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ABSTRACT: To improve the adsorption performance of carbon materials, novel ZnO nanoparticle-incorporated porous carbon
nanofibers (Zn@PCNFs) were prepared via an electrospinning technique. A facile one-step fabrication strategy was proposed to
simultaneously complete the carbonization of a peroxided polyacrylonitrile framework, the activating treatment caused by ZnO
reducing to Zn, and the pore generation caused by evaporation of reduced Zn with a low melting point. The influences of the pH,
ion category, and concentration on methylene blue adsorption were investigated. The physical—chemical characterizations showed
that ZnO was homogeneously distributed on the nanofibers and micropores were generated. The adsorption results revealed that an
efficient adsorption was obtained within a large range of pH values through different adsorption models, which was accelerated by
increasing the temperature. Therefore, the novel Zn@PCNFs are anticipated to be applied in the future as an effective dye waste
adsorbent.

1. INTRODUCTION polar groups, and surface modification of activating treatment
was usually applied.">™"” Biochar need no activating treatment,
but their adsorption efficiency was also low and was influenced
by their raw material composition and carbonization temper-

Various dyes and additives are applied in the fields including
textile, chemistry, and medical treatment, and the lead dye

waste water with dramatically increased amount and catego
v & 1:}27 ature."®"” Cellulose-based carbon adsorbents, usually with a

microsphere shape, have a worse pore structure, which needs
further morphology modification to improve hydrophilicity
and adsorption capacity.”’

As traditional adsorbents, active carbon fibers (aCFs) were

become one of the main water pollutants nowadays.'
Additionally, the condition complexity of dye waste water
always makes purification hard.>~> Therefore, as a kind of
workable and efficient method, adsorbents are applied to

separate pollutants from water resources.”” Carbon materials ) ) - ) O
with a high specific surface area are widely used adsorbing widely used in adsorbing pollutants from air and 11(.1u1d. The

: : larger amount and more shallow pores of aCFs result in a faster
agents in water treatment to remove organic pollutants or

. . 19,21 .
heavy metal ions. %0 adsorbing—desorbing speed. Meanwhile, the strong

The structure and raw material would affect the adsorption activity of aCFs provides special convenience in adsorption

performance and characteristic. For instance, graphene oxide

(GO) has a high specific surface area and rich oxygen- Received: October 13, 2021
containing groups,'”'" which lead to a high dye adsorption Accepted: December 24, 2021
efficiency through a hydrogen bond,"” 7—7 stacking effect," Published: January 4, 2022

and covalent bond."* The carbon adsorbing agents prepared by
direct carbonization from wood or coal showed a lower
adsorption efficiency due to a limited specific surface area or
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Figure 1. (a) SEM, (b) TEM, and (c) EDS mapping images (scale bar = 50 nm) of Zn@PCNFs. (d) TGA and (e) XRD analysis of nanofibers with

or without Zn doping. (f) XPS survey spectra of Zn of Zn@PCNFs.

as well as further modification through a novel preparation
method or incorporation with nanomaterials.”*~**

To obtain the properties and porous structure of activated
carbon for strong adsorption of ions or organic dyes, carbon
materials usually need to undergo an activating treatment
under temperatures higher than 600 °C and be exposed to an
oxidation medium like KOH, which sometimes need assistance
of a special atmosphere.”'®*** As a result, a higher energy will
be required at the stages including the carbonization process of
carbon precursors and the activating treatment. In addition,
after the activating treatment, carbon materials will be further
washed and dried to obtain the activated samples.25 However,
the pore size distribution is not easy to control.

A simple electrospinning technique was applied to prepare
carbon nanofibers (CNFs) as reported in our previous work.”®
However, reported studies about CNFs in the field of
adsorption were rare. In this study, ZnO nanoparticles were
introduced in CNFs to obtain Zn-incorporated porous carbon
nanofibers (Zn@PCNFs) with a strong adsorption perform-
ance. Through incorporating ZnO, pores or defects would be
generated and pore size distribution would also be regulated.
The chemical composition and structure were characterized by
various experiments. For adsorption capacity measurements,
methylene blue (MB) was chosen as the adsorbing object, and
the influences of the pH value, MB concentration, temperature,
and ion category were investigated. Afterward, adsorption
models were applied to analyze the mechanism of the
adsorption behavior. We believe that this work will provide
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important information for preparing a novel adsorbent for dye
waste water treatment.

2. RESULTS AND DISCUSSION

2.1. Characterization of Zn@PCNFs. The morphology of
Zn@PCNFs is shown in Figure lab; the SEM and TEM
images present that a good nanofiber structure was well formed
(Figure S1) with diameters about 100 nm after carbonization
of PAN/ZnO blend nanofibers, while the diameter of CNFs
was about 350 nm (Figure S2). The specific surface area was
447.707 m*/g with a wider pore size distribution (Figure S3),
indicating that pores were generated and the porosity was
better than that in CNFs (159.647 m?/g) through ZnO
incorporation because the reduced Zn species, whose melting
point is 419.5 °C, were melted at 800 °C and partially
evaporated. The Zn element was homogeneously distributed
on the nanofibers according to the EDS mapping images
(Figure 1c). Additionally, based on TGA (Figure 1d), the
weight loss values of CNFs and Zn@PCNFs were 92.71 and
76.72%, respectively, revealing that the Zn element partially
remained in the nanofibers. The mass proportion of zinc in
Zn@PCNFs was 0.7684%, as checked by ICP. During the
process of carbonization, PAN was converted to a carbon
framework and partial ZnO were reduced to Zn and further
evaporated due to their low melting temperature.””

To determine the form of the remaining Zn elements, the
crystal structure of Zn@PCNFs was analyzed based on an
XRD test. As shown in Figure le, two strong peaks at 20 and
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Figure 2. Effects of the (a) pH, (b) cation and (c) anion, (d) temperature, and (e) Zn content on the adsorption characteristics of MB from an
aqueous solution using Zn@PCNFs. (f) Effects of the MB concentration on the adsorption capacity and decolorization rate of Zn@PCNFs.

44.4° appeared on the curve of CNFs, which were (002) and
(100) of the typical graphite structure.'”*”*® However, a series
of sharp peaks at 31.8, 34.5, 36.2, 47.5, 56.5, 62.8, and 67.8°
appeared on Zn@PCNFs, which were (100), (002), (101),
(102), (110), (103), and (112) of ZnO, respectively.”
Meanwhile, all ZnO peaks would disappear after acid wash
of Zn@PCNFs (Figure S4). XPS was also performed to
distinguish the form of the Zn element. The XPS spectrum of
Zn is presented in Figure 1f; two peaks at 1022.0 and 1045.1
eV were found, which correspond to 2p3/2 and 2p1/2 of Zn,
respectively, further revealing the existence of ZnO.*”

2.2. Adsorption Test of Zn@PCNFs. Various aspects on
MB adsorption were investigated. As shown in Figure 2a, the
MB adsorption capacity of Zn@PCNFs was slightly increased
(from 44.28 to 49.95 mg/g, 12.8%) with the increase in the pH
value (from 2 to 10). MB could be ionized to a positive charge
when dissolved in water,”’ and the point of zero charge (Figure
§5) was evaluated as pHy (7.65) > pHy, (7.15), which would
be attracted by negatively charged Zn@PCNFs (Figure S6).
With decreasing of the pH value, Zn@PCNFs would be
protonated and generate electrostatic repulsion to MB, which
resulted in the decrease in adsorption capacity.7’31 However,
this slight decrease demonstrated that other adsorption
theories except electrostatic force worked and remained
predominantly including the 7—7 stacking effect provided by
the graphite structure of Zn@PCNFs.

Due to the complexity in the composition of waste water,
the influences of various cations and anions on adsorption
capacity were investigated. As shown in Figure 2b,c, cations
like Cu*, Ni**, Fe’", and Fe*" generally could reduce the
adsorption capacity, while anions like CI~, Cr,0,%7, 1057, and
SO,>” could enhance it.

Temperature is another factor influencing MB adsorption.
Different experimental temperatures were evaluated, and the
result is shown in Figure 2d. Generally, the adsorption capacity
was enhanced with the increase in temperature because a
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higher temperature endows MB with a faster movement
speed.”” In addition, a rapid adsorption behavior was presented
at the first 30 min, and the curves became gradually flattened at
the succeeding time. After about 400 min of adsorption, the
equilibrium adsorption capacity was increased from 67.011
mg/g at 20 °C to 68.225 mg/g at S0 °C, which means that the
temperature slightly influenced the adsorption capacity.

As shown in Figure 2e, the adsorption capacity of Zn@
PCNFs with different added ZnO amounts was tested.
Compared with the original PCNFs, the adsorption efficiency
of Zn@PCNFs was obviously improved and reached maximum
when ZnO was 3%. According to the results in Figure S3, the
pore structure was changed after ZnO addition, which revealed
that Zn@PCNFs obtained a higher specific surface area and
wider pore size distribution. Therefore, the adsorption capacity
was enhanced by Zn incorporation compared to ZnO particles
and pure CNFs (Figure S7). In addition, the Zn source was
also investigated. As shown in Figure S8, by controlling the
same Zn element amount, ZnO-incorporated PCNFs
presented a higher adsorption efficiency than ZnCl, and
Zn(Ac), (Figure S9a,b). In addition, different Zn-incorporated
adsorbent structures of ZnO nanoparticles (Figure S9c),
carbonized ZIF-8, and Zn@PCNFs were well prepared and
evaluated, the result of which showed that Zn@PCNFs
obtained a superior adsorption performance (Figure S10).

On the factor of the initial concentration of MB, a gradient
concentration experiment was carried out and the result is
shown in Figure 2f. The adsorption efficiency was decreased
from 99.60% (Figure S11) to 20.91% when the MB initial
concentration was increased from 25 to 800 mg/L. However,
the adsorption efficiency was higher than 90% when the MB
initial concentration was below 100 mg/L. A higher initial
concentration provides a stronger driving force to transfer
matter on the surface with a higher adsorbing quantity,'® while
the adsorption efficiency decreases at a dramatically high
concentration.*
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Figure 3. Kinetic parameters of (a) pseudo-first-order and (b) pseudo-second-order adsorption kinetic models for MB on Zn@PCNFs. (c)
Intraparticle diffusion models of Zn@PCNFs. (d) Adsorption thermodynamics of Zn@PCNFs.

Table 1. Simulation Parameters of the Particle Diffusion Model of Zn@PCNFs

Kip (mg-g~'-min~"%) G R Kip (mg-g"-min~°%) G R’
1.31 + 0.02 —242 + 0.20 0.999 0.64 + 0.03 4.75 £ 0.75 0.977

Table 2. Langmuir and Freundlich Isotherm Parameters of Zn@PCNFs

Langmuir isotherm Freundlich isotherm
4 (mg-g™) K, R;? n Ky R
35.88 + 1.53 3.78 + 0.16 0.993 3.50 + 0.54 22.52 + 1.58 0.936

2.3. Adsorption Kinetics Analysis of Zn@PCNFs. PCNFs surface and be quickly adsorbed, which then further

Pseudo-first-order, pseudo-second-order, and intraparticle revealed a typical liquid film diffusion. For the second stage,

diffusion models were applied to analyze the results, which the lower slope means that the adsorbing speed was lower than

were calculated as eqs 13, respectively: the first stage, which revealed an inner diffusion of the MB

In(qe — qt) =Inq — kt (1) molecule in the pores of Zn@PCNFs.”* The constant C

obtained by the intercept at the y axis could be applied to

t 1 t reflect the mass transferring speed of the two stages. Obviously,

q_t B kyq> + q_e @) a lower C; (Table 1) means a smaller interface thickness and

¢ MB diffusion resistance of the first stage®’” due to the

q, = kiptO-S +C ) concentration gradient driving force at the earlier period of

adsorption. When more MB molecules were adsorbed, the

where g, means the equilibrium adsorption capacity, g, means driving force was weakened and the diffusion of MB should

the adsorption capacity at a certain time ¢, and k;, k,, and k;, overcome a stronger resistance in the following adsorption
mean the constants of pseudo-first-order, pseudo-second- period.

o}ll'dirr,1 and diffusion rates. C means a constant of the interface 2.4. Adsorption Isotherm of Zn@PCNFs. Adsorption

thickness.

isotherm models of Langmuir and Freundlich are widely

The fitting results are shown in Figure 3; the pseudo-first- . . g .
proven to analyze various adsorption equilibria of metal ions

order model (Figure 3a) was better in describing the
adsorption process of Zn@PCNFs than the pseudo-second-
order model (Figure 3b). Intraparticle diffusion models were

and dye molecules in evaluating adsorption capacity and
forecasting the adsorption behavior based on the fitting results

. S 35,36 :
fitted and are shown in Figure 3¢, and two stages were found. of different adsorption isotherm models. The Langmuir
For the first stage, the slope of the fitting line was larger, which and Freundlich models were calculated by eqs 4 and 5,
means that the MB molecule could disperse to the Zn@ respectively:
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where K; and K; mean the Langmuir and Freundlich
adsorption equilibrium constants, respectively, g,, means the
maximum adsorption capacity (mg/g), 1/n means the
characteristic constant related to the adsorption strength.

As shown in Table 2, both isotherms had good fitting on the
MB adsorption of Zn@PCNFs. The Langmuir model fits
slightly better than Freundlich, indicating that MB is adsorbed
as a monolayer. For the Freundlich model, n is calculated as
3.499, revealing that intermolecular force existed during the
adsorption process on the uneven surface of Zn@PCNFs.”’

2.5. Adsorption Thermodynamics of Zn@PCNFs.
Gibbs equation was applied to analyze the influence of
temperature on MB adsorption:

C
K ==
4, (6)
AH As
IhK =—-——+ —
RT R (7)
AG = —RT InK’° (8)

where K, means the thermodynamic equilibrium constant (L/
mg), AG means the Gibbs free energy (kJ-mol™'), AH means
the adsorption enthalpy (kJ-mol™'), AS means the adsorption
entropy (kJ-mol™"-K™'), R means the thermodynamic constant
(8.314 J-mol™"K™"), T means the adsorption temperature (K),
and Kc° means the standard equilibrium adsorption constant
(L-mg_l).

The adsorption process was carried out by exchanging
between solvent and solute molecules on absorbance, which
would cause heat exchanging and be influenced by temper-
ature. As shown in Figure 3d and Table 3, AH and AS were

Table 3. Equilibrium and Thermodynamic Parameters for
the Sorption of MB by Zn@PCNFs

T (K) AG (Kmol™) AH (Jmol™) AS (IJ-mol™"-K™) R?
32315  —8.20 + 0.35 57.64 + 3.96 0.20 + 0.01 0.991
31315 —5.61 + 020

303.15  —4.02 + 0.20

293.15 —1.94 + 0.08

positive values, and AG was calculated to be a negative value,
revealing that MB adsorption on Zn@PCNFs had an
endothermic behavior and was a spontaneous process at or
above room temperature. In addition, the absolute value of AG
was increased with increasing temperature, indicating that
appropriate heat would accelerate the adsorption process.

3. CONCLUSIONS

Zn-incorporated porous carbon nanofibers (Zn@PCNFs)
were successfully prepared by electrospinning a blend solution
of PAN/ZnO nanoparticles. Various characterizations proved
the homogeneous distribution of the Zn element and the
porous structure of the nanofibers. Zn@PCNFs showed good
adsorption capacity under various conditions including the pH
value, temperature, and ion category. The pseudo-second-
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order and Freundlich models were better in describing the MB
adsorption behavior, which is influenced by several factors.
The prepared Zn@PCNFs provides considerable adsorption
capacity on MB and great potential in organic dye solution
treatment.

4. EXPERIMENTS

4.1. Materials and Instruments. Polyacrylonitrile (PAN,
Mw = 1.§ X 10°) and ZnO nanoparticles (purity of >99.9%
metals basis, 30 + 10 nm) were purchased from Sigma-Aldrich
(Shanghai) Trading Co., Ltd. (Shanghai, China). Dimethyl-
formamide (DMF, AR), methylene blue (MB, ID), ZnCl,
(AR), Zn(Ac), (purity of >99%), and 2-methylimidazole
(purity of >98%) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).

4.2. Fabrication and Characterization of Zn-Incorpo-
rated Porous Carbon Nanofibers (Zn@PCNFs). The
nanofibers were fabricated by an electrospinning technique as
described in our previous work.”® Briefly, PAN was dissolved
in DMF to prepare 10 wt % solution and then various ratios of
ZnO nanoparticles (1, 3, and 6 wt %) were added, stirred, and
sonicated to form a homogeneous blend solution. As a
comparison, different Zn sources were chosen to prepare the
samples and reveal the property differences. ZnCl, was directly
dissolved in DMF, and Zn(Ac), was first used to synthesize
ZIF-8 nanoparticles with 2-methylimidazole as reported from
refs 39, 40 and added to PAN solution. The Zn quantity of
ZnCl, and ZIF-8 was controlled the same as that of ZnO. In
addition, carbon nanofibers (CNFs) prepared by pure PAN
were used as a negative control group.

The electrospinning process was carried out under a voltage
of 18 kV, an extrusion rate of 15 pL/min, and a receiving
distance of 15 c¢m to prepare nanofiber mats followed by pre-
oxidation under 250 °C in the air for 2 h and carbonization
under 800 °C in a N, atmosphere for 2 h to prepare Zn@
PCNFs.

The morphology of Zn@PCNFs was observed by SEM
(Gemini SEM 300, Zeiss, Germany) and TEM (Talos F200X,
ThermoFisher Scientific, USA). The TGA results were
recorded through a thermogravimetric analyzer (TG 209 F1,
Netzsch, Germany). The crystal structure was recorded by
XRD (D2 Phaser, Bruker, Germany). The elemental
composition was measured by XPS (Escalab 250Xi, Thermo-
Fisher Scientific, USA). The BET surface areas, pore volumes,
and pore size distributions were measured from nitrogen
physisorption data at 77 K obtained with an ASAP 2020
analyzer (Micromeritics Instrument Corp., USA)

4.3. Adsorption Test of Zn@PCNFs. A series of
concentrations of MB solution were prepared with different
pH values adjusted with NaOH and HCI. Certain amounts of
Zn@PCNFs were dispersed in MB solution and continuously
shaken under room temperature. The solution was taken out at
a preset time point and centrifuged, the supernatant of which
was measured by UV—Vis spectrophotometry to determine the
MB concentration. The equilibrium adsorption capacity (gq,)
was calculated using eq 8:

(G =)V

€

(9)

m

where C, and C, mean the MB concentrations (mg/L) before
and after Zn@PCNFs adsorption, respectively, V means the
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volume of the solution (L), and m means the weight of Zn@
PCNFs (g).

To evaluate the influence of the ion category on MB
adsorption capacity, various ions with different concentrations
(0.05 and 0.2 mmol/L) were introduced in MB solution.
Likewise, temperature was also investigated by setting the
solution in a shaker with different temperatures.
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