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Abstract
In this photocatalytic study, removal of bisphenol-A from aqueous solution was studied using the GF/Fe-TiO2-CQD composite.
Due to its health and environmental effects, this compound should be disposed of sources that are mainly industrial wastewater.
The phis-chemical properties of the composite were determined by traditional analyzes of EF-SEM, EDX, BET, XRD, FTIR and
DRS. In this study, different ratios of CQD in the composite (1.5, 4.5 and 7.5 wt%), pH, and bisphenol-A concentration as
variable parameters were investigated. All analyzes, EF-SEM, EDX, BET, XRD, FTIR, show that the GF/Fe-TiO2-CQD
composite is well coated on glass fibers (GF) and all the elements in the catalyst are present. On the other hand, DRS analysis
showed that CQD reduces the band gap of Fe-TiO2 from 2.96 eV to 2.91 eV, it was 3.10 eV for TiO2. Among different catalysts,
GF/Fe-TiO2-CQD4.5wt% has the best performance. The results showed that for GF/Fe-TiO2-CQD4.5wt%, optimum for the process
was at pH = 6 in low concentration of bisphenol-A. The first order model for the photocatalytic degradation process were well
studied. In addition, GF/Fe-TiO2-CQD4.5wt% showed that it can be usedmany times with a minimal reduction in performance. As
a result, the GF/Fe-TiO2-CQD4.5wt% composite can successfully remove bisphenol-A form in synthetic aqueous solution.
However, it is necessary to further studies to applied that for real water source in water and wastewater treatment plants.
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Introduction

Bisphenol-A (BPA) is classified in the midst of EDCs since it
displays estrogenic activity. Bisphenol-A is a monomer of
polycarbonate plastics, which is one of the highest volume
chemicals produced worldwide [1, 2]. In the water resources
bisphenol-A is known as a threat for the emission health and
ecosystems through the food chain. It is a well-known com-
pound which can disturb the endocrine system, which leads to
impaired reproduction, obesity, neurological disease, and can-
cers [3, 4]. The lowest observed affect level for bisphenol-A
was determined as 50 μg kg−1 body weight day−1 by the
USEPA, and adapted by the FDA [5]. High bisphenol-A

concentrations of 0.0013, 0.056, 0.37, and 17.2 mg L−1 were
detected in tap water, surface water, effluents from a waste-
water plant, and landfill leachate, respectively. The bisphenol-
A is difficult to biodegrade and to bio-accumulate so it is
persisted in environment. Bisphenol-A is a durable chemical
and its natural degradation is slow so that it takes more than
90 years, therefore effective techniques to remove and/or de-
grade bisphenol-A in the environment are desired [6, 7]. In
recent years, some researchers have studied the removal of
bisphenol-A using sorption-based processes such as natural
adsorbents [8–10] and MOFs [11–13], catalytic processes
[14–16], and photocatalytic processes under UV and UV-
visible radiation [3, 17–19]. Among these, photocatalytic pro-
cesses, which is one of the AOP processes, due to their greater
environmental compatibility and low cost in environmental
treatment, especially in the removal of low-concentration con-
taminants have been used [3].

Titanium dioxide (TiO2) is known as one of the most suc-
cessful semiconductors in the industry due to its very low
toxicity, high chemical stability (especially against light cor-
rosion) and photocatalytic applications [20]. In the photocat-
alytic removal of organic pollutants by TiO2, UV radiation on
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the surface of TiO2 leads to the production of electron-holes
(e−/h+) pairs. The large gap band TiO2 (3–3.2 ev) limits its
photocatalytic activity under visible light radiation. The rapid
recombination of the e−/ h+ pairs produced and the slow trans-
fer of excited electrons is also a major problem of intrinsic
semiconductors. On the other hand, very low surface area of
TiO2 leads to narrow absorption of visible light irradiation in
the range of 400–760 nm [21, 22]. Several methods have been
proposed by researchers to solve the above problems, such as
doping of metallic and non-metallic elements [21, 22], sensi-
tization of dye [23], and banding with narrow-band gap semi-
conductors [24]. Iman et al. have reported that coating TiO2

on a surface can increase its specific surface area and increase
the absorption of UV visible light [25]. Fe3+ is considered as a
suitable alternative due to its ionic radius similar to Ti4+

(Fe3+ = 78.5 pm, Ti4+ = 74.5 pm), which can be easily re-
placed in the TiO2 crystal lattice. In addition, proximity of
the redox potential (energy differential) of Fe2+/Fe3+ and
Ti3+/Ti4+ with each other leads to increased light absorption
by TiO2 in the visible region. Due to its availability as well as
the above-mentioned properties, Fe was selected as a dopant
agent in this study [26]. Fe3+ with a gap band energy of 2.2 eV
causes a sharp decrease in the TiO2 gap band from 3 to 3.2 eV
to 1.8–2 eV. Fe3+ can also act as an electron carrier in the TiO2

network. It should be noted that high dopant concentrations
usually lead to rapid recombination of e−/h+ pairs and thermal
instability [27].

Recently, carbon quantum dots (CQDs) have been intro-
duced as new types of carbon nanomaterials with sizes below
10 nm. Their characteristics (CQD) include high water solu-
bility, good biological compatibility, low toxicity, and tunable
photoluminescence [28]. CQDs have a high ability to transmit
excited electrons under light radiation as well as improve the
efficiency of e−/h+ pairs production. The photoluminescence
emission of CQDs is mainly at 430–550 nm. Due to these
properties, CQDs have been successfully used for photocata-
lytic applications to improve the photo-catalytic activity of
semiconductors by reducing the recombination of e−/h+ pairs
and expanding light-sensitive regions. Physical mechanisms
such as centrifugation and filtration and the catalysts synthe-
sized with Fe as the core to obtain a magnetic particle, or
deposed on substrates such as GAC [22, 29], glass fiber
(GF) [25, 30], membrane [31, 32] are the most common
methods for recycling catalysts used for water purification.

In the magnetic composite, some of the semiconductor
(TiO2) is deprived of access to light radiation [25]. GF as an
amorphous substrate can increase the specific surface area of
the photocatalyst when used as a base. Compared to other
substrates, GF has some unique properties such as high sur-
face area and flexibility. Some researchers have reported that
GF as a preservative for Fe-TiO2 increases its photocatalytic
efficiency for the decomposition of organic matter in aqueous
solution [33, 34]. Given the properties mentioned for CQDs

and GF, the aim of our study was to fabricate a TiO2-Fe-CQD
composite fixed on glass fibers to degradation of bisphenol-A
in aqueous solution under UV-visible light.

The influence of parameters including different percentage
of CQD on the fabricated catalyst structure, pH, and initial
concentration of bisphenol-A on the efficiency of the
bisphenol-A removal process was studied. The properties of
the prepared catalysts, adsorption kinetics, pHZPC, catalyst
stability, reaction kinetic study as well as identification of
active species were studied. In the following sections, the
Fe-TiO2-CQD fixed on GF is called GF/Fe-TiO2-CQD for
short.

Materials and methods

Experimental

Materials

All of the chemical reagents used in this studywere commercial
and were used without further refining. Bisphenol-A (98%),
titanium tetraisopropoxide (TnBT(Ti [O(CH2)3CH3]4)),
Fe(NO3)3·9H2O (98%), ascorbic acid, Na2-EDTA, AgNO3,
and sodium azide was made inMerck, Germany. Also, material
of HNO3%, HCl, NaOH, acetonitrile (99%), and ethanol
(99.9%) were from Aldrich, USA. GF texture purchased from
Shimie afsoon, Tehran, Iran.

Preparation of CQD

CQD was prepared using hydrothermal method based on ref-
erence [35]. First, 3 g of citric acid and 1 g of urea were
dissolved in 10 ml of distilled water and then heated at
180 °C for 5 h. The suspension was then centrifuged at
10,000 rpm for 30 min to separate larger particles. Finally,
the brown solution obtained was kept dry and dark place for
further use.

Preparation of GF/Fe-TiO2-CQD composite

The GF/Fe-TiO2-CQD composite was prepared by a sol-gel
method in two steps.

First step is fabricating GF/Fe-TiO2, using a sol-gel proce-
dure followed by a dip-coating process adopted reference
[33]. In brief, 17 mL of TnBT, 0.5 mL of nitric acid, and
1.5 mL of deionized water were added sequentially to
136 mL of ethanol. This was followed by the addition of
0.1 g of iron (III) nitrate (Fe (NO3)3 to the solution, resulting
in Fe-TiO2 fabricates. A piece of GF texture (6 × 4 cm) was
subsequently dipped into the mixture for 30 min and then
pulled out slowly at a rate of 1 cmmin−1, and dried an ambient
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followed by drying in an oven at 105 °C for 24 h. This was
done for three times for high loading.

In the next step, the prepared CQD was coated on GF/Fe-
TiO2. For this purpose, different amounts of CQD solution
(1.5, 4.5, and 7.5%wt) were added to 20 ml of ethanol and
dispersed by ultrasonics. Then, the GF/Fe-TiO2 produced in
the previous step was immobilized in ethanol solution con-
taining CQD for 30 min. The fibers were then gently removed
at a rate of 1 C/min and dried at room temperature, followed
by drying in an oven at 105 °C overnight. This was done three
times to load more. Finally, the GF/Fe-TiO2-CQD composite
was calcined in an electric furnace at 300 °C in a rate of
2 °C min−1 under Nitrogen atmosphere for 3 h.

Characterization

The chemical and physical properties of the prepared catalysts
were determined by the following analyzes. The morphology
of the catalysts was determined using a field emission scan-
ning electron microscope (FE-SEM, Hitachi S-4800 Japan)
with an accelerating voltage of 15.0 kV. The purity and com-
position of the samples were investigated by FE-SEM
equipped with energy dispersion generated by X-ray spectros-
copy (EDX). The surface properties and pores of catalysts,
Brunauer-Emmett-Teller (BET), were determined by an N2

adsorption tool (ASAP 2020 μm). Data caused by a
Thermofisher Nicolet 6700 spectrometer (Thermofisher,
USA) was recorded as FT-IR spectra in the range of from
4000 to 400 cm−1. X-ray diffraction (XRD) patterns of the
catalysts were studied using the Rigaku Dmax-RB (Tokyo,
Japan) diffractometer. Reflection spectroscopy (DRS) analy-
sis was performed using a Hitachi U-3010 UV-vis (UV-vis)
spectrophotometer (Tokyo, Japan).

Photo-catalytic experiments and analysis

Photocatalytic degradation of bisphenol-A was performed in a
simple glass chamber (diameter = 50 mm, height = 100 mm).
A 55W xenon lamp with a radiation intensity of 75 mW cm−2

and a maximum light output of 472 nm was used as the UV-
visible light source above (3 cm) the glass. A piece of GF/Fe-
TiO2-CQD4.5%wt was fixed inside the glass chamber. Aqueous
solution of bisphenol-A was poured into this glass chamber
andmixed using a magnetic stirrer. The pH of the solutionwas
adjusted to the desired value with a solution of buffer HCl,
NaOH (5, 6, 7, 8, and 9) and the pH meter (PHS-25, Hatch,
USA) measured the pH values.

The experiments were performed in two stages, first ab-
sorption and then photocatalytic process. To determine the
contribution of the adsorption process during the degradation
of the bisphenol-A, adsorption tests were performed in the
first 30 min before the lamp was turned on. The system was
then exposed to UV-visible light for various times.

Photocatalytic degradation efficiency of bisphenol-A was
calculated by Eq. (1):

DE ¼ C1−C2

C1
� 100 ð1Þ

Where C1 and C2 is the initial and final concentration of
bisphenol-A before and after irradiation into the solution.

Concentrations of bisphenol-A and other agents were de-
termined using high performance liquid chromatography
(HPLC) (using Shimadzu 2010HTC instrument) equipped
with Perkin-Elmer C18 column. Bisphenol-A was assayed
with acetonitrile-water mixture (60:40 v/v) as the carrier phase
at a flow rate of 1 ml min−1 and a UV absorption wavelength
of 218 nm. The column temperature was kept at about 45 °C
during the analysis. The volume of each sample injected into
the device was 20 μl.

Result and discussion

Photo-catalytic characterization

SEM and EDX analysis

FE-SEM analysis was used to investigate the morphology of
the samples. Figure 1 shows the data obtained from the FE-
SEM analysis for GF/Fe-TiO2-CQD4.5wt% (a) and row GF (b).
Looking at the image of FE-SEM (a), a thin layer of Fe-TiO2-
CQD is clear on the GF surface, while this catalytic coating
was not on the GF surface (b). EDX analysis was used to
determine the sample elements. Figure 1 (c, d, and e) shows
the data obtained from EDX analysis of GF/Fe-TiO2-CQD
samples with different percentages of CQD (1.5, 4.5, and
7.5 wt%). This analysis showed that CQD was evenly distrib-
uted on the particles, in addition, with increasing CQD in the
synthesized samples, its concentration increased.

BET study

A review of previous research shows that the surface proper-
ties of catalysts have a very significant effect on the efficiency
of the photocatalytic process [36]. Therefore, nitrogen adsorp-
tion and desorption isotherms were performed to obtain the
specific surface area, pore diameter and pore volume of the
samples, and the results are presented in Fig.2a and Table 1.
According to the results, when Fe-TiO2 was coated on GF, the
average pore diameter increased while the specific surface
area and pore volume decreased. Such results have been re-
ported by Imane Benyamina et al. [25]. The specific surface
area of Fe-TiO2 and GF/Fe-TiO2 samples were 468 and
525.1 m2/g, respectively (Table 1). The Fe-TiO2-CQD4.5%wt

composite had lower pore surface and volume than GF/Fe-
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TiO2 while its average pore diameter was higher than GF/Fe-
TiO2 (Table 1). GF/Fe-TiO2 had a specific surface area of
525.1 m2/g. Addition of CQD to GF/Fe-TiO2 reduced its spe-
cific surface area (538.5 m2/g). This decrease occurred at
CQD’s percentages above 4.5%wt and resulted in a slight
decrease in the degradation efficiency of bisphenol-A.

FT-IR spectra

The FTIR spectra of the synthesized samples are shown in
Fig. 2b. The order of the spectra in this FTIR diagram is
CQD (a), Nano Fe2O3 (b), TiO2 (c) and Fe-TiO2-CQD (d).
FTIR results show four main absorption peaks located in the
regions 475–573, 1078–1109, 1619–1937, 3025–3515 cm−1.
In the range of 475–573 cm−1, there is an absorption spectrum
that was related to the stretching vibration of Fe-O and Ti–O
[36]. The adsorption in the region of 1619–1637 cm−1 was
related to the bending vibrations of the hydroxyl present on
the surface of TiO2 and TiO2-Fe-CQD. This hydroxyl can be

caused by partial moisture in the photocatalyst [37]. In the
CQD spectrum (Fig. 2b(a)),there are the adsorptions in the
regions of 3025 and 3515 cm−1, 1390 cm−1, and 1173 cm−1

which are related to –N-H stretch, COCH2-bending, and C-N
bond, respectively [38]. A short and wide adsorption at
3452 cm−1 was observed which is related to Ti-OH and Fe-
OH and caused by water molecules that are attached by weak
hydrogen bonds [6]. In general, FTIR results confirm the pres-
ence of metal oxides and surface functional groups related to
the presence of CQD.

XRD analysis Figure 3a shows XRD pattern of the samples
included pure TiO2 and Fe-TiO2-CQD4.5wt% synthesized by
sol-gel method. From the analysis, the peak of pure TiO2 is
matched with pattern no. JCPDS 00–021-1272, which
corresponded to anatase phase [39]. This peak is also detected
in with another sample (Fe-TiO2-CQD). From this analysis,
the peak of the pure TiO2 and Fe-TiO2-CQD were detected at
diffraction angles of 22.35°, 37.90°, 47.90°, 53.96°, 62.66°

Fig. 1 FE-SEM of GF (a) and GF/Fe-TiO2-CQD4.5wt% (b), EDX of the GF/Fe-TiO2-CQD (1.5 (c), 4.5 (d), and 7.5 (e) wt%)

Table 1 The specific surface
area, pore diameter, and pore
volume of the samples

Photocatalysts BET surface area (m2 g−1) Pore Volume (cm3 g−1) Pore Diameter in nm

GF/Fe-TiO2-CQD4.5wt% 538.5 0.560 4.32

GF/Fe-TiO2 552.1 0.747 3.57

Fe-TiO2 468.0 0.418 4.49
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which corresponded to (101), (004), (200), (105), (211) and
(204) plane, respectively. In addition, no peak associated with
Fe was observed for pattern of Fe-TiO2-CQD. This indicates
the formation of iron-titanium solid solution where the Fe was
successfully incorporated into TiO2 lattice structure due to the
similarity of ionic radius size between Ti4+ (0.68 A°) and Fe3+

(0.64 A°) mentioned in the introduction section [40–42]. Also,
as can be seen in EDX analysis data (Fig. 1b), amount of Fe is
very low. Therefore, all of these events led to disappearing of
Fe in XRD pattern of Fe-TiO2-CQD.

UV-Vis DRS and band gap determination

UV–visible diffuse reflectance spectra of CQD, un-doped
TiO2, Fe-TiO2 and Fe-TiO2-CQD1.5, 4.5 and 7.5 wt% samples
are shown in Fig. 3b. Fe-TiO2 shows improved absorptions
in the range of 380 to 500 nm. The spectrum for the undoped
TiO2 has a sharp absorption edge at 365 nm. However, the
absorption threshold of Fe-TiO2 shifted in the visible region of
the spectrum. The enhanced visible light absorptions may be

explained by the charge-transfer transition between the d-
electrons of the Fe-dopant and the conduction band of TiO2

[43]. Fe-TiO2-CQD shows high enhanced absorptions after
400 nm with increasing CQD content. The enhanced visible
light absorptions may be explained by the charge-transfer
transition between the conduction band of TiO2 and CQD
[44]. Also, CQD has strong absorption in all over of spectra
from 300 to 700 nm (Fig. 3b). The absorption measurement of
Fe-TiO2-CQD 1.5, 4.5 and 7.5 wt% showed absorption at
400, 418 and 425 nm, respectively, whereas TiO2 and Fe-
doped TiO2 absorption at 375 and 390 nm, respectively.

The band gap energy was calculated using Kubelka-Munk
principles as shown in the Eq. (2) [44]:

Eg¼
1; 240

λ
ð2Þ

The band gap energy for un-doped TiO2, Fe-TiO2 and Fe-
TiO2-CQD 1.5, 4.5 and 7.5 wt% were 3.10, 2.96 and 2.91,
respectively. All these samples showed a reduction in band
gap energy as a result of surface modification of TiO2.
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Performance of the prepared materials

In a photocatalytic degradation process, several factors can
work together to remove contaminants. In our study, the
degradation of bisphenol-A was examined separately by
visible light and GF lonely, GF TiO2, GF/Fe-TiO2, and
GF / Fe-TiO2-CQD4.5%wt under visible and UV light. In
these studies, the time for dark and light conditions was
30 min, the concentration of bisphenol-A was 20 mg l−1,
which was done at normal pH (6.5) and the results of the
experiments are shown in Fig. 4. As can be seen, visible
light with was only able to remove 6% of bisphenol-A in
30 min of dark condition. This decrease occurred due to the
adsorption of bisphenol-A on GF and photolysis by visible
light [45]. The results show that the removal efficiencies
for GF/TiO2 and GF/Fe-TiO2 under visible light were 41%
and 81%, respectively. As discussed in the catalytic photo
description section, doping TiO2 with Fe can improve the
performance of bisphenol-A photo-degradation. The main
photocatalyst in this work was GF/Fe-TiO2-CQD4.5wt%

which was studied separately with visible light and ultra-
violet light for the degradation of bisphenol A. Figure 4
shows that in the presence of visible light and ultraviolet
UV light, GF/Fe-TiO2-CQD4.5wt% was able to remove
nearly 100% of bisphenol-A.

Photo-catalytic performance

Kinetic of adsorption

The first step for a successful photocatalytic process is to
direct the pollutant to the surface of the catalyst, which occurs
in the adsorption operation [25]. Therefore, the adsorption
kinetics of the process were investigated when the concentra-
tion of bisphenol-A, and pHwere 50mg L−1 and normal (6.5),

respectively. The maximum adsorption (Qmax) was calculat-
ed in equilibrium with Eq.

Qmax ¼
Cc−Ceð ÞV

M
ð3Þ

Where C0 is the initial concentration of bisphenol-A in
the solution (mg L−1), Ce is the equilibrium concentration
(mg L−1), M is the mass of the GF/Fe-TiO2-CQD4.5wt %

(g), and V is the volume of solution (L). The results are
published in Fig. 5(a). According to Fig. 5(a), the adsorp-
tion system for GF/Fe-TiO2-CQD4.5%wt achieved equilib-
rium in 30 min and the Qmax for bisphenol-A at this time
was 8 mg g−1. According to other studies, this adsorption
capacity was optimal and could be an advantage for this
process [6, 46].

Effect of different amount of the CQD

In order to investigate effects of different amount of CQD on
the fabrication of the prepared catalysts on the efficiency of
the photocatalytic process, experiments under conditions that
concentration of bisphenol-A and pH were 20 mg L−1 and
normal (6.5), respectively. For this experiment, three types
of GF/Fe-TiO2-CQD composites were used, which had per-
centages 1.5, 4.5, and 7.5 wt% of CQD, and the results of
bisphenol-A photo degradation under visible light are present-
ed in Fig. 5(b). The results showed higher performance for
GF/Fe-TiO2-CQD4.5wt % than the other two composites. As
the percentage of CQD in the catalysts increased to 4.5 wt%,
the degradation efficiency increased, while as the increase
continued to 7.5 wt%, the degradation efficiency decreased.
Therefore, at a weight percentage of 4.5 wt% for CQD, the
efficiency is at its highest. The reason for this phenomenon is
the attraction lighter on this percentage of CQD and then the
efficiency is reduced due to darkness and light reflection by
CQD [19]. In addition, as described in the BET analysis sec-
tion, the presence of CQD in the catalyst structure covers part
of its surface area and leads to a decrease in specific surface
area, which occurs at higher CQD levels. Therefore, the sur-
face of the catalyst and the contact of its active substance
(TiO2) with light is reduced [19, 46].

Effect of pH

The pH is often a serious factor in the photo-degradation re-
moval of contaminants from aqueous solution due to its capa-
bility to affect the surface charge of the heterogenic photo-
catalyst and existing form of the contaminants [47]. It is be-
lieved pH may impact the photo-catalytic activity of GF/Fe-
TiO2-CQD4.5wt% therefore that was surveyed in concentration
of bisphenol-A 20 mg L−1 and deferent pH values (5, 6, 7, 8,
and 9). Figure 5(c) shows the effect of initial pH on the photo-
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degradation efficiency of bisphenol-A onto the GF/Fe-TiO2-
CQD4.5wt% under illumination. Result showed that 100% of
bisphenol-A was removed onto the GF/Fe-TiO2-CQD4.5wt% at
pH = 6 after 60 min of illumination. Also, the photo-
degradation efficiency of bisphenol-A reached to 100% at
pH 5 in 100 min. However, the photo-degradation efficiency
decreased when the pH up to 9, where only 50% of the initial
bisphenol-A removed after 60 min. These results were mainly
related to the pHZPC of GF/Fe-TiO2-CQD4.5wt% and pKa of
bisphenol-A. As mentioned at the adsorption kinetic section,
the rate of reaction depends on the adsorption at the solid-
liquid interface. First de-protonation of bisphenol-A triggers
at around pH = 8 and the other one starts at around pH 9, so
pKa1and pKa2 of bisphenol-A are 8 and 9, respectively [18].
Hence, when the solution pH is higher than 8, bisphenol-A
becomes negatively charged. As shown in Fig. 5(c), the
pHPZC of GF/Fe-TiO2-CQD4.5wt%, which determined as our
previous work method, is 5.3, thus it is negatively charged at
higher than this point. In result, this leads to the electrostatic
adsorption between the GF/Fe-TiO2-CQD4.5wt% and
bisphenol-A molecules. Now, adsorbed the molecules onto
the photo-catalyst react with active regent discussed in further
at the identification of active species section. In spite to some

results declaring opposite role regarding pH effect [1, 18, 48],
there are many studies that report similar behave abut effect of
pH on the photo-degradation of bisphenol-A [2, 17, 18, 49].

Effect of concentration

The effect of initial concentration of bisphenol-A on the pro-
cess of photocatalytic degradation was performed at pH = 6
and different concentrations of bisphenol-A (10, 20, 30, 40
and 50 mg L−1) and the results are reported in Fig. 5(d). It
can be deduced from Fig. 5(d) that increasing the concentra-
tion had a negative effect on the removal efficiency, as in-
creasing the concentration of bisphenol-A led to a decrease
in the inverse degradation efficiency of bisphenol-A. At a
constant GF/Fe-TiO2-CQD4.5wt% mass, efficiency will be dic-
tated by the catalyst active sites to substrate molecules ratio
[50]. This phenomenon may be related to the reduction in the
availability of bisphenol-A to active sites, which leads to the
initiation of a competitive adsorption between bisphenol-A
and the by-products of the reaction on the catalyst surface,
thus reduces the volume of oxidizing species attacking
bisphenol A [25].

Fig. 5 Effect of parameters on the efficiency of the process; adsorption kinetic (a), and different amount of the CQD (b), pH (c), and concentration of
bisphenol A (d)
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Kinetic of reaction

To study the mechanism of photo-degradation kinetics of pro-
cess and the degradation behavior of the process was analyzed
using the kinetic models. In this study, the applicability of the
pseudo-first and pseudo-second order kinetics were tested for
the photo-degradation kinetics of bisphenol-A on the GF/Fe-
TiO2-CQD4.5wt%. Linear form of them is shown via Eq. (4)
and (5) [51].

lnCt ¼ lnC0−k1t ð4Þ
1

Ct
¼ 1

C2
þ k2t ð5Þ

Where, C0, and Ct are bisphenol-A concentrations at times
0 and t (min), respectively. k1 (min−1) and k2 (mg L−1. min)
are the first and second order reaction coefficients,
respectively.

The plots of LnCt and 1/Ct versus reaction time are
depicted in Fig. 6(a,b) for GF/Fe-TiO2-CQD4.5wt% and their
parameter values were prepared in Table 2. In view of this
results, the coefficient of determination (R2) in all reactions
for pseudo-first order was higher than pseudo-second order
model, which proved that the experimental kinetic data fit well
with the pseudo-first order model. Additionally, rate constants

reduced with increased initial concentration of bisphenol-A.
Finally, it be concluded that the highest photo-catalytic activ-
ity for the bisphenol-A by GF/Fe-TiO2-CQD4.5wt% occurred
in low initial concentration.

Isotherm experiments

The adsorption isotherm was used to investigate distribution
of bisphenol-A molecules onto the GF/Fe-TiO2-CQD4.5%wt in
equilibrium. The relationship between the concentration of
GF/Fe-TiO2-CQD4.5%wt in solution and removed bisphenol-
A was determined using the Langmuir isotherm and
Freundlich [52]:

The Langmuir isotherm model describes monolayer
distribution of solute molecules onto the adsorbent sur-
face. The linear form of Langmuir model is expressed
via Eq. (6)

Ce

qe
¼ 1

KLqm
þ Ce

qm
ð6Þ

The Langmuir constants (qm, KL and Ce) related to maxi-
mum adsorption capacity (mg g−1), the energy of adsorption
(L mg−1) and equilibrium concentration of dye in solution
(L mg−1), respectively, are calculated from the plot Ce/qe ver-
sus Ce.

Freundlich isotherm model evaluates the multilayer ab-
sorption of adsorbate on the absorbent surface. It also assumes
that adsorption occurs on heterogeneous surfaces, it can be
expressed via Eq. (7)

lnqe ¼ lnK f þ 1

n
lnCeð Þ ð7Þ

The parameters Kf and n are Freundlich constants are ad-
sorption capacity (mg g−1) and the adsorption intensity of the
system determined from the plot of lnqe versus lnCe.

Table 2 Calculated parameter values of the pseudo-first order and
pseudo-second order

Ci (mg L−1) K1 (min
−1) R2 K2 (mg L−1.min) R2

10 0.049 0.9994 0.0104 0.7945

15 0.0458 0.9839 0.0075 0.9423

20 0.0426 0.9887 0.0084 0.9196

30 0.0375 0.9825 0.0058 0.877

40 0.0275 0.9738 0.0022 0.8763

50 0.0255 0.9634 0.002 0.8001
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Fig. 6 Study of reaction kinetics; plots of (a) pseudo-first and (b) pseudo second order models
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Figure 7a,b, show Langmuir isotherm for GF/Fe-TiO2-
CQD4.5wt% and its results are presented in Table. Langmuir
isotherm fittings for GF/Fe-TiO2-CQD4.5wt% have good coef-
ficient of determination (R2 = 0.9822), also, Langmuir con-
stants, qm and KL are obtained 12.75 mg g−1 and 0.0823,
respectively. Freundlich constants, Kf and n are calculated
from the plot of lnqe versus lnCe not provided here which
are 1.28 mg g−1 and 1.38, respectively, also coefficient of
determination (R2) for Freundlich isotherm is 0.9783
(Table 3). The value of n is larger than 1 which indicates a
favorable adsorption system and a physical process. From the
Table 3, it can be concluded that the adsorption of bisphenol-
A onto the GF/Fe-TiO2-CQD4.5wt% has a better coefficient of
determination (R2) of 0.9823 for Langmuir isotherm than
Freundlich isotherm indicating the Langmuir isotherm
suitability.

Characterization of active species

Information about the active species contributed in the reac-
tion is very important in view of practical application of pho-
to-catalysts. The most active species in heterogeneous photo-

catalytic reactions are superoxide radicals (O°−
2 ), singlet mo-

lecular oxygen (1O2), hydroxyl radical (HO
°), and photo-

generated hole (h+) [25, 53]. Figure 8 shows the effect of the
inhibitor on the photo-catalytic efficiency of bisphenol-A pho-
to-degradation with GF/Fe-TiO2-CQD4.5wt% as photo-cata-
lyst. A total bisphenol-A degradation efficiency was obtained

after 60 min irradiation under visible light with ethanol or
without any scavenger. Only 11% of photo-degradation was
obtained over the same time when ascorbic acid was added.
However, the addition of sodium azide and Na2-EDTA pro-
duced a slight decrease in the discoloration rate 90% and 83%,
respectively. As shown, this result indicates that the species
responsible for the bisphenol-A photo-degradation is the su-

peroxide radicals (O°−
2 ) with a slight contribution of the photo

generated e−/h+ pair (the % bisphenol-A removal decreased as
compared with the no scavenger). It appears that the(HO°)
radicals had no contribution in the mechanism. Data of the

past studies confirm significant contribution of (O°−
2 ) degra-

dation of organic compounds [54, 55]. Also, the (1O2) and h
+

are as important agents in a number of chemical processes [48,
56, 57]. These are one of the main activated species responsi-
ble for degradation of bisphenol-A. The superoxide radicals

(O°−
2 ), was found to be the primary species contributing to the

degradation of bisphenol-A in GF/Fe-TiO2-CQD4.5wt%, since
ascorbic acid was the most significant scavenging agent.

Table 3 Values of bisphenol-A isotherm parameters

Langmuir isotherm Parameters Freundlich isotherm Parameters

12.75 qm (mg g−1) 1.28 KF (mg g−1)

0.0823 KL (L mg−1) 1.38 N

0.9822 R2 0.9783 R2
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Fig. 7 Adsorption isotherms of bisphenol-A onto GF/Fe-TiO2-CQD4.5wt% (a) Langmuir and (b) Freundlich

Fig. 8 Identification of active species on the photocatalytic process
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The performance on real wastewater

In our study GF/Fe-TiO2-CQD4.5wt% was used to real
wastewater as a post treatment. To do this the sample,
gathered from effluent of a wastewater treatment plant in
south of Tehran, filtered and centrifuged to remove its
suspended solids. Then, its chemical contents were deter-
mined. In forward, concentration of bisphenol-A in the
natural sample was set at 20 mg L−1. At natural pH (6.8)
and concentration of bisphenol-A 20 mg L−1, photo-
degradation process was conducted, which results show
in Fig. 7a. As the result, the removal efficiency of
bisphenol-A extremely reduced, so that approximately
more than 18% of the pollutant remind in the solution. It
accrued mainly because of increased turbidity esteem from
colloidal particles and other organic consumed active spe-
cies [47, 56, 58]. Also, poisoning of catalyst in result of
adsorption of contaminants onto the catalyst surface may
shield catalyst against the irradiation.

Photo-catalyst reusability and stability study

The stability of the GF/Fe-TiO2-CQD4.5wt% photo-catalyst
was verified by its photo-catalytic efficiency as a function
of reuse number on bisphenol-A photo-degradation in the
same conditions during 120 min for each use. As can be
seen in Fig. 9b, for tow first runs achieved the same photo-
degradation efficiency, whereas from the third run use, the
composite begins to lose slightly its effectiveness.
Actually, the photo-degradation efficiency 90% was ob-
tained in 10st run. This stability is promising in compari-
son of other studies [15, 18, 48]. These results indicate the
GF/Fe-TiO2-CQD4.5wt% could use efficiently and with
high stability for photo-degradation of bisphenol-A.

Conclusion

Our study investigated photo-catalytic degradation of bisphenol-
A from aqueous solutions using hybrid composite of GF/Fe-
TiO2-CQD. From its results can be concluded as follow:

– Addition of CQD to Fe-TiO2 in an acceptable volume can
well improve light adsorption at visible range, which was
demonstrated by DRS analysis.

– In low concentration of Fe in the composite fabrication,
that replace in the TiO2 lattice and can not to be seen in
the XRD spectrum.

– Optimizing of the effective parameters could prove the
results of characterization analysis.

– As expectation, some scavengers could influence on the
photocatalytic process.

– The BET results show that supporting Fe-TiO2 onto the
GF enhanced its surface area wile if CQD on the com-
posite was higher than 4.5 wt% its surface area was de-
creased, thereby can reduce the performance of process.

– GF can be as a promising supporter for the Fe-TiO2-CQD
composite because well fix the composite and has less
leaching. These properties have been shown in the EF-
SEM and proved by photo-catalyst reusability and stabil-
ity study.

– It can be concluded that photocatalytic degradation of
bisphenol-A fit well pseudo-first order kinetic and its ad-
sorption behavior be better descripted with Langmuir
isotherm.

In general, it can be concluded that hybrid composite of
GF/Fe-TiO2-CQD could successfully remove bisphenol-A
form synthetic aqueous solution. However, it needs to further
study for application that on real water source at water and
wastewater treatment plants.
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