ΔHo−ΔGo

T
ð12Þ

Results and discussion

Physico-chemical characterization of CNTs and FCNTs

Figure 1 (a) and (b) show the surface morphology of CNTs
and FCNTs, respectively. It could be observed that there were
agglomerates and bundles of CNTs clustering together before
func t iona l iza t ion (see Fig . 1a) . However, a f te r
functionalization of the CNTs, the bundles are more dispersed,
compared to non-functionalized CNTs (Fig. 1b) (Guadarrama-
Fernández et al. 2014). This could enhance the surface of the
FCNTs for adsorption, therefore improving the adsorption
performance of the adsorbent (Ishaq et al. 2017).

Elemental compositions of CNTs and FCNTs before and
after adsorption experiments are shown in Table 1. It could be
seen from Table 1 that the carbon content in CNTs has been
reduced from 97.28 to 90.88% after functionalization, while

the oxygen content increased from 2.72 to 9.12%. This could
be attributed to oxidation of the CNTs by the acid treatment.
The results agree with the observation of Deborah et al.
(2015). Furthermore, presence of sulfur was noticed after ad-
sorption experiments for both CNTs and FCNTs. The pres-
ence of sulfur in the used adsorbent could be a result of the
sulfur-containing compound (DBT) used as model oil in this
study. This could be an indication that DBTwas adsorbed onto
the surface of the adsorbent.

Figure 2 depicts the adsorption–desorption isotherms of the
adsorbent. It can be observed that the distance between ad-
sorption and desorption plots was wide indicating pore con-
densation hysteresis with relatively weak attractive adsorbate–
adsorbent interaction.

Table 2 shows the textural properties of the CNTs. It could
be seen in the table that after surface modification, the surface
area of CNTs decreased from 245.49 to 224 m2/g. This could
be attributed to the obstruction of the pores by functional
groups attached during the modification of the adsorbent sur-
face by acid treatment. These results are in line with results
documented in Fallah and Azizian (2012). The pore volume of
CNTs also reduced after the chemical modification (see
Table 2). Large pore diameter above 0.7 nm enhances the
adsorption of DBTs in the adsorbents by reducing mass trans-
fer resistance and hence increasing the adsorption rate. As
indicated in Table 2, there was a decrease in the pore diameter
of CNTs after surface modification; nevertheless, pore diam-
eters of both adsorbents are ˃ 0.7 nm, which is essential for
enhancing access of DBT into the inner pores of the adsor-
bents. This observation agrees with literature (Jiang et al.
2003; Seredych et al. 2012).

Figure 3 shows the chemical functionalities of the CNTand
FCNT adsorbents. The broad peak at 3425 cm−1 for the FTIR
spectra of FCNTs is a characteristic of the O–H stretch of the
hydroxyl group (Fig. 3). This can be attributed to the oscilla-
tion of carboxyl groups. The overtone region usually contains
a prominent band in the region 2200 and 2580 cm−1 (Ngoy
et al. 2011). The peak as observed at 1986 cm−1 is related with
the stretch mode of carboxylic groups signifying that carbox-
ylic groups are attached as a result of the oxidation of the
CNTs by sulfuric acid. It can be deduced that functionalization
of the CNTs adsorbent with a hydroxyl group enhanced the
adsorption performance of the adsorbent (Sahebian et al.
2015). The adsorption affinity of the DBT compound by
FCNTs increased as the number of aromatic rings increased,
enhancing the adsorption performance of FCNTs. This could
be ascribed to the –OH attachment to the adsorbent surface.
The spectrum of the FCNTs shows that the OH group was
successfully attached to the surface of the CNTadsorbent after
treatment with acid (Le et al. 2013).

Figure 4 shows the Raman spectroscopy of CNTs and
FCNTs. The existence of disorder in sp2-hybridized carbon
systems results in resonance Raman spectra. This D-mode is
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as a result of disordered structure of graphene. The D-band
peaks are at 1354 and 1381 cm−1 for FCNTs and CNTs, re-
spectively, and this corresponds to distortion of Sp2 crystal
structure, while the G-band which arises as a result of the
stretching of the C–C bond in graphitic materials and common
to all sp2 carbon materials is detected at 1636 and 1635 cm−1

for FCNTs and CNTs, respectively. These bands are associat-
ed to the lattice vibration mode of all carbon (graphite) mate-
rials with sp2 bonds (Misra et al. 2007). The value of IG/ID
ratio of CNTs (1.35) is lower than the IG/ID ratio of FCNT
(1.42). This is an indication that purification of carbon nano-
tubes resulted into fewer defect and higher structural quality of
the FCNTs, enhancing the adsorption performance of the
adsorbent.

The thermal stability and weight degradation of the CNTs
and FCNTs are described in Fig. 5. The TGA determines the

percentage weight as a function of temperature. The thermal
stability and degradation of the adsorbent which may be used
for the desulfurization are significant, in order to approach the
real application. Therefore, TGA analysis was carried out to
determine the thermal stability of the adsorbent materials used
in this study. Initially, from the room temperature to the onset
temperature, there was no significant weight loss. The TGA
profile shows a horizontal line with minor loss of weight. The
first visible weight loss was noticed after a while. This might
be as a result of evaporation of moisture in the adsorbent
materials. The second stage showed a major degradation of
the materials with evident weight loss. Typically, oxidation of
amorphous carbon takes place at temperature below 400 °C
(Landi et al. 2005). There is an indication from the TGA
profile that there was no weight loss below 400 °C; this there-
fore established that there was no amorphous carbon present

Fig. 1 Surface morphology of (a)
CNTs and (b) FCNTs

Table 1 Elemental composition of CNTs and FCNTs

Element Weight % Atomic % Weight % Atomic %

Fresh CNTs Used CNTs Fresh CNTs Used CNTs Fresh FCNTs Used FCNTs Fresh FCNTs Used FCNTs

C 97.28 93.75 95.44 90.29 90.88 89.95 88.10 87.29

O 2.72 3.43 4.56 4.54 9.12 5.23 11.90 6.54

S 0.00 2.82 0.00 5.17 0.00 4.82 0.00 6.17

Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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in the as-received CNTs (Tetana et al. 2012). The weight loss
curves showed that CNT and FCNT degradations occur in a
two-step process. There was a slight weight loss observed at
250 °C for FCNTs. This could be due to the oxidation of the
functional group, which usually occurs under 400 °C (Silva
et al. 2012). The weight drastically decreased with an increas-
ing temperature at 550 °C for both CNTs and FCNTs, which
was nearly completed at around 940 °C for CNTs and 900 °C
for FCNTs.

Performance evaluation of CNTs and FCNTs
during desulfurization

In this study, the parametric effects of operating variables,
such as mass of adsorbent, initial DBT concentration, contact
time, and temperature, on the adsorption process were inves-
tigated. Figure 6 shows the effect of contact time on the ad-
sorption process. The contact time of the adsorbent with the
adsorbate was varied from 0 to 180 min, while the operating
parameters of the initial DBTconcentration (1000 mg/L), vol-
ume of model diesel (20 mL), and temperature (298 K)
remained constant. The results show that, for the first
10 min, there was rapid uptake of about 13.3 and 30.3%
DBT onto the surface of CNTs and FCNTs, respectively.
These might be due to availability of many vacant adsorption
sites on the surface of the adsorbents at the beginning of the

adsorption experiment. The higher percentage of DBT re-
moved by FCNTs at this stage compared to CNTs could be
as a result of the functional group attached to the surface of the
FCNTs after acid treatment, enhancing the adsorption of DBT
from the solution. It could be observed that there was drastic
decrease in the adsorption performance between 10 and
50 min. This may possibly be due to reduction in the number
of vacant adsorption sites on the surface of the adsorbents.
Therefore, equilibrium was reached at 50 min, indicating
DBT has fully occupied the available vacant adsorption sites
on the surface of the adsorbents. These observations are in line

Fig. 2 Adsorption–desorption
isotherm plot of CNT adsorbent

Table 2 Surface area, pore volume, and pore sizes of the adsorbents

Adsorbents Surface area (m2/g) Pore volumes (cm3/g) Pore diameter
(nm)

CNTs 245.49 2.365 47.87

FCNTs 225.05 1.090 16.72

Environ Sci Pollut Res (2019) 26:32746–32758 32751
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with results reported by Vadivelan and Kumar 2005. The re-
sults show that functionalization of CNTs enhanced the ad-
sorptive removal efficiency of the adsorbent.

The effect of temperature on the adsorption of DBT onto
CNTs and FCNTs is as depicted in Fig. 7 (a) and (b), respec-
tively. The temperature of the adsorption experiment was var-
ied from 298 to 308 K. It can be inferred that adsorption
performance of the adsorbent decreased with increasing tem-
perature (Liu et al. 2017) from 298 to 308 K for both CNTand
FCNT adsorbents as the time increased. This behavior is ex-
pected since the adsorption process is known to be an exother-
mic reactionwhere adsorption is favored at lower temperature.
Hence, the highest adsorption performance was obtained at
298 K for both CNTs and FCNTs. Maximum adsorption per-
formances of 60.88, 47.01, and 35.41% were obtained by
CNT adsorbent at 298, 303, and 308 K, respectively. In

addition, about 70.84, 51.52, and 43.86% percentage DBT
removal was achieved by FCNTs at 298, 303, and 308 K,
respectively.

Figure 8 depicts the effect of amount of adsorbents on their
adsorption performance. The amount of CNTs and FCNTs for
desulfurization of model diesel was varied from 0.2 to 1.0 g,
while other operating parameters, such as, initial DBTconcen-
tration (1000 mg/L), time (60 min), and temperature (298 K),
remained the same. The results show that there was increase in
the DBT adsorption onto the adsorbent surface as the amount
of the adsorbents increases (Daware et al. 2015; Khaled 2015).
This could be as a result of the available and accessible vacant
adsorption sites and more surface area for the attachment of
DBTcompound. It was observed that about 70.84 and 60.88%
DBT were adsorbed onto the surface of FCNTs and CNTs,
respectively when the amount of adsorbents reached 0.8 g.

Fig. 4 Raman spectra for CNTs
and FCNTs

Fig. 5 TGA profiles of CNTs and
FCNTs
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However, additional increase in the adsorbent dosage from 0.8
to 1.0 g for both adsorbents showed no further increase in the
adsorptive removal of the DBT. This might be as a result of
DBT inhibition diffusion to the surface of the adsorbents

(Gong et al. 2009). The result showed that percentage desul-
furization performance for FCNTs was higher than that for
CNTs. The adsorption capacity of FCNTs (14.17 mg/g) was
higher than that of CNTs with adsorption capacity of

Fig. 6 Effect of time on the
adsorption of DBT onto the
surface of CNTs and FCNTs.
Experimental conditions:
temperature, 298 K; initial DBT
concentration, 1000 mg/L;
amount of adsorbent, 0.2 g

Fig. 7 Effect of temperatures on
the adsorption of DBT onto (a)
CNTs and (b) FCNTs.
Experimental conditions: initial
DBT concentration, 1000 mg/L;
amount of adsorbent, 1.0 g; tem-
perature, 298–308 K
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12.18 mg/g. The result obtained in this study is favorable in
the commercial application of nanotube powder since a higher
adsorption capacity can be obtained at a minimum amount
(0.8 g) for CNTs and FCNTs. In addition, decrease in percent-
age adsorption of CNTcompared to FCNT powder may result
from aggregation of adsorbent which prevented some active
adsorbent sites from being exposed for the adsorption of DBT
(Jiang et al. 2003). This is an indication that purification of
CNTs enhanced the adsorption performance of the adsorbent.

Figure 9 depicts the effect of initial DBT concentration on
the adsorption performance of the adsorbents at equilibrium.
To determine the effect of initial DBT concentration, in the
model diesel, the DBT concentration was varied from 250 to
1000 mg/L, while the adsorbent amount (0.8 g), temperature
(298 K), volume of model diesel (20 mL), and contact time

(60 min) remained the same. From the results obtained at
equilibrium in Fig. 8, it could be observed that as the initial
DBT concentration increases from 250 to 1000 mg/L, the
amount of DBTadsorbed per unit mass of adsorbent increases.
The adsorption capacity of CNTs increased from 3.46 to
15.11 mg/g, as the initial DBT concentration increased from
250 to 1000 mg/L. The same trend was observed for FCNT
where adsorption capacity increased from 3.75 to 17.71 mg/g.
This observation could be attributed to the developed concen-
tration gradient on the surface of the adsorbent and the DBT
solution, resulting from increase in the driving force, as a
result of increase in concentration. This also explains the small
difference in the amount of DBT adsorbed (qe) of CNTs and
FCNTs at lower concentrations than 800 mg/L. These results
are in agreement with literature (Fayazi et al. 2015; Ishaq et al.
2017). The results accounted for 60.88 and 70.81% DBT re-
moval for CNTs and FCNTs, respectively.

Isotherm, kinetics, and thermodynamics of CNTs
and FCNTs for adsorptive desulfurization

Langmuir and Freundlich isotherms were used to describe the
behavior of the CNTs and FCNTs. Table 3 represents the
Freundlich isotherm parameters for DBT adsorption onto
CNTs and FCNTs. Figure 10 (a) and (b) depict the
Langmuir isotherms of FCNTs and CNTs, respectively.
Figure 10 (c) and (d) depict the Freundlich isotherms of
FCNTs and CNTs, respectively. It can be observed that
Freundlich isotherm models describes well the adsorption of
DBTonto CNTs and FCNTs. As shown in Fig. 10a, Langmuir
isotherms for CNTs and FCNTs disagree with the Langmuir
model, therefore not describing well the behavior of the ad-
sorbents. From Table 3, it can be seen that the R2 for CNTs and
FCNTs is 0.9802 and 0.9910, respectively, for Freundlich iso-
therm model (Al-Ghouti et al. 2017). The Freundlich constant
for CNTs and FCNTs is 0.0125 and 0.0038, respectively. The
values of adsorption intensity, n ˂ 1, for both FCNTs and
CNTs indicate favorability of the adsorption process.

Table 4 presents the parameters of pseudo first-order and
pseudo second-order of DBT adsorption onto FCNTs and
CNTs at 298, 303, and 308 K. Comparing the coefficient of
determination (R2) of the kinetic models of CNTs with pseudo

Table 3 Freundlich isotherm’s model parameters for CNTs and FCNTs

Adsorbent Freundlich isotherm

Kf (mg/g) N R2

CNTs 0.0125 0.864 0.9802

FCNTs 0.0038 0.690 0.9910

Kf is the Freundlich’s constant, n is the adsorption intensity, and R
2 is the

coefficient of determination
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first-order, it was observed that the pseudo second-order mod-
el was better fitted into the experimental data with higher
coefficient of determination (0.9985, 0.9989, 0.9885) than
the coefficient of determination (R2) (0.3192, 0.7156,
0.8293) for pseudo first-order model at 298, 303, and 308 K,
respectively. Furthermore, the experimental value of qe
(12.18 mg/g) obtained for pseudo second-order kinetics is
closer to the calculated qe (12.44 mg/g) compared to what
were obtained for the experimental qe (12.18 mg/g) and cal-
culated qe (3.14) for the 1st-order kinetics (Table 4). Also, for
FCNT adsorbent, the coefficient of determination (R2) was
higher in pseudo second-order kinetics (0.9996, 0.9987,
0.9984) compared to lower coefficient of determination (R2)
obtained for pseudo first-order (0.5880, 0.5176, 0.7133) at

298, 303, and 308 K, respectively. The model value for qe
calculated (14.29 mg/g) was very close in the experimental
value obtained for qe (14.17 mg/g) for pseudo second-order
kinetics for adsorption of DBT onto FCNTs. However, the
model value calculated for qe (23.06 mg/g) is higher than the
value obtained in the experiment (14.17 mg/g) for pseudo
first-order kinetics of DBT adsorption onto FCNTs. The ad-
sorption rate could be controlled by the movement of DBT in
the pores of the CNT and FCNT adsorbents. It could be as-
sumed that there were involvements of chemical interactions
in the adsorption process. The results obtained in this study are
in agreement with what was reported by Wang and Wei
(2017). Lower coefficient of determination values for pseudo
first-order could indicate that the adsorption rate is not

Fig. 10 Langmuir isotherms
model for (a) FCNTs, (b) CNTs,
and Freundlich isotherms of (c)
FCNTs and (d) CNTs.
Experimental conditions: temp,
298 K; amount of adsorbent, 1.0 g

Table 4 Kinetic parameters of pseudo 1st- and pseudo 2nd-order kinetics

Temp (K) Pseudo 1st-order (CNTs) Pseudo 2nd-order (CNTs)

qe (expt) (mg/g) qe (calc.) (mg/g) K1 (L/min) R2 qe (expt) (mg/g) qe (calc.) (mg/g) K2 (g/mg min) R2

298 12.18 3.14 0.020 0.3192 12.18 12.44 0.024 0.9985

303 9.40 2.24 0.032 0.7156 9.40 9.58 0.035 0.9989

308 6.99 4.54 0.039 0.8293 7.53 6.99 0.013 0.9885

Pseudo 1st-order (FCNTs) Pseudo 2nd-order (FCNTs)

298 14.17 23.06 0.032 0.5880 14.17 14.29 0.042 0.9996

303 10.30 3.13 0.027 0.5176 10.30 10.48 0.076 0.9987

308 8.77 3.84 0.034 0.7133 8.77 8.94 0.030 0.9984
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dependent on concentration factor; however, it is dependent
on time as well as concentration. This is in agreement with
Kumar and Tamilarasan (2017).

The values of adsorption thermodynamic parameters, stan-
dard free energy ΔGo, standard entropy ΔSo, and standard
enthalpy ΔHo, for CNT and FCNT adsorbents are shown in
Table 5. The negative values of ΔGo and ΔHo are indication
that adsorption of DBTonto CNTs and FCNTs is spontaneous
and exothermic in nature. NegativeΔSo values for adsorption
of DBT process show a decrease of the randomness at the
CNT and FCNT solution interface during adsorption. In addi-
tion, the results show that the values of ΔSo decreased with
increasing temperature while the values of ΔGo increased
with increasing temperature. The activation values obtained
for both CNTs and FCNTs are 25.34 and 14.13 kJ/mol, re-
spectively. These values are less than 65 kJ/mol; these are
indications that adsorption of DBT onto CNTs and FCNTs
occurred more readily. In addition, the adsorption processes
for both adsorbents could be said to be physical adsorption.
This is in agreement with literature (Fei et al. 2017; Saini et al.
2017; Al-Ghouti et al. 2017).

Table 6 presents the results obtained in this study, com-
pared with literature. Nazal et al. (2015) modified the surface
of CNTs with 5% aluminum metal. A total of 80% adsorption
performance was obtained when initial DBT concentration
was 250 mg/L. Comparing this result with that obtained in
this study, their modified CNTs outperformed what was ob-
tained for CNTs (60.88%) and FCNTs (70.84%) in this study.
This could only be as a result of higher initial DBT concen-
tration used in this study, which is four times higher than what
Nazal et al. (2015) used. In addition, 1.5 g of their adsorbent

was used, which is almost two times what was used in this
study. The result obtained will most likely be better than what
was obtained by Nazal et al. (2015), if the same operating
conditions are used. Saleh et al. (2014) also conducted an
adsorptive desulfurization experiment to remove DBT from
a model oil using CNTs modified with titanium oxide. Results
showed 65% desulfurization performance using 0.75 g adsor-
bent. The result obtained in this study for acetic and sulfuric
acid-treated CNTs which was 70.88% outperformed the non-
functionalized carbon nanotubes used in this study by 5%.
This better performance of CNT/TiO2 compared to non-
functionalized CNTs could be as a result of the modified sur-
face of their adsorbent. About 87% adsorptive removal of
DBT was achieved in an experiment conducted by Khaled
(2015) using sulfuric acid treated 1.5 g of CNTs, at initial
DBT concentration of 250 mg/L. The time for equilibrium to
be reached in their study (160 min) was higher than that
reached in this study (60 min). In addition, a lower initial
concentration was used which is four times lower than what
was used in this study. In addition, about two times amount of
adsorbent used in this study was used in Khaled (2015).
Therefore, it cannot be concluded that their result is better than
what was obtained in this study for both CNTs and FCNTs
because of the lower initial concentration used in their study.

It can therefore be concluded that the result obtained from
this study can be compared with studies reported in literature.
This is the first report on the use of acetic–sulfuric acid-treated
CNTs as an adsorbent for treatment of model diesel as far as it
could be established. These documented results from this
study could offer a platform for more investigations in this
area of research.

Table 5 Adsorption
thermodynamic parameters for
FCNTs and CNTs

Temp. (K) ΔH (kJ/mol) ΔG (kJ/mol) ΔS (J/k/mol) EA (kJ/mol)

CNTs 298 − 44.06 − 8.52 − 119.27 25.34

303 − 7.26 − 121.49
308 − 6.09 − 123.28

FCNTs 298 −46.97 − 9.61 − 125.37 14.13

303 − 7.71 − 129.59
308 − 7.04 − 129.65

ΔH, standard enthalpy; ΔG, standard free energy; ΔS, standard entropy; EA, activation energy

Table 6 Comparison of results with literature

Adsorbent Organo-sulfur Temp. (°C) Time (h) C0 (mg/L) Cf (mg/L) Ads amount (g) % SR Ref.

CNT/5% Al DBT 25 2.0 250 50 1.50 80.0 Nazal et al. (2015)

CNTs/TiO2 DBT 23 1.0 – – 0.75 65.0 Saleh et al. (2014)

FCNTs DBT 2.5 250 32.75 1.50 86.9 Khaled (2015)

CNTs DBT 25 1.0 1000 60.88 0.80 65.0 This study

FCNTs DBT 25 1.0 1000 70.48 0.80 70.0 This study

C0, initial concentration of DBT; Cf, final concentration of DBT; ads, adsorbent; % SR, percentage of sulfur (DBT) removal
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Conclusions

As has been established in this study, CNTs and FCNTs are
promising candidates for adsorption of DBT from model die-
sel. The following conclusions could be derived from this
study:

& The acid treatment of CNTs enhanced its surface affinity
for DBT, thus contributing to the improved adsorption
capacity of the adsorbent. CNTs tend to aggregate together
as bundles because of Van der Waals interactions.

& Addition of –COOH group on the surface of the adsorbent
improved the performance of the adsorbent, even though
the surface area was decreased after functionalization. The
results showed that functionalized CNTs outperformed the
non-functionalized CNTs during the desulfurization by
about 10%, indicating functionalization of the CNTs did
improve the desulfurization performance of the CNTs.
Therefore, the percentage performances of the adsorbents
were 70.48 and 60.88%, for FCNTs and CNTs, respective-
ly, at 0.8 g adsorbent dosage, temperature of 25 °C, and
maximum contact time of 50 min.

& Therefore, the results show that functionalized CNT is an
efficient and promising adsorbent for removal of DBT in
petroleum distillate, such as diesel, so as to meet up with
the stringent policies regarding emission of sulfur oxides.
However, there is need for further studies on how to im-
prove the surface area of the FCNTs after the acid treat-
ment. Therefore, the documented results in this study may
possibly offer a platform for further investigations in this
field of research
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