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H I G H L I G H T S  

• Graphene oxide supplement yield 73% pure biohydrogen with 85% conversion efficiency. 
• Graphene oxide (GO) supplement resulted in 297% higher biohydrogen yield. 
• Acetate fermentation pathway of H2 production was retained by GO systems. 
• Optimal GO levels were identified for thermophilic biohydrogen systems. 
• Biodiversity and microbial community biodynamics were evaluated.  
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A B S T R A C T   

Modern society envisions hydrogen (H2) fuel to drive the transportation, industrial, and domestic sectors. Here, 
we explore use of graphene oxide nanoparticles (GO NPs) for greatly enhancing bio-H2 production by a con
sortium based on Thermoanaerobacterium thermosaccharolyticum spp. Thermophilic batch bioreactors were set up 
at 60 OC and initial pH of 8.5 to assess the effects of GO NPs supplements on biohydrogen production. Under 
optimal GO NPs loading of 10 mg/L, the supplemented system yielded ~ 300% higher H2 yield (6.78 mol H2/mol 
sucrose) than control. Such an optimized system offered 73% H2 purity and 85% conversion efficiency by pro
moted the desirable acetate fermentation pathway. Miseq Illumina sequencing tests revealed that the optimal 
levels of GO NPs did not alter the microbial composition of consortium.   

1. Introduction 

The rapid depletion of fossil fuels and associated environmental 
problems has been a growing concern to society. Cleaner alternatives to 
fossil fuels, such as those based on H2, are urgently needed to alleviate 
these concerns. H2 can be used to drive combustion engines and fuel 
cells to generate heat and electricity, respectively. Water is the sole 
byproduct in both these processes (Prabakar et al., 2018). Its lower 
heating value (LHV) is four times higher than coal, gasoline, and 
methane, respectively. Bioprocesses including photofermentation, mi
crobial electrolysis, photolysis, and dark fermentation can generate H2 
from waste and wastewater sources. Among these four processes, dark 

fermentation is beneficial because it does not require any external 
sources of energy inputs (Kumar et al., 2019; Prabakar et al., 2018). 

Gram-positive bacteria (e.g., Clostridia spp.) use biological pathways 
to generate hydrogen via fermentation pathways (herein termed as bio- 
H2). Volatile fatty acids and carbon dioxide are typical byproducts 
during bio-H2 production. The acetate fermentation pathway results in 
the highest theoretical value of hydrogen yield (eight moles bio-H2 per 
mole sucrose). Nearly 60–75% of this yield can be achieved practically 
by optimizing temperature, pH, and concentration of substrates, 
micronutrients, and trace elements (Wang and Wan, 2009). Thermo
philic (40–65 ◦C) and hyperthermophilic conditions (>80 ◦C) can 
further accelerate bioreaction kinetics, reduce viscosity, improve mixing 
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efficiency, reduce risk of contamination and suppress the interference 
from competing microorganisms such as methanogens (Rittmann and 
Herwig, 2012). Thermophilic conditions can also assist with the diges
tion of complex sugars (cellulose, prairie cordgrass) (Bibra et al., 2018; 
Rittmann and Herwig, 2012; Vemuri et al., 2021). 

The current study builds upon the earlier efforts for enabling ther
mophilic fermentative treatment of dilute municipal wastewater 
(Vemuri et al., 2021). Our earlier study demonstrated the use of a 
thermophilic consortium based on T. thermosaccharolyticum for 
removing a significant fraction (~75%) of chemical oxygen demand 
(COD) from municipal wastewater (CODln = 200 mg/L) under anaerobic 
conditions (Vemuri et al., 2021). The current study focuses on using 
nanoparticles (NPs) for enhancing the bio-H2 yield by 
T. thermosaccharolyticum. Owing to the unique nanoscale structure and 
morphological features(Wang and Wan, 2009), nanoparticles offer 
exceptionally high surface-area-to-volume ratio and biokinetic rates 
(Contreras et al., 2017; Eroglu et al., 2013; Sekoai et al., 2019). Their 
crystallinity can also be tuned to control their adsorption capacity and 
subsequently microbial activity (Haun et al., 2010), specifically by 
promoting cell attachment, electron transfer pathways, and subse
quently biofilm formation (Sekoai et al., 2019). 

Nearly, 40% of H2 is currently generated from natural gas, 30% from 
naphtha and heavy oil, 18% from coal, and 5% from electrolysis and 
biomass, respectively (Sinha and Pandey, 2011). Promising bio
technologies including dark fermentation can be used to generate bio-H2 
from renewable biomass. Dark fermentation reduces concerns regarding 
high energy consumption associated with typical photosynthetic bio
reactors. Graphene materials can be used as biocompatible carriers for 
further improving the performances of dark fermentation process. 
Reduced graphene oxide (rGO) along with cerium oxide have been used 
previously to obtain high performance electrodes in microbial electro
lytic H2 production (Pophali et al., 2020). Nickel-graphene composites 
have been reported to promote bio H2 production from wastewater 
(Elreedy et al., 2017; Pugazhendhi et al., 2019). Nanocomposites (Si/ 
CoFe2O4 and Fe3O4/alginate) based on graphene have also been re
ported to enhance biohydrogen production from lignocellulosic biomass 
(Srivastava et al., 2019). A majority of prior studies focuses on NPs based 
on metals and metal oxides, including hematite, nickel oxide, palladium, 
silver, and copper. Here, we focus on use of pristine form of GO NPs for 
improving the performance of thermophlic bio-H2 studies 

Owing to biocompatibility, desirable colloidal properties, and large 
specific surface area, we hypothesize that low levels of GO NPs can 
promote bio-H2 production. The current study explores the use of GO 
NPs for improving bio-H2 production in thermophilic bioreactors by 
anaerobic consortium based on T. thermosaccharolyticum spp. 

2. Materials and methods 

Batch fermentation tests (n = 2) were set up to assess the influence of 
the GO supplementation on bio-H2 production by the thermophilic 
consortia. The test reactors varied in the type of GO concentration. Key 
details on the design of experiments are shown in Table 1. 

2.1. Enrichment of thermophilic consortia from heat-treated compost 

A 1 cm thick compost sample collected from the Rapid city solid 
waste facility was heat-shocked at 104 ◦C for 2 h. The treated sample 
was cooled to room temperature, sieved with a #50 mesh (300 mm), 
refrigerated and stored at 4 ◦C. 35 g of this treated sample was intro
duced into a 2 L of sucrose supplemented deionized water (COD = 10 g/ 
L) (Rittmann and Herwig, 2012). This mixture was stirred on a magnetic 
stirrer plate while adjusting its pH to 8.5. The as-prepared solution (175 
mL) was transferred into a 250 mL serum bottle. These reactors were 
capped with butyl rubber septa, crimp sealed, and then the headspace 
was purged with ultrapure O2-free N2 gas using a 22-gauge needle at 15 
psi for 15 min. They were continuously stirred at 160 rpm at the test 
temperature (60 ◦C). No mineral or vitamin supplements were added. A 
stock solution of a single-layered GO (6.2 g/L) was prepared for subse
quent use. The GO NPs (Graphene Supermarket, Calverton, NY, USA) 
were characterized by the flake size of 0.5–5 µm, the thickness of ~ 0.34 
nm, and composition of 79% carbon and 20% oxygen. 

2.2. Miseq Illumina sequencing 

Miseq Illumina sequencing was performed on the cultures from the 
test reactors (exposed to GO) and Controls (no exposure) to determine 
the composition of the microbial community involved in the bio-H2 
production (Table 2). Here, Illumina 2-step Miseq sequencing was used, 
which was performed at Research and Testing Laboratory, LLC (Lub
bock, TX), to study the microbial diversity among the tested samples. 
Bacterial biomasses were harvested, and total genomic DNA was 
extracted using PureLinkTM Microbiome DNA Purification Kit (Thermo 
Fisher Scientific). 16S rRNA gene amplification was performed using 
this total genomic DNA as the template. PCR was performed in ABI Veriti 
thermocycler (Applied Biosystems, California). A total of 25 µL reaction 
was performed using HotStarTaq master mix (Qiagen Inc.) along with 1 
µL of forward and reverse primers (5 µM each) and 2 µL of template 
DNA. The PCR thermal profile is defined below: 95 ◦C (5 min) and then 
35 cycles of 94 ◦C (30 s), 54 ◦C (40 s) and 72 ◦C (1 min), followed by a 
cycle of 72 ◦C (10 min) and 4 ◦C hold. Additionally, a second step Illu
mina Nextera PCR was performed using i5 index and i7 index 
sequencing forward and reverse primers, respectively. The same PCR 
thermal program was followed as listed above except for 10 cycles. 
Electrolyte Energy Gel (eGel, Life Technologies, Grand Island, New 
York, United States) was used to analyze the amplified PCR amplicons. 
Then the PCR amplicons were pooled in equimolar concentration and 
Solid Phase Reversible Immobilization (SPRI) select reagent (Beckman 
Coulter, Indianapolis, Indiana) was used to size select from each pool in 
two rounds in 0.75 ratios for the rounds. Qubit 4 Fluorometer (Life 
Technologies) was used to quantify the size selected pools and were 
loaded on an Illumina Miseq (Illumina, Inc. San Diego, California) 
equipped with 2 × 300 flow cell at 10 pM. 

2.3. Membrane protein extraction and quantification 

The membrane proteins from the harvested bacteria were extracted 
using the ReadyPrep Protein Extraction Kit (membrane I) (Bio-Rad Co., 
Hercules, CA). 10 mL aliquots of the biomass were centrifuged at 8000 
rpm and the pellet was used for the protein extraction. Then 0.5 mL of 
buffer M1 (membrane protein extraction buffer) with 0.05 mL of wet cell 
pellet was added and mixed gently. This mixture was sonicated on ice 
with an ultrasonic probe to break open the cells and fragment the 
genomic DNA. Sonication was performed at 30–40 sec for 15 min. An 
equal volume of chilled M2 buffer (Membrane protein extraction buffer) 
was added to the cell extract and vortexed for 30 to 60 sec. These 
samples were incubated in ice for 10 min. After incubation, the mixtures 
were incubated at 37 ◦C for 30 min by mixing the contents in between 3 
and 4 times. These samples were centrifuged at 13300 × g for 5 min at 
room temperature. After centrifugation, the top layer containing the 

Table 1 
Design of experiments for thermophilic bioprocessing Notes: All tests were 
carried out at 60 ◦C and initial pH 8.5.  

Reactor GO (mg/ 
L) 

Sucrose (g COD/ 
L) 

Heat treated compost, Inocula 
(g/L) 

CP-1 5 10 35 
CP-2 10 10 35 
CP-3 15 10 35 
CP-4 20 10 35 
CCP 

(Control) 
0 10 35 

CP- Compost test reactor; CCP- Control compost reactor 
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hydrophilic proteins was transferred to a separate tube. 0.5 mL of the 
prechilled M2 buffer was added to the bottom layer, vortexed, mixed 
incubated at 37 ◦C for 30 min. The samples were again centrifuged at 
13300 × g for 5 min at room temperature to extract the remaining hy
drophilic protein. The top portion was removed and pooled with the 
previously extracted hydrophilic protein. The bottom layer containing 
the hydrophobic proteins was collected separately and quantified using 
PierceTM 660 nm Protein Assay reagent (Thermo Scientific, US). 

2.4. Analytical methods 

A reversible displacement method (RDM) developed in the previous 
studies was used to release gas pressure and measure gas volume from 
the test reactors and controls (Gadhamshetty et al., 2009; Rittmann and 
Herwig, 2012). The same apparatus was used to collect the gas samples 
(1 mL) from the headspace daily. The gas composition was analyzed 
using a gas chromatograph (SRI Instruments, model 8610, Torrence, CA) 
equipped with a thermal conductivity detector (TCD) and a molecular 
sieve column (Alltech Molesieve 5A 80/100 1.83 m × 38 mm × 26 mm) 
with argon as carrier gas was used to measure the gas composition. The 
operational temperatures of the injection port, the oven, and the de
tector were 100, 70, and 100 ◦C, respectively. The total volume of the 
biogas and corresponding hydrogen gas volume for each time interval 
were determined using the procedures described in the earlier studies 
(Gadhamshetty et al., 2009; Vemuri et al., 2021). Liquid phase samples 
were withdrawn and analyzed to measure pH, soluble COD, and VFAs. 

A Shimadzu prominence-i LC-2030C plus equipped with UV detector 
fitted with aminex HPX-87H column was used to identify and quantify 
acetic acid, butyric acid, and propionic acid. A simple isocratic elution 
with 0.005 M H2SO4 (HPLC grade) was used as a mobile phase to 
analyze organic acids, all standards, and samples filtered using 0.22 µm 
syringe filters. A 1 g/L working standard solution was prepared for each 
organic acid using HPLC grade water. Six calibration levels were pre
pared via serial dilution of the standard working solution of every 
organic acid. Separation was performed at 60 ◦C and at a flow rate of 0.6 
mL/min. 

3. Results and discussion 

3.1. GO NPs effects on bio-H2 production 

The bio-H2 production increased with an increase in the GO dosage, 
up to 10 mg/L (Fig. 1). At the end of the test, the CP-2 reactor (GO = 10 
mg/L) registered the highest bio-H2 generation compared to the controls 
(Fig. 1) with 822 mL. Whereas the three controls, 5 mg/mL, 15 mg/L and 
20 mg/L showed biohydrogen production of 249.28 mL, 822 mL, 509.5 
mL and 290.3 mL, respectively. These results corroborates with the 
previous reports where T. thermosaccharolyticum generated H2 as high as 
120.05 mL H2/g of xylan (electron donor) (Saripan and Reungsang, 
2013). In another study, T. thermosaccharolyticum yielded ~ 12.08 
mmol H2 g−1 Avicel, which was equivalent to 2.17 mol H2. mol−1 

glucose (Sheng et al., 2015). Interestingly, genetically engineered 
Thermoanaerobacterium aotearoense (knockouts of e NADH-dependent 
reduced ferredoxin: NADP + oxidoreductase - NfnAB) enhanced H2 
production from 190 to 209 mmol/L H2 from corn cob and rice straw 
hydrolysates that underwent acid pretreatment (Li et al., 2019). The 
enhanced H2 production can be well defined by the genetic mechanism 
of the microbe-GO NPs bio interaction. This involves serval hypotheses 
including, graphene serving as electron acceptor/acceptor or both in the 
microbial consortia (Zhang and Tremblay, 2020). Thus, this study hy
pothesizes that GO NPs are mainly involved in the reduction of GO to 
rGO. Future research is warranted to depict the exact mechanism or fate 
of GO NPs on the microbes. In addition, the surface charges of the GO- 
NPs were measured in different ionic strength solutions (0.1 to 10 mM 
KCl). The surface charges ranged were −38.60, −40.70, and −45.20 mV 
at 10, 1, and 0.1 mM, respectively (Hasan et al., 2021). Thus, GO surface 

charge is expected to be more negative at DI water. In addition, the 
energy analysis for the biohydrogen production was performed in DF 
process assuming the hydrogen to electricity conversion efficiency of 
65% in a fuel cell. We also assumed that the net energy gain from the 
volatile fatty acids produced is zero (Vemuri et al., 2021). The results 
shows that the net energy gain from the DF process using the GO (10 
mg/L) as catalyst is 9.11 wh/L. Whereas the net energy gain from the DF 
without GO addition was calculated to be 2.73 wh/L. Thus, the current 
system offers nearly 3.3-fold higher energy performance. 

The cumulative bio-H2 production in CP-2 increased by 3.3-fold 
compared to the control. The H2 composition of the biogas also 
increased by 19.3%. The cumulative bio-H2 production (822 mL) was 
230% higher compared to the control without GO NPs inclusion. The 
cumulative bio-H2 production at 5 mg/L, 15 mg/L, and 20 mg/L was 
416.1 mL, 509.5 mL, and 290.3 mL, respectively. The bio-H2 production 
in CP2 lasted for ~ 21 days while that in the control ceased within 10 
days. The production lasted for 9, 21, and 19 days in CP1, CP3, and CP4, 
respectively. As shown in Fig. 2, at 60 ◦C, these three test reactors 
achieved peak concentrations of 65.5%, 72.8%, 74.9%, and 67.1%, 
respectively. These values were greater than the control (~61%) that 
lacked GO NPs. 

The lag phase in the tested reactors (24 to 48 h) lasted longer 
compared to the control (2–4 h). The longer lag period is attributed to 
the time required for the consortium to overcome the negative effects of 
GO on the hydrogenase activity, specifically the undesirable reversible 
oxidation of bio-H2. The bacteria-NPs interaction mainly depends on the 
dosage, hydrophobicity, hydrophilicity, surface chemistry, purity and 
number of layers (Frontiñán-Rubio et al., 2018; Liao et al., 2018). Gra
phene NPs exert cytotoxic effects by promoting membrane damage and 
leakage of cellular contents (Pulingam et al., 2021). 

The gas production in control (Fig. 2e) ceased within 8 days of 
operation, while gas production continued for 17, 20, 18, 10 days in 
CP1, CP2, CP3, and CP4, respectively (Fig. 2a-d). The enhanced H2 
production can be understood by recognizing the potential for the GO 
serve as an electron acceptor, specifically to facilitate the mediated 
electron transfer for enhancing bio-H2 production (Zhang and Tremblay, 
2020). For example, graphene NPs have been reported to promote the 
electron transfer rates of hydrogenase enzymes responsible for the H2 
fermentation pathway (Elreedy et al., 2017; McPherson and Vincent, 

Fig. 1. Cumulative hydrogen production in all 5 reactors (SD < 5%).  

B. Vemuri et al.                                                                                                                                                                                                                                 



Bioresource Technology 346 (2022) 126574

4

Fig. 2. Hydrogen content in the biogases, and cumulative biogas production in all five reactors (a) CP1 (5 mg/L GO); (b) CP2 (10 mg/L GO); (c) CP2 (15 mg/L GO); 
(d) CP4 (20 mg/L GO); and (e) CP5 (control). 
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2014). In addition, certain microorganisms can secrete essential extra
cellular polymeric substances (EPS) that enhance microbial aggregation 
to form a physical barrier against the known cytotoxic effects (He et al., 
2020; Tawfik et al., 2021). However, beyond the optimal level (10 mg/ 
L), the bio-H2 production decreased due to the increased oxidative stress 
by the GO NPs (Liu et al., 2011). 

3.2. COD and pH 

The initial concentration of sucrose in the test reactors and control 
was equivalent to 10,000 mg COD/L. At the end of the tests, their COD 
levels dropped, indicating that sucrose was converted to bio-H2 
(Fig. 3a). The COD in CP2 was reduced by 1540 mg COD/L within 21 
days of the test duration. Although the COD removal in the control was 
2000 mg COD/L, the volume of bio-H2 produced was limited to 249.28 
mL in 8 days. 

The COD removals in CP1, CP3, and CP4 were 1525 mg COD/L, 
1570  mg COD/L, and 1370 mg COD/L, respectively. A significant drop 
in pH was observed in all the reactors (Fig. 3b). This pH drop is due to 
the accumulation of VFAs and associated bio-H2 production (Eq 1 & 2). 
Although the initial pH in all the reactors was set at 8.5, there were slight 
differences in the pH values at the end of the tests. For example, the pH 
in CP4 (20 mg GO/L) dropped to 4.11. The pH in the CP1. CP2, CP3, and 
control reactors dropped to 4.72, 4.61, 4.73, and 5.24, respectively. 
These differences were also reflected in the amount of VFA accumula
tion, as explained below. 

C12H22O11 + 9H20 → 4 C2H3O2
− + 8H+ + 4HCO3

− + 8H2 (1) 
C12H22O11 + 5H20 → 2C4H8O2

− + 6H+ + 4HCO3
− + 4H2 (2) 

3.3. Accumulation of volatile fatty acids 

The samples from the test reactors and controls were analyzed for 
VFAs at the start and end of the experiments (Fig. 4). No VFA peaks were 
observed at the beginning. However, the acetate peaks appeared in all 
the reactors at the end. For instance, the acetate levels in CP2 reached 
8889.5 mg/L at the end. These results indicate that the sucrose was 
primarily converted into acetate via the acetate fermentation pathway 
(Eq. 1). Acetate was the dominant acid in all the other reactors. The 
acetate accumulation increased with increasing levels of GO until 10 

mg/L and then decreased with an increase in GO concentration. The 
temporal values of the butyrate also followed a similar trend. CP1, CP2, 
CP3, and CP4 registered butyrate levels of 1044.72, 993.12, 442.33, and 
621.05 mg/L, respectively. Generally, thermophilic bio-H2 reactors 
generate higher levels of VFAs. Examples can be found in previous 
studies based on Thermoanaerobacterium (Mamimin et al., 2017) and 
cocultures of Thermoanaerobacterium and Laminaria digitata (Deng et al., 
2022). However, engineered Thermoanaerobacterium aotearoense 
SCUT27 strain (deletion of NADH-dependent reduced ferredoxin:NADP 
+ oxidoreductase (NfnAB)) have been reported to enhance biohydrogen 
yield by lowering accumulation of lactic acid (Li et al., 2019). 

3.4. Microbial community analysis by Illumina sequencing 

The effect of GO NPs on the composition of thermophilic consortia, 

Fig. 3. Changes in (a) COD and (b) pH in all the 5 reactors from initial and final days (error bars indicate SD).  

Fig. 4. Comparison of acetate accumulation and bio-H2 production with 
changes in GO concentrations. 
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formerly enriched from a thermal hot spring in WY, USA (Bibra et al., 
2018; Wang et al., 2018), was evaluated in this study. The relative 
taxonomic abundance of 16S rRNA gene sequences was compared at the 
class and the genus level in Figure 5 and Fig. 6, respectively. The com
munity analysis revealed diverse microorganisms among the control, 
CP2 and CP4 (Figure 5 and 6, respectively). Class level distribution 
showed that the 10 mg/L GO supplemented reactors were dominated 
by Clostridia, similar to the control. However, the 20 mg/L supple
mented cultures yielded other unclassified bacteria (Figure 5). The 
taxonomic abundance of the control (78%) and 10 mg/L GO (88%) were 
uniquely dominated by T. thermosaccharolyticum, a thermophilic bacte
rium that was used in the original inocula. This confirms that the 10 mg/ 
L GO system is favoring the enrichment of T. thermosaccharolyticum. 
These findings align with our findings from other studies that reported 
positive uses of graphene materials in environmental biotechnology 
applications. Specifically, our earlier studies have demonstrated that 
metal electrodes modified with graphene materials can enhance the 
growth of sensitive microorganisms, specifically methanotrophs and 
methylotrophs in microbial fuel cell applications (Islam et al., 2020; 
Jawaharraj et al., 2021; Jawaharraj et al., 2020). 

T. thermosaccharolyticum, a saccharolytic fermentative thermophilic 
bacterium, produces hydrogen by degrading cellulose and starch sub
strates (Saripan and Reungsang, 2013). T. thermosaccharolyticum can be 
expected to be involved in the acetic acid fermentation pathway that 
utilizes the carbon source in the culture media (Saripan and Reungsang, 
2013; Vemuri et al., 2021). This corroborates with the increased acetic 
acid accumulation (see section 3.1.3) in CP2 that was supplemented 
with 10 mg/L GO NPs. During both heterotrophic and autotrophic cul
ture modes, T. thermosaccharolyticum has been reported to be partici
pating in the “hot” acetogenesis process (Basen and Müller, 2017). The 
fermentation of sucrose by T. thermosaccharolyticum produces organic 
acids such as acetic acid and butyric acids, resulting in the pH drop (see 

section 3.1.2), which was observed in all the reactors, including control 
(Fig. 3b). This result corroborates with a previous report regarding the 
peak hydrogen production by T. thermosaccharolyticum PSU-2 strain 
using sucrose, starch, and xylose as substrates, respectively (O-Thong 
et al., 2008). 

The initial inoculum used at the beginning of the tests in all the re
actors was predominantly T. thermosaccharolyticum species (99%). This 
suggests that the level of GO influences the dynamics of the microbial 
community structure in control and CP1 compared to other reactors. 
Also, the control sample yielded other bacteria including Lysiniba
cillus sp. (1%), Clostridium sp. (1%) and Geobacillus thermodenitrificans 
(1%). Whereas sample CP1 yielded Lysinibacillus sp. (3%), Clos
tridium sp. (1%) and Geobacillus thermodenitrificans (1%). 

Interestingly, the CP2 reactor with 20 mg/L GO showed more di
versity compared to other reactors. This implies that the higher level of 
GO is favoring non-thermophilic bacteria. Acinetobacter radio
resistens was found to be the predominant bacteria (35%) among the 
consortia. None of the earlier studies provided extensive details on GO 
interaction or the hydrogen production involving Acinetobacter radio
resistens. In addition, other partnering bacteria were observed in minor 
quantities. This include Sphaerobacter thermophilus (3%), Bacillus sp 
(4%), Actinomadura sp (2%), Geobacillus thermodenitrificans (2%), Pseu
donocardia sp. (1%), Clostridium sp (1%), Lysinibacillus sp (1%), Ther
momonospora chromogena (1%), Planifilum fulgidum (1%), 
Micromonospora sp (0.8%). It is noteworthy to mention that 48.2% of the 
microbial communities were unidentified. This denotes that excessive 
GO levels (20 mg/L) are playing a major role in shifting the microbial 
population when compared to the original inocula. 

This hypothesis corroborates with the previous study in which a 
novel electrogenic bacterium Desulfuromonas versatilis was enriched and 
isolated from GO reducing enrichment culture obtained from the sample 
mixture based on coastal sand and seawater (Xie et al., 2021). On the 

Fig.5. Biodiversity analysis and class level distribution of consortia in the control, 10 mg/L and 20 mg/L supplemented cultures. Percentage of the bacterial 
communities of control, 10 mg/L and 20 mg/L GO supplemented bacterial cultures showing their class level distribution. Others denote sequences that were assigned 
to unclassified bacteria. 
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other side, GO supplements could elicit microbial toxicity that could 
adversely affect the growth of select thermophiles (Guo and Mei, 2014). 
To reduce such adverse toxic effects, surface modification strategies and 
fabrication methods could be adapted using GO. Future research is 
warranted to identify the behavioral and evolutionary patterns of mi
crobial consortia exposed to higher levels of GO (>10 mg/L based on 
this study). 

3.5. Membrane protein extraction and quantification 

This study hypothesizes that GO NPs interact with bacterial mem
brane proteins of thermophiles to form a complex membranal structure 
and enhance bio-H2. To test this hypothesis, the hydrophobic membrane 
proteins were extracted, separated and quantified in this study (see 
supplementary material). The accumulated levels of the membrane 
proteins in the bio-H2 reactors ranged between 0.09 and 0.1 g/L when 
GO NPs remained under 10 mg/L. Whereas the protein concentrations 
decreased when GO levels increased beyond 10 mg/L (e.g., 0.03 mg/L at 
15 mg GO/L). These findings further corroborate that the optimal con
centration of GO is 10 mg/L in the current study. The higher levels of GO 
have favored the enrichment of non-thermophiles (see section 3.1.4). 
This could be due to the cytotoxic effects exhibited by the graphene 
nanomaterials on the microbial cell membrane and other cellular 
structures. A higher degree of exposure to GO has been reported to 

stimulate the secretion of stress molecules (e.g., reactive oxygen species) 
that damage the cellular membrane in E. coli cells (Qiang et al., 2021). 
Further studies are warranted to analyze the cytotoxic effects of Ther
moanaerobacterium spp exposed to GO NPs, especially in terms of their 
shapes and sizes. 

4. Conclusions 

This study demonstrated that low levels of GO nanoparticles (10 mg/ 
L) can stimulate the biohydrogen production by ~ 230% in thermophilic 
batch reactors. The optimal levels of GO supplementation did neither 
impact microbial community structure nor the metabolic pathways of 
biohydrogen production. The improved performance offered by GO was 
attributed to the increased electron flow towards hydrogen production. 
Further studies are warranted to assess the scalability, technical feasi
bility, and environmental impacts of GO supplemented systems, espe
cially under flow-through conditions. 
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