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1. Introduction

Synergistic design of a graphene oxide-mediated
polyaniline/a-Fe,Oz ternary heterostructure:
advancing photocatalytic degradation and
adsorption efficiencyf

Iftekhar Ahmad,1* Mohammad Saud Athar,1* Mohammad Muneer, (2 *@
Hatem M. Altass,” Raad Felemban® and Saleh A. Ahmed (2 *®

With the growing threat of organic pollutants in water bodies, there is an urgent need for sustainable and
efficient water decontamination methods. This research focused on synthesizing a novel Z-scheme
ternary heterostructure composed of graphene oxide (GO)-mediated polyaniline (PANI) with a-Fe,Oz and
investigated its potential in brilliant green (BrG) and ciprofloxacin (CIP) degradation tests under visible
light. The ternary composite demonstrated exceptional photocatalytic activity, with the optimized 10%
PANI/GO/a-Fe,O3z (L10PGF) photocatalyst achieving 99.8% degradation of BrG in 25 min and 93% degra-
dation of CIP in 90 min of irradiation. The 10PGF composite achieved rate constants of 0.222 min~* for
BrG and 0.0295 min~! for CIP. The rate constant for BrG degradation was 15 and 10 times faster than that
for PANI and a-Fe,Os, respectively, while CIP was degraded 8.9 and 6.1 times faster. The degradation of
the pollutants was facilitated by both O, and "OH, as confirmed by capturing active species, a nitroblue
tetrazolium test and use of a PL terephthalic acid probe. The proposed Z-scheme mechanism elucidated
charge carrier movements and active species involvement, revealing the enhanced photocatalytic per-
formance of the ternary composite. The 10PGF ternary composite demonstrated exceptional recyclability
over five repeated cycles, with XRD analysis confirming no structural changes in the material. Moreover,
adsorption studies were also performed, which showed a strong correlation (R> = 0.974) with Langmuir
isotherms and that pseudo-second order kinetics was followed.

midazole-1-ethanol) is a common antibiotic used to treat infec-
tions caused by anaerobic bacteria, Bacteroides, and protozoa,

Organic pollutants in water contribute to significant risks for
both aquatic ecosystems and human health."™ These pollu-
tants comprise a diverse range of compounds, including
industrial dyes, pharmaceuticals and personal care products,
which are resistant to conventional water-treatment
methods.*® Brilliant green, EBT, methyl orange, etc., which
are synthetic dyes commonly used in the textile industry,”®
and drug molecules, particularly antibiotics, are common
water contaminants. Metronidazole (MNZ) (2-methyl-5-nitroi-
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and ciprofloxacin, a broad-spectrum antibiotic widely pre-
scribed in human and veterinary medicine, are leading
examples of organic pollutants frequently detected in aquatic
environments.”'° These are known to persist in water bodies,
exerting detrimental effects on aquatic organisms, disrupting
ecological balance, and potentially compromising human
health through bioaccumulation. Photocatalysis has emerged
as a promising approach for mitigating the adverse effects of
these organic pollutants in water.'’™® By harnessing the
energy of light, photocatalysts can initiate advanced oxidation
processes (AOPs) to degrade organic contaminants into harm-
less byproducts such as CO, and H,0."* This environmentally
benign process offers several advantages, including high
efficiency, selectivity, and the ability to operate under mild
conditions without generating harmful byproducts or second-
ary pollutants. TiO, and ZnO are two materials widely explored
for their photocatalytic efficacy when exposed to UV light."?
TiO, and ZnO possess wide bandgap energies, which allow
them to absorb UV light and generate electron-hole pairs for

This journal is © The Royal Society of Chemistry 2025
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photocatalytic reactions.'®'® However, their limited absorp-
tion of visible light restricts their application in sunlight-
driven photocatalysis, which comprises a significant portion of
the solar spectrum.'® This limitation has inspired the develop-
ment of visible light-responsive photocatalysts, capable of har-
nessing energy from a broader range of the solar spectrum for
pollutant degradation.

In recent years, significant attention has been directed
towards the utilization of a-Fe,O; (hematite) as a photocatalyst
for environmental remediation.””*" Hematite possesses a
narrow bandgap in the range of 2.0-2.2 eV, which positions it
as a potential candidate for visible light-driven photocataly-
sis.?” The utilization of a-Fe,0; in photocatalysis offers several
advantages. Firstly, hematite is abundantly available and cost-
effective, making it a sustainable option for large-scale
environmental applications.*® Additionally, hematite exhibits
excellent chemical stability and low toxicity, further enhancing
its appeal for water purification processes.> Furthermore,
o-Fe,O3; based photocatalysts have been reported to demon-
strate high efficiency in degrading various organic pollutants,
including dyes, pharmaceuticals, and pesticides.>® Despite its
benefits, the practical use of a-Fe,O3 in photocatalysis is inhib-
ited by drawbacks, such as the quick recombination of elec-
tron-hole pairs and low charge-carrier mobility.>® To address
these challenges, researchers have focused on strategies to
improve the photocatalytic performance of hematite-based
materials. One approach involves surface-modification tech-
niques, such as doping and surface functionalization, to tailor
the electronic structure and surface properties of a-Fe,O3,
further enhancing its photocatalytic performance.>” Another
very important approach is the design and fabrication of
a-Fe,O; based heterostructures and composites, which can
enhance charge separation and facilitate interfacial charge
transfer.”® The design of o-Fe,03-based heterostructures
involves integrating hematite with other semiconductor
materials to create interfaces with enhanced charge separation
and transfer capabilities.”® In addition to these composites,
a-Fe,O; based ternary composites have been developed by
incorporating into hematite carbon-based nanomaterials (e.g.,
GO, carbon nanotubes).’® GO is considered an effective
mediator in photocatalysis due to its extensive surface area
and conductive nature, which allow it to enhance the separ-
ation and transportation of photogenerated charge carriers.>!
Additionally, GO can broaden the light absorption range of
semiconductors, making it a valuable component in designing
advanced  photocatalytic = systems for environmental
applications.>*** In this study, we synthesized and character-
ized a novel Z-scheme ternary heterostructure composed of
PANI, GO, and o-Fe,O3, aiming to elucidate its potential for
the degradation of recalcitrant organic compounds. In the
field of photocatalysis, PANI has emerged as a promising
material due to its ability to facilitate charge transfer. It is a
conductive organic polymer valued for its high electrical con-
ductivity, straightforward synthesis, and environmental stabi-
lity, with its conductivity primarily being due to delocalized
n-electrons along the polymer chain that enable efficient
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charge transport.**** Utilizing comprehensive characterization
methods and mechanistic analyses, the study aims to elucidate
the synergistic interactions and charge transfer processes that
enhance the photocatalytic activity of our designed PANI/GO/
a-Fe,0O; ternary composite catalyst. The Z-scheme mechanism,
which involves the transfer of photogenerated electrons
between two different semiconductors via GO, has been dis-
cussed to elucidate the underlying mechanisms governing the
enhanced photocatalytic activity of the ternary composite.
Adsorption studies utilizing the optimized PANI/GO/a-Fe,O3
composite were also performed to evaluate its effectiveness in
removing brilliant green dye, thereby demonstrating its effec-
tiveness for pollutant removal from water.

2. Experimental details

Chemical requirements, materials characterization, active
species generation experiments and adsorption experiments
are given in the ESI (sections S2.1, S2.2, S2.3, S2.4).}

2.1. Preparation of pure GO, a-Fe,O; and PANI

Graphene oxide (GO) was synthesized using a modified
Hummers’ method, following the procedure detailed in our
previous work.?*! o-Fe,0; was prepared through a hydrothermal
technique. In this process, 10 mL of a 2.0 M aqueous
FeCl;-6H,0 solution was mixed with 20 mL of 1,2-propanedia-
mine and stirred continuously with a magnetic stirrer for 1 h.
The mixture was subjected to hydrothermal treatment at
160 °C for 20 h, followed by cooling to room temperature. The
resultant material was washed with water and ethanol, and
then dried in an oven at 70 °C for 12 h. PANI was fabricated
through oxidative polymerization of aniline, using ammonium
persulfate as the oxidant. A 0.1 M ammonium persulfate solu-
tion was prepared in distilled water and gradually added to a
0.1 M aniline solution in HCI. The mixture was stirred for 12 h
at 25 °C, producing a deep green precipitate, which was then
washed with distilled water and acetone, and dried at room
temperature.

2.2. Synthesis of PANI/GO/a-Fe,0; heterostructure

A fixed amount of previously prepared GO was ultrasonically
dispersed in 50 mL of water to ensure a uniform mixture. A
fixed amount of a-Fe,0; was then gradually added to the solu-
tion, followed by continuous stirring for 1 h. Afterward,
10 wt% of PANI, relative to the combined weight of GO and
a-Fe,03, was added, and the mixture was stirred for 2 h at
80 °C. The final step involved cooling the mixture, and
thoroughly washing and then drying the product at 70 °C for
12 h. The same method was used to synthesize a series of
x-PANI/GO/a-Fe,O; composites, referred to as x-PGF, where “x”
represents the different weight percentages of PANI (5, 10, 30,
and 40 wt%). Additionally, a 10 wt% PANI/a-Fe,O; binary com-
posite was synthesized without the inclusion of GO, and this
was labelled as 10GF.
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2.3. Photocatalytic activity

The photocatalytic efficiency of the synthesized samples was
assessed by measuring the degradation of brilliant green (BrG)
and ciprofloxacin (CIP) under a visible light source (a 500 W
halogen lamp). BrG (200 mL, 15 ppm) and CIP (200 mL,
20 ppm) solutions were separately placed in a photoreactor,
each containing 0.9 g L™" photocatalyst. To ensure even dis-
persion, the mixture was sonicated (15 min) and then stirred
in the dark (20 min), with a continuous supply of air during
irradiation. Samples were taken at regular intervals, centri-
fuged for 10 min to remove residual material, and analyzed for
absorbance changes using a UV-vis spectrophotometer. The
total percentage of contaminants degraded was calculated
using the formula D(%) = (C, — C,)/C, x 100, where C, and C;
denote the initial and final pollutant concentrations, respect-
ively. Additionally, the study explored the effect of varying BrG
dye concentrations (5 to 35 ppm) using 0.9 ¢ L™' 10PGF com-
posite, as well as the impact of different 10PGF amounts
(0.3-1.8 g L") on the degradation of a 15 mg L™" BrG dye
solution.

3. Results and discussion
3.1. XRD analysis

X-ray diffraction (XRD) analysis is essential for understanding
the crystallographic structure of materials by identifying dis-
tinct diffraction patterns associated with specific interplanar
spacing, as illustrated in Fig. 1. PANI generally shows broad
diffraction peaks in the range of 15-25°, indicative of its semi-
crystalline structure, which is largely amorphous in nature.®
Specific diffraction angles for PANI are observed at 14.95°,
20.07°, and 25.26°, corresponding to the (121), (310), and (003)
crystallographic planes, respectively.’” GO displays prominent
peaks at around 10.87° and 24.11°, which correspond to the
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Fig. 1 XRD patterns of pure GO, PANI, and a-Fe O3, the 10PF binary
composite and the PGF ternary composites.
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(001) and (002) planes. These peaks are characteristic of the
layered structure of GO and reflect the interlayer spacing due
to the presence of oxygen-containing functional groups.*® Pure
a-Fe,O; exhibits distinct, well-defined peaks at 26 values of
240, 33°, 35°, 40°, 49°, 54°, 62°, and 64°, corresponding to the
(012), (104), (110), (113), (024), (116), (214), and (300) planes,
respectively. These peaks confirm the hematite phase of
a-Fe,0,, which is consistent with the JCPDS file No. 33-0664.%°
In the a-Fe,O3/PANI binary composite, the characteristic peaks
of PANI are not visible, likely because the amorphous nature
of PANI is overshadowed by the crystalline structure of
a-Fe,0;. Slight modifications in the diffraction peaks of
a-Fe,O3 are observed, suggesting interactions between a-Fe,O;
and PANI that slightly alter the crystal structure of a-Fe,Os,
without introducing new phases or significantly affecting its
crystallinity. The XRD pattern of the PGF ternary hetero-
structure is predominantly characterized by the crystalline
peaks of o-Fe,O;. This indicates that the structural integrity
and crystallinity of a-Fe,O3 are the dominant features of the
composite material. The absence of noticeable peaks for PANI
and GO in the ternary composite is likely due to their weak
intensity and amorphous nature.

3.2. FTIR and Raman analysis

The synthesized materials were further characterized by
Fourier transform infrared (FTIR) spectroscopy to identify
their bonding nature and functional moieties. The spectra for
pure GO, a-Fe,O3, and PANI, as well as their composite struc-
tures, are displayed in Fig. 2. GO shows several characteristic
peaks, including those for OH groups appearing at
3500-3400 cm™', with C-H bonding confirmed by peaks at
2920-2840 cm™ ', while C=0 stretching is indicated by a peak
at 1726 cm™'. Additionally, the C=C bonds in GO are rep-
resented by a peak at 1611 cm™ ', while the peaks between
1300 and 1000 cm™* correspond to epoxy and carboxyl func-
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Fig. 2 FTIR spectra of pure GO, PANI, and a-Fe,Os, the 10PF binary
composite and various PGF ternary composites.
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tional groups.*® For PANI, the FTIR spectrum exhibits a charac-
teristic peak at 3487 cm™', which indicates N-H stretching
vibration. Peaks within the 3160-3040 cm™" range are associ-
ated with the aromatic =C-H group, while the peaks in the
2940-2820 cm™ ' range are indicative of aliphatic C-H groups.
Additionally, peaks in the 1600-1450 cm™ " range correspond
to the C=N and C=C units present in PANL*" Additional dis-
tinctive absorption bands in PANI include peaks at 1281 and
1106 cm ™" corresponding to C-N stretching and C-H bending
vibrations, respectively. A peak at 796 cm ™" is attributed to the
out-of-plane C-H vibrations of the benzenoid unit.*>** In the
case of pure a-Fe,0s, two significant peaks in the low wave-
number region, at 540 cm ™' and 457 cm ™", indicated stretch-
ing and bending vibration modes of the Fe-O group.**
Furthermore, Raman spectroscopic analysis was performed
to study the intermolecular vibrations in the synthesized
photocatalyst. Fig. S11 shows the Raman spectra of a-Fe,O3,
PANI, 10PF and 10PGF in the wavenumber range of
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200-1500 cm ™', The Raman bands corresponding to the wave-
numbers 220, 243, 285, 403, 491, 601 and 1310 em™ were
observed in the spectra of a-Fe,O;. The bands observed at
wavenumbers 414, 523, 573, 611, 639, 807, 1182, 1237, 1323,
1339 and 1390 cm ™" were assigned to PANL*® The spectrum of
the 10PF binary composite clearly indicates peaks corres-
ponding to both a-Fe,O3; and PANI. Furthermore, an additional
peak was also observed in the spectrum of the ternary compo-
site at 1473 em ™", indicating the successful incorporation of GO.

3.3. FESEM, EDX mapping and TEM analysis

The morphological features of GO, a-Fe,Oz;, PANI, and the
10PGF ternary composite are displayed in field emission scan-
ning electron microscopy (FESEM) images (Fig. 3a-e). The
SEM image of GO reveals thin, sheet-like structures, reflecting
its layered configuration and substantial surface area, which is
advantageous for offering abundant active sites (Fig. 3a).
a-Fe,O; (Fig. 3b) exhibits a structure with an elongated
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Fig. 3 FE-SEM images of GO (a), PANI (b), a-Fe,Os3 (c), and the 10PGF ternary composite (d and e). EDX spectra with at% and wt% values of the

elements (f) and elemental mapping of the 10PGF ternary composite (g—j).
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nanorod shape with a rough texture, while PANI (Fig. 3c)
reveals a porous, irregular X-shaped structure. The SEM
images of the 10PGF ternary composite (Fig. 3d and e) depict a
cohesive, interwoven structure where GO sheets form a con-
ductive network, which could facilitate efficient charge trans-
fer. As shown in Fig. 3f, EDX analysis identified the elements
present in the 10PGF material. Elemental mapping in Fig. 3g-j
further demonstrated the distribution of these elements (C, N,
O, and Fe) within the 10PGF ternary composite. Transmission
electron microscopy (TEM) offers detailed internal structural
analysis, making it ideal for examining the fine-scale features
and interfaces in composite materials. The TEM image of GO
shown in Fig. 4a reveals a very thin sheet structure, whereas
the TEM image of PANI shown in Fig. 4b displays an X-shaped
structure with a rough surface. The rod-shaped morphology of
a-Fe,0;, with coarse surfaces, is depicted in Fig. 4c. The high-
resolution TEM images of 10PGF (Fig. 4d-f) emphasize the sig-
nificant surface interactions within the composite. These
images demonstrate an integrated 10PGF composite, showing
a conductive network of GO that assists in efficient electron
conduction and transfer.

3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) was used to determine
the oxidation states and surface chemical environments of the
elements, with both survey scans (Fig. S2t) and high-resolu-

View Article Online
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tion spectra (Fig. 5) recorded for PANI, GO, o-Fe,0;, and the
10PGF ternary composite. The survey spectra (Fig. S21) of
10PGF showed C, N, Fe and O, confirming the incorporation of
pure materials (PANI, GO and o-Fe,0;) into the composite
materials. The XPS spectrum of the C 1s region for the 10PGF
composite shows three distinct peaks, each representing
different carbon bonding states within the composite (Fig. 5a).
These peaks suggest strong interactions, as indicated by shifts
in the binding energies (BEs) of the C 1s peaks. The peak at
284.70 eV, indicating C-C or C=C bonds (sp> hybridized
carbon atoms) typically found in GO, confirms the presence of
the carbon framework. The peak at 285.60 eV is associated
with carbon bonded to nitrogen, representing C-N or C=N
bonds.*® The peaks at 286.82 eV and 288.78 eV correspond to
the C-O and C=O0 groups of carboxylic acid present in gra-
phene oxide.*” The high-resolution N 1s spectrum of the
10PGF ternary composite shows three peaks, each corres-
ponding to different nitrogen environments in the polymer.
The peak at 400.29 eV corresponds to benzenoid amine groups
(-NH), representing the reduced form of PANI, while the peak
at 401.84 eV corresponds to quinoid imine groups (-N=),
representing the oxidized form of PANI. The peak at 402.67 eV
indicates positively charged nitrogen species (-NH'), arising
from protonated amine groups within the PANI structure
(Fig. 5b).*® These BEs for the 10PGF ternary composite are
higher than those observed in pure PANI. Similarly, the O 1s

Fig. 4 TEM images of GO (a), PANI (b), a-Fe;Os3 (c) and 10PGF (d—f).
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Fig. 5 High-resolution XPS spectra of pure PANI, GO, and a-Fe,O3 and the 10PGF ternary composite for C 1s (a), N 1s (b), Fe 2p (c), and O 1s (d).

spectrum of the 10PGF composite shows two main peaks, with
shifts in BEs compared to pure materials. The dominant peak
at 530.46 eV corresponds to lattice oxygen (O,~) in Fe-O bonds
within the a-Fe,O; structure, while a secondary peak at 531.86
eV is attributed to surface oxo and -OH groups, indicating the

This journal is © The Royal Society of Chemistry 2025

presence of surface oxygen species and functional groups. A
peak at 533.01 eV indicates the presence of -COO groups
(Fig. 5d).*° The Fe 2p spectrum of the 10PGF composite shows
peaks at 711.65 eV and 725.07 eV, confirming iron in the +3
oxidation state typical of a-Fe,03;.°° Furthermore, a satellite
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peak at 719.66 eV confirms that Fe’" ions are present in the
composite (Fig. 5¢). Strong interactions are indicated by these
shifts in the Fe 2p BEs when compared to pure a-Fe,03.°" The
successful incorporation of GO, PANI, and o-Fe,O; into the
10PGF ternary composite was thus validated by the XPS ana-
lysis, which also showed notable BE changes, suggesting
strong interactions between the constituents.

3.5. BET surface area analysis

Surface area properties of PANI, a-Fe,O; and the 10PGF hetero-
structure were analyzed using the BET method, with the result-
ing BET surface area data and BJH pore size distributions pre-
sented in Fig. 6 and summarized in Table 1. The type IV iso-
therms observed are indicative of mesoporous materials, fea-
turing pore sizes in the 5-6 nm range, while the H3 hysteresis
loops suggest the presence of slit-shaped pores.””> PANI and
a-Fe,0; have specific surface areas of 14.505 and 2.680 m* g™ ',

Table 1 Textural properties of synthesized materials
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SBET Average pore Pore volume
Materials (m*g™) size (nm) (x102 em® g™
o-Fe,03 2.6806 5.2051 0.2520
PANI 14.5050 5.7725 1.8051
10PGF 20.8024 5.3908 2.6092

respectively (Fig. 6a and b), while the 10PGF ternary composite
shows a notable increase to 20.80 m”> g~' (Fig. 6¢). This
increase in the specific surface area is likely due to the
increased interfacial interactions between PANI and a-Fe,Oj
and the large surface area of GO. A larger surface area
enhances the interaction between the photocatalyst and reac-
tive species, while also boosting light absorption, thereby
increasing the overall efficiency of the photocatalytic process.>
Therefore, the increased specific surface area of the 10PGF
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ternary composite is anticipated to greatly enhance its photo-
catalytic efficiency for pollutant degradation.

3.6. Optical properties

The diffuse reflectance spectroscopy (DRS) spectra provide
crucial insights into the light absorption properties and
bandgap energies of the synthesized materials. Fig. 7a illus-
trates the DRS spectra for a-Fe,O3;, PANI, and the 10PGF com-
posite, depicting their optical characteristics within the
300-800 nm wavelength range. The absorption edge of a-Fe,O3
and PANI demonstrates strong absorptions in the visible light
region (>500 nm). The broad absorption range observed with
10PGF suggests that the formation of heterojunctions within
the composite significantly enhances its visible-light response.
The bandgap energies (Eg) of both a-Fe,O; and PANI can be
determined using the Kubelka-Munk function, expressed as
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ahv = A(hv — E4)"*.>* The exponent n, which depends on the
semiconductor type, is set to 1 for direct transitions and 4 for
indirect transitions.>® Both o-Fe,0; and PANI are indirect
bandgap semiconductors with n = 4 for their absorption coeffi-
cient. To determine the bandgap energies (E,), the values of
(ahv)"* and (ahv)* are plotted against photon energy (hv). As
revealed in Fig. 7b, the calculated bandgap energies are 2.13
eV for a-Fe,03, 2.34 eV for PANI (inset), and 2.07 eV for the
10PGF composite. Therefore, these observations confirmed
that all the materials possess moderate band gaps and are
active under visible light.

Photoluminescence (PL) spectra are crucial for studying the
behavior of charge carriers in semiconductor materials,
offering valuable insights into their dynamics, including pro-
cesses like the recombination of electron-hole pairs (e™-h")
and the determination of the lifetime of photogenerated car-
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Fig. 7 UV-vis DRS spectra of pure a-Fe,Os, pure PANI, the 10PF binary composite and various ternary composites (a), the respective Tauc plots (b)

and PL spectra of the photocatalysts (c).
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riers.>® When a semiconductor material is excited by an exter-
nal light source, such as a laser, electron-hole pairs are gener-
ated in the material. The photoluminescence process involves
the relaxation of these excited carriers to lower energy states,
followed by the emission of photons as the carriers recom-
bine.”” In the presented study, the PL spectra, shown in
Fig. 7c, highlight important findings. Pristine PANI displays a
strong PL peak with a broad emission band near 450 nm, indi-
cating a high rate of electron-hole recombination. Generally,
lower PL intensity suggests a decreased rate of recombination,
which is beneficial for higher photocatalytic activity in semi-
conductor materials.’® Interestingly, the PL intensity of the
10PGF composite is considerably lower. This reduction can be
ascribed to the synergistic interaction of these three com-
ponents (PANI, GO, and a-Fe,O3), which effectively suppresses
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Nanoscale

e -h" recombination, improves charge carrier separation, and
ultimately boosts photocatalytic efficiency.

3.7. Photocatalytic performances

The model organic compounds, BrG and CIP, were selected to
estimate the photocatalytic effectiveness of the prepared com-
posites, with the experimental results shown in Fig. 8. The UV-
vis absorbance spectra for BrG and CIP are displayed in Fig. 8a
and b, respectively. Fig. 8c and d illustrate the changes in the
concentration of BrG and CIP over time when exposed to
various photocatalysts, whereas Fig. 8e and f show the graphs
of the total degradation percentages of BrG and CIP, respect-
ively, over the same photocatalysts. Pure photocatalysts demon-
strated limited effectiveness in pollutant removal, likely due to
inefficient charge carrier separation as indicated by the PL
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analysis. a-Fe,O; achieved approximately 43.7% degradation
for BrG and 38.9% for CIP. Similarly, PANI achieved only 31%
and 26.5% degradation for BrG and CIP, respectively, after 25
and 90 min of irradiation. Both BrG and CIP exhibited signifi-
cant degradation when irradiated with the 10PGF composite.
Notably, the 10PGF ternary heterostructure achieved over 99%
removal of BrG within 25 min and 93% removal of CIP within
90 min of irradiation. These results emphasize the significant
impact of the 10PGF composite on the degradation rates of
BrG and CIP, highlighting its potential for enhanced perform-
ance under the given conditions. The incorporation of PANI
into the 10PGF photocatalytic system significantly enhanced
the efficiency of pollutant degradation, demonstrating its criti-
cal role in improving the overall photocatalytic performance.
However, increasing the PANI ratio in the composites resulted
in reduced degradation rates. The 30PGF nanocomposite
achieved 86% and 71% degradation for BrG and CIP, respect-
ively. The 40PGF composite reached 75.1% and 61% removal
of BrG and CIP, respectively. The higher PANI content likely
caused particle agglomeration in the ternary composite, redu-
cing its efficiency in degrading pollutants. Nevertheless, all
ternary composites were more effective than the 10PF binary
composite, indicating that PANI further improved charge sep-
aration, facilitated by GO due to its excellent electron conduc-
tivity and efficient charge separation and transport
capabilities.

The pseudo-first order rate equation provides for the deter-
mination of the degradation rate constants in an efficient
manner,”” even when the degradation process exhibits more
complex behavior for BrG and CIP with the synthesized
materials.®® The plots obtained for kinetics showed that both
of these pollutants degrade linearly, as depicted in Fig. 8g and
h, respectively. The apparent rate constants (k) and corres-
ponding R* values for all photocatalysts in the degradation of
BrG and CIP are summarized in Tables S1 and S2,7 respect-
ively. The optimized 10PGF composite exhibited a rate con-
stant (k) of approximately 0.222 min~' for BrG, which is
reported to be 15 times higher than that of PANI and 10 times
higher than that of a-Fe,O;. The rate constant for CIP removal
with 10PGF was 0.0295 min~', making it 8.9 times more
effective than PANI and 6.1 times more effective than o-Fe,O5
photocatalysts.

3.8. Effect of operational parameters

3.8.1. Effect of the initial BrG concentration. This study
investigated the degradation efficiency of the 10PGF composite
with respect to the BrG dye at different concentrations. As
shown in Fig. S3a,} the performance of the 10PGF ternary
composite decreases as the initial BrG concentration increases.
The results indicate that BrG dye at 5 ppm concentration is
completely degraded within 15 min of irradiation. For BrG at
10 ppm concentration, the maximum degradation efficiency is
reached in just 20 min of light exposure. With BrG at 15 ppm
concentration, a degradation efficiency of 99.8% is achieved
within 25 min of visible light irradiation. However, when the
concentrations of BrG are further increased to 20, 25, 30, and

This journal is © The Royal Society of Chemistry 2025
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35 ppm, the degradation efficiency declines over a fixed dose
of 0.9 g L™" 10PGF ternary composite and a maximum
irradiation time of 25 min. This decrease in efficiency could be
due to the higher accumulation of BrG molecules, which
reduces light penetration onto the surface of the 10PGF
ternary composite.

3.8.2. Effect of the 10PGF ternary composite dosage. The
impact of varying the dosage of the 10PGF composite was
studied within a concentration range of 0.3-1.8 g L™*, as illus-
trated in Fig. S3b.T With an increase in 10PGF concentration
from 0.3 to 0.9 ¢ L™, while maintaining a pH value of 7, a BrG
concentration of 15 ppm, and an irradiation time of 25 min,
the degradation efficiency increased from 43.2% to 99.8%.
When the dosage was further increased to 1.2 g L', nearly
100% degradation efficiency was achieved within 25 min of
irradiation, likely due to an increase in the available active
surface area. However, increasing the photocatalyst dose to
1.8 g L™ resulted in a decrease in degradation efficiency to
93.3%, possibly due to the agglomeration of 10PGF composite
materials and the subsequent reduction in light penetration.

3.9. Photostability and reusability

To evaluate the reusability of the 10PGF composite, a series of
photocatalytic experiments was conducted, repeating the
process 5 times under identical conditions (as illustrated in
Fig. S4at). The results showed that the efficiency of the 10PGF
composite in the removal of BrG remained high throughout
these cycles. Specifically, the degradation efficiency showed
only a decline from an initial 99.8% to 92.9% after 5 consecu-
tive uses. This slight decrease indicates that the 10PGF compo-
site retains a high level of stability and efficiency in degrading
pollutants over multiple cycles. To determine whether the
photocatalyst experienced any structural alterations following
repeated use, the XRD analysis was performed on the 10PGF
composite. This analysis compared the diffraction patterns of
the composite before and after undergoing 5 cycles of photo-
catalytic activity (Fig. S4bt). The lack of new or altered peaks in
the XRD pattern suggests that the structural integrity of the
10PGF composite is well-preserved after the photocatalytic
reactions.

3.10. Trapping studies and the photocatalytic mechanism

To elucidate the roles played by active species in the photode-
gradation facilitated by the 10PGF composite, trapping studies
were conducted using specific scavengers, such as isopropanol
(IPA) for the hydroxyl radicals ("OH), p-benzoquinone (BQ) for
superoxide radicals (O,"”), and EDTA-2Na for holes (h*).®"
EDTA-2Na in the photocatalytic system led to a reduction of
approximately 10% in the degradation efficiency of BrG com-
pared to the system without any scavengers. This indicates a
less significant role played by photogenerated holes in the
degradation process. Similarly, the addition of IPA, which acts
as a quencher for hydroxyl radicals, resulted in a noticeable
decrease in degradation efficiency, with only 41.7% of BrG
degradation achieved, emphasizing the critical involvement of
hydroxyl radicals. The inclusion of BQ, which scavenges super-
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oxide radicals, caused a huge decrease in photocatalytic per-
formance with about 37.1% BG degradation, highlighting the
essential role of superoxide radicals in the 10PGF photo-
catalytic process. Further quantification of O, production
was performed using the transformation of nitroblue tetra-
zolium (NBT) as a detection agent during the photocatalytic
reaction.® As shown in Fig. 9b, a very high transformation of
NBT was observed with the 10PGF composite, confirming its
superior ability to generate superoxide radicals. To identify the
presence of hydroxyl radicals, the terephthalic acid photo-
luminescence (TA-PL) probing method was utilized.®® The reac-
tion between terephthalic acid and hydroxyl radicals produces
the highly fluorescent compound 2-hydroxyterephthalic acid
(TAOH), allowing for effective detection and measurement of
hydroxyl radicals.®® The results, as presented in Fig. 9c, reveal
the highest PL intensity for the 10PGF composite, further veri-
fying the significant generation of hydroxyl radicals in this
system.

Additionally, impedance spectroscopy,
which provides important information on how well interfacial
charge transfer works in photocatalytic systems,®” was carried
out. The semicircular arc in EIS analysis represents charge
transfer resistance, with a smaller arc radius indicating more
efficient charge transfer.®® Fig. 9d represents the EIS spectra of
all the synthesized materials revealing that the 10PGF compo-
site exhibits a notably smaller semicircular arc radius com-
pared to that of pure PANI, pure a-Fe,03, and the binary com-
posite. This suggests that the 10PGF composite achieves more

electrochemical
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effective separation of photogenerated electron-hole pairs and
superior charge transport properties.

To validate the conduction band (CB) positions of a-Fe,O3
and the 10PGF ternary composite, Mott-Schottky (M-S) plots
were recorded and analyzed. Furthermore, to establish the VB
and CB potentials, the following equations were used:**”°

ECB :XfEe - 1/2Eg7 (1)

EV'B = ECB + Eg. (2)

Here, Eyg and Ecg denote the VB and CB potential, respect-
ively. E. signifies the energy level of a free electron on the
H-scale (4.5 eV), E, denotes the bandgap energy of the material,
and X stands for the absolute electronegativity of the material:"*

X = [x(4)"(B) z(C)T/ ). (3)

Here, y is the absolute electronegativity, and a, b, and ¢ rep-
resent the number of atoms present in the synthesized
materials.

The positive slope for a-Fe,O3, shown in Fig. 9e, indicates
its behavior as an n-type semiconductor, with a flat band
potential (Eg) of +0.71 eV (vs. Ag/AgCl). For n-type semi-
conductors, Ecg is generally about 0.1 eV more negative than
the Eg, value.”” Thus, the CB value for o-Fe,O; is determined
to be 0.41 eV vs. the normal hydrogen electrode (NHE, where
NHE = Ag/AgCl + 0.2 V). The Eg, value of the 10PGF ternary
composite was found to be +0.43 eV, as depicted in Fig. 9f.
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Previous reports indicate that the lowest unoccupied molecular
orbital (LUMO) edge potential of PANI is —0.49 eV.”
Considering this edge potential, the highest occupied mole-
cular orbital (HOMO) of PANI is determined to be 1.85 eV.
Applying the formula Eyg = Ecg + Ey, the Evg of a-Fe,0; is cal-
culated to be 2.54 eV.

Based on these analyses, two potential charge transfer path-
ways can explain the photodegradation processes. In the con-
ventional type II heterojunction mechanism (Fig. 10a), elec-
trons from the LUMO of PANI transfer to the CB of a-Fe,O;
through the GO mediator, while holes from the VB of a-Fe,0;
migrate to the HOMO of PANI. As a result, electrons accumu-
late in the CB of a-Fe,03, and holes gather in the HOMO of
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PANI. However, this mechanism is not consistent with the
experimental results, as the CB electrons of a-Fe,0; (0.41 V vs.
NHE) are not sufficiently negative to generate superoxide rad-
icals (0,7, —0.33 V vs. NHE).”* Instead, a Z-scheme hetero-
junction mechanism is more plausible. In this model, elec-
trons in the CB of a-Fe,O3 transfer to the HOMO of PANI via
the GO mediator, where they recombine with holes. As
depicted in Fig. 10b, this process allows electrons to accumu-
late in the LUMO of PANI with a reduction potential of —0.49
eV, which is sufficiently negative to reduce oxygen to super-
oxide radicals, consistent with the trapping experiments. The
holes that accumulate in the VB of a-Fe,O; can then directly
oxidize water to hydroxyl radicals (2.40 V vs. NHE).”?
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Fig. 10 Conventional mechanism (a) and Z-scheme mechanism (b) for the 10PGF heterostructure.
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Consequently, the resulting hydroxyl radicals and superoxide
radicals contribute to the degradation of pollutants in the
10PGF photocatalytic system. These findings collectively
suggest that the degradation of organic pollutants over the
10PGF composite occurs via a Z-scheme reaction mechanism.

4. Adsorption studies
4.1. Adsorption isotherms

Adsorption isotherm studies were performed using the
Langmuir and Freundlich models to evaluate the ability of
10PGF composites to adsorb the BrG dye. The equilibrium
concentration of BrG in the liquid phase and the amount
adsorbed on the 10PGF surface were analyzed to evaluate the
adsorption capacity. The Langmuir model and Freundlich
model are represented by eqn (4) and (5), respectively:"®

K;,C

= gmKLCe (4)
1+ K;.Ce

ge = K§Ce'/". (5)

The Langmuir and Freundlich plots are given in Fig. 11a
and the estimated parameters calculated from these models
for adsorption of BrG onto 10PGF are given in Table S3.1 The
experimental data showed a strong correlation with the
Langmuir isotherm, with an R* value of 0.974. This model
revealed a maximum adsorption capacity (¢m,) of 28.97 mg g™,
suggesting monolayer adsorption on the surface of the adsor-
bent.”” Conversely, the Freundlich model provided an R* value
of 0.9559 and a Ky (Freundlich constant) value of 15.17,
suggesting that while adsorption follows this model, the
Langmuir model is more dominant. The slope (1/n) in the
Freundlich isotherm equation, being less than 1, indicates a
favorable chemisorption process.”® Additionally, the favorabil-
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ity of the adsorption process was confirmed by the equilibrium
parameter (R;) as shown in eqn (6):

- 1
T 14K, Cy

L (6)
where Kj, is the Langmuir adsorption equilibrium constant,
reflecting the affinity between the adsorbent and the adsorbate
and C, is the initial concentration of the adsorbate in the solu-
tion. The Ry, values, tabulated in Table S4,f are in the range of
0 to 0.15 indicating favorable adsorption.”® Therefore, the
Langmuir model is more appropriate for describing the
adsorption behavior of the BrG dye on the 10PGF adsorbent.

4.2. Adsorption kinetics studies

The kinetics of BrG adsorption on the 10PGF adsorbent was
studied to estimate the amount of dye adsorption over time.
The kinetics analysis was performed through nonlinear fittings
utilizing the following two models as described by eqn (7) and
(8), respectively:*°

Pseudo-first order (PFO) model

qe = ge(1 — e™). 7)
Pseudo-second order (PSO) model

Kgqezt

- de t 8
1+ K»qet (8)

qt
From the plots (Fig. 11b) and the determined values (tabu-
lated in Table S57%), it is observed that the pseudo-first order
model fitted the data well, as indicated by a good R value of
0.94274. However, the PSO model provided a much better fit
with an R” value of 0.98892. The low error function value (red
curve, y* = 0.15074) further validated the PSO kinetics as the
most appropriate model for predicting adsorption kinetics in
this system.
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Fig. 11 Plots of adsorption isotherms (Langmuir and Freundlich) (a) and BrG adsorption kinetics over the 10PGF ternary composite (b).
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5. Conclusion

This study successfully synthesized a novel Z-scheme ternary
heterostructure consisting of PANI, GO and a-Fe,Os. The struc-
tural and morphological characterization confirmed the for-
mation of the composite, with significant interactions among
its components. The increased BET surface area of the 10PGF
composite facilitates more active sites for photocatalytic reac-
tions. The composite exhibited exceptional photocatalytic
activity under visible light, achieving 99.8% degradation of
BrG and 93% of CIP within irradiation times of 25 and
90 min, respectively. This remarkable performance is attribu-
ted to the synergistic effects of PANI, GO, and a-Fe,O3, which
enhance charge separation and reduce electron-hole recombi-
nation, as confirmed by PL and EIS analyses. The 10 PGF com-
posite demonstrated strong recyclability, maintaining high
efficiency over 5 cycles without significant structural changes.
Trapping experiments highlighted the critical roles of O," and
‘OH in the photocatalytic degradation process, supporting a
Z-scheme mechanism where efficient charge transfer occurs
via GO. Adsorption studies revealed that the 10PGF composite
closely follows the Langmuir isotherm and PSO kinetics,
suggesting monolayer adsorption and chemisorption processes.
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