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A B S T R A C T

Electrospun zinc oxide (ZnO) nanofibers have been significantly improved via a simple heat treatment mod-
ification. The present work reports an intriguing cost-effective microstructure tuning, by drastically dropping the
temperature of the calcined sample during the cooling period, to get highly photocatalytically active ZnO na-
nofibers. The calcination temperatures are deducted from thermogravimetric analysis, the phase and purity are
confirmed by X-ray diffraction, while the morphology and texture have been revealed by field emission scanning
electron microscopy and high-resolution transmission electron spectroscopy. X-ray photoelectron spectroscopy
was conducted to get further insight on the surface composition and oxidation states, while N2-adsorption
isotherms were analyzed using the Brunauer-Emmet-Teller methodology. The crystallinity, surface area, and
porosity of the ZnO nanofibers, as well as the exposure of active sites, have been enhanced by the rapid cooling
method. Photodegradation activity toward methylene blue was improved from 88% to 94%, and 85% to 97%,
for free cooled and rapid cooled samples calcined at 300 °C and 500 °C respectively. The adsorption of chromium
(VI) was also tested and reached around 85 mg/g at 100 ppm without being saturated, thereby highlighting one
of the most cost-effective performance-enhancing modifications so far that could be extended on different metal
oxide nanomaterials.

1. Introduction

The desire to improve the quality of human life has led to fast-
growing industrialization and urbanization [1], however, it has come
with a heavy cost. Along with air pollution, water pollution is con-
sidered as one of the actual significant threats to humanity on earth
[2,3]. Among all contaminants in the subject, genotoxic organic and
inorganic pollutants such as dyes and heavy metals are putting day-to-
day human and animal life at high risk even at low concentrations
[4–6]. On top of the scarcity of world water resources, the large
worldwide scale production is deeply concerning; around 7 × 105 tons
of dye-stuff per year for instance [7]. Therefore, the reuse of waste-
waters promptly put breakthroughs in dyes treatment on high demand
[8].

To date, various techniques have been deployed for this regard,
including chemical oxidation, coagulation, photocatalysis, and ad-
sorption [9]. The latter two remedies are the most widely appreciated

due to the cost and energy-related considerations besides the remark-
able efficiency and the likeliness of their application on an industrial
scale. Many materials such as metal-organic frameworks (MOFs)
[10,11], porous organic polymers (POPs) [12,13], etc. have been used
for dye degradation and heavy metal adsorption. In spite of the large
surface area and hierarchical porous 3D structure, in particular, it is
challenging to form organic materials in a wide range of stable and
reproducible nanostructures [10,14,15], as well as the inorganic sub-
stances. Metal oxides, for instance, possess decent stability and can be
synthesized relatively simple and cost-effective at the nanoscale,
granting higher surface area together with captivating semiconductor
properties [16–18]. Therefore, from the time when Fujishima and
Honda have inspected TiO2 features, numerous achievements have
been met, exploiting such inorganic materials as ZnO, MgO, SnO2, CdS,
etc. [19–21]. Moreover, in order to improve the inherent efficiency,
different nanostructures have been synthesized during the last decades,
and various doping approaches have been employed [20–22], seeking
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wider band gaps for better photocatalytic activity. Nevertheless, not
many studies have drawn care to bring straightforward changes to the
conventional procedures themselves.

ZnO and TiO2 are found to be the most commonly used among a
wide range of binary and ternary metal oxides due to their interesting
intrinsic properties, namely the high photosensitivity, wide bandgap,
and porous structure [23–25]. Even though TiO2 has been slightly more
attractive and extensively studied for these matters, ZnO remains de-
finitely an excellent candidate; it is more abundant at a lower cost, non-
toxic, and eco-friendly, thus shedding more light on the likeliness of its
usage. Furthermore, the photocatalytic efficiency of ZnO materials is
highly comparable or even better than TiO2, CeO2, MgO, SnO2, etc.
[19,22]. Besides that, ZnO may come in different nanoshapes as it is
relatively easier to synthesize 0, 1, 2, and 3-dimensional nanostructures
out of it [26].

This work addresses ZnO nanofiber fabricated by electrospinning as
one of the most effective techniques allowing the utilization of max-
imum length, stability, and high surface area of the nanofibers, in ad-
dition to the facts that the method is simple, cost-effective, and con-
venient [27,28]. Electrospun ZnO nanofibers are generally long chains
of interconnected polycrystalline nanoparticles, providing a high sur-
face to volume ratio, and offering a remarkably large contact surface
[27]. Once the nanofiber is illuminated by larger energy than its
bandgap, photogenerated electrons migrate to the surface and stimulate
the adsorption of oxidative O2 via the reaction O2(g) + e− → O2(ad).
This layer is known to make ZnO nanofibers extremely sensitive to UV
light [29].

Relying on our previous work on nanowires [30], we have been
interested in the effects of the cooling route after calcination and tried
to extend it to the ZnO nanofibers as well, since the latter presents a
stretched morphology and a higher surface area, while an enhanced
surface area is directly linked to smaller crystallites [30]. In this regard,
it has been demonstrated that the rapid cooling method shrinks and
thus multiplies the grains. Since the grain boundaries work as traps to
holes and hinder the recombination of electron-hole pairs, the con-
ductivity of the material can be improved [16,29]. The different cooling
routes for the synthesis of ZnO nanofibers and the effect of the resulting
morphology on the photocatalytic activity evaluated by MB degrada-
tion and the adsorption efficiency exemplified by Cr(VI) removal is
discussed.

2. Materials and methods

2.1. The procedure for fabrication of nanofibers

The mixture of 2.5 g of in a solution of 18 wt% of PVA (4.0 g, Sigma-
Aldrich, 87%-90% hydrolyzed, Mw = 30,000–70,000 g/mol) was
stirred at 60 °C with 1000 rpm for 5 h, the homogeneous solution of
PVA/ZnAc was loaded afterwards into the plastic syringe. The elec-
trospinning experiments were carried out with a home-made electro-
spinning setup including a pump model (New Era Pump Systems, Inc.
NE-300) and a high voltage power supply (Gamma High Voltage
Research, Ormond Beach, FL32174). Parameters used on this setup
were such as 6 cm for the tip-to-collector distance, while the feed rate
was kept constant at 2.5 mL/h and 10 kV potential was applied to the
tip of the syringe needle. As-spun PVA/ZnAc nanofibers were collected
from the aluminium foil into an alumina crucible placed in a muffle
oven (Protherm furnaces, PLF/20/27, Turkey) and calcined at 300,
500, and 700 °C for 6 h with a rate of 2 °C min−1. The resulting na-
nofibers were named FC-NF@300, FC-NF@500, and FC-NF@700 sub-
mitted to free-cooling inside the muffle until reaching room tempera-
ture. While RC-NF@300, RC-NF@500, and RC-NF@700 were subjected
to a rapid cooling by picking the sample up from the oven right after 6 h
period of heating and applying cold water to cool down the edges of
alumina crucible.

2.2. Characterization methods

The morphology and texture were studied by scanning electron
microscopy (SEM, Carl Zeiss 300VP, Germany) equipped with energy
dispersive X-ray spectroscopy (EDX) system and transmission electron
microscopy (FETEM - JEM-2100F, Jeol). ZnO nanofibers micrographs
were treated via processing software, Fiji ImageJ, to get approximative
diameters. A gold coating was applied to the samples using a Q150 RES
coater to enhance the conductivity before SEM imaging. SEM micro-
graphs were taken with accelerating voltage of 3.0–10 kV and working
distance of 7.0–12.0 mm. The purity and crystallinity of the ZnO na-
nofibers were investigated via a Philips X' Pert Pro X-Ray diffractometer
in theta-theta configuration with a time per step of 15.24 s. A couple
tension/current of 45 kV/40mA was applied on the copper anode, and
the diffraction was collected from 5° to 100°. Thermogravimetric ana-
lysis (TGA) was performed using a TA Instruments (SDT Q600 V20.9
Build 20) in a range of 20 to 800 °C with a ramp of 10 °C/min. The
surface composition of the nanofibers before and after chromium
sorption was analyzed by X-ray Photoelectron Spectroscopy (XPS –
Thermo Fisher EscaLab 250Xi) with an Al Kα X-rays source. The si-
mulated peaks used for XPS deconvolution were 100% Gaussian type.
The XPS database was used (Xpssimplified) for the binding energies
values. N2 adsorption-desorption isotherms were obtained at 77 K via
the Brunauer-Emmet-Teller methodology (Micrometrics 3Flex). Fourier
transform infrared (FTIR) and the attenuated total reflection (ATR) of
the fibers were performed with a spectral resolution of 4 cm−1 in a
Thermo Scientific Nicolet iS5 spectrometer.

2.3. Photocatalytic performance of ZnO nanofibers

A model reaction was employed for the determination of the pho-
tocatalytic activity of ZnO nanofibers. The samples were treated with
Methylene Blue (MB) solution under UV irradiation. MB (AppliChem)
solution was prepared at a concentration of 0.02 mM at neutral pH.
Afterwards, 2.5 mg of each catalyst (FC-NF@500 and RC-NF@500) was
added in 25 mL of MB solution and stirred for 20 min in the dark to
provide the adsorption and desorption equilibrium between photo-
catalyst and dye solution. Also, 25 mL of MB solution was prepared
without adding any catalyst to control the model reaction. Then, the
MB solutions were irradiated with 300 W UV lamp (Osram Ultra
Vitalux, German) through 210 min with a distance of 10 cm above the
beaker. The degradation percentage of MB solutions was determined by
using a UV-Vis spectrophotometer (SHIMADZU, UV 2550, Japan) by
observing the color disappearance of MB solution. The percent de-
gradation was calculated by the following equation that A0 and At refers
to the initial and final absorbance of MB solutions.

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×Degradation (%) (A A )
A

1000 t

0

2.4. Photoelectrochemical measurements

Linear sweep voltammetry (LSV) and EIS Nyquist plots were con-
ducted on the electrochemical workstation (CHI 760D, CH Instruments,
Inc., Shanghai, China). Ag/AgCl electrode was used as a reference
electrode and a platinum electrode as a counter electrode, the working
electrode is a glassy carbon with a disk area of 0.07 cm2, all together
submerged in a 1 M KOH solution.

2.5. Chromium adsorption

Visual MINTEQ software was used for the speciation analysis of
chromium-containing ions at various pH values (Fig. S1). Batch ad-
sorption studies were conducted to calculate the chromium ion ad-
sorption capacity of ZnO nanofibers. The 1000 ppm chromium solution
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was prepared by dissolving potassium chromate (K2CrO4, Merck,
99.5%) in ultrapure water. The pH of the solution was adjusted to 2.0
by using hydrochloric acid (HCl, Sigma-Aldrich, 37%) and ammonia
(NH3, Sigma-Aldrich, 28–30%) solutions. Four different concentrations
of K2CrO4 solutions (5, 10, 50, and 100 ppm) were prepared by the
diluting stock solution. The working conditions were set as 120 min for
agitation time, 50 °C for reaction temperature and 2.0 for solution pH.
These conditions were chosen according to the literature studies for the
optimum conditions of Cr(VI) adsorption on ZnO nanostructures
[31,32]. The amount of ZnO nanofiber adsorbents was 1 g L−1 and the
samples were treated with Cr (VI) solutions for 120 min under con-
tinuous stirring on a magnetic stirrer. Then, the nanofibers were re-
moved from the solutions and the concentrations of solutions were
determined by using the inductively coupled plasma – mass spectro-
meter (ICP-MS) (Agilent 7500ce Series, Japan). The ICP-MS operation
parameters are given in Table S1. The main stock solutions (10, 1.0,
0.10 and 0.010 ppm) were prepared by dilution of 1000 ppm Cr (VI)
stock solution. Then, standard solutions of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0,
5.0, 10.0, 20.0, 50.0, 100.0, 200.0, 500.0, 750.0, 1000 and 2000.0 ppb
concentrations were prepared by appropriate dilution of main stock
solutions to the required volume. Germanium internal standard solu-
tion was added in all samples and standard solutions at the same con-
centration level through all ICP-MS analyses to improve the precision of
quantitative analysis. Moreover, all samples and standard solutions
were acidified by addition of concentrated HNO3 to produce 1.0% (v/v)
acid in the final solution. For the interpretation of ICP-MS results, a
calibration graph is constructed, and the concentration of Cr ions was
calculated by using this graph (Fig. S2). The chromium adsorption ca-
pacity ZnO nanofibers were calculated from the following equation:

=
−

Q
C C V

w
( )i f

where Q is the adsorption capacity (mg g−1) of ZnO nanofibers, Ci is the
initial concentration, and Cf is the final concentration of Cr (VI) solu-
tions, V is the volume of solution passed through the adsorbent and w is
the weight of adsorbent.

3. Results and discussion

3.1. Structural and morphological analysis of ZnO nanofibers

In order to confirm the effective calcination temperatures, thermal
gravimetric analysis (TGA) has been applied on zinc acetate (ZnAc),
poly (vinyl alcohol) (PVA) powders, and PVA/ZnAc composite nanofi-
bers (Fig. S3). PVA underwent two stages of weight loss, namely 70%
from 268 °C to 350 °C due to the elimination of hydroxyl groups,
leaving a residue of conjugated structures and carbonyl groups [33],
followed by 13% loss of the final degradation of the organic compounds
from 416 °C to 470 °C.

The composite nanofibers displays four losses; water evaporation
around 115° (10%), then the decomposition of zinc acetate and PVA
organic compounds over three stages of 28%, 9%, 12% occurring re-
spectively at 273 °C, 362 °C and 480 °C, these results come in ac-
cordance with previously reported work [34].

X-ray diffraction (XRD) patterns in Fig. 1a and b confirm that in-
creasing the calcination temperature improved the structural crystal-
linity [30]. More importantly, it clearly reveals the surprising impact
that rapid cooling has on the crystallinity and the facet growth. Al-
though 300 °C is shown to be not enough to oxidize nanofibers (Fig. 1a),
keeping the same temperature of treatment and subsequently rapid
cooling has interestingly improved the crystallinity of the nanofibers by
promoting the growth of the main facets (1 0 0) (0 0 2) and (1 0 1) for a
wurtzite ZnO (Fig. 1b). Moreover, the 500 °C RC and 700 °C RC samples
have noticeably more intense main reflections, that is to say, better
crystal quality comparing to adjacent free cooled nanofibers, which
returns to the exposition of very hot samples to air enhancing interfacial

oxidation process. It is to note that all composite nanofibers treated at
500 and 700 °C, have reflections matching the ZnO wurtzite crystalline
phase (reference code: 03–065-3411). No other assignable Bragg peaks
have been identified, refuting any alternation of the samples during the
process and asserting the purity of the structures.

On the other hand, average crystallite sizes have been estimated by
Scherrer equation (see appendix) and listed in Table 1, where ZnO
nanofibers show direct proportionality of the crystallite size with rising
oxidation temperature due to the deterioration of grain boundaries and
thus promoting the merging of the crystallites. Additionally, it is worthy
to mention that the 500 °C treated nanofibers have shown a significant
dissimilarity. RC-NF@500 displays around 33% larger crystallite size
than FC-NF@500, which is consistent to the values of Williamson-Hall
(W-H) plots intercepts (Fig. S4), suggesting that the grain boundaries
might carry on deteriorating during the cooling period. W-H plot also
gave insights about RC-NF@500 and FC-NF@500 XRD peaks broad-
enings revealing important microstructural strains contribution due to
rapid cooling. The lattice parameters are expectedly not changing de-
spite the difference of cooling rate (a = b = 3.24 nm and c = 5.2 nm.).

Fig. 1c and d display the Fourier-transform infrared (FTIR) spectra
of the as-prepared and calcined samples that portray relatively the same
transmission bands, the intense peaks around 510 cm−1 are reflecting
the surface phonon modes of ZneO bond [35]. The single bond from
3000 to 3600 cm−1 may be attributed to the return to the stretch modes
of OeH, it might also hint on the water molecules that have been ab-
sorbed during the test [35–37]. The absorption bands at 1550,
1400 cm−1 in the fingerprint region might be ascribed to the symmetric
and asymmetric vibrations of the CeO group of PVA, respectively [37].
FTIR showed that the rapid cooling process promotes the presence of
the non-volatile carbonyl groups issued from the PVA thermal decom-
position, in a clearly higher amount compared with the free cooling
process.

Fig. 2a shows the temperature effect on the average diameter on the
composite fibers. The smooth texture of non-woven PVA/ZnAc com-
posite nanofibers, with an average size of around 400 nm, is demon-
strated in Fig. 2b. The as-prepared ZnO nanofibers in Fig. 2c–h illustrate
the effect of raising the calcination temperature from top to bottom, and
the cooling method from left to right, free cooling and rapid cooling
respectively. A decreasing diameter trend of the calcined ZnO nanofi-
bers is observed. More importantly, the free cooled samples annealed at
500 °C have shortened in diameter in comparison to 300 °C, which is
due to the loss of organic matter, leading to the appearance of nano-
particles on what used to be the nanofibers. However, at 700 °C, the
shape of the nanofibers is mostly lost and the nanoparticles grow by
fusing together due to the high temperature. It is also worth mentioning
that the morphology has been considerably affected by the cooling
method; rapid cooling has resulted in significant shrinkage in the width
for RC-NF@300. Whereas RC-NF@500 has grown relatively larger na-
noparticles than FC-NF@500, yielding a noticeably increased width
even though the significant loss of carbon related to rapid cooling (Fig.
S5). As for 700 °C, RC has also promoted the formation of larger na-
noparticles as well as the reduction of carbon content in comparison to
FC, nevertheless, both cooling methods resulted in a loss of the fibrous
morphology.

Field emission high-resolution transmission electron microscopy
(HR-TEM) was performed to examine the textural properties of FC-NF@
500 and RC-NF@500. Fig. 3a–f show fibers of width around 154 nm
and 177 nm for FC and RC respectively, while these fibers consist out of
nanoparticles with a diameter of around 25 nm and 28 nm for FC and
RC respectively. These results are consistent with the SEM and XRD
results. RC increases the size of the nanoparticles and therefore the
width of the whole nanofiber. HR-TEM gives an insight on the (1 0 1)
plane of ZnO for both cooling methods, while selected area electron
diffraction (SAED) indicates the improvement of the crystallinity due to
the rapid cooling modification besides exhibiting a clear hexagonal
symmetry returning to the wurtzite structure.
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N2-adsorption was conducted to investigate the specific surface area
of the 500 °C calcined nanofibers, revealing an improved BET surface
area, from 7.55 to 10.79 m2/g, as well as increased pore size, from
17.2 nm to 23.5 nm for free cooling and rapid cooling, respectively.
Fig. 3g shows an isotherm type II for both samples with a first inflection
point around P/P0 = 0.2, hinting at the formation of the first mono-
layer. Subsequently, a counter-adsorption takes place and reaches its
maximum at a relative pressure of 0.8, followed by capillary con-
densation. Rapid cooling seems to remarkably enhance the porous
structure and significantly improve the maximal adsorption volume
from 21 cm3/g to 41 cm3/g, for FC-NF@500 and RC-NF@500, re-
spectively. The inset of Fig. 3g shows the pore volume versus pore
width plot of the nanofibers, indicating different pore construction of
FC-NF@500 and RC-NF@500.

3.2. Photocatalytic performance of ZnO nanofibers

The fabricated ZnO nanofibers were applied as photocatalyst and
their degradation performances were tested towards methylene blue
(MB). Fig. 4 shows the representative UV–Vis spectra of a 0.02 mM
aqueous MB solution in the presence of the RC-NF@500 nanofibers
under exposure of 300 W UV light from 0 to 210 min. The increase in

irradiation time diminishes the absorption peak corresponding to MB at
663 nm gradually. Long-term UV irradiation of MB (≈210 min) in the
presence of RC-NF@500 nanofibers results in up to 97% degradation of
MB, and the color of the MB solution has disappeared, as seen in inset
figure. Because of the unique electronic configuration and electron-hole
pair production abilities of semiconductor metal oxides, they have been
taking part in light-catalyzed redox reactions for the last years. Hoff-
mann et al. proposed, that when the energy of photon matches or ex-
ceeds the bandgap energy of the semiconductor, an electron is pro-
moted from the valence band to the conduction band by leaving a hole
behind. Then, the excited state electrons in the conduction band and the
holes in the valence band can recombine by dissipating energy as heat
[38]. ZnO nanostructures have a bandgap of nearly 3.2 eV, which
means the photocatalysis reaction can be initiated by applying energy
larger than 3.2 eV. The photo-generated electron-hole pair on the sur-
face of the ZnO nanostructures can react with O2, H2O or other organic
compounds that result in the generation of reactive oxygen species
(ROS) in a reaction medium. These ROS could be hydroxyl (%OH) or
superoxide (%O2

−) radicals as well as hydrogen peroxide (H2O2) mo-
lecules, and they effectively take part in the oxidation processes of
organic pollutants such as MB [39,40].

Photocatalytic degradation of MB solution in the absence of ZnO
nanofibers was also demonstrated by placing the dye solution under UV
light for 210 min. Only a 23% reduction was observed in the absor-
bance of MB solution (Fig. S6) which indicates that both UV irradiation
and a ZnO catalyst are required together for fast and complete de-
gradation of MB. Fig. 5 represents the percent degradation of MB under
UV irradiation in the presence of ZnO nanofibers as a function of time.
The percentage of degradation was calculated by using the time-de-
pendent UV-Vis spectra of MB solutions (Fig. S6). The degradation of an
MB solution occurs rapidly when FC-NF@500 nanofibers were used as

Fig. 1. Structural analysis of free and rapid cooled samples. XRD patterns of (a) the free cooled ZnO NFs, (b) the rapid cooled ZnO NFs. FTIR spectra of (c) free cooled
and (d) rapid cooled ZnO NFs.

Table 1
Average crystallite size of the ZnO nanofibers calcined at given temperatures.

Calcination
temperature (°C)

Average crystallite size of
free cooled ZnO (nm)

Average crystallite size of
rapid cooled ZnO (nm)

300 – –
500 21 28
700 41 40
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photocatalyst and reach 79% at 150 min, while at that time the percent
degradation of RC-NF@500 nanofibers was only 70%. However, the
percent degradation of rapidly cooled nanofibers (RC-NF@500) over-
takes FC-NF@500 ones after that and reaches 97% at 210 min while
free cooling reaches only 85% efficiency. The higher degradation rate of
FC-NF@500 nanofibers could be the result of their larger average fiber
diameter (AFD) and their better dispersion in water. However, the
larger the AFD, the smaller the BET surface area, and therefore the FC-
NF@500 nanofibers have lower photocatalytic performance than RC-
NF@500. The increase in BET surface area of the catalysts results in
better photocatalytic performance because of the larger number of

active sites on the photocatalytic surfaces [41]. The larger surface area
of the RC-NF@500 nanofibers makes the access and participation of the
carriers on the photocatalytic surface more available.

Generally, ZnO exhibits weak electrochemical water oxidation on
the surface of the electrode with almost no significant photocurrent
under visible light [5]. However, the rapid cooling modification has
improved noticeably the photoconversion yielding a higher maximum
photocurrent at a potential of 0.8 mV (Fig. 6a). The higher photocurrent
is related to a strong ability to keep the pairs e−-h+ separated longer
[42], as well as it returns to an improved rate of photo-induced carriers
in the material [43,44]. These results come in accordance with Nyquist

Fig. 2. (a) The variation of average fiber diameter of composite nanofibers before and after calcination. SEM micrographs of PVA/ZnAc composite nanofibers (b)
before calcination and after calcination at (c) FC-NF@300, (d) RC-NF@300, (e) FC-NF@500, (f) RC-NF@500, (g) FC-NF@700, and (h) RC-NF@700. Scale bar denotes
1 µm for each micrograph.
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plots (Fig. 6b), RC-NF@500 shows a lower resistance to the interfacial
charge transfer than FC-NF@500.

3.3. Cr (VI) adsorption performance of ZnO nanofibers

The adsorbed amount of Cr (VI) ions after 120 min, at a fixed pH of
2.0 at a temperature of 50 °C, was calculated in the presence of 1 g L−1

ZnO adsorbent. The pH of the solution system is one of the most sig-
nificant factors that affect the adsorption performance. It is widely
known that the maximum Cr (VI) adsorption can be achieved when

highly acidic conditions were maintained in the solution [31,32,45].
The dominant species of Cr (VI) in aqueous solutions are CrO4

−2

(chromate) and HCrO4
− (hydrogen chromate) (Fig. S1b). While at

highly acidic conditions, meaning low pH, a majority of CrO4
−2 species

are found, at basic conditions HCrO4
− species are stable. ZnO nano-

particles show a tendency to adsorb HCrO4
− species while at high pH

values, Cr (VI) ion removal is inhibited due to the competition with the
OH− ions in the solution [45]. Thus, the working pH for the adsorption
trials was set to 2.0 through this study. The adsorbed amount of analyte
species increases with an increase in adsorbent dose because of the

Fig. 3. HR-TEM and SAED of (a, c, e) free cooling and (b, d, f) rapid cooling composite nanofibers calcined at 500 °C. (g) Nitrogen adsorption isotherms of free
cooling and rapid cooling composite nanofibers. Inset shows the pore volume versus pore width plot of the nanofibers.
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presence of a larger number of active sites and after a certain point
equilibrium is achieved [46]. Khan et al. and Olivera et al. showed that
equilibrium was attained when 1 g L−1 ZnO adsorbent was used for the
removal Cr (VI) ions [45,46]. According to this information, we decided
to use an adsorbent dosage of 1 g L−1 (ZnO nanofibers). The adsorption
of Cr (VI) ions is an endothermic process as the species need enough

energy to interact with the active sites of the adsorbent. This is because
the diffusion and mobility of the analyte species increase at higher
temperatures. Therefore the temperature for the adsorption process was
set as 50 °C [47,48]. In the literature, various contact times have been
tried in order to achieve maximum Cr (VI) adsorption [31,32,45,49].
The required contact time was chosen as 120 min during the adsorption
process to obtain the highest adsorption. The adsorption of Cr (VI) ions
was carried out at four different initial chromium ion concentrations,
ranging from 5 to 100 ppm (Fig. 7).

When the initial Cr (VI) concentration increased from 5 to 100 ppm,
the adsorbed Cr (VI) amount increased from 3.3 ± 0.6 to
75.9 ± 3.2 mg/g and 3.4 ± 0.4 to 84.6 ± 4.2 mg/g for FC-NF@500
and RC-NF@500, respectively. The uptake of Cr (VI) ions at high initial
concentration increases because a high concentration provides a driving
force to overcome the mass transfer resistances of the pollutant between
the aqueous and solid phases [50,51]. The adsorption capacity of the
fibers does not reach any saturation, even at 100 ppm Cr (VI) con-
centration, because of their high surface area. Table 2 shows a com-
parison of the maximum adsorption capacities of various adsorbents for
the removal of Cr (VI) ions from aqueous solutions. The relatively
higher adsorption capacity of ZnO nanofibers makes them a suitable
adsorbent for the removal of hexavalent chromium ions from aqueous
solutions. Moreover, this study is the first in literature that utilizes ZnO
nanofibers in Cr (VI) adsorption.

For further elemental interpretations, XPS analysis was performed
for FC500 and RC500 nanofibers before and after Cr (VI) adsorption.

Fig. 4. UV-Visible spectra of MB solutions under UV light irradiation in the
presence of RC-NF@500 nanofibers. Inset: Color change of MB solution over
210 min.

Fig. 5. Percentage degradation of MB solution under UV radiation as a function
of time using FC-NF@500 and RC-NF@500 nanofibers (2.5 mg nanofiber in
25 mL of 0.02 mM MB solution).

Fig. 6. Linear sweep voltammetry (LSV) spectra performed at a scan rate of 50 mV in 1 M KOH solution (a), and Nyquist plots (b) of FC-NF@500 and RC-NF@500.

Fig. 7. Chromium adsorption capacity of FC and RC ZnO nanofibers as a
function of initial concentration (pH ≈ 2.0, adsorbent dosage = 1 g L−1,
temperature = 120 °C, contact time = 120 min).
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Firstly, the adsorbents were analyzed with XPS and the photoemission
bands C(1s), O(1s) and Zn(2p) were recorded in order to characterize
their functional groups before Cr (VI) adsorption (Fig. 8a and c). The
C(1s) spectra of FC-NF@500 and RC-NF@500 appears around 284 and
288 eV, assigned to the CeC and CeO bonds [55] (insets in Fig. 8). The
O(1s) spectra of the samples were obtained and a peak around 531 eV
was found, which could be ascribed to the presence of hydroxides [56],
Zn(2p3/2) and Zn(2p1/2) were observed in the survey XPS spectra of all
samples at 1021 and 1044 eV, respectively. These spectra of Zn(2p) are
simple spin-orbit doublets generally corresponding to the ZnO wurtzite
structure [57,58]. (Figs. S7 and S8)

For the clarification of the adsorption mechanism for Cr(VI) on FC-
NF@500 and RC-NF@500 nanofibers, the XPS spectra are plotted in
Fig. 8b and d after adsorption. Two energy bands at around 577 and
588 eV correspond to the binding energies of Cr (2p3/2) and Cr (2p1/2),
respectively. The presence of these two bands confirms the existence of
both Cr(III) and Cr(VI) on the surface of the fibers. The Cr(III) peak

suggests that some Cr(VI) adsorbed on the surface of ZnO nanofibers is
reduced to Cr(III) [55,59]. (Fig. S9)

The proposed mechanisms for metal ion removal from aqueous
systems can be classified as (i) oxidation/reduction by photogeneration
of electron-hole pairs and (ii) physical adsorption. The photoreduction
of chromium ions on the ZnO surface contributes to the heavy metal ion
removal in aqueous systems [60]. At the acidic conditions, the nano-
fiber surface is protonated and positively charged (Fig. S1a). Thus, the
positively charged adsorption sites can attract the negatively charged
anionic forms of the Cr (VI) species [32] (Fig. S1b).

The atomic percentages of carbon, oxygen, zinc and chromium
species on the surface of the adsorbents are summarized in Table 3. The
atomic percentages of carbon and oxygen are nearly the same for all
samples before and after adsorption. Moreover, the atomic percentage
of zinc species decreases for both samples after chromium adsorption as
the adsorbed Cr ions might shield the detection of Zn on the surface of
the fibers. There is a further reduction in the atomic percentage of Zn

Table 2
Comparison of different adsorbents for Cr (VI) uptake in the literature.

Adsorbent Adsorbent dose (g/L) Contact time (min) pH Adsorption capacity (mg/g) Ref

Guar gum–nano zinc oxide (GG/nZnO) biocomposite 1.0 50 7.0 55.56 [46]
Nano ZnO nanoparticles 4.0 90 2.0 26.7 [32]
Iron containing Activated carbon 0.6 2880 5.0 68.49 [52]
Activated carbon from Hevea Brasilinesis sawdust 1.0 300 2.0 44.05 [53]
NiFe2O4 doped hollow fiber mixed membrane 0.15 1440 7.0 18.0 [54]
Tea factory waste 10.0 60 2.0 54.65 [47]
ZnO nanofibers 1.0 120 2.0 84.6 This study

Fig. 8. XPS spectra of (a-b) FC-NF@500 and (c-d) RC-NF@500 nanofibers for before and after Cr(VI) sorption, respectively. The insets show the spectra of C (1 s), O
(1 s), Zn (2p), Cr (2p1/2) and Cr(2p2/3) orbitals.
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(2p) for RC-NF@500 nanofibers (26%) compared to the FC-NF@500
ones (18%), which means that there must be more adsorbed chromium
ions on the surface of the RC-NF@500. However, both the atomic
percentage of Cr(2p) species and the Cr/Zn ratio on FC-NF@500 is
nearly two-fold larger than for RC-NF@500. This is in contrast with the
ICP-MS results which proved that RC-NF@500 promotes wider ad-
sorption into the bulk through its largely developed porous structure.

4. Conclusions

A simple and efficient strategy was proposed to enhance the pho-
tocatalytic degradation performance of metal oxides in addition to their
adsorption ability. This study reports the first application of a rapid
cooling method after calcination of PVA/ZnAc nanofibers fabricated by
electrospinning. The properties and performance of the obtained mi-
crostructure after 5 h of constant heating and a subsequent thermal
shock were investigated. The results revealed the intriguing improve-
ment of the porous structure, crystalline properties and interfacial
oxidation of the fibers. The outcome of the free and rapid cooled ZnO
nanofibers was evaluated, and the rapid cooling method exhibited an
enhanced methylene blue photodegradation activity from 85% to 97%,
as well as an increase in chromium (VI) adsorption in acidic media from
76 to 85 mg/g for FC-NF@500 and RC-NF@500, respectively. This
approach could also be of great use for the application of photocatalysis
and adsorption in the treatment of wastewaters containing heavy me-
tals and organic pollutants in various textile, printing, and chemical
industries.
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Appendix

Scherrer equation as published on 1918 =β θ(2 ) Kλ
D θcos .where β(2θ)

the full width at high maximum (FWHM) is inversely proportional to
the crystallite size D, K represents a dimensionless shape factor with a
value 0.9, λ is X-ray wavelength of Cu and θ is Bragg angle.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.apsusc.2020.145939.
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