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ABSTRACT
In this paper, titanium dioxide nanoparticles were
synthesized
on
polyacrylonitrile
nanofiber
membranes via a sol-gel process. Filter structure
consisted of a non-woven polyurethane-carbon
substrate, polyacrylonitrile nanofiber and titanium
dioxide nanoparticles. The concentration of
methylene blue dye solution was measured via UV
radiation. The filtration efficiency was calculated via
Langmuir-Hinshelwood pseudo-first order equations.
The results showed that the filtration efficiency of
samples using titanium dioxide under UV rays was
higher than those without titanium dioxide and UV
rays in both immersing and cross-flow processes.
Degradation efficiency of the cross-flow system was
three times higher than that of immersing method. In
the cross-flow process, the effect of three variablespressure on the membrane, initial concentration of
dye solution and pH of the dye solution was studied
under UV rays. The highest efficiency obtained was
90.3% by using 1.5 bar pressure, 40 μM initial
concentration and pH of 4.1.
Keywords:
catalysts,
degradation,
membranes, textiles, methylene blue.

The use of advanced oxidation processing offers a
potential solution to industrial wastewater treatment.
This approach is based on producing activated
species such as hydroxyl radical that will react with
and purify a wide range of industrial pollution. One
type of advanced oxidation processing methods uses
titanium dioxide [5, 6]. High photocatalytic function,
long durability, high oxidation rates by holes in the
band structure, relatively low price, being non-toxic
and anticorrosion against light and chemicals are
some advantages of using titanium dioxide as a semi
conductive metallic oxide [7-11].
Titanium dioxide is activated via light energy which
is higher than its energy gap equivalent of 32 electron
volts. Therefore, titanium dioxide can be activated by
ultraviolet rays or the UV spectrum of direct sunlight
[3, 4, 7, 12]. Under such conditions, conduction band
electrons and valance band holes are developed.
These developed electrons participate in a reduction
reaction of oxygen in the air adsorbed on the surface
of the titanium dioxide and converts them into
superoxide anion radical (𝑂𝑂2.− ). Holes present in the
valance band degrade existing water molecules in
atmospheric moisture to hydroxyl radicals (𝑂𝑂𝑂𝑂 . ).
The hydroxyl radicals participate in oxidation
reactions with pollutant molecules that have organic
functional groups and degrades them into less
harmful materials to the environment e.g. water and
carbon dioxide [3].

fibers,

INTRODUCTION
Textile industry wastewaters are widespread. Some
are polluted with biological agents and can be
remediated by simple wastewater treatment, while in
the case of others even more extreme treatment
methods may not be adequate [1, 2]. More severe
environmental legislation for factories, and an
increase in industrial production and consequently
wastewater volume on the other increases the need
for more sophisticated wastewater treatment systems
for certain industrial units [3]. New environmental
laws require wastewater treatment via surface
absorbance prior to subsequent treatment stages.
Solar and visible light driven photocatalysis
treatment methods for wastewater treatment
developed to date have not been adequate in reducing
contaminants to required levels [4, 5].
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The maximum wavelength (λ) required for activating
pure titanium dioxide is calculated as in Eq. (1) [13].

E(bg ) =

hc

λ

(1)

Where E(bg), h and c are band gap energy, Planck
constant and the speed of light, respectively.
Therefore, the radiation wavelength required for
surface activation of titanium dioxide will be less
than or equal to 388 nm.
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All photocatalytic reactions are demonstrated in the
following steps and are similar for various organic
contaminants [14].

done at pH= 4, 7, 10. It was observed that the dye
removal rate was highest at pH of 4 due to an
increase of C16 H18 N 3 S − free anions in solution and a

1) TiO2 + hν (UV ) → TiO2 (e − (CB ) + h + (VB ))

resulting increase in reduction rate [15]. Experiments
were also performed at three dye concentrations. It
was observed that an increase in dye concentration
leads to a decrease in dye removal. It is claimed that
this decrease is due to the coverage of the TiO2
activated sites (valance band holes) by dye anions,
which is resulted in a decrease in the amount of the
hydroxyl radical production [15]. Experiments using
ultraviolet lamps as well as direct sunlight were also
performed and the effect of light intensity on dye
removal was studied. An increase in sunlight
intensity increased the efficiency of dye removal.
This observation was reported to be related to the
increase in the solution temperature and consequently
to an increase in the reaction efficiency [15].

2) TiO2 (h + (VB )) + H 2O → TiO2 + H + + OH −
3) TiO2 (h + (VB )) + OH − → TiO2 + OH .
−

.−
2

4) TiO2 (e (CB )) + O2 → TiO2 + O
+

oxidation
reduction

.−
2

5) H + O → H 2O
6) Wastewater + OH. → Degradation Product
( CO2 , H 2O,... )
In the above equations, VB represents valance band
and CB represents conduction band. The resulting
hydroxyl radical has high oxidation properties and
are capable of degrading organic molecules into less
harmful materials [14].

Ollis et.al. demonstrated the effect of light intensity
on dye photocatalytic processes according to firstorder equation and found that at light intensity
between 0 and 20 mW, dye degradation rate has a
linear relationship with light intensity. As radiated
light intensity increases to 25 mW, dye degradation
rate has direct relationship with I2 while at light
intensities of I ≥ 25 mW, dye degradation rate has no
relation to I [16].

Organic molecules, containing hydrogen and free
negative anions in their structure possess a reducing
property that enables them to participate in oxidation
reactions with hydroxyl radicals, converting into
more simple matter such as water and carbon dioxide
[3]. Degradation of an organic molecule occurs at the
weakest chemical bond among its functional groups.
The ultimate reaction of an organic molecule via a
photocatalytic process is demonstrated by the
following:
Cm H n O y X z + ( m +

sz
2

−

kz
4

The effect the lateral surface areas of nanoparticles of
titanium dioxide fibers were studied by Jochen. By
increasing the porosity of titanium dioxide nanofibers
and decreasing fiber diameter, the outer surface area
increases, resulting in an increase in contact of the
photoactive regions (holes) with dye molecules and
an increase in dye removal [17].

UV +TiO2
y
kz
− )O2 
→ mCO2 + ( n − ) H 2O + zXOs − k
2
2

Where m, n, y, z, represent the number of atoms
concerning C, H, O, X in the organic compound
CmHnOyXz, respectively. k and s also represent the
corresponding oxygen valence and stoichiometric
ratio of oxygen in molecule XOs, respectively. In the
aforementioned chemical formula X can be a halide,
nitrogen, phosphorus or sulfur [3].

There are different methods for the removal of dye
molecules from wastewater, including ozonation,
biological treatment, adsorption, ion exchange,
coagulation and membrane processes. Among these
methods, the membrane process is more effective
than the other methods. A membrane acts as a barrier
separating two discrete phases. Its main function is to
separate species which come into contact within one
phase (feed) and transport them across to the other
(permeate). Nanofibrous membranes produced by
electrospinning offer unique properties such as high
specific surface area, good interconnectivity of pores,
high fluxes, and a potential to incorporate active
chemistry or functionality at the nanoscale [18-21].

Many investigations have been made into dye
removal from wastewater via photocatalytic
degradation processes. Kuo et al. [15] reported that
the degradation of methylene blue dye could be
achieved by attaching titanium dioxide powder
particles 30 nm in size with lateral surface areas of
50±15 m2/g to the impeller blades surface and inner
surface of a reactor via resin. The experiment was
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The aim of this research was to investigate the effect
of TiO2 nanoparticles on the efficiency of the
photocatalytic degradation of methylene blue dye. A
comparison of the dye removal efficiency was made
between immersion and cross-flow filtration. Finally,
the effect of initial dye concentration, membrane
pressure and solution pH on the photo catalytic
degradation efficiency of the methylene blue dye was
investigated.

The gel was then poured into a broad dish and
electrospun nanofibers were wet impregnated in the
for 5 minutes. After extracting the nanofibers from
the gel, they were put into a 70 °C oven for 1 hour to
evaporate the solvent. In order to complete the
titanium dioxide structure formation, nanofibers were
put into a 120 °C oven for 30 minutes. Finally, the
nanofibers were rinsed with distilled water to
separate non-sticking nanoparticles from the
nanofiber’s surface [22].

EXPERIMENTAL
The filter used in this study consists of three parts.
Part one is a substrate made of polyurethane-carbon
non-woven fabric produced by Iran’s Milad Industry
Company. Part two is a polyacrylonitrile nanofiber
web produced via electrospinning on top of the
substrate, and part three is a polyethylene net-like
overlaying protective layer to prevent of nanofiber
web condensation under pressure.

Methylene blue dye (C16H18N3SCl) in the form of
powder made by China’s Yuhao Company was
dissolved in distilled water at a concentration of 40
µM. This dye was chosen because it reacts rapidly in
the presence of oxygen [23]. The dye structure is
shown in Figure 1.

Polyacrylonitrile nanofibers were produced from a
solution of 15 wt% PAN polymer (Mw=105 g/mol)
made by Iran’s PolyAcryl Company and DMF
solvent made by Germany’s Merck Company.
Nanofibers were electrospun at 10 kV v, 0.26 ml/hr.
feed rate, 15 cm spinning distance, 41% relative
humidity, 20 °C temperature and 10 hour time length.

FIGURE 1. Methylene blue dye structure (C.I. 52015)

In order to perform photocatalytic reactions to
degrade the methylene blue dye, a UV lamp made by
Netherland’s Philips Company with 254 nm
wavelength and 0.085 W radiant power was used.

Synthesis of Titanium Dioxide Nanoparticles
In order to deposit titanium dioxide nanoparticles
upon the nanofibers in the filter structure, a low
temperature sol-gel process was used. In this case,
two solutions were prepared. For the first solution, 12
ml titanium isopropoxide made by Germany’s Merck
Company was added to 50 ml 2-isopropanol solvent
made by Germany’s Merck Company and was
stirred. Then 0.7 ml triethylamine made by
Germany’s Merck Company was added to this
solution as a stabilizer. The solution was then put into
a vacuum flask under neutral conditions in the
presence of argon gas with a pressure of 1 bar. The
solution was stirred for 15 minutes via electric mixer
with a rate of 200 rpm.

Measuring Dye Solution Concentration
For the concentration measurement of the methylene
blue dye solution, a Shimadzu transmission
spectrophotometer device, model UV mini -1240,
was used. This device is based on Beer-Lambert law
from Eq. (2) [24].

Another solution was made by mixing 1 ml
hydrochloric acid made by Germany’s Merck
Company, 0.5 ml water and 50 ml 2-isopropanol. The
solution was stirred via electric mixer for 10 minutes.
Next, both solutions were mixed and the final
solution was stirred via electric mixer at a rate of 200
rpm, under neutral conditions in the presence of 1 bar
argon gas for 60 minutes to prepare the gel [22].

In this equation, A represents absorption amount, I0 is
radiated light intensity, I is the intensity of light
transmitted from solution, Ԑ represents the molar
extinction coefficient, L is cell length and C is
solution concentration. A dye solution with a specific
concentration was prepared, its absorption was
measured in the visible region from wavelength of
400 to 780 nm via a transmission spectrophotometer
and the maximum absorption wavelength for the dye
solution was calculated.
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A=
− log( ) =
ε LC
I0
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TABLE I. Experimental sample specifications for the immersion
process.

According to Eq. (2), dye solution absorbance based
on the Beer-Lambert law is directly related
concentration. Dye solutions with concentrations of
25, 30, 35, 40, 45, 50, 55, 60 µM were prepared and
their absorbency at the maximum wavelength of
dye’s absorbance, 668.5 nm, was measured..
Concentration and absorbency coordinates were input
to SPSS software to obtain Beer-Lambert law
correlations via linear regression. Using the obtained
linear equation, dye concentrations can be calculated.
In order to determine the extent of the of the dye
oxidation reaction, a first-order equation of chemical
equilibrium based on Longmuir-Hinshelwood theory
was used, as shown by Eq. (3).
c
ln 0 = kt
c

1

electrospun PAN on urethane-carbon substrate

3

electrospun PAN with TiO2 nanoparticles on
urethane-carbon substrate
electrospun PAN with TiO2 nanoparticles on
urethane-carbon substrate and UV irradiation

To measure dye removal efficiency a 1 cc sample of
methylene blue dye solution was removed from each
beaker every 20 minutes for 3 hours. After the
absorbency was measured, the measured sample was
returned to the beaker to maintain a constant solution
volume remained throughout the experiment. Next,
the solution concentrations versus time were
calculated via the Beer-Lambert law and the filtration
efficiency was determined. Finally reaction progress
constants were determined using first-order
equilibrium equations. The experiment was repeated
three times and the averages of the results were
reported.

(3)

Eq. (4) was used to determine filtration dye removal
efficiency at the time length equal of t.
c0 − ct
× 100
c0

Filter Structure

2

In Eq. (3) c0 represents dye solution primary
concentration in molar unit, c expresses dye solution
concentration at time length t, k represents the firstorder reaction progress constant in terms of min-1 and
t states time in terms of min [14].

% Eff
=

Sample
Number

For all experiments done for the immersion process,
pH of the dye solutions remained constant at 6.4, dye
solution retention time before filtration was 24 hours
and the initial concentration of dye solutions was 40
µM.

(4)

In Eq. (4), c0 represents initial concentration of the
dye in the wastewater and ct represents the dye
concentration in the wastewater in time length t after
filtration process inception [14].

Filtration Via Cross-Flow Method
The second type of experiments were carried out
using a cross flow process, as shown in Figure 2. In
this process the feed flow moves parallel to the
membrane surface and splits into two flows i.e.
filtered flow and remaining flow.

Filtration Via Immersion Method
Experiments were divided into two categories. The
first type involved an immersion process. In order to
perform the immersion process, 100 cc methylene
blue dye solution with a concentration of 40 µM was
poured into three different beakers. Beaker number
one contained 4×4 cm2 cuttings of polyacrylonitrile
fibers plus the substrate. Beakers two and three held
4×4 cm2 cuttings of polyacrylonitrile fibers with
titanium dioxide nanoparticles plus the substrate.
Beaker No. 3 was exposed to UV radiation during the
experiment. Table I shows experimental sample
specifications.

FIGURE 2. Schematic view of cross flow filtration mechanism.
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The specific layout of components used in this study
is displayed in Figure 3. Filtration was carried out in
a single-stage process using re-circulation. Recirculation flow was maintained at a constant
pressure by means of an adjustable pump. Samples as
shown in were exposed to UV radiation provided by
a source while inside a clear cubic glass container
with dimensions of 12×8 cm2.

filtration process. To study the effect of pressure on
the membrane on the filtration efficiency, the filter
containing titanium dioxide nanoparticles and PAN
nanofiber was placed under continuous radiation of
UV in membrane container at pressures of 1.3, 1.5
and 1.7 bars. Eq. (5) was used to calculate the
pressure on membrane.
=
∆p

Dye solution samples were collected every 5 minutes
for 1 hour, absorption was measured, concentrations
as a function of time were determined from the BeerLambert law were calculated and filtration
efficiencies were calculated. Finally reaction progress
constants were determined using first-order
equilibrium equations. The experiment was repeated
three times and the averages of the results were
reported.

p1 + p2
+ patm
2

(5)

In this equation, P1 and P2 represent pressures read
from indicators placed before and after membrane
holder, respectively, and Patm was considered 1 bar.
To study the effect of the methylene blue dye
solution pH on the filtration efficiency, the pH of the
dye solutions was set to 6.4, 4.1 and 10.5. The pH of
the dye as received is 6.4. Solutions of hydrochloric
acid and soda at 0.1 M concentration were used to
adjust the pH of the solution for this part of the study.

For all immersion process experiments, pH of the dye
solutions remained constant at 6.4, dye solution
retention time before filtration was 24 hours and the
initial concentration of dye solutions was 40 µM and
1.5 bars pressure was maintained on the membrane.
The effects of initial dye solution concentration,
pressure on the membrane and the pH of the dye
solution on the photocatalytic degradation efficiency
were studied.

UV irradiation was continuously during experiments
involving all three of the variables studied using the
cross flow filtration process. Dye solution samples
were collected every 5 minutes for 1 hour, absorption
was measured, concentrations as a function of time
were determined from the Beer-Lambert law were
calculated and filtration efficiencies were calculated.
Finally reaction progress constants were determined
using first-order equilibrium equations.
Digital
images of nanofibrous membranes containing TiO2
nanoparticles before and after methylene blue
removal experiments are shown in Figures 4 & 5.

FIGURE 3. Components placement layout in cross flow filtration
system

v 1 ,v 2 ,v 3 ,v 4 represent

valves used, P1, P2 represent

pressure indicators used and flow meters represent existing routes
for flow measurements in system.

To study the initial dye concentration effect on
filtration efficiency, three concentrations of
methylene blue dye (40, 50 and 60 µM) were
prepared. The filter containing titanium dioxide
nanoparticles and PAN nanofiber was placed under
UV irradiation in the glass container throughout the
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FIGURE 4. Nanofibrous membranes containing TiO2 nanoparticles
before methylene blue removal experiments.
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FIGURE 6. Filter nanofiber structure at 6000 times magnification.
FIGURE 5. Nanofibrous membranes containing TiO2 nanoparticles
after methylene blue removal experiments.

Characterization
The structure of the filter layers was captured
visually via field emission scanning electron
microscopy (FESEM), using a HITACHI S.4160
instrument. Statistical analyses of 100 fiber diameters
and 15 filter substrate pores were completed via
Digimizer software. To study the crystal structure of
titanium dioxide nanoparticles, X-ray scattering
spectroscopy measurements were conducted using a
Philips X’pert-MPD instrument. A copper target tube
and a 1.54 angstrom X-ray wavelength were used.
Results were analyzed via PANalytical X’pert
Highscore software. In order to study the functional
groups of the methylene blue dye before and after the
filtration process, Fourier transform infrared (FTIR)
spectroscopy was carried out using Bomem MB100
spectrophotometer. Results were analyzed via WinBomem Easy software.

FIGURE 7. Nanofiber diameter distribution curve.

RESULTS AND DISCUSSION
SEM Analysis
FESEM images of the nanofiber structure along with
the diameter distribution curve are shown in Figure
6. Nanofiber average diameters are 531.8 nm with a
CV of 13.87% according to the distribution curve in
Figure 7.
FIGURE 8. Titanium dioxide nanoparticles structure upon
nanofibers of 60000 times magnification.

An FESEM image of the titanium dioxide
nanoparticles upon membrane structure is shown in
Figure 8. Average diameter of these nanoparticles is
estimated to be 53 nm with a CV of 24.33%
according to microscopic images.
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Thickness Determination
Thickness of the membrane was determined to be
200 µm. The carbon-polyurethane substrate used was
1.9 mm thick. Total thickness of filter was calculated
to be about 2.1 mm.
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X-Ray Diffraction (XRD) and FTIR Analysis
In Figure 9, the XRD spectrum of titanium dioxide
nanoparticles is shown. Analyzing the results
indicates that two peaks in the curve related to the
anatase phase. This confirms the presence of
photocatalytic properties in the membrane structure.

Dye Calibration Curve
Methylene blue dye solution absorbency at a
concentration of 40 µM and pH of 6.4 without
addition of acid or base was measured. Maximum
wavelength of absorbency in this case was noted
668.5 nm. At pH of 4.1 the maximum wavelength of
absorbency was 651 nm and at pH of 10.5 the
maximum wavelength of absorbency was 638.5 nm.
Dye calibration curves calculated from Eq. (2) for
each pH solution as a function of concentration are
shown in Figure 11. Linear regression methods were
used to obtain a best fit line equation for the
experimental points [25].
Concentration of dye in the wastewater samples at
each pH was obtained via Eq. (6), (7) and (8).
According to the literature, theoretically there should
be no intercept for the equations. However violation
of Beer-Lambert as a result of dye aggregation, stray
light and quantization errors will cause an intercept
[25].

FIGURE 9. Membrane XRD spectra.

In Figure 10, the FTIR spectra of methylene blue dye
before and after filtration is shown. Analyzing the
results indicates that the six peaks existing in the
curve before methylene blue dye filtration
disappeared after photocatalytic filtration of
methylene blue dye. In Table II, the names of
identifiable degraded functional groups are
mentioned according to methylene blue dye
introduced structure from Figure 1, along with
associated frequencies.

FIGURE 11. Dye calibration curve.

=
A 0.014C + 0.010
=
A 0.012C + 0.014
=
A 0.008C + 0.010

TABLE II. Methylene blue dye degraded functional groups after
filtration.

Wave number (cm-1)

C-S

1166.93 and 1134.83

C-N

1321.9

CH3

1486.42 and 1385.71

C=C

1591.25
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(6)
(7)
(8)

Immersion Process
Filtration efficiencies from Eq. (4) for the immersion
process are shown in Figure 12. According to Figure
12, sample 3, which undergoes significant dye
degradation under the photocatalytic processes,
shows the highest filtration efficiency over the 3
hours of run time. In the two other samples, dye
saturation occurs and the filtration efficiency almost
stayed constant or increased negligibly. Therefore, an
increase in the filtration efficiency due to the
photocatalytic process is confirmed.

FIGURE 10. Methylene blue dye FTIR spectra before and after
photocatalytic filtration.

Functional Group

pΗ=6.4
pΗ=4.1
pΗ=10.5
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saturation occurs and the filtration efficiency almost
stayed constant or increased negligibly. Therefore, an
increase in the filtration efficiency due to the
photocatalytic process is confirmed.
An ANOVA test was carried out on the filtration
efficiency data using SPSS software. The results
confirmed a statistically significant difference
between sample 3 and the other two samples. Also,
an LSD test showed that there is a significant
difference between the filtration efficiency average of
sample 3 and the other samples..

FIGURE 12. Filtration efficiency of three different samples in
immersing process

By comparing Figure 12 and Figure 14 it can be
concluded that the cross-flow process reached an
efficiency of 77.7% in 60 minutes while the
immersion process reached an efficiency equal of
75.1% in 180 minutes. The reason for this difference
is the pressure on membrane in the cross-flow
process, which causes an increase in the filtration
efficiency.

An ANOVA test was carried out on the filtration
efficiency data using SPSS software. The results
confirmed a statistically significant difference
between sample 3 and the other two samples.
In order to study the photocatalytic reaction progress
rate for sample 3 according to Eq. (3), the natural
logarithm of C0/C, ln (C0/C) values are plotted in
Figure 13. The equilibrium constant equation was
obtained by linear regression and is shown in Eq. (9).
c0
=
ln
0.001t + 1.099
c

(9)

From Eq. (9) the index for the reaction rate, k, is
equal to 0.001 min-1.

FIGURE 14. Filtration efficiency of three different samples in
cross-flow process.

In order to study the photocatalytic reaction progress
rate for sample 3 according to Eq. (3), ln (C0/C)
values are given in Figure 15. The equilibrium
constant equation is computed by a linear regression
method and is shown in Eq. (10).
FIGURE 13. Ln (C0/C) values for sample 3 in terms of time.

c
=
ln 0 0.006t + 1.113
c

Cross-Flow Process
The results of the filtration efficiency via Eq. (4) for
the cross-flow process are given in Figure 14.
According to Figure 14 sample 3, which undergoes
significant dye degradation under the photocatalytic
processes, shows the highest filtration efficiency over
the 3 hours of run time. In the two other samples, dye
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(10)

From Eq. (9) the index for the reaction rate, k, is
equal to 0.006 min-1. Comparison of the calculated k
values for the cross-flow process (0.006) immersion
process (0.001), indicates that the photocatalytic
reaction progress rate in the cross-flow process is
nearly 6 times greater than in the immersion process.
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FIGURE 16. Filtration efficiency of three different samples from
the concentration experiment in the cross-flow process.

FIGURE 15. Ln (C0/C) values in terms of time for sample 3.

By extrapolating the data shown in Figure 13 and
Figure 15 using the efficiency equations and the
equation for the first-order equilibrium of each
process, it is observed that in the immersion process,
filtration efficiency of 85% is obtained after 798
minutes, while the same rate of efficiency in crossflow process is obtained after about one sixth of the
time i.e. 132 minutes. Therefore, the cross-flow
process would be preferred over immersion process.

The ANOVA statistical test showed that there is a
significant difference between filtration efficiency
values of samples 5 and 6. The LSD test showed that
no significant difference exists due as a result of
interactions between metal radicals and dye ions.
To determine the photocatalytic reaction progress
rates, ln (C0/C) values for samples 4 to 6 were
calculated and shown in Figure 17. First-order
equilibrium equations for the three samples were
obtained as Eq. (11), (12) and (13).

Existence on intercepts in the data generated using
Eq. (9) and Eq. (10) shows that the dye degradation
occurs through two different mechanisms. Initially,
dye removal occurs via the carbon-polyurethane
substrate and polyacrylonitrile nanofibers. In the
second stage, dye removal occurs through the
photocatalytic process and oxidation reactions
according to Langmuir-Hinshelwood model [26].
Experiments to determine the effects of dye solution
initial concentration, pressure on membrane and dye
solution pH on photocatalytic filtration efficiency
were carried out on Sample 3 in the cross-flow
process. Repeat experiments are designated by an
asterisk (*) sign.

*Related to sample 4 (11)

c
=
ln 0 0.003t + 1.025
c

Related to sample 5 (12)

c0
=
ln
0.001t + 0.880
c

Related to sample 6 (13)

According to the Eq. (11), (12) and (13), the
photocatalytic reaction rate in sample 4 is about 2
times that of sample 5 and about 6 times that of
sample 6. This is due to a decrease in hydroxyl
radical activity as a result of interactions of the dye
ions as dye concentration increases [14, 27].

Dye Solution Initial Concentration Effect
The filtration efficiencies at concentrations of 40 µM
(sample 4), 50 µM (sample 5) and 60 µM (sample 6)
via Eq. (3) are plotted in Figure 16. As concentration
increases, the dye removal efficiency decreases. This
is a result of an increase in percentage of ions
percentage in dye molecules. This tends to limit
photoactive species such as hydroxyl radicals [14,
27].
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c
=
ln 0 0.006t + 1.113
c

Intercepts are obtained for Eq. (11), (12) and (13)
due to the first-stage of the two-stage absorbance
mechanism explained in the previous section. The
ANOVA showed that there is not a significant
difference between intercept values at a 95%
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confidence level. The intercept values have random
fluctuations at the initial concentration values. This is
likely due to a small amount of polyacrylonitrile
nanofiber in the filter structure, low absorption
capability of polyacrylonitrile nanofiber at ambient
temperature and repeatability errors of the
spectrophotometer and cross flow apparatus.

FIGURE 19. Ln (C0/C) values in terms of time in the three
different pressures.

The first-order equilibrium equations for the three
samples were obtained and are shown, respectively,
in Eq. (14), (15) and (16).
FIGURE 17. Ln (C0/C) values in terms of time in three different
concentrations.

Pressure On Membrane Effect
The filtration efficiencies calculated from Eq. (4), for
pressures of 1.3 bar (sample 7), 1.5 bar (sample 8)
and 1.7 bar (sample 9) are given in Figure 18. An
increase in the pressure from 1.3 bar to 1.5 bar and
from 1.5 bar to 1.7 bar results in higher filtration
efficiency due to the compression of pores in the
membrane as well as membrane compaction.

c
=
ln 0 0.002t + 1.031
c

Related to sample 7 (14)

c
=
ln 0 0.006t + 1.113
c

Related to sample 8* (15)

c
=
ln 0 0.013t + 1.065
c

Related to sample 9

(16)

From the equations, as pressure increases from
photocatalytic reaction rate at 1.5 bar is about 3 times
the rate at 1.3 bar, and the rate at 1.7 bar is about
twice the rate at 1.5 bar. The reason for the decrease
in rate change is decreasing membrane
compressibility with increasing pressure.
Intercepts are obtained for Eq. (14), (15) and (16) due
to the first-stage of the two-stage absorbance
mechanism explained in the previous section. The
ANOVA results showed that there is no significant
difference between intercept values at 95%
confidence level.

FIGURE 18. Filtration efficiency in the three different pressures in
the cross-flow process.

ANOVA statistical analysis and the LSD test showed
that there is a significant difference between the
filtration efficiency values.

Dye Solution pH Effect
The filtration efficiencies calculated from Eq. (4) at
pH values of 4.1 (sample 10), 6.4 (sample 11) and
10.5 (sample 12) are given in Figure 20. The
photocatalytic filtration efficiency decreases as
solution pH increases. It is assumed that as pH
increases, the concentration of OH- ions also

To determine the photocatalytic reaction progress
rates, ln (C0/C) values for samples 7 to 9 were
calculated, and the results are shown in Figure 19.

Journal of Engineered Fibers and Fabrics
Volume 11, Issue 4 – 2016

52

http://www.jeffjournal.org

increases. Consequently the oxidation reaction rate,
which leads to hydroxyl radical production, will
increase and therefore dye degradation will occur at a
higher rate. However, it is notable that a pH increase
above a certain level will cause an increase in
columbic repulsive forces between the photocatalyst
charged surface with negative potential and OH- ions.
This results in an increase in the dye absorbance rate
on the filter and a decrease in hydroxyl radical
generation. In other words, at pH of 10.5 the
dominant mechanism in dye degradation is columbic
repulsive forces, resulting in an increase in OHconcentration in the solution [28-33].

c
=
ln 0 0.019t + 1.240
c

Related to sample 10 (17)

c
=
ln 0 0.006t + 1.113
c

Related to sample 11* (18)

c
=
ln 0 0.004t + 1.015
c

Related to sample 12 (19)

It is noteworthy that due to the same experimental
conditions, Eq. (10), Eq. (11), Eq. (15) and Eq. (18)
are the same.
From Eq. (17)-(19), the photocatalytic reaction rate
of the sample 10 is more than three times of that of
the sample 11 and almost 5 times more than that of
the sample 12. This is a result of the hydroxyl
radicals being covered by OH- ions at high pH values.
This causes a decrease in reactions between hydroxyl
radicals and dye molecule. In the case of acidic pH,
the attraction between OH- and positively charged
dye molecules increases, leading to to an increase in
the dye degradation rate.

FIGURE 20. Filtration efficiency in the three different pH values
in the cross-flow process.

A more reasonable mechanism for explaining this
aforementioned phenomenon is that at high pH
values an increase in OH- concentration causes a
reaction between individual hydroxyl radicals,
leading to the development of ion-radical pairs. This
reaction causes the OH- ions to cover surrounding
hydroxyl radicals and the dye degradation reaction to
be decreased with a resulting decrease in the filtration
efficiency. At an acidic pH of 4.1, the dominant
absorbance mechanism is columbic attractive forces
between the photocatalyst surface and the dye
solution with positive potential and OH- form [2833].

FIGURE 21. Ln (C0/C) values in terms of time in the three
different pH values.

Intercepts are obtained for Eq. (17), (18) and (19) due
to the first-stage of the two-stage absorbance
mechanism explained in the previous section. The
ANOVA results showed that there is not a significant
difference between intercept values at a 95%
confidence level.

Thus, the dominant mechanism of dye degradation
and maximum dye degradation differ in acidic and
basic solutions with sample 10, the most acidic
solution showing the highest rate. that The ANOVA
and LSD tests showed that there is a significant
difference between the filtration efficiency values.

CONCLUSION
In this study, the effect of TiO2 nanoparticles on the
efficiency of the photocatalytic degradation of
methylene blue dye using Langmuir-Hinshelwood
model was investigated. The results showed that in
the two methods of filtration; immersing and crossflow processes, the filtration efficiency of samples

To determine the photocatalytic reaction progress
rate, (ln C0/C) value for samples 10 to 12 was
calculated. Results are given in Figure 21. The firstorder equilibrium equations were computed and are
shown in Eq. (17), (18) and (19).
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using titanium dioxide under UV rays was higher
than that of the samples without titanium dioxide and
without the presence of UV rays. Also with the same
assumptions, degradation efficiency of the cross-flow
system was more than 3 times higher than the
immersing one. In the cross-flow test, the effect of
three variables; pressure on the membrane, initial
concentration of the dye solution and pH of the dye
solution was studied. ANOVA and LSD tests showed
that there are significant differences between
efficiency values. The highest efficiency obtained
was 90.3% at 1.5 bar pressure, 40 μM initial
concentration, and pH of 4.1. Solution pH had the
highest effect among the three variables on removal
efficiency. As pH decreased from from 10.5 to 4.1,
the photocatalytic reaction rate increases about 5
times.
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