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Abstract
The novel application of magnetite containing reduced graphene oxide nanosacks (MrGO-N) as 
electron shuttles to improve the reductive degradation of pharmaceutical pollutant, iopromide 
(IOP), was evaluated. The MrGO-N were synthesized by ultrasonicated nebulization process, and 
their physicochemical characterization was performed by potentiometric titrations, zeta potential, 
high resolution transmission electron microscopy (HR-TEM), X-ray diffraction, as well as by 
Raman and Fourier transform infrared spectroscopies. Results demonstrated the thermal reduction 
of precursor graphene oxide sheets, the removal of different oxygenated groups, and the successful 
assembly of magnetite nanoparticles (MNP) in the graphene sacks. Also, reduction experiments 
revealed 72 % of IOP removal efficiency and up to 2.5-fold faster degradation of this pollutant 
performed with MrGO-N as redox catalysts in batch assays and with sulfide as electron donor. 
Chemical transformation pathway of IOP provides evidence of complete dehalogenation and 
further transformation of aromatic ring substituents. Greater redox-mediating ability of MrGO-N 
was observed, which was reflected in the catalytic activity of these nanomaterials during the 
reductive degradation of IOP. Transformation byproducts with simpler chemical structure were 
identified, which could lead to complete degradation by conventional methodologies in a 
complementary treatment process. Redox-mediating activity of MrGO-N could potentially be 
applied in wastewater treatment systems in order to facilitate the biodegradation of priority 
contaminants.
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1. Introduction
Recently, many emerging pollutants like pharmaceuticals have been identified in effluents 
from wastewater treatments (WWT) systems and aquatic environments around the world. 
Iopromide (IOP) is a tri-iodinated X-ray contrast medium (ICM) frequently used in 
radiographic tests, which is eliminated by urine in the first 24 h [1,2]. Because of its low 
microbial degradation and physicochemical properties, IOP is considered as a persistent 
pollutant that is resistant to conventional WWT and consequently discharged into 
environmental compartments like water bodies and soils [1,3,4]. IOP has been detected in 
effluents from WWT plants, receiving water bodies, and even treated tap water at µg/L levels 
[5,6]. Although no adverse effects have been documented on the chronic exposure of this 
pollutant [7], different studies have reported toxic effects at cellular level conducting to 
apoptosis and endothelial disfunction [8–10]. In addition, it has been documented that 
exposure to ICM leads to damage to human health include allergic reactions, cardiac 
problems and systemic manifestations [11]. Therefore, it is essential to develop new 
degradation strategies as an alternative to remove of this halogenated organic compound 
from polluted effluents.

Several researches have studied the degradation of priority pollutants by the use of chemical 
substances that have the ability to serve as redox catalysts, mainly attributed to the presence 
of quinone groups (two resonant carbonyl groups[12]), which form a well-known redox 
couple with hydroquinones that facilitate system electron transfer [13]. Quinone-
hydroquinone couples are the perfect case of electron shuttle systems, and their redox-
mediator nature consist in the capacity to accept and donate electrons by resonance 
phenomenon [12,14]. Some graphene based-materials like graphene oxide (GO), reduced 
graphene oxide (rGO) and graphene composites have also been applied as electron shuttle 
with rapid electron transfer capacity and redox-mediating activity [15–17], possibly due to 
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the presence of carbonyl groups in the population of diverse oxygen-containing groups on 
these complex materials [18–20]. Moreover, it has been well supported that the Ͳ-electrons
located in the zigzag edges of graphene sheets exhibit excellent catalytic activity, desired 
selectivity and chemical stability, serving as catalysts in the electron transfer reactions [21].

Recently, it has been explored the catalytic performance of GO-based materials in the redox 
conversion of environmental contaminants because of their ability to improve the electron 
transfer process by complex physicochemical mechanisms [18]. For instance, Colunga et al., 
[22] and Lu et al., [23] reported the reduction of azo dyes using GO-based materials as
catalysts. Also, Fu et al., [24] studied the reductive transformation of polyhalogenated
organics. Meanwhile, several authors have documented the redox conversion of
nitrocompounds [18,25]. In addition, our previous work has proved that GO and rGO can act
as redox catalysts, facilitating the chemical/biological degradation of IOP in batch
incubations and using sulfide as electron donor [26,27]. There is significant evidence that
GO-based materials can promote reductive reactions of persistent pollutants like halogenated
organics, but their application in continuous treatment systems is hindered by challenges in
capturing and recovering the mediator after use. An important goal is to design graphene-
based composite mediators with specific properties that allow them to be retained or
captured, and recycled back into treatment processes.

Recently, the immobilization of particles in graphene structures has emerged as a new 
approach to produce versatile hybrid carbon nanomaterials with specific properties and 
functions [28]. In this context, different alternatives have been studied about iron containing 
graphene structures. Panich et al., [29] reported the structure and magnetic properties of iron 
(Fe2+/Fe3+) ions-doped micro- and nanosized graphene flakes, concluding that the Fe ions 
are attached in the edges of graphene sheets by oxygen functional groups and atomic 
hydrogen. On the other hand, an aerosol-phase process has been reported for the assembly of 
nanoparticles and rGO sheets in the form of filled graphene nanosacks (GNS) by fast 
microdroplet drying [28]. Nowadays, several studies have reported the use of magnetite 
nanoparticles (MNP), especially magnetite (Fe3O4), in environmental and medical 
biotechnology, removal of water pollutants and catalysis research area, due to their particular 
properties, such as high surface area, superparamagnetism and reducing catalytic power 
[30]. Recently, the integration of MNP in hybrid GNS has been demonstrated, and their 
application in biomedical and chemical technologies has also been studied [28,31]. 
However, their redox catalytic properties to facilitate the reductive degradation of 
recalcitrant pollutants in water have not been explored yet. In addition, the presence of MNP 
in the hybrid GNS implies that the reductive transformation mechanisms of pollutants are 
more complex than those involved in the presence of GO-based materials as electron 
shuttles. Accordingly, it is important to study the redox performance of MrGO-N for future 
applications in the transformation of priority contaminants.

The aim of this study was to evaluate the novel use of magnetite containing reduced 
graphene oxide nanosacks (MrGO-N) as electron shuttle to promote reductive 
transformation reactions of IOP in chemical systems. The experimental work is conducted in 
batch incubations, but the goal is to develop and demonstrate the magnetic function that 
would allow application in biological continuous systems with magnetic recovery. Moreover, 
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the influence of the physical and chemical properties of the MrGO-N in the capacity to serve 
as electron shuttles is studied as are the transformation pathways for abiotic reduction of 
IOP in these systems.

2. Materials and methods
2.1. Materials and chemicals

IOP (Ultravist® 370) was purchased from Bayer Schering Pharma. Sodium sulfide 
(Na2S·9H2O) and magnetite nanoparticles (Fe3O4, particle size of <50 nm) were obtained 
from Fisher-Scientific and Sigma Aldrich, respectively, with 99% purity. The basal medium 
(pH = 7.6) and trace elements solution (1 mL/L) used in chemical reduction experiments 
were mixtures of several reagents as described in previous works,[19,26,27,32] All solutions 
were prepared with deionized (DI) water to 18.1 Mᕴ·cm. GO aqueous suspensions were
prepared and purified by a modified Hummers’ method as described previously [33].

2.2. Synthesis of magnetite containing graphene oxide nanosacks
The fabrication of MrGO-N was carried out by ultrasonicated nebulization process using a 
well-mixed colloidal suspension of GO (0.5 mg/mL) and Fe3O4 nanoparticles (1 mg/mL), 
according to methodology previously proposed [28,31]. The MrGO-N were recovered on a 
filter membrane and dispersed in DI water. Hybrid rGO nanosacks without magnetite (rGO-
N) were similarly synthesized to MrGO-N as mentioned above.

2.3. Characterization of graphene nanosacks
Morphological characterization of MrGO-N and rGO-N was performed on a LEO 1530 VP 
Scanning Electron Microscope (SEM) and JEOL JEM-2010 High Resolution Transmission 
Electron Microscope (HRTEM). Samples were suspended in ethanol and then sonicated for 
30 min. After that, the samples were mounted in a Cu TEM grid. Raman spectroscopy was 
performed on a WITEC-A300M+ Confocal Raman Microscope with laser frequency of 514 
nm as excitation source trough a 50× objective. Zeta potential measurements of the samples 
were measured in DI water using a Malvern Nano-ZS dynamic light scattering equipment. 
X-ray diffraction (XRD) patterns were obtained in a Bruker D8 Advanced diffractometer
using CuKͣ radiation. Infrared spectra were recorded by Fourier transform-infrared (FT-IR)
spectroscopy using a Jasco FTIR-4100 Instrument in ATR mode. Finally, oxygenated groups
were quantified by Boehm titrations with an automatic titrator Mettler-Toledo T70. Details
of experimental conditions and procedures are described in previous work [26].

2.4. Batch incubations for the chemical transformation of iopromide
The abiotic reduction of IOP was assessed in batch incubations using MrGO-N and rGO-N 
as electron shuttles and sulfide as chemical electron donor (HS− as the reactive species). 
These experiments were performed as previously proposed by Toral-Sánchez et al., [26] in 
the current study, 5 mg/L of MrGO-N or rGO-N as electron shuttle were used in a working 
volume of 50 mL. Experimental controls to verify stability and adsorption of IOP molecule 
were conducted simultaneously as previously described [26]. In order to monitor the 
removal of IOP and the chemical transformation byproducts during chemical reduction 
experiments, samples were analyzed at specific time intervals as described in section 2.5.
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2.5. Analytical procedures
Measures of IOP concentration and identification of its chemical byproducts were performed 
by high-performance liquid chromatography (HPLC, Agilent Technology 1200 series 
chromatograph) and HPLC coupled to mass spectroscopy (HPLC-MS, Varian ® 500-MS ion 
trap mass spectrometer), respectively, using the experimental conditions indicated by Toral-
Sánchez et al., [26].

3. Results and discussion
3.1. Characterization of graphene nanosacks

During the synthesis of GNS, the furnace temperature was 600 °C, converting the GO 
precursor to rGO-N by thermal reduction [28], which involves chemical and structural 
changes in the nanomaterials. In order to demonstrate the functionalization of MrGO-N with 
MNP, XRD analysis of this material was performed as shown in supplementary material 
(SM, Fig. 1S-a). Their XRD pattern shows typical peaks at 2ͪ = 18.29, 30.09, 35.44, 37.07,
43.07, 53.44, 56.96, 62.55, 74.00 and 89.65, which confirms the presence of MNP and 
suggests that the structure of encapsulated Fe3O4 particles were preserved during the aerosol 
processing. Also, Fig. 1S-b shows that MrGO-N can be separated from water solution with a 
magnet demonstrating the strong assembly of Fe3O4 nanoparticles in the GNS and the 
absence of rGO sheets dispersed in solution as previously reported by Chen et al., [28].

Micrographs of rGO-N are shown in Fig. 1A. Wrinkled GNS products with irregular folded 
nano-structures can be observed. According to Chen et al., the microdroplets drying time is 
around 0.1 to 100 ms [34], indicating that synthesis of these hybrid GNS was very fast. In 
addition, the mass ratio of water-GO suspension (2000:1) was estimated previously [34], 
suggesting that the encapsulation process involves a great size reduction of GO sheets, 
generating hybrid materials with nanometric size from aerosol suspended droplets [34]. 
Furthermore, Fig. 1B and C show high-resolution micrographs of MrGO-N. It can be seen in 
Fig. 1B a successful and almost completely assembly of MNP inside the sacks, with only 
few particles appearing on the external surface. Moreover, it can be observed in Fig. 1C that 
Fe3O4 nanoparticles were covered by partially rGO sheets. On the other hand, it has been 
reported a high stability (not unfold) of MrGO-N into water [34]. As mentioned by Chen et 
al., [28] the successful encapsulation and morphology of GNS are related to the electrostatic 
interactions that occurs in the Fe3O4/GO system.

Previous reports have proposed assembly mechanisms for hybrid GNS formation. Chen et 
al., [34] suggested, by molecular simulations, that GO sheets show a preference to adsorb at 
the air-water interface, forming rGO films that fold during droplet shrinkage external surface 
in the drying stage. Instead, the MNP prefer to be transported inside GNS by diffusion. In 
addition, the simulation analysis predict that the wrinkle locations of GNS are initiated from 
regions with high concentration of carbonyl and epoxy functionalities or defects in the GO 
sheets [34]. Moreover, Chen et al., [28] proposed a theory of nanoparticles encapsulation 
process in the sacks, which consist in the electrostatic attraction and repulsion behavior of 
GO/nanoparticles systems as a function of pH-dependent zeta potential. This theory 
establishes that the charged nanoparticles (with smaller size than GO sheets) have the ability 
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to diffuse from drying droplet external surface toward sack interior and then, charged GNS 
separation is performed by repulsive electrostatic interactions [28].

In this context, measurements of zeta potential as a function of pH for all nanomaterials 
were carried out (Fig. 2). It can be seen that GO has a point of zero charge (pHPZC) of 2.3, in 
the range of carboxyl group pKa values, suggesting that these oxygenated groups are 
responsible of negative surface charge. The Fe3O4 nanoparticles show a pHPZC of 6.9. The 
pH value of GO/Fe3O4 system was 3.2. At this pH, the MNP have a positive surface charge, 
which could interact with the negative charged of GO sheets by electrostatic interactions 
[28]. These results could explain the successful dispersion and assembly of magnetite in the 
GNS as observed in Fig. 1B and C. Moreover, it can be seen in Fig. 2 that the pHPZC of 
precursor GO (pH=2.3) is lower with respect to the MrGO-N (pH=3.8), which indicates a 
partial reduction of GO sheets. Also, the pHPZC of MrGO-N was slightly higher (pH=3.8) in 
comparison to rGO-N (pH=3.5), suggesting that a few MNP are exposed on the outer 
surface of MrGO-N, as shown in Fig. 1B.

On the other hand, it is possible to observe in Table 1 changes in surface chemical properties 
of hybrid GNS due to the partial thermal reduction of precursor GO sheets during the 
encapsulation process. The total concentration of acidic oxygenated groups decreased 25 % 
(from 3.04 to 2.28 milli-equivalents (meq)/g) as thermal reduction process of GO sheets is 
performed. Also, a slight increase on carbonyl groups was observed, from 1.05 to 1.20 
meq/g. According to previous works, quinone groups have been suggested as a main 
electron shuttle moieties in carbon-based material due to its contribution in the reductive 
reactions of environmental contaminants [12,35]. Several studies have reported the possible 
mechanism involved in the thermal reduction of GO sheets. Accordingly, the energy 
required (binding energy) for bonds break between graphene sheets and different oxygenated 
groups could be a key factor in the thermal deoxygenation of GO [36], being the epoxy and 
carboxyl groups the easiest to remove at low temperature because of its chemical nature 
[37,38]. Also, Gao et al., [37] proposed that hydroxyl and carboxyl groups could be removed 
from GO sheets at the range of temperature between 100 to 600 °C. In contrast, carbonyl 
groups are highly stable and removed at critical temperatures above 1730 ° C. Moreover, 
Huh [39] proposed that during thermal reduction of GO, different stages of deoxygenation 
exist as the temperature increases. In this sense, the partial removal of carboxyl and 
hydroxyl groups, vaporization of H2O, contraction of GO sheets and formation of CO and 
CO2 occurs between room temperature and 600 °C. As can be seen in Table 1, carbonyl 
groups were less removed in comparison with hydroxyl and carboxyl groups, which 
corroborate the aforementioned.

The deoxygenation in the GNS was also confirmed by FT-IR spectroscopy. As shown in Fig. 
3, all nanomaterials present the stretching vibration of O-H groups from 3000 to 3700 cm−1. 
Also visible are bands corresponding to stretching vibrations of C-OH at 1200 cm−1, C-O 
(epoxy groups) at 1040 cm−1 and C=O can be seen at 1720 cm−1 from carboxyl groups, 
respectively, which decreased after the thermal reduction of GO [15,26]. These observations 
agree with the quantification of oxygenated groups obtained by Boehm titrations (see Table 
1). Furthermore, the appearance of aromatic C=C stretching vibration at 1620 cm−1 and the 
presence of C=O at 1570 from carbonyl groups [26] was also observed in the spectra of 
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MrGO-N and rGO-N. Finally, the MrGO-N spectrum shows a characteristic band at 585 cm
−1 corresponding to Fe-O stretching vibration from Fe3O4 nanoparticles [40]. These results
demonstrate that hybrid GNS are formed with rGO sheets by thermal reduction process of
GO precursor.

In order to characterize the evolution of GO precursor and crystallinity of GNS, Raman 
spectroscopy was employed. Fig. 4 shows Raman spectra of GO, rGO-N and MrGO-N. The 
presence of G and D bands at 1597 cm−1 and 1350 cm−1, respectively, is evident. The D 
band is related to defects in the sp2-carbon network, indicating the amorphous character of 
materials. In contrast, the G band derived from vibrations within the defect-free sp2-carbon 
network [41]. Structural modifications in GNS can results from thermal reduction of 
precursor GO due to the reduction of oxygenated functionalities, which was confirmed by 
Raman spectra of MrGO-N and rGO-N. It can be seen that the relative intensity of the D 
band decreased and that of the G band increased as the synthesis of the GNS was conducted. 
Moreover, it has been reported that the structural disorder of carbon-based materials depends 
of the width of band D and the height of intermediate band A located between the D and G 
bands, which are related with the defects in the aromatic ring network of graphene sheet, 
specially for the presence of pentagon and heptagon carbon rings [42,43]. Accordingly, these 
results suggest that GO precursor undergoes a thermal reduction by heating indicating that 
synthesized GNS are formed by rGO sheets.

3.2. Chemical reduction of IOP
The chemical reduction of IOP by reaction with HS− species along with experimental 
controls are shown in Fig. 5. Sulfide cases a decrease in IOP concentration with removal 
efficiencies of 57 and 72 % after 10 days, experiments involving rGO-N and MrGO-N, 
respectively. In contrast, low efficiency removal of IOP (25 %) was observed in control 
experiments without electron shuttle (direct reduction by sulfide). IOP adsorption controls 
(without sulfide as electron donor) showed a slight decrease on IOP concentration (< 12 % 
in all cases). Also, good stability of IOP molecule was observed in basal medium, showing a 
removal lower than 5 %.

Furthermore, the maximum removal rate calculated in chemical incubations conducted with 
MrGO-N and rGO-N were 57.73 and 38.91 µg/L-d, respectively. Meanwhile, the maximum 
removal rate achieved was only 22.58 µg/L-d in the control experiment lacking nanosacks as 
electron shuttle. These results represent a 2.5 and 1.7-fold increase in the maximum removal 
rate of IOP in the presence of MrGO-N and rGO-N, respectively, which suggest that the 
redox activity of MrGO-N as electron shuttle promoted the removal rate and reduction 
efficiency of IOP [27]. In the following section, it will be explored the molecular pathways 
involved in the chemical transformation of IOP.

3.3 Chemical transformation pathway of IOP
Previous studies have elucidated the chemical and biological transformation pathway of IOP 
using GO and rGO as electron shuttle under anaerobic conditions [26,27]. However, the 
abiotic transformation pathways have not been studied for IOP or any other recalcitrant 
pollutant using hybrid graphene nanosacks as electron shuttle. Samples from incubations 
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using MrGO-N as electron shuttle were analyzed by HPLC-MS with the aim to identify the 
chemical byproducts of IOP at specific time intervals during reduction experiments and 
propose a precise chemical transformation pathway of this pollutant. The molecular weights 
(m/z) of 12 transformation products (TPs) were identified. The elemental composition and 
suggested chemical structures of the TPs are shown in Fig. 6, which uses the time-dependent 
data to sketch the main chemical transformation pathways. Each TP and the reductive 
reactions that involve their structure modification are briefly described as follows.

The structure of TP 730.85, appearing in the 24 h (day 1) sample, indicates decarboxylation 
and deacetylation reactions in side chain B. In the day 2 sample, five further transformation 
products from TP 730.8 were observed. The structure of TP 729.90 and 714.50 implies a 
slight modification in side chain A, which includes dehydration and demethylation reactions. 
TP 662.70 indicates an N-demethylation in side chain A, decarboxylation and cleavage of 
the C-N and amide bonds at the side chain B. The rupture of side chain B, N-demethylation 
and cleavage of the C-N bond at the side chain A with subsequent removal of two iodine 
atoms (dehalogenation) of the aromatic ring results in the generation of TP 316.80. TP 
248.90 involves the rupture of C-N bond in side chain B and deiodination of the aromatic 
ring (HI). After 4 days of incubation, two new chemical byproducts were generated from the 
original IOP molecule. TP 772.80 and 758.60 involve the loss of a molecule of H2O in side 
chain A and B and sequential demethylation in side chain B. Also, TPs identified with m/z 
of 656.50 and 322.70 comes from either TP 729.90 or 714.50 after 6 days of incubation. TP 
656.50 involves dehydration and demethylation reactions in side chain A and C-N bond 
rupture in side chain B. The cleavage of C-N bond and N-demethylation in side chain A, 
rupture of side chain B, demethylation and dehydration in side chain C and subsequent 
dehalogenation (removal of two iodine atoms) of the aromatic ring results in the formation 
of TP 322.70. Finally, the structure of TP 588.70 and 742.70 (generated after 8 days of 
incubation) represents a modification in side chain A and B of TP 772.80 and 758.60, 
respectively, which include demethylation, N-demethylation, dehydration and deiodination 
reactions. After 10 days of incubation, generation of new chemical byproducts was not 
observed. The mechanisms of the reductive transformation pathway and m/z of TPs 
proposed in this work are consistent with studies using other catalysts, reducing agents and 
degradation strategies [2,26,27,44–48].

Moreover, results previously obtained from assays carried out without electron shuttle 
(direct reduction by sulfide) revealed that the main TPs produced were 646.9, 768.7 and 
788.8.[26] In consequence, it can be suggested that the redox catalytic activity of MrGO-N 
promoted reductive transformation reactions of IOP. This is supported by the generation of 
chemical byproducts with lower molecular weight as compared with TPs identified in 
control experiments conducted without MrGO-N (direct reduction of IOP by sulfide). 
Moreover, it can be observed that the TP with lowest m/z (248.90) was generated during the 
first 48 h. In addition, the complete deiodination of IOP molecule occurred at the same 
incubation time as can be seen in TP 248.90. These observations suggest that MrGO-N 
stimulated a greater transformation degree of IOP. The degradation of IOP and its correlation 
with the catalytic activity of MrGO-N can be elucidated by physicochemical properties of 
these hybrid nanomaterials as mentioned below.

Toral-Sánchez et al. Page 8

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2020 April 05.



3.4. Mechanism of IOP transformation mediated by MrGO-N
Different studies have explored the catalytic properties of carbon-based materials (e.g. 
activated carbon [20,49] carbon nanotubes [24,50] and activated carbon fibers [32,51]) in the 
degradation of persistent contaminants [27,49] due to the presence of quinone groups in 
their structure, which serve as electron shuttle [12]. As exposed by titration results (see 
Table 1, section 3.1), the MrGO-N have a higher percentage (12.5 % more) of quinone 
groups, which might satisfactorily explain the transformation degree and removal efficiency 
of IOP since these oxygenated groups have great catalytic activity [12,35]. These facts 
suggest that the redox activity of quinone-hydroquinone couples plays a fundamental role in 
the reductive degradation mechanisms of IOP due to its contribution in the electron transfer 
process.

Other potential transformation mechanism of IOP is reported in previous works [26,27,52], 
which involves the chemical association of reactive non-bonding Ͳ-electrons present at the
edges of graphene sheets of MrGO-N with the hydrogen, hydroxyl and halogenated 
(iodinated) substituents of IOP molecule, promoting reductive reactions of this contaminant. 
This mechanism is supported by the generation of chemical transformation byproducts 
(partial rupture) of IOP as observed in the transformation pathway (see Fig. 6).

On the other hand, our previous work reported the chemical transformation of IOP in 
chemical assays with the use of rGO-based material as electron shuttles and sulfide as 
electron donor [26]. The results indicated an IOP removal efficiency of 66 % when rGO-4 
material was applied as redox catalyst [26]. In comparison, the results obtained in this study 
(see section 3.2) showed an IOP removal efficiency of 77 % in the presence of MrGO-N as 
electron shuttle, indicating that the use of these nanomaterials further enhanced the reduction 
of IOP in chemical assays. In addition, the transformation pathways of IOP proposed in our 
previous work [26] and in the present research revealed important differences in the 
chemical structure of generated byproducts. For instance, the simplest chemical byproduct 
identified in experiments conducted with rGO-4 as redox catalysts was TP 314.18, 
indicating the removal of two iodine atoms (dehalogenation) and rupture of side chain A of 
the IOP molecule [26]. Meanwhile, the simplest structure identified in the experiments 
conducted with MrGO-N as redox catalyst was TP 248.90 (see section 3.3), suggesting the 
completely reductive dehalogenation (removal of three iodine atoms) and partial rupture of 
side chain A and B of the aromatic ring of IOP. These results exhibit that the presence of 
MrGO-N promoted a greater transformation degree of IOP in comparison with the 
experiments amended with rGO-4 material due to the presence of MNP immobilized in 
MrGO-N. Also, these facts suggest that the mechanisms involved in the reductive 
transformation of IOP are more complex in the presence of MrGO-N than in the presence of 
rGO-based materials as redox catalysts, which indicates important differences with what has 
been previously reported, contributing to scientific knowledge about the redox properties of 
hybrid graphene composites.

Consequently, it is possible to suggest that the presence of MNP (discussed in section 3.1) 
could be involved in the reductive reactions and transformation mechanism of IOP. Several 
studies have employed the reducing catalytic power of MNP in order to improve the 
reduction of halogenated pollutants, dyes and heavy metals [30,53]. Magnetite (Fe3O4) is an 
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iron oxide containing ferrous (Fe2+) and ferric (Fe3+) species in its chemical structure [54], 
which make it a potent reducing agent due to the redox processes that involve the reduction/
oxidation of couple Fe2+/Fe3+ [55]. In addition, magnetite has the ability to transfer 
electrons because of its elevated conductivity by electron hopping between Fe2+ and Fe3+

ions [54,56]. Accordingly, a mechanism for the reductive transformation of IOP implies that 
the redox activity of MNP (oxidation of Fe2+) immobilized on the MrGO-N could transfer 
electrons to quinone groups of graphene sheets of nanosacks and then to IOP molecule, 
which is the final electron acceptor in the redox conversion process [30]. Also, a direct 
electron transfer from couple Fe2+/Fe3+ redox activity toward IOP molecule may occur. As 
discussed in section 3.2, the reduction kinetics performed in the presence of MrGO-N 
showed a higher IOP removal efficiency than rGO-N (72 % compared to 57 %), which 
demonstrated that the presence of the Fe3O4 nanoparticles contribute in the electron transfer 
process for the degradation of IOP [30]. Based on the above, it can be concluded that the 
reductive transformation of IOP involves several mechanisms in the electron transfer 
process.

4. Conclusion
The novel and successful application of MrGO-N as redox catalysts is reported for the 
reductive transformation of IOP. The results obtained in this study demonstrated that the 
catalytic activity of MrGO-N enhances the removal and chemical transformation degree of 
IOP, showing an important contribution of chemical and physical properties of MrGO-N in 
the electron transfer process toward the electron-accepting pollutant, IOP. The 
physicochemical properties of rGO sheets that form the external surface of MNS were key 
factors in the chemical transformation of IOP due to its high electrical conductivity, 
chemical reactivity, and redox catalytic activity of quinone-hydroquinone couples. On the 
other hand, the few MNP exposed on the outer surface of MrGO-N also contributed in the 
reductive transformation of IOP by the rapid electron transfer and redox activity of couple 
Fe2+/Fe3+ ions. These facts suggest that the great redox catalytic activity of MrGO-N was 
due to the synergy between redox properties of rGO sheets and MNP, indicating that several 
mechanisms are involved in the degradation of this persistent pollutant.

In comparison with rGO-based materials as electron shuttles, the MrGO-N increased the 
reduction and transformation degree of IOP, making the redox conversion process of this 
pollutant more complex and different from what has been previously reported. The reductive 
transformation pathway of IOP was proposed. Chemical transformation byproducts with 
lower molecular weight than IOP were identified, involving complete deiodinated of 
aromatic ring and partial rupture of ramifications of IOP molecule. Derived from this study, 
new challenges are focused on designing a system to retain MrGO-N as redox catalyst in a 
continuous biological system to promote the reductive biodegradation of recalcitrant 
pollutants from water.
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Figure 1. 
SEM images of empty rGO-N (A). HR-TEM images of MrGO-N (B) and multilayer 
graphene sheets encapsulating MNP (C).
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Figure 2. 
Surface charge distribution of GO-based materials and MNP.
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Figure 3. 
FT-IR spectra of GO-based materials: (A) precursor GO, (B) rGO-N and (C) MrGO-N.
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Figure 4. 
Raman spectra of precursor GO, rGO-N and MrGO-N.
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Figure 5. 
GO-based materials catalysis of IOP reduction by sulfide. IOP stability control, direct 
chemical reduction control (IOP + Sulfide), adsorption controls (IOP + GO-based materials) 
and reduction experiments (IOP + Sulfide + GO-based materials) of rGO-N and MrGO-N.
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Figure 6. 
Chemical transformation pathway of IOP and generation of byproducts through incubation 
time by MrGO-N as RM.
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Table 1.

Surface chemical properties of precursor GO and MrGO-N.

Samples

Surface functional groups, (meq/g) Point of Zero Charge (pHPZC)

Carboxylic Lactonic Phenolic Carbonyl Total

GO 1.62 0.20 0.17 1.05 3.04 2.30

MrGO-N 0.87 0.11 0.10 1.20 2.28 3.80
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