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a  b  s  t  r  a  c  t

In  this  work  we  report  a highly  efficient  photocatalytic  reduction  of  Cr(VI)  based  on  PAN-CNT/TiO2-NH2

composite  nanofibers  fabricated  by  using  electrospinning  technique  followed  by  chemical  crosslinking
of  surface  modified  TiO2 NPs  functionalized  with  amino  group.  The  structure  and  morphology  of  the fab-
ricated composite  nanofibers  were  characterized  by FTIR,  SEM,  TEM,  TGA,  and  XPS. The  results  indicate
that  the  composite  nanofibers  possess  excellent  photoreduction  performance  for  Cr(VI)  under  visible
light  (125  W)  after  30  min,  which  is  much  faster  than  previous  reports.  The  effects  of various  experi-
mental  parameters  such  as  catalyst  dose,  irradiation  time,  initial  concentration  of  Cr(VI),  and  pH on  the
photoreduction  efficiency  of  Cr(VI)  were  investigated.  The  highest  photoreduction  efficiency  of  Cr  (VI)
was obtained  at low  acidity  and low  amount  of  TiO2/CNT  photocatalyst.  The  kinetic  experimental  data
isible light was  attained  and  fitted  well  with  a pseudo-first-order  model.  The  UV–vis  spectrophotometer  and  XPS
analyses  proved  that  chromate  Cr(VI)  was  reduced  to  Cr(III).  In  addition,  it  can  be  concluded  that  the
addition  of the  phenol  enhances  the  photocatalytic  reduction  of  Cr(VI).  Furthermore,  the photoreduction
mechanism  has also  been  discussed.  Finally,  the fabricated  composite  nanofibers  were  found  to  be  stable
after at least  five  regeneration  cycles.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Chromium plays an essential role in plant and animal
etabolism, and is widely used in many industrial processes such

s electroplating, textile dyeing, paint, leather tanneries, and pig-
ent industries as critical industry materials [1]. Cr exists mainly

n hexavalent Cr(VI) and trivalent Cr(III) forms in the natural envi-
onment [2]. The hexavalent chromium Cr(VI) is highly toxic and
arcinogenic to humans, animals, and plants. The World Health
rganization (WHO) recommends the maximum allowable limit

or the discharge of Cr(VI) into inland surface water is 0.1 ppm,
nd into the drinking water is 0.05 ppm. Therefore, the preferred
reatment is a reduction of Cr(VI) to the less harmful Cr(III), in

rder to avoid the deleterious impact of the Cr(VI) on the human
ealth. Toxicity of Cr(III) is relatively low and it is one of the
ssential micronutrient for human health [3]. In reality, industrial

∗ Corresponding author.
E-mail addresses: alakha@kth.se (A. Mohamed), salam@kth.se (A. Uheida).

ttp://dx.doi.org/10.1016/j.molcata.2016.08.010
381-1169/© 2016 Elsevier B.V. All rights reserved.
wastewater consists of a mixture of organic and inorganic pollu-
tants. Therefore, phenolic compounds are used as a model pollutant
because they are widely used in the preparation of resins, herbi-
cides, and fungicides which are highly toxic to most aquatic life
[4,5]. Therefore, there is an urgent need to remove phenol from the
wastewater.

Hence, the reduction of Cr(VI) into Cr(III) received great
attention in the environmental remediation processes. Different
techniques have been reported for the treatment of Cr(VI) pollution
including chemical reduction, ion exchange, sorption, photocat-
alytic, and bacterial reduction [6–10]. However, most of these
methods require either high energy or large quantities of chem-
icals and are not widely used [8,9]. Recently, the photocatalytic
processes have received considerable attention because being eco-
nomically viable, facile, and effective method for a rapid efficient
destruction of environmental pollutants [11,12]. Many semicon-

ductor catalysts, such as TiO2, ZnO, ZnS, ZrO2, CdS and WO3, have
been studied to investigate the photocatalytic reduction of Cr(VI) to
Cr(III) [13–19]. Among various semiconductor catalysts, TiO2 was
considered as one of the most promising candidates due to its opti-

dx.doi.org/10.1016/j.molcata.2016.08.010
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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al and electronic properties, low cost, high level of photocatalytic
ctivity, chemical stability and non-toxicity [20], which provides
ttractive applications to the photocatalytic reaction. Moreover,
n addition of CNT to the photocatalytic materials shows higher
lectron conducting ability and higher adsorption capacity, which
eans they can act as promising materials for environmental clean-

p applications [21]. CNT and TiO2 act as an electron donor, thus
tabilizing the charge carriers and preventing the charge recom-
ination and also enabling the activity of TiO2 photocatalytic in
he visible light region and have been proven to have an excellent
hotocatalytic performance in photodecomposition [22].

The separation of the photocatalytic powder from the treated
olution after reaction is essential, because it is difficult to separate
nd recover after processing with wastewater, causing secondary
ollution and this process is time consuming and costly, which

imits its application for water purification. Therefore, researchers
re focusing on the development of polymer based compos-
te materials, mainly by incorporation or deposition of metal or
emiconductor and metal semiconductor NPs in/on polymeric
anofibers due to their enhanced properties and potential appli-
ation in catalysis and environmental remediation [23–25]. In this
egard, electrospinning technique is an economic and effective way
f synthesizing polymer nanofibers [26,27], which display large
pecific surface area, fine fabric structure, high aspect ratio, flex-
ble surface functionality, tunable surface morphologies and better
dsorption as well as filtration properties [28,29]. Polyacrylonitrile
PAN) is the most widely used polymer for manufacturing high per-
ormance fibers due to its excellent characteristics and commercial
vailability, as well as its non-toxic nature [30]. According to our
nowledge, few studies working on the reduction of Cr(VI) under
isible light irradiation using nanocomposites materials [31–35].
hese studies have a lot of problem like longer irradiation time
2–4 h) and high power intensity (>125 W)  to obtain the maximum
eduction.

In this work, we develop a new system based on composite
anofibers consisting of PAN, and CNT fabricated using an elec-
rospinning technique followed by further crosslinking of surface
mino-modified TiO2 NPs to these PAN/CNT nanofibrous matrices
n order to increase the adsorption of heavy metals due to the large
umber of binding active sites incorporated on the surface of TiO2
Ps. Our previous work verifies the success of this system under
V and visible light irradiation compared to earlier reports [36,37].
he objectives of this study were to fabricate composite nanofibers
ontaining PAN polymer, MWCNT, and surface amino-modified
iO2 NPs and to develop an efficient and economic photocatalytic
omposite nanofibers for the photoreduction of Cr(VI) in aqueous
olutions under visible light irradiation. The effect of operating
arameters includes initial solution pH, the amount of photocat-
lyst, and Cr(VI) concentration on the photocatalytic reduction of
r(VI) were investigated. Furthermore, the synergistic photocat-
lytic mechanism has also been discussed.

. Experimental

.1. Materials

Polyacrylonitrile, PAN (MW  = 150,000); N,N-
imethylformamide (DMF), sodium hydroxide (NaOH) and
ydrochloric acid (HCI), titanium dioxide powder (TiO2 Degussa
-25), and 3-aminopropyltriethoxysilane (APTES), were purchased
rom Sigma Aldrich. Multi-walled carbon nanotubes, MWCNTs

purity 95 wt%; diameter: 10–40 nm;  length: 20 �m;  specific
urface area 460 m2/g) were synthesized and the procedure is
escribed elsewhere [38]. Potassium dichromate (K2Cr2O7), and
affeic acid (3,4-dihydroxycinnamic acid, 99%) were purchased
alysis A: Chemical 424 (2016) 45–53

from Sigma Aldrich. All reagents and solvents were of analytical
reagent grade and used as received from commercial suppliers.

2.2. Catalyst preparation and characterization

Polyacrylonitrile (PAN) was  dissolved in N,N-
dimethylformamide (DMF) (10 wt.%), at 50 ◦C for 4 h. Then a
desired amount of functionalized CNTs was  added into PAN
solution. Finally, the solution was stirring for 15 min  and then
sonicated for 2 h to completely dissolved. The above solution was
loaded into a syringe pump with a flow rate 0.5 mL/h, at 25 kV. The
fibers were collected on the alumina foil and then dried to remove
the excess solvent. In addition, the surface functionalization of TiO2
nanoparticles with the amino group was  carried out according to a
well-established procedure described in Ref. [39]. The crosslinking
of the PAN/CNT composite nanofibers to TiO2-NH2 NPs was carried
out as described elsewhere [36].

The morphology of the composite nanofibers was examined
using Scanning Electron Microscopy (SEM, Gemini Zeiss-Ultra 55)
and Transmission Electron Microscopy (TEM, JEM-2100F, Joel).
Fourier transform infrared spectroscopy (FTIR, Nicolet iS10) was
used to indicate the spectra of PAN and PAN-CNT/TiO2-NH2 com-
posite nanofibers before and after Cr(VI) reduction. The thermal
stabilities of the composite nanofiber samples were determined
by using thermogravimetric analysis (TGA), TGA Q500, TA instru-
ment. This was  done by heating the sample from room temperature
until 800 ◦C with a heating rate of 20 ◦C min−1 under synthetic
air. The concentration of Cr (VI) in the solution was measured
using UV–vis/NIR spectrophotometer (model LAMBDA 750, Perkin
Elmer). Surface chemical compositions of PAN-CNT/TiO2-NH2 com-
posite nanofibers were analyzed using Thermo Scientific K-Alpha
x-ray photoelectron spectrometer with monochromated Al K�
radiation. Sample surface was neutralized against charging with
flood gun emission during the measurements and all the spec-
tra were corrected according to the C 1 s peak against additional
charging effects.

2.3. Photocatalytic reduction experiments

Photocatalytic experiments were conducted in a column (2 cm
diameter, 30 cm height) in which composite nanofibers mat  of
5 cm × 5 cm was  placed in the middle of the column. A 30 mL  aliquot
of Cr(VI) with initial Cr(VI) concentration of 20 mg/L was  used. The
column was shaking at room temperature for 30 min  and covered
from any source of light to assure that the adsorption equilibrium
of Cr(VI) was reached. The solution was  pumped at a flow rate
of 7 mL/min. The light intensity obtained from the Xenon lamp
(125 W,  420 nm)  was determined to be 100 mW/cm2. During illu-
mination, 3 mL  of the suspension was taken from the column at
scheduled intervals. The Cr concentration prior to and after photo-
catalytic reduction was measured three times using a UV–vis/NIR
spectrophotometer.

3. Results and discussions

3.1. Catalyst characteristics

The SEM and TEM images of photocatalytic material composed
of PAN-CNT/TiO2-NH2 are shown in Fig. 1. TiO2 NPs are distributed
on the surface of nanofibers, which confirms that TiO2 NPs attached
to the surface of nanofibers due to the crosslinking procedure. The
composite nanofibers appear smooth and uniform with an average

diameter of 126 ± 4 nm.

In order to confirm the surface functionalization of the fab-
ricated composite nanofibers, FTIR spectra of PAN nanofibers,
and PAN-CNT/TiO2-NH2 composite nanofibers before and after
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Fig. 1. (a) SEM and (b) TEM micrograph of PAN-CNT/TiO2-NH2 composite nanofibers.
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3.2.1. Effect of catalyst content
ig. 2. FTIR spectra of (a) PAN (b) PAN-CNT/TiO2-NH2 and (c) PAN-CNT/TiO2-NH2

oaded with Cr(VI).

he photoreduction of Cr(VI) were obtained as shown in Fig. 2.
he spectrum for PAN nanofibers exhibited characteristic peaks
f nitrile (2342 cm−1), carbonyl (1700 cm−1) and C H stretching
3159 cm−1) [40]. From Fig. 2b, the peak corresponding to nitrile
s markedly decreased due to the conversion of nitrile to ami-
oxime, after the crosslinking of (PAN-CNT) to (TiO2-NH2). The
bsorption in the range 3100–3700 cm−1 is assigned to N H and

 H vibrations. The bending vibrations of the amine group NH or
H2 observed at 1680 cm−1 confirm the conversion of the nitrile
roup to amidoxime [41]. The band observed at 3159, 1520, and
152 cm−1 assigned to the aliphatic C H bending vibration of the
H2 of polymeric chain, while the band observed at 900 cm−1 is
ssigned to N O. After the photoreduction of Cr(VI) at pH 2, Fig. 2c
wo new peaks at 620 and 570 cm−1 appear in the FTIR spec-
rum of composite nanofibers, which are attributed to the Cr–O
nd Cr = O bonds from the Cr(VI) species. In addition, the band at
200–1470 cm−1 corresponding to N H and O H bending is con-
iderably increased due to the presence of Cr(VI) suggesting that the
mine and oxime group of amidoxime are involved in the binding
f chromium during Cr(VI) uptake [42].

Fig. 3 shows TGA thermograms of PAN nanofibers, PAN-
NT composites nanofibers and PAN-CNT/TiO -NH composites
, 2 2
anofibers in the temperature range from room temperature to
00 ◦C. The thermogram of PAN nanofibers shows three decom-
osition steps. In the first stage up to 290 ◦C, there was no weight
Fig. 3. TGA thermograms of (a) PAN nanofibers, (b) PAN-CNT nanofibers, and (c)
PAN-CNT/TiO2-NH2 composites nanofibers.

loss. About, ∼45% of weight loss was observed in the second stage
from 290 ◦C to 300 ◦C, indicating that a significant chemical reac-
tion took place, and volatile gasses evolved. In the last stage up to
720 ◦C, complete decomposition was observed. Furthermore, the
weight of the PAN-CNT composite nanofibers decreased rapidly in
the temperature range of 338–650 ◦C, due to the combustion and
decomposition of composite nanofibers taking place at this tem-
perature range. After the temperature was  increased to 650 ◦C, the
CNT remained and no more weight loss occurred, which meant that
nanofibers were removed completely. For the PAN-CNT/TiO2-NH2
composite nanofibers, the weight decreased rapidly in the temper-
ature range 338–705 ◦C, after that the TiO2 remained and no more
weight loss occurred, which meant that nanofibers were removed
completely. Moreover, the TiO2 content in the composites could be
easily calculated from the weight remainder after the samples were
heated over 705 ◦C. Since the sample PAN nearly completely disap-
peared over 720 ◦C, the CNT/TiO2 and CNT contents in compositions
were determined to be 40.6 wt% and 9.6 wt% for the sample PAN-
CNT/TiO2-NH2 and PAN-CNT composite nanofibers, respectively.

3.2. Photocatalytic performance of PAN-CNT/TiO2-NH2
composites nanofibers
The amount of catalyst is an important parameter in optimiz-
ing the operational conditions. In this study, the effect of catalyst
loading on the photoreduction of Cr(VI) was  investigated using
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Fig. 4. Effect of catalyst dosage on photoreduc

 catalyst dosage (TiO2/CNT) ranging from 10 to 35 mg  to avoid
n ineffective excess amount of the photocatalyst and the results
btained are shown in Fig. 4. The results indicate that the pho-
oreduction efficiency of Cr(VI) gradually increases as the catalyst
osage increases from 10 to 35 mg.  This may  be attributed in terms
f availability of the active sites on the photocatalyst surface and
he penetration of visible light through the water, leading to an
ncrease in the photoreduction of Cr(VI) [43,44].

.2.2. Effect of irradiation time
In this study, the photoreduction activity of Cr(VI) using

AN-CNT/TiO2-NH2 and PAN/TiO2-NH2 composite nanofibers was
nvestigated under the visible light as a function of the contact
ime. The photoreduction experiments of Cr(VI) were conducted
t initial Cr(VI) concentration of 20 mg/L, pH 2 and the amount of
hotocatalyst is 20 mg.  The results obtained are shown in Fig. 5. It
an be seen that about 60% of photoreduction was achieved in less
han 15 min  irradiation time using PAN-CNT/TiO2-NH2 composites
anofibers, and a complete reduction was observed after 30 min.
his may  be due to the availability of more active binding sites on
he surface of TiO2 NPs that crosslinked to the composite nanofibers
n order to increase the adsorption of Cr(VI), therefore enhance
he photoreduction efficiency. Furthermore, the PAN-CNT/TiO2-
H2 composite nanofibers lead to high loading of Cr(VI) in a short

ime, due to increased active surface sites which will facilitate high
xposure of light and then high photoreduction efficiency. Accord-
ng to previous studies under visible light at high power of 500 W
31–35], it takes about 2–4 h to get a complete photoreduction. On
he other hand for the PAN/TiO2-NH2 composite nanofibers about
0% of photoreduction was achieved in less than 20 min  irradia-
ion time and no changes in the photoreduction efficiency were
bserved after 30 min  irradiation time. These results indicated that
he photocatalytic reduction efficiency increased with the incorpo-
ation of CNTs and TiO2. This trend resulted from the high surface
rea of CNTs/TiO2 photocatalytic. In addition, CNTs can effectively
enerate a greater number of electrons and holes, and accelerate
he process of the photocatalytic reaction to enhance the pho-
ocatalytic activity. The photoreduction efficiency of Cr(VI) was
etermined from the results obtained from UV–vis spectroscopy.
he results obtained are shown in Fig. 5b in which the peak at
50 nm corresponding to Cr(VI) was shifted to 302 nm,  correspond-

ng to Cr(III). The kinetic experiments data of the photocatalytic
eduction of Cr(VI) are shown in Fig. 5c was successfully fitted well

sing commonly applied pseudo-first-order equation [45], which
an be expressed as follows:

n
(

C0

C

)
= kat (1)
Wav eleng th (nm)

fficiency of Cr(VI) (Cr(VI) = 20 ppm, and pH 2).

Where C0 is the initial concentration of Cr (VI) and C is the concen-
tration of Cr (VI) at a specific time, and ka is the rate constant of
pseudo-first order model (min−1).

3.2.3. Effect of pH on the photoreduction of Cr(VI)
pH of the solution plays a major role in the photocatalytic

process as it is known to influence the surface charge of the semi-
conductor thereby affecting the adsorption, interfacial electron
transfer, and the photoreduction process [46]. The effect of pH
on the photocatalytic reduction efficiency of Cr(VI) is presented
in Fig. 6. As observed, the photoreduction efficiency of Cr(VI) was
highly dependent on the pH with maximum photoreduction at
pH = 2. The amount of Cr(VI) decreased in the aqueous solution
with increasing pH. As seen from Fig. 6 that 100% photoreduction
efficiency of Cr(VI) was obtained at pH 2. Then, the photoreduc-
tion of Cr(VI) decreased sharply to 72% as pH value increased to
9. The variation in reduction efficiency of Cr(VI) at different pH
values may be attributed to the affinities of PAN-CNT/TiO2-NH2
composites nanofibers for the different species of Cr(VI) existing
at acidic pH values namely H2CrO4

0, HCrO4
−, CrO4

2−, and Cr2O7
2−

[40]. The NH2 groups on the surface of the TiO2 nanoparticles can
either be protonated to form NH3

+ at low pH or be deprotonated
to form NH2· · ·OH at high pH. It is clear that negatively charged
HCrO4

− and Cr2O7
2− are easily to be adsorbed to the positively

charged PAN-CNT/TiO2-NH2 composites nanofibers at low pH val-
ues due to the electrostatic attraction, therefore a higher yield of
photoreduction [47,48]. The electrostatic repulsion between neg-
ative Cr(VI) species and negatively charged PAN-CNT/TiO2-NH2
composites nanofibers increased with increasing pH values, and
thereby resulted in the decrease of the reduction of Cr(VI) [49]. To
investigate the kinetics of Cr(VI) photoreduction under different
pH values, the experimental data were successfully fitted using the
pseudo-first order as shown in (Fig. S1, Supplementary data).

3.2.4. Effect of Cr(VI) initial concentration
The effect of initial Cr(VI) concentration on the photoreduction

efficiency of Cr(VI) onto PAN-CNT/TiO2-NH2 composite nanofibers
was studied at initial Cr(VI) concentration of 10–100 mg/L and
pH = 2. The obtained result are shown in Fig. 7 shows that the
photoreduction efficiency of Cr(VI) gradually decreases with the
increase of the initial Cr(VI) concentration from 10 to 100 mg/L.
The complete reduction can be achieved after 30 min at 10–20 mg/L
initial Cr(VI) concentration, while the respective value decreases to

79% at 100 mg/L. A possible explanation has to do with the fact that
increased Cr(VI) concentration increases the solution absorbance
and, therefore, a greater fraction of the light is intercepted before
reaching the catalyst surface, thus decreasing the degree of reduc-
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Fig. 5. (a) Photoreduction of Cr(VI) under visible light irradiation (b) UV–vis curves of Cr (VI) before and after photoreduction (c) Fitting of pseudo-first order model, (Cr
(VI)  = 20 ppm, pH = 2, catalyst amount = 20 mg).
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Fig. 6. (a) UV–vis spectra of photoreduction of Cr(VI) at different pH (b) Photo

ion [33]. The kinetic experiments for the photoreduction of various
oncentrations of Cr(VI) are shown in (Fig. S2, Supplementary data)
as successfully fitted using pseudo-first-order. According to (Fig.
2, Supplementary data) with the increase of the initial concentra-
ion of Cr(VI), the rate constant ka decreased. This can be attributed
o the increase in Cr(VI) concentration, which decreases the path
ength of photons entering into the reaction mixture, and fewer
tion of Cr(VI) at different pH onto PAN-CNT/TiO2-NH2 composite nanofibers.

photons reach the catalyst surface. In addition, the unchangeable
value of light intensity, the amount of catalyst and irradiation
time lead to the decrease of the availability of active sites. Con-

sequently, the photoreduction efficiency of Cr(VI) decreases as the
concentration increases [3,50,51]. Moreover, an increase in Cr(VI)
concentration can lead to the saturation of the limited number of
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ig. 7. (a) UV–vis spectra of photoreduction of Cr(VI) at different concentration 

omposite nanofibers.

ccessible active sites on the photocatalyst surface, resulting in a
eduction in the photoreduction efficiency.

.2.5. XPS data analysis
In order to investigate the influence activity of the photocat-

lytic composite nanofibers on the photoreduction of Cr(VI), the
omposite nanofibers after adsorption step in the dark and the
hotoreduction step under visible light irradiation was directly
xamined by XPS. Fig. 8 shown the XPS patterns of the compos-
te nanofibers, which showed the Cr 2p spectra recorded for Cr(VI)
nd Cr(III). As the Cr 2p peak is a doublet, the peak component at
ower binding energy corresponds to Cr 2p3/2 orbital, while those
t higher binding energy correspond to Cr 2p1/2 orbital. Before the
hotoreduction process took place, bands corresponding to Cr(VI)
ppeared at a binding energy of 579.2 and 588.3 eV, which con-
rms the adsorption of Cr(VI) on the surface of PAN-CNT/TiO2-NH2
omposite nanofibers. After the irradiation of the nanocomposites
ith visible light, new significant bands appear corresponding to
r(III) binding energy of 577.1 and 586.5 eV, which confirms the
eduction of Cr(VI) to Cr(III) onto PAN-CNT/TiO2-NH2 composite
anofibers [52]. The wide-scan XPS spectrum shows also four peaks
t 458.2 eV, 531.3 eV, 284.6 eV, and 399.3 eV corresponding to Ti 2p,

 1s, C 1s, and N 1s, respectively, indicating the existence of Ti, O,
, and N elements. The peaks in the Ti 2p spectrum at 458.2 eV and
64.1 eV represented to Ti 2p3/2 and Ti 2p1/2, respectively, indicat-

ng that titanium bounded to oxygen remains in oxidation state IV
or the titanium-oxo cluster. The O1 s spectrum has a broad peak at
31.3 eV that is indicative of oxygen in metal oxides such as TiO2.
n addition, the peaks in the N 1 s region at 399.3 eV can be assigned
o the N of the amine functionality.

.2.6. Photoreduction of Cr(VI) in the presence of phenol
The PAN-CNT/TiO2-NH2 composite nanofibers was tested simi-

arly to the industrial wastewater consists of a mixture of organic
nd inorganic pollutants. In this experiment, we tested the PAN-
NT/TiO2-NH2 composite nanofibers at 20 ppm of Cr(VI) aqueous
olution and 20 ppm of phenol as a combination of pollutants
n continuous mode [53,54]. Fig. 9 shows the kinetic first-order
eaction for the degradation efficiency of phenol and the pho-
oreduction of Cr(VI) in the absence or presence of phenol. This
ynergism is based on the photogenerated electrons and holes on

he surface of the composite nanofibers [22–26]. The results indi-
ated that the rate of Cr(VI) photoreduction was about 1.4 times
igher in the presence of phenol than in its absence, which can
e explained based on the mechanism as described in the follow-
otoreduction of Cr(VI) at different initial concentration onto PAN-CNT/TiO2-NH2

ing sections. Therefore, simultaneous redox reactions increase the
efficiency of the reaction, with a concomitant decrease of water
treatment cost.

3.2.7. Proposed reduction mechanism
The mechanism of photoreduction of Cr(VI) can be simplified

schematically as shown in Fig. 10. The NH2 groups on the surface
of the TiO2/CNT composite nanofibers can either be protonated
to form NH 3 at low pH. It is clear that negatively charged Cr(VI)
species are easy to be adsorbed to the positively charged TiO2/CNT
composite nanofibers at low pH values due to the electrostatic
interaction. After visible light irradiation Cr(VI) reduced to Cr(III) on
the surfaces of TiO2/CNT composite nanofibers and release into the
solution by electrostatic repulsion between the protonated surfaces
of TiO2/CNT and the cation Cr(III). The photoreduction of Cr(VI)
achieved under visible light, where TiO2/CNT NPs leads to the gen-
eration of electron-hole pairs at the surface of the photocatalyst
(Eq 2). After the migration of electron-hole pairs to the surface of
the particles, the photogenerated electrons reduce Cr(VI) to Cr(III)
(Eq. (3)), and the holes may  lead to generation of O2 (Eq. (4)) and
produce •OH radicals in the absence of any organics (Eq. (5)) [55].
Phenol can scavenge the valence band hole in the photocatalytic
reaction system leading to an inhibition of recombination of elec-
tron and hole pairs on the catalyst surface and accelerating the
reduction of Cr(VI) by photogenerated electrons [56]. In the pres-
ence of phenol, the holes can produce •OH radicals more than in
the presence of Cr(VI), which can further degrade the phenol to
CO2 and H2O (Eq. (6)) [57]. Therefore, the holes can also directly
oxidize the phenol (Eq. (7)).

TiO2/CNT + h� → h++ e− (2)

Cr2O7
2− + 14H+ + 6e− → 2Cr3+ + 7H2O (3)

2H2O + 4 h+ → O2 + 4H+ (4)

H2O + h+→ •OH + H+ (5)

•OH + Phenol → CO2 + H2O (6)

H+ + Phenol → CO2 + H2O (7)

3.2.8. Catalyst reuse
The reuse of the catalyst is considered as an important aspect
and an economic necessity. In these experiments, the PAN-
CNT/TiO2-NH2 composite nanofibers were used in consecutive
photocatalytic conditions in order to evaluate the durability of
the composite nanofibers. At the end of each cycle, the composite
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Fig. 8. XPS spectra of the PAN-CNT/TiO2-NH2 composite nano

anofibers was washed with deionized water and then dried in air.
he photoreduction efficiency of PAN-CNT/TiO2-NH2 composites
anofibers slightly decreased with the cycle number repeated as
hown in Fig. 11. After five consecutive adsorption-photoreduction
ycles, the photoreduction efficiency of the composites nanofibers
ecreased by about 3%, which implies that the catalyst retained its
hotoreduction activity for Cr(VI). The slight decrease of the pho-
oreduction performance of the PAN-CNT/TiO2-NH2 composites
anofibers might be due to the adsorption of the Cr(III) gener-

ted after photocatalytic reactions, which results in the decrease
f adsorption and active sites on the surface of PAN-CNT/TiO2-NH2
omposites nanofibers. These results have demonstrated that the
ood stability and reusability property would greatly promote the
 for Cr(VI) before and after photocatalytic reduction process.

practical applications of composite nanofibers in the reduction of
heavy metal pollutants from wastewater.

4. Conclusions

According to the results obtained in this work, the fabricated
composite nanofibers display promising photocatalytic reduction
efficiency for Cr(VI) in aqueous solution under visible light irra-
diation. The kinetics of the photoreduction process showed that

complete photoreduction was  achieved after approximately 30 min
and the experimental data followed a pseudo-first-order model.
The photoreduction efficiency of Cr(VI) was higher in acidic solu-
tions than that in alkaline solutions due to the Cr(VI) species and
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Fig. 10. Proposed mechanism of photocatalytic redu
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[3] Y. Ku, I.-L. Jung, Photocatalytic reduction of Cr(VI) in aqueous solutions by UV

ig. 11. Reusability of the composite nanofibers for the photoreduction of Cr(VI).
he protonation degree of the photocatalytic surface. The addition
f phenol enhances the photoreduction of Cr(VI), due to its ability
ction of Cr(VI) under visible-light irradiation.

to adsorb on the catalyst surface, which can also act as a hole scav-
enger. The UV–vis spectrophotometer and XPS analyses proved that
chromate Cr(VI) was reduced to Cr(III). Furthermore, the flexibil-
ity and the reuse of the PAN-CNT/TiO2-NH2 composite nanofibers,
reveal their promising potential for advanced wastewater treat-
ment.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molcata.2016.08.
010.
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