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Abstract. Carbon nanofibers (CNFs) from a blend of lignin with recycled poly(ethylene terephthalate) (r-PET) were produced
from the thermal treatment of precursor electrospun lignin/r-PET nanofibrous mats. The impact of the lignin/r-PET mass
ratio (ranging from 50/50 to 90/10) on the morphology, porosity and carbon structure of the CNFs was thoroughly investigated. The CNFs produced from a lignin/r-PET mass ratio of 50/50 possess the highest BET surface area (353 m2/g) as the
presence of r-PET contributes to the development of microporosity, while all CNFs consist of disordered carbon structure.
Their chemical activation with KOH boosted their BET surface area to 1413 m2/g and further treatment with HNO3 anchored
oxygen functional groups on their surface. These activated CNFs were used for the adsorption of 4,6-dimethyldibenzothiophene (DMDBT) from a model diesel fuel (n-dodecane) and it was found that they exhibit a high adsorption capacity at ambient conditions (120.3 mgDMDBT/gC). This is combined with remarkably fast adsorption kinetics as 94% of the equilibrium
concentration is reached after just 1 min. These outstanding kinetics are justified by the nano-structured morphology of the
activated CNFs which translates into a very large specific surface area that minimizes mass transfer limitations.
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1. Introduction

common polymer for this purpose is poly(acrylonitrile) (PAN) [1, 3, 4]. However, PAN is a petroleumderived polymer, therefore, alternative, sustainable
precursors such as lignin have been used instead.
Lignin is a very abundant plant-derived natural polymer and a major biorenewable source of aromatic
structures [5, 6]. Although it is produced in considerable quantities as a major by-product of the paper
industry, its large potential is still unexploited since
most of it is burnt as a low-grade fuel [7]. Nevertheless, it is a suitable, biorenewable CNF precursor either alone or blended with a binder polymer such as
PAN, polyvinyl alcohol (PVA) or polyethylene oxide
(PEO) [8–11]. The presence of a binder polymer is

The development of carbon nanomaterials from polymeric precursors has altered materials science and
technology in recent decades, as these materials have
shown the potential to upgrade many technological
and industrial applications. In particular, carbon nanofibers (CNFs) are typically manufactured via the
thermal treatment of precursor polymer nanofibers.
They are a one-dimensional form of carbon with diameters in the nano- or in the submicron-scale, which
have a wide range of potential engineering applications [1, 2].
A suitable technique for the fabrication of precursor
polymer nanofibers is electrospinning and the most
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for a long time. Hydrodesulfurization is a catalytic
process that occurs at high temperatures and pressures
[22, 23], and CNFs have been used in this process as
support of transition metal catalysts [24, 25].
Nevertheless, alternative desulfurization methods at
ambient temperatures and pressures have been proposed. Among these, adsorptive desulfurization has
shown promising potential for this purpose either
alone or in conjunction with other methods [18, 26].
Electrospun-derived PVA-based CNFs have been
previously applied to the adsorption of thiophene
[27], while PAN-based CNFs have been tested for
the adsorption of H2S, mercaptans [28], thiophene
and benzothiophene [29, 30], but there has been no
study up to now for the removal of heavier sulfur
compounds from diesel, especially DMDBT, using
these materials. Here, we prove that highly porous
lignin/r-PET-based activated CNFs show a high adsorption capacity for refractory sulfur compounds
from a model diesel fuel combined with outstanding
adsorption kinetics.

important for the spinnability of the fibers. Our group
was the first to produce electrospun-based CNFs
from a blend of lignin with recycled poly(ethylene
terephthalate) (r-PET) [12–14]. PET is a major component of municipal waste, so, using recycled PET
for the manufacture of high added-value engineering
materials such as CNFs will contribute to more efficient waste management.
CNFs consist of a continuous network of carbonaceous filaments with a possible degree of interconnection among them [15]. While carbon nanotubes
are formed by wrapped concentric graphene layers,
the structure of CNFs is more disordered, although
sp2-hybridized carbon is prevalent, as well [2]. They
typically contain graphitic regions which are built of
planar graphene sheets stacked in parallel, inside a
matrix of more randomly oriented, curved and defective graphene sheets [2, 16]. The extent of ordered and
disordered regions depends on the precursor materials and the method of production [13, 14]. The regions
of randomly oriented, defective graphene sheets resemble the shape of crumpled paper (disordered carbon structure); this structure translates into significant porosity [17]. In this article, the porosity and
the structure of lignin/r-PET CNFs are investigated
with respect to the lignin/r-PET mass ratio, while the
porosity characteristics and the morphology of activated CNFs (ACNFs) are further examined.
The nano-sized diameter of CNFs maximizes their
specific surface area, which renders them suitable
for a variety of applications, such as for the manufacture of electrodes for rechargeable batteries and
supercapacitors, for polymer-based nanocomposites,
in sensors and also in adsorption and catalysis applications [2, 8]. Here, we examine their potential as
desulfurization adsorbents for the removal of refractory sulfur compounds from fossil fuels. The sulfur
compounds in commercial fuels pose a serious environmental concern as they are associated with air
pollution and harmful effects on human health [18].
In the last 15 years, the competent authorities in most
developed countries (USA, European Union, China,
Japan and elsewhere) have regulated the maximum
sulfur content of commercial fuels to 10 ppm for
gasoline and 10–15 ppm for diesel [19–21]. Especially, the heavier, aromatic sulfur compounds (termed
as ‘refractory sulfur compounds’) such as 4,6-dimethyldibenzothiophene (DMDBT) are difficultly
removed through the hydrodesulfurization method,
which has been traditionally applied in most refineries

2. Materials and methods

Kraft lignin (low sulfonate content, Mw ~
10 000 g/mol) was purchased from Sigma-Aldrich
(#471003) and it was used without modification.
Waste water-bottles were used as the source of r-PET.
All of them came from the same bottling company
(Masafi) in the United Arab Emirates. Before the
preparation of the spinnable solutions, the bottles were
left to dry and then they were cut with scissors into
pieces. Trifluoroacetic acid (TFA, 99%, #808260)
purchased from Merck was used as the solvent for
the electrospinning process. The solutions of lignin/
r-PET were prepared and left under magnetic stirring
at room temperature for 12 h until homogeneously
dissolved. High purity N2 (99.999%) was used in all
the carbonization experiments. High purity CO2
(99.99%) was used in the activation experiments.
HNO3 65% (#84380-M), HCl 37% (#100317), bromothymol blue (#103026), NaOH pellets (#S5881)
and KOH pellets (#105033) were purchased from
Sigma-Aldrich. For the adsorption experiments, 4,6dimethyldibenzothiophene (DMDBT, 97%, #479411)
purchased from Sigma-Aldrich was used. N-dodecane (99%, #D221104) was used as a model diesel
fuel, and it was purchased from Honeywell-Riedel de
Haen.
The electrospinning process was performed in a
FUENCE Esprayer (ES-2000S) apparatus in which
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KOH 3 M solution at a mass ratio of 4/1 KOH/CNFs,
and they were left under stirring for 12 h at room
temperature. Then, they were placed into a combustion boat and transferred into the tubular furnace, in
which they were heated under N2 at a rate of
5 °C/min up to 800 °C, where they were held for 1 h.
Finally, they were left to cool down. Subsequently,
they were dispersed in an excess of HCl 1 M solution
under stirring to neutralize the remaining KOH, and
they were repeatedly washed with de-ionized water
and filtered via membrane filtration (Millipore membrane filter 0.22 μm) until the filtrate had pH ~7. Finally, they were dried overnight at 130 °C. This sample is denoted as ‘ACNFs-KOH’. Some of the
ACNFs-KOH were further treated with HNO3. First,
they were dispersed into HNO3 4 M (0.8 g per 100 ml
solution) and they were left under stirring at 90 °C
for 8 h. Then, they were repeatedly washed with
deionized water and filtered through membrane filtration (Millipore membrane filter 0.22 μm) until
the filtrate had a pH of ~7. Finally, they were dried
overnight at 130 °C. This sample is denoted as
‘ACNFs-KOH-HNO3’.
The morphology of the fibrous mats was examined
via Scanning Electron Microscopy (SEM) after goldcoating them. The average fiber diameter was measured using an image analyzer (ImageJ, National Institutes of Health, U.S.A.). For the SEM images of
Figure 1 and of Figures 5a, 5b, a JEOL Neoscope
JCM-5000 instrument was used. The SEM images
in Figures 5c, 5d were recorded with JEOL JSM6010PLUS. The morphology of the samples was also
characterized by Transmission Electron Microscopy
(TEM) (Tecnai G2 Transmission Electron Microscope 200 kV).
The textural characterization of CNFs and ACNFs
was studied through N2 physisorption using a Micromeritics Tristar II Plus instrument. The surface
area of each sample was calculated using the
Brunauer–Emmet–Teller (BET) equation, the total
pore volume was determined using the Gurvitch rule
at P/P0 =0.95 and the micropore volume was estimated using the t-plot approach. The X-ray diffraction (XRD) patterns were recorded using a Philips
X’Pert3 diffractometer with a Cu–Kα radiation source
(1.54 Å). The peaks were deconvoluted by fitting
Lorentzian functions with the aid of a data analysis
software (OriginPro). For the XRD measurements,
the average interlayer spacing d(002) between consecutive graphene layers was calculated using Bragg’s

the setup has a vertical orientation. Electrospun precursor nanofibers were initially prepared from a
50/50 and a 90/10 lignin/r-PET mass ratio. The choice
of these values is based on the demand for a wellformed filamentous carbon structure, as it is described in our previous publications [12, 13]. The
electrospun mats prepared from 50/50 lignin/r-PET
mass ratio had 395±131 nm average fiber diameter,
as it was not possible to prepare thinner well-formed
CNFs at 50/50 lignin/r-PET mass ratio. The electrospun mats prepared from 90/10 lignin/r-PET had
116±32 nm average fiber diameter, the thinnest nanofibers prepared successfully. For the former, the electrospinning conditions were the following: the solution concentration (of both polymers in the solution)
was 21% w/v, the spinning distance was 20 cm, the
voltage was 30 kV and the flow rate was 0.1 μl/min.
For the latter, the following conditions were applied:
solution concentration 13% w/v, spinning distance
7.7 cm, voltage 30 kV and flow rate 0.1 μl/min.
The CNFs were prepared after the carbonization of
the electrospun mats in a temperature-programmed
tubular furnace (GSL-1500X-50, MTI). Each sample
was heated under inert atmosphere (N2) (flow rate
~300 cc/min) at a heating rate of 5 °C/min until it
reached 1000 °C, where it was held for 1 h; then, it
was allowed to cool down at the same inert atmosphere.
The activation of the CNFs was carried out using either physical activation with CO2 or chemical activation with KOH. For all cases, CNFs carbonized at
1000 °C were the starting materials. For the physical
activation, the CNFs were crashed by fingers into
smaller pieces, they were placed into a combustion
boat and were transferred into the temperature-programmed tubular furnace (GSL-1500X-50, MTI).
They were heated under N2 atmosphere at a rate of
5 °C/min until they reached 700 °C. Then, the atmosphere was switched to CO2 at a flow rate of 200–
300 cc/min and they were held at this temperature
for 1 h. Finally, the gas was switched again to N2 and
they were left to cool down. The ACNFs produced
with physical activation are denoted as ‘ACNFs50/50-CO2’ and ‘ACNFs-90/10-CO2’ respectively for
the two starting lignin/r-PET mass ratios (50/50 and
90/10) studied here.
For the chemical activation, only the CNFs derived
from 50/50 lignin/r-PET with 395 nm average fiber
diameter were used, after they were first crushed by
fingers into powder. They were dispersed into a
250
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equation [31, 32]: d(002) = λ/(2·sinθ), where λ is the
wavelength (0.154 nm) and θ is the diffraction angle
[°]. The crystallite size Lc along the c axis and the
size of ab planes La was calculated using Scherrer’s
equations (Equation (1) and (2)) [31, 32]:
0.91 $ m
Lc = Q
FWHM VQ002V $ cos iQ002V

(1)

1.84 $ m
La = Q
FWHM VQ100V $ cos iQ100V

(2)

as they are described in the previous paragraphs.
These experiments were performed at room temperature (22 °C), and they were left to equilibrate for
24 h. In order to analyze the results, two different adsorption isotherms were used, namely the Langmuir
and Freundlich isotherms.
The Langmuir isotherm is (Equation (3)):
K $C
qe = qm - L $ 1 + LK $ eC
L

e

(3)

where qe [mgDMDBT/gC] is the equilibrium adsorption
capacity, Ce [mgDMDBT/kgC12] is the equilibrium concentration, qm – L [mgDMDBT/gC] is the maximum adsorption capacity predicted from the Langmuir isotherm and KL is the Langmuir constant [35–37].
The Freundlich isotherm is (Equation (4)):

where FWHM is the full width at half maximum of
each peak measured in rad, and it is used for the calculation of La and Lc. Nc is the average number of
graphene layers in each crystallite (calculated as
Nc = Lc/d(002)) [31].
Boehm titration was carried out according to the
methodology described elsewhere [33, 34]. Briefly,
0.2 g of the sample were dispersed into 8 ml NaOH
0.05 M and left under shaking for 24 h. The solution
was filtered through syringe filters (0.22 μm), an
aliquot of 5 ml was added to 10 ml HCL, and the solution was titrated with NaOH 0.05 M (titrator base).
Bromothymol blue was used as an indicator to determine the equivalent point. The volume of titrator
base consumed was measured and converted to
mmol/g of total surface acidic groups using the
methodology described in ref. [33]. A detailed measurement of the relative quantities of each type of
acidic group (carboxylic, lactonic and phenolic
groups) was not carried out.
All adsorption experiments were conducted in a
batch mode. N-dodecane was used as a model diesel
fuel and 4,6-dimethyldibenzothiophene (DMDBT)
was the refractory sulfur compound of interest. The
flasks containing the solutions and the adsorbent
were placed in a water bath, at a shaking speed of
105 rpm. In all of them, the adsorbent dose was
10 g/l. This was defined after some preliminary experiments in which different values of the adsorbent
dose were tested, and also after an overview of the
relevant literature. Particularly, 0.04 g of the adsorbent were added in each flask containing 4 ml of solution. For the DMDBT, the adsorption equilibrium
was investigated for initial concentrations in the
range of 100–2000 ppmw, using three different adsorbents: CNFs derived from 50/50 lignin/r-PET carbonized at 1000°C with an average diameter close
to 400 nm, ACNFs-KOH and ACNFs-KOH-HNO3,

1/n F

qe = KF $ C e

(4)

where qe [mgDMDBT/gC] is the equilibrium adsorption
capacity, Ce [mgDMDBT/kgC12] is the equilibrium concentration, KF [(mgDMDBT/gC)/(mgDMDBT/kgC12)1/nF]
is the Freundlich constant related to the adsorption capacity and nF (dimensionless) is the Freundlich constant related to the adsorption intensity [32, 35].
For ACNFs-KOH-HNO3 the adsorption experiments
were also conducted at a higher temperature of 50 °C.
For the investigation of the kinetics of adsorption of
DMDBT on ACNFs-KOH-HNO3, an initial concentration of 335 ppmw DMDBT was used. The adsorption capacity was then measured after certain time
intervals, at 22 and 50 °C. These experimental results
were fitted to two kinetic models; the pseudo-firstorder (Lagergren model) and the pseudo-secondorder (Ho model).
The pseudo-first order kinetic model is (Equation (5)):
d qt
R q - qt W + qt = qe R1 - e-k1 $ t W
d t = k1 e

(5)

where qt [mgDMDBT/gC[ is the adsorbed quantity at
time t, qe [mgDMDBT/gC] is the equilibrium adsorption and k1 [min–1]] is the rate constant of the pseudofirst order model [35, 37].
The pseudo-second order kinetic model is (Equation (6)):
2
d qt
R q - qt W +
d t = k2 e
k q2 t
1 + t
t
qt = 1 +2k eq t + q =
t
2 e
k2 q e2 qe
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and k2 [gC/(mgDMDBT·min)] is the rate constant of the
pseudo-second order model [35, 37].

where qt [mgDMDBT/gC] is the adsorbed quantity at
time t, qe [mgDMDBT/gC] is the equilibrium adsorption

Figure 1. a) and b) show SEM images of electrospun-derived CNFs prepared from a) 50/50 lignin/r-PET (average fiber diameter is 395±131 nm) and b) prepared from 90/10 lignin/r-PET (average fiber diameter is 116±32 nm); the scale
bar is 2 μm; c) and d) show TEM images of CNFs derived from 50/50 lignin/r-PET; the scale bar in c) is 50 nm
and in d) is 20 nm; e) present the fiber diameter distributions of the CNFs prepared from 50/50 and f) 90/10
lignin/r-PET respectively.
252
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In all the adsorption experiments, the DMDBT concentrations were measured according to the following methodology: the solution was filtered through
a syringe filter (0.22 μm) after the adsorption process
was finished, and the filtrate was transferred to a
quartz cuvette. Each solution concentration of
DMDBT was measured using UV-Vis spectroscopy
(Shimadzu UV 1800) at the wavelength of 313 nm
after a calibration curve was built. After measuring
the quantity adsorbed in ppm (mg of solute/kg of solvent), the adsorption capacity ‘q’ was calculated using
the formula q = (ppm adsorbed)·0.748/10, where
0.748 kg/l is the density of n-dodecane and 10 g/l is
the adsorbent dose. Thus, the adsorption capacity is
measured in mg of solute per g of adsorbent
[mgDMDBT/gC].

Figure 2. N2 physisorption isotherms of the CNFs prepared
from different lignin/r-PET mass ratios (50/50 and
90/10) at 1000 °C.

been reported elsewhere for PET [13] and also for
other polymers [polyvinylpyrrolidone [38], polyvinyl
alcohol [39] which were combined with lignin for
the preparation of CNFs. The non-closing adsorption/
desorption branches at low relative pressures are an
indication of kinetic restrictions in narrow ultra-micropores [40].
The diffractograms of the CNFs are presented in
Figure 3. In each graph, two broad peaks which are
characteristic of carbon materials are apparent. The
peak centered at around 23° corresponds to the (002)
plane of the graphitic lattice, while the peak at
around 44° is associated with its (100) plane (JCPDS
number 41-1487) [9, 31, 32, 41]. The emergence of

3. Results and discussion
3.1. Lignin/r-PET CNFs: porosity and
structure

The lignin/r-PET carbon nanofibers consist of an interconnected network of filaments, as it is shown in
the SEM images of Figures 1a and 1b. The TEM images in Figures 1c and 1d show the CNFs prepared
from 50/50 lignin/r-PET. It is apparent that the surface of the fibers is rough and it contains protuberances. The randomly oriented, corrugated layers of
carbon (Figure 1d) indicate that the CNFs mainly consist of amorphous and disordered structures, although
careful examination reveals the existence of spots in
which there is parallel stacking of a few graphene
layers (inset of Figure 1d). These graphitic domains
are, however, very small. Figures 1e and 1f present
the fiber diameter distributions of the CNFs prepared
from 50/50 and 90/10 lignin/r-PET respectively.
The BET surface area measurements revealed that
the CNFs prepared from 50/50 lignin/r-PET carbonized at 1000 °C exhibited the highest BET surface
area (353 m2/g), while the surface area of the CNFs
prepared from 90/10 lignin/r-PET doesn’t increase
more than 115 m2/g (Figure 2). Therefore, the presence of r-PET has a positive impact on the development of porosity, due to its more extensive decomposition during carbonization. Similar results have

Figure 3. XRD diffractograms of the CNFs prepared from
50/50 and 90/10 lignin/r-PET mass ratios carbonized at 1000 °C.

Table 1. Crystallite features of carbon nanofibers prepared from different lignin/r-PET mass ratios.
Lignin/r-PET mass ratio
[%]

50/50

90/10

2θ(002)
[°]
23.2

23.7

d(002)
[nm]

FWHM(200)
[rad]

Lc
[nm]

2θ(100)
[°]

FWHM(100)
[rad]

La
[nm]

0.375

0.111

1.29

43.7

0.091

3.35

0.383

0.147

253

0.97

43.5

0.106

2.87

Nc

2.53

3.44
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these peaks suggests that there are small crystalline
graphitic domains inside the CNFs. Particularly, it is
shown that the CNFs which are prepared from 90/10
lignin/r-PET have a slightly more ordered structure;
their interlayer spacing d(002) is 0.375 nm while for
those prepared from 50/50 lignin/r-PET it is 0.383 nm
(Figure 3 and Table 1). These results agree with the
N2 adsorption measurements which showed that the
CNFs prepared from 90/10 lignin/r-PET have lower
porosity and BET surface area than those prepared
from 50/50, hence, fewer voids among their defective graphene layers. The diffraction patterns of the
CNFs contain additional obvious peaks between 30–
40°, especially for the CNFs prepared from 90/10
lignin/r-PET. These peaks correspond to impurities
deriving from the ash which is present in the starting
lignin [42, 43], and they are more intense in the 90/10
sample because its precursor consists of 90% lignin.
These impurities are remnants of the Kraft extraction
process [5], and they contain alkali metals, mainly Na.
Tedeschi et al. [43] have associated the peaks in this
region with Na2(SO4) (ICSD number 98-000-2895).

Figure 4. N2 physisorption isotherms of the ACNFs.

which narrows or closes some pores [47]. In addition, this sample (ACNFs-KOH-HNO3) contains a
much higher percentage of microporosity, probably
due to the narrowing of small mesopores. This finding is in agreement with the work of Zhou et al. [45]
who have reported an increase in microporosity by
70% after the treatment of activated carbon with
HNO3, although the average pore size remained almost stable. Similarly, Yu et al. [46] have reported a
decrease in the BET surface area and a narrowing of
ultra-micropores after treatment of activated carbon
with HNO3. Although it seems that the HNO3 treatment is detrimental to the properties of the adsorbent, it is performed in order to attach oxygen functional groups to the adsorbent surface. This has been
proven to be beneficial for the adsorption of sulfur
compounds [48–50].
The presence of oxygen on the surface of carbon materials can be determined through Boehm titration.
Following the methodology described elsewhere
[33, 34] and which is briefly summarized in Section 2, it was estimated that the total acidic groups
in ACNFs-KOH amount to 1.06±0.06 mmol/g while
in the ACNFs-KOH-HNO3 they amount to
1.78±0.13 mmol/g (average of two measurements).
Thus, the treatment with HNO3 attaches O-functionalities on the surface of the ACNFs. A more detailed
measurement of the relative quantities of each type
of acidic group (carboxylic, lactonic and phenolic
groups) was not carried out.

3.2. Characterization of the activated CNFs
After the activation of the CNFs as it is described in
Section 2, the BET surface area and the porosity of
the ACNFs were measured through N2 physisorption
and the results are presented in Table 2 and Figure 4.
All the isotherms are type IV with hysteresis loops.
The results suggest that the activation raises the
porosity of all samples significantly. However, the
increase is much higher after activation with KOH
(1413 m2/g) compared to the activation using CO2
(686 m2/g). Moreover, the ACNFs-KOH have a narrower average pore width. BET surface areas of this
magnitude (>1000 m2/g) have been reported elsewhere for the chemical activation of CNFs with KOH
[11, 44]. Further treatment with HNO3 decreases the
BET surface area slightly. This decrease is in accordance with various articles in the literature that report the treatment of activated carbon or CNFs with
HNO3 [45–47]. This phenomenon is attributed to the
attachment of functional groups on the carbon surface,

Table 2. Textural characteristics of the activated CNFs (ACNFs).
Sample

ACNFs-50/50-CO2
ACNFs-90/10-CO2
ACNFs-KOH

ACNFs-KOH-HNO3

BET surface area
[m2/g]

Total pore volume
[cm3/g]

Micropore volume
[cm3/g]

Microporous
[%]

Average pore width
[nm]

0299

0.381

0.043

11.3

6.9

0686

1413

1267

0.853

1.010

0.095

0.138

0.811

0.261

254

11.1

13.7

32.2

7.0

3.7

3.4
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SEM images of the ACNFs-KOH and the ACNFsKOH-HNO3 are presented in Figure 5. These samples consist of fibers with an average diameter close
to 350–400 nm, which is of similar magnitude to that
of the precursor electrospun nanofibers from which
they were produced. The fiber diameter distributions
of ACNFs-KOH and ACNFs-KOH-HNO3 are depicted in Figures 5g and 5h respectively. In Figures 5e
and 5f, TEM images of the ACNFs-KOH sample are
presented, as well. As the CNFs lose mass during the
activation process, which results in the development
of porous channels inside their structure, their density is reduced. Hence, after activation with KOH
and treatment with HNO3, the ACNFs exhibit a very
low bulk density, that is, a small amount of ACNFs
occupies much space if it is not compacted. Particularly, the bulk density of ACNFs-KOH and ACNFsKOH-HNO3 was measured to be ~0.075 g/ml, so,
1 g of ACNFs occupies ~13.3 ml. The bulk density
of CNFs manually crashed into powder amounts to
~0.133 g/ml. For comparison, the bulk density of
commercial activated carbon (Merck #1.02186) was
measured to be 0.16 g/ml.

ACNFs-KOH-HNO3 exhibit the highest adsorption
capacity, while the adsorption capacity of CNFs is
very low, as it is expected based on their relatively
lower BET surface area. The experimental data were
fitted to two different adsorption isotherms, namely
the Langmuir and the Freundlich isotherms (Section 2), using non-linear regression with the aid of a
data analysis software (OriginPro), and the parameters of the curve fitting can be found in Table 3.
Except for CNFs, in which the Freundlich model
gave the best fitting, the adsorption experimental
data of the ACNFs were best fitted to the Langmuir
model. However, the R2 values of the Freundlich
model are also high, therefore, they cannot be disregarded. Langmuir isotherm assumes monolayer adsorption on a surface of identical sites [51, 52]. Freundlich isotherm is an empirical model applicable to
heterogeneous surfaces or multilayer adsorption, in
which nF > 1 indicates favorable adsorption [32, 52].
Therefore, the results suggest that there is homogeneous monolayer adsorption, although a heterogeneous mechanism may also be involved, especially
at low surface coverage, when the DMDBT molecules first adsorb on the sites of higher energy [37,
53]. A larger value of KF of the Freundlich isotherm
indicates higher adsorption capacity, while a smaller
nF denotes a more homogeneous adsorbent with a
narrower site energy distribution [54]. In this case,
ACNFs-KOH-HNO3 seems to have more heterogeneous surface energy, due to the anchoring of more
O-functional groups on the carbon surface.
The calculated parameters of the Langmuir isotherm
presented in Table 3 show that the ACNFs-KOHHNO 3 exhibit a maximum adsorption capacity
of 120.3 mgDMDBT/gC, which corresponds to
18.17 mg S/gC. This value is among the highest found
in the literature for the adsorption of DMDBT on activated carbon or related carbon-based adsorbents
(see Table 4). Table 4 presents a literature overview
of the highest values reported for the adsorption of
DMDBT on carbon-based adsorbents, as they are

3.3. Adsorption of 4,6-DMDBT from a model
diesel fuel: equilibrium, kinetics and
thermodynamics
The results presented in the previous section indicate
that ACNFs-KOH and ACNFs-KOH-HNO3 possess
the highest BET surface area and porosity by far.
Hence, these materials were selected to be used for
the adsorptive desulfurization experiments. For comparison, the adsorption capacity of the non-activated
CNFs prepared from 50/50 lignin/r-PET at 1000 °C
was investigated, as well (the sample characterized
in Section 3.1). All experiments were performed in
a batch mode, according to the methodology described in Section 2.
The results of the equilibrium adsorption of DMDBT
on the three adsorbents at room temperature (22 °C)
are presented in Figure 6a. The figure suggests that

Table 3. Equilibrium adsorption of DMDBT: parameters of the Langmuir and Freundlich isotherms.
Sample
CNFs

ACNFs-KOH

ACNFs-KOH-HNO3

ACNFs-KOH-HNO3

Temperature
[°C]
22

22

22
50

Langmuir

KL
[mgDMDBT/gC] [kgC12/mgDMDBT]
qm–L

R2

15.7

0.0032

0.8891

120.3

0.0230

0.9800

95.4

113.9

0.0088

0.0160

255

0.9835

0.9894

Freundlich

KF
[(mgDMDBT/gC)/(mgDMDBT/kgC12)1/n]
0.49

3.77

11.18
7.09

nF
[–]

R2

2.12 0.9618

1.91 0.9526

2.43 0.9507

2.08 0.9706
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Figure 5. a) and b) SEM images of ACNFs-KOH with 378±97 nm average fiber diameter; the scale bar in a) is 5 μm and in
b) is 2 μm; c) and d) SEM images of ACNFs-KOH-HNO3 with 356±105 nm average fiber diameter; the scale bar
in c) is 5 μm and in d) is 2 μm; e) and f) TEM images of ACNFs-KOH; the scale bar in e) is 200 nm and in f) is
10 nm; g) and h) present the fiber diameter distributions for ACNFs-KOH and ACNFs-KOH-HNO3 respectively.
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calculated from the Langmuir isotherm (qm–L values). It should be noted, however, that a direct comparison with the values reported in other studies is
not always reliable, as there are various factors that
influence the adsorption capacity, such as the dose
of the adsorbent, the presence of other solutes and
the solvent itself. Very high adsorption capacity values have been reported for the adsorption of DMDBT
from hexane, heptane and octane; however, the solubility of DMDBT in these relatively light hydrocarbons is significantly smaller than its solubility in dodecane and hexadecane. Therefore, the removal of
DMDBT from light hydrocarbons is more favorable,
just as it happens with other refractory S-compounds
[55]. As an example, for the case of dibenzothiophene, it has been reported that changing the solvent
from n-hexane to n-decane can decrease the maximum adsorption capacity by more than 40% [55].
Taking this solvent effect into consideration, a comparison of the adsorption capacity found here with
the values found in the literature (Table 4) suggests
that ACNFs exhibit a high adsorption capacity for
DMDBT.
In general, carbon materials have demonstrated a
very good adsorption capacity for aromatic S-compounds. These adsorbents are mainly built of carbon
atoms connected through sp2-hybridized bonds;
hence, they contain conjugated π-orbitals lying perpendicular to the plane. These out-of-plane conjugated π-orbitals can generate interactions with other
aromatic molecules [48]. On the other hand, thiophenes and benzothiophenes contain aromatic rings,

hence, they form π-π interactions with graphitic substrates. Therefore, the interaction between the delocalized π-electrons of the aromatic S-compounds and
the electron-rich regions of the carbon substrate is
based on dispersion forces [48].
The adsorption capacity of ACNFs-KOH is clearly
lower than that of the ACNFs-KOH-HNO3 (95.4 vs.
120.3 mgDMDBT/gC), although its BET surface area
and porosity are higher as it was described in the previous section. The reason is that ACNFs-KOH-HNO3
contain much more O-functional groups, which are
known to enhance the adsorption of S-compounds
[48, 49]. The various types of thiophenes and benzothiophenes have a basic character as the S-atom acts as
an electron donor [48, 66]. Thus, they interact with
the acidic O-groups through Lewis acid-base interactions [48, 49], and the treatment with HNO3 enhances
the adsorption capacity of the adsorbent [45, 50].
Investigation of the adsorption equilibrium at a higher
temperature can provide information about the enthalpy of adsorption and the spontaneity of the
process. Using the ACNFs-KOH-HNO3 which gave
the highest adsorption capacity, the adsorption of
DMDBT was carried out at 50 °C and the results are
presented in Figure 6b. For comparison, the adsorption isotherm at 22°C is presented there again, as well.
The calculated parameters of the Langmuir and the
Freundlich isotherms at 50 °C are provided in Table 3.
Again, it was found that the Langmuir model fits the
data more accurately. The calculated maximum
adsorption capacity is 113.9 mgDMDBT/gC, which is
slightly lower than the adsorption capacity of

Table 4. Equilibrium adsorption of DMDBT on carbon-based adsorbents: literature overview of the adsorption capacity calculated via the Langmuir isotherm.
ACNFs

Adsorbent*

AC

AC cloth

AC

AC doped with Boron

AC

AC doped with metals

Dodecane

Hexadecane

177.7

324.4

Hexadecane

128.7

Isooctane

199.0

n-Octane

385.0

Decane/hexadecane

Decane/hexadecane

AC

Hexadecane

82.9

Hexadecane

AC

Dodecane

AC doped with metals

Hexadecane

AC and carbon fibers doped with metals
*AC

120.3

Heptane

AC

AC

Adsorption capacity
[mgDMDBT/g]

Solvent

stands for activated carbon

26.85

49.00

19.50

30.20

58.16

12.50

This work
[56]

[53]

[51]

[57]

[58]

[59]

12.69

[60]

11.3

1.71

[62]

86.7

155.6

163.1
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18.17

Reference

84.0

211.0

Hexane

Adsorption capacity
[mg S/g]

31.88

13.10

23.50
24.64

[61]

[63]

[64]
[65]
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Figure 6. a) Adsorption isotherms of DMDBT on CNFs, ACNFs-KOH and ACNFs-KOH-HNO3 at T = 22 °C. For all samples, the distinct dots indicate the measured values. The dashed lines in the case of the ACNFs present the fitted
Langmuir isotherms, while the dashed line for CNFs presents the fitted Freundlich isotherm; b) Adsorption
isotherms of DMDBT on ACNFs-KOH-HNO3 at 22 and at 50 °C.

Therefore, the process is spontaneous and exothermic.
The positive entropy indicates increased randomness
at the solid/solution interface after the adsorption of
DMDBT.
Investigation of the adsorption kinetics is very important as this is closely connected to the feasibility
of the process at an industrial scale. The adsorption
kinetics were studied at 22 and 50 °C, and the results
are presented in Figures 7a and 7b. Two kinetic
models were investigated based on their accuracy
to describe the data; the pseudo-first-order kinetic
model and the pseudo-second-order kinetic model
(see Section 2) [35, 37]. In both cases, it was found
that the process is much more accurately described
by the pseudo-second-order model (Table 5). The
results presented in Figure 7 indicate that the adsorption is remarkably fast. Particularly for room
temperature, around 94% of the final equilibrium
adsorption is reached after just 1 min, and 98% after
10 min. Similarly, at 50 °C 99% of the final equilibrium adsorption is reached after just 15 min. Further proof of the very fast kinetics is provided by
the rate constants calculated by fitting the pseudosecond-order model. For 22 °C the rate constant is
0.297 gC/(mgDMDBT·min), while for 50 °C the rate
constant is 0.316 gC/(mgDMDBT·min), which translates
to faster kinetics at higher temperature (Table 5).
Table 6 compares the rate constants calculated here
with the highest values found in the literature using
the pseudo-second-order kinetic model for the adsorption of DMDBT on carbon-based adsorbents.
Ganiyu et al. [57] have reported very fast kinetics
for the adsorption of DMDBT on activated carbon
[rate constant 0.514 gC/(mgDMDBT·min)], however,
they report that the experiments were conducted at

ACNFs-KOH-HNO3 at room temperature. Hence, the
process is more favorable at lower temperatures for
the range of temperatures studied here. The thermodynamic parameters of the process were calculated
using the fundamental equations (Equations (7)–(9)):
(7)

DG0 = DH0 - TDS0

(8)

DG0 =- RT ln Ke
H + DS
wich give ln Ke =- DRT
R
0

0

(9)

where R is the ideal gas constant, ΔG0 is the standard
Gibbs free energy change, ΔΗ0 is the standard enthalpy change and ΔS0 is the standard entropy change.
The dimensionless equilibrium constant Ke was calculated following the methodology described in ref.
[67]. Briefly, the adsorption can be represented as
the following reversible process:

Adsorbate in the solution 
Adsorbate on the adsorbent

Therefore, Ke was determined based on the equation
Ke = qe/Ce at different initial concentrations of adsorbate and extrapolating to zero. Then, ln Ke was plotted against 1/T and after a simple linear regression, it
was calculated that ΔH0 = –8.423 kJ/mol and ΔS0 =
0.677 J/(mol·K). This value of adsorption enthalpy
is lower in absolute value than –20 kJ/mol, and this
is an indication that the DMDBT molecules are physisorbed on the surface through dispersion forces
[68]. Gibbs energy ΔG0 was also calculated for these
two temperatures and it was found negative (–8.623
and –8.642 kJ/mol for 22 and 50 °C respectively).
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Figure 7. Adsorption kinetics of DMDBT on ACNFs-KOH-HNO3: a) at 22 °C and b) at 50 °C. The dashed lines indicate the
fitting of the pseudo-second-order kinetic model.
Table 5. Kinetic parameters for the adsorption of DMDBT on ACNFs-KOH-HNO3.
Temperature qe experimental
[°C]
[mgDMDBT/gC]
22
50

24.25

Pseudo-1st order

qe
[mgDMDBT/gC]

k1
[min–1]

23.64

3.08

24.13

23.70

R2

6.97

0.8792

Pseudo-2nd order

qe
k2
[mgDMDBT/gC] [gC/(mgDMDBT·min)]

0.5768

24.28

0.297

24.08

0.316

R2

0.9998
0.9995

Table 6. Comparison of the adsorption kinetics measured here for the adsorption of DMDBT with the highest values found
in the literature.
Adsorbent

Solvent

Activated carbon
nanofibers

Dodecane

Activated carbon
cloth

Heptane

Activated carbon
cloth

Heptane

Activated carbon

Dodecane

Activated carbon
doped with metals

Hexane/toluene

Activated carbon
doped with metals

Hexane/toluene

Activated carbon
Decane/hexadecane
doped with metals
Activated carbon

Activated carbon
doped with boron

Adsorbent dose
[(adsorbent mass)/ Initial concentration
of DMDBT
(solution mass or
volume)]
10 g/l

335 ppm

200 ppm
(total concentration,
in the presence of
other S-compounds)
0.632 mmol/kg
0.025 g/4 g
(in the presence of
other S-compounds)
23.8 μmol/g
(total S concentration,
1 g/50 g
in the presence of
other compounds)
50 ppm
(not stated clearly)
(in the presence of
other S-compounds)
50 ppm
(not stated clearly)
(in the presence of
other S-compounds)
0.02 g/3.5 g

0.05 g/10 ml

100 mg S/l

Hexadecane

0.01 g/l

20 ppm S

Isooctane

(not clearly stated)

5–150 ppm S
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k2
[g/(mg·min)]

Shaking speed

Ref.

0.297
(94% of equilibrium
after just 1 min)

105 rpm

This
work

150 rpm

[53]

N/A

[37]

N/A

[67]

N/A

[69]

N/A

[70]

110 rpm

[59]

0.153

N/A

[62]

0.514

300 rpm

[57]

0.029
(90% of equilibrium
after >40 min)

0.12
(90% of equilibrium
after >25 min)

0.3021 mmol/(g·min)
(90% of equilibrium
after >30 min)
0.0406
(90% of equilibrium
after >20 min)
0.0311
(90% of equilibrium
after 20 min)
(not calculated)
90% of equilibrium
after >10 h
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For validation purposes, a second batch of ACNFsKOH-HNO3 was produced under the same conditions
and it was used to replicate half of the adsorption experiments presented here. In all cases, the adsorption
measurements showed very good reproducibility. The
equilibrium results obtained from the second batch
differed less than 7% compared to the initial sample,
while the adsorption kinetics differed less than 4%.

an extreme shaking speed of 300 rpm, while isooctane
was used as a solvent. Thus, under these conditions,
it is expected that very fast kinetics will be measured. Furthermore, when shorter-chain hydrocarbons
are used are solvents, much faster adsorption rates
are feasible due to a combined influence of their viscosity with the surface tension [55]. In contrast, the
experiments in the present study were contacted at a
low speed of 105 rpm. Therefore, to the best of our
knowledge, and based on the information presented
in Table 6, the results presented here correspond to
comparatively the fastest kinetics that have been reported for the adsorption of DMDBT on a carbonbased adsorbent.
These very fast kinetics are justified by the morphology and structure of the ACNFs. As it was demonstrated in Section 3.2 based on the SEM images of
Figure 5 and on the measurements of bulk density, this
material actually consists mostly of nano-sized cylinders with high aspect ratio or clusters of them, and it
comprises very large voids among the fibers (macropores and large mesopores). Hence, it has a very high
specific surface area (the total external surface area
of the fibers) which translates into a very large interface between the adsorbent and the solution. This
large interface and the large voids among the fibers
accelerate the mass transfer of the solutes from the
bulk of the solution to the pores of ACNFs, and this
is measured as a very high kinetic rate constant.
Based on the adsorption kinetics at the two distinct
temperatures, it is possible to calculate the activation
energy of the adsorption. The adsorption rate constant k2 calculated from the pseudo-second-order
model is a function of temperature according to Arrhenius equation [35] (Equation (10)):
Ea

- RT

k2 = Aá
e

E
+ ln k2 = ln A - RTa

4. Conclusions

In this research, activated carbon nanofibers (ACNFs)
were successfully prepared from a blend of lignin
with recycled PET and it was demonstrated that they
exhibit a high adsorption capacity for the removal of
4,6-dimethyldibenzothiophene (DMDBT) from a
model diesel fuel (120.3 mgDMDBT/gC at room temperature). These results practically indicate that
ACNFs have the potential to lower a very high concentration of aromatic S-compounds (~150 ppm S)
to less than 15 ppm as most regulations of commercial fuels demand.
A key feature of this process is the remarkably fast
adsorption, as the system reaches 94% of the equilibrium adsorption capacity after only 1 min and 98%
after 10 min at room temperature. These kinetics for
the adsorption of DMDBT from model diesel are
comparatively the fastest that have been reported
under these conditions when a carbon-based adsorbent is used. They are justified by the nano-structured morphology of ACNFs, which comprise a very
large specific surface area (the external surface of
the fibers) and include a significant volume of mesoand macro-pores. These characteristics render the
mass transport of solutes on the carbon surface very
fast, a property that is crucial in all adsorption processes. Hence, large fuel quantities can be treated in a
very short time.
Besides the adsorption process presented here, the
very fast mass transfer is also crucial for energy storage and for catalytic applications, for which ACNFs
would be a very promising candidate. In addition, this
research serves as a road-map for the manufacture of
high added-value products from widely available inexpensive resources.

(10)

where Ea [kJ/mol] is the activation energy, A
[gC/(mgDMDBT·min)] is the collision frequency factor
and R is the ideal gas constant. By plotting ln k2 vs.
T at 295 and 323 K and fitting a linear relationship,
it is calculated that Ea = 1.76 kJ/mol and A =
0.607 gC/(mgDMDBT·min). Values of Ea < 4 kJ/mol
denote physisorption, while Ea > 8 kJ/mol is an indication of chemisorption [35]. Thus, this rather small
value of Ea calculated here provides further proof
that the adsorption of DMDBT on the ACNFs proceeds through dispersion forces.
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