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Abstract
This study introduces, a titanium dioxide  (TiO2) and zerovalent iron  (Fe0) nanoparticles immobilized electrospun poly (acrylic 
acid)/poly (vinyl alcohol) (PAA/PVA) nanofibrous mat for photocatalytic degradation of hazardous water pollutant. For 
that, PAA/PVA nanofibrous mat was prepared by electrospinning followed by crosslinking and immobilization/incorpora-
tion of  TiO2 and  Fe0 nanoparticles through Layer-by-Layer (LbL) self-assembly method. The obtained PAA/PVA–TiO2 and 
PAA/PVA–TiO2–Fe0 was fully characterized by scanning electron microscopy (SEM), FTIR, TGA and porosity analysis. 
The results showed successful immobilization of both  (TiO2 and  Fe0) nanoparticles on the nanofibrous mat with uniform 
distribution. The latter exhibited catalytic activity towards the degradation of Methyl Blue (MB) and Brilliant Green (BG) 
dyes separately and mixed in the presence of UV light. UV–Vis spectroscopic analysis was used to monitor and quantitative 
analysis of the degradation. It has been found that high photocatalytic activity of the functional nanofibrous mats has been 
observed. The fastest conversion rate reached to 99.2% in 20 min at a rate constant of 0.0847/min providing adequate reus-
ability of the nanofiber mats up to four consecutive cycles. A mechanism of the photocatalytic activities has been proposed 
by referring to the above results. The results opened a promising prospect for using nanofibrous based effective photocatalyst 
for environmental application.

1 Introduction

A major environmental issue resides undoubtedly in water 
pollution, more particularly by aromatic compounds 
(organic dyes, phenols, pesticides, drugs and hormone 
disrupters), heavy metal ions and bacterial agents [1–3] 
are being released in water sources [4–6]. The toxicity, 
stability to natural decomposition and persistence in the 
environment of these are the cause of much concern to 

societies and regulatory authorities around the world [7]. 
An enormous number of water treatment technologies 
based on both physical and chemical processes has been 
proposed [8]. Some of those processes incorporated nano-
technology and nanomaterials for coagulation, floccula-
tion, adsorption and/or catalysts (such as photocatalysis) 
[9, 10]. Among them, photocatalysis revealed its poten-
tiality as a promising method for sustainable water treat-
ment [11]. However, the physicochemical properties of 
photocatalysts are strongly important for the effectiveness 
of the system which depends on their structure, morphol-
ogy and specific surface area of the material used [12]. A 
wide variety of coupled nanomaterials such as ZnO–TiO2, 
CuO–ZnO, CuO–TiO2, CuO–SnO2,  TiO2–SnO2, ZnO-
SnO2 and so on have been introduced as a great interest 
of many water researchers [13–22]. However, TiO2 based 
photo-catalysis has been proven as a fascinating cut-rate 
approach for the degradation and demineralization of per-
sistent pollutants (such as dyestuffs) of wastewater [23, 
24]. During last few decades,  TiO2 shows the versatility 
of application in the material science and engineering 
involves doping [25], coupling [26], capping [27], dye 

 * Mohammad Neaz Morshed 
 engr.neazmorshed@yahoo.com

 * Shili Xiao 
 xshili@yahoo.com

1 State Key Laboratory of New Textile Materials 
and Advanced Technology, School of Textile Science 
and Engineering, Wuhan Textile University, Wuhan 430200, 
Hubei, China

2 College of Materials and Textiles, Zhejiang Sci-Tech 
University, Hangzhou 310018, Zhejiang, China

3 College of Chemistry and Chemical Engineering, Wuhan 
Textile University, Wuhan 430200, Hubei, China

http://orcid.org/0000-0003-2820-1333
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-019-00779-2&domain=pdf


4843Journal of Materials Science: Materials in Electronics (2019) 30:4842–4854 

1 3

sensitization [28], pesticide removal [29] and photo-cat-
alytic property to degradation of numerous organic con-
taminants [30–32]. However, Many studies have demon-
strated that the efficiency of TiO2 can be increased by 
the addition of dissolved transition metals such as Fe, Ni, 
Mn, Co and Cu [33–35] and carbon nanotube [36]. Some 
researchers have developed composites of  TiO2 and metal 
oxides and have discovered that the photocatalytic ability 
of the composites was better than those of the combined 
effect of  TiO2 and soluble metal ions due to its faster 
chemical reaction. Reportedly, zerovalent iron nanoparti-
cles (ZVI NPs) and their nanobimetallic systems (Fe/Pd) 
[37, 38], Fe/Ni [39–41], Fe/Ag [42] exhibited superior 
capacity in the catalytic degradation of toxic pollutants 
including; trichloroethylene (TCE) and polychlorinated 
biphenyls (PCBs) [37, 43, 44], sequestration of toxic 
metal ions such as As(V) [45] and Cr(VI) [46], in the 
stabilization of biosolids [47], in the decoloration of dyes 
[48, 49], and in the degradation of nuclear wastes [50], 
explosives [51], and herbicides [52].

Apart from all these positive aspects, there is a concern-
ing issue that limits their potential industrial application. 
The catalyst particles that catalyzed by photons need to 
be separated and recycled before discharging the treated 
wastewater so can be defined as a time-killing procedure. 
Moreover, the catalyst particles possess a high amount of 
absorption capability causing the poor intensity of penetra-
tion of UV light [53, 54]. So, immobilization of catalyst 
may come across as appropriate remediation for this cri-
sis. Several researchers introduced different immobiliza-
tion technique for durable deposition and sustainable appli-
cability includes, Layer-by-Layer (LbL) [55], adsorption 
[56], crosslinking [57], atomic layer deposition [58] etc. 
Various materials such as zeolites [59], clays [60], textiles 
[21] and inorganic–organic materials have been applied 
as supports for metallic nanoparticles in diverse catalytic 
reactions [61, 62]. Up to now, these materials have attracted 
much attention due to their availability and effectiveness 
towards potential applications, particularly in the field of 
catalysis [63–66]. Interestingly among all those materials, 
special features of porous materials become an ideal sup-
porting matrix for metal nanoparticles [67–69]. As a matter 
of fact, higher porosity of the material leads to superior 
competence.

Extraordinary features like as small diameters in the 
range of nanometers to a few microns, high aspect ratio, 
and the high specific surface area, polymeric electrospun 
nanofibrous and nanostructured inorganic/polymer com-
posite materials has gained enormous interest as a support 
material for robust immobilization of different organic and 
inorganic materials [70, 71]. Thus we design and devel-
oped nanofibrous mats immobilized with  TiO2/Fe nano-
particles as a novel photo-catalyst for catalytic degradation 

of toxic water pollutants. It is estimated that the result, 
stability and effectiveness of the designed functional 
nanofibrous mat will open a broad range of application of 
nanofibrous based photo-catalysts for superior environ-
mental remediation.

2  Experimental

2.1  Chemicals

PAA (average Mw-240,000, 25% in water) was obtained 
from Acros Organics. PVA (88% hydrolyzed, average 
Mw-8800) and Sodium Borohydride  (NaBH4) (Mw-37.83) 
and  TiO2 (Mw-79.87) were from Aladdin Industrial Cor-
poration, China and Ferric Chloride  (FeCl3·6H2O) (Mw-
270.29), Methyl Blue (MB) (average Mw-799.80) and 
Brilliant Green (BG) (Mw-482.63) were purchased from 
Sinopharm Chemical Reagent Co. Ltd. China. All chemi-
cals were of analytical grade and used without further puri-
fication. Water used in all experiments was purified using a 
water purification system from Chengdu Ultra Technology 
Co., Ltd. China (ULUPURE Model: UPH-II-20T) with a 
resistivity higher than 18 MΩ cm.

2.2  Preparation, functionalization, and design 
of PAA/PVA–TiO2–Fe0

Scheme 1 illustrates the methods used for preparation and 
development of functional nanofibrous mat. The process 
mainly consisted of the following steps:

(a) Electrospun poly (acrylic acid)/poly (vinyl alco-
hol) (PAA/PVA) nanofibrous mats were fabricated 
by laboratory-based electrospinning arrangement as 
described in our previous reports [72, 73]. Typically, 
10 wt% PAA/PVA mixture solution was prepared by 
ensuring the mass ratio of the PAA and PVA poly-
mer 1:1, considering their suitable visco-electrostatic 
nature [74]. The fresh PAA/PVA solution was mildly 
stirred and filled in a 10 mL syringe attached with a 
blunt steel needle (diameter of 0.8 mm). The extrusion 
speed of the syringe was 0.5 mL/h. A high voltage of 
power (16.6 kV) was connected between a grounded 
aluminium board (collector) and syringe-capillary to 
produce sufficient drift velocity to overcome electro-
static repulsion of charged space and could be col-
lected on the aluminium foil. The distance between 
the syringe-capillary and collector was kept 25 cm. 
The freshly prepared PAA/PVA nanofiber mats were 
dried overnight.

(b) Then the nanofiber mats were crosslinked using thermal 
treatment in a vacuum dryer at a temperature of 145 °C 
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for 30 min to provide water insolubility of the nanofiber 
mats [75].

(c) In order to ensure uniform and robust grafting of metal 
nanoparticles, PAA/PVA nanofibrous mats were prone 
to (LbL) immobilization of  TiO2 and  Fe0 nanoparticles. 
Firstly, the water-stable PAA/PVA nanofiber mats were 
immersed into a solution of  TiO2 (0.375 g/L) followed 
by a layer of PAA in order to introduce anionic charge 
in the surface for subsequent exchange for cationic 
 TiO2 nanoparticles. With the desired immersion/rins-
ing cycle, the PAA/PVA–TiO2 nanofibrous mats were 
prepared.

(d) The incorporation of ZVI NPs in PAA/PVA–TiO2 
nanofibrous mats was achieved using Iron (III) chloride 
as precursors and sodium tetrahydroborate (0.94 mol/L, 
5 mL) as a reducing agent in 100 mL of water, under 
stirring at room temperature for 4 h. Reaction (1) illus-
trates the reduction process of iron ions into ZVI NPs. 
The obtained product denoted as PAA/PVA–TiO2–Fe0 
was dried at 65 °C for several hours and then stored in a 
sealed enclosure containing a dried and  O2-free chamber.

2.3  Material characterizations

Both the PAA/PVA–TiO2 and PAA/PVA–TiO2-Fe0 
nanofibrous mats were systematically characterized. 
Scanning Electron Microscope (SEM) (JSM- 6510LV, 
JEOL Ltd., Japan) with an operating voltage of 20 KV 
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was used to observe the surface morphologies of the func-
tionalized nanofibrous mat. Freshly prepared nanofiber 
mats and recycled nanofibrous mats were also taken into 
consideration to identify morphology changes. The diam-
eters of nanofibers were measured using image analysis 
software ImageJ 1.40G (http://rsb.info.nih.gov/ij/downl 
oad.html). At least 200 randomly selected nanofibers 
were observed using SEM images and analyzed for each 
sample to obtain the diameter distribution histograms. 
Thermogravimetric Analysis (TGA) was performed by 
a TGA/SDTA851e (Mettler-Toledo Instruments Ltd. 
Shanghai, China) thermogravimetric analyzer with a 
heating rate of 10°C/min from room condition to 800 °C. 
To identify the functional groups within the nanofibers, 
FT-IR spectra were recorded using a VERTEX 70 FT-IR 
spectrometer (Bruker Corporation, Germany) at the wave-
number range of 4000–500 cm−1 at ambient condition. 
The apparent density and mat porosity of the nanofibers 
before and after treatment with Fe and  TiO2 were calcu-
lated using Eqs. (2) and (3) [76]. The thickness of the 
nanofibrous mat was measured by a micrometer and the 
bulk density of the mixture was calculated according to 
their weight ratio.

(2)

Apparent density
(

g∕cm3
)

=
Mat mass (g)

Mat thickness (cm) ×Mat area
(

cm2
)

(3)

Mat porosity = 1 −

(

Mat apparent density
(

g∕cm3
)

Bulk density of mixture
(

g∕cm3
)

)

× 100%

Scheme 1  Functionalization 
route of PAA/PVA nanofibrous 
mats via (i) Electrospinning, (ii) 
Crosslinking, (iii) Immobiliza-
tion of  TiO2 nanoparticles and, 
(iv) Incorporation of zerovalent 
iron nanoparticles

http://rsb.info.nih.gov/ij/download.html
http://rsb.info.nih.gov/ij/download.html
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2.4  Photocatalytic degradation of hazardous water 
pollutants

The photocatalytic activity of functional nanofibrous mat 
towards degradation of MB, BG dyes separately and mixed 
were investigated by using UV–Vis spectrophotometric 
analysis (UV-2550, Shimadzu Corporation, Japan). Deg-
radation reactions were carried out in a 40 ml glass beaker; 
the concentration of mixture solution was 30 mg/L and 
60 mg/L for MB and BG respectively. To the above solu-
tion, 500 mg/L of catalysts was added. Each of the reactor 
was magnetically stirred under a UV light source of Tung-
sten filament lamp of 500 W with an operational voltage of 
220 V. Within several time intervals, 1 mL of fluidic sam-
ple was taken out from the reaction chamber and reserved 
in a transparent tube for quantitative measurement. Prior 
to quantitative measurement, the samples were diluted to 
3 mL with demineralized water and the degradation of 
MB and BG was calculated according to the Eq. (4) refer-
ring the absorbance calibration curve of known standard 
solutions.

Here,  C0 = Initial concentration of colorants solution, 
 Ct = Concentration of the colorants at different time 
intervals.

(4)Degradation% =
C0 − C

t

C0

× 100

3  Results and discussion

3.1  Morphological properties

The morphological properties of the untreated PAA/PVA, 
PAA/PVA–TiO2 and PAA/PVA–TiO2–Fe0 nanofibrous mats 
were investigated by SEM. Variations in fiber diameter have 
also been monitored from SEM images using ImageJ analy-
sis as shown in Fig. 1. The untreated PAA/PVA nanofibrous 
mats (Fig. 1a) exhibited a random network of overlapped 
fibers with a fairly smooth surface. After immobilization of 
 TiO2 nanoparticles, a visible change in the surface showed 
layered clusters in the form of scale aggregates, indicating 
that the surface of nanofibrous mats was covered with  TiO2 
nanoparticles (Fig. 1c). The same trend was obtained after 
incorporation of ZVI NPs (Fig. 1e). However, the incor-
poration of  Fe0 nanoparticles induced a thorough change 
in the surface morphology of PAA/PVA–TiO2, resulting 
in a smoother surface and formation of bulkier clusters of 
smaller particles.

Diameter distribution analysis of all fibrous mats reveals 
that freshly prepared crosslinked PAA/PVA nanofibers 
have a mean diameter of 170 ± 25 nm (Fig. 1b) which has 
been increased to 222 ± 42 nm in PAA/PVA–TiO2 (Fig. 1d) 
and 267 ± 32 nm in PAA/PVA–TiO2–Fe0 (Fig. 1f) is due 
to the presence of  TiO2 and  Fe0 nanoparticles. A thin layer 
of  TiO2 (approx. 52 nm) and  TiO2–Fe0 (approx. 97 nm) 
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Fig. 1  SEM images and diameter distribution diagram of PAA/PVA (a, b), PAA/PVA–TiO2 (c, d) and PAA/PVA–TiO2–Fe0 (e, f) nanofibrous 
mat
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nanoparticles have been immobilized successfully in the 
surface of the nanofibers through electrostatic attraction as 
illustrated in Scheme 2.

Since the diameter of the nanofibers varied according to 
the nanoparticles loading, so it is crucial to know about the 
fibers porosity, as it supposed to have relied on fundamental 
attribution for which possibility of addition or deposition of 
any particles or elements at the desired volume may happen. 
By calculating the apparent density of the nanofibers and 
individual bulk densities of PAA and PVA polymers, the 
porosity of freshly prepared PAA/PVA, Crosslinked PAA/
PVA, PAA/PVA–TiO2 and PAA/PVA–TiO2–Fe0 nanofibrous 
mats were measured (Table 1). It has been found that the 
porosity of freshly prepared PAA/PVA nanofibrous mats 
were 86.6% which decreased to 69.6% after heat-induced 
cross-linking and fiber contraction thus forming the dense 
fibrous mats. However, further immobilization of  TiO2 and 
 TiO2–Fe0 nanoparticles decreased the porosity to 71.2% and 
73.7% respectively.

It appeared that PAA/PVA nanofibers have high appar-
ent density and porosity. However, after immobilization of 
 TiO2 and  TiO2–Fe0 nanoparticles onto the surface, poros-
ity decreased significantly, revealing that the nanoparticles 
took up specific areas on the surface and porous structure 
of nanofibrous mat.

3.2  FT‑IR chemical analysis

Infrared studies of PAA/PVA, PAA/PVA–TiO2 and PAA/
PVA–TiO2–Fe0 were carried out to identify the type and 
natures of the functional groups shown in Fig. 2. Untreated 
PAA/PVA nanofibers displayed some bands in the region 
3376 cm−1 and 1716 cm−1 ascribed to the O–H and C–O 

stretching vibration of PAA [77]. Due to the high-temper-
ature thermal cross-linking of PAA/PVA nanofibers, the 
complementary ester bond was beyond the detection by IR 
spectrum as supported by the literature [78]. However, the 
absence of ester bond validated the claim of insolubility of 
nanofibrous mat.

The incorporation of  TiO2 and  TiO2–Fe0 over PAA/
PVA nanofibrous mat introduced visible changes, as com-
pared to the untreated mat. Upon immobilization of  TiO2 
nanoparticles, the hydroxyl groups of PVA yield a sharp 
peak of 3396 cm−1 due to the presence of a tiny amount of 
water molecules because of the multilayer  TiO2 assembled 
on the nanofibrous mat can easily absorb moisture in air 
while significant but reduced (3348 cm−1) peak has been 
noticed upon  Fe0 incorporation which is consistent with 
previous literature [79]. At 2937 cm−1, stretched C–H bond 
was formed which in turn sudden rises with immobilization 
of  TiO2. There were some notable changes in the spectrum 
of 2804–1700 cm−1 and 1600–1000 cm−1 can be due to the 
interaction between Ti–C or Ti: Fe [80]. After immobili-
zation of iron nanoparticles in the nanofiber, the absorp-
tion peak imposed to dissociated carboxylic acid groups 

Scheme 2  The effective immo-
bilization of  TiO2–Fe0 on the 
PAA/PVA nanofibrous mat

Table 1  Porosity of nanofibrous mats

Nanofibrous mats Porosity%

PAA/PVA nanofibers 86.6
Crosslinked PAA/PVA nanofibrous mats 69.6
PAA/PVA–TiO2 71.2
PAA/PVA–TiO2–Fe0 73.7

Fig. 2  FTIR spectra of untreated PAA/PVA (a), PAA/PVA-TiO2 (b) 
and PAA/PVA–TiO2-Fe0 nanofibrous mat
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at 1716 cm−1 disappeared and was substituted by a new 
strong band at 1560 cm−1 attributed to C=O stretching in 
the carboxylate. Changes at 800–1400 cm− 1, in the region 
of 1380–1140 cm−1 (C–O stretching) and 980–850 cm−1 
are evidence of interactions between iron nanoparticles and 
carboxyl groups. These results clearly establish successful 
immobilization of  TiO2 and  Fe0 nanoparticles in the surface 
of the nanofibers.

3.3  Thermogravimetric analysis

Poor thermal stability of nanofibers considers as one of the 
main drawbacks of much industrial application. The thermal 
behavior of the untreated and functionalized nanofibers was 
studied by TG analysis as shown in Fig. 3. It can be seen that 
immobilization of metal nanoparticles increases the thermal 
stability of nanofibrous mats. The visible decrease in mass 
weight was registered in three mass loss regions located 
around 60–100 °C, 250–300 °C and 400–500 °C. The first 
weight loss region below 100 °C can be explained by the 
evaporation of superficial water present in the sample while 
the other regions might be associated to the decomposition 
of the fiber constituents, and are related to the degradation of 
polymers. The weight loss around 250–300 °C is due to the 
polymer degradation of PAA/PVA nanofibrous mats. How-
ever, at the elevated temperature around 400–500 °C, the 
polymer component of nanofibrous mats was disappeared, 
and the metal iron  (Fe0) and titanium dioxide  (TiO2) were 
left. The remaining weight percentage of functionalized 
nanofibrous mat is higher than that of untreated PAA/PVA 
mat evident the successful immobilization of metal nano-
particles in the surface of the nanofibers as illustrated in 
Scheme 3.

Based on remaining weight percentages, the amount of 
 TiO2 and  Fe0 nanoparticles incorporated in the nanofib-
ers mat has been calculated as summarized in Table 2. It 
was summarized that about 2.62%  TiO2 nanoparticles were 
deposited in the surface of the PAA/PVA–TiO2 nanofi-
brous mats, whereas 10.3% metal nanoparticles (both 
 TiO2–Fe0) has been incorporated in PAA/PVA–TiO2–Fe0, 
thus PAA/PVA–TiO2–Fe0 showed higher thermal stability 
compared to PAA/PVA–TiO2 could be due to thin layer 
immobilization through ion exchange instead of physi-
cal adsorption which is consistence to the literature [55]. 
However, the amount of iron and titanium could be tuned 
by variation in successive layer or metal nanoparticles [81, 
82]. Consequently, the size of the  TiO2 and iron nano-
particles could also be extended through increasing the 
number of  TiO2 loading along with successive Fe(III) ion 
reduction cycles.

3.4  Photocatalytic degradation of dyes

The catalytic activities of PAA/PVA–TiO2 and PAA/
PVA–TiO2-Fe0 nanofibrous mats were evaluated via 
monitoring their photocatalytic degradation of MB and 
BG dyes. The degradation experiment of both dyes was 
carried out under the same conditions. The UV spectro-
scopic analysis of dye degradation is shown in Fig. 4. It 
can be seen from Fig. 4a and b that, the characteristic 
absorption peak of MB at 630 nm has disappeared within 
15 min and 20 min under UV-light irradiation with PAA/
PVA–TiO2–Fe0 and PAA/PVA–TiO2 respectively. In Fig-
ure 4c and d, on the other hand, displays that the nanofi-
brous mat immobilized by metal nanoparticles can effec-
tively degrade BG (625 nm) dyes within 10 min using 

Fig. 3  TGA analysis of untreated and functionalized PAA/PVA 
nanofibrous mat

Scheme 3  Schematic illustration of immobilization of  TiO2 and  Fe0 
nanoparticles

Table 2  Quantitative analysis of metal nanoparticles immobilized in 
PAA/PVA nanofibrous mats

PAA/PVA–TiO2 PAA/PVA–TiO2–Fe0

% Metal nanoparticles 
immobilized

2.62 10.30
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PAA/PVA–TiO2–Fe0 as a photocatalyst, whereas PAA/
PVA–TiO2 showed complete degradation of BG by 20 min 
under UV light. Quicker degradation for both dyes was 
recorded in PAA/PVA–TiO2–Fe0 nanofibrous mat can be 
due to the presence of ZVI NPs that prevented the recom-
bination of hole-electron which ensures the oxidizing 
capacity of  TiO2.

3.4.1  Kinetics of degradation of individual dyes

Degradation kinetics is an important characteristic 
that represents the efficiency of bulk applications [83]. 
It is of great interest that PAA/PVA–TiO2 and PAA/
PVA–TiO2–Fe0 nanofibrous mat demonstrated complete 
degradation of MB and BG dyes, as shown in Fig. 5a 
and b. The rate of degradation and the degradation reac-
tions found to follow pseudo-first-order reaction kinet-
ics, confirmed through previous reports [55, 71, 84, 85]. 
The [instant /initial] absorbance ratio  (At/A0) of band at 
630 nm for MB and 625 nm for BG which accounts for the 

corresponding concentration ratio  (Ct/C0), allows plotting 
Ln(Ct/C0) as a function of time (Fig. 5c–f) according to 
Eq. (5). 

Model validation of the first order kinetics for dye degra-
dation with the catalyst is obtained by the linear evolution 
in time of Ln(C/C0), more particularly for functionalized 
nanofibrous mats, as supported by  R2 values beyond 0.98. 
Table 3 summarizes the catalytic kinetic plots of the PAA/
PVA nanofibrous mat after and before the functionalization. 
All the plots show good linear relationship of Ln(Ct/C0) ver-
sus reaction time and follow pseudo-first-order kinetics. The 
rate constant for the degradation of dyes by PAA/PVA–TiO2 
was found to be 0.0645 min−1 and 0.0705 min−1 for MB 
and BG respectively; and by PAA/PVA–TiO2–Fe0, the 
rate constant for the degradation of MB and BG was found 
0.0847 min−1 and 0.0989 min−1 respectively. The best cata-
lytic activity is registered for PAA/PVA–TiO2–Fe0, which 

(5)Ln
Ct

C0

= Ln
At

A0

− k ⋅ t

Fig. 4  UV–Vis absorption spectra for degradation of MB (a, b) and BG dyes (c, d) using PAA/PVA–TiO2 and PAA/PVA–TiO2–Fe0 nanofibrous 
mat as a photocatalyst, respectively [Reaction conditions: MB = 30 mg/L, BG = 60 mg/L, Mass catalyst = 500 mg/L; UV irradiation]
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Fig. 5  Evolution of the conversion (a, b),  Ct/C0 (c, d) and Ln  (Ct/C0) (e, f) versus time at room temperature of MB and BG degradation, respec-
tively

Table 3  Kinetics study for the 
photocatalytic degradation of 
MB and BG dyes

a K is the rate constant for the 1st order kinetics and is expressed in  min−1

b R2 is the correlation coefficient of the linear regression

Nanofibrous mat Time (min) MB Time (min) BG

K(min−1)a R2b K(min−1)a R2b

PAA/PVA 60 – – 60 – –
PAA/PVA–TiO2 20 0.0645 0.9686 20 0.0705 0.9758
PAA/PVA–TiO2–Fe0 15 0.0847 0.9731 10 0.0989 0.9854

Table 4  A comparison of the 
kinetic reaction constant for 
the photocatalytic degradation 
of dyes using PAA/PVA–TiO2, 
PAA/PVA-TiO2-Fe0 and other 
catalysts

Pollutant Name Samples Concentration 
of dyes (mg/L)

k  (min−1) Time
(min)

Number of 
reusability 
cycles

References

MB SnS 1400 0.0220 120 – [86]
Au@TiO2 13 0.0026 12 3 [87]
UVA/TiO2 20 0.121 180 – [32]
Fe2O3/TiO2 25 – 180 3 [88]
PAA/PVA–TiO2 30 0.0645 20 4 This work
PAA/PVA–TiO2–Fe0 30 0.0847 15 4 This work

BG TiO2/Zn 4 – 180 – [89]
Sr-doped  TiO2 25 – 60 – [90]
Ag8SnS6 10 0.0036 90 – [91]
Ni doped  SnO2/D65 5 0.0169 105 – [92]
PAA/PVA–TiO2 60 0.0705 20 4 This work
PAA/PVA–TiO2–Fe0 60 0.0989 10 4 This work
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can be attributed to the presence of ZVI NPs, as supported 
by a higher K.

Interestingly, many previous investigations reported more 
time to achieve more or less complete degradation of MB 
and BG dyes by photocatalysis as compared with our cata-
lyst as shown in Table 4. Such rapid kinetics in degrada-
tion of MB and BG dyes might be attributed to the appre-
ciable stability, dispersity and crosslink between PAA/
PVA nanofibers and  TiO2–Fe0 nanoparticles, ensuring the 
maximum exposure of active sites for dye degradation. For 
a control examination, degradation reaction using PAA/PVA 
nanofiber was also carried out. However, no degradation of 
dyes was observed which further evidence the effectiveness 
of  TiO2–Fe0 nanoparticles towards degradation of MB and 
BG dyes.

3.4.2  Photocatalytic degradation of a mixture of dyes

Pollutants in the environment mostly found in mixed with 
other pollutants. Effluent from the different textile and 
printing industries contain several kinds of dyes in com-
mon wastewater which is difficult to treat through a general 
treatment facility. Removal of mixed pollutants is a great 
challenge towards complete detoxification of wastewater. 
The catalytic activity of prepared PAA/PVA–TiO2 and 
PAA/PVA–TiO2–Fe0 nanofibrous mats towards degrada-
tion of a mixture of dyes was investigated as shown in 
Fig. 6.

An aqueous mixture of dye solution gives a strong 
absorption peak at 628 nm which represents both MB 
(630 nm) and BG (625 nm). Figure 6a shows a substantial 
decrease of absorbance 625 nm (BG) within 5 min dur-
ing photocatalytic degradation of mixed pollutant solution 
using PAA/PVA–TiO2. After the disappearance of BG 

dyes, MB was slowly degrading. 72% of pollutants have 
been removed in 60 min. This result is of great importance, 
which demonstrates the hard conversion of MB dyes. On 
the other hand, PAA/PVA–TiO2–Fe0 showed complete 
degradation of mixed dye solution within 60 min of UV 
irradiation which is consistent with the results discussed 
earlier.

3.5  Durability and stability of functional PAA/PVA 
nanofibrous mat

One of the great importance of PAA/PVA nanofibrous mat 
is the possibility of recovered and reused in consecutive 
degradation cycles which leads to the potentiality as a use-
ful catalyst. For the commercial application of the cata-
lysts, it is necessary to ensure adequate reusability to 
facilitate the cost-effectiveness of the technology. In the 
present work, we studied the reusability of PAA/PVA–TiO2 
and PAA/PVA–TiO2–Fe0 towards multiple cycle degrada-
tion of MB and BG under the same experimental protocol. 
Typically the catalysts were separated by simple separa-
tion methods, washed with distilled water and dried at a 
mild temperature before use in another cycle. The results 
indicate that both functional PAA/PVA nanofibrous mats 
are capable to be recycled and reused more than four (4) 
consecutive times without obvious decline in conversion 
processes (see Fig. 7) which opens a great prospect of 
nanofibers based photocatalyst for the potential industrial 
application.

In this case, the  TiO2-Fe0-immobilized fibrous mats are 
quite stable and can be easily isolated from the contami-
nated water. Even the Fe and  TiO2 NPs associated with 
polymeric fibrous mats do not disperse in the solution. 
SEM of further exposed to water for more than a month 

Fig. 6  UV–Vis absorption spectra for degradation of MB and BG dyes in mixed solutions using PAA/PVA-TiO2 (a) and PAA/PVA-TiO2-Fe0 (b) 
nanofibrous mat as a photocatalyst
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showed no significant changes occurred. This validates the 
ability of the developed polyelectrolyte polymeric nanofi-
brous mats suitable for environmental applications. In this 
study, we planned to develop a system to expose fibrous 
mats in water for degradation experiment and it demon-
strated the capability of this composited fibrous mat for 
environmental remediation.

3.6  The postulated mechanism for the catalytic 
degradation

As mentioned above, the changes of photocatalytic activity 
attributed to the reactive nature of excited  nTiO2 in pres-
ence of UV light [31]. The postulated mechanism for the 
photocatalytic degradation of MB and BG is presented 

Fig. 7  Recyclability analysis of PAA/PVA–TiO2 and PAA/PVA–TiO2–Fe0 towards degradation of MB (a, b) and BG (c, d) respectively

Scheme 4  Postulated mecha-
nism for the photocatalytic 
degradation of MB and BG 
using PAA/PVA–TiO2 and 
PAA/PVA–TiO2–Fe0 as photo-
catalyst
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in Scheme 4. As known that, insertion of metal particles 
(such as Fe) with  TiO2 increases the catalytic activity. The 
photocatalysis of the system with UV irradiation was initi-
ated by the excitation of electrons from the ground state. 
The acceptance of the  TiO2 electrons by  Fe0 prevented the 
recombination of hole-electron, which sustains the oxidizing 
capacity of  TiO2 [33, 93]. However, this basic photocatalysis 
mechanism involves the  TiO2 excitation under UV light from 
the ground state to the triplet-excited state [94]. Due to the 
reaction between these trapped electrons and dissolved oxy-
gen in the system, superoxide  (O2

.) radical anions are formed 
which in turn result into hydroxyl radicals formation. These 
 OH· radicals are mainly responsible for the oxidation of the 
MB and BG into nontoxic substances [95].

4  Conclusion

In summary, this work was an exertion to develop a sim-
plistic approach to a novel photo-catalyst by immobilization 
of  TiO2–Fe0 nanoparticles in PAA/PVA nanofibrous mats. 
Resultant nanofibrous mats found to capable of catalyzing 
the photocatalytic degradation of hazardous dyes (MB and 
BG) with a degradation efficiency of 99.5%. It has shown 
a great interest in the application of such nanofibrous com-
posite for various novel applications. The experiment of 
the photocatalytic application after immobilization of dif-
ferent metallic, organic and inorganic polymers to PAA/
PVA composite nanofibers are ongoing in the laboratory. 
Furthermore, this project generated that as prepared PAA/
PVA polymer nanofibrous mats can be useful in the removal 
of many other contaminants from wastewater and opening 
a new arena for fabrication of different inorganic/organic 
materials for versatile smart application.  In our future 
efforts, we will develop the composited nonwoven mats 
as membrane filtration materials, which are expected to be 
used conveniently for remediation of diverse contaminants 
in wastewater.
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