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ab s t r ac t
In this work, porous carbon nanofibers assembled by hollow carbon spheres were first obtained via 
calcination and subsequent acid leaching process for nitrilotriacetic acid nickel salt nanofibers. The 
as-obtained samples were characterized by various techniques such as scanning electron microscopy, 
transmission electron microscopy, X-ray diffraction, Fourier transform infrared spectroscopy and N2 
adsorption/desorption measurement. The results showed that the as-prepared carbon nanofibers with 
higher surface area were built by plenty of Ni(NiO)/carbon composite nanoparticles or hollow carbon 
nanospheres containing rich active groups. The formation mechanism of porous carbon nanofibers was 
also discussed. The adsorption performance of the as-prepared carbon fibers for methylene blue (MB), 
such as the kinetics, isotherms and thermodynamic property, was investigated in detail. The adsorp-
tion of samples NC-1 and NC-2 for MB could be fitted to pseudo-second-order model. The Langmuir 
adsorption model agreed well with the experimental data. Thermodynamic parameters revealed the 
spontaneity and the endothermic nature of the adsorption process. These results demonstrated that 
the as-prepared carbon nanofibers can be used for the treatment of dye-containing wastewater.
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1. Introduction

Dyes are widely used in various industries such as textile, 
pharmaceutical, leather, paper, printing, cosmetic, etc. It is 
reported that over 70,000 tons of dye with more than 100,000 
kinds are produced annually. Unfortunately, 15%–20% of 
that production is lost during the dyeing process. The dyes 
invariably enter the effluents and further contaminate the 
surrounding water bodies and groundwater [1–3]. Many 
dyes are inert, toxic and difficult to biodegrade in water bod-
ies. The water containing dyes possesses a potential health 
hazard to all forms of life [4,5]. Therefore, it is imperative to 
develop a proper treatment route before discharging them 
into the environment.

So far, many investigations have been conducted to 
remove the dye from water bodies. Various means, such 
as biological treatment [6,7], chemical oxidation [8–10], 
ozone treatment [11,12], photocatalytic degradation [13,14], 
coagulation/flocculation [15,16], ion-exchange [17,18] and 
adsorption [19,20], have been developed to destroy or 
remove the dyes from wastewater. From an economic and 
efficiency point of view, adsorption is regarded as one of the 
most promising and widely used methods. 

Carbon nanofibers (CNFs) are of great interest due 
to their high aspect ratio, large specific surface area, 
high-temperature resistance and good electrical/thermal 
conductivities. As adsorbent, carbon fibers have been used to 
remove the bulky dye molecules and show high adsorption 
capacity [21–23]. The conventional synthetic strategies 
for CNFs, including the substrate method, vapor growth 
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method, spraying method and plasma-enhanced chemical 
vapor deposition method, are known to be very complicated 
and costly [24–27]. Therefore, it is still a challenge to seek a 
new strategy for the preparation of CNFs with good adsorp-
tion capacity for dye molecule.

In this study, we reported a novel preparation of CNFs 
based on nitrilotriacetic acid nickel salt (Ni-NTA) nanofi-
bers, which was first synthesized with NiCl2 and NTA by 
the hydrothermal method. CNFs decorated with nanoparti-
cles were obtained by calcining Ni-NTA nanofibers precur-
sor under sealed atmosphere. Furthermore, we found that 
the as-formed CNFs were built by plenty of hollow carbon 
nanoparticles. This kind of novel structure was favorable for 
the purpose as adsorbent to remove the pollutant. MB was 
employed to estimate the adsorption performance of the 
as-prepared CNFs. The removal kinetics, thermodynamics 
and isotherms data of the adsorption were evaluated to study 
the adsorption process of MB molecules onto the prepared 
carbon fiber aerogels.

2. Experimental section

2.1. Synthesis of Ni-NTA nanofibers 

Ni-NTA nanofibers were prepared by a hydrothermal 
route according to Wang’s method with a minor modifica-
tion [28]. In a typical synthesis, 3 mmol NiCl2 was dissolved 
into the mixture of isopropanol and water. Then, 3 mmol 
NTA was added. After thorough stirring, the mixture was 
transferred into a Teflon lined autoclave and hydrothermally 
treated at 180°C for 24 h. The resultant light blue floccules 
were collected by filtration, washed with deionized water 
and pure ethanol, and air-dried at 100°C.

2.2. Preparation of carbon nanofibers with/without Ni(NiO) 

The as-prepared Ni-NTA nanofibers were calcined at 
400°C for 2 h under sealed condition. The obtained sam-
ple was denoted as NC-1. The as-prepared NC-1 was then 
immersed into the HCl (2.0 M, 40 mL) with stirring overnight. 
The immersed sample (denoted as NC-2) was collected by 
filtration and washed with distilled water several times until 
the filtrate was neutral, and then dried at 100°C. In order to 
calculate the yield of NC-1 from NC-2, these two samples 
were weighed by analytical balance and the yield was then 
calculated to be 58.3% and 37.6%, respectively.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained on a 
Bruker D8 Advance X-ray diffractometer with Cu Kα radi-
ation (λ = 1.54178 Å). Scanning electron microscopy (SEM) 
was performed on a LEO 1450VP scanning electron micro-
scope. Transmission electron microscopy (TEM) was car-
ried on a JEOL JEM-2010 electron microscope operating at 
200 kV. Brunauer–Emmett–Teller (BET) surface area mea-
surement was carried out using an ASAP 2020 porosimetry 
system (Micromeritics, USA). Fourier transform infrared 
spectroscopy (FTIR) spectra were obtained on a PerkinElmer 
Spectrum 100 spectrometer with samples embedded in KBr 
pellets.

2.4. Batch adsorption procedure

Batch adsorption was carried out in order to evaluate the 
adsorption capacity of the as-prepared CNFs. MB was selected 
as the representative of anionic dyes to probe the adsorption 
performance of the two samples. All batch adsorption exper-
iments were carried out as follows: 50 mL of MB solutions 
with a various concentration and 20 mg of samples were 
added into 100 mL conical beaker. Subsequently, the coni-
cal beaker was shaken by the oscillator (SHZ-82, Changzhou 
Guohua Experimental Instrument Factory, China) at a speed 
of 150 rpm. After centrifugation, the solution absorbance 
was measured using visible light spectroscopy (721, Candy 
Precision Scientific Instrument Co., Ltd., China) at 668 nm. 
The amount of adsorbed dye on adsorbent (qt, mg g–1) at time 
t was calculated according to the following equation:

q
C C V
mt

t=
−( )0  (1)

where C0 is the initial concentration of dyes in solution 
(mg L–1), Ct is the dyes concentration (mg L–1) at time t, m is 
the mass of adsorbent (g) and V is the volume of solution (L). 

The adsorption isotherms for MB were established 
by batch adsorption experiments. 20 mg CNFs were dis-
persed into 50 mL MB solutions with different concentration 
(20–200 mg L–1). The adsorption was carried out at certain 
temperature (298–318 K) with constant shaking, and then 
kept for 12 h to establish adsorption equilibrium. The equi-
librium adsorption capacity was determined using the fol-
lowing equation:

q
C C V
me

e=
−( )0  (2)

where C0 is the initial concentration of MB solution (mg L–1), 
Ce is the equilibrium concentration (mg L–1), qe is the equilib-
rium adsorption capacity (mg L–1), m is the mass of adsorbent 
(g) and V is the volume of solution (L).

3. Results and discussion

3.1. Characterization of the as-prepared nanofibers

3.1.1. FTIR characterization of the Ni-NTA precursor and 
carbon nanofibers

The infrared (IR) spectra of the nanofiber precursor are 
shown in Fig. 1(a). The peak centered at 3,496.3 cm–1 can be 
ascribed to the –OH stretching frequencies, which caused by 
the adsorption of water molecule on the precursor sample. 
The appearance of carboxyl bands at 1,582.1 and 1,647.4 cm–1 
can be assigned to the formation of –COONi coordination 
groups. NTA was a tetradentate ligand composed of three 
carbonyl groups and one amino group in the molecule struc-
ture, which had strong complexing tendency with metal 
cation. On the other hand, NTA was not soluble in water at 
room temperature. Under solvothermal condition of higher 
temperature, the gradually dissolved NTA began to complex 
with the Ni2+. Ni-NTA coordination compound can be pro-
duced during the subsequent crystalline process. Isopropyl 
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alcohol due to the formation of microheterogeneities just like 
microemulsion in the mixed solvent may responsible for the 
growth of one-dimensional nanostructure with the polymer 
chains [29]. Therefore, long fiber-like products with light 
blue color were formed. 

The two samples (NC-1 and NC-2) were obtained from 
the as-prepared Ni-NTA precursor nanofibers in two differ-
ent methods. NC-1 was prepared through the sealing calci-
nation of the Ni-NTA precursor, and NC-2 was obtained by 
treating the sample NC-1 with acid solution to remove the 
inorganic component. The FTIR spectra of these two samples 
were shown in Fig. 1(b). The two IR spectra displayed broad-
band at 3,375 cm–1, which was associated with the stretch-
ing vibrations of hydrogen-bonded surface water molecules 
and hydroxyl groups. The bands around 2,922 and 1,402 cm–1 
were corresponded to the C–H vibrations and C–O vibra-
tions, respectively [30]. In the spectra of NC-1, the peak at 
1,580 cm–1 was assigned to the stretching vibration of the car-
bonited C=C [31]. As to the NC-2, the bands at 1,618 cm–1 was 
attributed to the overlap of the carbonited C=C and the C=O 
stretching of carboxylic/carbonyl functional groups with 
relatively higher intensity [32]. Furthermore, the band at 
1,256 cm–1 implied the existence of large numbers of residual 

–O–C– in the spectrum of NC-1. However, the band became 
weak or disappeared in the spectrum of NC-2, indicating that 
the removal of inorganic component from the carbon fiber 
composite through the acid leaching.

3.1.2. SEM characterization of the as-prepared precursor 
and carbon nanofibers

The hydrothermal products of the precursor were 
observed by SEM. As shown in Fig. 2(a), lots of fibers with 
tens of micron were formed under hydrothermal condition. 
No other morphologies can be observed. Moreover, the mor-
phology and structure of samples NC-1 and NC-2 were also 
analyzed by SEM. Low magnification SEM images of samples 
NC-1 and NC-2 are shown in Figs. 2(b) and (c), respectively. 
In Fig. 2(b), sample NC-1 almost maintained the long fiber-
like morphology with high aspect ratio after sintering under 
sealed condition. No breakage or deformation was occurred. 
In Fig. 2(c), it can be seen that NC-2 also showed the fiber-like 
morphology and no obvious change can be observed after the 
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Fig. 1. FTIR spectra of the precursor nanofibers (a), samples 
NC-1 and NC-2 (b).

a 

b 

c 

Fig. 2. SEM images of Ni-NTA precursor nanofiber (a), sample 
NC-1 (b) and sample NC-2 (c).
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NC-1 sample was treated with acid leaching. By comparison 
with Ni-NTA nanofiber precursor, fibers products of samples 
NC-1 and NC-2 showed better dispersity.

3.1.3. XRD characterization of the as-prepared carbon 
nanofibers

The XRD patterns of NC-1 and NC-2 samples are shown 
in Fig. 3. In Fig. 3(a), the diffraction peaks at 44.5°, 51.8° and 
76.4° could be attributed to the (111), (200) and (220) planes of 
cubic Ni (JCPDS no. 04-0850). Two diffraction peaks at 37.2° 
and 63.5° corresponded to the (111) and (222) reflections of 
NiO (JCPDS no. 078-1970) and the weak peak at 26.4° can be 
ascribed to graphite phase. The content of graphitic planes in 
the carbon materials was low due to the weak peak intensity 
and wide diffraction peaks [33]. The XRD result confirmed 
that the obtained NC-1 sample would be the composites of 
Ni, NiO and carbon. The content of NiO was much lower than 
that of Ni deduced from the intensity difference of their dif-
fraction peaks. In Fig. 3(b), two obvious peaks at 26.38° and 
44.39° could be attributed to the (002) and (101) diffractions 
of the graphite structure, indicating that a short-range order 
crystal structure existed in the obtained carbon material [34]. 
In addition, no other diffraction peak can be detected. The 
diffraction peaks of the Ni(NiO) particles disappeared in 
sample NC-2 through treatment of acid leaching (Fig. 3(c)), 
indicating the effective removal of the Ni(NiO) nanoparticles 
form the composite.

3.1.4. TEM characterization of the as-prepared precursor and 
carbon nanofibers

Microstructure of the as-prepared precursor and sam-
ples was investigated by TEM images as shown in Fig. 4. In 
Fig. 4(a), the as-prepared Ni-NTA precursor nanofiber had 
smooth surface and the diameter of the fibers was about 
100 nm. In addition, the fiber shape of Ni-NTA as self-sacri-
ficial templates can be well maintained in the carbonization 
product after the heat treatment (Fig. 4(b)). More importantly, 
we found that the carbonized fibers were constructed by 
plenty of nanoparticles with the average diameter in 10 nm as 

observed from Fig. 4(c). The worm-like area was recognized 
as the holes which were built among lots of nanoparticles. 
Furthermore, the disordered carbon layer was coated on the 
surface of nanoparticles as also observed. The fibrous struc-
ture with average diameter of 200 nm still was retained even 
after the treatment of hydrochloric acid and the nanoparti-
cles as the basic building block can also be observed in the 
image (Fig. 4(d)). Further observation showed that these par-
ticles were hollow nanosphere with the diameter of 10 nm 
as shown in Fig. 4(e). Therefore, the NC-2 sample was the 
nanofibers constructed by hollow carbon nanosphere. The 
formation of hollow structure can be ascribed to the removal 
of Ni(NiO) in the fiber composite.

Fig. 4. TEM images of Ni-NTA precursor nanofiber (a), sample 
NC-1 (b) and (c) and sample NC-2 (d) and (e) with different 
magnification view (the scale bar of (b) and (d) is 200 nm, 
respectively; the scale bar of (c) and (e) is 20 nm, respectively).
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3.1.5. BET measurement of the as-prepared carbon nanofibers

The pore texture properties of samples NC-1 and NC-2 
were further evaluated by nitrogen adsorption and desorp-
tion measurements and the obtained results are illustrated 
in Fig. 5. As shown in Fig. 5(a), the N2 sorption isotherms 
of NC-2 sample exhibited representative type IV curves 
with a distinct H3-type hysteresis loop over the relative 
pressure range 0.4–1.0, resulting from the assemblages 
of slit-shaped pores. The BET specific surface area and 
the total pore volume of NC-2 sample were 291.4 m2 g–1 
and 0.822 cm3 g–1, respectively. The pore-size distribution 
calculated by the Barrett–Joyner–Halenda (BJH) method 
based on the desorption branch of the isotherms indicated 
a mesopore size of 12.8 nm in addition to a distribution 
determined at 4 nm (Fig. 5(b)). The porous structure of the 
composite fibers can be attributed to the thermal decom-
position of Ni-NTA, where the many oxygen-containing 
groups (–OH and –COOH) convert to H2O and CO2 during 
the heat treatment. Compared with those of NC-2 sample, 

the sorption isotherms and pore-size distribution curves 
of NC-1 sample displayed type IV curves with a hysteresis 
loop at relatively high pressure of P/P0 = 0.75–1.0, which con-
firmed the existence of pore structure. The BET surface area 
of NC-1 sample was 53 m2 g–1 calculated from N2 isotherms 
at 77 K and pore distribution with an average diameter of 
3.8 nm can be estimated by the BJH method, indicating a 
lower BET-specific surface area (144.4 m2 g–1), a smaller total 
pore volume (0.356 cm3 g–1) and mesopore size (12.5 nm). The 
increase of pore structure parameter (~4 nm) of NC-2 sam-
ple was attributed to the removal of Ni and NiO component 
formed during the sealed calcination process.

3.1.6. Formation mechanism analysis of the as-prepared 
carbon nanofibers

According to the results of XRD, SEM and TEM analy-
ses of the samples, the formation mechanism of the porous 
carbon fibers built by hollow carbon nanoparticles is illus-
trated in Fig. 6. Ni-NTA coordination nanofibers were first 
formed after the hydrothermal treatment of Ni2+ and NTA 
with the mixture of isopropanol and water. Under the sealed 
heat treatment, Ni-NTA coordination nanofibers were in 
situ decomposed into the composite constructed by Ni/NiO 
nanosphere coated with carbon layer while maintaining the 
fiber-like morphology. The porous CNFs assembled by hol-
low carbon nanospheres can be formed after the removal of 
Ni/NiO core of nanospheres. The specific area of the nano-
fibers would be accordingly increased due to the hollowing 
of the nanosphere unit, which was further testified by subse-
quent BET measurement. 

3.2. Adsorption performance

3.2.1. Effect of pH

The pH of solution is another important influencing fac-
tor for dye adsorption as it directly affects the dissociative 
and adsorptive ability of the dye on the adsorbent surface. 
For MB the pH range was chosen as 4–10 for NC-1 and NC-2. 
The pH of the test solutions was adjusted by using HCl and 
NaOH solutions. As depicted in Fig. 7, it was observed that 
the removal rate of MB increased when pH varied from 4 to 10 
and the increasing tendency became slow when pH is higher 
than 7 for NC-1 and NC-2 adsorbents. This may be attributed 
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to the contributions of as-prepared nanofibers adsorption 
toward MB molecules resulted from electrostatic attraction 
between the negatively charged adsorbent surface and the 
positively charged cationic MB molecules. In order to ascer-
tain the practical applicability of the adsorption of this dye, 
pH 7 (neutral water) was chosen for the further experiments.

3.2.2. Effect of adsorption time 

In order to investigate the remediation performance 
of the as-prepared nanofibers for the dye wastewater, MB 
was employed as a model to examine the adsorption prop-
erty. The effect of adsorption time on the adsorption capac-
ity of NC-1 and NC-2 samples for MB is shown in Fig. 8. 
The results indicated that the adsorption capacity of NC-1 
and NC-2 samples for MB increased with an increase in 
adsorption time until equilibrium was reached between the 
adsorbents and dye solution. It can be seen that there was 
a rapid uptake of NC-2 sample for MB. The adsorption 
can reach equilibrium time within 30 min. However, the 
adsorption for MB onto NC-1 sample was much slower and 
the equilibrium time was about 400 min. Furthermore, the 
equilibrium capacity (20 mg g–1) was much lower than that 
of NC-2 sample (120 mg g–1). Higher equilibrium capacity 
and shorter equilibrium time of MB onto sample NC-2 than 
that of sample NC-1 can be ascribed to the increase of surface 
area due to the removal of Ni(NiO) core from the composite 
nanoparticles.

3.2.3. Adsorption kinetics

It is well known that the Lagergren rate equation is 
one of the most widely used adsorption rate equations for 
the adsorption of solute from a liquid solution. In order to 
acquire information about the mechanism of MB adsorption 
onto NC-1 and NC-2 samples, the adsorption kinetics was 
investigated with the help of three kinetic models, namely 
the Lagergren pseudo-first-order model and Lagergren 
pseudo-second-order model [35,36]. The referred models can 
be expressed by the following equations:

ln(Qe – Qt) = lnQe – K1t (3)

t
Q K Q

t
Qt e e

= +
1

2
2  (4)

where Qe and Qt are the amount adsorbed at equilibrium at 
any time t (mg g–1), K1 and K2 are the constant of adsorption 
for the Lagergren pseudo-first-order model and Lagergren 
pseudo-second-order model, respectively. 

Both equations were used to correlate the adsorption 
kinetic data through linear regressions. The linear plots 
are shown in Fig. 8. The corresponding model parameters 
derived from the plot results are summarized in Table 1. The 
values of experimental Qe of NC-1 and NC-2 did not agree 
with the calculated ones obtained from the linear plots by 
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Table 1 
Pseudo-first-order and pseudo-second-order kinetics model parameters for MB adsorption onto samples NC-1 and NC-2

Sample Pseudo-first-order Pseudo-second-order 

K1 (min–1) qe,cal (mg g–1) R2 K2 (g mg–1 min–1) qe,cal (mg g–1) qe,exp (mg g–1) R2

NC-1 0.0166 33.96 0.9127 0.0004 22.68 19.11 0.9686
NC-2 0.0747 20.56 0.7843 0.0082 126.58 124.63 0.9998
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Lagergren pseudo-first-order model and the values of cor-
relation coefficient (R2) were relatively low for most of the 
adsorption data. On the contrary, the linear plots of t/Qt 
vs. t by Lagergren pseudo-second-order model showed 
good agreement between experimental and calculated Qe 
values of NC-1 and NC-2. The correlation coefficient (R2) 
for the pseudo-second-order adsorption model had high 
value for adsorbent (Table 1). These results suggested that 
the pseudo-second-order adsorption mechanism can well 
describe the adsorption process of MB onto NC-1 and NC-2.

The steps of adsorption process were identified by the 
intra-particle diffusion model as proposed by Weber and 
Morris [37]. The model can be expressed as follow:

qt = kpt0.5 + C (5)

where kp is the intra-particle diffusion rate constant 
(mmol g–1 h0.5) and C is a constant. 

According to this model, the plot of Qt vs. t0.5 must be a 
straight line with a slope kid and the intercept C. Fig. 9 presents 
a linear fit of intra-particle diffusion model for adsorption of 
MB onto NC-1 and NC-2. The plots of qt vs. t0.5 do not pass 
through the origin, indicating that the rate-limiting process 
was not only the intra-particle diffusion. The multi-linearity 
correlation indicated that two or more steps occurred during 
the adsorption process. The initial region was a diffusion 
adsorption stage, attributing to the diffusion of dye through 
the solution to the external surface of adsorbent (external dif-
fusion). The second region was a gradual adsorption stage, 
corresponding to intra-particle diffusion of dye molecules 
through the pores of adsorbent (intra-particle diffusion). 
The parameters and R2 of intra-particle diffusion model are 
shown in Table 2. It can be easily observed that ki1 was larger 
than ki2 for both NC-1 and NC-2, indicating film diffusion 
was a rapid process while intra-particle diffusion was a grad-
ual process. Furthermore, the value of ki1 and ki2 with sample 
NC-2 was larger than that with sample NC-1, which can be 
ascribe to a larger surface area and pore volume of NC-2 for 
solute adsorption instantaneously.

3.2.4. Adsorption isotherms

The equilibrium adsorption models can provide a number 
of useful information including adsorption capacity, surface 
properties of adsorbent and affinity of the adsorbent [38]. As 
we know, Langmuir and Freundlich models were the two 
typical adsorption isotherm models for describing adsorption 
of dyes from aqueous solution [39,40]. The two models were 
used to correlate the adsorption behavior in present study. 
Linearized Langmuir and Freundlich isotherm models were 
presented by the following equations:

C
Q Q K

C
Q

e

e m L

e

m

= +
1

 (6)

ln ln
ln

Q K
C
ne F
e=  (7)

where Qm (mg g–1) is the maximum adsorption capacity, 
KL (L mg–1) is the Langmuir constant related to the energy of 
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Table 2
Intra-particle diffusion model parameters for MB adsorption onto samples NC-1 and NC-2

Sample Intra-particle diffusion model

ki1 (mg g–1 min–0.5) Ci1 (mg g–1) R2 ki2 (mg g–1 min–0.5) Ci2 (mg g–1) R2

NC-1 1.0356 0.8059 0.9704 0.0018 18.9926 0.9261
NC-2 7.5376 85.7130 0.9823 0.0558 123.908 0.9963
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adsorption, KF and 1/n constants are related to the adsorption 
capacity and intensity of adsorption.

Adsorption isotherms of MB onto NC-1 and NC-2 sam-
ples were performed between 298 and 318 K. The adsorption 
isotherms of MB removal by nanofiber at temperature of 298, 
308 and 318 K are shown in Fig. 10. It can be seen that there 
was an increase of the adsorption capacity with an increase 
of solution temperature, indicating that MB adsorption by 
the nanofiber was endothermic in nature. The Langmuir and 
Freundlich constants can be obtained by linear regression 
analysis as shown in Fig. 11. Table 3 presents the results and 
the coefficient of determination (R2). It can be seen that the 
R2 values of Langmuir isotherm were greater than those for 
Freundlich isotherm, indicating that Langmuir model was 
better fitted the experimental data than Freundlich model at 
investigated temperatures. MB molecule was adsorbed onto 
the surface of NC-1 and NC-2 by the monolayer coverage of 
dye (Fig. 12). The dimensionless constant separation factor 
R

bCL = +











1
1 0

 as the essential characteristics of the Langmuir iso-
therm was calculated. Values of separation factor for both the 
adsorbents were found to be between 0 and 1, confirming 
that the adsorption process was favorable in both cases [41].

3.2.5. Thermodynamic parameters of adsorption

The thermodynamic parameters of standard Gibbs free 
energy change (ΔG°), enthalpy change (ΔH°) and entropy 

change (ΔS°) associated with the adsorption process were 
calculated using the following equations [42,43]:

ΔG° = – RTln(KL) (8)

ln( )K S
R

H
RTL =

∆ °
−
∆ °

 (9)
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Fig. 10. Plots of intra-particle diffusion model related to the 
adsorption of MB onto samples NC-1 and NC-2.
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Fig. 11. Adsorption isotherms of MB onto sample NC-1 (a) and 
sample NC-2 (b) at various temperatures.

Table 3
Isotherm parameters for MB adsorption onto samples NC-1 and NC-2

Sample Temperature (K) Langmuir constants Freundlich constants
Qm (mg g–1) KL (L mg–1) R2 KF (mg g–1) N (L mg–1) R2

NC-1 298 31.63 0.1755 0.9894 7.9615 2.8968 0.9270
308 34.35 0.3016 0.9984 12.5153 3.8149 0.9431
318 36.94 0.3983 0.9964 15.2807 4.2674 0.9624

NC-2 298 144.93 0.0563 0.9849 39.3013 4.1278 0.9524
308 154.08 0.0607 0.9803 42.5908 4.1404 0.9429
318 157.48 0.0834 0.9941 45.9447 4.1540 0.9653
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where KL is the Langmuir equilibrium constant (L mol–1), 
R (J mol–1 K–1) is the gas constant and T (K) is the absolute 
solution temperature. ΔG° can be calculated according to 
equation. The values of ΔH° and ΔS° were obtained from the 
slope and intercept of the plot of lnKL vs. 1/T. 

The values of ΔG°, ΔH° and ΔS° of MB adsorption onto 
samples NC-1 and NC-2 are presented in Table 4. From the 

plot, both the change in entropy (ΔS°) and enthalpy (ΔH°) of 
MB adsorption onto sample NC-1 were determined and are 
0.2333°J mol–1 K–1 and 34.39 kJ mol–1, respectively. Similarly, 
the change in entropy (ΔS°) and the enthalpy (ΔH°) of MB 
adsorption onto sample NC-1 were 0.1661 J mol–1 K–1 and 
15.38 kJ mol–1, respectively. The negative values of ΔG° sup-
ported the spontaneity of the process of adsorption. The 
positive value of ΔH° suggested the endothermic nature of 
adsorption for MB, which was consistent with the isotherm 
study. The positive value of ΔS° showed the randomness was 
slightly increased at the adsorbent/solution interface during 
the adsorption of MB onto NC-1 and NC-2. 

4. Conclusions

In this study, porous CNFs were successfully prepared 
by sealed thermal treatment of Ni-NTA with subsequent 
acid leaching. Ni-NTA nanofibers were synthesized by 
hydrothermal method. The as-synthesized porous CNFs 
were built by plenty of hollow carbon spheres and had more 
amount of –COOH groups left on the surface, which can be 

Table 4
Thermodynamic data for the adsorption of MB on samples NC-1 
and NC-2

Sample Temperature 
(K)

ΔG° 

(kJ mol–1)
ΔH° 

(kJ mol–1)
ΔS° 

(J mol–1 K–1)

NC-1 298 –37.06 32.39 233.3
308 –39.69
318 –41.72

NC-2 298 –34.24 15.38 166.1
308 –35.59
318 –37.58
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effectively adsorb cationic dyes. Moreover, the surface area 
of CNFs can be further enlarged by the removal of the in 
situ formed Ni(NiO) nanoparticles. These characteristic of 
CNFs endowed them to be the excellent absorbent for the 
removal of MB from aqueous solution. Thermodynamic 
and kinetics study of MB adsorption onto the as-prepared 
CNFs were systematically conducted. Results showed that 
the pseudo-second-order kinetic model could better describe 
adsorption kinetics of MB adsorption onto the two CNFs, 
and the adsorption of MB onto the two CNFs was monolayer 
adsorption and followed the Langmuir isotherm. The values 
of thermodynamic parameters (ΔG°, ΔH° and ΔS°) suggested 
that MB adsorption onto the two CNFs were endothermic 
and spontaneous. Higher temperature was favorable for the 
increase of adsorption capacity. This study developed a novel 
route to prepare porous CNFs with rich carboxyl groups, and 
these carbon materials can be employed efficient adsorbent 
for the removal of dyes from aqueous solution.
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