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Abstract 
Reduced graphene oxide (rGO) is widely seen as the most promising route for the low-cost mass 

production of graphene for many applications ranging from ultrathin electrodes to structural 

nanocomposites. The Hummers and Marcano methods are the two most successful approaches for 

producing high-performance rGO but have been criticized for producing toxic emissions. We 

have applied Life Cycle Assessment methodology to evaluate the environmental impacts of both 

production routes for GO and rGO in the context of applications requiring bulk materials or thin 

coatings. We find no current obstacle to the industrial scale production of graphene arising from 

its environmental impact. The cumulative energy demand is found to have a cap value between 

20.7 GJ/Kg to 68.5GJ/Kg, a relatively high value; impact in other categories (such as human 

toxicity or resource depletion) is lower, and materials inventory does not include critical/strategic 

materials other than graphite itself. Our study proposes 1kg of graphene as functional unit, and an 

application-specific functional unit normalized by conductivity which show that Hummers 

production method is far more suitable for bulk applications of graphene, with lower embedded 

energy per kg of graphene production, while Marcano’s production method is better suited for 

thin film electronic applications. 
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1. Introduction 

Graphene-based materials have been used in a broad range of applications, extending from 
electronics and optoelectronic devices[1, 2] to composite materials for building, civil[3, 4], fuel 
cells [5, 6],  water treatment[7–9] , lithium-ion batteries[10–13] , supercapacitors[14], 
engineering[15, 16] and medical[17, 18] applications. The use of two-dimensional graphene 
layers in electronic and optoelectronic devices requires very little material, on the order of 15 
milligrams per m2. However, bulk applications where graphene acts as a filler can require the 
production of 2.4 - 48 kilograms of graphene per m3 to realize the desired functionality[19, 20]. 
To meet the demand for bulk applications, low-cost and mass-production methods are needed to 
realize the industrialization of graphene manufacturing. To date, graphene oxide (GO), reduced 
graphene oxide (rGO) and their derivatives have shown promising applications in catalysis[36–
38] , composites[24, 25], energy storage[26, 27], sensing[43–46] , water purification[32, 33], 
supercapacitors[34] and electronics[35, 36] among others. 
The production methods of rGO vary in their precursor requirements, chemistry, electrical 
consumption, environmental impact, scalability, sample properties, and production yield. The 
choice of the method for industrial application is therefore determined by a careful analysis of the 
factors just mentioned and the desired performance for the target application. The number of 
publications dealing with the environmental impact of graphene production is growing, and the 
main production routes have been analysed, mostly using 1kg of graphene (often in solution), or 
1cm2 of graphene sheet (on different substrates) as the functional units; different impact 
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categories have been analysed in each case making comparison of the different processes from an 
environmental point of view a challenging task [54, 65, 66]. The well-established Life Cycle 
Assessment (LCA) method can help to address this needed comparison. The LCA method 
comprises of several steps which can produce meaningful information about the environmental 
impacts in various categories such as human toxicity (cancer and non-cancer), water 
contamination, resources depletion or other related to climate change such as Green House Gases 
(GHG) emissions or ocean acidification.  
Herein, we apply the LCA methodology to evaluate the environmental impact of common 
processes used in the production of GO as well as various reduction approaches used to produce 
rGO. First, we compare the impacts of producing GO using the original Hummers method (GO) 
and the more recent and successful modification of the Hummers method by Marcano et al. 
(mGO)[37]. We compare the impacts of various reduction strategies, using two different chemical 
agents, namely hydrazine (hGO) and glucose (gGO), in combination with thermal treatments at 
different temperatures based on commonly reported methods. Although hydrazine processing has 
been previously studied [38], glucose processing is included for the first time in an LCA study for 
graphene production. The results of the LCA are highly dependent on the selection of the 
functional unit (FU) which must take the performance requisites of the application into 
consideration. The FU is a metric that relates all emissions and resources used to the desired 
application (e.g., bulk filler or surface coating) in order to facilitate meaningful comparisons. 
Exploration towards impact of industrial scale production has been previously performed by 
Arvidsson et al for ultrasonication[39, 40] and epitaxial[39, 40] graphene and Cossuta et al.[41] 
for several processes, pointing that the least impacting material route remains chemical oxidation 
followed by thermal reduction, although in terms of cumulative energy demand the 
ultrasonication exfoliation has lower energy consumption, but with higher human toxicity [77]. 
This result confirms the possibility for mass production of graphene with a low environmental 
impact provided by the laboratory scale analysis presented in the following sections; the results 
can be considered as a capping limit on the impact for the scaling up of processes towards 
industrial scale, which should be further reduced. 
The article is organized as follows: section 2 explains the scope and boundaries of the LCA study, 
providing also a description of the experimental procedures carried out at the laboratory. In 
section 3 the LCA results are presented and in section 4 they are discussed in the context of other 
studies. Finally, conclusions are provided in section 5. 

2. Scope of the assessment  

The Life Cycle Assessment presented in this article is based on experimental data taken during 
laboratory production of GO and r-GO. In this section, a brief overview of production methods 
and the scope of our assessment is presented. 
The most famous method, the mechanical exfoliation of graphite based on the adhesive tape use 
[42, 43],  leads to production of high-quality and high-mobility graphene flakes, but this method 
is cumbersome, extremely low in yield and it is consequently more difficult to scale-up [28]. 
Several alternative strategies have been developed since then to achieve scalable production of 
graphene sheets, including metal ion intercalation[44], liquid phase exfoliation of graphite in 
organic solvents[22–24]     , chemical vapor deposition (CVD) on transition metal catalysts (Ni, 
Cu, ZnS, Fe)[25–28]     , vacuum graphitization of silicon carbide (SiC)[52, 53], bottom up 
organic synthesis of large polycyclic aromatic hydrocarbons (PAHs)[31–33]     , and chemical 
exfoliation/reduction from graphite oxide (GO)[57, 58], resulting in the formation of reduced 
graphene oxide (rGO). This last approach is considered one of the most promising routes for the 
large-scale production of graphene, mainly due to its solution-processability and change of 
properties achieved via inclusion of functional groups during the oxidation/reduction processes. 
GO is produced by reacting strong oxidants with graphite powder[59],[60]. Hummers developed 
the most widely used variant for GO production, relying on a mixture of potassium permanganate 
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and sodium nitrate in concentrated sulfuric acid, to produce GO within hours. Several 
modifications to Hummers’ method have been published since, leading to improved oxidation 
efficiencies[37]. The most common ones rely on increased amounts of potassium 
permanganate[34,35,43,52,53,55–57]      making it possible to obtain large amounts of GO with 
ease; special mention deserves the process excluding the NaNO3, by increasing the amount of 
KMnO4, and performing the reaction in a 9:1 mixture of H2SO4/H3PO4, which  improves the 
efficiency of the oxidation process, this modified Hummers’ method is widely known as 
Marcano’s process[37]. The production of graphene sheets from GO begins with exfoliation, 
usually by ultrasonic cleavage, to separate and obtain graphene oxide layers. Exfoliation is 
facilitated by reducing the attraction between graphene layers – made possible by increasing the 
degree of oxidation of GO – and by enhancing the interaction between graphene sheets and the 
solvent. As GO contains more than 20 wt% of oxygen, it is hydrophilic and can be easily 
dispersed in water and other common solvents through further functionalization of oxygen-
containing groups[64]. This allows for ease of processing into different types of macroscopic 
assemblies, such as films or membranes. However, GO is electrically insulating, requiring 
chemical and/or thermal treatments to restore its sp2 character by reducing it with the aim of 
improving its electrical conductivity. The production of rGO can be achieved using different 
chemical reduction agents[59–63]     , including hydrazine[58] or glucose, the most commonly 
used reducing reagent. As chemical treatments alone do not reduce the defects induced by the 
harsh chemical oxidation of graphite[62], a thermal treatment is also required to improve the 
conductivity of rGO[69, 70]. In Table 1 we have summarized which processes have been 
considered in this LCA study. 
 
 
 

2.1. Experimental section: preparation of rGO 
2.1.1 Synthesis of Graphene Oxide by the modified Hummers method.	

Graphite oxide was prepared using a modified Hummers method from graphite powder by 
oxidation with NaNO3, H2SO4, and KMnO4 in an ice bath as reported elsewhere[60, 70]. In brief, 
170 mL of concentrated H2SO4 was added to a mixture of graphite flakes (5.0 g) and NaNO3 (3.75 
g), and the mixture was cooled in an ice bath, and stirred for thirty minutes. KMnO4 (25 g) was 
slowly added and stirred for another thirty minutes. The reaction was then warmed to 35 °C and 
stirred for two more hours. Water (250 mL) was slowly added, and then 30% H2O2 (20mL). The 
mixture was stirred for an hour, filtered, and the obtained powder was repeatedly washed with 400 
mL of HCl:H2O (1:10), and dried under ambient conditions for 24 hours.. 
Graphene oxide was obtained by mild bath sonication of an aqueous graphite oxide dispersion 
(1mg/mL) for 2 hours, followed by centrifugation at 4500 rpm for 60 min, leading to a brown-
coloured dispersion of exfoliated GO with a final concentration of 0.4 mg/mL. 
 

2.1.2. Preparation of reduced Graphene Oxide. (hGO, and gGO). 

Reduced graphene oxide was prepared by adding excess of reducing agent, hydrazine 
monohydrate or D-(+)-glucose to the obtained GO dispersion, and refluxing for 1 hour. The 
concentration of reducing agent in each case was 6 µL hydrazine, and 6.4 mg glucose per 1 mL of 
GO dispersion. Filtration followed by washing with 200 mL of deionized water, and vacuum 
drying at 80 ºC overnight afforded the powder-like rGO materials, named as hGO and gGO, 
respectively. 
We have identified the reactions occurring during the production of hGO, as Figure 1 shows in 
detail. Several of these reactions have been described previously in ref. [71–73]     . We have 
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modelled the reactions to calculate the emissions following the guide provided by Geisler et al. 
[74]. It should be emphasized that all possible routes have been taken into consideration, where 
hydrazine emissions have been included. 
 

	

		

Fig 1.  Reactions that can take place during the production of the reduced graphene oxide, 
following the method proposed by Hummers. The chemicals in black background are those that 
are considered to be emitted in the scenario defined as “worst case” in this study. 
 

2.2 Life Cycle Assessment methodology 
2.2.1. Goal and scope 

The aim of this study is to assess the environmental impacts of GO and rGO production. We 
analyze and compare three production routes: first, hydrazine and glucose, which are processes 
analysed in-situ during the laboratory preparation of the materials, and second, we include in the 
discussion results from literature which use phosphoric acid in order to compare the LCA results 
[65]. The software SimaPro was used for the calculations (version 8.4.0, licence: analyst). 
 
2.2.2 Definition of the cases of study: functional units. 
 
This study focuses on the production of GO and rGO for its use as a semitransparent electronic 
conductor. In order to reflect this application of graphene in the functional unit, and due to the 
final uses of the reduced graphene oxide, the functional unit should be related to its conductivity 
and transmittance. Therefore, two functional units have been defined: 
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- Functional Unit 1 (FU1): the production of 1 kilogram of reduced graphene oxide, this FU1 
provides an easy way to compare with most LCA studies which use the same FU and is most used 
for bulk applications of graphene. 
- Functional Unit 2 (FU2): this second functional unit attempts to link the production of the 
material with the final application. Thus, looking at the conductivity and thickness of the reported 
material, FU2 is defined as the mass of material required per 1m2 layer divided by its conductivity 
(mg S-1m-1) being the final units in terms of milligrams divided by S·m, or milligrams per 
surface and conductivity and it is independent of the thickness of the layer under consideration. 
Other studies proposed 1cm2 of graphene, pointing to electronic applications, but without 
normalization by conductivity [66]  
The density considered in this study is 2 g/cm3, as an average of densities reported in literature 
and producers technical sheets. [68–70]      
The processes description required during the production and the Spanish-2015 electricity mix 
that has been considered and are presented in Tables S2 and S3 in Supplementary information 
respectively. The selection of this electricity mix is due to fact that the experimental data have 
been measured at a Spanish laboratory, the results can be tuned for other electricity mixes (for 
other countries or for an evolution of the Spanish mix); for example, results for China, Korea, 
USA, Germany and Sweden are also included in the supplementary information (Figure S5) 
where the limited change of the CED calculation with electricity mix is shown. 
In Table 1 a definition of the different cases of study are provided and the labels used in all figure 
are linked to the different routes. These labels are used throughout all the article. 
 
Table 1. Definition of the cases of study. The columns show the chemicals used during the 
graphite oxidation, the final processed morphology of the rGO, the reduction agent (H: hydrazine 
or G: Glucose) and specific procedure method used (R: reflux, V: vapour, A: annealing), the final 
conductivity and the thickness.  
 

Oxidation Structure 
Reduction 

Method 
𝛔 (S/m) 

Thickness 

(nm) 

Case 

study 
Ref 

Hummers 
GO 

KMnO4 
+ 

NaNO3 

Thin-film 
H-R 35.45 

75 
hGO [60] 

G-R 12.7 gGO This 
work 

Paper-like 

H-V +A 700ºC 3500 

10000 

a700-
vhGO 

[70] 
A 700ºC 8100 

a700-

GO 

Marcano 
GO 

KMnO4 

+ 

H3PO4 Monolayer 

H-R 10 

1 

mGO 

[37] 

H-R +A300ºC 35500 a300-

mGO 

H-R +A900ºC 40000 A900-

mGO 

 

2.2.3 System Boundary 

Figure 2 shows the boundaries of this study, which includes all inputs and outputs from the cradle 
to the gate; from the extraction of the materials and production of the ingredients, until the 
production of the final reduced graphene oxide. From all the cases of this study defined in Table 
1, the chemicals that could be emitted during the reduction of the graphene oxide have been 
considered for the hydrazine-based reduction of GO (see Figure S5). This worst-case scenario has 
been studied, and the potential emissions are included since other studies point this recipe out as a 
disadvantage of the hydrazine reduction. End-of-life and recycling procedures are out of the scope 
of this study due to the lack of information in this regard. 
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Fig. 2 Cradle-to-gate system boundary for the application of LCA methodology to the cases of 

study: production of reduced graphene oxide following Hummers recipe, glucose-based reduction, 

and modified recipe proposed by Marcano. We compare the cumulative energy demand and the 

environmental impacts whether the rGO is finally annealed or not. Use phase, end of life and 

recycling processes are not included in the scope of the study. 

 

2.2.4 Life Cycle Impact Assessment (LCIA) and Cumulative Energy Demand (CED) methodology 

In order to estimate the potential hazards from chemical emissions, we have defined a scenario 
where all the potential emissions are considered. From all the potential chemicals that could be 
emitted, we have selected those of highest toxicity, being hydrazine the substance of significant 
toxic concerns. 
Life Cycle Impact Assessment (LCIA) methods are applied to get Cumulative Energy Demand 
(CED) of the products, and the related environmental impacts of the functional units. We 
emphasize that the International Reference Life Cycle Data System (ILCD) method is also 
applied, as recommended for the characterisation steps in LCIA[78]. Normalised LCIA results 
give, for each impact topic on midpoint level, or area of protection on endpoint level, the relative 
share of the impact of the analysed system in the total impact of this category per average citizen 
or globally, per country, etc… When displaying the normalised LCIA results of the different 
impact topics next to each other, it can hence be seen to which impact topics the analysed system 
contributes relatively more and to which less. In this article, the inputs in the inventory of the 
reduced graphene oxide were translated into environmental impact categories scores, by the 
application of Life Cycle Impact Assessment methods. The scores shown in Figure 4 are 
normalized, that means the different characterized impact scores are related to a common 
reference, e.g. the impacts caused by one person during one year, in order to facilitate 
comparisons across impact categories. 
 

3. Results 
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3.1 Impacts of the production methods of rGO 
The various production methods of rGO can be classified as being derived directly from the 
Hummers method of GO production or from modifications of this method. The most widely used 
modification is that of Marcano, and to which we refer as Marcano´s method (mGO), as 
summarized in Table 1. 
 
The comparative LCA study is applied to two popular Hummer´s production methods of rGO, 
namely hydrazine-reduced (hGO), described in ref. [31], and glucose-reduced rGO (gGO), as well 
as to three variations of mGO method, which are summarized in Table 1 along with other 
protocols mentioned in the literature.  
We have assessed in situ, in the laboratory, the impact of all the steps associated to the 
experimental protocols of gGO, and identified all potential emissions during the production and 
their environmental impact. The inventories of required materials, electricity and emissions for 
hGO and gGO based on the Hummers method were obtained directly from laboratory work 
compilation, while the modified Hummers recipe (Marcano’s method) inventory was completed 
following the article from Marcano et al.[37]. 
 
 

3.2 Life cycle inventory 
The outcomes of this study are classified in two main groups. First, the life cycle inventory (LCI) 
which has been built from the Ecoinvent database (version 3.4)[38].  Tables S1 - S13 – 
Supplementary Information – show the processes and materials related to the production of a 
kilogram of dried reduced graphene oxide, assuming a density of 2 g/cm3. As glucose is not 
included in the Ecoinvent database, details for its production were obtained and summarized in 
Supplementary Information.  
 

3.3 Cumulative energy demand (CED) 
In Figure 3 we show the CED values for the cases of study. The detailed shares of CED are shown 
for FU1 using stacked bars where each contribution is graphically show. For the FU2 a dot is 
superimposed for each method (right axis of Figure 1, detailed numbers are provided in the 
supplementary information). For rGO production methods based on Hummers´ method, the 
electric consumption is the primary share of the CED, representing a share of 83%, 95%, 77% and 
92% for hGO, gGO, a700-vhGO and a700-GO respectively. For Marcano’s method, use of 
methanol required for its reduction has an embedded energy share of 60%, 47% and 40% for 
mGO, a300-mGO and a900-mGO respectively, of which the electric consumption share is 10% 
and 23% for last two cases due to the electricity required during the annealing process.  
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Fig. 3 Cumulative energy demand (GJ) for FU1 (1kg – stacked bars) showing the different 
contributions and for FU2 (mg/S·m – dots, right axis) of reduced graphene oxide by different 
routes. . 
 
The CED in Marcano’s rGOs are higher than in Hummers’ ones when FU1 is considered. 
However, when results are translated into FU2, where the final properties of films are considered 
(required amount of product per m2 and its conductivity), the situation changes considerably as 
can be seen in Figure 3. From these results, we conclude that the additional annealing process 
required to produce rGO is more than compensated by the improvement of conductivity of the 
final product made possible by the modified approach. In some cases, deposition process on glass 
or silicon require the use of molecular anchors or additional reduction steps, which have not been 
taken into consideration in the calculation, it will produce a minor modification of impacts in 
comparison with the annealing process. Table S14 in Supplementary Information summarizes the 
CED for FU1 and FU2, as well as for non-reduced GO. Due to the higher yield of Marcano’s 
recipe and its reduced energy use, graphene oxide has 2.1 times less embodied energy than 
Hummers’ GO recipe. 
 

3.4 Environmental and health impacts 
We apply the ILCD methodology to assess the environmental impact of the production of rGO. 
The compilation of inputs to produce rGO results in electricity consumption and pollutant 
emissions are translated into impact indicator scores. In this study, the impacts produced into 
three categories that showed the largest scores were studied in detail, namely (i) human toxicity 
cancer, (ii) human toxicity non-cancer effects and (iii) freshwater ecotoxicity. The scores are 
shown in Figure 4. The share of the chemicals and electricity into the scores are shown in Figure 
S4, and the final scores for all impact categories of ILCD methodology are shown in Tables S15 
and S16, in the Supplementary Information. 
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Fig. 4 Normalized environmental impacts of reduced graphene oxide production routes, applying 
ILCD methodology as implemented in the SimaPro software for five impact categories. Results 
for two functional units are shown for each process. Details of the contribution of each subprocess 
is provided in figure S3 in the supplementary information. 
 
Looking at the FU1 (production of 1kg of rGO), the environmental impacts for rGO produced by 
Marcano´s recipes have greater environmental impacts in all categories for applications requiring 
bulk utilization of graphene, mainly due to the use of phosphoric acid, except for freshwater 
ecotoxicity. In this case, the recipes that use hydrazine in large amounts result in higher impacts 
(hGO and a700-hvGO).  The case study on a700-GO reveals lowest final scores for all categories 
and thus can be considered as the type of rGO with lowest impact in its production process, but 
for Freshwater ecotoxicity, with a 1.8 points of interval. Nevertheless, looking at FU2 (values 
normalised to amount of product per area and conductivity), Marcano-based routes emerge as the 
route with lowest environmental impact, due to the large conductivity of graphene produced by 
this method and the small amounts of material needed in the form of thin coatings in electronic 
and optoelectronic applications. 
Looking at the potential emissions stemming from the production of rGO from Hummers´ 
method, we consider the worst case, where the chemical substances identified as concerning are 
released into the environment. Table S1 (in the Supplementary Information) shows the potential 
impacts of these emissions into several impact categories and methodologies. Hydrazine is the 
most concerning chemical, with an important impact on human toxicity and cancer effect impact 
categories, followed by the potential emissions of NOx, that impacts photochemical ozone 
formation, acidification, terrestrial eutrophication and marine eutrophication. The final 
environmental impacts are summarized in Figure 5, were they are presented for the different 
categories, and in the inset the contribution of each chemical to the categories is added to provide 
its global contribution to the final score.   
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Fig. 5 Normalized environmental impacts of the potential chemicals emitted during the 
production of 1 kg of reduced graphene oxide, following Hummers recipe (hGO case study), 
applying ILCD methodology as implemented in the SimaPro software. In the inset, the graph 
shows the contribution of each chemical to the normalized impact for 1kg of reduced graphene 
oxide. 
 
The emissions of hydrazine and sulfuric acid produce the largest impact on freshwater ecotoxicity, 
and on cancer effects under human toxicity attributed to the hydrazine. The remaining categories 
are impacted by the NOx emissions. This strongly indicates that controlling or curbing the 
emissions during the production of graphene by Hummers’ recipe will be crucial to achieving a 
rGO production with lower environmental impacts. The potential damage caused by other 
compounds and ions such as chloride and nitrate are negligible when compared to the ones shown 
in this section. 
 

4. Discussion 
The environmental impact of seven production routes for reduced graphene oxide have been 
studied using Life Cycle Assessment methodology. Two main groups of results are obtained 
depending on whether the recipe is based on Hummers’ method (using hydrazine or glucose in the 
process), or if it is based on modified Hummers’ methods. 
We have considered the worst-case scenario for the potential emissions, cost in energy terms and 
environmental impact of production for hGO. The results for 1kg of 4 types of hGO do not 
present a large difference from mGO, with values in the range 46-38 GJ/kg [65]. Nevertheless, 
when the results are normalized by a performance factor for the use in electronic applications 
(evaluated as FU2 in this article), the modified recipe (Marcano method) proves to be the most 
efficient one from an environmental impact stand point, justifying finally the use of an alternative 
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to Hummers’ recipe, such as the Marcano’s method. The environmental impacts associated to 
Hummers’ recipe are lower than those associated to the improved recipe, although the higher 
conductivity achieved by the latter, as well as the lower required thickness of the layer and overall 
amount of material needed to achieve the same conductivity, make Marcano’s recipes more 
suitable for applications involving high quality GO such as semi-transparent electrodes for 
electronic devices.  
If we consider the potential gas emissions from hGO production, the emissions of hydrazine and 
nitrogen oxide are the main concerns for the large-scale production. Previous studies pointed out 
the solvent recovery during the production as a key factor in order to get a cleaner rGO 
production, since the Hummers’ method is more toxic as compared with phosphoric acid-reduced 
method by Marcano[39], while on the other hand, a detailed LCA analysis including the use of 
phosphoric acid performed by Arvidsson et al [39] increases impacts and show that the 
ultrasonication route has lower energy and water use, but higher human and ecotoxicity impacts, 
compared to the chemical reduction route. It must be emphasized that in the study by Arvidsson et 
al. the environmental impacts from background systems such as energy production were not 
included, and they always contribute significantly to LCA results, especially regarding electricity 
consumption and associated impacts, such as embedded energy and emissions. Also, in our study 
the use of H2SO4 during production has been taken into account (see Table S1); LCA of H2SO4 
has been thoroughly studied in the past, and the results taken into account for the assessment 
presented in this article and included in the evaluation of impacts for each category presented in 
Figure 2 [79]. 
As a summary of results, we emphasize the following main points: 
Cumulative Energy Demand (CED) of the processes studied ranges between 20.7 GJ/Kg to 68.5 
GJ/Kg, which is a value higher than other previously reported for any kind of graphene 
production [80], and particularly four times higher than similar methods based on chemical 
reduction, which ranged from 0.9 to 10GJ/Kg (in this case for a FU of 1kg of graphene in 
solution, so further processing for a dry kg is not included in the calculation). It should be 
emphasized that the calculations presented in this article are based in laboratory experimental 
data, where use of equipment is not optimized, i.e., real factor of use of equipment is lower than 1, 
thus providing an upper limit for CED and leaving room for a more efficient use of equipment. 
Comparing with other published LCA results, it is worth to mention that processes using less 
energy have higher human toxicity impact (for example ultrasonication exfoliation), an indicator 
that reduction in environmental impacts usually require additional processing, thus increasing the 
energy consumption (mostly electricity, which the subsequent increment in GHG emissions if 
renewable energies are not the principal component of the energy mix of the country´s grid)  [65]. 
Climate change impact measured as emissions of CO2eq move in a range between 1.06x103kg and 
2.36 x103kg of CO2eq respectively for mGO and hGO for the production of 1kg of graphene. In 
this category of impact, the influence of choosing an electricity mix is limited, as shown by 
changing the country (five examples are provided in the supplementary information, Figure S5). 
As expected, processes with higher contribution of electricity consumption to final CED are more 
affected by the change of electricity mix, but always in a limited way. 
Graphene production does not require the use of any of the materials included in the list of 
strategic substances, other than graphite itself which has been recently included in the list of 
critical materials by de European Commission [81], and therefore there is no risk of important 
depletion of resources even if the manufacture is upscaled at industrial level. On the other hand, 
electricity consumption is high, but can be compatible with an electricity generation demand to be 
covered by renewable energy resources.  
The comparative study of the three production methods has shown that gGO (use of glucose) 
produces the least environmental impact, and that the impact on human health for hGO is in the 
highest range and therefore resources should be devoted to minimizing this impact by acting on 
the production steps, which mostly contribute to this impact category: the use of hydrazine (hGO 
and a-700GO) or the use of phosphoric acid (mGO).  



	

13	
	

The production of rGO based on Hummers’ recipe has been widely criticized because of the 
potential toxic emissions of NOx groups and the yield of this route is inferior to others. The 
control of the emissions emerges from this study as the most important pathway to minimizing the 
potential emissions.  
Assessment of the various methods confirm that, as expected, different processes have different 
impacts, with large differences in some categories (such as human toxicity) and some crossed 
balances (for example: lower energy consumption correlates with higher human toxicity, a result 
which has also been found for ultrasonication process [65]).  Our results emphasize the future 
lines of research that should be prioritized, such as the glucose-reduced GO route. The glucose 
method presents lower impacts than hydrazine Marcano method for rGO, especially to reduce 
impact in the category Human health – cancer effects. 
The annealing process is known to be key to the production of rGO. The balance between quality 
of rGO and environmental impacts of production is directly linked to the annealing temperature 
which impacts electricity consumption.  
The final application type, bulk vs. surface coating, should be considered when designing the 
industrial route for graphene mass production. Total global graphene capacity has increased from 
120 tons/yr in 2012 to 910 tons/yr in 2018 [82], driven largely by Chinese capacity expansions, 
with graphene market set for 40% annual growth, reaching $305 Million in 2025 [83]. The 
balance between the environmental impacts and benefits for society depends on the function that 
graphene will perform and, as a positive feedback process, the improvement on manufacturing 
processes and the development of a wider application´s map will affect the rate of 
commercialization of graphene.  

5. Conclusions 
The demand for GO and rGO for very different applications, ranging from its use as fillers in 
composites in order to enhance the electrical or mechanical properties, to advanced functional 
electronic coating materials, requires the optimization of production routes in order to minimize 
potential toxic emissions and energy consumption while achieving the best technical outcome.  
Our analysis identifies the critical steps in the fabrication route and points to realistic approaches 
to industrialize production of graphene from small scale laboratory processes to large scale 
manufacturing processes; after a detailed evaluation and comparison of the environmental impacts 
of the Hummers and related production routes for GO and rGO, no current obstacle to the 
industrial scale production of graphene has been found.  
The route towards industrialization of graphene production will not find obstacles from the point 
of view of strategic mineral depletion or from large energy consumption. The studied production 
routes, namely Hummers’ and Marcano’s methods, do not require the use of any of the materials 
included in the list of strategic substances other than graphite itself, and therefore there is no risk 
of important depletion of resources even if the manufacture is upscaled at industrial level. When 
different production methods are compared, the production of rGO following Hummers’ recipe 
results in lower energy consumption compared to modified methods, making this more suitable 
for bulk applications; the cumulative energy demand ranges between 20.7 GJ/Kg to 38.2 GJ/Kg, 
depending on the specific reduction route. However, when results are translated into a functional 
unit which is focused on advanced functional applications for electronic devices, where the final 
properties of films are considered (and evaluated by calculating the required amount of product 
per m2 divided by its conductivity), the additional annealing process required to produce rGO by 
Marcano’s process (up to a range between 46.1 GJ/Kg to 68.5 GJ/Kg) is more than compensated 
by the improvement of quality of the final product made possible by the modified Hummers 
approach for production (in this article we used Marcano’s as the representative of such 
alternative routes). 
Once this main conclusion is established, a detailed analysis of different modifications of the main 
processing routes, such as the use of different thermal annealing processes or the use of hydrazine 
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or glucose for the reduction method, provides some additional conclusions:  the electric 
consumption is the primary share of the cumulative energy demand of the production process, 
representing a share of 83%, 95%, 77% and 92% for hGO, gGO, a700-vhGO and a700-GO 
respectively for Hummers method; while for Marcano´s method, the use of methanol required for 
the reduction of GO has an embedded energy share of 60%, 47% and 40% for mGO, a300-mGO 
and a900-mGO respectively, of which the electric consumption share is 10% and 23% for last two 
cases due to the electricity required during the annealing process. Finally, we emphasize that the 
glucose method presents lower impacts than hydrazine method for rGO, especially when the 
Human health – cancer effects impact category is analyzed. This study showed the competition 
between different routes of graphene production. In the future, the benefits of the use of graphene 
in competition to alternative materials for the same function should also be analyzed from a Life 
Cycle Assessment perspective, and work must be devoted to the quantification of impacts in a 
scaled-up industrial production, following preliminary analysis by Cossuta et al.[41] which points 
that the chemical oxidation process followed by thermal reduction is the least impacting route to 
produce large quantities of graphene and showing that almost all processes benefit from a scale-
up activity. 
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