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Abstract
This work is focused on the synthesis of expanded graphene (EG), polypyrrole-magnetite (PPy/Fe3O4) and expanded gra-
phene-polypyrrole-magnetite nanocomposite (EG-PPy/Fe3O4) electrodes and their application in the degradation of organic 
pollutants in water. The nanocomposites were synthesized through the co-precipitation method and characterized using ultra-
violet–visible spectroscopy, Brunauer–Emmett–Teller surface area analyser, scanning electron microscope, energy dispersive 
X-ray, X-ray diffractometer and X-ray photoelectron spectroscope. The EG, PPy/Fe3O4 and EG-PPy/Fe3O4 electrodes were 
applied in a comparative photoelectrochemical degradation of 0.1 × 10−4 M methylene blue (MB) dye and bisphenol A (BPA) 
in 0.1 M Na2SO4 under visible light irradiation. The degradation was also performed through photolysis, electrochemical and 
photoelectrochemical processes. The results showed that the pure PPy and EG-PPy/Fe3O4 were present in the Anatase phase 
of PPy. The EG-PPy/Fe3O4 composite absorbed a noticeable amount of light in the entire visible light region compared to 
pure PPy and PPy/Fe3O4. The surface area and pore volume of pure PPy was observed to decrease after modification with 
the EG as a result of the interpenetration of the porous matrix of EG by the PPy nanoparticles. The EG-PPy/Fe3O4 electrode 
was the most effective in the degradation of both dyes. The order of efficiency was EG < PPy/Fe3O4 < EG-PPy/Fe3O4. The 
photoelectrochemical degradation process resulted in improved degradation efficiency of 92% (MB) and 88% (BPA) within 
240 min and was observed to be greater than that of photolysis and electrochemical oxidation methods. The EG-PPy/Fe3O4 
photoanode is regarded as an effective material for the degradation of MB and BPA in wastewater.
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1  Introduction

In recent years, poor sanitation, waterborne contamina-
tions, deterioration of water quality, and absence of clean 
water supply are of great concern, owing to the increase 
in human population and fast-growing industries [1, 2]. 
The profusion and distribution of plastic particles in the 
environment and the effect of organic compounds leaching 
from plastic debris have been of great concern lately [3]. 
Some of these compounds released into the environment 
through anthropogenic processes are classified as endo-
crine-disrupting chemicals (EDCs). EDCs are referred to 
as exogenous chemicals; as they can accumulate in biota 
and interfere with biological activities such as the inhibi-
tion of hormone receptors which can pose health hazards 
to humans and animals [4, 5].

BPA is a synthetic organic compound and a common 
industrial product, manufactured in huge quantities glob-
ally. It is an EDCs and is widely used in the chemical 
industry in the production of polycarbonate plastic as well 
as epoxy resin, which are practical materials present in 
food containers. Polycarbonate effluents have been found 
to contain high amounts of BPA (about 100 mg/L), which 
might result in severe health effects like human prostate 
cancer, cardiovascular diseases, diabetes mellitus, hormo-
nal imbalance, liver and enzyme abnormalities, in addition 
to reproduction problems [6–9].

Another group of pollutants released into water bod-
ies are dyes e.g., methylene blue dye (MB). The exist-
ence of these dyes in the environment is a problem of 
great concern. Most of them are toxic and hence pose a 
serious threat to both aquatic life and human well-being. 
Even at low concentrations, these dyes change the colour 
of the water bodies. This occurrence prevents light pen-
etration of the water bodies which affects the photosyn-
thetic processes in the water adversely, disturbing aquatic 
ecosystems [10]. Textile dyes are also toxic, mutagenic, 
and carcinogenic [11, 12]. They persist as environmental 
pollutants, cross entire food chains and undergo biomagni-
fication [13], resulting in higher levels of contamination at 
higher trophic levels [14]. Industrial wastewater contami-
nated with toxic dyes must, therefore, be treated before its 
final release into the surroundings.

Several methods have been employed for the removal 
of these pollutants. These methods include the physical 
adsorption, chemical as well as biological degradation 
processes. Physical techniques were observed to transfer 
pollutants from one form to another without their complete 
eradication. For biological processes, a long treatment 
period was required and the application of these processes 
was limited to very low contaminant concentrations. The 
chemical treatment processes led to products with higher 

endocrine-disrupting effects (EDCs). Thus, most of these 
methods reported were found to be inefficient or gave rise 
to hazardous by-products, which resulted in secondary 
contamination [5, 15, 16].

A promising technique for the mineralization of highly 
stable organic contaminants such as surfactants, pesti-
cides, phenolic wastes and colouring materials, and inor-
ganic contaminants is the advanced oxidation process 
(AOP). Currently, in wastewater treatment for BPA and 
MB, AOPs which use semiconductor materials as a pho-
tocatalyst have widely been applied. The effectiveness of 
the photocatalyst is generally considered by its capacity 
to instantaneously adsorb reactants and photon energy, as 
this is shown by the photosensitivity of the catalyst and its 
bandgap [7, 17–20]. The in-situ generation of very reactive 
chemical species like hydroxyl radicals, which cause the 
non-specific mineralization of target contaminants with 
high reaction rates and negligible generation of second-
ary waste is the mechanism that makes AOPs effective. 
However, the shortcoming of these remediation procedures 
is that they are regularly expensive [21]. To enhance the 
rates of degradation and reduce the operational time, an 
improved AOP consisting of a combination of metal oxide 
nanoparticles and biopolymers has attracted huge atten-
tion [19].

Lately, magnetic nanocomposites have received great 
attention. They have been used broadly for environmental 
applications owing to their unique properties including ease 
of functionalization, large surface-to-volume ratio, environ-
mentally friendly nature, effective separation owing to their 
magnetic properties and low cost. An approach for preparing 
magnetically recoverable catalysts is the control of the metal 
ions onto the magnetic nanoparticles by altering the metal 
ions' surface with organic molecules. This is done to protect 
the magnetic core against oxidation and particle aggregation 
[21]. In the current study, magnetite (core) was stabilized 
using eco-friendly polymer (polypyrrole) and expanded gra-
phene to form an EG-PPy/Fe3O4 composite. The composite 
was developed into an electrode and used as a catalyst for 
improving the photodegradation of BPA and MB in syn-
thetic wastewater.

2 � Materials and Methods

2.1 � Chemicals

All chemicals used were of analytical grade and used with-
out further change. Pyrrole monomer (Py), BPA, magnetite 
(Fe3O4), ferric chloride (FeCl3), sodium hydroxide (NaOH), 
and hydrochloric acid (HCl) were all purchased from Sigma 
Aldrich (South Africa).
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2.2 � Synthesis of Expanded Graphene

The synthesis of exfoliated graphite involved the addition 
of H2SO4/HNO3 mixture in the ratio of 3:1 (300:100 mL) to 
20 g of natural graphite after which the mixture was stirred 
vigorously with a magnetic starrier for 12 h. The resultant 
mixture was then washed abundantly with deionized water 
until a neutral pH was obtained. The residue was oven-dried 
at 100 °C for 24 h to obtain a graphite intercalated com-
pound. The EG was finally obtained by heating the graphite 
intercalated compound at 800 °C for 1 min in a furnace.

2.3 � Synthesis of PPy/Fe3O4 Nanocomposite

The in-situ oxidative polymerization procedure described by 
[22] was used for the synthesis of the polymer-based mag-
netic nanocomposite. 0.4 g of Fe3O4 (magnetite) was added 
to 80 mL of deionized water in a 250 mL Erlenmeyer flask. 
The suspension was ultrasonicated for 1 h for proper disper-
sion of the Fe3O4 in the deionized water. 0.8 mL of pyrrole 
was syringed into the suspension of the magnetite, with the 
subsequent addition of 6 g of oxidant (FeCl3) to the nano-
particles suspended solution. The nanoparticle suspended 
solution was stirred manually for 15 min at room tempera-
ture to make a homogeneous mixture. The mixture was kept 
for 3 h for complete polymerization to take place. The black 
residue obtained was washed with distilled water. Acetone 
was subsequently added to the filtrate until it becomes col-
ourless. The synthesized nanocomposite (PPy/Fe3O4) was 
dried under a vacuum at 60 °C for 24 h.

2.4 � Synthesis of EG‑PPy/Fe3O4 Nanocomposite

The synthesised EG was dispersed into deionized water in 
a ratio of 1:1 the mixture was continuously stirred for 12 h 
and subjected to 6 h of sonication. The PPy/Fe3O4 (1 g) was 
mixed with the dispersed EG. The mixture was sonicated for 
another 4 h, and oven-dried for 6 h at 100 °C. The EG-PPy/
Fe3O4 nanocomposites were pelleted and used to produce 
the electrode. The EG-PPy/Fe3O4 electrode was produced 
by following the procedure described in Sect. 2.6 below.

2.5 � Characterization of EG‑PPy/Fe3O4 
Nanocomposite

The synthesized EG-PPy/Fe3O4 nanocomposite was character-
ized using X-ray diffraction (XRD) to determine its crystalline 
structure. The scanning electron microscopy (SEM) coupled 
with the energy dispersive X-ray spectrometry (EDX) was used 
to determine the surface morphology and elemental composi-
tion of the synthesized composite, while the various functional 
groups in the nanocomposite were determined using the Fou-
rier transform infrared spectrometry (FTIR). To get detailed 

information about the surface area and cumulative pore vol-
ume of the EG-PPy/Fe3O4, a Brunauer–Emmett–Teller (BET) 
analysis was done. The optical properties were examined via 
UV–Vis absorbance and diffuse reflectance spectroscopy 
studies using dry powders with LAMBDA 750 as the internal 
standard.

2.6 � EG‑PPy/Fe3O4 Electrode Fabrication

The EG-PPy/Fe3O4 synthesized (150 mg) was compressed 
into a pellet with a diameter of 1 cm, which was subsequently 
cut out into small bits. A copper wire was coiled at one end 
of a glass tube with conducting silver paint causing the wire 
to form a flat surface at that end of the glass tube. The pellet 
pieces were then deposited on the flat copper wire surface and 
covered with epoxy resin. This was done to ensure that the 
current comes from only the basal plane to ensure effective 
electron transmission.

2.7 � Photoelectrochemical Degradation

The Photoelectrochemical activity of the synthesized photoan-
odes was studied in a photo-reactor involving H2SO4/HNO3, 
the working electrode (1 cm × 1 cm), Ag/AgCl in a (saturated 
KCL), and (3.0 MKC) as the reference electrode, and plati-
num foil as the counter electrode. The source of power for 
the degradation experiment was supplied by a 1 to 3 voltage 
range potentiometer capable of supplying current in the range 
of 1 to 15 mA. The source of light was obtained using a Sci-
encetech Inc Power Supply model 550 200 fitted with a liquid 
filter. A 10 cm distance was set between the reactor and the 
light sources to attain a light intensity of 0.27 W. The MB, 
BPA solutions (100 mL, 20 mg/L) and the sodium sulphate 
(0.1 M) as a supporting electrolyte were then introduced into 
the reactor system and then the electrodes were connected to 
the electrochemical instrument. During all degradation experi-
ments, the dye solution was continuously stirred using a mag-
netic stirrer and all degradation experiments were performed 
for 2 h. Aliquots of the dyes were extracted at every 20 min 
interval and the concentrations of the dyes remaining in each 
extracted dye solution were determined using a PerkinElmer 
model Lambda 35 UV–Vis spectrophotometer. The percentage 
of degradation was calculated using Eq. 1, where Co and Ct 
represent the initial concentration (mg/L) and the concentra-
tion at time interval t (mg/L).

(1)Degradation(%) =
Co − Ct

Co

× 100
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3 � Results and Discussion

3.1 � XRD Analysis

Figure 1 shows the XRD patterns of PPy, Fe3O4, PPy/
Fe3O4, and EG-PPy/Fe3O4. For the PPy XRD spectrum, 
no sharp peak was observed except for a broad peak 
located at 2 θ = 24.4°, which is related to the short-range 
arrangement of the PPy chain [23]. For the Fe3O4 spec-
trum (Fig. 1b), peaks observed at 2 θ = 18.5°, 30.2°, 35.5°, 
43.2°, 53.3°, 57.2°, 62.7°, 71.1°, 74.1° and 75.1° indexed 
at 111, 220, 311, 400, 422, 511, 440, 442, 533 and 622 
were crystalline planes of Fe3O4 nanoparticles with an 
inverse cubic spinel structure (JCPDS 19-0629) [24–27]. 
Figure 1c shows the XRD pattern of PPy/Fe3O4 composite 
with peaks associated with the amorphous polypyrrole and 
Fe3O4 observed. This shows that the amorphous polypyr-
role exists on the Fe3O4 surface. The XRD pattern of EG 

is shown in Fig. 1d. A sharp diffraction peak observed 
at 2 θ = 10°, 23°and55◦ which is indexed at 001, 002 and 
004 was ascribed to the graphite intercalation compound 
of EG [28].

3.2 � FTIR Analysis

The adsorption peaks of FTIR spectra of PPy, Fe3O4, EG and 
EG-PPy/Fe3O4 composite are depicted in Fig. 2. For Fe3O4 
nanoparticles in Fig. 2a, the observed peak at 546 cm−1 was 
due to Fe–O band vibration. It is a characteristic peak for 
spinel structures for ferrite and occurs in this region due to 
stretching vibration band contributions relating to metals in 
the octahedral and tetrahedral sites of the oxide structure 
[29, 30]. The PPy spectra shown in Fig. 2b have character-
istic peaks at 798, 922, 1042, 1199, 1288, 1475, 1564, and 
1695 cm−1. These were ascribed to C–H ring out-of-plane 
bending, C–C out-of-plane ring deformation, =C–H in-plane 
vibration, C–H stretching, C–N stretching vibration, pyrrole 

Fig. 1   XRD patterns of a PPy, b Fe3O4, c PPy/Fe3O4, and d EG-PPy/Fe3O4
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ring stretching, conjugated C–N stretching and C–N in-plane 
bending vibration [25, 31–33]. The bands at 3450, 1684, and 
1284 cm−1 in Fig. 2d were ascribed to the polymeric O–H 
stretching vibration of H2O, stretching of the C=O bond of 
carboxylic groups and the stretching of C–OH of the COOH 
groups of EG [34].

3.3 � SEM and EDS Analysis

Figure 3 shows the SEM images of Fe3O4, PPy/Fe3O4, EG-
PPy/Fe3O4 and the EDX of EG-PPy/Fe3O4. The Fe3O4 is 
spherically shaped with smooth and uniform surface mor-
phology (Fig. 3a). From Fig. 3b, the PPy was observed to 
encapsulate the Fe3O4 nanoparticle, which is fixed together 
in a partly or approximate spherical shape. A sizable flat 
layered aggregate structure (flask-like morphology) of EG-
PPy/Fe3O4, which consists of multiple graphene sheets cre-
ating thick stacked layers was observed in Fig. 3c. The SEM 
image of the EG-PPy/Fe3O4 shows the successful decoration 
of PPy/Fe3O4 on the expanded graphite sheets. The EDX 
elemental analysis shown in Fig. 3d confirms the presence of 

C, O, and Fe elements, confirming the successful incorpora-
tion of the PPy/Fe3O4 into the EG layers. The element S was 
a result of the sulphuric acid used in treating the graphene 
flask during the synthesis process of the expanded graphene.

3.4 � Brunauer–Emmett–Teller (BET) Analysis

The BET surface area analysis was aimed at determining 
the surface areas and pore volumes of the synthesized elec-
trodes. Typically, catalysts possessing large surface areas 
and pore volumes display enhanced capacity to adsorb a 
variety of organic pollutants onto their surfaces, facilitat-
ing improved photoelectrochemical degradation of the pol-
lutants. The results of the BET analysis of the EG, PPy/
Fe3O4, and EG-PPy/Fe3O4 electrodes (Table 1) show that 
all the electrodes possess large surface areas, and pore vol-
umes with EG-PPy/Fe3O4 exhibiting the highest surface 
area (18.86 m2 g–1) and pore volume (0.07885 cm3 g−1). All 
of the prepared electrodes are therefore expected to exhibit 
high pollutant degradation efficiencies, with EG- PPy/Fe3O4 
potentially showing the highest efficiency.

Fig. 2   FTIR spectra of a Fe3O4, b PPy, c PPy/Fe3O4 and d and EG-PPy/Fe3O4
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3.5 � UV–Vis Analysis

The UV–Vis absorption spectra of the samples (Fig. 4) 
shows that the visible light absorptivity of Fe3O4 was 
enhanced by the introduction of PPy. Hence, the PPy/Fe3O4 
demonstrated a higher visible light absorption ability than 
pure Fe3O4. A further increase in the visible light absorption 
of PPy/Fe3O4 occurred with the introduction of EG. Thus, 
the increased visible light activity of the EG-PPy/Fe3O4 
electrode is caused by the synergistic effects of both PPy 
and EG. The EG behaved as a photosensitizer to improve 
the light absorption of the sample in the visible light region. 
High visible light activity implies enhanced pollutant degra-
dation ability. The EG-PPy/Fe3O4 electrode, which exhibits 
the highest visible light activity, is expected, therefore, to 

demonstrate the highest efficiency in the degradation of the 
pollutants. The absorption edge of PPy/Fe3O4 and EG-PPy/
Fe3O4 was around 560 and 565 nm, respectively. The energy 
bandgap (Eg) was determined using the absorption spectra 
and it was calculated employing the Tauc relation in Eq. 2.

(2)(�hv)2 = K(hv − Eg)
n

Fig. 3   SEM Image of a Fe3O4, 
b PPy/Fe3O4, c EG-PPy/Fe3O4 
and d EDX of EG-PPy/Fe3O4

Table 1   BET surface area and pore volume for EG, Fe304/PPy and 
EG@Fe304/PPy

Sample BET surface area (m2 g−1) Pore 
volume 
(cm3 b−1)

EG 12.87 0.04589
Fe304PPy 14.58 0.07678
EG/Fe304PPy 18.86 0.07885

Fig. 4   UV–Vis absorbance spectra of (a) EG-PPy/Fe3O4, (b) PPy/
Fe3O4, (c) EG and (d) Fe3O4
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where hv, K, � and n = 1 signify the photon energy, a 
constant, absorption coefficient and the direct bandgap. To 
estimate the optimal bandgap, a plot of (�hv)2 versus pho-
ton energy was employed. Figure 5a and b show the plots 
of (�hv)2 against hv for PPy/Fe3O4 and EG-PPy/Fe3O4, and 
the optical bandgap of PPy/Fe3O4 and EG-PPy/Fe3O4 was 
determined via the extrapolation of the straight line to the 
x-axis of the plots ( (�hv)2 = 0 ). The estimated optical band-
gap (Eg) was 2.89 and 3.05 eV for PPy/Fe3O4 and EG-PPy/
Fe3O4, which were close to the results reported by Guo et al. 
[29] and Sadrolhosseini et al., (2016) [35].

3.6 � Cyclic Voltammogram Analysis

The cyclic Voltammogram of EG and EG-PPy/Fe3O4 elec-
trodes are shown in Fig. 6. The voltammogram was acquired 
using 10 mM potassium ferricyanide ([Fe (CN)6] − 3/ − 4) 
solution to probe the electrochemical potentials of the fabri-
cated electrodes at 20 mV s−1. Comparatively, the EG-PPy/
Fe3O4 electrode (Fig. 6b) displayed a higher current than 
the EG electrode (Fig. 6a) as a result of the larger specific 
surface area of the EG-PPy/Fe3O4 caused by the presence of 
Fe3O4 nanoparticles in the composite.

3.7 � Electrochemical Impedance Spectroscopy (EIS)

EIS is qualitative in the characterization of charge trans-
fer resistance (Rct) between photoanodes, and the organic 
dye being degraded from the wastewater. Figure 7 shows 
EIS measurements in terms of Nyquist diagrams on bare 
electrode EG and modified electrode EG- PPy/Fe3O4. A 

Fig. 5   Optical bandgaps of a PPy/Fe3O4 and b EG-PPy/Fe3O4

Fig. 6   Cyclic voltammetry (CV) 
of a EG and b EG-PPy/Fe3O4

Fig. 7   Nyquist diagrams of EG and EG-PPy/Fe3O4 electrodes



1752	 Topics in Catalysis (2022) 65:1745–1754

1 3

relative view of real impedance (Z′ cm) and imaginary 
impedance (− Z″ cm), particularly at higher frequency 
show an arc radius of EG-PPy/Fe3O4 to be more com-
pressed than that of EG. Based on the degradation effi-
ciency criterion, the faster charge transfer resistance on 
EG-PPy/Fe3O4 makes it a potentially effective anode rela-
tive to EG photoanode.

3.8 � Photoelectrochemical Degradation of BPA

UV measurements were carried out through a visible spec-
trophotometer, and the analyses from the EG-PPy/Fe3O4 
photoelectrode are shown in Fig. 8a. From the analyses, it 
can be seen that degradation greatly occurs in the progres-
sion of time within the wavelength of 250 to 300 nm. Fur-
thermore, the effectiveness of the degradation of BPA was 
carried out with three different photoelectrodes and tech-
niques as shown in Figs. 8b and c, respectively. The degrada-
tion efficiency of BPA was monitored graphically in terms of 
time against degradation. In Fig. 8b, it can straightforwardly 
be seen that EG-PPy/Fe3O4 yields a better degradation effi-
ciency. In terms of the techniques, the photoelectrochemical 

technique shows better degradation efficiency as can be seen 
in Fig. 8c.

3.9 � Photoelectrochemical Degradation 
of Methylene Blue Dye

Figure 9 shows the degradation of MB under three differ-
ent conditions. Firstly, the UV analysis was carried out to 
determine the efficiency of the EG-PPy/Fe3O4 photoelec-
trode in the degradation of MB. From 120 min of run shown 
in Fig. 9a, it can be seen that degradation progresses notice-
ably. In Fig. 9b, a relative utilization of three different pho-
toelectrodes is displayed. Vividly, it can be seen that the 
EG-PPy/Fe3O4 electrode yields better degradation efficiency. 
The efficiencies of three different degradation techniques in 
the removal of MB from water were also assessed and the 
result is shown in Fig. 9c. It was realised that the photoelec-
trochemical technique led to higher degradation efficiency. 
Considering the analyses from the degradation of both MB 
and BPA, it can be seen that the photoelectrochemical tech-
nique and EG-PPy/Fe3O4 are the best technique and elec-
trode respectively for effective degradation of these dyes 
in water.

Fig. 8   a UV–Vis degradation profile of BPA dye in first 120 min by EG-PPy/Fe3O4 electrode, b BPA degradation efficiencies of (i) EG (ii) PPy/
Fe3O4 (iii) EG-PPy/Fe3O4 and c Degradation profile of BPA on the bases of photolysis, electrochemical and photoelectrochemical degradations

Fig. 9   a UV–Vis degradation profile of MB dye in first 120 min by EG-PPy/Fe3O4 electrode, b MB degradation efficiencies of EG, PPy/Fe3O4, 
and EG-PPy/Fe3O4, and c degradation profile of MB on the bases of photolysis electrochemical and photoelectrochemical degradations
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4 � Conclusions

The EG-PPy/Fe3O4 based electrode was synthesized and 
confirmed by the XRD and FTIR results. The electrodes 
were successfully applied to the degradation of BPA and 
MB with encouraging results. The EG-PPy/Fe3O4 compos-
ite exhibited higher visible light absorptivity compared to 
pure EG and PPy/Fe3O4. The EG-PPy/Fe3O4 was identified 
as the most effective electrode for the degradation of BPA 
and MB dyes. Also, compared to photolysis and photo-
catalytic degradation, the photoelectrochemical method 
resulted in significant degradation of BPA and MB using 
the EG-PPy/Fe3O4 electrode. The high efficiency of the 
EG-PPy/Fe3O4 electrode toward the degradation of the 
dyes is attributed to the synergistic effects of the individ-
ual components (PPy, Fe3O4 and EG) which enhanced the 
photocatalytic performance of the electrode by increasing 
its surface area and improving its visible light absorption. 
The photoelectrochemical degradation process resulted in 
improved degradation efficiency of 92% (MB) and 88% 
(BPA) within 240  min. The EG-PPy/Fe3O4 electrode 
is regarded as an effective electrode for the removal of 
BPA and MB from water. The data obtained from this 
study show that the EG-PPy/Fe3O4 nanocomposite can 
be used as an effective and functional nanoadsorbent for 
the sequestration/photodegradation of MB and BPA from 
water-soluble solutions. It is recommended that the EG-
PPy/Fe3O4 electrode be tested for the treatment of real 
wastewater contaminated with textile and BPA waste.
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