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Resumen 

J. Iván Bueno-López. 2019. "Elucidando el papel del óxido de grafeno en la actividad 

metanogénica de los consorcios anaerobios". Tesis Doctoral, IPICYT, San Luis Potosí, 

México. 

 

El grafeno es un nanomaterial de gran interés debido a sus interesantes propiedades mecánicas, 

ópticas y eléctricas, ideales para el desarrollo de nuevos materiales y dispositivos en todos los 

campos de la tecnología; sin embargo, su producción a gran escala aun es costosa. Por lo tanto, se 

ha recurrido al uso de óxido de grafeno (GO) como precursor, el cual al ser reducido genera un 

GO reducido (rGO) que es similar al grafeno, pero que aún retiene algunos grupos oxigenados. 

Debido a las grandes cantidades que ya se están usando de GO y rGO en sustancias y productos, 

se espera que los efluentes de los procesos industriales que usan estos materiales como materia 

prima lleguen a las plantas de tratamiento de aguas residuales, que en un futuro deben convertirse 

en partes centrales de una bio-refinería, donde la biomasa remplace al petróleo y los procesos 

biotecnológicos altamente eficientes y versátiles como la digestión anaerobia permitan la 

transformación de las materias primas y de este modo enfrentar los problemas ambientales 

causados por la dependencia del petróleo. La digestión anaerobia (AD) encaja perfectamente en 

este concepto al ser una tecnología prometedora para la generación de energía renovable y la 

obtención de componentes químicos; sin embargo, los efectos del GO y rGO sobre la AD son poco 

conocidos. Por lo tanto, es de suma importancia generar más conocimiento que permita aprovechar 

al máximo el potencial de la AD. En este sentido, el objetivo de este trabajo fue evaluar los efectos 

del GO y rGO sobre un consorcio anaerobio para determinar la existencia y efectos de las 

interacciones entre estos materiales y el tipo de sustrato, ya sea soluble y fácilmente fermentable, 

como la glucosa, o con uno particulado que requiere de hidrólisis, como el almidón. Además de 

estudiar cómo afecta la presencia de estos materiales de forma específica a las rutas metanogénica 

acetoclástica, hidrogenotrófica y metilotrófica. Los resultados señalan que el rGO produce una 

mejora al promover la transferencia directa de electrones entre especies (DIET)y/o el transporte 

de electrones entre exoelectrógenos y metanógenos, así como por favorecer la desintegración de 
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materia particulada (almidón). Por el contrario, el GO reduce la metanogénesis debido a que 

encapsula al almidón impidiendo su hidrólisis, mientras que las rutas acetoclástica e 

hidrogenotrófica son especialmente inhibidas debido a que los electrones derivados del sustrato 

son empleados para reducir el GO, lo que se comprobó mediante XPS. La información de este 

trabajo apunta a que el rGO predominará en los sistemas de tratamiento anaerobios y aporta 

conocimientos sobre los efectos y mecanismos involucrados. Además, ofrece indicios sobre la 

aplicación de la digestión anaerobia para modificar GO y la obtención de estructuras 3D de rGO. 

 

Palabras clave: Digestión anaerobia, metanogénesis, óxido de grafeno, almidón.  
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Abstract 

J. Iván Bueno-López. 2019. "Elucidating the role of graphene oxide on the methanogenic 

activity of anaerobic consortia". Doctoral Thesis, IPICYT, San Luis Potosí, Mexico. 

 

Graphene is a nanomaterial of great interest due to its interesting mechanical, optical and electrical 

properties, ideal for the development of new materials and devices in all fields of technology; 

however, its large-scale production is still expensive. Therefore, the use of graphene oxide (GO) 

as a precursor has been used, which is treated to generate a reduced GO (rGO) that is very similar 

to graphene, but still contains some oxygenated groups. Due to the large amounts of GO and rGO 

that are used in substances and products, it is expected that effluents from industrial processes, 

using this material as raw material, will reach wastewater treatment plants, which soon must 

become central parts of the biorefinery concept to face the environmental problems caused by the 

dependence on oil. Anaerobic digestion (AD) fits perfectly in the biorefinery model, being a 

promising technology for the generation of renewable energy and for obtaining building block 

chemicals; however, the effects of GO and rGO on AD are poorly understood. Therefore, it is of 

the utmost importance to generate more knowledge that allows the maximum potential of AD. In 

this sense, the objective of this work was to evaluate the effects of the GO and rGO on an anaerobic 

consortium to assess the effects of the interactions between these materials and the type of 

substrate. Experiments were conducted with soluble and easily fermentable substrates, such as 

glucose, and with a particulate one requiring hydrolysis, such as starch. Moreover, this dissertation 

is also focused on studying how the presence of these materials affects the acetoclastic, 

hydrogenotrophic and methylotrophic methanogenic routes. Results revealed that rGO produces 

an improvement on the methanogenic activity by promoting the direct interspecies electron 

transfer (DIET) and/or the transport of electrons between exoelectrogens and methanogens, 

besides to favor the disintegration of particulate matter (starch). On the contrary, GO decreased 

methanogenesis because it encapsulates starch granules, preventing their hydrolysis, while 

acetoclastic and hydrogenotrophic routes were specially inhibited because electrons derived from 

the substrate were used to reduce GO, which was confirmed by XPS. The information in this paper 
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suggests that rGO will predominate in the anaerobic treatment systems and provides knowledge 

on the effects and mechanisms involved, in addition to offering hint on other applications of AD 

such as GO modification and obtaining 3D structures of rGO. 

Keywords: Anaerobic digestion, methanogenesis, graphene oxide, starch 
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Motivation of this research 

 

It is well known that oil, as a non-renewable resource, will be exhausted, but before its depletion 

there will be a high increase in costs. This will lead to an escalation in prices of practically all 

products, since in the current economy most of the goods are derived from oil, or they are 

transported or transformed by energy from fossil fuels. Even more importantly is the fact that 

emissions of greenhouse gases, such as CO2, have already caused global warming, which has 

unbalanced the global system of the Earth giving rise to the so-called climate change. This scenario 

will greatly affect human health and could even lead to the extinction along with the majority of 

the other existing species due to the event of massive extinction that can trigger. Therefore, it is 

imperative to eradicate the dependence on oil and to make a change of economy to one whose 

contribution of emissions is null in net terms and therefore is part of the recycling cycles of matter 

that nature carries out to maintain balance that sustains life. The above can be achieved by adopting 

the use of biorefinery as a central part of economic development, where biomass replaces oil and 

highly efficient and versatile biotechnological processes, such as anaerobic digestion, can be the 

core part in the transformation of raw materials for obtaining products with high added value. 

Unfortunately, the predictions that have been made, even considering that the economy based on 

recycling and renewable resource: the biobased economy (bioeconomy) is installed at this moment, 

point out that the global average temperature will continue to rise exceeding the 1.5 ºC established 

as the maximum goal of increase for the 21st century. A scenario in which there are serious adverse 

effects, such as sea level rise, melting of polar ice, territorial expansion of vector-borne diseases 

and the frequency of extreme weather events. However, it is necessary to act and make proposals 

to combat and adapt to climate change, thus we need the knowledge, provided by works like the 

present dissertation, on a system, such as anaerobic digestion that is highly complex and 

susceptible to being tuned to obtain products with high added value, especially from what is now 

considered waste. 
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The use of materials, such as graphene, graphene oxide and its derivatives are very extensive and 

the trend indicates that it will continue to increase due to the novel properties they present in 

applications, such as electronic devices, generation and use of energy, biomedical applications and 

even in the same processes of purification and treatment of water. However, these graphene 

materials will probably end up in wastewater treatment processes as pollutants. Especially, 

graphene oxide which is used as raw material for the synthesis of these materials, mainly through 

a reduction process using heat, light or chemicals, which may be of biological origin and in second 

place, reduced graphene oxide derived from the intended reduction process or from the unintended 

reduction within the effluents. In addition, more knowledge is needed about the interactions that 

may occur between graphene oxide or reduced graphene oxide and different types of substrates, 

since these determine the type of impact on anaerobic digestion and the fate of the graphene 

derivatives in the wastewater treatment plants or the environment. Also, the specific effects that 

these materials can have on the stages of anaerobic digestion and methanogenic routes are 

unknown. 

This knowledge is key to ensure the efficiency of anaerobic digestion as a pollutant remover, 

biogas source and biochemical factory. In this sense, the present work investigates the effects of 

important variables, such as graphene oxide reduction degree and the type of substrate. Two types 

of substrates were investigated, one easily fermentable and completely soluble, represented by 

glucose, and another complex, which emulates the particulate organic matter, represented by the 

starch; as well as four carbon materials, starting with graphene oxide that is currently marketed 

and three additional materials with different reduction degree. 
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Structure of this thesis 

 

 

This dissertation is organized in five chapters, showing in the first place the basic concepts and the 

important definitions, in Chapter I, which allow the reader to obtain enough background to 

understand the importance of the development of this study and to interpret, in a general way, the 

results and the scope of the thesis. In the subsequent chapters the effects of oxidized and reduced 

graphene materials on the methanogenic activity of anaerobic consortia are studied with two types 

of substrates, one complex and insoluble (starch) and another simple and soluble (glucose). 

Additionally, the effects that these graphene derivatives have on the main methanogenic routes of 

an anaerobic consortium are also described. Specifically, Chapter II shows the results obtained 

from experiments in which graphene oxide and starch are used as a model of complex matter 

suspended in water systems. Additionally, these results are contrasted with those obtained using 

glucose, which is a soluble, readily fermentable sugar. On the other hand, Chapter III examines 

the results obtained with the same substrates, but modifying the chemical properties of the 

graphene materials through a chemical reduction to obtain reduced graphene oxide. Furthermore, 

in Chapter IV, the effects of both graphene oxide and reduced graphene oxide on the 

methanogenic acetoclastic, hydrogenotrophic and methylotrophic routes is investigated. 

As a way of closing, Chapter V presents the general discussion of this dissertation emphasizing 

the main contributions of the study. Finally, Chapter VI presents the concluding remarks and 

perspectives of this work.
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1.1 Environmental concerns 

1.1.1 Global warming and climate change 

 

The current era presents great challenges for life on Earth, in general, because human activity has 

generated profound changes that are causing the planet to move to a new state of equilibrium, 

which has been called “Climate Change” and it refers to the alteration of the global natural 

phenomena that shape the climate and weather, caused by the “Global Warming”, which in turn is 

defined as the long-term increase in the temperature of the planet. 

 Global warming is due to the increase in the concentration of greenhouse gases, such as carbon 

dioxide (CO2), product of the excessive use of fossil fuels (Grasso, 2019) on which the current 

technology is based, both for obtaining energy and for creation of construction materials (e.g., 

plastics). The concentration of CO2 has increased drastically since the industrial revolution, 

registering a concentration of 413.32 parts per million (ppm) in April 2019, much higher than the 

maximum concentration (300 ppm) of the 700,000 previous years (NOAA Earth System Research 

Laboratory, 2005). 

Climate change obviously implies affecting the ecosystems in different ways, because directly, 

higher temperatures cause the increase in the level of the sea by thermal expansion and the melting 

of the ice at the poles, as well as modification of the distribution of the rain; also, greater amount 

of heat in the atmosphere implies that natural phenomena with greater devastating power, called 

extreme weather events (climate change). Nonetheless, biodiversity will be affected not only by 

the phenomena related to precipitation and the change of seasons, but also the fertility of the 

species is affected by temperature (Walsh et al., 2019). Humans, as a part of nature, will also be 

affected by climate change, being affected mainly by floods and droughts that will decrease the 

production of food, as well as by the increase of vector-borne diseases (Bartholy and Pongrácz, 

2018). 



  

 

    

3 

According to studies, important negative effects are expected due to an increase in the temperature 

of even 1.5 ºC, value that, according to the scientific community, will be reached and exceeded 

even in the case that the strategies of reduction of emissions of greenhouse gases are applied 

immediately, because to date the average increase in global temperature is already 0.8 ºC and 

considering other more realistic scenarios in the prediction, it is obtained that the increase can be 

even higher than 5 ºC (Bartholy and Pongrácz, 2018; National Centers for Environmental 

Information, 2019). 

Developed and developing countries are the ones that contribute with most to CO2 generation, with 

China and the USA being the first places in terms of the amount of emissions, but unfortunately 

undeveloped countries are the ones that will suffer more because of the lack of economic and 

technological resources. Within economic activities, agriculture/livestock and the oil and gas 

industries generate most emissions, contributing 50 % and 40 %, respectively (Dhillon and von 

Wuehlisch, 2013).  

There are different proposals to fight climate change; however, they all imply a paradigm shift, 

which apparently, the different actors of the society are not willing to, even when the adverse 

effects are already noticeable. Corporations and governments do not have applied basic measures 

suggested by the scientific community to mitigate the damages; to make these issues worse, rulers 

and citizens of the most powerful nations and also with the highest emissions assure that global 

warming is a lie designed to affect their economy. 

In spite of all the obstacles and interests against it, we must continue fighting to eliminate the 

dependence on oil, changing to the use of raw materials and renewable energy sources with neutral 

emissions of CO2. Obviously, the wise nature has been doing it for thousands of years and in the 

biomass has put all the mechanisms that allow an efficient cycling of carbon, now it is up to 

humanity to develop science and technology that allows to use them for the progress of their 

civilization. The set of knowledge and technology of this type is currently known as biorefinery 

and its implementation and development may involve the continuity of the human species on Earth. 
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1.2 Biorefinery  

 

The concept of biorefinery can be easily understood by analogy with the oil refinery, in which 

various products such as chemicals, fuels and energy are generated; however, the difference with 

the biorefinery is that in the latter, raw materials are renewable resources such as biomass instead 

of oil. Properly, the definition of biorefinery, according to The International Energy Agency (IEA, 

2012), is: "the sustainable processing of biomass into a spectrum of marketable products (food, 

feed, materials, chemicals) and energy (fuels, power, heat)". 

The purpose of the biorefinery is to optimize the use of resources and reach zero-waste industrial 

processes, for which it requires the integration of multiple processes carried out either in a facility 

or in a cluster in which the waste of a process is used to obtain value-added products in others. To 

achieve this purpose, it is essential that the process, as well as its operating conditions, have 

flexibility that allows working with the available biomass stream.  

Biorefineries can be classified into two types depending on the origin of their inputs: (1) biomass-

producing-country type and (2) waste-material-utilization type; in the first type, agricultural 

products are used, while in the second type the waste from different sources is the raw material 

(Ohara, 2003; Rabaçal et al., 2017). Likewise, the processes within biorefinery can be classified 

according to Rabaçal et al., (2017) and Cherubini, (2010) into four types: 

1) Thermochemical processes. They consist in the treatment of biomass with high 

temperatures in the absence of oxygen to produce gasification (>700 °C) and obtain Syngas 

(mixture of H2, CO, CO2 and CH4) or pyrolysis (300-600 °C) to obtain bio-oil. Also, direct 

combustion of biomass is considered here. 
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2) Biochemical processes. These include the fermentation and anaerobic digestion of sugars, 

starch and derivatives of lignocellulosic materials to obtain mainly ethanol, hydrogen and 

methane, but there is much research focused on the production of many other compounds. 

3) Chemical processes. They are the processes in which the biomass is transformed by means 

of reactions with other substances. There are several types of reactions that are grouped in 

this type of process, to date the most common are hydrolysis and transesterification. 

4) Mechanical processes. These do not change the chemical structure and are the first step or 

pre-treatment of feedstock, they include all the treatments for particle size reduction, shape 

change and modification of the density. 

The products that can be obtained from biorefinery can be classified into two large groups: energy 

products and material products. Energy products are those that can be used as fuels or to produce 

heat or electricity, for example, coal, biogas and biodiesel. The material products are the substances 

that are used for the synthesis of others or that have other applications different from those related 

to the production of energy due to their physical or chemical properties; Examples of these are 

materials such as paper, acids and organic solvents, fertilizers, food additives, among others. 

If we pay attention to the scheme of biorefinery (Figure I-1), it is clear that anaerobic digestion 

can be positioned as a central part since the microorganisms present in it are able to hydrolyze 

complex organic matter, produce various chemical substances and biogas that can be used as an 

energy source to keep the process running or others linked to the purification, transformation or 

transport of biorefinery products. 
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Figure I-1. Scheme of the biorefinery concept. Source: (Rabaçal et al., 2017). 
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1.3 Anaerobic digestion process 

 

Currently, anaerobic wastewater treatment systems have gained great importance because the 

space requirements and the costs of maintenance and operation are lower compared to the aerobic 

processes; in addition, anaerobic treatment offers the possibility of obtaining renewable energy 

and the recovery of useful nutrients for agriculture, thus promoting a sustainable economy that 

becomes a necessity every day due to the accelerated deterioration of the environment. 

 

1.3.1 Principles of anaerobic digestion 

 

Anaerobic digestion is carried out by a set of microorganisms associated in complex trophic webs 

performing different functions that allow to transform the organic matter in stages, making the by-

products of some the raw material of others as is schematized in Figure I-2. Anaerobic digestion 

is a complex process where the transformation reactions are catalyzed by both extracellular and 

intracellular enzymes from bacteria and archaea in the absence of oxygen (Appels et al., 2008). 

The stages of anaerobic digestion are essentially four (Ferrer Polo and Seco Torrecillas, 2008; Guo 

et al., 2015) namely: 

 

1. Hydrolysis. Includes the decomposition of polymers and lipids in their basic structures, 

such as monosaccharides, amino acids and other related compounds through the action of 

extracellular enzymes. This process is primarily performed by heterotrophic acidogenic 

bacteria; 

2. Fermentation. Encompasses the transformation of organic compounds, mainly dissolved, 

into short-chain volatile fatty acids such as acetic, propionic, butyric acid, as well as gases 

such as hydrogen and carbon dioxide; 
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3. Acetogenesis. This consists of the conversion of volatile acids and alcohols into acetate, 

hydrogen and carbon dioxide. It is carried out by a group of obligate hydrogen producing 

acetogenic bacteria; 

4. Methanogenesis. At this stage, methanogens obtain energy by converting carbon dioxide, 

acetate and hydrogen into methane. According to the main substrate used, methanogens 

are divided into three large groups: 

a. Acetoclastic. They consume acetate, alcohols and some amines. 

b. Hydrogenotrophic. Microorganisms of this group transform hydrogen and CO2, as 

well as formic acid into methane.   

c. Methylotrophic. This group of methanogens use methylated compounds, such as 

methanol, methylamines and methyl sulfides.  

 

Figure I-2. Stages of the anaerobic digestion. 
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Recently a surprising discovery has shown that there are microorganisms capable of transferring 

electrons to the outside of the cell, which allows them to use solid materials as electron acceptors, 

either metals, humic substances and other microorganisms. Microorganisms such as the Geobacter 

species, can transfer the electrons through organic metallic-like conductive fibers called pili or 

through cytochromes on the outer surface of the cell.  

When the electron acceptor is another microorganism, the process is called direct interspecies 

electron transfer (DIET). It is hypothesized that some methanogens can accept electrons and can 

form syntrophic associations with exoelectrogenic bacteria as outlined in Figure I-3 (Lovley, 

2011). In addition, it has been reported that a variety of conductive materials have proven to 

improve DIET, including different types of carbonaceous materials such as activated carbon, 

graphene and different derivatives of the latter (Barua and Dhar, 2017; Lin et al., 2017a; Tian et 

al., 2017a; Xu et al., 2015). Microorganisms can replace the pili using conductive materials instead 

since it means an advantage by saving the energy required for the synthesis of pili (Zhao et al., 

2015). 
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Figure I-3. Models for interspecies electron transfer. Interspecies electron transfer between Geobacter species. Multiple lines of 

experimental evidence suggest that c-type cytochrome (red circles) and pili (lines) are important for the electron exchange and 

thus c-type cytochrome is hypothesized to make electrical contacts with as yet unknown cytochromes (orange triangle) of G. 

metallireducens or conductive pili (a). Electron transfer in conductive methanogenic aggregates. Geobacter species (orange), and 

possibly other syntrophic bacteria, are hypothesized to contribute to aggregate conductivity with conductive pili, but the 

mechanisms by which methanogens (blue) can consume the electrons have yet to be determined (b). Source:(Lovley, 2011) 

 



  

 

    

11 

1.4 Graphene Oxide 

 

One of the most recently discovered nanomaterials is graphene, in 2004, which is a single graphitic 

sheet (carbon with sp2 hybridization) that has a two-dimensional structure. Graphene has attracted 

a lot of attention due to its exceptional mechanical, electrical, magnetic, optical and thermal 

properties. Currently the most viable way to obtain graphene in mass scale is through the oxidation 

of graphite, which is then subjected to an exfoliation to obtain graphene oxide (GO) and then 

reduced again to get graphene-like materials. Graphene oxide has the advantage of being 

dispersible in water and thus is easily handled and is an intermediary in obtaining other forms of 

modified graphene (Dreyer et al., 2010; Novoselov et al., 2012; Tiwari, 2013; Zhao et al., 2014).  

 

1.4.1 Structure and chemistry 

 

There is no a precise defined model of the structure of GO (Figure I-4) since the complexity of the 

material, that even show sample-to-sample variability due to its amorphous, and nonstoichiometric 

atomic composition. Characterization of this materials had revealed that the plane is decorated 

with hydroxyl and epoxy (1,2-ether) functional groups, while carbonyl groups are present, most 

likely as carboxylic acids along the sheet edge and as organic carbonyl defects within the sheet, in 

addition to other keto and quinone groups. More recently, studies proposed the presence of 5-and 

6-membered lactols on the periphery. Various results support that epoxy and alcohol groups on 

the plane are dominant, while carboxylic acid groups are present in very low quantities. 

These functional groups contribute significantly to the agglomeration behavior of GO sheets due 

to inter-sheet hydrogen bonding through the alcohols and epoxide as well as due to hydrogen 

bonding of water with oxygen of epoxides (Dreyer et al., 2010; Pei and Cheng, 2012).  
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Figure I-4. Functional groups of graphene oxide. 

 

1.4.2 Reduced graphene oxide  

 

Graphene oxide (GO) is one of the main raw materials in the manufacture of graphene products 

because it is easy to reduce through different methods, such as thermal, laser irradiation, chemical, 

and electrochemical (Dreyer et al., 2010; Rogala et al., 2016), vitamins and saccharides  (De Silva 

et al., 2017; Thakur and Karak, 2015) and also by microbial reduction (Salas et al., 2010; Wang et 

al., 2011). Reduced graphene oxide (rGO) is called this way since not all the oxygenated groups 

are removed in the reduction process. rGO is expected to be found in the environment or in 

wastewater treatment plants and the reduction degree could vary depending on the conditions of 

the manufacturing process and the management of the effluent. 

The most used processes to obtain rGO are, firstly, thermal reduction, which consists in subjecting 

GO to high temperature in the absence of oxygen (Figure I-5) and secondly, the chemical reduction 

which uses a wide variety of substances. Meanwhile, biological reduction by bacterial respiration 
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(Figure I-6) is a new issue and still requires knowledge about the control of the reduction degree 

and the methods for purifying the resulting materials. 

 

Figure I-5.  Graphene oxide (GO) is used as a starting material for the preparation of reduced graphene oxide (rGO). Epoxy 

and hydroxyl functional groups are randomly distributed on both sides of the starting GO sheet. Via a thermal annealing process 

(that is, thermal reduction), some of atoms are removed, resulting in nanopores formed in rGO materials with a variety of sizes. 

All structures are represented as ball and stick with carbon, oxygen and hydrogen atoms in grey, red and white color, 

respectively. Source:(Lin and Grossman, 2015). 
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Figure I-6. Proposed mechanism of microbial reduction of graphene oxide. Orange dots represent self-secreted electron 

mediators; blue circles with white dots represent multiheme-containing outer-membrane c-type cytochromes; the molecular 

structure of the heme group is shown in the dashed circle. Source: (Wang et al., 2011). 

1.5 Starch 

1.5.1 Structure and chemistry  

 

Starch is the way in which plants store energy and the second most abundant biopolymer; It is 

composed mainly of two types of polysaccharides, amylose and amylopectin that are organized in 

multilevel structures of increasing complexity as shown in Figure I-7 where the levels are: level 1, 

glucose unit to form the double helix; level 2 lamella; level 3 super helix; level 4 blocklets; level 

5 growth rings; level 6 granule. Also, in this figure are shown observations from X-ray fiber 

diffraction pattern demonstrating a double helix structure (1a) compared with the model of the 

double helix structure (1b) and a transmission electron microscopy image on hydrolyzed starch, 

showing the shape of the crystalline lamellae (2a), which corresponds to the model of a crystalline 

lamella made of about 100 double helices (2b). Moreover, it shows the small angle X-ray scattering 

(SAXS) and Wide-angle X-ray scattering (WAXS) diffraction images indicating the occurrence 
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of a super-helix structure (3b) and the super-helix model, with a pitch of 9 nm and a diameter of 

18 nm (3a); as well as the image by atomic force microscopy of a typical surface of a starch granule 

where the bumps seen on the surface show the presence of blocklets(4a) that are organized 

according to the a blocklets model (4b). Finally, the figure shows the image of starch granules 

observed by scanning electron microscopy and the pattern obtained under polarized light (6a), 

along with a set of microfocus X-ray diffraction patterns recorded on a starch granule showing the 

distribution and orientation of the crystalline domains in a starch granule (6b) and a schematic 

representation of starch granule section showing the radial orientation of the crystalline domains 

(lamellae) in a starch granule (6c) (Pérez and Bertoft, 2010). 

 

Figure I-7. Starch and the powers of ten. The different levels of structural organization spanning five orders of magnitude. 

Source:(Pérez and Bertoft, 2010) 
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 Starch granules are structures that vary in size (1-200 µm) and shape (ovals, spheres, polygons, 

etc.) depending on the botanical origin (Figure I-8) and display a concentric growth of rings 

defined by alternate layer of amorphous and semi-crystalline regions. (Hoover, 2001; Pérez and 

Bertoft, 2010; Vanier et al., 2017; Xie et al., 2013). 

 

 

Figure I-8. Scanning electron microscopy (SEM) and polarized light optical microscopy (insets) images of native starch 

granules from various cultivars: (a) taro; (b) chest- nut; (c) ginger; (d) manioc; (e) corn; (f) green banana; (g) wheat and (h) 

potato. Scale bars in all images: 20 mm. Source: (Pérez and Bertoft, 2010) 
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The crystallinity of the starch is classified according to the ramifications of amylopectin that cause 

a certain pattern of X-ray diffraction in:  

 Type A.- Short chains and short link distances. 

 Type B.- Long chains with long link distance. 

 Type C.- it is believed to be a combination of types A and B. 

A V- type that results from an amylose complex with substances, such as iodine, fatty acids, 

emulsifiers or butanol has also been identified. It is characterized by a right single helix. 

The hydrolysis of starch occurs in two stages: the first is rapid and occurs in the amorphous region 

and the second slow that develops in the crystalline region. Due to this sequential hydrolysis the 

starch nanocrystals present in the granules can be obtained (Le Corre et al., 2010). 

Starch is of great importance within the food industry and is taking relevance every day in other 

industrial areas, such as the manufacture of biodegradable materials (Hoover, 2001; Pérez and 

Bertoft, 2010; Vanier et al., 2017; Xie et al., 2013), as well as, it is used in the synthesis of 

nanomaterials as a steric stabilizer (Pradeep and Anshup, 2009; Vasileva et al., 2011) and as a 

green reagent for its functionalization (Feng et al., 2013; Mohammadinejad et al., 2016). Hence, 

the interaction of the forms of starch with nanomaterials present in the processes of anaerobic 

digestion is a certainty. 

 

1.6 Known effects of graphene materials on anaerobic digestion 

 

GO was employed as electron shuttle in a methanogenic system for the reduction of a recalcitrant 

pollutant (azo dye), but the concentration used was 5 mg/L due to toxic effects found at higher 

concentrations (Colunga et al., 2015). Also, it has been documented that  (GO) has a toxic effect 

on bacteria in pure cultures depending on the size of the GO sheets and on their chemistry 

(Jastrzębska and Olszyna, 2015; Liu et al., 2012a). 
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The application of graphene in anaerobic digestion showed a stimulatory effect on methane 

production at concentrations between 30 and 120 mg/L, favoring specially acetoclastic 

methanogenesis. The results of this investigation considered a comparison against quinones and 

obtained that quinones fail to replicate graphene stimulation results, concluding that graphene did 

not function as electron shuttles in this kind of systems and gave the credit for the methane 

enhancement to the DIET (Tian et al., 2017a). A similar material to graphene is rGO, which is 

reported as an enhancer of degradation processes, but in this case attributed to the electron shuttle 

capacity of its remaining oxygenated functional groups as evidenced in chemical and biological 

experiments using rGO with different reduction degree used to reduce a halogenated organic drug. 

The results of these investigations point out that the higher reduction degree the higher reduction 

of pollutants is obtained, also, alluded to the enrichment of carbonyl groups as the explanation of 

the aforementioned enhancement (Toral-Sánchez et al., 2017, 2016).  

 

 

1.7 Rationale 

 

The use of carbon-based materials, such as graphene, graphene oxide and its derivatives is very 

extensive and the tendency is to continue to increase due to the novel properties they present in 

applications, such as the miniaturization of electronic devices (Raveendran et al., 2013), 

optimization in storage, generation and use of energy (Mao et al., 2012; Raza, 2012), biomedical 

applications in nanomedicine (Besinis et al., 2015; Cheng et al., 2017), as well as applications in 

the treatment of effluents contaminated by industrial and domestic activities (Anjum et al., 2016; 

Wang et al., 2013). Knowledge about their impacts and interactions with environmental elements 

is scarce, to the point that there is no regulation (Eduok et al., 2013; Holden et al., 2016) that allows 

their detection, quantification and adequate control (Marcoux et al., 2013; Park et al., 2017). The 

presence of these materials can affect the efficiency of anaerobic processes during the treatment 

of wastewater. The present dissertation aims to investigate the effects of graphene oxide and 
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reduced graphene oxide in conjunction with starch, to assess if there is a toxic / inhibitory effect 

on the different stages of the anaerobic digestion process, since it has been reported that there is a 

certain selectivity of the inhibition of the stages of anaerobic digestion either independently of the 

trophic substrate (J. Ma et al., 2013) or dependent on it (Gonzalez-Estrella et al., 2013; Otero-

González et al., 2014). Moreover, the results can identify changes occurring in graphene materials 

within anaerobic digestion. This information could clarify the potential role of graphene materials 

to enhance the efficiency of anaerobic treatment processes. 

 

1.8 Hypotheses 

 

The functional groups of graphene oxide promote interactions with anaerobic microorganisms and 

starch granules affecting methane production. 

Reduced graphene oxide enhances methane production in a reduction degree dependent manner 

due to the change in its capacity to conduct electrons that is related to the process of direct 

interspecies electron transfer. 

The change in the physicochemical properties of the graphene oxide through the reduction process 

in turn causes each stage of the anaerobic digestion process to be affected differently. 

 

1.9 Objectives 

1.9.1 General objective 

 

To elucidate the interactions between GO and rGO with a microbial consortium, and to assess the 

effects of these carbon-based materials on the methanogenic activity with complex (starch) and 

simple (glucose) substrates. In order to clarify the effects of these materials on the different steps 
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involved in anaerobic digestion, key intermediates will be monitored, and the carbon materials will 

be characterized before and after biological experiments to follow the changes that can be 

associated with the interaction mechanisms. 

 

1.9.2 Specific objectives 

 

 To assess the effects of GO on the methanogenic activity of an anaerobic consortium, 

which was fed with a complex polymer (starch) or with a soluble readily fermentable 

substrate (glucose), to elucidate the effects of GO on anaerobic WWTS, which ultimately 

has relevance to achieve effective anaerobic treatment of industrial effluents to produce 

bioenergy. 

 To study the acute effects of rGO, obtained from GO and reduced at different reductions 

times using ascorbic acid, on the methanogenic activity of an anaerobic consortium with 

two different substrates, one soluble (glucose) and other particulate (starch), in order to 

understand the interactions of rGO with different reduction degree within the methanogenic 

consortium. 

 To study the effects of GO and partially rGO on the acetoclastic, hydrogenotrophic and 

methylotrophic methanogenic activity of an anaerobic consortium, to determine if there are 

specific effects (selectivity) on the methanogenic pathways and whether these effects 

depend on the reduction state and other physical and chemical characteristics of GO, to 

explain the mechanisms underlying the improvement or inhibition of methane production 

by carbonaceous materials. 
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Chapter II. Graphene oxide triggers mass transfer limitations on the 

methanogenic activity of an anaerobic consortium with a particulate 

substrate*  

*Adapted from: Bueno-López, J.I., Rangel-Mendez, J.R., Alatriste-Mondragón, F., Pérez-Rodríguez, F., Hernández-

Montoya, V., Cervantes, F.J., 2018. Chemosphere 211, 709–716. https://doi.org/10.1016/j.chemosphere.2018.08.001. 
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Abstract 

 

Graphene oxide (GO) is an emerging nanomaterial widely used in many manufacturing 

applications, which is frequently discharged in many industrial effluents eventually reaching 

biological wastewater treatment systems (WWTS). Anaerobic WWTS are promising technologies 

for renewable energy production through biogas generation; however, the effects of GO on 

anaerobic digestion are poorly understood. Thus, it is of paramount relevance to generate more 

knowledge on these issues to prevent that anaerobic WWTS lose their effectiveness for the removal 

of pollutants and for biogas production. The aim of this work was to assess the effects of GO on 

the methanogenic activity of an anaerobic consortium using a particulate biopolymer (starch) and 

a readily fermentable soluble substrate (glucose) as electron donors. The obtained results revealed 

that the methanogenic activity of the anaerobic consortium supplemented with starch decreased up 

to 23-fold in the presence of GO compared to the control incubated in the absence of GO. In 

contrast, we observed a modest improvement on methane production (>10 % compared to the 

control lacking GO) using 5mg of GO L-1 in glucose amended incubations. The decrease in the 

methanogenic activity is mainly explained by wrapping of starch granules by GO, which caused 

mass transfer limitation during the incubation. It is suggested that wrapping is driven by 

electrostatic interactions between negatively charged oxygenated groups in GO and positively 

charged hydroxyl groups in starch. These results imply that GO could seriously hamper the 

removal of particulate organic matter, such as starch, as well as methane production in anaerobic 

WWTS. 
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2.1 Introduction 

 

Nanotechnology is growing at vertiginous speed and everyday more goods containing 

nanomaterials are available in the market, from food to hi-tech applications (Vance et al., 2015). 

Unfortunately, the eventual negative effects of tailored nanoparticles on human health and on 

ecosystems are unknown. Moreover, there are some important knowledge gaps with regard to 

analytical methods for nanoparticles detection and also lack of legislation to establish guidelines 

and regulations to ensure the proper and safety management and disposal of nanomaterials-

containing residues (Eduok et al., 2013). This is the outcome of poor understanding of the 

interactions between different nanomaterials and cellular constituents, both in engineered systems 

and in natural environments (He et al., 2014; Hu et al., 2016; Trujillo-Reyes et al., 2014). 

Graphene and graphene oxide (GO) are two of the nanomaterials that have gained a lot of attention 

due to their interesting properties. GO is used as an intermediate to obtain graphene after its 

reduction (or reduced GO, rGO for short, since in most cases some oxygenated groups remain on 

graphitic sheets) (Bagri et al., 2010; Mattevi et al., 2009). Besides, GO contains a range of 

oxygenated functional groups that can be exploited as anchoring sites for functionalization and its 

production is inexpensive and easily scalable (Dreyer et al., 2010; Novoselov et al., 2012; Zhao et 

al., 2014), this is the reason why it is used in many processes and products. 

Due to their widespread application, graphene and GO are frequently discharged in several 

industrial wastewaters, which ultimately reach biological WWTS. Anaerobic digestion is 

increasingly considered as the best option for wastewater treatment, but given the scenario in 

which nanomaterials are common components in industrial processes, the arrival of nanomaterials 

to WWTS is expected, where they will interact with organic matter and cells, eventually affecting 

the anaerobic digestion process (Yang et al., 2015; Zhao et al., 2014).  

Starch is one of the most abundant biopolymers in the world and has been largely used in food 

industry for human and animal nutrition. Moreover, it is also employed in other applications, such 

as laundry services and the production of paper, pharmaceuticals, textiles, and biodegradable 
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products. This scenario has given rise to industries generating effluents with high levels of 

chemical oxygen demand (COD) due to the presence of residual starch  (Lu et al., 2015; Şentürk 

et al., 2010; Vanier et al., 2017). 

GO and its derivatives have also been intensively used in process treatments to remove pathogens, 

as well as organic and inorganic compounds from gaseous, aqueous and solid media (Shen et al., 

2018; Trujillo-Reyes et al., 2014; Wang et al., 2013). They have also been explored as redox 

mediators in anaerobic systems to enhance the biotransformation of recalcitrant compounds 

(Colunga et al., 2015; Toral-Sánchez et al., 2017; Wang et al., 2014). Additionally, other studies 

report on the implementation of graphene as a conductive component in biological systems that 

facilitates direct interspecies electron transfer (DIET), resulting in enhanced methane production 

(Lin et al., 2017b; Lü et al., 2018; Tian et al., 2017b); and functionalized GO has even been used 

as growth stimulator for engineered bacteria (Luo et al., 2016). Therefore, it is conceivable that 

GO and starch coexist in several industrial discharges. 

Nevertheless, recent literature related to the effects of GO on methanogenic activity by anaerobic 

consortia shows contradictory results and there are no data referring to the effect of combined 

systems, such as GO-starch, and their effects on anaerobic digestion, to the best of our knowledge. 

Hence, the objective of this work was to assess the effects of GO on the methanogenic activity of 

an anaerobic consortium, which was fed with a complex polymer (starch) or with a soluble readily 

fermentable substrate (glucose). This information contributes to elucidate the effects of GO on 

anaerobic WWTS, which ultimately has relevance to achieve effective anaerobic treatment of 

industrial effluents to produce bioenergy. 
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2.2 Materials and methods 

2.2.1 Materials and chemical reagents 

 

GO was purchased from Graphene Supermarket®, which has the following characteristics: 

concentration 6.2 g L-1 in aqueous dispersion, monolayer > 80 %, nominal particle size between 

0.5 and 5 µm, C/O ratio 3.95. Starch, glucose and all the reagents used in this work were reactive 

grade from Sigma-Aldrich Company. 

 

2.2.2 Solutions 

 

The basal medium used during sludge activation was composed of (mg L-1): NH4Cl (280), K2HPO4 

(250), MgSO4•7H2O (100), CaCl2•2H2O (10), NaHCO3 (5000) and 1 mL of trace elements solution 

composed of (mg L-1): FeCl2•4H2O (2000), H3BO3 (50), ZnCl2 (50), CuCl2•2H2O (38), 

MnCl2•4H2O (500), (NH4)6Mo7O24•4H2O (50), AlCl3•6H2O (90), CoCl2•6H2O (2000), 

NiCl2•6H2O (92), Na2SeO3•6H2O (162), EDTA (1000) and 1 mL HCl (36 %); pH was adjusted to 

7.0 ± 0.2 using NaOH or HCl 0.1 N if needed. In the case of batch assays, NaHCO3 (3.13 g L-1) 

was used to get a pH of 7 in combination with a mixture of N2/CO2 (80/20 v/v) used as headspace. 

Distilled water was used to prepare all solutions. 

Using the basal medium described above, a starch stock of 100 mg COD L-1 was prepared by 

adding the proper amount of starch powder and mixing with magnetic stirring for 30 min. Using 

volumetric flasks of 100 mL, GO dispersions of 5, 25, 50, 152.5 and 300 mg L-1 were prepared, 

taking aliquots from the concentrated GO dispersion, adding to the volumetric flask and filling up 

to the 100 mL mark with the starch stock prepared before. The resulting mix was sonicated for 30 

min prior to be placed into the incubation bottles. 
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2.2.3 Inoculum 

Anaerobic sludge from a full-scale up-flow anaerobic sludge blanket (UASB) reactor treating 

effluents from a candy factory (San Luis Potosí, Mexico) was used as inoculum in the batch 

experiments. The sludge was acclimated for three months in a lab-scale UASB reactor (1.5 L) 

under methanogenic conditions at a hydraulic residence time (HRT) of 1 day, with 1 g COD L-1 

of glucose as energy source at 25 °C. The efficiency of the reactor, in terms of COD removal, was 

up to 90 % under steady state conditions. Volatile suspended solids (VSS) content was 3.22 % 

respect to wet weight. 

2.2.4 Characterization of materials 

2.2.4.1 Spectroscopic characterization 

Identification of surface functional groups of materials was carried out using KBr pellets, prepared 

with a 99 %/1 % (w/w) KBr/material proportion, which were analyzed at 32 scans with a 4 cm-1 

resolution in a Thermo-Scientific Fourier Transform Infrared (FT-IR) spectrophotometer (Nicolet 

6700) under ambient conditions. GO material was obtained by drying 500 µL of the concentrated 

dispersion, while GO-starch mixture was prepared using 2:1 (GO:Starch) ratio  by mixing 322.6 

µL of the concentrated GO dispersion and 1 mg of starch and then sonicated for 20 min. Both GO 

and GO-starch mixture were dried for 4 h at 45 °C and 1400 rpm under vacuum (Vacufuge plus 

Eppendorf). Raman spectra were recorded with RENISHAW Micro-Raman spectrometer with a 

laser frequency of 633 nm at a potency of 10 % through a 50 objective. Elemental composition, 

oxidation states of the elements and information about the structure of GO surface were obtained 

through X-ray photoelectron spectroscopy (XPS) analysis. Sample preparation consisted of a GO 

dripping deposition on a silicon wafer, dried at room temperature for 12 h and the resulting film 

was analyzed using a PHI 5000 VersaProbe II equipment with a monochromatic X-ray beam 

source at 1486.6 eV and 15 kV. The obtained spectra were deconvoluted with help of Aanalyzer 

software v1.27, and the elemental composition was acquired with CasaXPS software 

v2.3.18PR1.0. 
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2.2.4.2 Particle charge and size distribution 

Size distribution and zeta potential (ζ) of GO and starch were obtained using a MICROTRAC 

Zetatrac NPA152-31A equipment. Each sample was sonicated for 10 s before zeta potential 

measurement.  For size distribution, starch was suspended in deionized water at 500 mg L-1 and 

mixed for 30 min before measurement, while a dispersion of 150 mg L-1 in deionized water was 

used for GO.  

Zeta potential was obtained using deionized water and basal medium as dispersants, considering a 

pH range from 6 to 8 obtained by adding NaOH or HCl 0.1 N as needed. Mixtures of GO (5 mg 

L-1) and starch (150 mg L-1) in deionized water and basal medium were prepared following the 

same procedure described above for starch, and then GO was added. The resulting mixture was 

sonicated for 10 min before being placed into polypropylene tubes to adjust pH to the desired 

values. 

Dissociation constants (pKa) of GO functional groups were determined by potentiometric titration 

(METTLER TOLEDO T70), employing mixtures of 5 mg of GO in 20 mL of NaCl 0.01 N 

solution. The mixtures obtained were left for 12 h at room temperature under mixing at 130 rpm. 

After this time, pH was adjusted to 3 by adding HCl 0.1 N and then titrated using NaOH 0.1 N 

until the solution reached a pH value of 12. The resulting titration data were analyzed using 

SAEIU-pK-Dist© software to get the pKa distribution (Jagiello et al., 1995). 

 

2.2.4.3 Scanning electron microscopy (SEM) 

Micrographs of GO, starch, sludge and their mixtures were obtained with a FEI Helios Nanolab 

600 Dual Beam Scanning Electron Microscope, operated at 5.00 kV and 86 pA. Samples were 

mounted on aluminum pins by dripping deposition. In the case of GO and the sludge, deionized 

water and basal medium were used as dispersant, respectively, while two different samples were 

prepared for starch: (1) powder was placed on carbon tape; and (2) a few drops of starch dispersed 

in deionized water. All samples were dried at atmospheric conditions overnight before being 

observed and studied under the microscope. 
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2.2.5 Methanogenic activity tests 

Methane production inhibition was evaluated in batch experiments by duplicate, using 120-mL 

glass serum bottles in which 600 mg VSS L-1 were inoculated into 50 mL GO-starch dispersion. 

In these experiments, starch was the substrate for microbial growth, while to assess the impact of 

the type of substrate and study the influence of possible GO-starch interactions, a set of 

experiments were carried out using glucose as substrate. Both substrates were supplied at a 

concentration of 100 mg COD L-1. Glucose was added just before incubation to prevent GO 

reduction (T. Ma et al., 2013). Control experiments without GO were performed to define the 

effect of GO itself on methanogenesis. Anaerobic conditions were kept along the inoculation 

process under N2/CO2 (80/20 v/v) atmosphere and incubation was performed in the dark at 25 °C. 

Cumulative methane production was measured by gas chromatography using an Agilent 

equipment model 6890N, under previously reported conditions (Valenzuela et al., 2017), sampling 

gas phase every 5 h in the case of glucose and every 10 h for starch. Liquid samples were taken 

every 10 h to measure volatile fatty acids (VFAs) by capillary electrophoresis (Agilent 1600A 

equipment), as described elsewhere (Arriaga et al., 2011). All samples were previously centrifuged 

and filtered through 0.22 µm nitrocellulose membranes. 

 

2.3 Results and discussion 

2.3.1 Effects of GO on methanogenic sludge 

 

In order to elucidate the limiting steps affected by GO on anaerobic digestion, two different 

substrates were considered in the assessments: a soluble readily fermentable substrate (glucose) 

and a particulate complex polymer (starch) that depends on its hydrolysis to be converted during 

methanogenesis. Methane quantification (Figure II-1) revealed that conversion of starch into 

methane occurred at a lower rate as compared to that observed with glucose (6.8 and 10 mmol h-
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1, respectively). In addition, the results of methane production also indicated a negative effect with 

the increase in GO concentration in both cases. In fact, incubations performed with starch were 

more affected by GO on the methanogenic activity compared to incubations supplied with glucose 

as electron donor. Interestingly, the lowest tested concentration of GO (5 mg L-1) showed a positive 

effect on methane production (>10 % increase compared to the control incubated without GO) 

when glucose was supplied as an electron donor. This improvement could be due to the 

conductivity of the rGO sheets that promote DIET by syntrophic associations between bacteria 

and methanogens or due to GO redox-mediating capacity (Colunga et al., 2015; Feng et al., 2013; 

T. Ma et al., 2013; Salas et al., 2010; Salvador et al., 2017; Wang et al., 2011; Xu et al., 2015).   

 

 

Figure II-1. Cumulative methane production by anaerobic sludge supplied with glucose (a) and starch (b) as substrates at 

different GO concentrations (numbers displayed in series represent GO concentrations in mg/L). 

 

 

 



  

 

    

30 

SEM images show that starch granules in powder form have smooth appearance (Figure II-2a), 

while those dispersed in water have rugged surface (Figure II-2b), which indicates that starch 

granules partially dissolve in the medium. In Figure II-2c and Figure II-2d, it is clearly visible a 

homogeneous coverage of starch granules by GO sheets. Most GO sheets have a size around 687 

nm, while prevalent size of starch is around 102.2 nm (Figure II-3). This last value agrees with the 

size of the hierarchical structures that form starch granules (Figure II-1a), called blocklets (Figure 

II-4a inset) (Pérez and Bertoft, 2010), suggesting that, in the absence of GO, starch granules in 

suspension are separated into blocklets during sonication. While starch granules might have had 

larger size when dispersed in the basal medium used in sludge incubations, they were clearly 

covered by multiple GO sheets (Figure II-2). The wrapping of starch granules by GO observed 

here could prevent starch hydrolysis and limit substrate available to cells, consequently leaving 

only the soluble starch fraction for methanogenesis, explaining the low methane values observed 

when starch was employed as electron donor. 
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Figure II-2. SEM images of starch granules in dry powder (a) and the schematic growth rings around the hilum identified by the 

arrow (a inset); granules dispersed in water and dried before observation (b); and starch granules covered with GO sheets (c, d). 
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Figure II-3. Size distribution obtained by dynamic light scattering of starch (gray) and GO (black) at pH 7 using deionized water 

as dispersant. 
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Figure II-4. SEM images showing size of starch granules previously dispersed in water (a), size of some blocklets from 103.5 nm 

to 257 nm (a inset), GO sheets from incubation with glucose (b) and GO without treatment dried at room temperature over 12 h 

before observation (b inset). 

Besides methane measurements, VFAs were also quantified during the incubations (data not 

shown); nevertheless, results showed concentrations under the detection limit for all VFAs 

monitored, including acetate, propionate, lactate and butyrate, in all samples taken throughout the 

incubation period. These results imply that VFAs were readily used as soon as they were produced 

either from glucose fermentation or from starch hydrolysis, which suggests that methanogenesis 

was probably not inhibited by GO during the incubation.   

Mass transfer limitation imposed by GO coating on starch granules might have not been the only 

mechanism responsible for the low of methane production observed, since it is also expected a 

wrapping of cells because peptidoglycan, pseudo-peptidoglycan (for archaea (Bullock, 2000)) and 

other cell components have functional groups that could interact via hydrogen bonding, π-π 

interactions and electrostatic adsorption with GO (Zou et al., 2016). These interactions might have 

decreased methane production in experiments amended with glucose, which was completely 

solubilized and thus the sequestering effect of substrate can be discarded. These suggestions are 

supported by reports, which demonstrated cells coverage by GO and correlated its inactivation 
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capacity to its lateral dimension, that is, bigger GO sheets are more effective inactivating cells in 

a short time due to cell isolation (Liu et al., 2012a) while small particles can enter the cytoplasm, 

especially those with positive charge, causing oxidative stress (Hu et al., 2017; Hu and Zhou, 

2013). 

In addition, the presence of cations in the basal medium has to be considered; it has been reported 

that GO, in the presence of organic matter or bacteria and low concentrations of divalent cations, 

forms flocs due to bridging effect between cations and GO functional groups (Chowdhury et al., 

2015; Zhang et al., 2013). 

Wrapping of cells by rGO could also be plausible, considering that GO can be reduced by glucose 

(T. Ma et al., 2013), starch (Feng et al., 2013) and bacteria (De Silva et al., 2017; Salas et al., 

2010), causing aggregation of graphene and trapping bacteria within the aggregated sheets in the 

process (Akhavan et al., 2011). SEM images show cells and sludge flocs covered by GO (Figure 

II-5); however, further studies are needed to clarify the interactions between GO and anaerobic 

microorganisms present in methanogenic consortia. 

 

2.3.2 Interactions between GO and starch affecting anaerobic digestion 

 

According to ζ results obtained with deionized water, the expected interaction is electrostatic 

attraction due to positive charges of starch and negative ones on GO in the pH range of interest. It 

is possible to find a change of charge when the mixture GO-starch goes from pH = 6 to pH = 7, 

from 24.5 mV to 2.46 mV, respectively (Figure II-6). This charge drop agrees with the pKa of ~6.6 

found in GO characterization (Figure II-7), corresponding to deprotonation of carboxylic groups 

and it results in charge neutralization with the positive charge of hydroxyl groups of starch that 

stay with positive charge at those pH values. Even though C1s XPS results (Figure II-8) indicate 

that carboxylic groups (at 289.3 eV) are just a fraction of the total GO functional groups, they 

could be the main responsible for built up  negative charges (Konkena and Vasudevan, 2012), 

favoring the attraction of starch and then triggering the interaction with other GO groups. Other 



  

 

    

35 

groups found through C1s XPS are C=C (284.5 eV) and their associated π-π* shake-up of the 

aromatic system (291.4 eV), as well as C=O (288.3 eV) and C-O (287.4) (Castro et al., 2016), 

which have higher intensities than carboxylic groups. 

 

 

Figure II-5. SEM images of sludge obtained from the UASB reactor without treatment (a), where bacilli and cocci are the most 

abundant and with scarce presence of exopolysaccharides (b). Sludge floccules were covered by GO in the treatment with 

glucose and salt crystals show affinity for GO (c). Similarly, cells in the treatment with starch show a GO wrapping that remains 

after cell dehydration (d). Image of sample taken from the treatment with starch and GO showing starch blocklets and GO sheets 

tangled up in exopolysaccharides threads (e). 
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Figure II-6. Zeta potential of starch, GO-starch mixture and GO with respect to pH. Deionized water was the dispersant. 

 

Figure II-7. Dissociation potential (pKa) distribution of GO using deionized water as dispersant. 
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Figure II-8. High-resolution C1s X-ray photoelectron spectrum of GO. Dots represent experimental data; solid lines are fitted 

peaks that identify the different bond types of carbon, and dashed line shows π-π* transitions in aromatic rings (inset). 

 

In O1s XPS spectrum (Figure II-9), the peak with the largest area at 533.1 eV can be assigned to 

the combined effects of singly bonded oxygen, followed in decreasing order, by a peak at 532.5 

eV assigned to C=O in carbonyl and/or carboxyl groups and finally by the peak at 533.8 eV 

corresponding to hydroxyl groups (mainly in phenolic compounds) (Hantsche, 1993; Levi et al., 

2015; Puziy et al., 2008). In both C1s and O1s XPS spectra, single bonds between carbon and 

oxygen are predominant. In addition, the concentration of oxygen-containing groups (phenolic, 

carbonyl and carboxylic) obtained by Boehm titration (Table II-1), agrees with that reported by 

XPS analysis. 
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Figure II-9. High-resolution O1s X-ray photoelectron spectrum of GO. Grey scale solid lines represent deconvoluted peaks, 

while dots are the experimental data. 

 

Table II-1. Concentration of acidic oxygenated functional groups (in milli-electron equivalents per g (meq/g)) in GO quantified 

by Boehm titration. 

Group meq/g 

Phenolic 3.14 

Carbonyl 2.65 

Carboxylic 2.01 

Total 7.8 
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Interaction between GO and starch functional groups were studied by FT-IR (Figure II-10), finding 

out a shift in peaks at 1730 cm-1, 1570 cm-1, 1200 cm-1, 1100 cm-1 and 600 cm-1 to 1646 cm-1, 

1414 cm-1, 1169 cm-1, 998 cm-1 and 570 cm-1; related with C=O, C=C, C-O-C (epoxide), C-O 

and phenolic groups, respectively. These shifts have been attributed to hydrogen bonding, in the 

case of the oxygenated groups (Li et al., 2011; Socrates, 2004; Xu et al., 2016), and to Lewis acid-

base interaction for C=C in aromatic rings (Zhao et al., 2014). These results and those from ζ data 

suggest that the wrapping observed by SEM images is due to interactions that possibly include 

hydrogen bonding, which implies that the GO coating is tightly bound and as a result interferes 

with the hydrolysis of the starch, as indicated in the previous section. 

 

 

Figure II-10. FT-IR spectra of starch, graphene oxide (GO) and starch-GO mixtures with 1:2 and 1:1 ratio, respectively. 
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FT-IR of GO-starch mixtures show a narrowing and improvement in definition of band at ~3300 

cm-1 assigned to –OH. This band is broader in the spectrum of GO alone (Figure II-10); A broader 

band shape has been associated with the presence of water either intercalated among stacks of GO 

or physisorbed on GO sheets  (Acik et al., 2011), so the narrower band of GO-starch mixtures 

suggests a decrease in water amount due to a conformation of stacks with fewer layers on the 

surface of starch granules. The relevance of the above lies on the possible development of “blade 

like edge” that can damage cell membrane (Cai et al., 2011); however, no evidence of this 

phenomenon was found; even when GO appears  to have single or few sheets in the incubations 

with glucose ( Fig 2.4b) or starch. It is important to note that stacks of some sheets were seen when 

GO was dried without being in contact with starch or sludge (Figure II-4b inset). 

 

2.3.3 Environmental relevance 

The results presented in this study showed that starch granules can be wrapped by GO sheets 

preventing their hydrolysis, which is the initial step for their conversion to methane under 

anaerobic conditions, leading to poor methane production. This scenario represents a challenge to 

anaerobic wastewater treatment systems, as removal of pollutants from industrial effluents to 

produce renewable energy (as biogas) can be seriously hampered, especially in the case of effluents 

of food and other industrial sectors containing starch as the main COD fraction. 

In natural ecosystems, the wrapping of particulate organic matter (POM) by GO could affect the 

availability of nutrients for heterotrophic organisms, thus altering the trophic web or cause a 

disruption of the dynamic interchange between POM and dissolved organic matter (DOM), that 

may result in major disequilibrium of ecosystems since both DOM and POM are involved in 

complex biogeochemical cycles. 
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2.4 Conclusions 

This study elucidates, for the first time, mass transfer limitation imposed by GO on the 

methanogenic activity by an anaerobic consortium. Collected evidence indicated that wrapping of 

starch granules was the main mechanism involved. The results also reveal that low concentration 

of GO may enhance the methanogenic activity of the anaerobic consortium studied, presumably 

driven by DIET, during glucose fermentation. This information contributes to shed light on the 

effects of GO on anaerobic WWTS. 
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Chapter III. Enhanced methane production promoted by reduced 

graphene oxide in an anaerobic consortium supplied with particulate 

and soluble substrates 
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Abstract 

 

Reduced graphene oxide (rGO) is expected to be present in wastewater treatment systems as the 

use of graphene oxide (GO) increases and it can be reduced to rGO by physical, chemical and 

biological processes prevailing in these engineered systems. This paper provides information on 

the acute effects of GO with three different degrees of reduction (rGO) on the methane production 

of an anaerobic consortium. In general, obtained results showed that rGO materials had a 

stimulatory effect increasing the maximum methanogenic activity (MMA) up to 14 % and 114 % 

when glucose and starch were provided as substrates, respectively, as compared to the MMA 

achieved in control incubations performed in the absence of rGO. Also, this work showed that the 

reduction degree of rGO is an important factor driving its interaction with the provided substrates. 

Particularly, rGO promoted starch disintegration into its components, thus accelerating its 

hydrolysis. This study provides valuable information to elucidate the effects of rGO in 

methanogenic consortia. 

3.1 Introduction 

 

Several carbonaceous materials have been used to improve the biotransformation of a wide variety 

of pollutants as well as the methanogenic activity of anaerobic consortia. One of those materials 

is activated carbon, which showed an enhancement on methane yield, especially when it was 

supplied as a fine powder. Activated carbon increases methane production due to the porosity of 

its particles, which serve as a proper niche to support microbial growth. Additionally, the 

conductivity of activated carbon favors direct interspecies electron transfer (DIET) (Xu et al., 

2015). Carbon nanofibers have also been reported to enhance the anaerobic biotransformation of 

nitroaromatic compounds; moreover, chemical surface modification played a relevant role, 

indicating that functional groups able to accept and donate electrons, such as quinone groups, take 

part as redox mediators (Amezquita-Garcia et al., 2016). In the field of carbon nanomaterials, GO 

was also applied as electron shuttle for the reduction of recalcitrant pollutants by methanogenic 
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sludge, but the concentration used was 5 mg/L due to toxic effects found at higher concentrations 

(Colunga et al., 2015). In opposition to the toxic effect of GO, the use of carbon nanotubes, in 

concentrations in the range of grams, showed an increase in methane production in a dose-

dependent manner, but these experiments suggested that DIET is not the driving factor for methane 

improvement and probably other factors, such as the adsorption capacity may contribute to these 

results (Salvador et al., 2017). 

Application of graphene in anaerobic digestion processes, at concentrations between 30 and 120 

mg/L, showed a stimulation effect on methane production, specially favoring acetoclastic 

methanogenesis. These studies include a comparison with quinones and revealed that these 

moieties failed to replicate graphene stimulation, concluding that graphene did not function as 

electron shuttle in this kind of systems and support DIET as the mechanism for the observed 

methane enhancement (Tian et al., 2017b). rGO has also been reported to increase degradation 

processes, which was attributed to the electron shuttling capacity of its remaining oxygenated 

functional groups as evidenced by chemical and biological experiments using rGO with different 

reduction degree. Moreover, the results pointed out that the higher the reduction degree of rGO, 

the higher the reduction rate observed in the studied pollutants and suggested that the enrichment 

of carbonyl groups in rGO might be responsible for the enhanced degradation observed (Toral-

Sánchez et al., 2017, 2016). In all the previously discussed cases, the contaminants, as well as the 

substrates, are soluble. Therefore, it is necessary to investigate what happens when particulate 

matter serves as substrate since previous results have indicated that GO wraps starch granules and 

therefore prevents its hydrolysis. In fact, the envelope of starch granules is given by the interaction 

of the oxygenated groups of GO, which have negative charge, and the hydroxyl groups in starch, 

which have positive charge (Bueno-López et al., 2018). The above opens the questions on what 

interactions between rGO and starch occur and what will be the effects when all these components 

are present in anaerobic digestion processes. 

Starch is an energy reserve in plants and the second most abundant biopolymer on Earth. It is 

mainly composed of two types of polysaccharides, amylose and amylopectin, which are organized 

in multilevel structures of increasing complexity. Starch granules are structures that vary in size 
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(1-200 µm) and shape (ovals, spheres, polygons, etc.) depending on the botanical origin. Starch is 

of great importance within the food industry and is taking relevance every day in other industrial 

areas, such as the manufacture of biodegradable materials (Hoover, 2001; Pérez and Bertoft, 2010; 

Vanier et al., 2017; Xie et al., 2013). 

The aim of the present work was to study the acute effects of rGO on the methanogenic activity of 

an anaerobic consortium with two different substrates: glucose as a soluble model substrate and 

starch as a particulate model substrate. The goal of the study is to provide evidence to understand 

the interactions of rGO, with different reduction degrees, within the methanogenic consortium. 

 

3.2 Materials and methods 

3.2.1 Materials and chemical reagents 

 

GO was purchased from Graphene Supermarket® and has the following characteristics: 

concentration 6.2 g/L in aqueous dispersion, monolayer > 80 %, nominal particle size between 0.5 

and 5 µm, C/O ratio 3.95. Ascorbic acid (L-AA, ACS grade) was obtained from GOLDEN BELL® 

(Mexico City, Mexico), while starch, glucose and all other reagents used in this work were reactive 

grade from either Sigma-Aldrich Company or Merck. 

3.2.2 Solutions 

 

The basal medium used during sludge activation was composed of (mg/L): NH4Cl (280), K2HPO4 

(250), MgSO4•7H2O (100), CaCl2•2H2O (10), NaHCO3 (5000) and 1 mL/L of trace elements 

solution composed of (mg/L): FeCl2•4H2O (2000), H3BO3 (50), ZnCl2 (50), CuCl2•2H2O (38), 

MnCl2•4H2O (500), (NH4)6Mo7O24•4H2O (50), AlCl3•6H2O (90), CoCl2•6H2O (2000), 

NiCl2•6H2O (92), Na2SeO3•6H2O (162), EDTA (1000) and 1 mL HCl (36 %); pH was adjusted to 

7.0 ± 0.2 using NaOH or HCl 0.1 N if needed. In the case of batch assays NaHCO3 (3.13 g/L) was 
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used in order to get a pH of 7 in combination with a mixture of N2/CO2 (80 %/20 %, v/v) used as 

headspace. Distilled water was used to prepare all solutions.  

 

3.2.3 Chemical reduction of GO 

Reduction of GO was carried out according to Toral-Sánchez et al., 2016, with the following 

amendments: reaction times of 1, 2 and 4 hours; after the reaction time, rGO was centrifuged for 

20 min at 10,000 rpm in an Avanti J-30I equipment and washed three times using deionized water 

in cycles of centrifugation and re-dispersion. Finally, washed rGO was dispersed in deionized 

water and sonicated for 30 min. rGO materials obtained from 1, 2 and 4 hours of reaction are 

referred to as rGO1, rGO2 and rGO4, respectively, in the present study. 

The concentration of the three rGO dispersions was measured by a gravimetric method, which 

implied drying 1 mL of the dispersions in vials at constant weight at 45 °C under vacuum and 1400 

rpm for 6 hours using Vacufuge plus Eppendorf concentrator equipment. 

 

3.2.4 Characterization of materials 

3.2.4.1 Spectroscopic characterization 

 

Functional groups of rGO1, rGO2 and rGO4 were identified by Fourier transform infrared 

spectroscopy (FTIR) using a Thermo-Nicolet 6700 FT-IR equipment. Samples were prepared 

using dried materials for 4 hours into a Vacufuge plus Eppendorf concentrator equipment at 45 °C 

under vacuum and 1400 rpm, mixed with KBr in a 1:1000 ratio, respectively, and compressed to 

form pellets. The pellets were analyzed by transmission under conditions of 128 scans, resolution 

of 4 cm-1, CO2 and H2O automatic correction. 

The reduction degree of the materials, rGO1, rGO2 and rGO4, was also studied by Raman 

spectroscopy using a RENISHAW Micro-Raman Invia spectrometer with laser frequency of 532 

nm as excitation source through a 50× objective. The sample preparation consisted in the formation 
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of films on aluminum foil by dripping deposition of each material dispersions, and then allowed 

to dry for 12 h prior to analysis. 

 

3.2.4.2 Particle charge and size distribution 

 

Zeta potential (ζ) measurements were performed in aqueous solution for rGO1, rGO2 and rGO4 

at pH of 7, which is the pH value of the biological experiments performed. For this purpose, 

dispersions of 150 mg/L of each rGO material were adjusted to the desired pH value using NaOH 

or HCl 0.1 N as needed until the variation of pH values was less than 0.5 in separated 

measurements spaced for 5 hours. After pH stabilization, 1 mL of the sample was sonicated using 

a Bransonic model B2510-DTH equipment at 40 kHz for 10 s and immediately placed into the 

MICROTRAC Zetatrac NPA152-31A cell.      

Size distribution was measured by Dynamic Light Scattering, using the same equipment described 

above, at pH 7 and with the same sample preparation mentioned before. 

 

3.2.4.3 Scanning electron microscopy (SEM) 

 

Micrographs of rGO materials and starch were obtained with a FEI Helios Nanolab 600 Dual Beam 

Scanning Electron Microscope, operated at 5.00 kV and 86 pA, and elemental analyses were 

carried out by energy dispersive spectrometer (EDS) with the same equipment. Samples were 

prepared on silicon wafers by dripping deposition and were dried at atmospheric conditions over 

night before microscope observation. rGO materials and starch mixtures were prepared using the 

same procedure followed for the acute exposure biological batch assays. Biological samples were 

prepared using the procedure described by Patrón-Soberano et al. (2017) and examined using an 

FEI model Quanta 250 SEM,  adjusted to 25 kV, spot size 4.5 and WD 10 mm, recording the 

micrographs using an Everhart Thornley Detector. 
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3.2.5 Biological assays  

3.2.5.1 Inoculum 

 

Methanogenic granular sludge was obtained from a full-scale up-flow anaerobic sludge bed reactor 

treating brewery wastewater (Mahou, Guadalajara, Spain). The sludge was stored at 4 C and it 

was washed and crushed using a needle gauge 22 G before its use in the incubations. The content 

of volatile solids (VS) of the sludge was 6.96 % of wet weight. 

 

3.2.5.2 Sludge incubations with rGO 

Batch assays were conducted in triplicates using serological bottles of 60 mL of volume. In these 

experiments, 9 mL of basal medium containing starch or glucose (final concentration of 2 g 

chemical oxygen demand (COD)/L) and 1.5 g VS/L of sludge were added to each bottle and then 

flushed with a gas mixture of N2/CO2 (80:20, v/v) for 3 min. Subsequently, bottles were sealed, 

and the headspace was further flushed using the same gas mixture for 3 min. The bottles were 

incubated overnight at 30 ˚C in an orbital shaker at 120 rpm. After this period, 1 mL of deionized 

water was added to the control bottles and 1 mL from the corresponding stock solution of rGO 

material to amended cultures (10 mL as total volume in all cases) in order to get a concentration 

of 300 mg/L of each GO material. Once the GO materials were added, the headspace of all bottles 

was flushed again with the N2/CO2 gas mixture for 3 min and incubated at 30 ˚C in an orbital 

shaker at 120 rpm.  Gas samples (100 µL) were periodically taken for methane measurement by 

gas chromatography. Methane concentration was plotted against time to obtain the maximum slope 

by linear regression from at least three points throughout the incubation period and the maximum 

methanogenic activity (MMA) was then calculated. 
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3.3 Results and discussion 

3.3.1 Physical characterization 

 

Zeta potential values for rGO1, rGO2 and rGO4 were 0.284 mV, 0.565 mV and 4.453 mV, 

respectively. These data indicate a clear trend to higher values linked to the increase in reduction 

time, which was related with the loss of oxygenated functional groups conferring negative charge 

to GO, which showed a zeta potential of -16.5 mV. These results agreed with FTIR analysis, which 

revealed the loss of some oxygenated functional groups through the reduction process and 

indicated the persistence of hydroxyl groups, which possess partial positive charge at pH 7. 

The reduction process turned GO sheets more hydrophobic, so that they tended to stack among 

them due to π interactions of the aromatic rings. Consequently, size distribution moved to larger 

sizes of particles consistent with the increase in reduction time. Besides, low values in ζ mean 

instability of colloidal dispersion, thus rGO sheets agglomerate easily. Taking all these aspects 

into account Figure III-1 makes sense since most rGO1 particles showed a size of 687 nm, while 

rGO2 particles were divided between sizes of 687 nm (37.4 %) and 818 nm (34.7 %). Finally, 

rGO4 particles predominated with a size of 818 nm. 
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Figure III-1. Size distribution of GO and rGO materials, bars represent the percentage of particles of a given size, while curves 

were added to make clearer the pattern of size distribution due to the reduction process 

 

The morphology of GO and rGO materials was studied by SEM. Obtained images revealed that 

GO is thinner, shows cracks and tends to fold over itself, while rGO materials have thicker 

lamellae, due to the stacking of rGO sheets caused by the reduction treatment. Furthermore, the 

extended sections found in the samples presented changes in transparency and the way they fold; 

for example, lamellae of rGO2 and rGO4 were smoother and apparently more rigid/denser, while 

rGO1 still presented fine sheets (see Figure III-2). 
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Figure III-2. SEM images of untreated GO and the reduced materials obtained at increasing reduction time (rGO1, rGO2 and 

rGO4). 

. 

In the case of the graphene materials mixed with starch, SEM images (Figure III-3) show that GO 

perfectly wraps starch granules (Figure III-3b), even following the shape of those that were broken 

by the preparation procedure. Granules were easily found in the sample, but when the mixture 

contained any of the rGO materials, starch granules were not detected in the samples, instead much 

smaller clusters were found (rGO4 used for Figure III-3c). These clusters are essentially crystals 
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from the basal medium, rGO sheets, and particles with spherical/polyhedral and rod-like shapes 

(Figure III-3d). The observed clusters agree with the hierarchical structures integrating starch 

granules, being consistent with blocklets and super helical structures, which seemed to be 

composed of a mixture of A-type and B-type crystalline polymorphs that give them that “Cheetos-

type” shape  (Bras and Dufresne, 2010; Pérez and Bertoft, 2010). These findings indicate that rGO 

materials did not cover starch granules but broke them into smaller sub-structures. The latter 

suggests that rGO materials promoted the disintegration of starch granules, possibly due to 

catalytic activity of remaining carboxylic groups and/or defects at edges of rGO sheets with 

unpaired electrons (Song et al., 2010; Su et al., 2012), However, further research is needed to 

clarify what are the mechanisms that give rise to the observed results. 

When collected samples were observed, it was possible to find starch granules attached to 

exopolysaccharides, bacteria and rGO sheets. Nevertheless, rGO sheets never wrapped starch 

granules (rGO4 was used for Figure III-3e), so that they were always interacting with cells and 

exopolysaccharides (Figure III-3f). These results show that rGO preferentially adheres to bacteria, 

which have a negative surface charge, while, as was shown by the results of ζ values, rGO had a 

greater positive charge by increasing the reduction time. Nonetheless, it must be considered that 

bacteria can adhere to rGO sheets, because they serve as conductive material favoring DIET and 

facilitating bacterial growth. 
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Figure III-3. SEM images of pristine starch granules (a), mixture of starch and GO (b), clusters found in samples with rGO4 (c), 

structures inside the clusters (d) and a sample of the bioassays using starch and rGO4 at low (e) and high magnification (f). 
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3.3.2 Spectroscopic characterization 

 

Raman spectra (Figure III-4) of reduced materials and GO displayed the characteristic D and G 

bans of carbon at 1350 cm-1 and 1600 cm-1, respectively. D band is associated with disorder-

induced symmetry-breaking effects of sp2 network, while G band is related with the ordered 

structure of graphene hexagons and graphite crystallinity. Additionally, Raman spectra show the 

2D band at 2676 cm-1, which is sensitive to the π bond in the graphitic electronic structure and 

the number of layer; and D+G band at 2950 cm-1,  which is the combination of band D and G 

induced by disorder (Ferrari, 2007).    
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Figure III-4. Raman spectra of reduced and unreduced GO materials showing the main bands of carbonaceous materials. 

The ratio ID/IG provides information of the amount of disorder linked to the oxidation process, but 

in the case of the reduction process, the ID/IG ratio has been reported to show increase by increasing 

the reduction degree in the case of GO. This could be corroborated by the results obtained for ID/IG 

ratios of GO, rGO1, rGO2 and rGO4, which correspond to 0.809, 1.011, 1.124 and 1.011, 

respectively.  The previous values show small difference among the reduced materials; thus, I2D/IG 

ratio was calculated since it has relationship with the measurement of sp2 regions and with electron 

mobility (Raza, 2012). The values of the I2D/IG ratio for GO, rGO1, rGO2 and rGO4 are 0.164, 

0.386, 0.295 and 0.278, respectively, and indicate larger graphitic domains and consequently 
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higher electron mobility in the reduced materials. Nevertheless, the observed trend for ID/IG  and 

I2D/IG ratios disagree with the expected raise in graphitization according to the increment in 

reduction time, which trend seems to point out that the reduction process is also creating defects, 

something that is commonly seen in thermal reduction (Lin and Grossman, 2015). Additionally, 

the shape of the 2D band indicates the presence of multilayer rGO (Ferrari, 2007), which agrees 

with observations collected by SEM images. 

FTIR spectra in Figure III-5 show the presence of oxygenated functional groups in GO at 3300 

cm-1, 1730 cm-1, 1200 cm-1 and 1100 cm-1 associated with –OH, –C=O, –C–O–C and –C–O, 

respectively. The reduction time triggered a decrease on the intensity of the bands related with –

C=O, –C–O–C and –C–O, indicating that these groups were removed from GO by reacting with 

ascorbic acid. According to longer reaction times, the intensity of those groups decreased, being 

rGO4 the material with minimal groups. In contrast, C=C band prevailed independently of the 

reduction time since these groups did not react with ascorbic acid. Interestingly, only the spectrum 

corresponding to rGO1 displays a band at 2900 cm-1 that is attributed to C–H groups together with 

a drastic decrease in the intensity of the band associated with the epoxy groups. 

However, the band of –OH showed a narrowing, while its intensity seemed to be the same. This 

phenomenon could be explained considering that hydrophobicity increase with the reduction 

degree of GO sheets, so water physisorbed or intercalated among stacks of  rGO sheets will be 

minor (Acik et al., 2011). Moreover, the prevalence of the band related to –OH groups agree with 

reports about the stability of these groups as compared to epoxy groups (–C–O–C) under the 

conditions prevailing in the reduction process. As well, FTIR spectra agree with information that 

points out that epoxy groups are the most abundant and the most reactive (Dreyer et al., 2010), 

since they displayed a band with high intensity in the GO spectrum and the intensity decreased 

after the reduction reaction . 
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Figure III-5. FTIR spectra of reduced and unreduced materials. Shaded areas indicate the regions of the oxygenated functional 

groups that underwent changes throughout the reduction process. 

 

3.3.3 Acute effects of rGO materials on methanogenesis 

 

Sludge exposed to rGO with different extent of reduction revealed a positive effect on 

methanogenesis with both glucose (Figure III-6a) and starch (Figure III-6c) as substrates. This 

positive effect improved the amount of methane produced as well as the MMA. The most relevant 
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increase occurred in sludge incubations performed with starch, in which the difference between 

the treatments with rGO and the control incubated without rGO is highly evident. MMA could be 

calculated from the kinetic data (Table III-1). For experiments performed with glucose, it was 

observed that rGO1 increased 4.7 % the MMA, while rGO2 and rGO4 promoted an enhancement 

of 13.8 % and 8.9 %, respectively, with respect to the control incubated in the absence of rGO 

materials (Figure III-6b). Furthermore, rGO materials greatly enhanced methane production in 

sludge incubations conducted with starch, especially with rGO1, which triggered an improvement 

of 114 % on the MMA as compared to the control treatment prepared without rGO materials. 

Meanwhile, materials rGO4 and rGO2 increased the MMA by 86.4 % and 70.6 %, respectively, 

with respect to the control when starch was provided as electron donor (Figure III-6d). These 

results suggest that rGO materials did not cover starch granules, which was shown to occur in the 

case of sludge incubations conducted with GO (Bueno-López et al., 2018). Wrapping of starch 

granules by GO sheets caused mass transfer limitations negatively affecting the methanogenic 

activity of anaerobic sludge (Bueno-López et al., 2018). 
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Figure III-6. Cumulative methane concentration using glucose (a) or starch (b) and their corresponding maximum 

methanogenic activity (MMA; b and d) Number displayed in the series legend indicate de concentration (mg/L) of rGO materials 

reduced 1, 2 and 4 hours, respectively, rGO1, rGO2 and rGO4. Letters on top of bars show statistical difference (p<0.05) 

respect to the control without rGO materials (letter a) and between treatments (letter b). Same set of letters means no statistically 

difference. 
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Table III-1. Maximum methanogenic activity (MMA) obtained for experiments using glucose or starch and rGO with different 

reduction degrees 

 
Glucose Starch 

Treatment 
MMAa ± 

SD 
Treatment effectb (%) 

MMAa ± SD Treatment effectb (%) 

Ctrl 7.0 ± 0.1 - 0.20 ± 0.00 - 

rGO1 7.3 ± 0.1 4.7 0.43 ± 0.01 114.1 

rGO2 7.9 ± 0.2 13.8 0.34 ± 0.01 70.6 

rGO4 7.6 ± 0.1 8.9 0.37 ± 0.01 86.4 
aMaximum methanogenic activity calculated from 3 points of the kinetic curves by linear regression (mL CH4 /g VS 

h). bTreatmen effects are the difference on MMA using rGO (300 mg/L) compared to control treatments (Ctrl) without 

rGO. 

 

In experiments performed with starch, it was observed that the highest methane production was 

obtained with rGO1, which makes sense when considering the smaller particle size of this 

conductive material as compared to the other reduced materials. Namely, rGO1 has a greater 

exposed surface area than rGO2 and rGO4 and therefore greater interaction with starch granules. 

However, contrary to what was observed in experiments conducted with GO (Bueno-López et al., 

2018), the interactions with rGO1 promoted the disintegration of starch granules. This may be due 

to the removal of epoxy groups through the reducing process of GO to rGO since these functional 

groups were responsible for the wrapping of starch granules by GO (Bueno-López et al., 2018). 

Moreover, carbonyl functional groups, which prevail mainly at the edges of graphene sheets (Pei 

and Cheng, 2012) can interact with the hydroxyl groups of the polysaccharide chains by hydrogen 

bonding, thus fragmenting starch granules and producing the structures observed in Figure III-3d. 

In addition to the disintegration of the starch granules, according to collected Raman spectra, rGO1 

also showed a great mobility of electrons, which can favor DIET. On the other hand, the lower 

MMA observed in sludge incubations amended with rGO2 or rGO4 as compared to those 

performed with rGO1could be due to agglomeration of rGO sheets in rGO2 and rGO4, with the 

resulting decrease in surface area. Additionally, a decrease in carbonyl groups in rGO2 and rGO4  
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(Figure III-5) could also explained the worse catalytic effect stimulated by these materials on 

methane production. 

The positive effects of rGO on anaerobic digestion reported herein could be explained by different 

aspects. In the case of micro-structures, they provide available surface and porosity, which may 

protect microorganisms by creating a micro-environment. Additionally, functional groups on the 

materials surface could serve as electron shuttles and their conductivity could be involved in DIET. 

Moreover, large surface area promotes adsorption of substrates, which are easily accessible to 

microorganisms attached to the materials. Furthermore, rGO could also play a buffering roll 

against abrupt changes in concentration of inhibitors and it promotes disintegration of particulate 

organic matter improving the hydrolysis stage. 

3.4 Conclusions 

 

The effects of GO with different degree of reduction were studied and the results indicate that rGO 

promotes the methanogenic activity of an anaerobic consortium provided with a soluble (glucose) 

or a particulate (starch) substrate. Interactions of rGO with starch granules appeared especially 

important depending on the degree of reduction of GO, which directly affects the disintegration of 

starch granules. Oxygenated groups present in the surface of rGO interacted with the hydroxyl 

groups of starch polysaccharides promoting disintegration of the granules into smaller elements, 

which increases the specific area and thus enhanced the hydrolysis step. The knowledge generated 

by this study allows to predict the effects of the different materials derived from GO when applied 

to anaerobic digestion processes. 
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Chapter IV. Effects of graphene oxide and reduced graphene oxide 

on acetoclastic, hydrogenotrophic and methylotrophic 

methanogenesis 
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Abstract 

 

This study describes the effects of graphene oxide (GO) and reduced graphene oxide (rGO) on the 

acetoclastic, hydrogenotrophic and methylotrophic pathways of methanogenesis by an anaerobic 

consortium. The results showed that GO negatively affected the hydrogenotrophic and acetoclastic 

pathways at a concentration of 300 mg/L, causing a decrease of 38 % on the maximum specific 

methanogenic activity (MMA) with respect to the controls lacking GO. However, the presence of 

rGO (300 mg/L) promoted an improvement of the MMA (>45 %) achieved with all substrates, 

except for the hydrogenotrophic pathway, which was relatively insensitive to rGO. The presence 

of either rGO or GO enhanced the methylotrophic pathway and resulted in an increase of the MMA 

of up to 55 %. X-ray photoelectron spectroscopy (XPS) analysis revealed that GO underwent 

microbial reduction during the incubation period. Electrons derived from substrates oxidation were 

deviated from methanogenesis towards the reduction of GO, which may explain the MMA 

decreased observed in the presence of GO. Furthermore, XPS evidence indicated that the extent of 

GO reduction depended on the metabolic pathway triggered by a given substrate. 

 

4.1 Introduction 

 

Anaerobic digestion (AD) has emerged as an alternative to obtain renewable energy and to recover 

nutrients from wastewaters. AD is a complex process involving different types of microorganisms 

that occupy a niche in the trophic web. AD is divided into four stages; the first one is hydrolysis 

in which the decomposition of polymers and lipids occurs in their basic structures through the 

action of extracellular enzymes. This process is mainly carried out by heterotrophic acidogenic 

bacteria. The second step is fermentation, in which organic compounds are converted into short-

chain volatile fatty acids (VFA), such as acetic, propionic, and butyric acid, as well as gases, such 
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as hydrogen and carbon dioxide (CO2). The third step of AD is acetogenesis, which involves the 

conversion of VFA and alcohols into acetate, hydrogen and CO2. Acetogenesis is carried out by a 

group of obligate hydrogen-producing, acetogenic bacteria. The fourth and final step is 

methanogenesis, a process in which methanogens obtain energy through the conversion of simple 

substrates into methane. Methanogens use three different pathways to produce methane: (1) 

hydrogenotrophic pathway, also known as CO2 reduction pathway, in which archaea produce 

methane by reducing CO2 using H2 or formate; (2) acetoclastic pathway, which involves the 

production of methane and CO2 from acetate, and (3) methylotrophic pathway that converts methyl 

groups of methanol, methylamines and methyl sulfides to methane and CO2. The stoichiometry of 

these pathways is expressed by the following equations (Caruana and Olsen, 2016; Cervantes and 

Dos Santos, 2011; Costa and Leigh, 2014; Deppenmeier, 2002): 

 

CO2 + 4H2    → CH4 + 2H2O  ∆𝐺
ᇱ = −130𝑘𝐽 𝑚𝑜𝑙⁄ 𝐶𝐻ସ (eq. 1) 

CH3-COO- + H+ →  CH4 + CO2  ∆𝐺
ᇱ = −36𝑘𝐽 𝑚𝑜𝑙⁄ 𝐶𝐻ସ (eq. 2) 

CH3-OH     →  3CH4 + CO2 + 2H2O ∆𝐺
ᇱ = −106𝑘𝐽 𝑚𝑜𝑙⁄ 𝐶𝐻ସ (eq. 3) 

 

In the search to enhance the efficiency of microbial methane production, a variety of conductive 

materials have been investigated to improve direct interspecies electron transfer (DIET) between 

syntrophic bacteria and methanogens. Those include different types of carbonaceous materials, 

such as activated carbon, biochar, graphene and their derivatives (Barua and Dhar, 2017; Lin et 

al., 2017a; Tian et al., 2017a; Xu et al., 2015). Graphene is a material composed of a single 

molecular layer of graphite, which exhibits very interesting mechanical, optical and electrical 

properties. However, graphene is difficult to produce at industrial scale; thus, graphene oxide (GO) 

is preferred in many applications since its production is easily scalable. GO has several oxygenated 

functional groups, such as epoxy, carbonyl, carboxyl and hydroxyl moieties, which allow its 

dispersion in water (Bagri et al., 2010; Dreyer et al., 2010). Contrary to graphene, GO has shown 

negative effects on bacteria promoted by wrapping of cells, production of reactive oxygen species 
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or disruption of cell membranes. These effects depend on the properties of GO sheets (size and 

surface chemistry), which drive interactions with cells (Jastrzębska and Olszyna, 2015; Liu et al., 

2012a) and substrates (Bueno-López et al., 2018). Interestingly, a few recent studies have reported 

that bacterial respiration can modify the chemistry of GO through the removal of oxygenated 

groups, producing partially reduced GO (rGO) (Chen et al., 2017; Guo et al., 2017; Salas et al., 

2010). However, these reports only consider pure cultures and, therefore, there is a lack of 

information regarding GO modifications driven by complex microbial communities, such as 

anaerobic consortia. Additionally, physical and chemical agents, such as ultraviolet light, vitamins 

and saccharides, among others (De Silva et al., 2017; Thakur and Karak, 2015), can promote the 

reduction of GO. Hence, wastewater and natural water samples are more likely to contain rGO 

than GO, depending on the environmental conditions prevailing. 

The mechanisms responsible for the beneficial effects of conductive carbonaceous materials (e.g., 

coal, charcoal, activated carbon, carbon fiber, graphene, GO, etc.) on methane production are 

poorly understood. Most reports attribute the observed methanogenic activity enhancement to 

improved DIET between syntrophic bacteria and methanogens. Nevertheless, results using 

materials with different conductivities have not shown a clear correlation between methane 

production and conductivity (Martins et al., 2018; Park et al., 2018). Therefore, other factors can 

also play an important role. For example, in the case of activated carbon, it is well known that this 

highly porous and heterogeneous material is able to adsorb AD inhibitors and serve as shelter 

where microorganisms can be immobilized, creating an suitable microenvironment to grow 

(Capson-Tojo et al., 2018). Therefore, the influence of GO and rGO on methanogenic pathways 

requires further investigation to identify the underlying mechanisms responsible for the 

methanogenic activity improvement or inhibition reported so far, since these materials possess a 

diversity of functional groups capable of participating in various reactions, as well as electrical 

conductivity that varies depending on the graphitic structure. 

The aim of the present work was to study the effects of GO and partially reduced GO on the 

acetoclastic, hydrogenotrophic and methylotrophic methanogenic activity of an anaerobic 

microbial consortium. This study will contribute to determine if there are specific effects 
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(selectivity) on the methanogenic pathways and whether these effects depend on the reduction 

state and other physical and chemical characteristics of GO. In addition, the results contribute to 

explain the underlying mechanisms of improvement or inhibition of methane production 

associated with conductive carbonaceous materials. 

 

4.2 Materials and methods 

4.2.1 Chemicals 

 

GO was purchased from Graphene Supermarket® and had the following characteristics: 

concentration 6.2 g/L in aqueous dispersion, monolayer > 80 %, nominal particle size between 0.5 

and 5 µm, C/O ratio 3.95. Ascorbic acid (ACS grade) was from Golden Bell (Mexico City, 

Mexico). All other reagents used in this work were reactive grade and they were obtained from 

either Sigma-Aldrich Company or Merck. 

 

4.2.2 Solutions 

 

The basal medium used in all bioassays was composed of (mg/L): NH4Cl (280), K2HPO4 (250), 

MgSO4•7H2O (100), CaCl2•2H2O (10), MgCl2·6H2O (100), yeast extract (100), NaHCO3 (3000) 

and 1 mL of trace elements solution composed of (mg/L): FeCl2•4H2O (2000), H3BO3 (50), ZnCl2 

(50), CuCl2•2H2O (30), MnCl2•4H2O (50), (NH4)6Mo7O24•4H2O (50), AlCl3•6H2O (90), 

CoCl2•6H2O (2000), NiCl2•6H2O (50), Na2SeO3•6H2O (100), EDTA (1000), resazurin (200), and 

1 mL HCl (36 %). The pH of the medium was adjusted to 7.0 ± 0.2 using NaOH or HCl 0.1 N if 

needed. Deionized (DI) water was used to prepare all solutions. 

. 
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4.2.3 Chemical reduction of graphene oxide 

 

Reduction of GO was carried out according to the procedure described elsewhere (Toral-Sánchez 

et al., 2016) with a reaction time of 4 hours. Briefly, a solution with ascorbic acid and GO was 

prepared in a beaker with a magnetic stirrer, at high speed under ambient conditions. After the 

reaction time, rGO was centrifuged for 20 min at 10,000 rpm in an Avanti J-30I equipment and 

washed three times using deionized water in cycles of centrifugation and dispersion. Finally, 

washed rGO was dispersed in deionized water and sonicated (Bransonic model B2510-DTH, 40 

kHz) for 30 min at room temperature. 

4.2.4 Spectroscopic characterization of materials 

 

Fourier transform infrared spectroscopy (FTIR) analyses were performed using a Thermo-Nicolet 

6700 FT-IR equipment in transmission mode at 128 scans, resolution of 4 cm-1 and CO2 and H2O 

automatic correction. The pellets examined were made with freeze-dried GO materials and KBr in 

a 1:1000 ratio, respectively.  

X-ray photoelectron spectroscopy (XPS; SPECS Phoibos 150) spectra of the freeze-dried materials 

were collected and peak fitting was done using the “Aanalyzer” software v1.36.  

Raman spectra of GO and rGO were obtained using a RENISHAW InVia Confocal Raman 

spectrometer with laser frequency of 514 nm as excitation source through a 50 objective. Sample 

preparation implied the formation of films on aluminum foil by dripping deposition and subsequent 

drying for 12 h prior to analysis.  

Elemental analyses were carried out by energy dispersive spectrometry (EDS) using a FEI Helios 

Nanolab 600 dual beam field emission scanning electron microscope (FE-SEM) operated at 5.00 

kV and 86 pA. At least three different spots of the sample were imaged, and the results were 

expressed as the average value of the measurements. Samples were prepared on silicon wafers by 

dripping deposition and were dried under atmospheric conditions for 12 h. 
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4.2.5 Particle size distribution 

 

Particle size distribution of GO and rGO dispersions in basal medium (10 mg/L and pH 7) was 

measured by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS instrument using 

a refractive index of 1.85 in both cases (Jung et al., 2008). 

4.2.6 Batch sludge incubations 

4.2.6.1 Inoculum 

 

Methanogenic granular sludge was obtained from a full-scale up-flow anaerobic sludge bed reactor 

treating brewery wastewater (Mahou, Guadalajara, Spain). The sludge was stored at 4C and it 

was washed and crushed using a needle gauge 22 G before its use in the incubations. The content 

of volatile solids (VS) was 6.96 % of wet weight. 

 

4.2.6.2 Acetoclastic and methylotrophic bioassays  

 

The effect of GO materials on the acetoclastic and methylotrophic methanogenic activity was 

assessed in batch incubations conducted in triplicate using serological bottles with a total volume 

of 60 mL. In these experiments, 9 mL of basal medium with acetate or methanol (final 

concentration of 2 g chemical oxygen demand (COD)/L) and 1.5 g VS/L of sludge were added to 

each bottle and then flushed with a gas mixture of N2/CO2 (80:20, v/v) for 3 min. Subsequently, 

bottles were sealed, and the headspace was further flushed using the same gas mixture for 3 min. 

The bottles were incubated overnight at 30˚C in an orbital shaker at 120 rpm. After this period, 1 

mL of deionized water was added to the control bottles and 1 mL of the stock of the corresponding 

GO material in order to get 10 mL in each bottle with a concentration of 10, 50 and 300 mg/L of 
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each GO material. Once the GO materials were added, the headspace of all bottles was flushed 

with the N2/CO2 gas mixture for 3 min and incubated at 30˚C in an orbital shaker at 120 rpm. Gas 

samples (100 µL) were periodically taken for methane measurement by gas chromatography, 

which was conducted under previously reported conditions (Simon-Pascual et al., 2019). 

 

4.2.6.3 Hydrogenotrophic Bioassays  

 

The effect of GO materials on the hydrogenotrophic methanogenic activity was assessed using the 

same protocol described above. After establishing anaerobic conditions in the incubations, H2 was 

supplied, as H2/CO2 (80:20, v/v), to a final headspace concentration of 0.5 atm. 

4.3 Results and discussion 

4.3.1 Characterization of graphene materials 

 

To describe the physical and chemical properties of GO and to verify the development of rGO 

following the chemical reduction of GO with ascorbic acid, both materials were characterized by 

several spectroscopic and microscopic techniques. The results showed that the C/O ratio was 2.9 

for GO and 4.1 for rGO, which suggests the loss of oxygenated functional groups through the 

reduction process. The average size of particles shifted from 891.5 nm to 4931 nm for GO and 

rGO, respectively, which indirectly indicates that rGO is more hydrophobic and, therefore, has a 

higher trend to agglomerate in aqueous medium. Furthermore, FTIR spectra obtained from rGO 

(Figure IV-1) showed that the reduction process decreased the intensity of bands related to –C=O, 

–C–O–C and –C–O functional groups (at 1730, 1200 and 1100 cm-1, respectively), evidencing that 

these groups were removed from GO by reacting with ascorbic acid during the reduction process. 

In contrast, the C=C band remained unchanged after the reduction process. 
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Figure IV-1. FTIR spectra of GO and rGO. Shaded areas indicate the regions of oxygenated functional groups that 

underwent changes through the reduction process. 

Moreover, Raman spectra (Figure IV-2) of GO materials displayed the characteristic D and G 

bands of carbon at 1350 and 1600 cm-1, respectively. D band is associated with disorder-induced 

symmetry-breaking effects of sp2 network, while G band is related to the ordered structure of 

graphene hexagons and graphite crystallinity. Furthermore, band 2D at 2676 cm-1 is sensitive to 

π bonds in the graphitic electronic structure and band D+G at 2950 cm-1 is the combination of 

band D and G induced by disorder. To get more information about the conductivity and 

crystallinity, the I2D/IG ratio was calculated, since it has been suggested as a better measurement 

of the graphitic sp2 regions and it keeps direct relation with electron mobility (Raza, 2012). The 

calculated I2D/IG ratio was 0.164 and 0.278 for GO and rGO samples, respectively. These values 

indicate that electrons can move faster in rGO than in GO due to a bigger size of well-ordered 

graphitic patches.   
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Figure IV-2. Raman spectra of GO and rGO obtained by chemical reduction using ascorbic acid. 

 

The peak fitting of C 1s core level of the XPS data of GO (Figure IV-3a.) showed two components; 

one associated to sp2 hybridization of the graphitic structure (C=C) at 284.8 eV and another at 

285.5 eV assigned to sp3 hybridization (C-C). Additionally, three components were observed at 

287.4, 288.3 and 289.4 eV assigned to C-OH and/or C-O-C, C=O and OH=C-O, respectively 

(Biniak et al., 1997; Pei and Cheng, 2012). In the case of rGO (Figure IV-3b.), a marked reduction 

of the components associated to oxygenated functional groups occurred and an important increase 

on C=C was observed, which agrees with FTIR results. 
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Figure IV-3. Core level C1s high resolution XPS spectra of (a) GO, (b) rGO obtained by chemical reduction using ascorbic 

acid. Dots and black solid line represent the experimental data, while gray and dotted lines are the deconvoluted components. 
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4.3.2 Effects of GO and rGO on methanogenic activities 

 

Sludge incubations performed with different concentrations of GO under acetoclastic conditions 

(Figure IV-4, upper panel) revealed that exposure to low concentrations of GO (10 and 50 mg/L) 

promoted an increase on the maximum methanogenic activity (MMA, up to 44 %) as compared to 

the GO-free control. Nevertheless, the acetoclastic MMA decreased by 37 % when the sludge was 

exposed to the highest concentration of GO tested (300 mg/L). Furthermore, when the sludge was 

exposed to the reduced form of GO (rGO) under acetoclastic conditions, at concentrations above 

50 mg/L, the MMA increased up to 40 % as compared to the control lacking rGO (Table IV-1). 
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Figure IV-4. Cumulative methane production related to acetoclastic (up), hydrogenotrophic (middle) and methylotrophic (down) activities using different concentrations of 

graphene oxide (GO) and reduced GO (rGO). Ctrl refers to control incubations performed without GO/rGO. Error bars represent the standard deviation of triplicates. 
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Table IV-1. Calculated maximum methanogenic activity (MMA)a observed with different substrates in the presence of GO and rGO 

  Acetate Hydrogen Methanol 

 Concentration MMA ± SD Change MMA ± SD Change MMA ± SD Change 

 (mg/L) (mmol CH4/g VS-h) (%)b (mmol CH4/g VS-h) (%)b (mmol CH4/g VS-h) (%)b 

Control -- 16.9 ± 0.5 -- 104.4 ±7.2 -- 2.8 ± 0.1 -- 

GO 

10 22.5 ± 1.3 33.4 105.9 ± 7.8 1.4 3.0 ± 0.2 7.1 

50 24.4 ± 0.4 44.1 101.8 ± 8.7 -2.5 4.0 ± 0.1 43.5 

300 10.5 ± 5.2 -37.7 64.8 ± 2.8 -38.0 4.4 ± 0.1  55.7 

rGO 

10 21.7 ± 0.8 28.4 109.9 ± 6.2 5.2 3.2 ± 0.4 14.3 

50 24.3 ± 0.3 44.0 112.6 ± 9.2 7.8 3.6 ± 0.2 29.2 

300 24.5 ± 1.2 45.1 112.5 ± 8.7 7.7 4.3 ± 0.2 52.1 

aMMA calculated by linear regression from at least three sampling points during the kinetics. bChange on MMA with respect to the control incubated without 

GO/rGO; positive values indicate an increase on MMA, while negative ones, a decrease. 
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In the case of hydrogenotrophic incubations (Figure IV-4, middle panel), low concentrations of 

GO (10 mg/L or less) showed negligible effects on the MMA, while the highest concentration of 

GO tested (300 mg/L) decreased 38 % this activity as compared to the control (Table IV-1). 

Regarding the experiments performed with rGO, it was observed that its effect was always 

positive, although to a small extent, increasing the MMA up to 7.8 % as compared to the control 

lacking rGO. 

In contrast to the acetoclastic and hydrogenotrophic pathways, the methylotrophic methanogenic 

activity was consistently improved by the presence of either GO or rGO in a dose-dependent 

manner (Figure IV-4, lower panel). Interestingly, the improvement of the methylotrophic activity 

by GO at concentrations of 50 and 300 mg/L (43.5 % and 55.7 % increase, respectively) was 

greater than the enhancement observed with rGO at the same concentrations (29.2 % and 52.1 % 

increase, respectively).    

The results suggest that both acetoclastic and hydrogenotrophic pathways may be negatively 

affected by the presence of GO, particularly at high concentrations (e.g. 300 mg of GO/L). The 

decrease in methane production could be due to the ability of  some anaerobic microorganisms  to 

reduce GO (Akhavan and Ghaderi, 2012; Chen et al., 2017; Raveendran et al., 2013; Salas et al., 

2010). Therefore, electrons derived from acetate and hydrogen oxidation might have been deviated 

from methane synthesis towards the reduction of GO. Additionally, it has been reported that GO 

inhibits coenzyme F420 activity (Dong et al., 2019), which could also explain the inhibitory effects 

observed  at high GO concentrations (e.g. 300 mg GO/L). 

For methylotrophic experiments, the absence of negative effects could be explained considering 

that electron-donating bacteria, prefer to use alcohols or fatty acids (Park et al., 2018), and that 

acetogens can produce acetate or H2 and CO2 from methanol, activating the acetoclastic and 

hydrogenotrophic routes too. These results suggest that GO is reduced faster and, therefore, no 

negative effects were observed throughout the incubation period. This would suggest that GO 

recovered from methylotrophic experiments might have presented a higher degree of reduction 
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(Figure IV-5, results discussed below), since all three metabolic pathways might have been 

involved. In addition, biologically produced rGO could act as a promoter of AD, since it has a 

great biocompatibility (Zhang et al., 2018) and in situ reduction can generate three-dimensional 

structures, which allow a better interaction between microorganisms and rGO sheets  (Shen et al., 

2018; Yoshida et al., 2016).  
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Figure IV-5. Core level C1s high resolution XPS spectra of GO materials recovered from (a) acetoclastic, and (b) 

methylotrophic experiments at the end of the incubation period. Dots and black solid line represent the experimental data, while 

gray and dotted lines are the deconvoluted components. 
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The microbial reduction of GO to rGO was corroborated by XPS spectroscopy both in acetoclastic 

and methylotrophic experiments (Figure IV-5). In the case of hydrogenotrophic experiments, XPS 

characterization was excluded because GO showed minor effects on MMA as shown in Table 

IV-1.  Certainly, a decrease in oxygenated functional groups and an increase of the component 

associated with the graphitic structure was observed in GO collected from acetoclastic experiments 

at the end of the incubation (Figure IV-5a.) as compared to the original GO (Figure IV-3a). 

Moreover, GO samples collected from methylotrophic incubations exhibited a considerable 

decrease of oxygenated functional groups and an intensification of the component related with the 

sp2 hybridization (Figure IV-5b.) Interestingly, XPS survey spectra obtained for GO from both 

acetoclastic and methylotrophic assays showed the peak of N 1s linked to proteins (Edyvean et al., 

2008), which suggests possible adsorption of cell components onto GO. However, the results 

suggest that cell wall was not adsorbed onto GO, since the peak P 2p related to phospholipids 

(Leone et al., 2006) was absent. Considering the aforementioned, the most important point of 

comparison to define the reduction extent due to the biological activity was the sp2 component. 

The abiotic reduction was discarded by analyzing the FTIR spectra of GO recovered from 

incubations carried out without sludge (Figure IV-6). These spectra showed negligible changes in 

the materials recovered as compared to untreated GO, regardless of the substrate used. 
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Figure IV-6. FTIR spectra of GO from abiotic incubations without sludge. Shaded areas highlight the regions of oxygenated 

functional groups of interest. 

 

 

Sludge incubations described up to this point were performed with disintegrated granular sludge. 

Additional incubations were conducted with granular sludge (Figure IV-7) and results showed that 

crushing the sludge caused a decrease of the acetoclastic and methylotrophic MMA of 24.1 % and 

17.8 %, respectively (Table IV-2 summarize MMA results from granular sludge), for the 

experiments conducted without GO materials. Although the addition of rGO increased the MMA 

in incubations with crushed sludge, these methanogenic activities were always lower than in those 

observed with granular sludge, especially in the case of methanol incubations in which a decrease 

of around 38 % was observed. In contrast, the hydrogenotrophic activity increased in incubations 
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performed with crushed sludge. In experiments conducted without rGO, the MMA was 36.4 % 

higher with granular sludge than the activity observed with crushed sludge. Similar results were 

obtained in the presence of rGO, but the difference in MMA between granular and crushed sludge 

was 22.8 %. These results make sense considering that in the granule structure, syntrophic bacteria 

using acetate and methanol are on the external part of the granules, while methanogenic archaea 

using hydrogen prevail in the inner part of the granules (Lovley, 2011). Thus, crushing the granules 

allow methanogens to be in contact with hydrogen avoiding diffusional limitations. 
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Figure IV-7. Comparative of cumulative methane production using granular sludge, crushed sludge and 300 mg/L of the rGO. 

Ctrl refers to control incubations performed without rGO. 
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From the results obtained in the present study, it can be inferred that GO reduction competes for 

electrons with methanogenesis. Previously, it has been reported that methanogens are able to divert 

electrons derived from substrates oxidation towards the reduction of quinone moieties in humic 

substances with the consequent decrease in methane production (Cervantes et al., 2002).  Further 

research is necessary to clarify the long-term effects of GO on anaerobic consortia in anaerobic 

wastewater treatment systems. However, it is expected that GO would prevail as rGO in such 

systems, since microorganisms are able to perform GO reduction as evidenced in the present study 

and in previous reports using pure cultures. 

 

Table IV-2. Calculated maximum methanogenic activity (MMA)1 observed with different substrates in the presence and absence 

of rGO2 for granular and crushed sludge 

 

  
Granular sludge Crushed sludge  

 

  

 

Substrate Treatment 
MMA ± SD MMA ± SD 

 Change on 

MMA3 (%) 

Acetate 
Control 6.46 ± 0.74 4.90 ± 0.14 -24.1 

rGO 7.31 ±0.09 7.11 ± 0.34 -2.6 

Hydrogen 
Control 22.22 ± 3.70 30.30 ± 2.08 36.4 

rGO 26.58 ± 2.54 32.64 ± 2.54 22.8 

Methanol 
Control 0.99 ± 0.07 0.81 ± 0.03 -17.8 

rGO 2.00 ± 0.03 1.23 ± 0.05 -38.2 

1MMA calculated by linear regression from at least three sampling points during the kinetics. 2300 mg/L of rGO was 

used in all cases; control was incubated in the absence of rGO. 3Change on MMA, calculated from incubations with 

crushed sludge respect to those with granular sludge; positive values indicate an increase on MMA, while negative 

ones, a decrease.  
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4.4 Conclusions 

 

The results obtained in the present study showed that high concentrations of GO negatively affect 

the hydrogenotrophic and acetoclastic methanogenic activity of an anaerobic consortium. 

However, the presence of rGO promoted an improvement of up to 40 % of the maximum 

methanogenic activity achieved with all substrates, except for the hydrogenotrophic pathway that 

was relatively insensitive to rGO. The methylotrophic pathway seemed to benefit from the 

presence of either rGO or GO, showing a significant increase of the specific methanogenic activity. 

Results also suggest that microbial reduction of GO during the incubation period outcompeted 

methanogenesis, so that electrons derived from substrates oxidation were deviated from 

methanogenesis towards the reduction of GO, which may explain the decrease in the methanogenic 

activity observed in the presence of high concentrations of GO. This study provides information 

to elucidate the effects of GO in anaerobic consortia and the fate of this material in wastewater 

treatment systems.  
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Chapter V. General discussions 
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The role of GO in the methanogenic activity of an anaerobic consortium depends strongly on the 

presence of oxygenated functional groups, which determine whether the effect is negative or 

positive, as shown by the results obtained in the present dissertation. By reducing GO, the effect 

shifts from inhibition to stimulation of methanogenesis using both complex (starch) and simple 

(glucose) substrates as is exemplified in Figure V-1¡Error! No se encuentra el origen de la 

referencia. in which the two extremes were compared, in other words, the most oxidized and the 

most reduced materials were used in the bioassays to measure the effect exerted on the methane 

production.  

 

Figure V-1. Comparison of the effect of GO and rGO4 on the anaerobic methanogenic consortium, using 100 mg/L of starch as 

substrate and 300 mg/L of each graphene material. Control is the treatment without graphene materials. 
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The results showed that inhibition of starch methanization was due to the envelop of starch 

granules by GO sheets due to electrostatic interactions, among them hydrogen bridge between 

hydroxyl groups with positive partial charge of starch and carboxyl and/or epoxy groups with 

partial negative charge  (as outlined in Figure V-2A). Wrapping of starch granules prevents their 

hydrolysis by mass transfer limitations.  Moreover, the inhibition observed with glucose as 

substrate suggests encapsulation of anaerobic microorganisms due to electrostatic interactions with 

their functional groups and those of the GO (Figure V-2B). Additionally, the formation of 

agglomerates of GO due to the bridging phenomenon promoted by the cations of the culture 

medium  and organic matter (Figure V-2C) or live cells (Figure V-2D) could be another inhibitory 

mechanism during glucose fermentation. However, it cannot be ruled out that cellular damage also 

occurred because of cutting or extraction of fragments from the external parts of the cells that have 

been reported in other research works (Liu et al., 2012b; Ou et al., 2016). 
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Figure V-2. Schematic representation of the possible interactions between starch (A) or cells (B) and the GO functional groups; 

as well as GO agglomeration due to the bridging effect of divalent cations in the basal medium that could involve organic matter 

(C; e.g.  Exopolysaccharides) or cells directly (D).  
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On the other hand, when rGO is present, the effect observed in the methanogenic process is 

positive, reaching a maximum improvement of MMA of up to 13.8 % in the case of glucose and 

114.1 % for starch as compared to their corresponding controls (Table III-1). The enhancing effect 

by rGO for the case of starch is attributed to the destabilization of the structure of starch granules 

by rGO promoting their breakdown into smaller components (Figure III-3). This could have caused 

an increase of specific surface area with the consequent increase in hydrolysis rate. Meanwhile, in 

the case of glucose, the evidence seems to indicate that the improvement was due to the increase 

in the mobility of electrons in the rGO by removing oxygenated groups, such as epoxy, from the 

basal plane, thus favoring DIET. In addition, these results also showed that the degree of reduction 

is an important parameter because it determined the amount of remaining functional groups that 

lead to interactions between rGO and substrate and cells. The reduction process of GO also affects 

the physical properties of rGO, modifying its particle size (therefore specific surface area) and its 

resistance to transport electrons. For this reason, it was observed that rGO1 showed a better 

catalytic performance, in experiments conducted with starch, because it had a greater number of 

functional groups that can remove amylose and amylopectin structures from the granule and 

presents a high specific surface area (smaller particle size) within of the culture medium. In the 

case of glucose, the best material enhancing methanogenesis was rGO2, which was the material 

presenting a balance between the quantity of oxygenated groups, which allow a good dispersion 

in the medium and a better conductivity. 

Experiments conducted to decipher the specific effects of GO on the different methanogenenic 

routes showed negatively affects by GO on the acetoclastic and hydrogenotrophic pathways, while 

the opposite occurred in the methylotrophic activity. Based on the evidence found, these results 

are explained considering that GO is microbially reduced by microorganisms, thus the energy 

yielded from substrates oxidation is partly used for the reduction of GO instead of the production 

of methane, particularly for the case of the acetoclastic route.  Meanwhile, in the case of the 

methylotrophic route, the negative effect of GO was quickly reversed by transforming it into rGO 

and hence an improvement in methane production was observed, which agrees with the results 

obtained with chemically reduced rGO (Table IV-1). These results indicate that GO selectively 
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inhibits the methanogenic routes and, in addition, the evidence of GO transformation shows that 

anaerobic consortia can be used for the biological reduction in a dependent manner of the substrate 

fed. 

The results of this work contribute to understanding how wastewater treatment systems, based on 

anaerobic digestion, can be affected or improved due to the presence of GO and rGO, also provide 

information on the fate of graphene materials in wastewater treatment systems and in the 

environment. Moreover, this research provides evidence on the potential use of anaerobic consortia 

for the biological reduction of GO. 
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Chapter VI. Final remarks 

  Chapter VI 
Final remarks 
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6.1 Concluding remarks 

 

Currently, materials such as graphene oxide (GO) and its derivatives have become a central theme 

in scientific research and have already become part of the products available in the market, which 

also makes them part of the emerging pollutants. Consequently, knowledge of their effects and 

how to deal with them is required. 

This study clarified, for the first time, mass transfer limitations imposed by GO on the 

methanogenic activity by an anaerobic consortium. Collected evidence indicated that wrapping of 

starch granules was the main mechanism involved. The results also revealed that low concentration 

of GO may enhance the methanogenic activity of the anaerobic consortium studied, presumably 

driven by DIET, during glucose fermentation.  

This study demonstrates that reduced GO (rGO) materials interact with particulate organic matter 

promoting its disintegration. Thus, the study also presents evidence on the importance of the 

degree of reduction in the improvement of methanogenesis using simple substrates. The 

knowledge generated by this study allows predicting the effects of the different materials derived 

from the GO and apply them for the improvement of biotechnological processes involving 

anaerobic digestion. 

The results obtained in the present study showed negative affectation at high concentrations of GO 

on the hydrogenotrophic and acetoclastic methanogenic activity of an anaerobic consortium. 

However, the presence of rGO promoted an improvement of up to 40 % of the maximum 

methanogenic activity achieved in the acetoclastic and methylotrophic experiments, while the 

hydrogenotrophic pathway was relatively insensitive to rGO. The methylotrophic pathway seemed 

to benefit from the presence of either rGO or GO, showing a significant increase of the specific 

methanogenic activity. Results also suggest that microbial reduction of GO during the incubation 

period outcompeted methanogenesis, so that electrons derived from substrates oxidation were 
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deviated from methanogenesis towards the reduction of GO, which may explain the decrease in 

the methanogenic activity observed in the presence of high concentrations of GO.  

Finally, a deeper understanding of the variables that give rise to the interactions between graphene 

oxide and anaerobic digestion systems, as well as the evaluation of the type and magnitude of the 

effects that may occur, creates a framework of knowledge that can be used to determine the fate 

of these nanomaterials and to predict their possible effects in the environment. 
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6.2 Perspectives 

It was observed that GO wraps starch granules, and this process triggered mass transfer limitations, 

which decreased the production of methane. Further studies are necessary to assess the effects in 

a system in which a soluble substrate is also present, which can be used as an energy source for 

microorganisms to reduce GO as is been evidenced in this work using different types of soluble 

substrates. 

The effects of GO and rGO in anaerobic digestion, studied here, were related to acute exposure, 

but it is necessary to assess the long-term effects, since the properties of the graphenic materials 

will change due to the interactions with cells products or byproducts and the bioactivity of 

microorganisms. 

Continuous processes, that are more representative of wastewater treatment systems, need study 

to understand the effects of GO and rGO, as well as the capacity of these systems to retain those 

graphenic materials to define bioaccumulation and possible effects of it in the environment. 

It is necessary to increase the complexity of the studied systems to mimic real scenarios in 

anaerobic treatment systems, to better understand the effects of graphene-like materials on 

anaerobic digestion of real treatment systems. 
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6.3 Scientific products 

6.3.1 Scientific publications 

Bueno-López, J.I., Rangel-Mendez, J.R., Alatriste-Mondragón, F., Pérez-Rodríguez, F., 

Hernández-Montoya, V., Cervantes, F.J., Graphene oxide triggers mass transfer limitations on the 

methanogenic activity of an anaerobic consortium with a particulate substrate. Chemosphere 

(2018) 211, 709–716. https://doi.org/10.1016/j.chemosphere.2018.08.001. 

 

J. Iván Bueno-López, Chi H. Nguyen, J. Rene Rangel-Mendez, Reyes Sierra-Alvarez, James A. 

Field, and Francisco J. Cervantes. Effects of graphene oxide and reduced graphene oxide on 

acetoclastic, hydrogenotrophic and methylotrophic methanogenesis. Submitted. 

 

J. Iván Bueno-López, Alejandra Díaz-Hinojosa, J. Rene Rangel-Mendez, Felipe Alatriste-

Mondragón, Fátima Pérez-Rodríguez, Virginia Hernández-Montoya and Francisco J. Cervantes. 

Enhanced methane production promoted by reduced graphene oxide in an anaerobic consortium 

supplied with particulate and soluble substrates Submitted. 

 

 

6.3.2 Congresses and symposia 

 

Bueno-López, J.I., Rangel-Mendez, J.R. Cervantes, F.J. Efecto de las interacciones óxido de 

grafeno y almidón en el proceso de digestión anaerobia. IX Congreso de la Red Latinoamericana 

de Ciencias Ambientales (RELACIAM). Octubre 2-6, 2017. San Luis Potosí, SLP, México. 
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Bueno-López, J.I., Rangel-Mendez, J.R. Cervantes, F.J. Interacciones almidón-óxido de grafeno y 

sus implicaciones en un proceso metanogénico. 8º Simposio de avances de tesis del posgrado en 

Ciencias Ambientales. April 20-21, 2017.  San Luis Potosí, SLP, México. 

 

Bueno-López, J.I., Rangel-Mendez, J.R. Cervantes, F.J. Efecto de las interacciones óxido de 

grafeno y almidón en el proceso de digestión anaerobia. 2º Congreso de la Asociación Mexicana 

del Carbono (AMEXCarb). November 14-17, 2017. San Luis Potosí, SLP, México. 

 

Bueno-López, J.I., Rangel-Mendez, J.R. Cervantes, F.J. Elucidando el papel del óxido de grafeno 

en la digestión anaerobia. X Simposio de avances de tesis de los posgrados en Ciencias 

Ambientales. April 25-26, 2019.  San Luis Potosí, SLP, México. 

 

Bueno-López, J.I., Rangel-Mendez, J.R. Cervantes, F.J. Acute effects of the reduction degree of 

graphene oxide on methane production. 16th World Congress on Anaerobic Digestion. Jun 23-27, 

2019.  Delft, The Netherlands. 
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