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ABSTRACT 

Nanomaterials are used in industries for having unique optical, mechanical, electrical, and 

chemical properties. However, these emerging materials will pose a significant threat to public 

health and environment, once they are released in the environment. Graphene is a 2D carbon based 

nanomaterial that has unique properties and whose structure is similar to polycyclic aromatic 

hydrocarbons (PAH), with carcinogenic properties. Once degraded, the resulting photoproducts 

are of numerous combination of PAHs that can lead to environmental risk. The objective of this 

proposed project was to investigate the degradation of graphene-based nanomaterials under 

sunlight as a function of nitrate, natural organic matter, and minerals. For this, our goal was to 

focus on GO nanomaterial degradation and factors influencing this degradation process. Our 

working hypothesis is that degradation process of GO starts from basal planes creating numerous 

electron holes, where most of the functional groups (especially hydroxyl functional groups that 

initiate the degradation) are located. Results from this study indicates that sunlight induced 

photolysis can significantly change the physical and chemical properties of graphene materials. 

Qualitative results from this study also indicate that functional groups of the samples, mainly the 

ones that are present on the basal plane, subsequently effects the degradation of graphene materials.  

In Columbia river water, the rate of indirect photolysis was lower than direct photolysis, which 

means that there may not be enough photosensitizers present to generate radicals and stimulate 

indirect photolysis. It also means that most of the degradation of GO will occur due to direct 

photolysis in Columbia River Water. However, Columbia River Water might contain other 

minerals or salt that affects the aggregation capability of GO in Columbia River Water. This 

aggregation and subsequent precipitation occurs even without the presence of sunlight. The result 

of this research will be useful in understanding the mechanisms of degradation process of carbon-
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based materials. These findings on degradation of graphene-based nanomaterials will provide 

insight into the potential management approaches to mitigate the impacts of these emerging 

pollutants in the environment. 
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INTRODUCTION 

Nanomaterials are defined as having dimensions of approximately 1 to 100 nanometers and are 

applied in numerous fields due to their novel characteristics resulting from their small size and 

other engineered properties. Although nanomaterials are relatively new, they are used in many 

industries, including electronic, magnetic, biomedical, pharmaceutical, cosmetic, energy, and paint 

industries, as well as for environmental application such as coating and catalytic applications 

(Novoselov et al., 2012; Chung et al., 2013; Kemp et al., 2013). Environmental application also 

includes environmental remediation and membrane applications. Nanomaterials used as sorbents, 

catalysts, also nano-filtration are found in water and wastewater treatment (Savage and Diallo, 

2005). Environmental release, intentional or unintentional, of these nanomaterials is possible 

throughout the life cycle of nanomaterials during production, use and disposal.  This release can 

be either intentional or unintentional. After exposed to environment, behavior of nanomaterial will 

be determined by their intrinsic properties as well as specific environmental conditions. 

A common class of nanomaterial, graphene family nanomaterials (GFNs), which are used in many 

environmental applications, is a large sheet that comprises a 2D layer of sp2-hybridized carbon 

atoms, arranged in a hexagonal lattice with unique physical and chemical characteristics. GFN 

release could occur during environmental applications such as adsorbents for wastewater and 

drinking water treatment (Zhang et al., 2011; Zhao et al., 2011; Upadhyay et al., 2014), membranes 

for desalination (Mishra and Ramaprabhu, 2011),  catalysts for aqueous organic pollutant 

oxidation and degradation (Sun et al., 2012), and coating materials for filtration (Gao et al., 2011). 

Moreover, GFNs could be introduced to the environment during the waste disposal of GFN-

containing products. Pristine graphene, graphene oxide (GO), and reduced graphene oxide (rGO) 

are the most common forms of graphene that are used in different applications. GO is a structural 
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analog of graphene but differ in properties enormously. The distinction between rGO and pristine 

graphene is necessitated by the few remaining oxygen-containing functional groups and structural 

defects, as well as the fact that some properties are never fully recovered. 

It is generally accepted that basal plane surfaces of GO contain mainly hydroxyl (-OH) and epoxy 

(-O-) functional groups while the edges are rich with carboxylate (-COOH) groups (Dreyer et al., 

2010). The functional group gives the molecule its properties, regardless of what molecule contains 

it; they are centers of chemical reactivity, solubility and other physical properties. The atoms of 

functional groups are linked to each other and to the rest of the molecule by covalent bonds. These 

groups can enter into reactions in which their covalent bonds break and new one’s form. 

Photodegradation is a major pathway for the transformation of nanomaterials in the environment 

(Lowry et al., 2012) and it can happen in both direct or indirect pathways. In direct photolysis, 

nanomaterial itself acts as a chromophore (light absorbing surface) which means nanomaterial 

absorbs energy from light, disrupting the chemical bonds and initiating degradation. On the other 

hand, in indirect photolysis, another compound in the environment acts as the chromophore and 

then transfers the energy to the nanomaterial resulting degradation. Some common chromophores 

available in the environment includes nitrate, and dissolved natural organic matter (NOM). 

Recent studies have shown that graphene is photoreactive (Matsumoto et al., 2011; Koinuma et 

al., 2012; Zhou et al., 2012; Gengler et al., 2013). GO can degrade in the exposure of sunlight and 

form products like rGO and LMW species. These degraded products can either be susceptible to 

further degradation or be persistent in the environment. However, as graphene is considered to be 

a large sheet of many fused polycyclic aromatic hydrocarbons, which has carcinogenic properties, 

it is important to do more research on how this degradation is getting started. 
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Thus, it is necessary to gather knowledge on how functional groups affect the degradation of 

graphene nanomaterials and to provide the basis for the design of more sustainable implementation 

and application of this technology. It may be necessary to create a functional group in the molecule 

or remove some functional group in order to achieve desired properties or to make it reactive. A 

broad and detailed insight of the degradation mechanism and its effects on environment and public 

health is needed to determine their fate, transformation and transport in environment in both 

qualitative and quantitative terms. 

 

PROBLEMS 

Work on the transformation of GO in the environment is barely in existence with just a few studies 

showing that enzymatic reactions may occur (Kotchey et al., 2011; Gurunathan et al., 2013); which 

highlights the need for research on the transformation fate of graphene and its derivatives. Recent 

studies indicated that GO could be suspended and transported in water columns for long time, 

where phototransformation processes mediated by sunlight would become very important 

(Chowdhury et al., 2013; Wu et al., 2013; Chowdhury et al., 2014; Lanphere et al., 2014; Qi et 

al., 2014). 

Studies of GO photoreactions are very new in the research field. It has been shown that GO can be 

photochemically or thermally reduced with exposure to high-energy UV-C and laser light 

(Matsumoto et al., 2011; Gengler et al., 2013; McDonald et al., 2013). A recent study shows that 

UV-C irradiation of natural organic matter (NOM) induces the production of highly reactive 

hydroxyl radical (OH·) at orders of magnitude higher than under solar irradiation (Lester et al., 
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2013). It indicates that the photoreduction behavior of GO in sunlight is distinct from that under 

UV-C irradiation in terms of rate and reaction order. 

The environmental fate and transport of GO has been investigated and the studies (Chowdhury et 

al., 2013; Wu et al., 2013) show that GO can be highly stable against aggregation and deposition 

in the natural aquatic environment, and it is thus likely that GO will remain in the water column 

where interacting sunlight can result in transformations. Moreover, nitrate and natural organic 

matter (NOM) in the natural environment can facilitate highly reactive hydroxyl radical formation 

under sunlight which can further react with graphene nanomaterials. 

Sunlight photolysis is one of the primary routes by which carbonaceous nanomaterials react in 

natural waters. Previous studies (Hou and Jafvert, 2009; Kong et al., 2009; Hou et al., 2010; Kong 

et al., 2013) have shown that sunlight exposure can photochemically transform fullerene (C60), 

and its derivative fullerol, into CO2 and products with significant oxygen containing 

functionalities. For other nanomaterials such as carbon nanotubes, photo-transformation is 

strongly dependent on the involvement of reactive oxygen species (ROS) such as hydroxyl radical 

(Chen and Jafvert, 2010; Hou et al., 2014). Transport properties of nanomaterials have also been 

found to be affected by exposure to sunlight (Qu et al., 2010; Cheng et al., 2011). 

Indirect phototransformation of graphene oxide is another major pathway of degradation of these 

nanomaterials in surface water. Numerous factors present in surface water (nitrate, minerals, 

NOM) can also promote this degradation. The light energy absorbed by these chromophores may 

be transferred to molecular oxygen, thereby forming singlet molecular oxygen (1O2), a weak 

oxidant. Alternatively, the light energy absorbed by the chromophore can be released as a hydrated 

electron, which then reacts rapidly with molecular oxygen to form superoxide. Superoxide is a 

weak nucleophile and reductant. Superoxide can also dismutate to hydrogen peroxide, which is 
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then converted to hydroxyl radical by reaction with transition metals and metal oxide minerals. 

Hydroxyl radical is a strong, nonspecific oxidant that reacts rapidly with most nanomaterials in 

water. In some cases, we do need complete degradation of graphene oxide in which the end 

product, CO2, is not as harmful as the end product, PAH, formed in the case of partial degradation 

of graphene oxide. 

However, most of the previous studies discuss about the photodegradation processes rather than 

the actual mechanisms. Whether functional groups have impact on the degradation process or any 

other property of the nanomaterial is still unknown. Moreover, the rates of these degradation 

process and which natural water constituents have the greatest effects on the photodegradation 

rates of graphene oxide nanomaterials have also not been studied yet. 

 

RESEARCH OBJECTIVES 

The overall objective of this research is to investigate the degradation of graphene-based 

nanomaterials under sunlight as a function of nitrate, natural organic matter, and minerals. For this, 

we have focused on graphene degradation, its mechanism and influence of functional groups on 

this degradation process. 

These set us to undertake the following specific aims: 

Specific aim 1 # Determine the reasons of graphene oxide transformation and degradation in 

aquatic environment under sunlight. 

Our working hypothesis is that degradation process of graphene oxide flakes starts from basal 

planes creating numerous electron holes, where most of the functional groups are located on 
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graphene oxide (Figure 1). It also includes that sunlight is mainly made up of photons and in 

sunlight simulated photolysis, functional groups of graphene oxide, specially, hydroxyl functional 

group (a strong electron donating group) acts as chromophore. It absorbs light and produces many 

excited electrons which disrupts its chemical bonds. This initiates the breakup of the covalent 

bonds of hydroxyl functional group and gradually the covalent bonds of GO. If CO and H is 

removed, a hole is formed (Figure 2). 

 

Figure 1. Schematic diagram of direct photolysis and degradation of Graphene nanomaterials 
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Figure 2. A proposed reaction pathway for hydroxyl functional group reduction by sunlight 

 

Specific aim 2 # Identify the factors present in natural surface water that have the greatest effects 

on the photodegradation rate. 

The most important naturally occurring photosensitizers are humic materials, nitrate, mineral 

surfaces, and pigments derived from microorganisms (Larson and Weber, 1994). Our hypothesis 

is that minerals can increase the rate of indirect contaminant photolysis through heterogeneous 

photocatalysis on their surfaces. Metal oxides can also act as semiconductors by absorbing 

photons. The absorbed photons might excite a region on the metal oxide surface, leaving a 

positively charged area on the surface (i.e., an electron hole). The electron hole can potentially 

oxidize organic contaminants. In addition, the negatively charged region of the surface can reduce 

contaminants. 

In addition to direct electron transfer from the mineral surface to contaminants, we believe that the 

negatively charged region can release an electron to the molecular oxygen to form superoxide, 

which can dismutate to hydrogen peroxide (H2O2). Transition metal catalysts may then catalyze 

the decomposition of the hydrogen peroxide to hydroxyl radical which is one of the most reactive 
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oxidants in the environment that can degrade graphene nanomaterials. Metal oxides also can 

participate in electron transfer reactions. 

 

Figure 3. A proposed reaction pathway for degradation of GO in presence of H2O2 by sunlight 

Initially, here direct photolysis will dominate the degradation process. This process will continue 

and this will cause hole formation and degradation of GO. Indirect photolysis starts to take effect 

after some time as it takes time to form hydroxyl radical from different photosensitizer (i.e. nitrate, 

NOM etc.) through the following reaction. 

H2O2 + hv → HO• + •OH 

The hydroxyl radical reactions are extremely fast and they start to attack the GO faster than the 

direct photolysis induced degradation. This could mean that indirect photolysis starts to take effect 
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after some time.  Three processes, that happens simultaneously, have been hypothesized for the 

reaction of hydroxyl radical and degradation of GO. 

ü Process 1: This hydroxyl radical can continuously get attached to GO and forms extra 

hydroxyl group by hydrogen abstraction and addition. This is because, OH• behaves like a 

highly reactive electrophile. This is why the net concentration of hydroxyl group does not 

show any prominent change. 

ü Process 2: This hydroxyl radical can further attack the GO specially where existing 

hydroxyl functional groups starts to break and form carboxyl functional group. This is why, 

we could assume that carboxyl functional group concentration will increase. This process 

will also continue to open up the rings and will cause degradation of GO. 

ü Process 3: This continuous attack of hydroxyl radical can also lead to the complete 

mineralization of GO to CO2. Carboxyl functional group also contains a hydroxyl group. 

Due to weak acidity of the hydroxyl hydrogen, a cleavage of the hydroxyl oxygen-

hydrogen bond occurs. Also, hydroxyl radical has strong affinity towards carboxyl 

functional group due to the strong H-bonds between OH• and negatively charged carboxyl 

oxygen atoms. The carbon atom of a carboxyl group is in a relatively high oxidation state. 

Because it is already in a high oxidation state, further oxidation with the strong hydroxyl 

radical oxidant, removes the carboxyl carbon as carbon dioxide. However, there will be a 

net increase in carboxyl group concentration as formation of carboxyl group in process 2 

is at much faster rate than removal in process 3. 

As ring opening and degradation is mainly happening via process 2 and direct photolysis, it can 

also be postulated that indirect photolysis occurs at much faster rate than direct photolysis. All the 

processes are shown in figure 3. 
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Specific aim 3 # Detection of Reactive Oxygen Species (ROS) generation and their effect on 

transformation and degradation of graphene family nanomaterials. 

Reactive oxygen species (ROS) are chemically reactive molecules containing oxygen. Examples 

include peroxides, superoxide, hydroxyl radical, and singlet oxygen. Our hypothesis is that 

reactive oxygen species in natural waters are produced during the interaction of sunlight with light 

absorbing substances such as nitrate/nitrite ions, humic substances and minerals. Singlet molecular 

oxygen (1O2), is a short lived, and highly reactive intermediate. It is formed by quenching CDOM 

(chromophoric dissolved organic matter) excited triplet-states, and is therefore one indicator of the 

photosensitizing ability of the CDOM. Hydrated electron (e-
(aq)) could be produced in water by the 

action of cosmic rays, by K decay, or through photoionization of endogenous phenolic compounds. 

Rapid reaction of (e-
(aq)) with dioxygen (O2) would yield superoxide (O2

-), ultimately leading to 

the formation of H2O2 via O2
- disproportionation and formation of hydroxyl radical. 

(e-
(aq)) + O2 à O2

-     (k= 2.2 x 1010 M-1s-1) 

2 O2
-  + 2H+ à H2O2 +O2 (k= 6 x 104 M-1s-1 at pH = 8.0) 

H2O2 + hv → HO• + •OH 
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METHODOLOGY 

Materials 

Graphene Oxide sample were obtained from Dr. Mark Hersam (collaborator from Northwestern 

University). Reduced Graphene Oxide (rGO) 2hr and 5hr were also used for the photodegradation 

studies for better comparison. To create enough hydroxyl radicals, 100mM of hydrogen peroxide 

(H2O2) was used. All aqueous solutions were prepared using MiliQ water. Each solution was used 

in the concentration of 50mg/L in MiliQ water. 

For Columbia river water work, 10 liter water was collected from a point near Lower Granite Point. 

Lower Granite Point is part of the Columbia River Basin system of dams. It is located on the lower 

side of snake river, the largest tributary of Columbia River. This water was gravity filtered with 

0.45µm filter in lab and stored in 4oC. GO solution, in the concentration of 50mg/L was prepared 

with this river water. 

For atomic force microscope (AFM) imaging, Si wafers were used. Si wafers were cleaned with 

piranha solution before use and then they were coated with Poly-L-lysine solution. 

Photodegradation studies 

All sunlight experiments were carried out in an Atlas SunTest CPS+ solar simulator. It is equipped 

with a 1 kW xenon arc lamp. The sunlight experiments were carried out in glass tubes (outside 

diameter = 1.3 cm; volume = 24 mL). The tubes were filled up to 10ml with solutions. The sample 

tubes were sealed with open-top caps lined with gastight polytetrafluoroethylene (PTFE) septa and 

kept on top of a mesh that helped them being submerged in a thermostatic water bath (25oC) during 

irradiation. The incident light intensity at the tube surface, summed from 300 nm to 800 nm, was 

0.065 W/cm2. For kinetic studies, a series of tubes were prepared for irradiation. Photodegradation 
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tests were continued for 168hr for direct photolysis and for photolysis in Columbia river water and 

48hr for indirect photolysis. At specific time periods during irradiation, one tube was removed 

from the reactor and sacrificed for chemical analysis. After removing, the tubes were wrapped with 

aluminum foil and kept in refrigerator. Dark control tubes were used in the experiment. These were 

used (wrapped with aluminum foil) to see whether the degradation is occurring due to sunlight or 

not. 

Characterization of GO, rGO 2hr and rGO 5hr 

The degradation processes of the solutions were monitored using the following techniques: 

Atomic force microscopy (AFM) was used to monitor the sizes of the graphene oxide flakes. The 

AFM images were analyzed further to determine the graphene oxide physical dimensions, 

including flake thickness, perimeter, and surface area, following the procedure described in some 

earlier studies (Chowdhury et al., 2015; Hou et al., 2015). For AFM imaging, the samples were 

prepared in the following manner: 

Si wafers with a 100 nm thick oxide were immersed in a 2.5 mM Poly-L-lysine (PLL) aqueous 

solution for 30 min to functionalize them with a self-assembled monolayer. The wafers were then 

rinsed with water and dried with N2. GO solutions will be diluted to ~0.01 mg/mL with water, and 

a 50 µl of this diluted solution were immediately placed on the wafer. After 10 minutes, the samples 

undergo two cycles of washing with water for ~5 sec and drying with N2. To avoid issues with 

residual PLL, the GO sample undergo 30 min of heat treatment at 250 °C. Since this procedure is 

insufficient to remove excess Pluronic from the surface of the graphene sample, it was instead heat 

treated for one hour in air at 275 °C. AFM Images were taken at several random locations on the 

sample. 
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Ultra violet (UV)-visible spectroscopic images were measured using a Perkin Elmer Lambda 365 

UV-visible absorbance spectrophotometer equipped with a 1-cm light path quartz cuvette. 

Changes in the UV-vis spectra will be used to monitor the decrease of graphene oxide 

concentration and changes in light adsorption properties. 

Zeta potential, hydrodynamic diameter and polydispersity index of the particles were measured 

using a Zetasizer Nano ZS (Malvern Instruments, Inc.). 

FTIR measurements were performed directly on the solutions using attenuated total reflection 

(ATR) mode on a Nicolet iS50 ATR-IR with Ge crystal. The FTIR analysis method uses infrared 

light to scan test samples and observe chemical properties. It gives qualitative idea about the 

formation or destruction of functional groups. 

Total organic carbon (TOC) was measured using a Shimadzu TOC analyzer. The obtained 

information provides the concentration of graphene oxide during the transformation process.  

AQ400 analyzer is used for analyzing different chemicals like magnesium, aluminum, calcium, 

copper, zinc, manganese, iron etc. of Columbia river water. 

 

PRINCIPAL FINDINGS AND SIGNIFICANCE 

Figures 4 (a) (b) show the sample of direct photolysis and figures 4 (c) (d) shows the sample of 

indirect photolysis. Figure 4 (a) shows that as the photodegradation time passes, sunlight exposure 

darkens the color of GO samples. From figure 4 (b) we can see that after 168hr, the color of the 

dark control tubes solution did not change. On the contrary, figure 4 (c) shows that as the 

photodegradation time passes, sunlight exposure lightens the color of GO samples but for dark 
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samples there was no color change (Figure 4 (d)). From this, we can interpret that the color change 

of the samples is happening due to sunlight. Color change of the solution in direct photolysis 

indicates the conversion of GO to rGO (degradation). This color change has previously been 

suggested as partial restoration of the network within the carbon structure and has been witnessed 

through chemical reduction of the GO sheets (Kotov et al., 1996; Becerril et al., 2008). For indirect 

photolysis, color change indicates the conversion of GO to CO2. Hydrogen Peroxide (H2O2) is an 

oxidizing agent capable of oxidizing organics macromolecules, which have a chromogenic 

potential. The result of this process is a destruction of the long organic chains into colorless short 

chains (Seghi and Denry, 1992; Attin et al., 2003; Wiegand et al., 2005; Goldberg et al., 2010). 

The bleaching mechanism is based on the decomposition of peroxides into free radicals, which 

react with the organic pigment molecules, transforming them into smaller and less pigmented 

compounds (Ünlü et al., 2004). 
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Figure 4. Visual effect of photolysis on (a) 50mg/L GO in MiliQ water, (b) 50mg/L GO in MiliQ 

water (Dark control tubes), (c) 50mg/L GO and 100mM H2O2 in MiliQ water, (d) 50mg/L GO and 

100mM H2O2 in MiliQ water (Dark control tubes) 

Also, visually there is no GO precipitate seen in the figures, which means GO has good dispersion 

stability. rGO 2hr and 5hr samples showed visible rGO precipitates which indicate poor dispersion 

stability.  The particles got aggregated which might be the reason to not be able to see the color 

change more clearly. For an initial period of irradiation, the suspension displays little visible 

change in appearance. However, beyond a certain irradiation time, rGO particles begin to 

aggregate, first forming visible particulates and then eventually larger, settleable aggregates and 

finally the supernatant starts to becomes clear to the naked eye. This aggregation is a serious 

(a)	 (b)	

(c)	 (d)	
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problem for rGO particles. However, extent of aggregation could depend on the properties of the 

material, water quality and light intensity as well. Graphene nanomaterials aggregation and settling 

characteristics observed in this study are somewhat consistent with some previous studies in which 

carbon nanotubes (CNTs) were exposed to UV irradiation (Chen and Jafvert, 2010; Bitter et al., 

2014). 

Figure 5 (a) represents the UV-Vis absorbance spectrum of GO samples. The optical absorption 

spectra of figure 5 (a) show that the absorption peaks of the GO suspension are around 230 nm 

related to π-π* transitions of the aromatic C–C bond, a shoulder at about 300 nm correspond to n-

π* of the C=O bond transition and a long absorption tail down to 1100 nm wavelength for GO in 

MQ water for 0hr. However as photodegradation time passed, this peak got shifted to around 

270nm which means that GO particles might be getting degraded. Also the disappearance of the 

shoulder at 300nm wavelength suggests the removal of oxygen groups (Zhou et al., 2009; Liu et 

al., 2011; Han et al., 2013). It also shows that sunlight exposure increases UV-Vis absorbance 

above 280nm wavelength. It could mean GO degrades rapidly under sunlight exposure. 

Figure 5 (b) represents the UV-Vis absorbance spectrum of rGO 2hr samples. Figure 5 (b) shows 

that the absorption peaks of the rGO 2hr suspension are around 270 nm. However as 

photodegradation time passed, this peak remained at the same wavelength but the absorbance got 

decreased up to 24hr. After 24hr, the absorbance values started to increase. It could mean that rGO 

2hr samples start to degrade after 24hr and it doesn’t start to degraded as quickly as GO sample. 

From this figure we can also see that although the absorbance is too low even after sonication and 

dilution, it is higher than GO sample. 

Figure 5 (c) represents the UV-Vis absorbance spectrum of rGO 5hr samples. It is almost same as 

rGO 2hr. Even, the absorbance values also started to increase after 24hr, which again means that 
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rGO 5hr also starts to degrade after 24hr like rGO 2hr. From these, we can assume that rGO 2hr 

and 5hr are more resistant to degradation unlike GO but more research is needed to back it up. 

Absorption peaks are influenced by functional groups. The functional groups influence the 

conjugated systems, causing the absorption peaks to change. The color of organic compounds, 

then, is influenced more strongly by the size of the conjugated system. So, figures 4 and 5 indicate 

that all the solutions are photochemically altered as darkened photoproducts are being formed and 

functional groups are absorbing lights after the photodegradation as the absorbance values are 

increasing. 

Figure 6 represents the UV-Vis absorbance spectrum of all indirect photolysis samples. From 

figure 6 (a) we can see that as photodegradation time is passing, the absorbance value is getting 

decreased. The initial increase in absorbance in the first 3hr likely can be attributed to direct 

photolysis of GO. After 3hr, the decrease in absorbance indicates the indirect photolysis. 
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Figure 5. UV-visible absorbance spectra of (a) 50mg/L GO in MiliQ water, (b) 50mg/L rGO 2hr 

in MiliQ water, (c) 50mg/L rGO 5hr in MiliQ water 

 

In rGO 2hr sample as well, the absorbance value increased in the first 7hr and then started to 

decrease after that (Figure 6b). In rGO 5hr sample the absorbance value increased in the first 9hr 

and started to decrease after that (Figure 6c). This initial increase and then decrease in absorbance 
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suggests that direct and indirect photolysis occurs simultaneously. From this we can say that 

hydroxyl radical starts to affect quickly in GO samples and takes a bit longer time to effect in rGO 

2hr sample and even more longer time in rGO 5hr samples. 

 

 

Figure 6. UV-visible absorbance spectra of (a) 50mg/L GO and 100mM H2O2 in MiliQ water, 

(b) 50mg/L rGO 2hr and 100mM H2O2 in MiliQ water, (c) 50mg/L rGO 5hrand 100mM H2O2 in 

MiliQ water 
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Zeta potential is an important indicator of the stability of particles. Its value specifies whether there 

is an electrostatic repulsion or attraction between particles. Higher zeta potential means the 

particles are stable and they will resist aggregation. On the other hand, lower zeta potential values 

mean attraction will take over and particles will coagulate or flocculate. From table 1 and 2, it is 

clear that for all the samples, ZP value is in the range of -30 to -50mV. In spite of having a negative 

zeta potential beyond 30mV for all the samples, these suspensions have been shown to be unstable, 

creating sedimentation upon standing. This indicates that the particle size is may be too large and 

hence the forces of gravity are becoming extremely dominant and that’s why zeta potential might 

not affect stability. Also, due to functional groups, the hydrophilic GO is becoming hydrophobic. 

So this might be a reason for the sedimentation as well. 

Table 1. Zeta potential values of samples in direct photolysis 

GO  rGO 2hr  rGO 5hr 

Time ZP (mV)  Time ZP (mV)  Time ZP (mV) 

0hr -40.1  0hr -48.87  0hr -38.9 

3hr -42.62  3hr -47.23  3hr -41.27 

6hr -39.14  6hr -42.43  6hr -38.7 

9hr -42.58  9hr -43.37  9hr -38.8 

24hr -42.5  24hr -42.4  24hr -40.03 

48hr -43.46  48hr -42.5  48hr -38.53 

72hr -46.42  72hr -45.7  72hr -37.93 

168hr -44.76  168hr -44.97  168hr -39.43 
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Table 2. Zeta potential values of samples in indirect photolysis 

GO  rGO 2hr  rGO 5hr 

Time ZP (mV)  Time ZP (mV)  Time ZP (mV) 

0hr -46.73  0hr -41.43  0hr -39.33 

3hr -43.43  3hr -41.4  3hr -39.5 

7hr -49.2  7hr -45.7  7hr -41.93 

9hr -46.13  9hr -40.83  9hr -38.33 

24hr -45.93  24hr -41.3  24hr -41.5 

48hr -43.1  48hr -40.43  48hr -37.57 

 

The degradation of graphene oxide is also confirmed by FTIR spectroscopy. Figure 7 (a) shows 

the typical FTIR spectrum obtained for graphene oxide sample at the range of 500–4000 cm−1. The 

spectrum of graphene oxide exhibits the presence of O–H (around 3400 cm−1) due to stretching 

vibration. Carboxyl groups at the edges of GO sheets show stretching vibration and the C=O peak 

appears at around 1,726 cm-1. The spectra also exhibit several characteristic peaks of GO; C=C at 

around 1,630 cm–1 due to the aromatic C=C bonds, C-O at around 1,246 cm-1 due to epoxy C-O 

stretching vibration (Szabó et al., 2006; Muthoosamy et al., 2015; Rouhollah and Alireza, 2015). 

From figure 7(a), which is for the photodegraded samples of GO, we can see that as 

photodegradation time passed, the value of % transmittance got decreased which means that 

absorbance got increased. It is similar with the increasing absorbance value in UV-vis 

spectroscopy. We can also see that, O-H, C=O and C-O functional groups are starting to get 

broadened. It could be expected that as time passed more, they could get more broadened and 

ultimately get eliminated. It means that when GO will degraded, there will be elimination of these 
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functional groups. It also suggests that photoreactive site is mainly the basal plane as these reduced 

oxygen containing functional groups (hydroxyl functional group) are present in the basal plane, 

consistent with our hypothesis. However, to be completely sure of it, further research is necessary. 

Figure 7 (b) shows the FTIR spectrum obtained for rGO 2hr sample at the range of 500–4000 cm−1. 

From the figure we can see that there is no C=O and C-O functional group present. We also saw 

that in figure 7(a) that, as GO got reduced, these functional groups will be eliminated. In figure 

7(b), % transmittance got decreased and O-H functional group also got broadened. It means that 

with time O-H functional group in rGO 2hr sample could also get eliminated. 

Figure 7 (c) shows the FTIR spectrum obtained for rGO 5hr sample at the range of 500–4000 cm−1. 

From figure 7(c), which is for the photodegraded samples of rGO 5hr, we can see that as 

photodegradation time passed the value of % transmittance got decreased which means that 

absorbance got increased. It is similar to the increasing absorbance value in UV-vis spectroscopy. 

We can also see that O-H functional groups is starting to get broadened, though not at the same 

way as rGO 2hr. It is getting broadened at a slower rate but it can be expected that as more time 

gets passed, this functional group can get eliminated. From here we can also assume that rGO 5hr 

degrades slowly than rGO 2hr. 

From FTIR spectra for Dark controlled tubes for GO and rGO 5hr samples, we can see that as 

photodegradation time passed, the spectra remained almost same. It could mean that without 

sunlight, there won’t be any change in the functional groups. However, for rGO 2hr we can see 

that as photodegradation time passed, the spectra did not remain same, rather it changed almost in 

a similar way like the photodegraded sample of rGO 2hr. It could mean that O-H functional group 

has an influence in the degradation process even without sunlight. 
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Figure 7. FTIR image of (a) photodegraded GO samples, (b) photodegraded rGO 2hr samples 

and (c) photodegraded rGO 5hr samples 

For all the samples in figure 8 it was expected that there will be a change in hydroxyl functional 

group as it did for our previous work for direct photolysis but from figure there is no prominent 

change in hydroxyl functional groups (around 3400 cm-1). However, in all the samples carboxyl 

functional group (wavenumber 1640 cm-1) is increasing, which is what we had hypothesized. This 

increase is very much visible in GO (Figure 8a) and rGO 2hr (Figure 8b) samples but not in rGO 
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5hr (Figure 8c) sample. This could mean that in rGO 5hr, it will take more time for carboxyl 

functional groups to get formed and this could delay the degradation process.  

 

Figure 8. FTIR image of (a) photodegraded GO samples, (b) photodegraded rGO 2hr samples 

and (c) photodegraded rGO 5hr samples 

Also, the partially-reduced graphene oxide possesses oxygen-containing functional groups as well 

that can form hydrogen bonding with multiple –OH functional groups of organic molecule (i.e. 
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photogenerated holes or surface hydroxyl radicals. In indirect photolysis, GO sample completely 

converts to its mineralized form, CO2. This can be seen in FTIR spectroscopy as well because the 

CO2 functional group (wavenumber 2000-2500 cm-1) is increasing after 48hr. 

Total organic carbon (TOC) was measured to get an idea of the concentration of graphene oxide 

during the transformation process. As expected, the trend showed a decreasing pattern of TOC and 

this reduction in TOC content as irradiation time increases, indicates that GO is photochemically 

altered and light absorbing photoproducts are formed. From figure 9a we can see that direct 

phototransformation of GO is degrading the nanomaterials by almost 32.5% within 2 days and 

38.6% within 7days. From figure 9b we can see that indirect phototransformation of GO is 

degrading the nanomaterials by almost 60.36% within 2days. From this we can interpret that 

degradation due to indirect photolysis will be at higher rate than direct photolysis which matches 

our hypothesis and previous characterization results as well. 

  

 

 

 

 

 

Figure 9. TOC analysis of (a) photodegraded GO samples in direct photolysis, (b) 

photodegraded GO samples in indirect photolysis 
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IMPLICATIONS WITH COLUMBIA RIVER WATER 

Experiment with GO in Columbia river water was an implication of the project. Columbia river 

water (CRW) was used to see the effect of GO in practical field condition. Some initial 

characterization of river water was conducted using AQ400 analyzer. We measured the existing 

concentration of chloride and alkalinity in the river water (Table 3 and 4). By analyzing, we can 

see that Columbia river water contains low amount of chloride but significant amount of alkalinity. 

Table 3. Concentration of chloride in Columbia river water 

Sample ID Test Results Units Average Average conc. (mM) 

Columbia water 

1 

Chloride 

100 
13.24 mg Cl/L 

13.19 mg Cl/L 0.37 mM 
Columbia water 

2 

Chloride 

100 
13.14 mg Cl/L 

 

Table 4. Concentration of alkalinity in Columbia river water 

Sample ID Test Results Units Average 
Average conc. 

(mM) 

Columbia 

water 1 
Alakalin200 86.10 mg/L Ca 

82.91mg/L Ca 2.07 mM 
Columbia 

water 2 
Alakalin200 79.72 mg/L Ca 
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Figure 10. (a) 50mg/L GO in CRW water (Dark control tubes), (b) 50mg/L GO in CRW  

Experiments with Columbia river water did show consistency with most of our previous results 

with a few discrepancies. Even without sunlight, 0hr Dark GO sample started aggregating slowly 

within 3-6 days (figure 10a). Direct photo-transformation can increase GO aggregation rate in 

aqueous suspension, suggesting that it will reduce this material's stability in the environment. 

Aggregation of GO increased with higher irradiation time (figure 10b). 

 

Figure 11. UV-visible absorbance spectra of 50mg/L GO in CRW water 
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UV-visible absorbance spectra of GO in CRW water (figure 11) showed initial peak at 230nm and 

shoulder at 300nm, which is consistent with GO. After irradiation, peak got shifted to around 

270nm indicating rGO formation. Previously, direct photolysis of GO samples (figure 5a) showed 

that sunlight exposure increases UV-Vis absorbance above 280nm wavelength. In indirect 

photolysis, sunlight exposure increased UV-Vis absorbance above 280nm wavelength until 3hr, 

indicating direct photolysis and after 3hr absorbance started to decrease which indicates indirect 

photolysis (figure 6a). In Columbia River Water (figure 11a), sunlight exposure increases UV-Vis 

absorbance above 280nm wavelength until 6hr indicating direct photolysis and after 6hr 

absorbance started to decrease which indicates indirect photolysis. So, here direct and indirect 

photolysis is happening simultaneously. Due to similarity in UV-Vis spectrum of direct GO 

photolysis and GO photolysis in river water, direct photolysis could be dominant in Columbia river 

water and even though indirect photolysis is occurring, it may not be that dominant. Possible 

reason for this could be the unavailability of enough NOM to produce hydroxyl radical. 

 

Figure 12. FTIR spectra of photodegraded GO samples in CRW 
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Just as we had hypothesized, FTIR spectra of GO in Columbia river water (figure 12) showed a 

decrease in hydroxyl functional group and an increase in carboxyl functional group, similar to 

figure 8a. So, we can say that, presence of different photosensitizer in Columbia river water (could 

be NOM or nitrate) is influencing the process and mediating indirect photolysis. 

 

Figure 13. TOC analysis of photodegraded GO samples in CRW 

TOC analysis of GO in Columbia river water, also showed the decreasing concentration of GO 

with increasing irradiation time. From figure 13 we can see that sunlight induced photolysis of GO 

is degrading the nanomaterials by almost 31% within 7days, similar to direct photolysis. So we 

can interpret, that in Columbia river water, the rate of indirect photolysis will be lower than direct 

photolysis, which means that there may not be enough photosensitizers present to generate radicals 

and stimulate indirect photolysis. It also means that degradation of GO will occur due to direct 

photolysis. 
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CONCLUSIONS 

Results from this study indicates that sunlight induced photolysis can significantly change the 

physical and chemical properties of GO, rGO 2hr and rGO 5hr. These qualitative results also 

indicate that functional groups of the samples, mainly the ones that are present on the basal plane, 

subsequently effects the degradation of GO, rGO 2hr and rGO 5hr. Columbia River Basin is a 

complex ecosystem that contain numerous photosensitizers like NOM, nitrate etc. that can 

generate hydroxyl radical and initiate photodegradation. However, Columbia River Basin might 

not contain enough of these photosensitizers to induce indirect photolysis, so the dominant 

pathway for degradation is the direct photolysis. The result of this research will be useful in 

understanding the mechanism of functional groups in degradation process which will allow us in 

future to do functionalization modification of these material. By doing so, we will be able to reuse 

these material that will have long life and less negative effects on environment. Along with this, 

we might potentially be able to remove carbon-based nanomaterials from surface waters by 

increasing photolysis rates. 
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Groups on the Degradation of Graphene Nanomaterials in the Aquatic 
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Meeting, August 21-25, 2016, Philadelphia, PA.   
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In preparation: Shams, M., Mansukhani, N., Henderson, W.M., Zepp, R., 

Bouchard, D., Hersam, M.C., Chowdhury, I. (2017) Environmental Implications 

of Two Dimensional Nanomaterials, in preparation (Invited Review to 

Environmental Science Nano)  
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In preparation: Shams, M., Guiney, L., Hersam, M., and Chowdhury, I. (2017) 

Influence of Functional Groups on the Degradation of Graphene under Direct 
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In preparation: Shams, M., Guiney, L., Hersam, M., and Chowdhury, I. 

(2017) Influence of Functional Groups on the Degradation of Graphene 
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