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Abstract 

Iopromide (IOP), a tri-iodinated X-ray contrast medium, is a persistent pollutant, which is 

poorly removed from conventional wastewater treatment system and frequently released 

into environmental compartments. Accordingly, several techniques have been employed for 

the removal of this pollutant from contaminated water. The use of graphene oxide (GO)-

based materials as redox mediators (RM) is an attractive option for reductive 

transformation of IOP. However, the major challenge for the application of GO-based is its 

recovery and retention in a biological continuous wastewater system. This work reported, 

for the first time, the successful application of GO, partially reduced GO (rGO) and 

magnetic rGO nanosacks (MrGO-N) as redox mediator (RM) to facilitate the chemical and 

biological transformation of IOP in batch incubations and biological continuous system 

under anaerobic conditions.  

The results demonstrated that the redox activity of GO-based materials enhanced the 

removal and transformation degree of IOP up to 5.0-fold in chemical/biological systems 

performed in batch assays. Also, results indicated a correlation between the intrinsic 

properties of GO-based materials and their redox performance. Moreover, the application 

of MrGO-N in an upflow anaerobic sludge blancket (UASB) reactor under methanogenic 

conditions was evaluated. Results indicated a high removal efficiency of IOP (~82 %) in 

the bioreactor supplied with the MrGO-N as RM, indicating their contribution in the redox 

conversion of this contaminant.  

For chemical and biological experiments mentioned above, reductive transformation 

pathways of IOP were proposed. Transformation byproducts with simpler chemical 

structures than IOP molecule were identified, involving completely dehalogenation of the 
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aromatic ring and partial rupture of ramifications of IOP by several reductive reactions, 

which is the first step toward its mineralization by conventional treatment techniques. In 

addition, reductive mechanisms that carried out during degradation of IOP were elucidated. 

The results presented in this doctoral thesis demonstrated the great potential to apply GO, 

rGO and MrGO-N as electron shuttles in the redox conversion of IOP in water, offering a 

simple and feasible alternative to tailoring GO-based materials in wastewater treatment 

systems and industrial effluents to facilitate the reductive transformation of persistent 

pollutants from contaminated water.  

Keywords: Graphene oxide; iopromide; redox mediator; reductive transformation; X-ray 

contrast medium 
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Resumen 

La iopromida (IOP), un medio de contraste yodado, es un contaminante persistente el cual 

es difícilmente removido en los sistemas convencionales de tratamiento de aguas residuales 

y por consiguiente, frecuentemente liberado al medio ambiente. En consecuencia, 

diferentes técnicas de degradación se han empleado para la remoción de este contaminante 

presente en el agua. Una atractiva opción para la transformación reductiva de la IOP es el 

uso de materiales a base de óxido de grafeno (OG), como mediadores redox (MR), debido a 

su excelente actividad redox. Sin embargo, el mayor reto para la aplicación de estos 

nanomateriales es su recuperación y retención en un sistema biológico de tratamiento de 

aguas residuales operado en continuo. Este trabajo reporta, por primera vez, la aplicación 

exitosa del OG, OG parcialmente reducido (OG-r) y nanosacos magnéticos de OG-r 

(NMOG-r) como MR en la transformación química y biológica de IOP en ensayos en lote y 

en un sistema biológico en continuo, bajo condiciones anaerobias.  

Los resultados demostraron que la actividad redox de los materiales a base de OG mejoró la 

remoción y grado de transformación de la IOP hasta en 5 veces en los sistemas 

químicos/biológicos realizados en ensayos en lote. También, los resultados indicaron una 

correlación entre las propiedades intrínsecas de los materiales a base de OG y su 

desempeño catalíticos. Asimismo, se evaluó la aplicación de los NMOG-r en un reactor 

anaerobio de flujo ascendente (UASB) bajo condiciones metanogénicas. Los resultados 

indicaron una alta eficiencia de remoción de la IOP (~82 %) en el bioreactor enriquecido 

con los NMOG-r como MR, indicando su contribución en la conversión redox de este 

contaminante.  
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Para los sistemas químicos y biológicos mencionados anteriormente, se propusieron las 

vías de transformación reductiva de la IOP. En este sentido, se identificaron subproductos 

de transformación con una estructura química más simple que la molécula de la IOP, 

involucrando la completa deshalogenación del anillo aromático y la ruptura parcial de las 

ramificaciones de esta molécula, lo cual es el primer paso hacia su mineralización mediante 

técnicas de tratamiento convencionales. Además, se elucidaron los mecanismos reductivos 

que se llevan a cabo durante los procesos de degradación de la IOP. 

Los resultados presentados en esta tesis doctoral demuestran el gran potencial del OG,    

OG-r y los NMOG-r como MR en la conversión redox de la IOP, ofreciendo una alternativa 

simple y factible para adaptar a los materiales a base de OG en sistemas de tratamiento de 

aguas residuales y efluentes industriales con la finalidad de facilitar la transformación 

reductiva de contaminantes persistentes presentes en aguas contaminadas.  

Palabras clave: Óxido de grafeno; iopromida; mediador redox, transformación reductiva; 

medios de contraste de rayos X. 
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Outline of thesis 
 

Chapter 1 contains the background of this doctoral thesis; an overview of the properties 

and application of GO-based materials as electron shuttles in the reduction of persistent 

pollutants from water; the occurrence, fate and ecotoxicological problems of 

pharmaceuticals in environmental compartments. At the end of the chapter, the presence in 

aquatic environments and removal of strategies of iopromide (IOP), the model 

pharmaceutical pollutant considered here, is described.  

Chapter 2 reports the role of the intrinsic properties of partially reduced graphene oxide as 

redox mediator (RM) in the chemical transformation of IOP in batch assays. The deep 

characterization of these nanomaterials and its correlation between redox properties and 

reductive transformation mechanisms of IOP is explored.  

Similarly, Chapter 3 reports the importance of chemical surface of partially reduced 

graphene oxide and its application as RM in the biotransformation of IOP under 

methanogenic and sulfate-reducing conditions. 

Chapter 4 studies the application of magnetic graphene nanosacks as RM to improve the 

reductive transformation of IOP in batch incubations. The redox-mediating capacity of 

characterization of graphene nano-composites is evaluated for the first time.  

Chapter 5 reports the novel applications of magnetic nano-graphene composites as RM in 

the biotransformation of IOP in an upflow anaerobic sludge blanket (UASB) reactor under 

methanogenic conditions.  From Chapter 2 to 5, transformation pathways and reductive 

mechanisms involved in the redox conversion of IOP are also elucidated.  

Finally, the results obtained in this research are globally discussed in Chapter 6.
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1 

1.1. Pollution of water  

The increase of anthropogenic activities has created a great demand for natural resources 

and the pollution of several systems, especially aquatic environments. Water pollution 

occurs when toxic substances enter receiving water bodies such as lake, rivers, oceans and 

then, getting dissolved in them. Also, the contaminants can also be seep through of soils 

and reach the groundwater
1
. Water pollution is often caused by the discharge of 

inadequately treated wastewater into natural bodies of water, leading to environmental 

degradation of aquatic ecosystems
2
.  

Nowadays, the removal of emerging pollutants from water represents one of the greatest 

scientific and technological challenges of the new century. Among these compounds that 

stand out due to their difficulty to degrade in aquatic environments and to their uncertain 

adverse effects on living organisms are pharmaceutical compounds. Accordingly, several 

research areas have the major interest to develop degradation techniques for these 

compounds. 

1.2. Pharmaceutical compounds: priority pollutants in the environment 

Recently, increasing attention has been focused on the presence of pharmaceuticals in 

aquatic environments and soils around the world
3
. Especially, pharmaceuticals are founded 

in most aquatic environments (e.g. rivers and lagoons) at trace levels (ng/L to μg/L), and 

their continuous input could cause a long-term potential risk for aquatic and terrestrial 

organisms
4,5

. In fact, the main problem of pharmaceuticals in environmental compartments 

lies on the little knowledge about their toxicity, behavior and adverse effects on humans 

and ecosystems health due to continuous exposure to these pollutants
6
. Accordingly, 

pharmaceuticals are catalogued as emerging pollutants
7
.  
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1.2.1. Occurrence, fate and eco-toxicity of pharmaceuticals in aquatic 

environments 

The occurrence and fate of pharmaceuticals in the aquatic environment have been 

recognized as one of the emerging issues in environmental chemistry
2
. Due to their large 

consumption and production, pharmaceuticals may enter aqueous environments by 

anthropogenic activities, resulting in their detection in receiving water bodies, groundwater 

and drinking water
8,9

. The main sources for the occurrence of pharmaceuticals in the 

environment are the discharge of waste effluents from manufacturing processes, sewage 

treatment plants, the inappropriate disposal of expired drugs and landfill leachate
10

. The use 

of medicines by humans is the main route of these pollutants in aquatic environments. After 

use, pharmaceuticals and their metabolites are excreted by feces or urine and released into 

wastewater treatment (WWT) systems. During treatment processes of WWT plants, 

pharmaceuticals are poorly removed and subsequently discharged to water bodies and 

soils
2,6

. In addition, another route of pharmaceuticals occurrence is the discharged of 

medicines from hospital effluents in municipal drainage and finally to WWT facilities
2,10

. 

Figure 1.1 shows the sources and transport routes of pharmaceuticals in environmental 

compartments. 

Some investigations performed in Austria, Brazil, Canada, Croatia, England, Germany, 

Greece, Italy, Spain, Switzerland, The Netherlands and the U.S.A have detected more than 

80 pharmaceuticals and several drugs in surface waters located near to WWT plants
2,10

. 

Moreover, the presence of pharmaceuticals in potable water has been lightly studied in 

recent years due to the lack of monitoring programs in water treatment plants, as well as the 

improvement of detection techniques
11

. Studies conducted in Germany, Italy, United 

Kingdom, U. S. A, Canada, Brazil, Spain and China have reported the presence of several 
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drugs in samples of water for human consumption
11,12

. Among identified pharmaceuticals 

are analgesics and anti-inflammatories, antibiotics, beta-blockers, hormones and steroids, 

lipids regulators and serotonin inhibitors
2,10,13

. Iodinated X-ray contrast media (ICM) have 

also had a special interest because of their high persistence and occurrence in soils and 

surface waters
14

. 

 

Figure 1.1. Major pathways by which pharmaceuticals reach the environment (modified for 

reference
10

). 
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On the other hand, the distribution and fate of pharmaceuticals are dependent on their 

physicochemical properties, and on the persistence and biological activity of their 

transformation byproducts in aquatic and terrestrial environments
6,10

. In the environments, 

the transformation and degradation reactions alter the mobility, persistence and fate of 

pharmaceuticals
3,15

. The fate of pharmaceuticals in the aquatic environment is determined 

by sorption to sediments and/or degradation by chemical and/or biological processes
16,17

. In 

surface waters, microbial degradation is slower that during WWT processes because the 

diversity and density of bacteria is much lower in surface waters
18

. The abiotic degradation 

of pharmaceuticals could occur by photodegradation, which is the dominant mechanism for 

their chemical transformation in aquatic environments
10,16

.  

Finally, the toxicological effects of pharmaceuticals on the environments have been poorly 

explored. Some studies have indicated that medicines have the potential to interfere with 

the metabolism and behavior of aquatic and terrestrial organisms
19,20

. In addition, it has 

been reported that hormones, analgesics and anticancer drugs are the pharmaceuticals with 

greatest eco-toxicological effect in aquatic organisms, such as bioaccumulation, 

bioavailability and biopersistence
21,22

.   

1.3. X-ray contrast media in aquatic environments 

ICM are chemically inert drugs which are supplied intravascularly in very high amounts 

with very short time period
23

. These pharmaceuticals are among the most widely used 

around the world with a global consumption of approximately 3.5 x 10
6 

kg per year
24,25

. 

ICM are diagnostic drugs that are applied to improve the contrast between organs or vessel 

examined and surrounding tissues during radiological tests
26

. ICM are administered at high 

daily doses (up to 200 g/d) and mostly excreted nonmetabolized (>95%) by urine or feces 
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during the first 24 h after its application
27,28

. All intravascular contrast media are tri-

iodinated benzene derivatives with iodine atoms in position 2, 4 and 6. The other ring 

positions are substituted by ramifications that gives to ICM high water solubility and low 

toxicity
23

. Currently, ICM are classified in ionic monomers, ionic dimers, non-ionic 

monomers and non-ionic dimers
29

. Due to their physicochemical properties and its poor 

removal from WWT effluents, ICM are emerging contaminants, which are beginning to be 

studied due to their presence in environmental compartments. Furthermore, it has been 

reported that exposure to ICM could cause human health impacts that include allergic 

reactions, cardiac problems and systemic manifestations like headache, vomiting and arms 

pain
29

. Within ICM with greater environmental relevance is the diatrizoate, iomeprol and 

iopromide, the latter being the contaminant of interest in the present thesis.  

1.3.1. Iopromide: properties, presence and toxicological effects in the aquatic   

environment 

Iopromide (IOP) is non-ionic ICM widely used in radiography studies, which due to its 

chemical structure, physicochemical properties and low microbial degradability by aerobic 

bacteria is considered a recalcitrant pollutant
30,31

. Figure 1.2 shows the chemical structure 

and physicochemical properties of IOP. 

 

Figure 1.2. Chemical structure and physicochemical properties of IOP. 
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As mentioned above, IOP is a pharmaceutical, which is hardly removed in conventional 

WWT systems, and thus it is constantly released into receiving water bodies
31,32

. Since IOP 

is resistant in WWT processes, the detected concentration in wastewater effluents, surface 

water (rivers and lakes), groundwater, and even in treated tap water is relative high at μg/L 

levels
24,25,33

. Few studies have reported the concentration of IOP in effluents of sewage 

treatment plants, which vary in the range of 10 to 100 μg/L
14,25,31

. In hospital effluents, it 

has been reported a concentration of this pharmaceutical around to 50 and 300 μg/L
34

.  

Wastewaters are the primary route of entry of IOP into aquatic environments, and hospitals 

are considered important source and significant contributors of IOP residues in influents of 

municipal WWT plants
35,36

. In this sense, it has been documented the presence of IOP in 

environmental compartments. For example, Putschew et al.,
25

 reported the presence of IOP 

in surface water and raw drinking water at around 10 μg/L. In addition, it has been detected 

the presence of this pollutant in WWT effluents, as well as its poor elimination during 

aerobic conventional treatments, which remained in the aqueous phase
31,32

. Also, Wang et 

al., reported the presence of IOP metabolites in wastewater and receiving surface water of 

the Pearls River Delta, China
37

. Kreuzinger et al., reported that IOP is present in 

groundwater trough infiltration of WWT effluents discharged in the soil of a rural arid area 

of Asia
38

. Finally, Ternes et al., identified this pharmaceutical in the effluents from a 

German municipal WWT plant at a concentration of 5.7 μg/L
39

. According to these reports, 

the occurrence and fate of IOP in aquatic environments is a topic that has had interest in 

recent years. 

Moreover, Steger-Hartmann et al., reported that no toxic effects of IOP were observed in 

both short-term and chronic toxicity tests
26

. However, the environmental safety of IOP 
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cannot be guaranteed since the side and toxic effects on renal cells by IOP have been 

documented. In this context, different studies have reported toxic effect at cellular levels 

conducting to the vacuolization and apoptosis of tubular cells, and endothelial dysfunction 

leading to kidney damage
40–42

. Consequently, several chemical and biological removal 

techniques have been studied in order to improve the degradation and/or transformation of 

this pollutant from contaminated water
43,44

. 

     1.3.2. Degradation strategies of IOP from water  

Several studies have explored degradation strategies of IOP, such as advanced oxidation 

processes (AOP), ozonation, electrochemical oxidation, as well as aerobic degradation by 

activated sludge and white-rod fungi, etc. Among these strategies, the electrochemical 

oxidation treatment of reverse osmosis concentrates reported up to 96 % of IOP removal 

after 7.5 h
45

. Metal-catalyzed (Pd-Ni catalyst) treatment with H2-5% system achieved 

complete dehalogenation (deiodination) of aromatic ring of IOP with the generation of a 

final stable organic product
27

. In addition, anaerobic strategies have been also applied in 

order to promote reductive biotransformation reactions of IOP. Pat-Espadas et al.,
46

 and 

Cruz-Zavala et al.,
47

 reported the microbial transformation of IOP in a biological 

continuous systems by the use of bio-catalysts. Moreover, other works have focused on 

proposing the transformation pathways of IOP in WWT effluents, hospital effluents and 

surface waters
14,27,28,36,45

. Tables 1.1 and 1.2 summarized the studies that involve the 

biological and chemical degradation/transformation of IOP, respectively. 
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Table 1.1. Overview of biological strategies for removal and/or biotransformation of IOP 

Strategy Experimental conditions IOP removal 

(%) 

Reference 

Aerobic 

treatment 

Experiments performed under aerobic conditions 

using activated sludge, river water and sediments 

in batch incubations. Also, transformation 

products of IOP were identified. 

85 % during 

54 h 

48
 

Aerobic 

treatment 

Biodegradation of IOP by white-rot fungus 

Trametes versicolor in batch assays and 10 L-

bioreactor fluidized by air pulse operated in 

batch and glucose as substrate. Also, 

biotransformation byproducts were identified by 

HPLC-MS. 

60 % (batch 

incubations) 

and 65.4 % 

(bioreactor) 

during 12 

days. 

36 

Aerobic 

treatment 

Biodegradation of IOP by nitrifying activated 

sludge as inoculums (3300 VSS/L) in bioreactors 

operated in batch mode and supplemented with 

NH4-N. 

86 % during  

100 h 

49
 

Aerobic 

treatment 

Biodegradation of IOP by activated sludge or 

nitrifying activated sludge in a batch reactor with 

a volume of 1 L.  

90 % during 

9 days 

50
 

Aerobic 

treatment 

Biodegradation tests of IOP in groundwater/solid 

systems under environmental conditions and in 

batch assays were performed. In addition, bio-

transformation byproduct were identified 

80 % during 

20 days 

28 
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Continuation of Table 1.1 

Aerobic 

treatment 

Pseudomonas sp.I-24 isolated from activated 

sludge was used to biodegrade IOP in batch 

assays. Also, different cosubstrates were tested 

as carbon source.  

88.24 % 

during 100 h 

51
 

Anaerobic 

treatment 

Reductive biotransformation of IOP by 

immobilization of biogenic Pd(0) in anaerobic 

granular sludge using an anaerobic continuous  

reactor (UASB) under methanogenic conditions. 

Biotransformation pathway of IOP was 

elucidated. 

81 % during 

21 days 

46
 

Anaerobic 

treatment 

Metal-humic complex were applied as RM in the 

biotransformation of IOP in a continuous UASB 

reactor under methanogenic conditions. 

Transformation pathway of IOP was reported. 

80 % during 

40 days 

47
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Table 1.2. Overview of chemical strategies for removal and/or transformation of IOP 

Strategy Experimental conditions IOP removal 

(%) 

Reference 

Ozonation/ 

ultrasound 

Reduction of IOP by the application of O3 

pulses (1.24 mg/L) coupled to ultrasound 

(0.235 W/mL) in batch assays. 

65 % in 30 

min 

52
 

Electrochemical 

treatment 

Anodic oxidation at boron doped diamond 

electrode as well as cathodic reduction 

using a platinum electrode were evaluated 

for IOP removal under conditions of 

reverse osmosis in batch assays. 

Furthermore, Elucidation of the 

degradation pathway of this pollutant was 

studied. 

96 % in 7.5 h 
45

 

Advanced 

oxidation 

process 

Photocatalityc degradation of IOP assisted 

by different TiO2 materials under 

simulated solar irradiation in a continuous 

system. Also, intermediates and reaction 

pathways were determined. 

70 % 

irradiating for 

45 min 

53
 

Advanced 

oxidation 

process 

Removal of IOP using electron bean 

irradiation technology with hydroxyl 

radical and hydrate electron in presence of 

hydrogen peroxide, bicarbonate and sulfite 

ions in batch incubations. 

90 % with a 

dose of 19.6 

KGy of 

irradiation 

50
 

Advanced 

oxidation/ 

reduction 

process 

Degradation of IOP by pulses of radiolysis 

and γ-radiolysis. Also, the degradation 

mechanisms of IOP were reported. 

72 % with a 

dose of 8.0 

KGy  

4 
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Continuation of Table 1.2 

Ozonation/  

O3/H2O2 and 

O3/UV systems 

Degradation of IOP in a pilot plant assisted 

by ozone (15 mg/L), UV irradiation (90 %) 

and H2O2 (10 mg/L) in a continuous 

systems. 

Higher than 

80 % in all 

systems  

39 

Ozonation Oxidation of IOP in a pilot-scale plant 

operated with activated sludge and 

supplemented with O3 (15 mg/L) in a 

continuous system. 

95 %  
54

 

Metal-catalyzed 

hydro-

dehalogenation 

Reductive treatment of IOP with hydrogen 

gas in combination with supported Pd-Ni 

porous catalysts in batch assays. Also, 

chemical transformation pathway was 

elucidated. 

95 % in70 

min  

27 

On the other hand, it has been documented the use of redox-mediating substances as a good 

option to accelerate the redox conversion of recalcitrant pollutants in contaminated   

waters
55–59

, which is the degradation strategy proposed in this doctoral thesis for the 

reductive transformation of IOP. 

1.4. Redox mediator: generalities  

Several studies have reported the use of chemical substances with quinone groups (two 

resonance carbonyl groups
60

) in their chemical structure, which can facilitate the reductive 

transformation of persistent pollutants by oxidation-reduction processes
56,57,59,61

. Such 

chemical substances with the ability to receive and yield electrons are known as redox 

mediators (RM)
60

 and the catalysis in the redox conversion is within their potential 

applications
57

. Quinone groups can serve as electron acceptor in the oxidation of 
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chemical/biological electron donors, and can be reused as electron acceptor multiple times 

when there are reoxidation mechanisms
62

. The general oxidation-reduction mechanism that 

involves RM substances is shown in Figure 1.3. In general, the biological process that 

involves RM substances (Figure 1.3) consists of three stages: i) anaerobic oxidation of the 

electron donor by microorganisms (biological reactions), ii) the RM substances can accept 

electrons from the biological oxidation of the substrate, and iii) the electrons are transferred 

from RM substances to the final electron acceptor, which is reduced by chemical 

reactions
61,63

.  

 

Figure 1.3. Oxidation –reduction processes of RM substances. B and C indicate biological 

or chemical reactions, respectively
63

. 

Quinone-hydroquinone couples are the perfect example of electron shuttle systems that 

enhance the electron transfer process in the reductive transformation of environmental 

contaminants
64,65

. The great redox activity of these functionalities lies in the capacity to 

accept and donate electrons by resonance phenomenon
60,65

. The electron transfer activity of 

quinone groups has been previously proposed
60

. In this sense, two carbonyl groups 

(quinone groups) located at edges of a common graphene layer can act in concert to 

stabilize radicals via resonance. The radicals can accept electrons and become anions. 
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Subsequently, the anions can transfer electrons back and become radicals, or they can 

interact with protons in solution. Finally, reversible proton transfer leads to phenolic 

(hydroquinone) sites
60

.  

Moreover, the electrochemical reduction of quinone groups in aqueous solution has been 

studied and the mechanism of such reduction is represented in Figure 1.4. This scheme 

shows the two-electron, two protonation reduction of quinone moieties in solution (final 

reaction of Figure 1.4)
65

.  

 

Figure 1.4. Electrochemical reduction mechanism of quinone complex in solution. 

The sequence of the reactions is described as two rounds of electron-transfer coupled 

(electrochemical reactions, E) to proton acceptance (chemical reactions, C) that is a 



    

 
14 

bielectronic mechanism of ECEC type
65

. In the absence of protons, the quinone complex is 

reduced to its dianion
65

 as can be seen in Figure 1.5. 

 

Figure 1.5. Two-electron reduction of quinone in aqueous solution (taken from reference
65

) 

Accordingly, the presence of quinone groups in redox conversion processes is a key factor 

for improving the electron transfer mechanisms toward electron acceptor pollutants.  

 On the other hand, the suggestion that other oxygenated functional groups, besides quinone 

moieties could be involved in electron transfer processes has only been indirectly 

substantiated by electrochemical methods
60

. However, it can be presumed that the only 

requirement for a heteroatom (e.g. oxygen, nitrogen and sulfur) bearing an unshared pair of 

electrons to act as electron shuttle would be its association with a substrate containing free 

radicals estabilized by resonance
60,66

. Since the redox-mediating ability of these functional 

groups has not been addressed in detail, most reports of surface oxygenated groups that are 

involved in electron transferring are generally attributed to quinone-type groups only
60

.  

     1.4.1. Carbon-based materials as redox mediators 

Several studies have explored the catalytic activity of carbon-based materials in the 

reductive transformation of contaminants by redox processes due do the presence of 

quinone groups in their chemical surface
60,64

. Especially, activated carbon has been widely 

applied in the anaerobic transformation of persistent compounds such as azo dyes
56,59,67–70

 

and trace organic pollutants
71

 because the presence of a diversity of surface functional 

groups, including quinone groups, promotes enhanced transformation rate. Activated 
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carbon fibers have been also applied as RM in the reduction of azo dyes
63

 and 

nitrocompounds
57,72

. In addition, the redox activity of carbon nanotubes has been explored 

to facilitate reductive dehalogenation reactions of organic pollutants
73,74

.  

Nowadays, graphene-based nanomaterials have attracted great interest in many research 

areas (e.g. as redox catalysts) due to their chemical and physical properties, making them 

versatile materials for multiple applications
75

. The unique properties of graphene and its 

applications will be reviewed in the next section. 

1.5. Graphene: properties, characteristics and synthesis 

Graphene is an allotrope of carbon consisting of a single atomic plane of carbon atoms 

arranged in a hexagonal lattice
75,76

. This carbon material is a two dimensional (2D) crystal 

that is stable under ambient conditions, which confers excellent electronic properties due to 

its anomalous quantum Hall effects
77,78

. Since it was first synthesized  by Geim y 

Novoselov in 2004
79

, graphene has attracted great interest in several research areas due to 

its exceptional properties, such as high electrical and thermal conductivity, elasticity, 

mechanical strength, resistance (higher than steel), flexibility, transparency, high theoretical 

surface area (~2600 m
2
/g 

80
) and unique catalytic activity

75,81
.  

Graphene properties make it an ideal material for multiple applications in technology, 

especially in electronic areas. Among potential applications of this material is the electronic 

devices manufacture, sensors, nanoelectronics, biomedicine, transistors, environmental 

remediation, solar cells, energy storage and antibacterial applications
82,83

. The main current 

problem in the application of graphene is its massive production. Investigations in graphene 

production are focused in its synthesis by chemical and physical from graphite materials 

nowadays
84

.  
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In this sense, graphene can be produced by micro-mechanical exfoliation of highly ordered 

pyrolitic graphite, epitaxial growth, liquid phase exfoliation, and the reduction of graphene 

oxide (GO)
77,85–88

. Figure 1.5 shows a schematic representation of the ways of reduced GO 

synthesis. The first three methods can produce graphene with high crystallinity and 

excellent properties
75,77

. However, the production of graphene by reduction of GO has been 

of great interest because the costs of production and raw materials are relatively low with a 

high yield, and the material can form stable aqueous colloids that facilitate its assembly in 

macroscopic carbon structures by simple and cheap processes
77

. Accordingly, reduction of 

GO is promising for large-scale production of graphene. 

 

Figure 1.6. Schematic ways of graphene and graphene-based materials synthesis: CRGO 

(chemically reduced GO), TRGO (thermally reduced GO) and ERGO (electrochemically 

reduced GO) (taken from reference
89

). 
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     1.5.1. Graphene oxide: characteristics and reduction strategies 

Graphene oxide can be defined as a graphene sheet functionalized with different 

oxygenated groups
90

. The chemical structure of this carbon material has been widely 

studied in previous works
90,91

. GO can be synthesized by a simple methodology of 

oxidation of graphite usually named Hummers method
92

. By this method, graphite is 

reacted with a mixture of potassium permanganate, sodium nitrate and sulfuric acid
77,92

.  

Currently, different chemical structure models have been proposed for GO. Several early 

studies have proposed that the structure of GO has regular lattice composed of discrete 

repeat units
93

, and the chemical structure of GO widely accepted is the proposed by Lerf-

Klinowski
94

 shown in Figure. 1.6. This model proposed that the oxygenated functional 

groups on the basal plane in GO consist of epoxy and hydroxyl groups
93,95

. Carbonyl and 

carboxyl groups are also present
77,90,94

. Currently, investigations have reported the presence 

of lactones, phenols, lactols, pyrones, ketones and anhydrates on the edge of GO   

sheets
93,95–97

. However, the presence of epoxy and hydroxyl groups on the graphitic sheets 

are still dominant
90

.  

 

Figure 1.7. Theoretical chemical structure of GO based on Lerf-Klinowski model
77,94

. 
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As mentioned above, the interest of GO is that it can be used as a precursor to produce 

graphene by reduction processes. The most attractive property of GO is that it can be partly 

reduced to graphene-like sheets by removing the oxygenated groups with the recovery of a 

conjugated structure, which is the most important goal in the reduction methodologies
77

. In 

this context, several strategies have been employed in order to remove oxygenated groups 

from GO sheets. 

The deoxygenation strategies are focused in thermal annealing, chemical, photocatalyst, 

solvothermal, electrochemical and multi-steps reduction techniques
77

. Especially, thermal 

and chemical reduction strategies have been widely studied in several works. For the case 

of thermal reduction, GO can be reduced solely by heat treatment at mild and high 

temperatures in order to exfoliate graphite oxide to achieve graphene
98–101

. The temperature 

increase makes the oxygenated groups attached on graphene sheets decompose into gases
77

. 

Also, this strategy removes carbon atoms from carbon plane, producing defects in the 

graphitic sheets
84,102,103

. In addition, it has been reported the mechanism that carried out 

during thermal reduction of GO, which identified the oxygenated groups firstly removed as 

temperature increase
99

.  

On the other hand, the chemical reduction of GO implies the use of chemical reagents and 

their chemical reactions with this nanomaterial. Usually, this strategy is performed at room 

temperature or moderate heating
104

. Accordingly, chemical reduction strategy is a good 

option in comparison with thermal methodology since the equipment and environment is 

not critical for production of graphene
77

. The reducing agent mostly used in chemical 

reduction process is hydrazine
84

, obtaining a good performance in the production of 

graphene. As a result, hydrazine has been accepted as a good chemical reagent to reduced 

GO
105–107

. However, this reducing agent (and its chemical derivatives) is highly toxic for 
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the environment. As a consequence, several reducing agents have been employed to reduce 

GO sheets. Few researches about environment-friendly strategies to produce graphene have 

been documented
108,109

. It has been reported that L-ascorbic acid (vitamin C) can serve as 

reducing agent to reduce GO reaching the same results as those obtained in the reduction 

with hydrazine
102,109–111

. The importance of the use of vitamin C lies in that it is a natural 

antioxidant in cells, is stable and unreactive in the environment, and it does not cause 

cellular damage
109

.  

The final product after the reduction strategies is partially reduced GO (rGO) sheets, which 

are usually considered a chemical derivative from graphene
77

. Figure 1.7 shows a scheme 

of rGO sheet. Residual oxygenated groups and defects alter the chemical structure of GO 

sheets, which involves that the properties of rGO sheets are substantially different. 

According to that, the final application of rGO materials depends on their reduction 

degree
77,90

. Moreover, the versatility of GO-based materials is related to the facility with 

which it can be functionalized for specific applications, such as optical devices, biomedical 

sensors, energy generators/storages, corrosion resistant coatings, medicine transportation 

and solar cells
112,113

. On the other hand, several works have explored the catalytic activity 

of GO-based materials and its application in the removal of pollutants from water by redox 

processes, serving as RM as mentioned below. 
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Figure 1.8. Schematic representation of oxygenated groups removal. 

     1.5.2. GO-based materials as redox mediators  

Lately, it has been documented that GO, rGO and graphene composites can promote the 

redox conversion of some persistent contaminants in chemical or biological systems by 

enhancing electron transfer processes
43,61,114

. This environmental application can be 

explained by the superior redox catalytic activity of quinone groups presents in the 

chemical structure of GO-bases materials, and by its high electrical conductivity in 

graphene basal plane, which improves the electron transfer mechanism toward electron 

acceptor compounds
43,84,90

. Also, it has been reported that graphene materials exhibit better 

performance to transfer electrons through quinone groups or delocalized π-electrons from 

graphitic sheets
68

. In addition, it has been stated that the edges of graphene sheets have high 

chemical reactivity due to the non-bonding π-electrons localized at the zigzag site
81

, which 

can interact with the chemical structure of organic compounds promoting reductive 

reactions 
43

. According to that, the application of GO-based materials is a new approach for 

the treatment of contaminated water. Table 1.3 summarizes the studies that have employed 

these carbon nanomaterials as RM in the removal of environmental contaminants from 
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water. Otherwise, other graphene-based materials have emerged as a new approach to 

multifunctional hybrid composites as mentioned below. 

     1.5.3. Hybrid graphene-based composites 

The chemical synthesis of hybrid nanoparticles (NPs) is of interest in several research 

areas, especially in biomedicine, radiology, nanochemistry and electronic technologies. The 

functions may involve a combination of magnetic, photonic, radiological, electrical, 

fluorescent and delivery behaviours
115–117

. 

Multifunctional nanostructures combine different solid-phase chemistries in a single 

structure through a series of chemical synthesis steps
115

. Recently, it has been demonstrated 

the encapsulation of NPs or macromolecules in crumpled graphene structures
124,125

. In this 

sense, a continuous and simple aerosol manufacturing process has been described for the 

co-assembly of NPs and rGO sheet in the form of particles-filled graphene nanosacks by 

fast microdroplet drying
115,126,127

. Figure 1.8 shows a scheme of synthesis of graphene 

nanosacks.  

 

Figure 1.9. Simplified scheme of aerosol-phase synthesis of magnetic rGO nanosacks. 

Modified from references
115,126

. 
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Table 1.3. Overview of reductive transformation of pollutant by GO-based materials as RM 

Pollutant Description of strategy Reference 

Azo dye (reactive 

red 2) and 3-

chloronitrobenzene 

GO was applied as electron shuttle in the removal of persistent 

pollutants under methanogenic and sulfate-reducing conditions 

in batch incubations. 

118
 

Acid yellow 36 Application of quinone-rGO composite in abiotic and biotic 

systems in batch assays. 

119
 

Nitrobenzene Redox mediator capacity of GO GO was evaluated for enhance 

reduction of nitrobenzene in sulfide-containing aqueous 

solution in chemical batch systems.  

64
 

Nitrobenzene Reduced GO was used as catalyst for hydrogenation of 

nitrocompounds at room temperature in batch experiments.  

120
 

Nitrobenzene Biological transformation of nitrocompounds was performed by 

redox activity of novel graphene-anaerobic sludge composite in 

batch assays under anaerobic conditions. 

121
 

Nitrobenzene Reduced GO was explored as catalyst for reductive 

transformation of nitroaromatic pollutants by anaerobic mixed 

cultures in batch systems. Also, the role of their chemical 

properties was studied.  

122
 

Hexachloroethane GO was applied as RM to improve the reductive dechlorination 

of polyhalogenated compound by sulfide in aqueous solution 

and humic acids in batch experiments. 

73
 

2,4-dinitrotoluene, 

pendimethalin and 

triflurarin 

Redox properties of rGO was explored for the abiotic reduction 

of nitroaromatic pollutants by hydrogen sulfide through batch 

incubations 

123
 

 

 



    

 
23 

The most attractive feature of this co-assembly process is the potential to use different NPs 

in order to fabricate multifunctional hybrid composites with specific properties for 

magnetic, electrical, biomedical, sensory and energy storage applications
126,128–130

. 

Especially, magnetic rGO nanosacks (MrGO-N) have been applied in magnetic resonance 

and removal of Cr (VI) from water. However, its redox catalytic activity in reductive 

transformation of pollutants, like pharmaceuticals, has not been reported yet. 
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1.6. Motivation for this research 

Nowadays, the presence of priority pollutants, which are difficult to degrade in aquatic 

systems, is a subject of great interest due to the toxicological problems associated with their 

presence both in the environmental compartments and in living organisms.  

In the WWT train, secondary treatments, which involve biological processes, are very 

important in the degradation of persistent pollutant in water. However, due to the 

physicochemical properties of these pollutants, their complete degradation is difficult or in 

some cases nil. This is the case of IOP, which is a pollutant hardly removed due to its 

resistant to conventional WWT processes and thus, constantly released in receiving water 

bodies and soils. Accordingly, it is demanded to contribute to the development of novel 

treatment techniques that enhance the degradation of recalcitrant pollutants, like IOP, 

during the secondary treatments of WWT systems.  

A new approach has emerged in the application of GO-based materials as RM for the 

reduction of persistent water pollutants. This application lies on the redox properties and 

great catalytic activity of GO-based materials, which could lead in the tailoring of these 

carbon materials as promising catalysts. The use of GO-based materials as RM in the 

degradation of organics is a promising alternative to solve the eco-toxicological problems 

caused by the presence of pollutants in environmental compartments. However, the main 

technological challenge of these redox catalysts is their application in a continuous 

biological system due to the facility with which can be lost during the process. Therefore, 

the main motivation of this doctoral thesis was to propose a novel strategy that allows GO-

based materials to be retained and implemented, in a future, in the secondary treatments of 

WWT plants as a complementary pollutant degradation technique. According to what was 
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reviewed in the literature, this is the first study that proposed the use of GO-based materials 

in a continuous biological system, with the purpose of being used in a WWT system.  

As mentioned above, several degradation techniques, especially the AOP, have shown a 

high removal efficiency and reduction rate of IOP. However, these processes are focused 

on the tertiary treatments of WWT systems. Accordingly, the novelty of this research lies in 

designing a hybrid treatment system, which involves physicochemical (reductive reactions) 

and biological (metabolic activity) processes, to be potentially tailored in the secondary 

treatments of WWT systems. In this sense, the redox conversion of a persistent model 

pollutant (IOP) by the use of GO-based materials as redox catalysts was proposed to 

evaluate the performance of this complementary treatment strategy. 

For practical applications, it is quite important to understand the redox conversion 

processes of pollutants by the use of GO-based materials as RM, which involves the deep 

study of intrinsic properties of these nanomaterials, the importance of biological activity by 

microorganisms, and the reductive transformation mechanisms that take place in the 

reductive transformation of IOP. In this sense, this dissertation explores in detail these three 

key factors, contributing to scientific knowledge in the area of degradation of pollutants by 

the use of redox catalysts. In addition, the good understanding of the redox-mediating 

activity of GO-based materials is fundamental for their future application in the degradation 

of any pollutant in anaerobic biological treatments of WWT plants. 

According to the aforementioned, this thesis evaluated, for the first time, the application of 

GO-based materials (GO, rGO and MrGO-N) as RM for reductive transformation of IOP 

from water in batch assays. In addition, the redox-mediating ability of MrGO-N was 
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studied in a continuous biological system at lab-scale to improve the biodegradation of 

IOP. 

1.7. Hypothesis  

The redox-mediating capacity of GO-based materials, will promote high removal efficiency 

and chemical/biological transformation degree of IOP in batch and biological continuous 

systems due to their excellent redox catalytic activity. Also, the chemical and physical 

properties of GO-based materials will be related to the ability to mediate reductive 

reactions of IOP because of their redox properties.  

 

1.8. Objectives 

     1.8.1. General objectives 

To evaluate the catalytic capacity of different materials based on GO as RM, in the 

reduction and transformation of IOP in a chemical and biological systems under reductive 

environments. 

     1.8.2. Specific objectives 

 To assess the effect of the physical, morphological and surface chemical properties 

of GO-based materials on their redox-mediating capacity, through their detailed 

characterization. 

 To evaluate the redox catalytic activity of GO, rGO and MrGO-N in the reduction 

and chemical transformation of IOP in batch assays using Na2S as the primary 

electron donor. 
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 To study the reductive biodegradation of IOP using these nanomaterials as RM 

under methanogenic and sulfate-reducing conditions in batch incubations and with 

ethanol/lactate as electron donor and carbon source. 

 To determine the catalytic effect of MrGO-N as RM in the removal and microbial 

transformation of IOP in a continuous biological system, using a UASB reactor 

under methanogenic conditions and glucose as electron donor and carbon source. 

 To elucidate the reductive transformation pathway of IOP in chemical and 

biological systems by the identification of transformation byproducts based on high 

performance liquid chromatography coupled to mass spectroscopy analysis.  

 To explain the possible mechanisms taking place in the reductive transformation of 

IOP by studying the intrinsic properties of GO-based materials as RM.



    

  

 

 

 

 

 

 

 

 
 

 
Role of the intrinsic properties of partially reduced 
graphene oxides on the chemical transformation of 

iopromide* 
 
 
 
 

 

 

 

*This chapter was adapted from: E. Toral-Sánchez, Juan A. Ascacio Valdés, Cristóbal N. 

Aguilar, F.J. Cervantes and J.R. Rangel-Mendez. (2016) Carbon 99: 456-465.
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2.1. Abstract  

The role of the intrinsic properties of graphene oxide (GO) and partially reduced graphene 

oxide (rGO), and their use as redox mediator (RM) is reported, for the first time, on the 

chemical transformation of iopromide (IOP), an iodinated X-ray contrast medium, under 

anaerobic conditions. The structural and physicochemical properties of GO containing 

different types of oxygenated groups, were analyzed by Boehm titrations, point of zero 

charge (pHPZC), pKa’s distribution, scanning electron microscopy (SEM), electrochemical 

analysis, as well as by Raman, Fourier transform infrared and UV-Vis spectroscopy. 

Complete characterization of GO-based materials revealed the removal of different 

oxygenated groups, such as epoxy and hydroxyl groups, and a transition from an 

amorphous to a more crystalline structure on partially reduced GO. Moreover, when rGO 

materials were tested as RM, they promoted a faster and greater extent of IOP 

transformation up to 5.2-fold with sulfide as electron donor. Results showed a correlation 

between the reduction degree of GO and its ability to act as RM, which was reflected in the 

dehalogenation and transformation degree of IOP. Additionally, the chemical 

transformation pathway of IOP is proposed based on HPLC-MS analysis.  

2.2. Introduction 

Graphene is a two-dimensional crystal structure with a thickness of one atom, and is 

composed of sp
2
-bonded carbon atoms densely packed in two crystal sub-networks

76
. Such 

two-dimensional carbon sheet possesses unique properties such as, mechanical strength, 

high surface area (2600 m
2
/g

80
) and rapid electron transfer capacity

75
, which promote its 

broad application in sensors, nanoelectronics, biomedicine, capacitors, among other 

industrial uses
76

. Also, graphene-based nanomaterials possess distinct open edges around 
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their periphery, allowing to have high reactivity due to their nonbonding π-electrons
131

 and 

therefore,  extraordinary catalytic activities are observed
120,132

. In addition, graphene-based 

materials, such as graphene oxide (GO), present a wide array of oxygenated groups in their 

chemical structure like hydroxyl, epoxy, carboxyl and carbonyl groups
133

. In this sense, it 

has been reported that the use of chemical substances with quinone groups (two carbonyl 

groups
60

) in their structure can mediate the transformation of organics by enhancing 

electron transfer processes
56,58,59

.  Such chemical substances with the capacity to receive 

and yield electrons are known as redox mediators (RM) and they have been applied to 

accelerate the transformation of pollutants
55

. On the other hand, it was reported that the 

graphene basal planes of GO-based materials have very high electric conductivity
84,90

, 

which has been reported as another mechanism to mediate the reductive transformation of 

contaminants by enhancing electron transfer, due to the electric conductivity properties of 

the graphitic carbon surface
132

. 

Carbon materials like activated carbon, activated carbon fibers, carbon xerogel, graphite 

and carbon nanotubes (CNT), have been used as RM in the reductive transformation of 

recalcitrant pollutants such as azo dyes
56,59,63

, nitroaromatic compounds
57,123,134–137

, 

nitramine compounds
134,138–140

, nitroglycerin
141

, nitro herbicides
142

, dibromophenol
143

, and 

tetrachloroethane
74

, since they have a diversity of surface oxygenated groups like quinone 

groups, which can mediate the reduction of these pollutants. Recently, it was shown that 

graphene-based materials, such as GO and partially reduced graphene oxide (rGO), can 

facilitate the reduction of some recalcitrant pollutants by enhancing electron transfer
56,114

. 

For example, Colunga et al.,
118

 reported the use of GO as RM for the biotic and abiotic 

reduction of an azo dye (reactive red 2) and 3-chloronitrobenzene, showing that the 

presence of GO increased up to 10-fold and 3.6-fold the abiotic and biotic reduction, 
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respectively. Similarly, Lu et al.,
119

 reported a removal up to 90% for biotic and abiotic 

reduction of acid yellow 36 using a quinone-rGO composite as RM. Fu and Zhu
132

 and Gao 

et al.,
120

 evaluated the abiotic reduction of nitrobenzene using GO and rGO as RM, 

respectively, concluding that the properties of these carbon materials facilitated the 

reduction of this pollutant. Also, Wang et al.,
121

 reported an increase up to 2-fold in the 

biotic transformation of nitrobenzene when a rGO-anaerobic sludge composite was used as 

novel biocatalyst. Fu et al.,
73

 tested the capability of GO and CNT on the reductive 

dechlorination of hexachloroethane, concluding that the mediation efficiency of these 

materials is 10 times higher than humic acid material. Finally, Oh et al.,
123

 investigated the 

abiotic reduction of nitroaromatic compounds, such as dinitrotoluene, pendimethalin and 

trifluralin using rGO and CNT as RM, achieving a removal for the tree pollutants of around 

50% and 88% for CNT and rGO, respectively. Therefore, it can be inferred that graphene-

based materials could mediate redox reactions involved in the transformation of organic 

compounds. However, the use of these nanomaterials on the abiotic transformation of 

pharmaceutical compounds has not been reported yet.  

Iodinated X-ray contrast media (ICM), such as iopromide (IOP), are pharmaceuticals  

widely used in intravascular administration with a global consumption of approximately 3.5 

x 10
6
 Kg per year

144
. IOP is a priority pollutant, which is beginning to be studied because of 

its high recalcitrance through conventional wastewater treatment, as well as in environment 

compartments. Moreover, IOP has been detected in effluents from sewage treatment plants, 

surface water systems, groundwater, and even in drinking water at μg/L levels
24,25

. In 

addition, it has been reported that 15 % of people who have been exposed to this 

pharmaceutical have suffered some adverse reactions such as nauseas, vomiting, headache, 

hives, etc.
29

. Recent reports indicate that IOP is poorly removed in conventional wastewater 
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treatment facilities and thus it is released into receiving water bodies
30–32

. Its recalcitrance 

is attributed to low biodegradability by aerobic bacteria
145

 and to the high hydrophilicity of 

the benzene ring substituents (hydroxyl and carboxyl groups)
25

. As a consequence, it is 

necessary to propose strategies for the reductive transformation of this pollutant.   

The aim of the present work was to evaluate the intrinsic properties of both GO and 

partially reduced GO and their effect on the abiotic transformation of IOP in basal medium, 

conducted in batch systems, and to explain the reduction mechanisms taking place under 

non-oxidizing conditions. Additionally, the chemical surface and morphological 

characterization was carried out by Fourier transform infrared spectroscopy, Boehm 

titrations, point of zero charge (pHPZC), pKa’s distribution, scanning electron microscopy 

(SEM), electrochemical analysis, Raman and UV-Vis spectroscopy, in order to elucidate 

the importance of these properties in the ability to act as electron shuttle. 

2.3. Experimental 

2.3.1. Chemicals 

All chemicals with 99% purity were used as received. IOP (CAS No. 73334-07-3) was 

obtained from Bayer Schering Pharma (Mexico City, Mexico) with commercial name 

Ultravist® 370; L-ascorbic acid (L-AA, ACS grade) from GOLDEN BELL (Mexico City, 

Mexico) and sodium sulfide (Na2S·9H2O) from Fisher-Scientific (New Jersey, USA). The 

basal medium (pH = 7.6) used in abiotic reduction assays was composed of (g/L): K2HPO4 

(0.25), NaHCO3 (5.0), MgSO4·7H2O (0.1), NH4Cl (0.28), CaCl2·2H2O (0.01), and trace 

elements (1 mL/L), with a composition described elsewhere
58

. A phosphate buffer   (pH= 

7.0) was used during electrochemical analysis with a composition of (g/L): K2HPO4 (3.32) 

and KH2PO4 (4.21). All chemicals used for basal medium and phosphate buffer elaboration 
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were obtained from either Sigma-Aldrich or Merck. All solutions were prepared with 

deionized water (18.1 MΩ·cm).  

Commercial graphene oxide used in the present study was purchased from Graphene 

Supermarket® (New York, USA), which has the following characteristics: high density and 

viscosity, concentration of 6.2 g/L in aqueous solution, single-layer > 60 %, flake size 

between 0.5 and 5 µm, C/O ratio 3.95. 

2.3.2. Chemical reduction of GO 

GO was reduced with L-AA as follows: 10 mL of GO solutions (0.1 mg/mL) and 100 mg 

of L-AA were placed in a 30 mL beaker. Immediately, samples were vigorously stirred at 

room temperature. In order to obtain materials with different reduction degrees, reduction 

kinetics of GO were carried out for 0.5, 1, 1.5, 2, 3 and 4 hours. After the reduction time, 

samples were centrifuged at 13,300 rpm for 10 min in order to remove all L-AA remaining 

by decantation. Recovered rGO was rinsed with deionized water three times and then 

dispersed in the same medium (deionized water).  

2.3.3. Physical and chemical characterization of GO-based materials 

2.3.3.1. Zeta potential and oxidation reduction potential (ORP) 

Zeta potential measurements of samples were performed in aqueous solution at pH 7.0 in a 

MICROTRAC Zetatrac NPA152-31A equipment. On the other hand, ORP of GO samples 

and of IOP were assessed under experimental conditions of chemical reduction using a 

Thermo Scientific electrode with a reference solution of Ag/AgCl Orion 900011 (+415 mV 

at 30°C). All ORP measurements were performed inside an anaerobic chamber with a 

N2:H2 (95:5% v/v) atmosphere.  
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2.3.3.2. Chemical characterization of GO samples 

Fourier transform-infrared (FT-IR) spectra were recorded on a Thermo-Scientific FTIR 

(Nicolet 6700 model) spectrophotometer in transmission mode with a resolution of 4 cm
-1

 

and 128 scans. For sample preparation, GO-based materials were mixed with KBr at a ratio 

of 1:99% (w/w) for subsequent drying at 60 °C for 48 h, and then compressed into a 

transparent pellet for measurement.  

Carbonyl, phenolic, lactonic and carboxylic groups were quantified by potentiometric 

titrations as described by Boehm
146

 with an automatic titrator (Mettler-Toledo T70) as 

follow: 0.05 g/L of GO-based materials were contacted with 25 mL of neutralizing 

solutions. The solutions were continuously stirred at 125 rpm for 5 days. After that, 

samples were titrated with 0.1 N HCl. The point of zero charge (pHPZC) of GO-based 

materials was determined according to Bandosz 
147

 with the automatic titrator mentioned 

above. For this procedure, 0.005 mg/mL of GO-based materials were contacted with 25 mL 

of 0.01 N NaCl. The solutions were stirred at 125 rpm for 24 h. Finally, the samples were 

titrated with 0.1 N NaOH. The surface charge and pKa distributions were determined by the 

SAEIU-pK-Dist© (1994) program
148

. 

2.3.3.3. Morphological and optical properties 

Microscopic observations were carried out on a FEI Helios Nanolab 600 Dual Beam 

Scanning Electron Microscope (SEM) operated at 5.00 kV and 86 pA. Samples were 

suspended in isopropanol and then sonicated for 30 min. Elemental analyses were carried 

out by energy dispersive spectrometer (EDS) on the same equipment. Raman spectra were 

recorded at room temperature with a RENISHAW Micro-Raman Invia spectrometer with 

laser frequency of 514 nm as excitation source trough a 50 X objective. UV-Vis 
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transmittance spectra of GO-based materials in aqueous dispersion were collected by a 

Thermo Spectronic Aqua Mate UV-Vis spectrophotometer at a wavelength of 550 nm. The 

wavelength scan was performed from 400 to 600 nm using deionized water as blank. 

2.3.3.4. Electrochemical characterization 

Electrochemical analysis of GO-based materials was assessed by cyclic voltammetry (CV) 

technique using a VSP SAS Biologic system controlled by the EC-Lab software V 10.23 

with a three-electrode cell configuration containing a Ag/AgCl/KCl (sat) as the reference 

electrode, and a graphite rod and glassy carbon electrode (GCE) as the counter and working 

electrode, respectively. The electrolytic solution was a phosphate buffer at pH 7.0 (See 

section 2.3.1) saturated with argon for 5 min. All experiments were carried out at room 

temperature. The working electrode was prepared as follows, GO or rGO was dispersed in 

ethanol (spectrophotometric grade) and then 8 µL were suspended in the GCE surface. 

Ethanol was volatilized and the material remained deposited on the GCE surface. Before 

deposition, the GCE was polished in a nylon cloth with alumina suspension.  

2.3.4. Adsorption isotherms 

These experiments were conducted to evaluate the IOP adsorption capacity of the GO-

based materials at pH of basal medium (pH= 7.6, see Section 2.3.1). Into plastic tubes of 15 

mL of capacity, 5 mg/L of materials and IOP (from 200 to 800 µg/L) were added. 

Afterwards, the tubes were filled with basal medium to give a total volume of 10 mL. 

Samples were kept under stirring and constant temperature (125 rpm and 25 °C) for 5 days. 

The remaining concentration of IOP in solution was measured by high-performance liquid 

chromatography (HPLC) as described in Section 2.3.6.  
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2.3.5. Chemical transformation of iopromide 

The capacity of GO-based materials to serve as RM in the chemical transformation of IOP 

was evaluated providing Na2S as primary electron donor. Sulfide is an important reducing 

compound commonly found in several industrial effluents, and their use as electron donor 

for redox conversion of different pollutants has been reported
55

. To assess this abiotic 

reduction, batch incubations were prepared in 60 mL serum flasks as follow: 5 mg/L of GO 

or rGO were contacted with basal medium and then bubbled for 5 min with a gas mixture 

of N2:CO2 (80:20 %). The flasks were sealed and the gas headspace was flushed for 3 min 

with the gas mixture mentioned above. Inside an anaerobic chamber (N2:H2 (95:5%) 

atmosphere), sulfide was added from a Na2S stock solution to obtain a final concentration 

of 2.6 mM. Bottles were incubated for 24 h with constant stirring and temperature (125 rpm 

and 25 °C). After pre-incubation, IOP was added from an anaerobic stock solution in order 

to obtain an initial concentration of 400 µg/L. The total working volume was 50 mL in all 

incubations. The experiments were carried out for 13 days in the dark. Samples of 1 mL 

were taken at selected times and the concentration of IOP was measured as described in 

Section 2.3.6. Control experiments without GO-based materials and/or Na2S were 

performed to evaluate the stability of IOP, the direct reduction by sulfide and the adsorption 

onto the materials. 

2.3.6. Analytical procedures 

The concentration of IOP was measured by HPLC using a Agilent Technology 1260 series 

chromatograph, equipped with a column synergi 4U Hydro-RP 80R (250 x 4.60 mm, 4 

micron) from Phenomenex. Forty microliters of sample were injected with an autosampler. 

The mobile phase, composed of HPLC grade water and acetonitrile (85:15 %), was pumped 
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at a flow rate of 0.5 mL/min. IOP was detected at 30 °C and wavelengths of 238 nm with 

an Agilent Technologies diode array detector. For the quantification of IOP concentration 

in solution during adsorption and chemical reduction experiments, a calibration line with 

different concentrations of IOP (from 100 to 1000 µg/L) in basal medium was performed. 

The peak area according to each concentration was measured in a retention time of 11.6 

min. The detection limit was 100 µg/L. 

The transformation products of IOP were identified by HPLC coupled to mass 

spectroscopy (HPLC-MS) in a Varian ® 500-MS ion trap mass spectrometer, with 

electrospray ionization of 90 V and mass-to-charge (m/z) range of 100 to 2000 m/z. The 

transformation pathways of IOP were elucidated according to molecular weight of IOP 

byproducts identified by HPLC-MS. The structure and chemical formula of transformation 

byproducts of IOP were proposed using the software ChemBrioDraw Ultra 12.0, based on 

previous reports in literature. Similarly, the transformation pathways of IOP proposed in 

Chapter 3, 4 and 5 were elucidated according to this methodology.  

2.4. Results and discussion  

      2.4.1. Characterization of GO and rGO materials 

Seven samples of GO-based materials with different reduction degrees were analyzed by 

zeta potential and ORP. As known, zeta potential is a physical property exhibited by any 

material in dispersion and measures the potential difference between the dispersion medium 

and the stationary layer of fluid attached to dispersed particles
149,150

. Figure 2.1 shows that 

zeta potential values increased from -23.41 to 25.26 mV as GO was farther reduced for up 

to 4 h (rGO-4). Negative zeta potential values are due to the presence of negatively charged 

functional groups, like oxygenated groups, present at the graphitic layers
151

. When the 
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reduction degree of GO increased, a greater concentration of negatively charged functional 

groups are eliminated in GO sheets, resulting in an increase on zeta potential values
150

. For 

this reason, rGO-4 has the most positive zeta potential value (25.26 mV).  

ORP is an important parameter to assess the ability of a chemical compound to accept or 

donate electrons under particular conditions
152

; therefore, it is a fundamental parameter 

related to the redox mediating activity. In this sense, carbon materials, like GO, exhibit 

redox activity, which is related to the oxygenated functional groups in the material
153

. The 

results reported also in Figure 2.1 show that ORP noticeably increased from 60.8 mV for 

GO to 501.9 mV for rGO-4 as GO was less oxidized, which may be because aromatic ring 

substituents, such as carbonyl groups, tend to accept electrons when oxygenated groups are 

eliminated from the basal plane
60,154,155

. Also, it has been reported that quinone groups (a 

couple of carbonyl groups) can act as electron acceptors
60

. In this sense, the electron 

activity of quinone groups consist in that carbonyl groups can act in concert to stabilize 

radicals via resonance. Resonance considerations permit the stabilization of radicals in 

equilibrium with quinonoid structures. After that, these radicals can accept electrons and 

become anions. Next, the anions can transfer electrons back and become radicals, or they 

can interact with protons in solution. Finally, the reversible proton transfer leads to form of 

phenolic (hydroquinone) sites
60

. As will be discussed below, the carbonyl groups remain 

after reduction of GO, which might satisfactorily explain the increase in ORP values due to 

their ability to accept electrons as explained above. 

According to these results, three samples were selected for further analysis: GO, rGO for 2 

h (rGO-2) and rGO-4 since they contain a low, intermediate and high ORP, which should 

be a key factor on the electrons transfer during the chemical reduction of IOP.  
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Photographic images of GO, rGO-2 and rGO-4 are shown in appendix section (AS,      

Figure A1). A color change from brownish yellow (Figure A1-a) to black (Figure A1-c) 

was observed as the reduction degree of GO was greater, which is probably a result of an 

increase in the hydrophobicity of rGO materials, caused by the removal of oxygenated 

groups, that subsequently causes the agglomeration of  graphene-based nanosheets
84

 as can 

be seen in the micrographs reported in AS (Figure A2). 

 

Figure 2.1. Zeta potential (square symbols) and oxidation reduction potential (ORP, circle 

symbols) of GO-based materials with different reduction degrees at pH 7. 

Several studies have reported that transmittance spectra can be used to determine the 

transparency of GO, which is intrinsically linked to its morphology
156,157

. Nair et al.,
158

 

estimated that each graphene sheet reduces 2.3 % the transmittance at 550 nm. Therefore, 

the number of sheets in GO samples was measured under these experimental conditions. 

Transmittance percent at 550 nm was obtained from the corresponding spectra and it is 
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shown in AS (Figure A3). Insert of Figure A3, depicts the estimated number of sheets in 

each sample in aqueous suspension according to Nair et al.
158

. It can be observed that the 

sheets number integrating the GO-based materials is approximately 6, 22 and 27 for GO, 

rGO-2 and rGO-4, respectively. This can be attributed to the removal of oxygenated groups 

as a result of the chemical reduction, which consequently produces hydrophobic graphene 

sheets that tend to restack due to strong π-π interactions
159

. Hence, graphitic layers are 

attached to each other, forming materials consisting of a greater number of sheets. 

Raman spectroscopy was employed to distinguish the ordered and disordered crystal 

structures of GO-based materials. Figure 2.2 shows Raman spectra of GO and rGO 

samples. The presence of G and D bands for GO spectrum at 1599 cm
-1 

and 1354 cm
-1

, 

respectively, is evident. The D band corresponds to defects in the graphite network, which 

are related to the presence of edges of graphitic planes, atomic vacancies, bond-angle 

disorders, bond-length disorders or oxygenated groups 
160,161

. On the other hand, the G 

band is related to defect-free graphite networks
162

, corresponding to the first-order 

scattering of E2g mode
163

. The reduction of GO should result in structural changes, 

therefore, it is expected that GO undergoes morphological changes after it has been 

chemically reduced due to the removal of different oxygenated groups at the basal plane 

and also at the edges. Raman spectra for rGO-2 and rGO-4 confirm this observation (see 

Figure 2.2). The G band is moved to a lower wavelength (1595 cm
-1

), which is closer to the 

reported value for pristine graphite (1570 cm
-1

), indicating that the chemical reduction of 

GO was conducted
98

. Moreover, the relative intensity of the D band around 1350 cm
-1

 

increases as the reduction degree is higher, which apparently contradicts the idea that the 

reduction process should restore the graphitic order as expected by theory. This behavior 

can be explained due to the holes formed by CO and CO2 evolution from oxygenated 
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groups removal forming internal edge sites, which might increase the D band upon 

deoxygenation. On the other hand, Stankovich et al.,
84

 suggested that this behavior is due to 

that reduction increases the number of aromatic domains of smaller overall size in 

graphene, which would lead to an increase of the ID/IG ratio as will be discussed later. 

However, Paredes et al.,
103

 are at odds with this assumption based on the decrease of the 2D 

band at 2920 cm
-1

 of GO spectrum. They suggest that this contradiction can be explained 

by assuming that the carbon lattice in GO has certain degree of amorphous character due to 

the oxidation process itself
103

. Because the GO sheets contain many oxygenated groups in 

their chemical structure, a significant distortion of the aromatic rings occurs, and hence, a 

certain amorphous character is expected after the reduction process due to the remaining 

oxygenated groups in this material
102

. Therefore, an increase in the intensity of the D band 

after the GO chemical reduction can be possible 
84

 as reported by several 

studies
84,98,102,103,109

. 

 

Figure 2.2. Raman spectra of GO-based materials. 
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On the other hand, it can be seen that the intensity ratio ID/IG increased with the reduction 

degree as follows: 0.56, 0.88 and 1.16 for GO, rGO-2 and rGO-4, respectively. This change 

suggests a decrease in the average size of the sp
2
 domains after chemical reduction of 

GO
163

, due to the partially ordered graphite crystal structure of graphene sheets
84

. Many 

equations have been employed to estimate the average crystallite size of the sp
2
 domains 

(La) in GO samples using the ID/IG ratio
163,164

. Hence, the La values (in nm) of the GO-

based materials under study were calculated based on the Cancodo et al., modified 

equation
165

. The calculated La values are 29.99, 19.48 and 14.69 nm for GO, rGO-2 and 

rGO-4, respectively. These results indicate that the average crystallite size decreased as the 

reduction degree of the samples is higher, which can be due to the breakdown of crystallites 

with initial oxidation
150

. Also, this decrease can be explained by the creation of new 

graphitic sp
2
 domains, which are smaller in size than those present in GO

84
. The La values 

showed the transition from amorphous GO to a more crystalline form as the reduction grade 

advanced. 

It is clear that the surface chemical properties of GO changed as it was reduced, as shown 

in Table 2.1. The total concentration of acidic groups decreased from 4.39 to 1.65 milli-

equivalents (meq)/g when GO was chemically reduced for 4 h, mainly due to the removal 

of carboxylic, lactonic and phenolic groups. Moreover, we can observe a reduction 

percentage (based on total concentration of oxygenated groups) of 19.1 and 64.4 for rGO-2 

and rGO-4, respectively. Also, a slight decrease on carbonyl groups was observed, from 

1.23 to 1.1 meq/g. Chemical deoxygenation of GO is complex and may be selective to 

certain groups, depending on the reducing reagent
77

. In this sense, the binding energy 

between graphene sheets and different oxygenated groups can be an important index to 

evaluate the reduction of each group attached to the carbon plane
77

. Kim et al.,
166

 reported 
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that epoxy groups are more stable than hydroxyl groups in GO. However, Gao et al.,
101

 

reported that oxygenated groups attached to the inner aromatic domain are not stable at 

room temperature and hence, they are removed more easily than those attached at the edges 

of an aromatic domains. In addition, the authors suggested, based on theoretical 

calculations, that carboxylic groups are slowly reduced, while carbonyl groups are much 

more stable. As can be seen in Table 2.1, carbonyl groups were less removed, which may 

be due to their greater stability in comparison with the other oxygenated groups. Moreover, 

Gao et al.,
109

 proposed that the reduction of GO using L-AA is carried out by two-step SN2 

nucleophilic reactions, where epoxy and hydroxyl groups could be opened by the oxygen 

anion of L-AA with a SN2 nucleophilic attack. On the other hand, according to the 

literature, quinone and chromene groups, which are of particular interest in the present 

study, have been proposed to act as redox mediators
60,153

. 

As known, the surface charge distribution and pHPZC of carbon-based materials depend on 

the type and concentration of oxygen-containing groups. These results are included in 

Table 2.1 and AS (Figure A4). The pHPZC of GO samples increased as their reduction 

degree was higher, from 2.3 for GO to 6.55 and 7.25 for rGO-2 and rGO-4, respectively. 

The acidic surface and low pHPZC of GO is due to high concentration of carboxylic, lactonic 

and phenolic  groups
167

. Accordingly, Boehm titrations (see Table 2.1) revealed that the 

concentration of carboxylic and phenolic groups decreased about 85% in rGO-4 sample, 

which was reflected in higher pHPZC
168

. This is in agreement with FT-IR spectra analyses 

that provided additional evidence of a decrease in acidic oxygenated groups, which will be 

discussed later. 
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Table 2.1. Surface chemical properties of GO-based materials with different reduction degrees  

 

Samples 

Acid-base functional groups, (meq/L) Point of Zero 

Charge (pHPZC) Carboxylic Lactonic Phenolic Carbonyl Total 

GO 1.30 1.26 0.59 1.23 4.39 2.30 

rGO-2 0.34 0.84 0.21 1.29 3.55 6.55 

rGO-4 0.20 0.21 0.14 1.10 

 

1.65 7.25 

 

The surface of carbon materials may contain several functional groups whose acid-basic 

characteristics may or may not resemble those of individual compounds. Therefore, the 

presence of ionizable functional groups in the material can be given by their pKa (or pH) 

values
60

. Distribution of pKa values of GO samples is shown in AS (Figure A5). It can be 

observed that the most prevalent pKa value of oxygenated groups present in GO is 2.31, 

which corresponds to carboxylic groups giving acidic character to the material
60

. Also, 

when the reduction degree of GO is higher, the most marked values are 8.25 and 10.28, 

suggesting the increase in basicity. It is to be noted that GO is known to be unstable at high 

pH OH
-
 can catalyze the conversion of epoxides groups to hydroxyls groups

169
. Hence, the 

interpretation of pKa values at high pH must be taken with care. On the other hand, the 

observed distributions of pKa values of ionizable oxygenated groups explain the increases 

of the pHPZC of samples when these are further reduced (see Table 2.1). Similar results have 

been reported by Konkena and Vasudevan
170

. They concluded that GO sheets have more 

acidic groups, such as carboxylic groups (pKa 4.3), in comparison with rGO sheets (pKa 

8.0), which was reflected in the increase of zeta potential values.   

In order to evidence the removal of different functional groups through the reduction 

process of GO, FT-IR spectra were recorded as shown in Figure 2.3 It can be observed the 

stretching vibration of O-H groups from 3000 to 3700 cm
-1

. The GO spectrum             
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(Figure 2.3A) shows bands at 1720 and 1570 cm
-1

, corresponding to C=O stretching 

vibrations from carboxyl and carbonyl groups, respectively. Furthermore, stretching 

vibrations of C-OH (1390 cm
-1

), C-O from epoxy groups (1100 cm
-1

) and ketone groups 

(600-630 cm
-1

) can be observed
3,8,21,22

. As shown in rGO-2 and rGO-4 spectra (Figure 2.3B 

and 2.3C), intensities of FT-IR bands associated to oxygenated groups, such as C-OH 

(1390 cm
-1

) and C=O (1720 from carboxylic groups) slightly decreased, which agrees with 

data obtained by Boehm titrations (see Table 2.1). Also, the bands intensity of C-O 

stretching vibration (1100 cm
-1

) dramatically decreased and the spectral signal related to 

ketone groups (600-630 cm
-1

) disappeared. Furthermore, the appearance of aromatic C=C 

stretching vibration at 1620 cm
-1

 was also observed
100,108,110

. These results show that the 

bands intensities associated to oxygenated groups strongly decreased with respect to GO, 

indicating the efficiency of L-AA as reducing agent. Some studies have reported that L-AA 

mainly remove epoxy and hydroxyl groups
110,111,171

.  

In addition, FT-IR spectra of GO, rGO-2 and rGO-4 exposed to Na2S for 1 day (GO-based 

materials were in contact with 2.6 mol/L of Na2S at 25 °C and 125 rpm, and dried before 

analysis) showed that only rGO-based materials exhibit a band at 668 cm
-1 

associated to C-

S stretching vibration (see Figure A6). This link can be formed due to the high 

nucleophilicity of reactive HS
-
 species and to the charge deficiency on the carbon of the 

carbonyl groups on rGO materials under study
57

. On the other hand, the reduction of GO by 

sulfur-containing compounds, such as Na2S and Na2SO3, has been previously reported
172

. 

However, FT-IR spectra of rGO materials did not show a significant decrease of 

oxygenated groups, which suggest that sulfide, did not promote reduction of these 

functional groups in GO materials.  
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Besides, oxygenated groups present in GO-based materials play a fundamental role in their 

electrochemical properties
173

. Accordingly, the electrochemical evaluation of GO-based 

materials deposited on a GCE was carried out by the CV technique as shown in Figure 2.4 

It can be observed the reduction peak of GO at -0.82 V (vs Ag/AgCl/KCl (saturated)) with 

a peak current of -0.072 mA. Ramesha and Sampath
174

 reported that the reduction of GO is 

an irreversible electrochemically process, which began at -0.6 V (vs saturated calomel 

electrode (SCE)) and reaches a maximum at -0.87 V (vs SCE). Moreover, an inherent 

reduction peak of GO in the cathodic region around -0.7 and -0.8 V (vs Ag/AgCl) has been 

reported, due to possible reduction of epoxy, peroxy and aldehyde groups
175

. As it was 

observed in the FT-IR spectrum of GO, one of the identified oxygenated groups is of epoxy 

type at 1100 cm
-1

. Therefore, this peak (at -0.82 V) may be related to the reduction process 

of these oxygenated groups present in GO. 

 

Figure 2.3. FT-IR spectra of GO-based materials: (A) GO, (B) rGO-2 h and (C) rGO-4 h. 
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Furthermore, it can be seen (Figure 2.4) that the intensity of the cathodic peak current (IPC) 

varies according to the reduction degree of samples, with values of -0.031 and -0.025 mA 

for rGO-2 and rGO-4, respectively. It has been reported that a greater C/O atomic ratio in 

rGO materials is correlated with an improved electron transferring capacity, which is 

reflected in the current intensity
176

. In order to determine the amount of carbon and oxygen 

on GO-based materials, an EDS analysis was performed. Results indicated that the carbon 

content in GO, rGO-2 and rGO-4 was 22.8, 37.9 and 68.9 %, respectively. Similarly, the 

content of oxygen in GO, rGO-2 and rGO-4 was 77.2, 62.1 and 31.1 %, respectively. As 

evidenced, rGO materials contain a minor amount of oxygenated groups in their chemical 

structure as observed also in both FT-IR spectra and Boehm titrations, which increases the 

C/O ratio as the reduction degree advances. As a consequence, the removal of these 

oxygenated groups favors the electrons transfer along the graphitic sheets, which is 

reflected on the GO conductivity.   

2.4.2. IOP Adsorption isotherms 

Capacities of GO-based materials to adsorb IOP are reported in Figure 2.5. The maximum 

adsorption capacities for IOP at an equilibrium concentration of 600 µg/L follow this order: 

GO> rGO-2 > rGO-4 with values of 436.37, 343.92 and 204.31 µg/g, respectively. This 

decrease in the IOP adsorption capacity onto rGO-based materials can be due to that the 

active sites in rGO are less accessible since graphene sheets tend to stack due to π-π 

interactions, which significantly decrease the adsorbent surface area available to IOP 

molecules. As mentioned in section 2.4.1, the removal of oxygenated groups of GO sheets 

increase the hydrophobicity of rGO materials forming graphene-based materials 

agglomerates by π-π interactions
84

, which decrease the active area of materials.   
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Furthermore, it is possible that the IOP adsorption mechanism involves hydrogen bonding 

interactions between ionized functional groups of GO-based materials and the hydroxyl 

groups present in IOP molecules
177

, as shown in Figure A7 of AS. 

 

Figure 2.4. Cyclic voltammetry of GO-based materials deposited on GCE electrode and 

immersed in a phosphate buffer (pH 7.6). The potential scan started at 0.16 V                    

(vs Ag/AgCl/KCl (sat)) in cathodic direction to a scan rate of 20 mV/s. 

2.4.3. Chemical transformation of IOP  

Chemical transformation of IOP by sulfide and the corresponding control experiments are 

shown in Figure 2.6. The chemical reduction experiments (Na2S + GO-based materials + 

IOP) exhibited a decrease in IOP concentration with removal efficiencies of 54, 58 and 66 

% for incubations amended with GO, rGO-2 and rGO-4 as RM, respectively. In contrast, 

control incubated in the absence of RM (Na2S + IOP) achieved only 25% of IOP removal 

after 13 days. Adsorption controls (GO-based materials + IOP) showed a diminishment on 
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the concentration of IOP < 10% in all cases. Also, a negligible removal (< 4%) occurred in 

stability control during the same incubation period. Moreover, the difference in IOP 

removal between these experiments and the adsorption controls can be attributed to the 

conversion of IOP to transformation byproducts.  

 
Figure 2.5. Adsorption isotherms of IOP on GO-based materials with different reduction 

degrees at pH 7.6 and 25 °C. 

In addition, the maximum removal rates achieved in assays amended with GO, rGO-2 and 

rGO-4 were 35.84, 59.79 and 64.74 μg/L-d, respectively. Moreover, the maximum removal 

rate achieved in the control incubated in the absence of GO-based materials was 12.48 

μg/L-d. These results indicated a 1.6 and 1.8-fold increase in the maximum removal rate of 

IOP in the presence of rGO-2 and rGO-4, respectively, with respect to GO. Moreover, the 

maximum removal rate of IOP increased 2.8, 4.8 and 5.2-fold in the presence of GO, rGO-2 

and rGO-4, respectively, with respect to the control lacking GO-based materials. These 

results demonstrate that GO-based materials promoted a faster removal of IOP. In the 
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following section, it will be confirmed that GO-based materials serve as effective redox 

mediators achieving a greater extent of IOP transformation. 

 

Figure 2.6. GO-based materials catalysis of IOP reduction by sulfide. IOP stability control 

(pentagon symbol), direct chemical reduction control (triangle symbol, IOP + Na2S), 

adsorption controls (full symbols, IOP + GO-based materials) and reduction experiments 

(open symbols, IOP + Na2S + GO-based materials) of GO (circles), rGO-2 h (squares) and 

rGO-4 h (Diamonds). 

2.4.4. Transformation pathway of IOP 

Samples derived from reduction experiments of IOP in the presence of rGO-4 as redox 

mediator were analyzed by HPLC-MS in order to propose the transformation pathway of 

IOP. Based on HPLC-MS analysis, six transformation products (TPs, see Figure A8 in AS) 

were identified and the suggested chemical transformation pathway of IOP is shown in   

Figure 2.7.  
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The structure of TP 788.70 (elemental composition C18H22I3N3O8) was proposed by 

Eversloh et al.,
45

, which indicates that this intermediate could be obtained by a loss of two 

hydrogen atoms at either side chain A or B. The structure of this TP is exemplified in     

Figure 2.7 as the loss of hydrogen atoms taking place in side chain A. The structure of TP 

774 (elemental composition C18H24I3N3O7) implies the loss of a molecule of H2O at side 

chain B as reported by Pérez et al.,
50

 and Gros et al.,
36

. Also, the structure of TP 722.5 

(elemental composition C15H20I3N3O6) suggests the loss of a molecule of H2O, 

demethylation and decarboxylation in side chain B and N-demethylation in side chain A. 

Similar mechanisms and structure have also been proposed by Gros et al.
36

.  

The cleavage of the amide bond in side chain B and removal of one iodine atom (HI) of TP 

788.7 results in the formation of TP 574 (elemental composition C15H15I2N2O6) as shown in 

Figure 2.7. This structure is similar to that reported by Gros et al.
36

. Moreover, the structure 

of TP 634.60 (elemental composition C17H23I2N3O7) was proposed according to previous 

studies
36

, which indicate that this intermediate is formed by the loss of one iodine atom (HI) 

and N-demethylation in side chain A of TP 774. Finally, the structure of TP 314.8 

(elemental composition C10H4INO3
+
) suggests the removal of side chain A and one iodine 

atom (HI) of TP 574. The removal of HI yielded a five membered ring structure in side 

chain C. Similar transformation pathways were reported by Schulz et al.,
28

 under aerobic 

conditions. 

The results obtained from batch experiments performed without RM (IOP + Na2S control) 

revealed that the main TPs produced were 646.9, 768.7 and 788.8 (See AS, Figure A7). 

According to these results, it can be concluded that the presence of GO-based materials as 

RM promoted a higher extent of IOP transformation (involving dehalogenation, 
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dehydration, demethylation and decarboxylation reactions), as compared to control 

incubations performed in the absence of GO-based materials, which was evidenced by the 

formation of TPs with low m/z, such as TP 634.6, TP 574 and TP 314.8. The reductive 

transformation of IOP and distinct capacities of GO-based materials to act as redox 

mediator can be explained by their surface chemistry as discussed in the next section. 

 

Figure 2.7. Proposed chemical transformation pathway of IOP and final products by     

rGO-4 h as redox mediator. 
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     2.4.5. Mechanisms of IOP transformation mediated by GO-based materials  

The proposed transformation mechanism implies that GO-based materials promoted 

dehalogenation, dehydration, demethylation and decarboxylation reactions in IOP 

molecule. Previous studies have reported that carbonaceous materials can mediate reductive 

reactions of organic compounds by enhancing the electron transfer involved in the 

reactions
56,114

. In this sense, the reduction of pollutants, such as nitroaromatics, azo dyes 

and polyhalogenated compounds, promoted by GO as redox mediator has been 

reported
73,118,119,132

. In addition, it has been reported that the zigzag edges of reduced GO 

can accelerate the reduction reaction of reactants
120

. In consequence, the increased IOP 

transformation observed in the presence of rGO-materials can be explained by enhanced 

electron transfer and possibly by activation of IOP molecules. As mentioned above, the 

basal plane of GO sheets has very high electric conductivity that depends on the presence 

of epoxy and hydroxyl groups and is generally proportional to the C/O ratio. As mentioned 

in section 2.4.1, as the C/O ratio increased in rGO materials the electron transfer on basal 

plane improved, which was reflected in an increased reduction of IOP. Additionally, as 

revealed by Boehm titration results (see Table 2.1) rGO materials have a higher percentage 

of quinone groups (referring to two carbonyl groups), which could contribute to the 

reduction of IOP since these functional groups serve as redox mediating moieties 
60,153

  and 

improved the electric conductivity, i.e. electron transfer of the materials, making best 

mediators for electron transfer
132

.  

On the other hand, it has been reported that carbonaceous materials with basic properties 

exhibit a better performance to transfer electrons through quinone groups or delocalized    

π-electrons
68

. As discussed in section 2.4.1, the basic properties of GO-based materials 

increased with the reduction degree, which was reflected in a higher pHPZC (see Table 2.1). 
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This also explains why the reductive transformation of IOP increased when the materials 

used as redox mediator had a greater reduction degree.   

Additionally, it has also been stated that the carbon atoms at the zigzag edges of graphene 

sheets have high chemical reactivity due to the non-bonding π-electrons localized at the 

zigzag site, and hence, are able to interact strongly with H, OH or halogen groups
89

. The 

IOP molecule has hydroxyl and halogenated (iodated) groups in its chemical structure, 

which might well interact with the carbon atoms at zigzag edges, favoring the reduction of 

this pollutant and improving the mediation effect of rGO-based materials as observed in 

Figure 2.6.  

2.5. Summary 

The results demonstrated the importance of the chemical and physical properties of GO-

based materials to serve as electron shuttle in the chemical transformation of IOP. 

Moreover, the characterization of rGO-based materials indicated a decrease on oxygen 

content of 19.1 % and 64.4 % for rGO-2 and rGO-4, respectively, which was related to the 

reduction and transformation degree of IOP. Chemical reduction experiments 

demonstrated, for the first time, that GO-based materials can act as redox mediators for the 

abiotic transformation of IOP with sulfide as electron donor, involving dehalogenation, 

dehydration, demethylation and decarboxylation reactions. The catalytic activity of 

materials decreases as follows: rGO-4> rGO-2> GO, due to the partially removal of 

oxygenated groups, which enhanced the electronic conductivity of the basal plane of the 

GO sheets towards the model pollutant. Moreover, the presence of oxygenated functional 

groups at the edge of GO-based materials sheets, such as quinone groups, can also act as 

electron shuttles that are capable of electron transfer, which was reflected in a better 

catalytic input in IOP transformation. This is supported by the stability and high 
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concentration of quinone groups after chemical reduction of GO. Moreover, the reduction 

of IOP could be enhanced by strong interaction between its hydroxyl and halogenated 

(iodides) and the carbon atoms on zigzag edges of graphene sheets. Chemical 

transformation products with a simpler structure than IOP were identified by HPLC-MS, 

which is the first step towards their mineralization possibly by aerobic processes in a 

second stage. Also, the chemical transformation pathway of IOP was proposed. Finally, the 

properties of GO-based materials, such as zeta potential, ORP, pHPZC and conductivity, 

played an important role in the electron transfer for reductive transformation of IOP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 
 

 

 

Tailoring partially reduced graphene oxide as redox 
mediator for enhanced biotransformation of iopromide 
under methanogenic and sulfate-reducing conditions* 

 
 

  
 
 

* This chapter was adapted from: E. Toral-Sánchez, J.R. Rangel-Mendez, Juan A. Ascacio 

Valdés, Cristóbal N. Aguilar and F.J. Cervantes. (2017) Bioresour. Technol.  223: 269-276.  
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3.1. Abstract 

This work reports the first successful application of graphene oxide (GO) and partially 

reduced GO (rGO) as redox mediator (RM) to increase the biotransformation of the 

iodinated contrast medium, iopromide (IOP). Results showed that GO-based materials 

promoted up to 5.5 and 2.8-fold faster biotransformation of IOP by anaerobic sludge under 

methanogenic and sulfate-reducing conditions, respectively. Correlation between the 

extended of reduction of GO and its redox-mediating capacity was demonstrated, which 

was reflected in faster removal and greater extent of biotransformation of IOP. Further 

analysis indicated that the biotransformation pathway of IOP involved multiple reactions 

including deiodination, decarboxylation, demethylation, dehydration and N-dealkylation. 

GO-based materials could be strategically tailored and integrated in biological treatment 

systems to effectively enhance the redox conversion of recalcitrant pollutants commonly 

found in wastewater treatment systems and industrial effluents.  

3.2. Introduction 

In recent years, a substantial number of emerging pollutants are released into the 

environment around the world. Iodinated X-ray contrast media (ICM), such as iopromide 

(IOP), are pharmaceuticals widely used in intravascular administration with global 

consumption of approximately 3.5 x 10
6
 kg/yr

144
, which are used for brain and body 

imaging, and mostly excreted in urine or feces due to remarkable stability to human 

metabolism
27

. Because of its chemical properties and low biodegradability, IOP is a 

recalcitrant pollutant, which is poorly removed in conventional wastewater treatment 

facilities, and thus it is usually released unaltered into receiving water bodies
30,31

. 

Accordingly, IOP has been detected in effluents from sewage treatment plants, surface 
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water systems, groundwater, and even in drinking water
24,25

. Moreover, it has been reported 

that exposure to this pollutant could cause human health impacts, such as vomiting, 

nauseas, hives, headache, etc.
29

. In consequence, it is necessary to develop novel treatment 

techniques to efficiently remove it from contaminated waters.  

In this context, biological treatment systems have been explored as feasible options to 

remove ICM, such as IOP, from water. Recently, few studies have reported the 

biotransformation of IOP under anaerobic conditions, which includes the use of biogenic 

palladium(0)
46

 and metal-humic acid complexes
47

 immobilized in granular sludge as bio-

catalyst. Also, the IOP reduction in an abiotic system has been studied by the application of 

hydrogen gas in combination with supported palladium and porous nickel catalysts
27

. On 

the other hand, it has also been reported the use of redox mediators (RM) as good option to 

accelerate the reductive biotransformation of electron-accepting pollutants in contaminated 

waters
55

. In this sense, carbon based materials like granular activated carbon (GAC)
68

, 

activated carbon fibers (ACF)
57,63

, carbon nanotubes
74

, black carbon
135

 and carbon 

xerogeles
59

, have been applied as RM to increase the reductive transformation of different 

pollutants, since they have a diversity of surface oxygenated groups like quinone groups, 

which can mediate the reduction of these contaminants
59,61

. 

Nowadays, the application of graphene-based nanomaterials has a great interest in many 

research areas because it possesses unique properties such as mechanical strength, high 

surface area, rapid electron transfer capacity
76

 and extraordinary catalytic activity
131

. Also, 

graphene-based materials, such as graphene oxide (GO), present a wide array of 

oxygenated groups in their chemical structure, like carbonyl groups, which can mediate the 

transformation of pollutants by enhancing electron transfer processes
59,61

. In addition, it 

was reported that the graphene basal planes of GO-based materials have very high electrical 
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conductivity
90

, which is another mechanism to mediate the redox conversion of 

contaminants by electron transfer on the graphitic carbon surface
132

. 

Lately, it has been reported that GO and partially reduced graphene oxide (rGO), can 

facilitate the biotic and abiotic reduction of recalcitrant pollutants, such as azo dyes
118,132

, 

nitroaromatic compounds
120,121,123,132

 and halogenated pollutants
73

. Moreover, the chemical 

transformation of IOP using GO and rGO as RM and the importance of the physical and 

chemical properties of GO-based materials on the reductive process have been reported 

recently
43

. Accordingly, it can be inferred that these graphene-based materials could 

mediate the redox conversion of contaminants in biological treatment systems. However, 

the use of these carbon nanomaterials on the biological transformation of pharmaceuticals, 

like IOP, has not been studied yet.  

The aim of the present study was to evaluate, for the first time, the use of GO and rGO 

materials as RM to achieve the biological transformation of IOP under two relevant 

environmental conditions: methanogenic and sulfate-reducing. Furthermore, the importance 

of intrinsic properties of GO-based materials in the ability to act as electron shuttle is 

studied. Mechanisms taking place in the biotransformation of IOP are also elucidated.  

3.3. Materials and methods 

     3.3.1. Materials and chemicals 

IOP (CAS No. 73334-07-3) was obtained from Bayer Schering Pharma with commercial 

name Ultravist® 370. The basal medium (pH = 7.6) used in sludge incubations and to feed 

bioreactors was composed of the following (g/L): K2HPO4 (0.25), NaHCO3 (5.0), 

MgSO4·7H2O (0.1), NH4Cl (0.28), CaCl2·2H2O (0.01), and trace elements (1 mL/L), with a 

composition described elsewhere,
61

. All chemicals used during the experiments were 
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obtained from either Sigma-Aldrich or Merck. All solutions were prepared with distilled 

water.  

Graphene oxide used in the present study was purchased from Graphene Supermarket®, 

with the following characteristics: high density and viscosity, concentration of 6.2 g/L in 

aqueous solution, single-layer > 60%, flake size between 0.5 and 5 µm, C/O ratio 3.95. 

Commercial bituminous activated carbon (AC) filtrasorb F-400 was obtained from Calgon 

Inc. Before use, AC was washed with deionized water and then dried at 110 °C for 48 h. 

Polyacrilonitrile based activated carbon fibers (ACF), with commercial name AW1105, 

was purchased from KoTHmex and directly used as received from the supplier. 

    3.3.2. Source of inocula and activation 

Anaerobic granular sludge originated from a full-scale upflow anaerobic sludge blanket 

(UASB) reactor treating effluents from a candy factory (San Luis Potosí, Mexico) was used 

as inoculum to assess the biotransformation of IOP. The content of volatile suspended 

solids (VSS) was 12.52 % based on wet weight. The sludge was acclimated for 30 days in 

lab-scale UASB reactors (1.5 L working volume) operated under methanogenic and sulfate-

reducing conditions at a hydraulic residence time of 1 day and with an organic loading rate 

of 1 g chemical oxygen demand (COD)/L-d at room temperature (25 °C ± 2). A mixture of 

ethanol/lactate (0.5/0.5 in terms of COD) was used as energy and carbon source for the 

UASB reactors. The reactors achieved COD removal greater than 95% under steady state 

conditions. For the sulfate-reducing bioreactor, a concentration of 1 g SO4
2

/L was 

supplemented to the basal medium (added as Na2SO4). The sulfate-reducing UASB reactor 

achieved a constant SO4
2

 removal (> 90%) under steady state conditions. 
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   3.3.3. Chemical reduction of GO 

Synthesis of partially reduced GO (rGO) materials was carried out according to Toral-

Sánchez et al.
43

 In order to obtain materials with different reduction degrees, reduction 

kinetics of GO were carried out for 0.5, 1, 1.5, 2, 3 and 4 h. Three samples were selected 

for use as RM in biological incubations: GO, GO reduced for 2 and 4 h (rGO-2 and rGO-4, 

respectively) since they contain a low (60.8 mV), intermediate (329.2 mV) and high (501.9 

mV) oxidation reduction potential (ORP) according to previously reported results
43

, which 

should be a key factor on the transfer of electrons during the biotransformation of IOP.    

   3.3.4. Physical and chemical characterization of GO-based materials 

In order to elucidate the importance of intrinsic properties of synthesized GO-based 

materials (GO, rGO-2 and rGO-4) on the biotransformation of IOP, physicochemical 

characterization of these carbon materials was performed. Details on the procedure and 

conditions are described in previous work
43

. On the other hand, Ionic conductivity 

measurements of samples were performed in aqueous solution at pH 7.0 in a MICROTRAC 

Zetatrac NPA 152-31A equipment. In addition, chemical composition of GO-based 

materials was investigated by X-ray photoelectron spectroscopy (XPS) using a PHI 5000 

VersaProbe II equipment with a monochromatic X-ray beam source at 1486.6 eV and 15 

kV to scan the surface of the materials.  

   3.3.5. Batch experiments for the biotransformation of iopromide 

The capacity of GO-based materials to serve as RM on the microbial reduction of IOP was 

evaluated under methanogenic and sulfate-reducing conditions in 60-mL serum flasks as 

follows: 5 mg/L of GO and rGO were contacted with basal medium and inoculated with 1 g 

VSS/L of previously stabilized sludge obtained from both UASB reactors. Subsequently, 
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liquid and headspace were flushed for 3 min with a gas mixture of N2/CO2 (80:20, v/v) to 

ensure anaerobic conditions. An appropriate volume of a mixture of ethanol/lactate was 

added to the bottles to give a final concentration of 1 g COD/L. Sulfate was provided from 

a stock solution to obtain a final concentration of 1 g SO4
2

/L for experiments performed 

under sulfate-reducing conditions. Bottles were incubated for 48 h with constant stirring 

and temperature (125 rpm and 30 °C). After pre-incubation, an extra pulse of 

ethanol/lactate (1 g COD/L) and sulfate (1 g/L, for the sulfate-reducing incubations) were 

supplied, and the IOP was added from an anaerobic stock solution in order to obtain an 

initial concentration of 400 µg/L. The total working volume was 50 mL in all incubations. 

The experiments were incubated in the dark to prevent photodegradation of IOP and 

metabolites derived from its biotransformation. Control experiments with autoclaved sludge 

(sterile control) and sludge-free were performed to evaluate the adsorption of IOP to the 

sludge and abiotic reduction due to intrinsic reducing compounds, and to assess the stability 

of the pollutant. All experimental treatments were conducted in triplicate. Samples were 

analyzed at specific time intervals to monitor the removal of IOP, methane production and 

sulfate reduction, as described in section 3.3.6. The same procedures were used to evaluate 

the biological reduction of IOP using commercial carbon materials as RM (ACF and AC). 

   3.3.6. Analytical procedures 

The concentration of IOP was measured by high-performance liquid chromatography 

(HPLC) using a Agilent Technology 1260 series chromatograph as indicated by Toral-

Sánchez et al.
43

 Sulfate concentration was determined in previously centrifuged and filtered 

(0.22 µm) samples by capillary electrophoresis (Agilent 1600A) as previously described
178

. 

Methane production was monitored by analyzing 100 µL of biogas samples in an Agilent 
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Technologies 6890N gas chromatograph under previously reported conditions
179

. COD and 

VSS concentration were determined according to standard methods. Identification of 

transformation products of IOP was performed by HPLC coupled to mass spectroscopy 

(HPLC-MS) in a Varian® 500-MS ion trap mass spectrometer, with electrospray ionization 

of 90 V and mass-to-charge (m/z) range of 100-2000 m/z. 

3.4. Results and discussion 

3.4.1. Biotransformation of IOP under methanogenic and sulfate-reducing   

conditions 

The role of intrinsic properties of GO-based materials and their use as electron shuttle was 

explored for the microbial transformation of IOP under methanogenic and sulfate-reducing 

conditions. Methanogenic conditions mainly prevail in the degradation of priority 

pollutants in anaerobic wastewater treatment processes
180

. Moreover, industrial wastewaters 

from different sectors, like pharmaceuticals, contain high sulfate concentrations
181

, 

therefore sulfate-reducing conditions are also relevant for the reduction of this contaminant. 

The catalytic input of GO-based materials on the biotransformation of IOP under 

methanogenic conditions and the corresponding control experiments are shown in Figure 

3.1A. It can be seen that biological incubations exhibited a decrease in IOP concentration 

with removal efficiencies of 64, 75 and 77 % after 11 days, for sludge incubations amended 

with GO, rGO-2 and rGO-4 as RM, respectively. In contrast, only 20 % of IOP removal 

occurred in control experiments without RM and methanogenic active biomass during the 

same incubation period. In addition, the maximum removal rate calculated in assays 

amended with GO, rGO-2 and rGO-4 were 34.02, 59.12 and 68.76 µg IOP/L-d, 

respectively. Meanwhile, the maximum removal rate achieved in the control experiment 

incubated in the absence of GO-based materials was only 12.48 µg IOP/L-d, which 
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represents a 2.7, 4.7 and 5.5-fold increase in the maximum removal rate of IOP in the 

presence of GO, rGO-2 and rGO-4, respectively. Also, the same parameter showed an 

increase of 1.7 and 2.0-fold in the presence of rGO-2 and rGO-4, respectively, with respect 

to the maximum removal rate calculated for the biological reduction experiment using GO 

as RM.  

Figure 3.1B shows the biological reduction of IOP under sulfate-reducing conditions. It can 

be observed that GO-based materials also promoted a higher reduction of IOP with removal 

efficiencies of 61, 81 and 86 % in the presence of GO, rGO-2 and rGO-4, respectively. In 

contrast, the sulfate-reducing control incubated without RM showed an IOP removal of 

only 38 % in an incubation period of 8 days (Figure 3.1B). The maximum removal rate 

achieved in sulfate-reducing incubations amended with GO, rGO-2 and rGO-4 were 61.38, 

73.34 and 90.31 µg IOP/L-d, respectively. Biological incubations with sulfate-reducing 

sludge in absence of GO-based materials showed a maximum removal of 31.2 µg IOP/L-d, 

which indicates an increase of maximum removal rate of up to 2.89-fold in the presence of 

RM.  

Sterilized controls in the absence and in the presence of GO-based materials as RM showed 

<10% of IOP removal under both relevant conditions. This slight reduction in a sterile 

environment could be due to the presence of thermally stable intracellular coenzymes such 

as flavins, which have the ability to act as RM
182

, and/or due to the presence of intrinsic 

reducing compounds in the biomass
55

. In the case of sulfate-reducing incubations, the slight 

removal observed in sterilized controls could also be due to remaining sulfide accumulated 

during the activation of sulfate-reducing biomass in the UASB reactor, which could have 

promoted the chemical reduction of IOP
43

.  
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Figure 3.1. GO-based materials catalysis of biological reduction of IOP by anaerobic 

sludge under methanogenic (A) and sulfate-reducing conditions (B). Sterilized controls 

with and without GO-based materials (full symbol, Figure A and B). Incubations in the 

absence of GO-based materials and activated biomass (open triangles, Figure A and B). 

Biological reduction with GO-based materials as RM (Figure A and B): GO (open squares), 

rGO-2 (open circles) and rGO-4 (open diamonds). 
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Furthermore, methane production was measured during the course of biological 

transformation of IOP under methanogenic and sulfate-reducing conditions. The results 

showed poor methanogenic activity in the experiments incubated with active methanogenic 

biomass (See Figure A9 of appendix section AS), which can be explained due to possible 

inhibitory effects of GO-based materials on the methanogenic consortium
183,184

. However, 

the concentration of GO-based materials used in the sludge incubation was very small (5 

mg/L) in comparison with the minimum inhibitory concentration of GO (50 mg/L) reported 

by 
185

). Certainly, there have been reports showing that methanogenic microorganisms are 

able to achieve the redox biotransformation of contaminants (azo dyes) in pure culture, but 

not coupled to methane production
186

. Accordingly, this would suggest that a competition 

between IOP reduction and methanogenesis for the reducing equivalents available from 

ethanol/lactate fermentation could have happened in sludge incubations
118

. In the case of 

sulfate-reducing incubations, the methanogenic activity was negligible, suggesting that the 

methanogenic consortium was probably inhibited either by sulfate or by sulfide (data not 

shown). On the other hand, sulfate and sulfide concentrations were measured under sulfate-

reducing incubations as shown in Figure A10 of AS. It can be seen that the sulfate-reducing 

consortium consumed 68% of sulfate over a period of 8 days. Similarly, sulfide production 

in the same period increased from 1.5 to 6.0 mM, suggesting that the biogenic sulfide 

generated from sulfate reduction was the main reducing agent promoting the biological 

reduction of IOP as previously reported for azo dyes and nitrobenzene reduction under 

sulfate-reducing conditions
118

.  

The microbial reduction of IOP under methanogenic and sulfate-reducing conditions using 

commercial carbon materials (ACF and AC) as RM was carried out in order to compare the 

catalytic activity of these materials with respect to GO-based materials used in this study. 
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ACF and AC were selected because these carbon materials have been widely used as 

adsorbents and RM in the adsorption and degradation processes of contaminants, in batch 

and continuous systems. Figure 3.2A shows the comparative microbial reduction of IOP 

under methanogenic conditions using the different carbon materials tested as RM with 

respect to control experiments lacking RM. Also, Table 3.1 shows the summary results of 

the biological reduction kinetics in both conditions. It can be observed a decrease of IOP 

concentration in methanogenic incubations of 44 and 59 % for AC and ACF, respectively, 

in an incubation period of 11 days. In contrast, a higher reduction of IOP is achieved using 

GO-based materials as RM with removal efficiencies of 64, 75 and 77 % for GO, rGO-2 

and rGO-4, respectively (see Table 3.1). On the other hand, similar behavior was observed 

under sulfate-reducing conditions (see Figure 3.2B and Table 3.1). IOP removal 

efficiencies reached 44 and 58 % of IOP using AC and ACF, respectively, which is lower 

than the efficiencies reported for GO-based materials with values of 61, 81 and 86 % for 

GO, rGO-2 and rGO-4, respectively. Also, the maximum removal rate achieved under 

methanogenic incubations using AC and ACF was 26.02 and 35.23 µg IOP/L-d, 

respectively. Under sulfate-reducing conditions, the maximum removal rate reached 31.98 

and 39.25 µg IOP/L-d for AC and ACF, respectively, which was lower than those observed 

for sludge incubation under both conditions in the presence of GO-based materials. These 

results show that the GO-based materials, especially partially reduced GO materials, 

promoted a faster and greater catalytic effect on IOP removal than commercial materials, 

confirming its potential for application as RM in wastewater treatment systems. 
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Figure 3.2. Comparative biological reduction of IOP using different carbon materials as 

RM by anaerobic sludge under methanogenic (A) and sulfate-reducing conditions (B). 

Sterilized control (asterisks, Figure A and B). Incubations in the absence of GO-based 

materials and activated biomass (open triangles, Figure A and B). Biological reduction with 

commercial materials and GO-based materials as RM (Figure A and B): AC (full circles), 

ACF (full diamonds), GO (open squares), rGO-2 (open circles) and rGO-4 (open 

diamonds). 
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Table 3.1. Summary results of biological reduction of IOP using different carbon materials 

as RM under methanogenic and sulfate-reducing conditions and concentration of carbonyl 

groups in these materials.  

Treatments  Carbonyl groups 

(meq/g) 

IOP reduction (%) 

Methanogenic  

IOP reduction (%) 

Sulfate-reducing 

SB + IOP*  < 10.0 < 10.0 

AB + IOP*  20.0 38.0 

AB + IOP + AC < 0.23 44.0 44.0 

AB + IOP + ACF 0.775 59.0 58.0 

AB + IOP + GO 1.23 64.0 61.0 

AB + IOP + rGO-2 1.29 75.0 81.0 

AB + IOP + rGO-4 1.10 77.0 86.0 

SB: sterile biomass, AB: active biomass. *Control experiments 

The redox-mediating capacity can be explained due to the concentration of quinone groups 

in the carbon materials, which can mediate the transformation of pollutants by enhancing 

electron transfer
59,61

. Previous studies have reported that the concentration of carbonyl 

groups in the ACF and AC is 0.775 and < 0.23 milli-equivalents (meq)/g, respectively
57,187

. 

Also, it was reported by Boehm’s acid-base titrations that the concentration of carbonyl 

groups in the GO, rGO-2 and rGO-4 was 1.23, 1.29 and 1.10 meq/g, respectively
43

. 

Therefore, it can be suggested that the GO-based materials had a greater catalytic effect in 

comparison with AC and ACF due to the higher concentration of quinone groups and to 

their availability since these are readily exposed, which contributes to a better electron 

transferring process towards IOP. Additionally, the results showed that the rGO-4 material 

improved the biotransformation of IOP. However, it can be seen a slight decrease in the 

carbonyl concentration of this material. This behavior can be explained due to the increase 
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of electrical conductivity, which resulted in the enhancement of electron transfer through 

basal plane as will be mentioned later. 

Table 3.1 shows that the microbial reduction of IOP was higher under sulfate-reducing 

conditions than under methanogenic conditions (86 % vs 77 % with respect to rGO-4), 

which could be explained due to more prevailing reductive conditions
118

. Also, biogenic 

sulfide generated under sulfate-reducing conditions may increase the IOP removal, since 

the conditions involve chemical and biological mechanisms that favor the reduction of IOP.  

   3.4.2. Biotransformation pathway of IOP 

Previous studies have reported the biotransformation pathway of IOP under methanogenic 

conditions using different removal strategies
46,47

. However, the biotransformation pathway 

of this pollutant using GO-based materials as RM has not previously been elucidated. 

Furthermore, the biotransformation pathway of IOP under sulfate-reducing conditions by 

any removal strategy has not been reported yet. Accordingly, it is important to elucidate the 

mechanisms that take place during the microbial reduction of IOP under these two relevant 

conditions. In order to propose the biotransformation pathway of IOP, samples derived 

from biological reduction of IOP in the presence of rGO-4 as RM were analyzed by HPLC-

MS. The molecular weights (m/z) of 13 principal transformation products (TP) were 

identified in sludge incubations under methanogenic conditions. Proposed structures for 

these TP and their elemental composition, and the suggested biological transformation 

pathway are shown in Figure 3.3. The chemical structure modification of IOP includes 

several chemical reactions, which will be briefly described in the following lines. 

The proposed structure of TP with m/z of 788.85 indicates the loss of two hydrogen atoms 

at either side chain A or B. The structure of TP 724 suggests the loss of a molecule of H2O, 



     

 
70 

demethylation and decarboxylation in side chain B and N-demethylation in side chain A of 

IOP molecule. The structure of TP 775 implies the loss of a molecule of H2O at side chain 

B of IOP molecule. The structures of TP 711 and 647 come from TP 788.80, involving 

demethylation and decarboxylation reactions in side chain A and dehalogenation of TP 647 

(removal of one iodine atom, HI). The structure of TP 599 suggests the loss of a molecule 

of H2O and demethylation in side chain A of TP 647. The cleavage of the C-N and amide 

bonds at the side chain A and B, respectively, and the removal of one iodine atom (HI) of 

TP 711 results in the formation of TP 375. Moreover, N-demethylation in side chain A of 

TP 599 results in the formation of TP with m/z of 578. The cleavage of amide bond in side 

chain B, deiodination of the aromatic ring (HI), demethylation and subsequent 

decarboxylation of side chain C from TP 578, yields TP 317 and 306.8. Finally, the 

proposed structure of TP with m/z of 772.86, 753 and 733, represents a slight modification 

in side chain A and B of TP 775, which include demethylation, N-demethylation and 

dehydration reactions. 

The biotransformation pathway of IOP under sulfate-reducing conditions was also 

elucidated and the proposed structure of TPs can be observed in Figure 3.4. Ten TPs were 

identified and biotransformation of IOP includes several chemical reactions similar to those 

observed under methanogenic incubations. Structure of TP 778.70 suggests that 

decarboxylation in side chain B was carried out. TP with m/z of 746.7 indicates removal of 

two molecules of water and demethylation of side chain B. The structures of the TPs 

identified as TP 736 and 720.70 result from N-demethylation in side chain A, and 

demethylation and elimination of one molecule of water of TP 778.70. Furthermore, 

structures of TP 328.28, 322.90 and 316.9 suggest the cleavage of amide bond in side chain 

A, dehalogenation (elimination of two iodine molecule of the aromatic ring) and 
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elimination of the side chain B ramification, with sequential removal of molecules of H2O 

and demethylation in side chain C. Moreover, TPs identified with m/z of 532 and 390.8 

indicate the amide bond rupture in side chain A and B, and sequential deiodination (HI) of 

aromatic ring from TP 746.7. Finally, TP with m/z of 254.70 was identified as a result of 

deiodination of aromatic ring and C-N bond rupture in side chain B from TP 390.8. The 

mechanisms of the biotransformation pathway and m/z of TPs proposed in this work under 

both conditions are consistent with previous studies
28,36,43,45–47,50

 

On the other hand, results obtained from microbial incubations performed without RM and 

active methanogenic biomass revealed that the main TPs produced were 646.6, 714.8 and 

782.7. For sulfate-reducing incubations in the absence of RM, the main TPs with m/z 

identified were 578.9, 662.6, 720.8 and 782.7. According to these results, it can be 

concluded that the presence of GO-based materials as RM promoted a higher extent of IOP 

biological transformation (involving dehalogenation, dehydration, demethylation and 

decarboxylation reactions) in both conditions, which was evidenced by the formation of 

TPs with low m/z as compared to control incubations performed in the absence of these 

materials. The biological transformation of IOP under methanogenic and sulfate-reducing 

conditions and distinct capacities of GO-based materials to act as RM can be explained by 

their surface chemistry and physical properties as discussed in the next section. 
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Figure 3.3. Biotransformation pathway of IOP under methanogenic conditions 
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Figure 3.4. Biotransformation pathway of IOP under sulfate-reducing conditions 
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3.4.3. Mechanisms involved in the biotransformation of IOP mediated by 

GO-based materials 

Several studies have reported that carbonaceous materials can enhance electron transfer in 

reductive reactions of organic compounds by serving as RM
56,114

. It has been reported that 

the zigzag edges of rGO materials can accelerate the reduction reactions of contaminants 

due to the reactivity of their nonbonding π-electrons
120,131

. Moreover, the presence of GO-

based materials can enhance extracellular electron transfer process in microorganism
188,189

, 

which is a promising pathway for biological reduction of pollutants
121,190

. In addition, the 

high electrical conductivity of basal plane of rGO materials provides an excellent 

opportunity to improve the biotransformation performance of organic pollutants
119,121

. 

Accordingly, it is expected that different mechanisms are involved in the electron transfer 

towards IOP mediated by GO-based materials.  

As mentioned above, the basal plane of GO sheets has very high electrical conductivity that 

depends on the presence of epoxy and hydroxyl groups and it is generally proportional to 

the C/O ratio
43

. In order to determine the amount of carbon and oxygen on GO-based 

materials, XPS analysis was performed as can be seen on Figure 3.5. The spectra show a 

peak corresponding to C-C stretching at 284.5 eV. Also, it can be observed that the 

intensity of the C-O and O-C=O peaks gradually decreases as the reduction degree of the 

samples is higher. In contrast, the intensity of C=O peak and its content (≈ 5.36 %) remain 

constant due to their greater stability in comparison with the other oxygenated groups as 

reported previously
43

. Furthermore, XPS analysis indicated that the carbon content in GO, 

rGO-2 and rGO-4 was 41.6, 48.8 and 52.2 %, respectively, which indicated an increase in 

the C/O as the reduction degree advanced.  
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Figure 3.5. X-ray photoelectron spectra of GO-based materials with different reduction 

degrees: (A) GO, (B) rGO-2 and (C) rGO-4. 
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On the other hand, Fourier transform-infrared spectra performed in our previous work 

showed a removal of mainly epoxy and hydroxyl groups when GO was chemically reduced 

by L-ascorbic acid
43

. Hence, it was observed that the electrical conductivity of               

GO-materials increased as the reduction degree was higher, which was reflected in an 

increased biotransformation of IOP (see Figure 3.1A and B).  

In order to demonstrate this hypothesis, the ionic conductivity of GO-materials was 

measured as can be seen in Table 3.2. The results showed that this parameter increased as 

the reduction degree of GO-based materials was higher with values of 43.33 ± 1.2, 72.3 ± 

3.2 and 116.6 ± 0.54 µS/cm for GO, rGO-2 and rGO-4, respectively (see Table 3.2). 

Furthermore, oxygenated functional groups in carbon materials, like quinone groups, have 

great redox activity
153

 serving as acceptors and electron donors
60

, which improve the 

electrical conductivity of carbon materials, making best mediator for electron transfer
132

. 

Table 3.2. Content of carbon and oxygen, as well as ionic conductivity of GO-based 

materials. 

Samples % C % O σ (µS/cm) 

GO 41.6 58.4 43.33 ± 1.2 

rGO-2 hrs 48.8 51.1 72.30 ± 3.2 

rGO-4 hrs 52.2 47.8 116.60 ± 0.54 

 

Finally, it has also been reported that the non-bonding π-electrons localized at the zigzag 

sites of graphene sheets are able to interact strongly with H, OH or halogenated groups
81

. 

IOP molecule has hydroxyl and halogenated (iodinated) groups in its chemical structure, 

which might well interact with the non-bonding π-electrons of graphitic sheets
43

, favoring 
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the partial rupture of this molecule during biological incubations as it can be seen in the 

biotransformation pathway (see Figure 3.3 and 3.4). 

    3.4.4. Environmental relevance 

Major efforts have been made to develop wastewater treatment systems integrating 

materials with redox mediator capacity and specific properties in order to improve efficient 

redox transformation of pollutants. Carbon-based materials, such as activated carbon and 

activated carbon fibers have been widely applied in chemical and biological reduction of a 

variety of contaminants, including azo dyes
55,59,63

, nitroaromatic compounds
57

 and poli-

halogenated contaminants
73

. Recently, the use of graphene materials, like GO, has been 

studied as a promising material in the reduction of pollutants due to their physical and 

chemical properties. However, the use of these carbon nanomaterials in the removal of 

pharmaceutical compounds has been poorly studied. Also, the applications of graphene-

based nanomaterials have a great interest in many research areas, which gives to this 

material an excellent opportunity to be used in the biological and chemical treatment of 

different pollutants. 

The removal strategy proposed in the present study represents the first step toward a simple 

and viable alternative to apply GO-based materials in wastewater treatment systems to 

enhance the reductive transformation of contaminants. Also, the results suggest that the 

redox catalyst could be applied in the treatment of industrial effluents of pharmaceutical 

sector. This work has demonstrated that the combination of catalytic activity of GO-based 

materials and the biological activity of two relevant processes (methanogenic and sulfate-

reducing conditions) involved in anaerobic bioreactors, promote the biotransformation of 

IOP more efficiently than the capacity observed separately. To our knowledge, this is the 
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first study that demonstrates the effectiveness and successful application of GO-based 

materials as electron shuttle in the biotransformation of IOP. Derived from this work, new 

technological challenges are the synthesis of novel GO-based materials for immobilization 

and application as RM in wastewater treatment systems, in order to improve the 

biotransformation of persistent pollutants.  

3.5. Conclusion 

GO-based materials were demonstrated, for the first time, as effective RM stimulating a 

higher biotransformation of IOP under methanogenic and sulfate-reducing conditions. The 

results showed the importance of the intrinsic properties of GO-based materials in the 

biotransformation of IOP. The presence of quinone groups, electrical conductivity and 

extracellular electron transfer processes appeared as key drivers in the biotransformation of 

IOP. Engineered GO-based materials combined with biological activity of relevant 

processes prevailing in anaerobic treatment systems could be applied to enhance the redox 

conversion of emerging pollutants in industrial effluents. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
 

 

Improved reductive transformation of iopromide by hybrid 
magnetic graphene nanosacks as electron shuttles* 
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4.1. Abstract 

Iopromide (IOP) is an emerging pharmaceutical water pollutant, which is hardly removed 

from wastewater treatment systems and frequently released into environmental 

compartments. The aim of this work was to evaluate the novel application of magnetic 

reduced graphene oxide nanosacks (MrGO-N) as electron shuttles to enhance the reductive 

degradation of IOP. Physicochemical characterization of MrGO-N by Boehm titration, 

point of zero charge (pHPZC), high resolution transmission electron microscopy (HR-TEM), 

X-ray diffraction, as well as by Raman and Fourier transform infrared spectroscopies, 

demonstrated the thermal reduction of precursor graphene oxide sheets, removal of 

different oxygenate groups and the successful assembly of magnetite nanoparticles in the 

graphene sacks. Also, results revealed 72 % of IOP removal efficiency and up to 2.5-fold 

faster reduction of this pollutant performed with MrGO-N as electron shuttle in batch 

systems and with sulfide as electron donor. Chemical transformation pathway of IOP 

provides evidence of complete dehalogenation and further transformation of aromatic ring 

substituents. Superior redox-mediator capacity of MrGO-N was observed, which was 

reflected in a higher removal rate and further transformation degree of IOP. Transformation 

byproducts of IOP with simpler chemical structure were identified, which could lead to 

complete degradation by conventional methodologies in a second treatment stage. Finally, 

redox activity of MrGO-N could be applied in biological treatments operated in continuous 

way in order to facilitate the reduction of priority contaminants. 

4.2. Introduction 

Recently, many emerging pollutants like pharmaceuticals have been identified in 

wastewater and aquatic environments around the world. Iopromide (IOP) is a tri-iodinated 

X-ray contrast medium (ICM) commonly used in radiographic tests, which is eliminated by 
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urine in the first 24 h
27,28

. Because of its low microbial degradation and physicochemical 

properties, IOP is considered as a persistent pollutant that is resistant to conventional 

wastewater treatments and consequently discharged into environmental compartments like 

water bodies and soils
27,30,31

. IOP has been detected in effluents from wastewater treatment 

plants, receiving water bodies, and even treated tap water at μg/L levels
24,25

. Although no 

adverse effects have been documented on the chronic exposure of this pollutant
26

, different 

studies have reported toxic effects at cellular level conducting to apoptosis and endothelial 

dysfunction
33,40,41

. In addition, it has been reported that exposure to ICM could cause 

human health impacts that include allergic reactions, cardiac problems and systemic 

manifestations
29

. Therefore, it is essential to develop new degradation strategies as an 

alternative to remove of this halogenated organic compound from wastewater treatment 

effluents. 

Several studies have documented the use of chemical substances with the ability to act as  

electron shuttle in order to promote reductive transformation reactions of pollutants, mainly 

attributed to the presence of quinone groups (two resonant carbonyl groups
60

), which form 

a well-known redox couple with hydroquinones that facilitate system electron transfer
55

. 

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
60,65

. Some graphene based-materials including graphene oxide (GO), partially 

reduced graphene oxide (rGO) and graphene composites have also been applied as electron 

shuttle with rapid electron transfer capacity and redox catalytic activity
76,90,131

, possibly due 

to the presence of carbonyl groups in the population of diverse oxygen-containing groups 

on these complex materials
59,61,64

.  
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Recently, it has been explored the catalytic activity 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
64

. For instance, Colunga et al.,
118

 

and Lu et al.,
119

 reported the reduction of azo dyes using GO-based materials as catalysts. 

Also, Fu et al.,
73

 studied the reductive transformation of polyhalogenated organics. 

Meanwhile, several authors have documented the redox conversion of   

nitrocompounds
64,120–123

. In addition, our previous work has proved that GO and rGO can 

act as electron shuttle, facilitating the chemical/biological transformation of IOP in batch 

incubations
43,44

. There is significant evidence that GO-based materials can promote 

reductive reactions of 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 folded graphene structures has emerged as a 

new approach to produce versatile hybrid carbon nanomaterials with specific properties and 

functions
191

. In this context, an aerosol-phase process has been reported for the assembly of 

nanoparticles (NPs) and rGO sheets in the form of filled  graphene nanosacks (GNS) by 

fast microdroplet drying
126,127

. Nowadays, several studies have reported the use of magnetic 

NPs, 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
192,193

. Recently, the 

integration of magnetic NPs in hybrid GNS has been demonstrated, and their application in 

biomedical and chemical technologies has also been studied
126,191

. However, their redox 
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catalytic properties to facilitate the reductive degradation of organic compounds in water 

have not been explored yet. 

The aim of the present work was to evaluate the novel use of magnetic 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, the 

influence of the physical and chemical properties of the magnetic GNS in the capacity to 

serve as electron shuttles is studied as are the transformation pathways for abiotic reduction 

of IOP in these systems.   

4.3. Materials and methods  

     4.3.1. Materials and chemicals  

IOP was purchased from Bayer Schering Pharma with commercial name Ultravist® 370. 

Sodium sulfide (Na2S·9H2O) and magnetite NPs (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
43,44,57,61

. All 

solutions were prepared with deionized (DI) water to 18.1 MΩ·cm. GO aqueous 

suspensions were prepared and purified by a modified Hummers’ method as described 

previously
194,195

. This material has the following characteristics: low density and viscosity, 

concentration of 1 g/L in aqueous solution, flake size between 0.5 and 1 µm, C/O ratio 

3.1
196

. It is important to mention that the GO employed in the studies reported in this 

chapter is different than the GO reported in chapters 2 and 3.  
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    4.3.2. Synthesis of magnetic 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 NPs (1 mg/mL), according 

to methodology proposed by Chen et al.,
127,191

. 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. 

    4.3.3. 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. 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 CuKα 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
43

. 

   4.3.4. Batch experiments 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.,
43

: in the 
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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
43

. 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 4.3.5. 

    4.3.5. 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.,
43

. 

4.4. Results and discussion  

    4.4.1. Characterization of graphene nanosacks  

During the synthesis process of GNS, the furnace temperature was 600 °C, converting the 

GO precursor to rGO-N by thermal reduction
191

, which involves chemical and structural 

changes in the nanomaterials. In order to demonstrate the functionalization of MrGO-N 

with magnetic NPs, XRD analysis of this material was performed as shown in Figure 4.1A. 

Their XRD pattern shows typical peaks at 2θ = 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 magnetite NPs and suggests 

that the structure of encapsulated Fe3O4 particles were preserved during the aerosol 

processing. Also, Figure 4.1B shows that MrGO-N can be separated from water solution 

with a magnet demonstrating the strong assembly of Fe3O4 NPs in the GNS and the absence 

of rGO sheets dispersed in solution as previously reported by Chen et al.,
191

.   
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Figure 4.1. XRD pattern of MrGO-N (A) and (B) MrGO-N cleared from DI water solution 

with hand-held magnet demonstrating stable encapsulation of magnetic NPs. 

 

Micrographs of rGO-N are shown in Figure 4.2A. 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
127

, indicating that synthesis of these hybrid GNS was very 

fast. In addition, the mass ratio of water-GO suspension (2000:1) was estimated 

previously
127

, suggesting that the encapsulation process involves a great size reduction of 

GO sheets, generating hybrid materials with nanometric size from aerosol suspended 

droplets
127

. Furthermore, Figure 4.2B and C show the high-resolution micrographs of    

MrGO-N. It can be seen in Figure 4.2B a successful and almost completely assembly of 

magnetic NPs inside the sacks, with only few particles appearing on the external surface. 

Moreover, it can be observed in Figure 4.2C that Fe3O4 NPs are covered by partially rGO 

sheets. On the other hand, it has been reported a high stability (not unfold) of hybrid 

magnetic GNS into water
124,127

. As mentioned by Chen et al.,
191
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encapsulation and morphology of GNS are related to the electrostatic interactions that 

occurs in the Fe3O4/GO system. 

 

Figure 4.2. SEM images of empty rGO-N (A). HR-TEM images of MrGO-N (B) and 

multilayer graphene sheets encapsulating magnetic nanoparticles (C). 

Previous reports have proposed assembly mechanisms for hybrid GNS formation. Chen et 

al.,
127

 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 magnetic NPs 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
127

. Moreover, Chen et al.,
191

 proposed a theory of NPs 

encapsulation process in the sacks, which consist in the electrostatic attraction and 

repulsion behavior of GO/NPs systems as a function of pH-dependent zeta potential. This 

theory establishes that the charged NPs (with smaller size than GO sheets) have the ability 

to diffuse from drying droplet external surface toward sack interior and then, charged GNS 

separation is performed by repulsive electrostatic interactions
191

.               
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In this context, measurements of zeta potential as a function of pH for all nanomaterials 

were carried out (Figure 4.3). 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 NPs show a pHPZC of 6.9. The pH value 

of GO/Fe3O4 system was 3.2. At this pH, the magnetic NPs have a positive surface charge, 

which could interact with the negative charged of GO sheets by electrostatic interactions
191

. 

These results could explain the successful dispersion and assembly of magnetite in the GNS 

as observed in Figure 4.2B and C. Moreover, it can be seen in Figure 4.3 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 the rGO-N (pH=3.5), suggesting that a few magnetic NPs are exposed on the 

outer surface of MrGO-N, as it can be observed in Figure 4.2B. 

 
Figure 4.3 Surface charge distribution of GO-based materials and magnetite NPs. 
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On the other hand, it is possible to observe in Table 4.1 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
60,153

. 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
77

, being the 

epoxy and carboxyl groups the easiest to remove at low temperature because of its chemical 

nature
95,101,166

. Also, Gao et al.,
101

 proposed that hydroxyl and carboxyl groups can 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
99

 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 4.1, carbonyl groups were less removed in comparison with hydroxyl and carboxyl 

groups, which corroborate the aforementioned. 
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Table 4.1. 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 

The deoxygenation in the GNS was also confirmed by FT-IR spectroscopy. As shown in 

Figure 4.4, 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
43,76,110

. These 

observations agree with the quantification of oxygenated groups obtained by Boehm 

titrations (see Table 4.1). Furthermore, the appearance of aromatic C=C stretching vibration 

at 1620 cm
-1

 and the presence of C=O at 1570 from carbonyl groups
43

 was also observed in 

the spectra of 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 NPs
197

. 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. Figure 4.5 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
160

. Structural modifications in GNS can results from thermal reduction of 

precursor GO due to the reduction of oxygenated functionalities, which was confirmed by 
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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 intensity ratio ID/IG is usually a measure 

of structural disorder in carbon materials, where a greater ID/IG ratio indicates a pronounced 

amorphous character (low crystallinity) in the materials
77

. Accordingly, the intensity ratio 

ID/IG decreased as follows: 1.2, 0.94 and 0.93 for GO, MrGO-N and rGO-N, respectively, 

which suggest that GO precursor undergoes a thermal reduction by heating indicating that 

synthesized GNS are formed by rGO sheets.  

 

Figure 4.4. FT-IR spectra of GO-based materials: (A) precursor GO, (B) rGO-N and (C) 

MrGO-N. 
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Figure 4.5. Raman spectra of precursor GO, rGO-N and MrGO-N. 

    4.4.2. Chemical transformation of IOP 

The chemical reduction of IOP by reaction with HS

 species along with experimental 
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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 
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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
44

. In the following section, it will be explored the molecular 

pathways involved in the chemical transformation of IOP.  

 

Figure 4.6. 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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 4.4.3. 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 non-oxidizing conditions
43,44

. However, 

the chemical transformation pathways have not been studied for IOP or any other 

recalcitrant pollutant using hybrid graphene nanosacks as electron shuttle. Samples from 

incubations using MrGO-N as electron shuttle were analyzed by HPLC-MS in order 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 Figure 4.7, 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 formation of TP 

316.80. TP 248.90 involves the cleavage 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 
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molecule of H2O in side chain A and B and sequential demethylation in side chain B. 

Moreover, 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 proposed 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
28,36,43–47,50

.  

On the other hand, results previously obtained from incubations performed without electron 

shuttle (direct reduction by sulfide) revealed that the main TPs produced were 646.9, 768.7 

and 788.8
43

. 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 reductive transformation of IOP and 
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its correlation with the catalytic activity of MrGO-N can be elucidated by physicochemical 

properties of these hybrid nanomaterials as mentioned below. 

 

Figure 4.7. Chemical transformation pathway of IOP and generation of byproducts through 

incubation time by MrGO-N as electron shuttle. 
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    4.4.4. Mechanism of IOP transformation mediated by MrGO-N 

Different studies have explored the catalytic properties of carbon-based materials (e.g. 

activated carbon
56,59,67

, carbon nanotubes
73,74

 and activated carbon fibers
57,63

) in the 

reductive transformation of pollutants,
44,56,114

 due to the presence of quinone groups in their 

structure, which serve as electron shuttle
60

. As revealed by titration results (see Table 4.1, 

section 4.4.1), 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 functional groups have great redox activity
60,153

. These facts suggest that the 

redox activity of quinone-hydroquinone couples plays an important role in the reductive 

transformation mechanisms of IOP due to its contribution in the electron transfer process.  

Other potential transformation mechanism of IOP is reported in previous works
43,44

, which 

involves the chemical association of reactive non-bonding π-electrons present at the edges 

of graphene sheets of MrGO-N with the hydrogen, hydroxyl and halogenated
81

 (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 Figure 4.7). 

Finally, several studies have employed the reducing catalytic power of magnetic NPs in 

order to improve the reduction of halogenated pollutants, dyes and heavy metals
192,193,198

. 

Magnetite (Fe3O4) is an iron oxide containing ferrous (Fe
2+

) and ferric (Fe
3+

) species in its 

chemical structure
199

, which make it a potent reducing agent due to the redox processes 

than involves the reduction/oxidation of couple Fe
2+

/ Fe
3+

 
200

. In addition, magnetite has the 

ability to transfer electrons because of its elevated conductivity by electron hopping 

between Fe
2+

 and Fe
3+

 ions
199,201

. Accordingly, it is possible to suggest that the presence of 

magnetic NPs (discussed in section 4.4.1) could be involved in the reductive reactions and 
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transformation mechanism of IOP due to the rapid electron transfer and redox processes of 

coupled Fe
2+

/Fe
3+

 ions. In this context, a mechanism for the reductive transformation of 

IOP implies that the redox activity of magnetic NPs (oxidation of Fe
2+

) 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
192

. Also, a direct electron transfer from couple Fe
2+

/Fe
3+

 redox activity toward IOP 

molecule may occur. As discussed in section 4.4.2, 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 NPs contribute in 

the electron transfer process for the reductive transformation of IOP
192

. Based on the above, 

it can be concluded that the reductive transformation of IOP is complex since several 

mechanisms in the electron transfer process could be involved.  

4.5. Conclusion 

The novel and successful application of MrGO-N as electron shuttle is reported for the 

reductive transformation of IOP. The results obtained from chemical reduction experiments 

demonstrated that the catalytic activity of MrGO-N enhances the removal and chemical 

transformation degree of IOP under reducing conditions. The results showed an important 

contribution of chemical and physical properties of MrGO-N in the electron transfer 

process for reductive transformation of IOP. Several mechanisms were proposed as key 

factors in reductive transformation of IOP, which involves high electrical conductivity and 

chemical reactivity of graphene sheets, redox catalytic activity of quinone-hydroquinone 

couples presents in MrGO-N, and rapid electron transfer and redox reactions of magnetic 

NPs immobilized in the nanosacks. The reductive transformation pathway of IOP was 

proposed. Chemical transformation byproducts with low molecular weight than IOP were 
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identified, involving complete deiodinated of aromatic ring and partial rupture of 

ramifications of IOP molecule. Finally, the treatment technique reported in this work 

visualizes a new approach to potentially apply GO-based materials as redox catalysts in 

continuous biological wastewater treatment systems in order to promote the reductive 

conversion of pollutants from contaminated waters. 
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5.1. Abstract 

The redox-mediating capacity of magnetic reduced graphene oxide nanosacks (MrGO-N) to 

promote the reductive biodegradation of the halogenated pollutant, iopromide (IOP), was 

tested. Experiments were performed using glucose as electron donor in an upflow anaerobic 

sludge blancket (UASB) reactor under methanogenic conditions. High removal efficiency 

of IOP in the UASB reactor supplied with MrGO-N as redox mediator was observed in 

comparison with the control reactor lacking MrGO-N. Results showed 82 % of IOP 

removal efficiency under steady state conditions in the UASB reactor enriched with   

MrGO-N, while the control reactor showed IOP removal efficiency of 51 %. The precise 

microbial transformation pathway of IOP was elucidated by high-performance liquid 

chromatography coupled to mass spectroscopy (HPLC-MS) analysis. Biotransformation 

byproducts with lower molecular weight than IOP molecule were detected in the reactor 

supplied with MrGO-N as compared with the control, indicating their contribution in the 

redox conversion of this halogenated pollutant. Reductive reactions of IOP favored by 

MrGO-N led to completely dehalogenation of the benzene ring and partial rupture of side 

chains of this pollutant, which is the first step toward its complete biodegradation. Possible 

reductive mechanisms that take place in the biodegradation of IOP were stated. Finally, the 

novel and successful application of magnetic graphene composites in a continuous 

bioreactor to enhance the microbial transformation of IOP was demonstrated.  

5.2. Introduction  

Removal of persistent pollutants from contaminated water is challenging due to the 

potential risk generated in environmental compartments. The employment of carbonaceous 

materials in the degradation of contaminants by redox processes has been widely reported. 

Especially, activated carbon
56,59,67,68

, activated carbon fibers
57,63

 and carbon nanotubes
73,74
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have been studied as electron shuttles in the abiotic/biotic degradation of pollutants. The 

contribution of these carbon materials lies in the presence of quinone groups in their 

chemical surface, which are able to accept and donate electrons through oxidation-

reduction reactions, serving as redox mediators (RM)
55,60,65

. Quinones are composed of two 

carbonyl groups in resonant form
60

.  

Graphene oxide (GO) and its partially reduced materials (rGO) have also been used as 

electron shuttles to promote the transformation of contaminants due to the redox activity of 

quinone groups presents in its chemical surface, and their superior catalytic activity in the 

zigzag edges of graphene sheets
81

, which favor the reductive transformation of these 

compounds
59,61

. For example, the redox properties of GO and rGO have been explored in 

the degradation of environmental pollutants like azo dyes
118,119

, nitro-

compounds
120,122,123,132,202

 and polyhalogenated organics
73

. These studies indicate a feasible 

opportunity to apply graphene-based materials as redox catalysts in the reductive 

degradation of contaminants. However, their implementation at full scale in biological 

wastewater treatment (WWT) systems is challenging due to the lack of mechanisms to 

maintain these catalysts inside the treatment systems, which could promote a toxicological 

effect on microorganisms due to their extended release into environmental 

compartments
203

. Accordingly, it is necessary the development of novel hybrid nano-carbon 

composites, with particular features that allow them to be applied in WWT systems by 

retaining and recovering strategies. 

Lately, it has been documented the synthesis of hybrid nano-carbon composites with 

magnetic properties by aerosol-phase process. In this sense, the fabrication of these 

composites is performed by the encapsulation of magnetic nanoparticles (NPs) in folded 
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graphene sheets nanostructures with form of wrinkled rGO nanosacks
126,204,204

. The 

application of magnetic rGO nanosacks (MrGO-N) has been focused on radiological 

technologies
191

 and on the removal of Cr(VI) from water
126

. However, their use in reductive 

biotransformation processes of environmental contaminants has not been documented yet. 

Just a few research works have documented the synthesis and application of carbonaceous 

materials with magnetic properties in the redox conversion of pollutants. As an example, 

Pereira et al.,
192

 reported the use of carbon composites with magnetic properties as redox 

catalysts in the reductive degradation of azo dyes in batch assays. The excellent 

performance of these carbon composites can be explained by the combination of redox 

properties of both materials (magnetic NPs and carbon materials). 

Iopromide (IOP) is a halogenated pharmaceutical compound with three iodine atoms in its 

aromatic ring. This compound is an X-ray contrast medium widely applied in radiological 

areas
28

. IOP is considered a priority contaminant because their physicochemical properties 

and chemical structure
25

 confer it persistency in environmental compartments
26,30,31

. During 

conventional WWT processes, IOP is resistant to microbial degradation and hence released 

into aquatic environments at relative high concentration (μg/L)
30,31,33

. Consequently, it is 

demanded to propose novel strategies of IOP removal with the aim to be apply in the 

biological WWT systems. In this context, it has been studied the reductive biodegradation 

of IOP in an upflow anaerobic sludge blanket (UASB) reactor using anaerobic sludge 

enrichment with biogenic Pd
0
 

46
 and metal-humic substances

47
. Also, our previous works 

have employed the redox properties of GO and rGO in chemical (Toral-Sánchez et al. 

2016) and biological
43,44

 reductive transformation of IOP in batch assays. Nevertheless, the 

application of GO-based materials in a continuous biological system for biotransformation 
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of IOP has not been reported yet. Accordingly, this study focused on evaluating a novel 

strategy for reductive biodegradation of IOP by the use of MrGO-N as RM in an anaerobic 

continuous system. The redox-mediator capacity of these nano-carbon composites was 

studied in a UASB reactor under methanogenic conditions. Finally, the biodegradation 

pathway of IOP and reductive reactions mechanisms occurring are also explained.  

5.3. Material and methods 

     5.3.1. Materials and chemicals 

IOP (Ultravist ® 370) and Glucose (used as electron donor) were purchased from Bayer 

Schering Pharma and Aldrich, respectively. Basal medium solution was composed of 

several mineral salts (K2HPO4, NaHCO3, MgSO4, NH4Cl and CaCl2) and trace elements 

dissolved in distilled water as described in previous works
43,57,61

.  

The fabrication of MrGO-N was performed using an aerosol-phase methodology proposed 

previously
126,191,204

 using a colloidal suspension  of GO (0.5 mg/mL) and magnetite NPs 

(1mg/mL). In order to demonstrate the assembly of magnetic NPs in the MrGO-N, 

micrographs of these nano-carbon composites were performed using a JEOL JEM-2010 

High Resolution Transmission Electron Microscope (HRTEM). 

     5.3.2. Source of anaerobic sludge and activation 

Methanogenic granular sludge from a full-scale UASB reactor treating brewery wastewater 

(Sonora, Mexico) was used as inoculum to evaluate the reductive biotransformation of IOP. 

Volatile suspended solids (VSS) of methanogenic sludge were previously estimated at   

6.15 % based on wet weight
46

. The methanogenic sludge was acclimated for one month in a 

lab-scale UASB reactor with volume of 1.5 L at room temperature (25 ± 2°C). The 

hydraulic residence time (HRT) was 24 h. During this operational period, the bioreactor 
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was constantly fed with 1 g of chemical oxygen demand (COD)/L-d of glucose and mineral 

medium reached a constant COD removal > 90 % under steady conditions.  

     5.3.3. Microbial degradation of iopromide in UASB reactors 

Two lab-scale UASB reactors (330 mL of working volume) were simultaneously operated 

and inoculated with 10 g VSS/L of previously acclimated methanogenic granular sludge. 

The working reactor (R-MN) was enriched with MrGO-N and tailored with a magnetic trap 

made with 30 H neodymium magnets and in stainless steel to the upper part of the reactor 

in order to retain and recover the MrGO-N dispersed in the reactor. The control reactor   

(R-ctrl) was inoculated without MrGO-N. Reactors were operated for 28 days with a 

constant HRT of 12 h at room temperature (25 ± 2 °C) and sheltered from light to inhibit 

the photodegradation of IOP and biotransformation byproducts. The reactors were fed 

during operational period with the mineral medium mentioned above. 

Before reactors operation, 150 mL of MrGO-N solution with a concentration of 85 mg/L 

was mixed with the stabilized sludge in the R-MN and then pre-incubated for 48 h. After 

this period, R-MN and R-ctrl was continually provided with 1 g COD/L-d of glucose and 

an initial concentration of 200 μg/L of IOP. During the operation period of R-MN, three 

pulses of 100 mL of the aforementioned MrGO-N solution were applied on days 7, 15 and 

22. The performance of both bioreactors was evaluated by monitoring the effluent pH, ORP 

of the system and COD removal efficiency. Samples were taken from effluent of anaerobic 

bioreactors at selected time to determine the IOP removal and generation of its 

biodegradation byproducts as described below.   
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     5.3.4. Analytical procedures 

The IOP concentration in the influent and effluent of both bioreactors was determined by 

high-performance liquid chromatography (HPLC) using an Agilent Technology 1260 series 

chromatograph as previously described
43,44

. Identification of biotransformation byproducts 

of IOP was carried out by HPLC coupled to mass spectroscopy (HPLC-MS) in a Varian ® 

500-MS ion trap mass spectrometer as reported in previous work
44

. VSS and COD was 

estimated according to standard methods
205

. The ORP and pH of the biological system was 

monitored using a Thermo Scientific STARA2110 Orion Star A211 benchtop pH meter 

with electrode stand. 

5.4. Results 

     5.4.1. Microbial transformation of IOP in anaerobic continuous systems 

The reductive biodegradation of IOP was assessed in continuous UASB reactors (R-ctrl and 

R-MN). COD removal efficiency, as well as ORP and pH monitored during the operational 

period of the bioreactors are shown in Figure 5.1. COD removal efficiency (Figure 5.1A) of     

R-MN remained constant with an average of 93.7 ± 2.22 %. Similarly, ORP of the system 

(Figure 5.1B) and effluent pH values (Figure 5.1C) of R-MN remained constant during the 

same operational period with values of -190.1 ± 19.36 mV and 7.27 ± 0.17, respectively. 

No significant variations of these parameters were detected in R-ctrl (see Figure 5.1) with 

respect to R-MN, which indicates that there was no negative impact in the performance of 

the reactor supplemented with MrGO-N. In addition, Table 5.1 shows the performance of        

R-MN and R-ctrl during the operational period. The average ORP for R-MN and R-ctrl was    

-190.1 ± 19.36 mV and -179.97 ± 10.76 mV, respectively. Also, the effluent pH for R-MN 

and R-ctrl was 7.27 ± 0.17 and 7.26 ± 0.06, respectively. Under methanogenic conditions, 

the optimal ORP of the system is around to -200 mV and the range of pH is between 6.5 
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and 7.5
206

. These results suggest that the methanogenic conditions remained optimal during 

the operational period in both reactors. Also, it can be observed that COD removal 

efficiency, ORP and pH values of R-MN remained constant when the pulses of MrGO-N 

were applied (see stages of Table 5.1), which confirms the absence of  negative impact on 

this bioreactor when enriched with this carbon composites as electron shuttles. 

On the other hand, biodegradation of IOP was also assessed in both UASB reactors at a 

constant concentration of 200 μg/L for 28 days, with glucose provided as an electron donor 

and carbon source. The removal efficiency of IOP during the operational period for both 

reactors is shown in Figure 5.2 and Table 5.1. It can be observed in R-MN and R-ctrl a low 

and similar IOP removal (~ 40 to 55 %) in the first six days of operation, suggesting an 

acclimation period of both inocula to the experimental conditions. However, when the first 

pulse of MrGO-N was applied in R-MN (day 7), an abrupt increase in the IOP removal was 

observed from 54.4 ± 1.6 to 81.05 ± 1.1 %, which indicates a clear contribution of     

MrGO-N in the biotic reduction of this pollutant. Subsequently, R-MN achieved an average 

IOP removal of 82.01 ± 3.83 %. In contrast, R-ctrl achieved only 51.18 ± 6.7 % in average 

of IOP removal after the sixth day of operation. These results indicate a better performance 

of IOP removal in R-MN as compared to that observed in R-ctrl, which suggest that 

catalytic activity of MrGO-N plays a fundamental role during the reductive biodegradation 

of IOP under methanogenic conditions.  
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Table 5.1. Performance of R-MN and R-ctrl after application of MrGO-N pulses along the 

operational period.  

 Start-up 

 

Day 0-6 

Stage 1 

1st. Pulse 

Day 7-15 

Stage 2 

2nd. Pulse 

Day 16-22 

Stage 3 

3rd. Pulse 

Day 23-31 

 
R-ctrl R-MN R-ctrl R-MN R-ctrl R-MN R-ctrl R-MN 

% IOP 

removal 

41.89 ± 

0.85 

51.20 ± 

1.31 

51.55 ± 

1.63 

78.32 ± 

1.36 

51.39 ± 

4.19 

83.92 ± 

1.33 

56.35 ± 

1.71 

81.41 ± 

1.73 

% COD 

removal 

94.06 ± 

1.47 

93.30 ± 

1.25  

95.10 ± 

0.67 

93.07 ± 

1.22 

94.16 ± 

1.48 

95.50 ± 

0.61 

93.72 ± 

0.71 

93.32 ± 

0.91 

ORP 

(mV) 

-166.56 

± 3.59 

-180.78 

± 7.83 

-174.82 

± 8.37 

-191.72 

± 12.45 

-195.77 

± 5.24 

-188.13 

± 4.14 

-182.76 

± 4.82 

-189.55 

± 3.99 

pH 7.29 ± 

0.06 

7.41 ± 

0.08 

7.44 ± 

0.04 

7.29 ± 

0.06 

7.08 ± 

0.01 

7.12 ± 

0.07 

7.29 ± 

0.09 

7.27 ± 

0.07 

 

The morphology of MrGO-N was observed by high resolution micrographs as reported in 

Chapter 4, section 4.1.1. It can be seen that magnetic NPs are immobilized inside of 

nanosacks with a few NPs appearing on the outside of this nano-carbon composite
191

. The 

presence of magnetic NPs in MrGO-N could contribute in IOP removal as it was observed 

in R-MN (see Figure5.2). These observations can be explained by the excellent reducing 

power of magnetic NPs
198,199,207

. 
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Figure 5.1. Performance of both reactors (R-MN and R-ctrl) regarding to (A) COD 

removal efficiency, (B) ORP of the system and (C) effluents pH values, as function of 

operational period. 
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Figure 5.2. Performance of R-MN and R-ctrl regarding IOP removal efficiency during the 

whole operational period. 

     5.4.2. Biotransformation pathway of IOP in UASB reactor 

With the aim to propose a precise microbial transformation pathway of IOP, byproducts 

generated from its biodegradation from both reactors (R-MN and R-ctrl) were assessed by 

HPLC-MS at specific time intervals during the operational period. The molecular weights 

(m/z) of 28 biotransformation products (TP) were recognized in R-MN. Proposed chemical 

structure and elemental composition of the TPs are shown in Figure 5.3. The chemical 

structure modification of IOP along the operational period of R-MN will be concisely 

explained below. 
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TP with m/z of 788.89, appearing in the first sampling day, indicates a dehydration reaction 

in side chain B. In sampling day 5 sample, six additional byproducts from TP 788.89 were 

observed. TPs 714.5, 774.4, 758.5, 744.5, 662.5 and 634.7 imply partial rupture of side 

chain A and B, including dehydration, demethylation and decarboxylation reactions, and 

cleavage of the C-N bond. Specially, TP 634.7 implies the elimination of one iodine atom 

(dehalogenation) from the aromatic ring, and TP 662.5 involves the rupture of side chain B. 

After 10 days of operational period, six new biological byproducts were generated from 

different chemical structures. TPs identified with m/z of 742.6, 690.6, 674.6 and 728.3 

come from either TP 774.4, 758.5 or 744.5. Structures of TP 742.6 and 728.3 involve 

demethylation and dehydration reactions in side chain A and B. TPs 690.6 and 674.6 

involve demethylation and decarboxylation reactions, cleavage of amide bond and 

subsequent rupture of side chain B ramification. The proposed structure of TP 322.8 

exhibits several reductive reactions in side chain A, B and C of either TP 662.5 or 634.7, 

which included the rupture of C-N bond, demethylation reactions and the double 

dehalogenation of the benzene ring. TP 390.8 results from dehydration, demethylation and 

amide bond rupture in side chain A, cleavage of C-N bond in side chain B with a 

subsequent removal of two iodine molecules of the benzene ring.  
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Figure 5.3. Reductive biotransformation pathway of IOP in the UASB reactor supplied 

with MrGO-N as RM. 
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Samples collected after 14 days of operational period contained three additional byproducts 

derived from IOP degradation. TPs 762.5, 576.7 and 336.8 come from TP 774.4, 728.3 and 

390.8, respectively. The chemical modification of TP 762.5 involves demethylation of side 

chain A. TP 576.7 suggest demethylation in side chain A, cleavage of C-N bond in side 

chain B and deiodination of the aromatic ring. The structure of TP 336.8 implies the rupture 

of C-N bond in side chain A, rupture of side chain B ramification and dehalogenation of 

two iodine atoms (HI) of the aromatic ring. Furthermore, after 18 days of operation, 

generation of four new byproducts was observed. The rupture of C-N bond in side chain B, 

the loss of H2O molecules (dehydration) and demethylation reactions in side chain A of TP 

762.5 or 714.5 resulted in the evolution of TPs 670.7 and 684.7. The structure proposed for 

TP 538.7 comes from either TP 762.5, 690.6 or 674.7, which implies the rupture of side 

chain B ramification and elimination of one iodine atom. Also, dehydration, demethylation 

and decarboxylation reactions of side chain C of TPs 336.8 and 322.8, as well as the 

rupture of C-N bond of side chain A, rupture of side chain B ramification and subsequent 

deionidation of the aromatic ring of TP 576.7 result in the generation of TP 316.9.  

Structures of TPs with m/z of 730.3, 616.5, 588.7, 548.7 and 276.9 appeared in the day 28 

of the operational period. TPs 616.5 and 588.7 result from several reactions, such as 

demethylation and dehydration of side chain A and B, rupture of C-N and amide bonds in 

side chain A and rupture of side chain B ramification of either TPs 670.7 or 684.7. TP 

548.7 suggests the deionidation of the aromatic ring (HI) of TP 674.6. The rupture of side 

chain B ramification and the completely dehalogenation of the aromatic ring (removal of 

three iodine atoms) of TP 576.7 results in the generation of TP 276.9. Finally, two new 

byproducts were detected on day 31 (end of the operational period). Structure of TP 306.8 



     

 
114 

shows a partial rupture in side chain C of TP 336.8 and 316.9, including demethylation and 

removal of one molecule of H2O. TP 254.8 involves demethylation and dehydration of side 

chain A of TP 276.9. Similar fragmentation pathway of IOP and m/z of biodegradation 

byproducts identified in this research are suggested in our previous works
43,44

 as well as in 

others studies using different chemical or biological degradation strategies
28,36,43–47,50

. 

Moreover, TPs with lower m/z (648.6 and 588.7) in R-ctrl were also identified. Therefore, 

it can be suggested that the enrichment of MrGO-N as electron shuttles in the R-MN 

promoted a greater degree of IOP biotransformation, which was manifested by the 

generation of biological byproducts with lower m/z in comparison with the byproducts 

formed in R-ctrl. Furthermore, it can be observed the complete dehalogenation of the 

aromatic ring of IOP molecule (TPs 276.9 and 254.8) during the operational period of      

R-MN.  

5.5. Discussion 

The present study reports the novel application of hybrid graphene materials, in the form of 

MrGO-N, as RM in the biotransformation of a halogenated pharmaceutical pollutant (IOP) 

in an UASB reactor. The use of GO and rGO has previously been demonstrated as effective 

electron shuttles to improve the degradation of this pharmaceutical in chemical and 

biological batch incubations
43,44

. However, a mechanism to retain and recover these 

catalysts in a biological continuous system is necessary in order to employ GO-based 

materials for the reductive transformation of organics presents in WWT facilities. In this 

sense, the present work reports a strategy for retain novel nano-carbon composites in an 

UASB bioreactor by magnetic field. 
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Results from biological experiments conducted in the R-MN showed high removal 

efficiency of IOP. Also, it was demonstrated that the redox catalytic activity of MrGO-N 

promoted a further biotransformation degree of this pollutant. This pharmaceutical is a 

halogenated compound with three iodine atoms bonded to the benzene ring, and hydroxyl 

and carboxyl groups in their side chains, which makes it a persistent environmental 

contaminant
25,46

. It has been reported that the degradation of halogenated organics is 

performed by reductive dehalogenation reactions that take place under reducing 

environments (≤ -400 mV) and generally requires an external electron donor
46,208

. As 

discussed in the results section, the average value of ORP during the operational period of 

R-MN was -190.1 ± 19.36 mV, which suggest that the system conditions drive the 

reductive dehalogenation (deionidation) of IOP as observed in the biotransformation 

pathway of this pollutant (see Figure 5.3). On the other hand, it has been reported that the 

resistance to microbial degradation of halogenated compounds is related to the bond 

strength between carbon atoms and halogenated groups. Accordingly, it is expected that 

iodinated organics are more susceptible to biodegradation than other halogenated 

compounds since C-I bonds are weaker (209 kJ/mol) than others halogen-carbon bonds   

(C-Br (280 kJ/mol), C-Cl (397 kJ/mol) and C-F (536 kJ/mol))
209

.  

As documented by several authors 
27,28,30

, microbial degradation of IOP is challenging due 

to its high biochemical stability and resistant to reductive transformation. Also, IOP 

molecule presents a low removal during the application of biological conventional 

treatments (activated sludge) due to their high polarity (log KOW= 2.33) and high water 

solubility (0.97 mol/L), thus sorption onto sludge or sediments is negligible
13,26

. 

Accordingly, several chemical or biological strategies have been studied in order to 
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facilitate the removal of this halogenated contaminant. As examples, it has been explored 

the removal of IOP by electron bean irradiation technology
33

, advanced oxidation
210,211

, 

reductive hydrodehalogenation with porous palladium-nickel catalyst
27

, oxidation by 

electrochemical treatment
45

, ozone oxidation
212

, as well as aerobic degradation strategies by 

activated sludge
48

, Pseudomonas
51

 and fungus Trametes versicolor
36

. Anaerobic strategies 

using methanogenic consortia in UASB reactors have also been employed in order to 

evaluate their potential application in the reductive transformation of IOP. Pat-Espadas et 

al., reported an IOP removal efficiency of 81 % using immobilized biogenic Pd(0) as 

catalyst
46

. Also, Cruz-Zavala et al., achieved a IOP removal efficiency of  80 % applying 

iron-humic complexes as RM
47

. In addition, these works proposed the biotransformation 

pathway of IOP, where reductive reactions of IOP molecule generate byproducts with 

simpler chemical structure. Accordingly, this research work also proposed the 

biotransformation pathway of IOP using carbon-based composites (MrGO-N) as RM in 

UASB reactor. Proposed biotransformation pathway (see Figure 5.3) implies that MrGO-N 

promoted deiodination of aromatic ring and rupture of hydroxyl, carboxyl and methyl 

bonds from side chains of IOP molecule. The reductive reactions that took place in R-MN 

could be explained by complex mechanisms that are related to the redox properties and 

catalytic activity of MrGO-N as electron shuttle. 

It has been documented that quinone groups present as of oxygenated functionalities of GO 

sheets improve the redox conversion of environmental contaminants
56,114

, including 

IOP
43,44

, due to their superior redox-mediating capacity
153

. In addition, it has been stated 

that the redox activity of quinone groups is fundamental in the electron transfer process 

towards electron acceptor pollutants, improving their reductive transformation 

reactions
43,55,132

. In this sense, previous works have documented a great stability of 
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carbonyl groups of GO sheets after thermal reduction processes
77,99,101

. As reported by 

Chen et al., hybrid MrGO-N are conformed of rGO sheets produced by thermal reduction 

process during synthesis of filled nanosacks
191

. Also, our previous work showed a high 

distribution and stability of carbonyl groups in rGO sheets after the reduction process
43

. As 

a consequence, it can be proposed that the redox-mediating capacity of quinone groups 

present in rGO sheets of MrGO-N contributed to the reductive reactions of IOP performed 

in R-MN as observed in previous section (see Figure 5.1 and 5.3). Accordingly, it is 

expected that the catalytic activity of quinone moieties is involved in the biotransformation 

mechanisms of this halogenated pollutant. 

Moreover, it has been documented that the catalytic activity of graphene sheets improves 

the conversion rate of chemical compounds by reductive reactions
120,131

. The π-electrons 

from zigzag edges of rGO have the ability to react with the functionalities bonded of 

aromatic ring of IOP molecule because of their great chemical reactivity
81

. As 

aforementioned, the MrGO-N are conformed by rGO sheets, which could interact with 

iodine atoms and functional groups of side chains of IOP due to the π-electrons reactivity, 

promoting its molecular activation
43

. These facts suggest another reductive 

biotransformation mechanism of IOP, which is well founded by the formation of biological 

TPs as a result of reductive reactions that underwent this halogenated contaminant (see 

transformation pathway, Figure 5.3). 

Until now, chemical mechanisms involved in the microbial transformation of IOP have 

been proposed. However, the biological processes involved in the reductive reactions of 

IOP are key drivers in its biotransformation as reported in our previous work
44

. It has been 

reported that GO-based materials improve the transport of electrons by extracellular 

electron transfer mechanism, favoring the reductive biological reactions of organic 
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contaminants
188,189,213

. In this sense, it has been documented that extracellular polymeric 

substances from microorganisms exhibit redox activity due to the presence of proteins and 

humic substances, suggesting an important contribution in the redox conversion of 

environmental pollutants
214,215

. Finally, another biological mechanism implies the 

biological oxidation of substrate (glucose) by methanogenic consortium, which generates 

electrons that can be donated directly to the final electron acceptor (IOP). Also, the electron 

transfer process may take place from the oxidation of glucose to quinone groups of rGO 

sheets of MrGO-N, which can accept electrons. After that, the electrons can be donates by 

quinones groups (forming hydroquinones groups) and then, transfer through graphene 

sheets
60

. Finally, the electrons can be accepted by IOP molecule. Similar mechanisms are 

proposed in previous works
192

. 

According to these mechanisms, it can be concluded that the redox behavior of MrGO-N 

contributed in the redox conversion of IOP since R-MN showed an average IOP removal of 

82 % while R-ctrl only achieved 51 % of IOP removal. 

The biotransformation mechanisms proposed above may be significant drivers on the 

reductive reactions of IOP. The anaerobic continuous experiments conducted with     

MrGO-N as RM showed the generation of biological byproducts with simpler structure 

than IOP molecule, which are more susceptible to complete biodegradation, mainly due to 

the reductive deiodination of aromatic ring of this pollutant. The present study exhibits, for 

the first time, the reductive biodegradation of IOP using MrGO-N as electron shuttle. The 

novel application of MrGO-N as RM in UASB reactor was demonstrated for the removal of 

IOP. The great catalytic activity of MrGO-N was evident due to the high removal 

efficiency and further biotransformation degree of IOP. The main advantage of this 

reductive transformation strategy lies on the simultaneous use of the redox activity of 
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MrGO-N and their magnetic properties to be captured inside the biological continuous 

process. Finally, the removal strategy proposed in this study shows a feasible option to 

apply hybrid graphene-based materials in biological WWT systems. 
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6.1. Introduction 

Iopromide is a contaminant, which may have important eco-toxicological effects in the 

environment. Reductive transformation of IOP by the application of GO-based as redox 

catalysts is a feasible option for pollution control. However, the main challenge of this 

technology is the tailoring of GO-based materials as RM in continuous biological systems. 

Hence, this dissertation was mainly focused on exploring the redox-mediating capacity of 

GO, rGO and MrGO-N in the degradation of the halogenated pollutant, IOP, in batch 

assays and in a continuous biological system. This study demonstrated that GO-based 

materials can promote reductive reactions of IOP under abiotic and biotic conditions. These 

results constitute the first reports on the application of GO-based materials regarding 

pharmaceuticals degradation, which contribute to the knowledge of these nanomaterials 

about their ability to act as electron shuttles.  

On the other hand, magnetic graphene composites were tested as RM for reductive 

biodegradation of IOP in a continuous bioreactor under methanogenic conditions. 

Methanogenesis is complex biological process, which yields methane as a final product and 

is mediated by anaerobic microorganisms from the archaea domain. Methanogenic 

consortia consist of three main groups: acidogens, acetogens and methanogens
216,217

. 

Methanogenesis is the final step in the biological decomposition of biomass in the absence 

of oxygen
218

. Granular methanogenic sludge offers excellent settling properties, which is 

ideal for use in UASB reactor
46

.  

In the present dissertation, key aspects related to the reductive transformation of IOP by the 

application of GO-based materials as RM were studied, and the discussion focuses on the 

importance of physicochemical properties of GO-based materials in the reductive reactions 

of IOP. Likewise, the contribution of metabolic activity of microorganisms in the redox 
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conversion of the model pollutant, IOP, and the electron transfer mechanisms involved in 

the microbial degradation processes were discussed. The good knowledge of these factors 

leads to future employment of GO-based materials as electron shuttles for the degradation 

of several priority pollutants present in contaminated waters by redox processes.  

6.2. Importance of intrinsic properties of GO-based material in the reductive 

transformation of IOP 

In this study, it was demonstrated that one of the most important aspects to consider in the 

redox conversion of IOP is related to the intrinsic properties of GO-based materials. The 

results shown in Chapters 2, 3 and 4 revealed that the chemical surface and physical 

properties of GO, rGO and MrGO-N play a fundamental role in their redox-mediating 

activity, and in the reductive transformation of IOP by electrons transfer mechanisms that 

take place during the redox conversion process. In order to discuss this issue, Table 6.1 

summarizes the removal efficiency and maximum removal rate of IOP obtained in the 

different treatments evaluated in this thesis. Accordingly, it was observed that rGO-4 as 

electron shuttle achieved the highest removal and maximum removal rate of IOP in both 

chemical and biological systems. Regarding the chemical assays explored in Chapter 2, the 

removal and maximum removal rate of IOP were 66 % and 64.74 μg/L-d, respectively, 

when rGO-4 was applied as RM. In contrast, only 54% of IOP removal efficiency and 

35.84 μg/L-d as maximum removal rate was observed in the presence of GO as electron 

shuttle. These results suggested a 1.8-fold increase in the maximum removal rate of IOP in 

the presence of rGO-4 compared with the experiments amended with GO as electron 

shuttle. 
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Moreover, the results shown in Chapter 4 demonstrated that the use of MrGO-N as RM 

enhanced the removal efficiency and maximum removal rate of IOP in batch incubations, 

indicating an IOP removal efficiency of 77 % and a removal rate of 57.73 μg/L-d. In 

comparison with rGO-4 material, the MrGO-N showed a best performance regarding the 

removal efficiency of IOP under abiotic conditions.  

In addition, the transformation pathways of IOP proposed in Chapter 2 and 4 (see Figure 

2.7 and 4.7, respectively) revealed important differences in the chemical structure of 

generated byproducts. In this sense, the simpler chemical byproduct identified in 

experiments conducted with rGO-4 as RM was TP 314.18, indicating the removal of two 

iodine atoms (dehalogenation) and rupture of side chain A of IOP molecule. Meanwhile, 

the simpler structure identified in the experiments conducted with MrGO-N as RM was TP 

248.90, 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, 

which was evident by the formation of TP with simpler chemical structure than that 

observed in experiments amended with rGO-4 as RM.  
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Table 6.1. Removal efficiency and maximum removal rate of IOP estimated for all 

experimental treatments explored in this thesis. 

 
Removal efficiency and maximum removal rate of IOP 

Chemical system Biological systems UASB 

reactor 

Methanogenic Sulfate-reducing 

*(%) **( μg/L-d) *(%) **( μg/L-d) *(%) **( μg/L-d) 

IOP 

stability 

5 ----- 8 ----- 10 ----- ----- 

Adsorption 

controls
a
 

< 12 ----- < 10 ----- < 13 ----- ----- 

Na2S
b
 25 22.58 ----- ----- ----- ------ ----- 

Sterile 

biomass
c
 

----- ----- 9 ----- 11 ------ ----- 

Active 

biomass
d
 

----- ----- 20 12.48 38 31.20 52 % during 

31 days of 

operation 

 

GO 54 35.84 64 

 

34.02 61 

 

61.38 
----- 

 

rGO-2 58  

 

59.79 75  

 

59.12 80  

 

73.34 
----- 

 

rGO-4 66  

 

64.74 77  

 

68.76 85  

 

90.39 
----- 

 

MrGO-N 72  

 

57.73 
----- ----- ----- ----- 81.01 % 

during 

31 days of 

operation 

a
Adsorption control experiments without electron donor. 

b
Direct chemical reduction by sulfide (without GO-based materials). 

c
Adsorption control experiments without GO-based materials and electron donor.  

d
Direct biological reduction by active biomass (without GO-based materials). 

*These columns indicate the removal efficiency of IOP. 
** These columns indicate the maximum removal rate of IOP. 
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These facts (removal efficiency and transformation degree of IOP) can be explained by the 

presence of magnetic NPs in MrGO-N immobilized on the external surface of these 

materials. As discussed in Chapter 4, magnetic NPs have an excellent reducing power due 

to their ability to transfer electrons toward reactants and to their great catalytic 

activity
198,199,207

. These unique properties are due to magnetite, which contains both iron 

species (Fe
2+

 and Fe
3+

) in its chemical structure
199

. Also, the presence of iron species 

confers redox properties to magnetic NPs because the couple Fe(II)/Fe(III) exhibits 

reduction-oxidation reactions
200

. In this sense, the redox behavior of magnetite NPs has 

been explored in the reduction of pollutants like nitrocompounds
198,219

, Hg (II)
220

,             

Cr (VI)
221

 and U (VI)
199,222

. Accordingly, it is probably that the redox activity of magnetic 

NPs is involved in the reductive transformation of IOP, which is supported by the results 

obtained in Chapter 4. 

Besides what was reported in Chapters 2 and 4, IOP removal efficiency using rGO-4 and 

MrGO-N as RM can be compared with the results of other studies reported in the literature, 

which explored different removal strategies. Table 6.2 contains the IOP removal of selected 

studies that were conducted in batch incubations and chemical systems as those reported in 

this thesis.  

In comparison to this research, the advanced oxidation processes (AOP) showed a similar 

performance regarding IOP removal (see Table 6.2). However, the time with which the 

removal of IOP is carried out in the AOP is much slower than the reported in this thesis 

(min vs days). Although it is a good option to use AOP in the removal of recalcitrant 

pollutants, the main disadvantage of using this technique is the generation of highly 

reactive OH radicals, which reacts non-selectively with water constituents, including 

natural organic matter and bicarbonate
27

. On the other hand, the use of Pd-Ni catalysts 
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considerably improved the IOP removal (95 %) in a short time (see Table 6.2). 

Nevertheless, the application of Pd-Ni catalysts in the presence of hydrogen as removal 

technique implies high operational and investment costs. Therefore, development of 

degradation strategies of IOP, like redox conversion processes, is desirable, which was the 

motivation of this dissertation. In addition, the strategy proposed in this study was devised 

to be a complementary treatment technique for complete degradation (mineralization) of 

IOP by biological conventional systems. Hence, the redox conversion processes by the use 

of GO-based materials as electron shuttles could be a competitive strategy for reduction of 

IOP. 

Table 6.2. IOP removal efficiency reported by several chemical strategies 

Strategy IOP removal 

efficiency (%) 

Reference 

Ozonation/ultrasound. 65 % in 30 min 
52

 

Advanced oxidation 

process. 

70 % in 45 min 
53

 

Metal-catalyzed (Pd-Ni) 

hydro-dehalogenation. 

95 % in 70 min 27 

Redox conversion 

process using rGO 

materials as catalysts. 

 

66 % in 12 days 

This work, 

Chapter 2 

Redox conversion 

process using MrGO-N 

as catalysts 

 

72 % in 8 days 

This work, 

Chapter 4 

 



 

 
127 

On the other hand, the removal efficiency and maximum removal rate of IOP in biological 

systems discussed in Chapter 3 showed a similar behavior than chemical systems (Chapter 

2). With respect to microbial reduction of IOP under methanogenic conditions, it is possible 

to observe that rGO-4 material promoted the highest removal efficiency (77 %) and 

maximum removal rate (68.76 μg/L-d) of IOP, which indicated a 2.0-fold increase in the 

removal rate of IOP with respect to experiments conducted with GO as RM. Similarly, the 

reduction experiments of IOP under sulfate-reducing conditions achieved an IOP removal 

efficiency of 85 % and a maximum removal rate of 90.39 μg/L-d in the presence of rGO-4 

as electron shuttle. These results indicated a 1.47-fold increase in the removal rate of IOP 

as compared to microbial reduction performed with GO as RM. Table 6.3 shows a 

comparative summary of IOP removal efficiency by selected biological treatment 

techniques at similar conditions (batch assays) as those explored in this study. 

As can be observe in Table 6.3, the removal efficiency of IOP under methanogenic and 

sulfate-reducing conditions was 77 % and 85 %, respectively. Meanwhile, the IOP removal 

efficiency by the use of fungus Trametes versicolor and groundwater/soil system was 60 % 

and 80 %, respectively. Accordingly, the highest removal efficiency of IOP in biological 

systems was achieved by the application of rGO-4 as catalyst, which suggests a potential 

application of rGO materials as RM in biological wastewater treatment systems.  
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Table 6.3. IOP removal efficiency reported by several biological strategies 

Strategy IOP removal 

efficiency (%) 

Reference 

Aerobic treatment by the use of 

fungus Trametes versicolor. 

60 % in 12 days 36 

Aerobic treatment in 

groundwater/solid systems. 

80 % in 20 days 28 

Anaerobic treatment using 

rGO-4 as RM under 

methanogenic conditions. 

 

77 % in 11 days 

This work, 

Chapter 3 

Anaerobic treatment using 

rGO-4 as RM under sulfate-

reducing conditions. 

 

85 % in 8 days 

This work, 

Chapter 3 

 

Moreover, the transformation pathways elucidated in Chapters 2, 3 and 4 revealed that the 

presence of rGO-4 as RM stimulated reductive reactions in IOP molecule. Analysis 

performed with HPLC-MS demonstrated the generation of transformation byproducts with 

simple chemical structure than IOP in presence of rGO-4 as electron shuttle. In this context, 

the simpler TPs with m/z reported in chemical systems (Figure 2.7), methanogenic (Figure 

3.3) and sulfate-reducing (Figure 3.4) conditions were 314.80, 306.80 and 254.70, 

respectively. Instead, the batch assays performed in absence of RM revealed that the 

simpler TPs produced were 646.90, 646.60 and 578.9 under chemical, methanogenic and 

sulfate-reducing conditions, respectively. According to these results, it was demonstrated 

that the presence of rGO-based materials as RM promoted a higher extent of IOP 

transformation in both chemical and biological systems, which involves reductive reactions 
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such as dehalogenation, dehydration, demethylation and decarboxylation, as compared with 

those incubations carried out without RM. 

This behavior can be explained by the intrinsic properties of rGO-4 material. The 

physicochemical characterization performed in Chapter 2 reported a great stability of 

carbonyl groups after the chemical reduction process of GO because of the high energy that 

is needed to break C=O bonds 
95,109,166

. Especial interest in these oxygenated groups lies in 

the redox activity of quinone/hydroquinone couples, which can promote reductive reactions 

of organic compounds
58

. Also, it was demonstrated an increase on catalytic activity of rGO-

based because of partial removal of oxygenated groups, which enhanced the electronic 

conductivity in the basal plane, favoring the removal of IOP as observed in Table 6.1. With 

respect to pHPZC, rGO-4 showed a more basic character than GO, indicating a better 

performance to transfer electrons toward quinone groups
68

 and then to electron-accepting 

pollutants
192

. Accordingly, it can be concluded that the redox catalytic activity of GO-based 

materials is related to their chemical surface and physical properties, which was reflected in 

the removal efficiency and reductive transformation degree of IOP. 

6.3. Contribution of biological activity of microorganisms in the redox 

conversion of IOP 

Another fundamental aspect studied in this thesis was the contribution of biological activity 

in the reductive transformation of IOP. Few studies have reported the application and 

importance of GO-based materials as redox catalysts in the biodegradation processes of 

contaminants
118,119,121,122

. However, the relevance of biological activity, especially in 

anaerobic conditions, for reductive biotransformation of contaminants in the presence of 

graphene materials as electron shuttles has been poorly studied.  
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Chapter 3 reports the microbial transformation of IOP under methanogenic and sulfate-

reducing conditions with the application of GO and rGO-based materials as electron 

shuttles and ethanol/lactate as primary electron donors. The results showed that the 

biological activity improved the removal efficiency and maximum removal rate of IOP in 

the presence of rGO-4 as RM, as observed in Table 6.1. Also, the generation of simpler 

biological byproducts of IOP molecule (see Figure 3.3 and 3.4) in comparison with abiotic 

system (see Figure 2.7) can be attributed to the electron transfer mechanisms by 

microorganisms as will be discussed later.  

Table 6.1 shows that the biological reduction of IOP using rGO-4 as RM was higher under 

sulfate-reducing conditions than under methanogenic conditions (77 % vs 86 %). This 

behavior can be explain by the redox potential in sulfate-reducing systems
118

, which is 

more negative than methanogenic conditions (-400 mV vs -200 mV)
209

, indicating a more 

reduced environment, which favored the biodegradation of IOP. 

Sulfate-reducing bacteria are anaerobic microorganisms, which perform its cellular 

respiration utilizing sulfate (SO4
2-

) as terminal electron acceptor, reducing it to hydrogen 

sulfide (H2S)
223,224

. Also, sulfate-reducing bacteria have been reported in the degradation of 

organic compounds
217

. They are ubiquitous in anoxic habitats, where they have a 

fundamental role in both the sulfur and carbon cycles
225

. 

For the sulfate-reducing process, the presence of ethanol as substrate promotes better 

performance and growth of sulfate-reducing microorganisms
226

. The oxidation of ethanol 

by sulfate-reducing bacteria consists of two steps: i) initial oxidation of ethanol to acetate 

(reaction 1), and ii) oxidation of acetate to bicarbonate (reaction 2). Likewise, the oxidation 

of lactate to acetate under sulfate-reducing conditions (reaction 3) is an important step for 

sulfate reduction as seen below: 
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As can be observed in these reactions, biogenic sulfide is generated as HS

 species during 

the oxidation of substrates in the sulfate-reducing process. It has been reported that 

biogenic sulfide plays an important role in the reductive transformation of pollutants
181,182

. 

The HS

 species can serve as electron donor in the chemical transformation of IOP as 

explained in Chapter 2. This fact indicates that the sulfate-reducing conditions involve 

chemical and biological mechanisms that favor the reduction and higher extent 

biotransformation of IOP as reviewed in Chapter 3. 

On the other hand, it has been reported that the biological activity of microorganisms by 

extracellular electron transfer (EET) process is a key factor for achieving the reductive 

biodegradation of environmental contaminants
121,190

. The bacteria exploit EET to exchange 

information and energy with other microorganisms or with their external 

environments
227,228

. Two pathways have been proposed for EET: i) direct electron 

conductivity, in which the electrons are transferred via conductive pili/nanowires or redox 

proteins located in the microbial outer membrane; and ii) indirect EET, where the electron 

transport is mediated by mobile or spatially fixed molecular redox shuttles
189,229,230

. Figure 

6.1 shows schematically the mechanism of EET. 
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Figure 6.1. Representation of microbial EET mechanisms. A) Direct EET mechanisms and 

B) Indirect EET mechanisms mediated by electron transfer mediators (ETMs). Taken from 

reference
231

. 

Indirect EET is a relevant microbial EET pathway, which benefits from the presence of 

extracellular polymeric substance (EPS) due to a high concentration of electron shuttles in 

the gap between cells and electron acceptors/donors
229,231

. In this sense, EPS constitute a 

complex high-molecular-weight polymer mixture composed mainly of proteins, 

polysaccharides and humic substances that are secreted by microorganisms in pure and 

mixed cultures
215,232

. EPS in EET are essential in microbiology and microbial exploitation 

for biomineralization, biosorption, bioenergy production and corrosion processes. Also, 

EPS contribute to biogeochemical cycles of organic matter and nutrient elements
231

. It has 

been suggested that the redox properties of EPS may arise from bacterial refractory 

polymer, such as redox proteins and humic substances, which could serve as electron 

donors or acceptor in bacterial biofilms
214

. In addition, other electrochemically active 

substances, such as flavins and c-type cytochromes, can act as electron transit media in 
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EPS
181,229,231

. The redox properties of EPS in microorganisms is important due to their 

ability to biochemically modify metals and transform redox-sensitive pollutants
215

.  

Several studies have documented the role of EPS in reductive processes of environmental 

pollutants. For example, it has been reported that EPS extracted from electroactive 

bacterium, Shewanella, are involved in the reduction of U(VI)
232,233

 and biotransformation 

of nitrobenzene
234

. Also, the relevance of EPS in the anaerobic reduction of azo dyes by 

Sphingomonas sp. Strain BN6 was studied
235

. In addition, Li et al.,
215

 reported that heme-

binding proteins are important redox components in EPS of S.oneidensis and P. putida 

strains for electroactive bacterial EET. Heme-binding proteins in EPS of microorganisms 

are usually able to transfer electrons from membrane-bound reduction systems to terminal 

electron acceptors by the participation of enzymes (cytochrome c) that are involved in the 

respiratory chain
215

. According to these reports, studying the redox properties of EPS could 

provide understanding of the interactions between bacteria and external electron acceptors, 

like organic contaminants, which is important for understanding microbial EET
215

.  

As discussed in Chapters 3 and 5, microbial EET could be a possible mechanism involved 

in the reductive biotransformation of IOP due to EPS secreted by anaerobic consortia
236,237

, 

which is favored by the presence of GO-based materials
188,189

. In addition, the removal 

efficiency (see Table 6.1) and higher extent of IOP biotransformation (see Figure 3.3 and 

3.4) using GO-based materials as RM were more favorable in biological assays 

(methanogenic and sulfate-reducing conditions) than in chemical systems. For example, the 

removal efficiency of IOP in the presence of rGO-4 as electron shuttle under methanogenic 

and sulfate-reducing conditions was 77 % and 85 %, respectively. Instead, the removal 

efficiency of IOP in chemical incubation with sulfide as electron donor was only 66 %. In 

addition, chemically simpler TPs with m/z identified in methanogenic and sulfate-reducing 
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conditions were 306.80 and 254.70, respectively. Meanwhile, simpler TP identified in 

chemical incubations using rGO-4 as RM was 314.80. These results suggest that the redox 

properties of EPS play an important role in the electron transfer toward terminal electron 

acceptor by EET process, which was evident by the higher reduction and transformation 

degree of IOP in biological incubations by microorganisms presents in anaerobic sludge.    

6.4. Application of GO-based materials as RM in an UASB reactor to enhances   

the reductive biotransformation of IOP 

In Chapters 2 and 3, it was demonstrated the feasible application of GO and rGO-based 

materials as RM for chemical and biological transformation of IOP in batch assays. 

However, the implementation of these carbon nanomaterials as redox catalysts in 

continuous biological systems is limited due to their eventual loss from the treatment 

process. Hence, it is demanded to generate hybrid graphene composites with specific 

properties that allow them to be retained into the biological process, which was a 

fundamental objective raised in this thesis. Therefore, MrGO-N were synthesized and 

proved as RM for chemical transformation of IOP in batch incubations (discussed in 

Chapter 4) for its subsequent application in a continuous biological system. Chapter 5 

reported the successful application of MrGO-N as RM for the biotransformation of IOP in 

an UASB reactor under methanogenic conditions. According to what was reviewed in the 

literature, this is the first study that has evaluated the redox activity of GO-based materials 

for the microbial degradation of any recalcitrant pollutant in a bioreactor.  

Table 6.1 shows the IOP removal efficiency in the UASB reactor in the presence of   

MrGO-N as RM, which was 81.01 % during 31 days of operation. Also, the simpler 

biological byproduct identified from the transformation pathway of IOP had a m/z of 

254.80, which involves the complete dehalogenation (removal of three iodine atoms) of 
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aromatic ring, rupture of side chain B and dehydration with subsequent demethylation in 

side chain A (see Figure 5.3). In contrast, control reactor (without MrGO-N) showed only 

51.18 % of IOP removal efficiency and produced a TP with m/z of 588.70 as reviewed in 

Chapter 5. These results indicated that the presence of MrGO-N as electron shuttle 

enhanced the reductive biotransformation of IOP, which was explained by the importance 

of intrinsic properties of GO-based materials and microbial EET mechanisms as argued in 

sections 6.2 and 6.3. In addition, it was exhibited that the engineered of MrGO-N combined 

with biological activity of methanogenic microorganisms efficiently promoted the 

biodegradation of IOP. Figure 6.2 shows schematically the proposed mechanisms involved 

in the reductive biotransformation of IOP under methanogenic conditions in the UASB 

reactor. 

Otherwise, Table 6.1 reported the IOP reduction in biological assays using GO-based 

materials as redox catalysts. The IOP removal efficiency in the presence of rGO-4 as 

electron shuttle was estimated in 77 % and 85 % for methanogenic and sulfate-reducing 

conditions, respectively. Meanwhile, the IOP removal in the R-MN achieved 81 %. 

According to these results, it can be concluded that the best performances regarding IOP 

reduction were observed in the experiments conducted under sulfate-reducing conditions 

and using rGO-4 as RM (85 % vs 81.01 %). 
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Figure 6.2. Proposed mechanisms involved in reductive biotransformation of IOP. 

Although the application of rGO-4 as a catalyst in an UASB reactor could be a good 

strategy to enhance the reductive biotransformation of IOP, their practical application in a 

biological WWT system would not be convenient for two main reasons: i) the continuous 

supplementation of rGO-based materials in biological systems makes operational costs 

more expensive because of the loss of these nanomaterials during the process, and ii) the 

continuous loss of rGO-based materials leads to their release into environmental 

compartments, eventually causing eco-toxicological impacts on living systems. Among 

toxicological effects generated by GO-based materials at cellular level are cell-cycle 

alterations, apoptosis, oxidative stress, cytotoxicity and cell membrane accumulation
183

. 

Therefore, the removal strategy proposed in Chapter 5 is the most feasible option for 
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enhancing the biodegradation of IOP since these hybrid-composites can be retained and 

possibly recirculated in the continuous biological system through a magnetic field.  

Derived from this doctoral thesis, some works to enhance the reductive transformation of 

IOP must be carried out in order to evaluate the feasibility of tailoring of GO-based 

materials as RM in biological WWT systems as will be reviewed below. 
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scientific products 
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7.1. Final conclusions  

In recent years, several investigations have focused on the degradation of priority water 

pollutants due to the adverse effects generated by their presence in environmental 

compartments. As a consequence, the development of degradation technologies are 

demanded to mitigate this problem.  

This study demonstrated, for the first time, that GO-based materials like GO, rGO and 

MrGO-N can serve as RM in the abiotic/biotic reduction of the halogenated 

pharmaceutical, IOP, under anaerobic conditions. 

In the present work, it was demonstrated the fundamental role and correlation of chemical 

surface and physical properties of GO-based materials and their redox-mediating capacity 

in the reductive transformation of IOP. 

Also, the biological and chemical transformation pathways of IOP were elucidated using 

GO-based materials as redox catalysts. In this sense, transformation byproducts with 

simpler chemical structure than IOP molecule were identified, which is important to 

propose complementary degradation techniques for the mineralization of IOP. 

Potential reductive transformation mechanisms that carried out during the redox conversion 

of IOP were proposed, in which the chemical surface and physical properties of GO-based 

materials, as well as the EET mechanisms by microorganisms are key drivers for the 

degradation of this pharmaceutical.  

Furthermore, the application of MrGO- N as RM in a continuous biological system (UASB 

reactor) was evaluated and constitutes the first report demonstrating the successful and 

effective retention of these catalysts, improving the reductive biotransformation of IOP.  
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The proposed degradation technology for the reductive transformation of IOP by using GO-

based materials as RM is the first step toward a feasible and practical option to tailoring 

these nanomaterials in a biological WWT system. 

Finally, the good understanding of transformation mechanisms that take place in the redox 

conversion process of IOP by deep characterization of GO-based materials and the study of 

biological activity of anaerobic microorganisms contributes to scientific knowledge of 

graphene-based catalysts and removal of water pollutants areas.  

7.2. Perspectives and future opportunities 

The results presented in this doctoral thesis demonstrated the potential application of GO-

based materials as electron shuttles on the chemical and biological transformation of IOP in 

batch assays and in continuous biological system. Nevertheless, there are several works that 

can be conducted for a better understanding of redox conversion process and to enhance the 

reduction of IOP. Also, the application of GO-based materials as RM in a bioreactor has 

important challenges, which should be considered before their tailoring in a WWT plant. In 

the next paragraphs, the most important perspectives and future opportunities are discussed. 

i) Modification of GO-based materials. Carbon materials have the great versatility 

of being chemically or physically modified with the aim of optimizing or 

conferring new properties for specific applications. Previously, rGO-based 

materials have been modified with anthraquinone-2-sulfonic acid (AQS) for 

enhancing the decolorization of azo dye Acid Yellow 36
119

. The model quinones 

AQS or anthraquinone-2,6-disulfonate (AQDS) have been widely studied as 

catalysts due to their great redox catalytic activity in the reductive 

transformation of priority contaminants, serving as redox moieties
55,61,72

. 
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Therefore, it can be proposed the modification of GO-based materials employed 

in this work with model quinones AQS or AQDS to enhance their catalytic 

activity performance for the reductive transformation of IOP or other 

environmental pollutants. The experiments could be done in batch assays and 

biological continuous systems. 

ii) Interference of other pharmaceuticals. The presence of several pharmaceuticals 

such as, analgesic and anti-inflammatories, antibiotic, hormones and steroids, 

lipids regulators and ICM in effluents of WWT systems
2,8,10

 could cause 

interference and lead to a decrease in the removal efficiency and transformation 

degree of IOP. For these reason, it is fundamental to perform reduction 

experiments of IOP using GO-based materials as redox catalysts in the presence 

of other pharmaceuticals in order to evaluated competitive effects in the redox 

conversion process of IOP.  

iii) Experimental works. As proposed in Chapters 4 and 5, the presence of 

magnetic NPs immobilized in graphene nanosacks could promote reductive 

reaction of IOP in chemical and biological systems. However, this hypothesis it 

was not demonstrated convincingly. Accordingly, it is important to perform 

control experiments in which the direct reduction of IOP in the presence of 

magnetic NPs is evaluated with the aim to demonstrate their contribution in 

degradation mechanisms that take place in the redox conversion IOP, which 

contributes to a better understanding of electron transfer processes in the 

degradation of IOP.  

Moreover, the experiments performed in this thesis were carried out in ideal 

environments (deionized or distilled water, mineral medium and IOP). 
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Nevertheless, for practical application, it is important to evaluate IOP removal 

in conditions that resemble reality. In this sense, it would be convenient to 

evaluate the reductive transformation of IOP in batch and continuous systems 

using GO-based materials as RM in hospital synthetic water and synthetic 

wastewater, which could indicate the true potential of these nanomaterials to be 

applied in a biological WWT plant. 

iv) Experiments regarding UASB reactor. As discussed in section 6.4, the best 

performance regarding the reductive transformation of IOP was observed in 

experiments performed with rGO-4 as RM under sulfate-reducing conditions in 

batch incubations. Also, this doctoral thesis studied the applications of MrGO-N 

as electron shuttles under methanogenic conditions in an UASB reactor. 

However, the same system for reductive biodegradation of IOP under sulfate-

reducing conditions was not explored. The application of MrGO-N as RM under 

sulfate-reducing conditions in UASB reactor is fundamental since it would be 

expected a greater removal efficiency and transformation degree of IOP due to 

the contribution of redox activity of magnetic NPs and biogenic HS


species 

generated during the sulfate-reducing process.  

Another major aspect to consider for the application of MrGO-N in continuous 

biological systems is to evaluate their catalytic performance regarding IOP 

removal and magnetic character after its use in the bioreactor. According to that, 

MrGO-N could be recovered from anaerobic sludge by magnetic field and 

vigorous stirring for a subsequent application in successive cycles. Likewise, the 

deep characterization of MrGO-N after its use as RM in the bioreactor could 
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document if there was a chemical or physical modification of these catalysts due 

to the interaction with microorganisms.   

v) UASB reactor design. The strategy proposed in Chapter 5 was focused on the 

retention of MrGO-N as RM in an UASB reactor by adapting a magnet in the 

outlet of this bioreactor, preventing the loss of graphene nanoacks. However, it 

is important to design a system that allows MrGO-N to be recovered and 

recirculated into the continuous process. Accordingly, the design of a UASB 

reactor with recirculation is demanded for a future application in the microbial 

degradation of IOP. The implementation of this recirculation system would 

contribute to a better performance in IOP reduction, as well as to lower 

operational costs because a lower concentration of catalysts would be required 

in the process. 

vi) Future opportunities. The information derived from the present study suggests 

that the GO-based materials could significantly promote dehalogenation and 

further reductive transformation reactions of IOP, which is relevant for similar 

emerging pollutants. In this context, the future opportunities of the present 

degradation technology are focused on its application to enhance the reduction 

of several contaminants from water. The proposed redox conversion strategy 

could be applied for the reduction of diatrizoate, the most recalcitrant ICM, as 

well as nitrocompounds, polyhalogenated organics and other pharmaceuticals. 

Finally, the novel treatment technique proposed in this thesis is an opportunity 

area for future researches to apply GO-based materials in continuous biological 

systems for the biodegradation of environmental contaminants.  
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Appendix section 
 

 

 

Figure A1. Photographic images of GO-based materials with different reduction degrees: 

(a) GO, (b) rGO-2 h and (c) rGO-4 h. 

 

 

 
 

Figure A2. SEM images of GO-based materials: (A) GO, (B) rGO-2 and (C) rGO-4 
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Figure A3. UV-Vis transmission spectra of GO-based materials and transmittance of           

GO-based materials at 550 nm and estimated number of GO sheets (inset) 

 

 
 

Figure A4. The point of zero charge (pHPZC) and surface charge distribution of GO-based 

materials at different pH. 
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Figure A5. pKa distribution of GO-based materials with different reduction degrees. 

 

 

 
 

Figure A6. FT-IR spectra of GO-based materials pre-incubated for 1 day with Na2S 2.6 

mol/L. 
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Figure A7. Scheme of IOP adsorption mechanism 
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Figure A8. Extracted ion chromatograms of the transformation product of IOP: (A) not-

exposed to redox mediator (Na2S+IOP control) and (B) experiment in presence of rGO-4h 

as redox mediator. 
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Figure A9. Methane production profile during biological reduction of IOP under 

methanogenic conditions. Sterilized controls (full symbols). Incubations with and without 

GO-based materials as RM: without RM and activated biomass (squares), in presence of 

GO (triangles), rGO-2 (circles) and rGO-4 (diamonds). 
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Figure A10. Sulfate Reduction and sulfide production profiles during biological reduction 

of IOP under sulfate-reducing conditions. Initial concentration of sulfate in all incubations 

(symbols locked in square) and final concentration of sulfate in the incubations with 

activated biomass and RM (symbols locked in circle) and sterilized controls (symbols 

locked in triangle). Symbols without enclosing are profiles of sulfide production BA: 

activated biomass and BE: sterilized biomass. 

 

 

 

 

 

 

 

 

-1

0

1

2

3

4

5

6

7

0.2

2.2

4.2

6.2

8.2

10.2

-1 0 1 2 3 4 5 6 7 8 9

C
o

n
c

e
n

tr
a

ti
o

n
 o

f 
S

2
 

(m
M

)

C
o

n
c

e
n

tr
a

ti
o

n
 o

f 
S

O
4

 (
m

M
) 

Time (d)

BE + IOP

BA + IOP

BE + GO

BE + rGO-2

BE + rGO-4

BA + GO

BA + rGO-2

BA + rGO-4



     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The research described in this doctoral thesis was carried out at the  

Division of Environmental Sciences of the  

Institute for Scientific and Technological Research of San Luis Potosi  


