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Abstract
The quest to understand and subsequently improve the role played by bacteria and archaea in the degradation of organic matter
both in natural and engineered anaerobic ecosystems has intensified the utilization of nanoparticles. Microbial communities are
known to syntrophically cooperate during the anaerobic conversion of substrates into methane gas via the direct exchange of
electrons. In this study, the role of hematite (Fe2O3—750 mg/L) and multi-walled carbon nanotubes (MWCNTs—1500 mg/L)
during the degradation of beet sugar industrial wastewater (BSIW) in a batch experiment was investigated. Hematite and
MWCNTs enhanced methane gas generation by 35 and 20%, respectively. Furthermore, microbial syntrophic communities
might have exchanged metabolic electrons more directly, with hematite and MWCNTs serving as electron conduits between
the homoacetogens and methanogens, thereby establishing a direct interspecies electron transfer (DIET) pathway. Additionally,
hematite andMWCNTs enriched the bacteria Firmicuteswhile Chloroflexi reduced in abundance. Scanning electron microscopy
and confocal laser scanning microscopy demonstrated that extracellular polymeric substances had noticeable interactions with
both hematite and MWCNTs. Our findings provide vital information for more understanding of the response of microbes to
hematite and MWCNTs in a complex natural environment.

Keywords Beet sugar industrial wastewater . Direct interspecies electron transfer . Hematite . Methane gas . Multi-wall carbon
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Introduction

The successful degradation of organic matter in the methano-
genic ecosystem is attributed to syntrophic interspecies elec-
tron exchange (Stams and Plugge 2009). During this process,
microbial communities anaerobically convert complex organ-
ic matter into methane (CH4) and carbon dioxide (CO2) gases.
The conversion of beet sugar industrial wastewater (BSIW)
into CH4 and CO2 is an essential process (Bastviken et al.
2011; Smith and Mah 1978), and any effort towards improv-
ing this process is undoubtedly of great importance since the

high concentrations of hydrocarbons and sucrose therein
(Angelidaki and Sanders 2004) increase the potential of meth-
ane gas production.

A substrate is first hydrolyzed into acetate, CO2, and either
H2 or formate by the bacteria before the methanogenic micro-
organisms consume the electrons, reducing the CO2 to CH4

gas (Antoni et al. 2007). In this case, with BSIWas a substrate,
invertase activity plays a crucial role in converting sucrose
into glucose and fructose, where the latter is converted into
glucose by isomerase enzymes. Glucose is subsequently
fermented at low hydrogen partial pressures (< 10 Pa), where
the released electrons shift fermentation patterns to produce
acetate, CO2, and hydrogen per the following reaction:
Glucose + 2H2O→ 2Acetate + 2H+ + 2CO2 + 4H2 (ΔG°′ =
− 280 kJ/mol) (Schink 1997). These metabolic intermediates
are syntrophically converted to CH4 and CO2 through differ-
ent degradation pathways of electron transfer.

This essential mechanism of electron transfer is executed in
three different ways. First, electron transfer can be aided by
interspecies H2 (or formate) transfer. During this process,
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microorganisms that require electron sinks participate in pro-
ton reduction to produce H2, which is utilized as an electron
donor towards consuming methanogenic archaea (Stams et al.
2006; Stams and Plugge 2009). However, this process is only
viable if the concentrations of acetate and especially H2 are
kept at low levels by acetoclastic and hydrogenophillic
methanogens (Stams et al. 2006; Thiele and Zeikus 1988).
Formate can also play the same role as hydrogen (Boone et
al. 1989; Thiele and Zeikus 1988).

Second, the Geobacter metallireducens andMethanosaeta
species can make direct conduct with each other, with the
latter accepting electrons for the reduction of carbon dioxide
to methane through direct interspecies electron transfer
(DIET) (Rotaru et al. 2014). This might also occur between
Geobacter metallireducens and Geobacter sulfurreducens,
with the assistance of pili or cytochromes (Nagarajan et al.
2013).

Third, as established by recent studies, electrically conduc-
tive particles can stimulate DIET. The nanometer- to
micrometer-sized materials serve as conduits for electron
transfer between the electron donors and electron acceptors
among the microbial consortia. For example, the direct ex-
change of electrons has been aided by (semi)conductive
iron-oxide particles (hematite and magnetite) (Aulenta et al.
2013; Kato et al. 2012a, b; Li et al. 2015a; Viggi et al. 2014;
Zhuang et al. 2015), as well as other electrically conductive
materials and minerals, including activated carbon (Zhang et
al. 2018) and single-wall carbon nanotubes (Li et al. 2015b) .

This study aims to demonstrate that hematite and multi-
walled carbon nanotubes (MWCNTs) are likely to provide a
viable novel strategy for triggering DIET among syntrophic
microbes, subsequently promoting a faster and robust conver-
sion of BSIW into methane gas. In addition, the use of scan-
ning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM) observations could show interactions
among the nanoparticles, microbes and extracellular polymer-
ic substances (EPS), of which the latter is useful in establish-
ing a protective defense against piercing by the hematite and
MWCNTs, which could subsequently result in toxicity and
subsequent inhibition of microbial activity. The composition
of the microbial community was also analyzed. Given that
conductiveminerals are ubiquitous in nature, such interactions
could be harnessed and utilized for the development of effi-
cient bioenergy processes.

Materials and methods

Source of materials

The nanoparticles (NPs, composed of hematite and
MWCNTs) utilized in this batch experiment were commer-
cially obtained from Alpha Nano Technology Company

(Chengdu, China). The preparation of the stock suspension
involved mixing the NPs with deionized water and 1 h of
sonication (using a Sonicator-VCX130-USA) to ensure a ho-
mogeneous mixture of the particles. The inoculum was anaer-
obic granular sludge (AGS) obtained from a beer manufactur-
er (Harbin city, China). It was acclimated in an expanded
granular sludge bed reactor (EGSB) with a volume of 6.5 l
for 1 month using a substrate synthetically prepared, as previ-
ously described (Angelidaki and Sanders 2004), with sucrose
as the main carbon source (2000 mg/L).

The reactors (250-mL glass serum bottles) were filled with
100mL of inoculum and with 120mL of a substrate of pH 6.8
± 0.2 (after adjustment using lime) obtained from a Sugar Beet
Factory (Nehe City, China). The characteristics of the sub-
strate are shown in Table 1. The serum bottles without NPs
were used as control reactors, while others were filled with
hematite (750 mg/L) or MWCNTs (1500 mg/L). This proce-
dure was carried out in duplicate. Thereafter, the bottles were
sealed with rubber stoppers together with plastic screw caps,
sparged with nitrogen gas for at least 10 min to maintain
anaerobic conditions and immediately incubated at 36 ± 1 °C
in a mechanical shaker at 150 rpm.

Analytical methods

Substrate samples, of 2–3 mL, used for the determination of
soluble chemical oxygen demand (sCOD) and volatile fatty
acids (VFAs) were collected 6 h after the start of the experi-
ment and every 12 h thereafter. They were centrifuged for
5 min (13,000 rpm) and filtered using 0.45 μm pore-sized
filters. A gas chromatograph (Agilent GC 7890A, USA) with
a flame ionization detector (FID) and HP-INNWAX column
(HP-Innowax 19095N-123, Agilent, USA) was used for VFA

Table 1 Characteristics
of beet sugar industrial
wastewater (all units are
in mg/L, apart from pH)

Parameter Measurement

pH 6.8 ± 0.20

COD 2000 ± 150

SS 553 ± 77.78

VSS 260 ± 39.56

TOC 7579 ± 561.07

Cl− 146.51 ± 78.39

SO4
2− 99.76 ± 9.48

NO3
− 54.24 ± 11.23

TP 4 ± 1.10

K 65.07 ± 10.31

Ca 225.55 ± 0.72

Na 197.05 ± 64.70

Mg 7.18 ± 1.29

Al 0.13 ± 0.11

Fe 0.26 ± 0.23
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analysis. The same gas chromatograph was used to determine
the composition of the biogas.

After the experiment, sludge granules were collected and
stored immediately in a negative (−) 40 °C refrigerator, fol-
lowing which microbial community analysis was conducted
using pyrosequencing with a Sangon agarose recovery kit
from Sangon Biotech Co., Ltd. (Shanghai, China). Agarose
gel was run to check the integrity and the concentration of the
extracted genomic deoxyribonucleic acid (DNA). This was
then quantified using the Qubit 2.0 DNA kit for the polymer-
ase chain reaction (PCR) reaction. The PCR primer used was
fused universal primer of the MiSeq sequencing platform.
Additionally, agarose gel electrophoresis was carried out to
test the PCR products and recover the DNA. This process
was carried out based on the Sangon agarose recovery kit from
Sangon Biotech Co., Ltd. (Shanghai, China). Thereafter, the
sequences were phylogenetically assigned to the domain phy-
lum, class, order, family, and genus as per the Bergeys taxo-
nomic group using a Ribosomal Database Project naïve
Bayesian ribosomal DNA classifier. The search for the closest
matching nucleotide sequences in the GenBank database was
carried out using the Blast program (http://www.ncb.nlm.nih.
gov/BLAST/).

During the microbial community analysis, samples of con-
trol, MWCNT, and hematite reactors were given barcodes
AGAACA, GGTGTG, and AGAGAC yielding 19,955,
24,475, and 24,630 raw number of bacterial sequences, re-
spectively. For the analysis of archaea, samples of control,
MWCNT, and hematite reactors were given barcodes
TCTGCGA, AGTCGAT, and AGCGTCT yielding 46,163,
40,544, and 35,035 raw number of sequences respectively.
Sequences less than 300 bp in length were removed together
with OUT target and chimeric sequences. This process of
quality check generated filtered sequences (reads) as shown
in Table 2. This was followed by classifying the qualified
reads in taxonomic clusters using RDP’s classifier (bootstrap
cutoff of 50%) yielding the number of OTUs as given in
column 3 of Table 2. This data set was then used to calculate
index estimators such as Shannon index, Ace index, Chao1
index, Coverage, and Simpson.

All sequencing data obtained in this study were deposited
in GenBank of the Nationnal Center for Biotechnology

Information (NCBI) with accession number of SUB3173876
(MG283324-MG287107), SUB3173968 (MG328901-
MG333428), and SUB3173993 (MG367669-MG371978)
for the original, hematite exposed, and multi-walled carbon
nanotubes exposed sludge.

Multiple fluorescence staining of AGS and imaging

The sludge granules collected after the experiments were fixed
with 2.5% glutaraldehyde in a phosphate-buffered saline of
pH 7.2 for CLSM. This was followed by fluorescent staining
with FITC, Con A, and calcofluor white (Invitrogen Life
Science, USA) for proteins, α-D-glucopyranose polysaccha-
rides, and β-D-glucopyranose polysaccharides, respectively,
as described by Li et al. (2015b). Some sludge granules col-
lected were also used for SEM analysis. The procedure for
pretreatment, as described in the literature (Wang et al.
2007), was employed and was conducted using energy disper-
sive spectroscopy (EDS).

Results

Influence of hematite and MWCNTs on substrate
degradation

The influences of hematite and MWCNTs on the removal ef-
ficiency of sCOD during the digestion of BSIWwere analyzed
(Fig. 1). It appears that the degradation of BSIW was substan-
tially influenced by the presence of MWCNTs and or hematite,
contrary to the control sample. The initial 6 h was characterized
by control reactors with a higher COD removal efficiency.
After the initial 6 h period, the hematite and MWCNT reactors
achieved a rapid degradation of the substrate. This resulted in
decreases in the concentrations of sCOD in the control, hema-
tite, and MWCNT reactors with sCOD removal efficiency of
50.8, 54.2, and 64.2% after 54 h; 70.6, 84.2, and 82.1% after
78 h; and further to 89.7, 90.9, and 90.2% after 150 h, respec-
tively. The results indicate that MWCNTs stimulated degrada-
tion of the substrate in a faster and more robust manner com-
pared with hematite during the initial stages of anaerobic di-
gestion (Fig. 1). As previously noted, slightly higher sCOD

Table 2 Various estimators for
the evaluation of bacterial
community diversity and richness
in terms of Shannon, Ace, Chao1,
Coverage, and Simpson for
archaea and bacteria

Sample Reads OTU Shannon ACE Chao1 Coverage Simpson

Archaea Control 46,125 1084 3.020 2946.83 2174.6 0.988 0.178

MWCNT 40,501 930 2.850 2654.92 1962.8 0.988 0.201

Fe2O3 35,021 893 2.874 2904.03 1977.7 0.986 0.188

Bacteria Control 19,695 1421 5.194 3946.82 2971.7 0.963 0.0191

MWCNT 24,193 1686 5.354 5340.31 3741.6 0.963 0.0148

Fe2O3 24,368 1552 5.276 4387.58 3114 0.968 0.0156
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removal efficiency in the control reactors at the start of the
experiment might have resulted from uninterrupted microbial
activity, whereas the presence of nanoparticles may have al-
tered the microorganisms’ performance due to acclimatization.
However, quick and spontaneous microbial stimulation, as
well as sustenance from the hematite and MWCNT reactors
was observed, with MWCNT reactors (18–60 h) resulting in a
higher sCOD removal efficiency. Following the 72-h mark,
hematite reactors reported higher sCOD removal efficiency
than the MWCNT and control reactors.

Stimulation of methane gas by hematite
and MWCNTs

The success of BSIW degradation process depends on the
establishment of syntrophic cooperation between propionate-
oxidizing bacteria (or butyrate-oxidizing bacteria, etc.) and the
methanogenic archaea that ultimately convert these com-
pounds to methane gas. Degradation of BSIW in the batch
bottles began immediately with no observed lag phase, with
acetate and propionate reaching peak concentrations within
the short span of time of 6 h. This is indicative of robust
digestion of BSIW, which might have been assisted by an
active biomass. The quick depletions of acetate and propio-
nate in the presence of hematite and MWCNTs could signify
their faster and more robust conversion to methane gas
(Fig. 2a, b). Bottles supplemented with hematite and
MWCNT showed comparatively low acetate quantities com-
pared to the control reactors for approximately 90 h before
depletion to less than 1 mg/L. The production and utilization
of propionate followed almost the same trend.

Uninterrupted microbial digestion processes might have re-
sulted in a higher methane gas production in the control reac-
tors before 18 h (Fig. 2c). However, a steady improvement in
the production of methane gas in the hematite and MWCNT
reactors was evident, yielding 37.1, 44.3, and 44.5 mL after
30 h in the control, hematite, and MWCNT reactors, respec-
tively. Thereafter, the hematite reactors produced more CH4

gas than the MWCNT and control reactors. This culminated
in an anaerobic digestion process which enhanced the methane
production rate than that in the control reactors by 35 and 20%
in the hematite and MWCNT reactors, respectively. Higher
biomethanation processes in the presence of hematite can be
attributed to its highly conductive characteristics which are due
to structural orientation, thermodynamics, and reactivity capa-
bilities that influence the methanogenic response (Zhou et al.
2014), all of which can result in different interaction patterns
with the substrate (Navrotsky et al. 2008), while MWCNTwas
a stable nanomaterial with high electric conductivity and could
enhance the syntrophic oxidation rate of butyrate to CH4 and
CO2 by facilitating the DIET (Zhang and Lu 2016).

Furthermore, it was apparent that the depletion rate of pro-
pionate and acetate was congruent with the increase in meth-
ane production. The presence of hematite and MWCNTs re-
sulted in a faster reduction of the metabolites, concomitantly
producing more CH4 gas. It is probable that electrons gener-
ated from the oxidation of BSIW were transmitted to the
methanogens through an electron conduit consisting of arrays
of hematite or MWCNTs.

Microbial community analysis

The Shannon index of 3.020, 2.850, and 2.874 (bacteria) and
5.194, 5.354, and 5.276 (archaea) for the control, MWCNTs,
and hematite samples, respectively, is an indicator of almost
similar microbial diversity in the three types of the reactors.
This shows that despite of the use nanoparticles, microbial di-
versity remained unchanged. In addition, the coverage value of
above 96% (bacteria) and 98% (archaea) is a demonstration that
the sampling technique tool usedwas sufficient enough to reflect
the community composition in an ecosystem (Liu et al. 2012).

An analysis of the microbial community demonstrated an
excess of a 97% predominance of the archaea phylum
Euryarchaeota (Fig. 3a). On the other hand, bacterial predom-
inance indicated the presence, in order from the most to least
dominant, of the phyla Chloroflexi, Proteobacteria,
Bacteroidetes, and Firmicutes (Fig. 3b). While the influence
of nanoparticles upon the abundance of archaea could hardly
be recognized, the population of Chloroflexi appeared to have
declined in the presence of hematite (6.8%) and MWCNTs
(6.5%), although the former enriched mostly Bacteroidetes
(3.6%) whereas the latter slightly enriched Proteobacteria
(1.2%), Firmicutes (1.7%), Verrucomicrobia (1.0%), and
Thermotogae (0.8%).

Fig. 1 Anaerobic degradation of beet sugar industrial wastewater (BSIW)
in a batch experiment for control, hematite, and MWCNT reactors illus-
trating the changing profiles of COD, wherein the error bars represent the
standard deviations of the duplicate tests
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The predominance of the phylotypes, among the archaea in
the class, order, family, and genus, followed the same trend as
of the phylum (Fig. 3a). At the order level, there was barely any

difference in the abundance of Methanosarcinales, although
Methanobacteriales’ abundance dropped while that of
Methanomicrobiales slightly increased. Compared to the genus
level, this scenario was replicated with Methanosaeta (with
abundance above 90% in all the reactors) showing no signifi-
cance difference in the presence of theMWCNTs and hematite.
Its predominance was followed by Methanobacterium and
Methanolineawhere the former slightly reduced while the later
increased in abundance in the presence of MWCNT and
hematite.

The bacteria at the class (Fig. 3c) and order (Fig. 3d) level
were dominated by Anaerolineae, Deltaproteobacteria,
Bacteroidia , and Clostridia and Anaerolineales ,
Bacteroidales, Clostridiales, and Syntrophobacterales, respec-
tively, in a descending order. At the order level, while
Anaerolineales were seen to be at the decrement,
Bacteroidales, Clostridiales, and Syntrophobacterales abun-
dance rose slightly in the presence of both MWCNTs and he-
matite. The family level (Fig. 3e) was dominated by
Anaerolineaceae, Porphyromonadaceae, Rikenellaceae, and
Geobacteraceae. On the other hand, Anaerolinea, Longilinea,
unclassified_Porphyromonadaceae, vadinBC27_wastewater-
sludge_group, and Geobacter comprised the first five in the
genus level (Fig. 3f) in a descending order. In the presence of
MWCNT and hematite, unclassified_Porphyromonadaceae
and vadinBC27_wastewater-sludge_group increased in abun-
dance while Anaerolinea, Longilinea, and Geobacter reduced.

Furthermore, a search for gene sequences in GenBank
revealed that microbes under theMethanosaeta genera were
related to the species Methanosaeta concilii, while those
classified under theMethanobacterium genera were aligned
toMethanobacterium formicicum. The bacterial dominance
showed sequences aligned to Anaerolineaceae bacterium
enrichment culture clone B6_178, Longilinea arvoryzae
and Geobacter lovleyi SZ. The predominance of the bacte-
rial species Anaerolineaceae (28.6–34.6%) and Longilinea
arvoryzae (9.1–10.5%) in this study is of significant impor-
tance due to their hydrolytic fermentative characteristics in
the degradation of cellulosic-related material found in
BSIW. They are known to produce cellulosomes, which
enhance the degradation of recalcitrant microcrystalline cel-
lulose, while at the same time releasing compounds, such as
H2, CO2, formate, and acetate, which are eventually utilized
by acetogens and methanogens (Lynd et al. 2002). Their
presence had the potential for an immense contribution to
the oxidation of sucrose to glucose, as well as its subsequent
degradation to reduced products for the further reduction of
methanogens to CH4 gas. The success of this process poten-
tially resulted either from the direct transfer of electrons in
syntrophic communities by relying on the exchange of dif-
fusible molecules and energy carriers such as hydrogen (or
formate) or from the establishment of direct interspecies
electron transfer (DIET) among the microbes, with either

Fig. 2 Changing profiles of a acetic acid concentrations, b propionic acid
concentrations, and c methane gas production. Error bars represent the
standard deviations resulting from duplicate tests
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Fig. 3 Taxonomic classification of the dominant phylogenetic groups of the a archaea and bacteria, b phylum, c class, d order, e family, and f genus level
(the relative abundance of phyla comprising less than 1% of the total composition in the reactors was defined as Bother^)
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hematite or MWCNTs serving as electron conduits between
acetogens and carbon dioxide-reducing methanogens.

Although Geobacter strains are known to enhance DIET
with methanogens (Kato et al. 2012a), the presence of the
speciesGeobacter lovleyi SZ, which is not known to stimulate
DIET, indicates the possibility that there was no direct transfer
of electrons among the syntrophic communities. In addition,
the low count of the gene sequences of 3.3, 1.7, and 3.0%,
which correlate with measured productions of methane gas of
93.2, 111.6, and 125.7 mg/g-VSS for the control, MWCNT,
and hematite reactors, respectively, could represent a clear
demonstration that the Geobacter species may not have acted
as a pathway for DIET to methanogens. In fact, their reduction
in the presence of MWCNTs and hematite could only have
resulted to reduction of the produced methane gas rather than
its increment. However, the role of the Geobacter lovleyi SZ
species in BSIW degradation warrants further investigation.

The process of electron exchange via the indirect electron
carriers H2 and formate is chiefly utilized by the methanogens
Methanobacterium andMethanospirillum (Li et al. 2015a). The
sustainability of this process, however, depends mainly on low
levels of H2maintenance (typically below 10−5 atm) by H2-scav-
enging hydrogenophillic methanogens (Mori and Harayama
2011; Schmidt and Ahring 1995). Although the presence of the
Methanobacterium formicicum species confirms the role it might
have played, i.e., of converting carbon dioxide to methane, in
utilizing electrons, the low levels of Methanobacterium (below
2%) and Methanospirillum microorganisms (below 1%) among
all of the reactors are a demonstration that neither H2 nor formate
was a major electron shuttle during methane production. In ad-
dition, the quantity of hydrogen gas in this study was often un-
detected and was thus available in very low quantities, if at all.

Microscopic imaging of anaerobic granular sludge

Figure 4a–c shows the different bacterial structures observed
using scanning electron microscopy (SEM). Figure 4a (the con-
trol sample) demonstrates the presence of loose and dispersed
bacteria compared with the densely packed bacteria in Fig. 4b
(hematite) and Fig. 4c (MWCNTs). Figure 4c shows a structure
of aggregates creating a gap/fracture, which may entangle mi-
crobial flocs, thereby damaging the cells present. This phenom-
enon could emanate from the physical contact between
MWCNTs and bacterial cells and might have resulted in mem-
brane damage, although this might have been an initial stage of
cell rapture/damage. This is because, as earlier reported,
MWCNTs enhanced the methane production rate as compared
to the control reactors, although a little lower compared to he-
matite. AcuteMWCNTpiercingmight cause cell death, reduced
viability, and reduced or absent microbial activity, which is a
situation that was not detected during the incubation process.

The densely packed phenomenon can be associatedwith the
interactions among hematite or MWCNTs, microbes, and

induced EPS, which attach on the cell surface to provide a
defensive barrier to external interference (Sheng et al. 2010).
This protection against external intrusion might have signifi-
cantly contributed to the enhancement of the methane produc-
tion rate above the control reactors. The EDS showed peaks of
carbon content by weight for the control sample, hematite, and
MWCNTs of 51.38, 42.29, and 51.63% and iron contents by
weight of 4.33, 21.19, and 7.19%, respectively (Fig. 4d–f). The
hematite reactor showed more abundant metal iron, whereas
the MWCNT reactor demonstrated more metal carbon than
other reactors, an indication that hematite and MWCNTs were
still in their respective reactors after successful degradation.

CLSM observations demonstrate EPS spatial distribution in
the granular sludge (Fig. 5). Fig. 5 (a1-a3) shows proteins and
polysaccharides conforming to granule aggregation and adopting
an even distribution pattern. In contrast, Fig. 5 (b1-b3: hematite)
and Fig. 5 (c1-c4: MWCNTs) show proteins and α-D- and β-D-
glucopyranose polysaccharides forming an outer ring-like layer
surrounding the granules. This might be a defensive mechanism
against hematite and MWCNT piercing through the membranes
of the microbes, hence averting toxicity to microbial consortia
due to cell membrane agitation. The SEM and CLSM results
clearly demonstrate that protection against cytotoxicity was en-
hanced by the dense agglomeration of EPS about the microbes,
thus forming a formidable protective barrier and the MWCNTs
and hematite could not penetrate into the granular layer.

The SEM images of MWCNT granular sludge showed a
section of cells experiencing damage. This damage may have
resulted in mild toxicity and a slight reduction in microbial
metabolic activities, which subsequently resulted in lower
methane gas production. Factors that can contribute to multi-
wall carbon nanotube toxicity involve oxidative stress, resid-
ual catalysts, and cell membrane penetration (Kang et al.
2007; Pasquini et al. 2013). For oxidative stress to induce
damage, O2 is required as a precursor. The anaerobic condi-
tions in this study make this cause insignificant. Meanwhile,
carbon nanotubes are known to release impurities that catalyze
toxicity. Studies show that impurities released from 40 to 60%
pure single wall carbon nanotubes demonstrated negligible
toxicity effects (Liu et al. 2007; Tong et al. 2012). The use
of 97% purity MWCNTs diminished the possibility of the
release of catalyst metals that could trigger inhibitory effects.

Therefore, cell membrane perturbation due to the physical
interaction between bacterial cells and MWCNTs could be a
possible cause of toxicity because the reactors were always in
motion on a mechanical shaker during incubation. In a recent
study where MWCNTs were used in an expanded granular
sludge bed reactor, cell perturbation was not evidenced
(Ambuchi et al. 2017). This shows that MWCNTs can induce
microbial activity without resulting to toxicity. However, the
damage inflicted might have been at its initial stage of cell
breakage. On the other hand, this may not have resulted in
severe damage because the CLSM demonstrated EPS forming
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a protective layer around the microbial cells against harsh
external environmental influence. This could partly explain
the stimulation of the higher production of CH4 gas for hema-
tite compared to that for MWCNTs.

Discussion

In this study, hematite and MWCNT reactors produced substan-
tially higher methane gas in comparison to the control reactors. It

is thus probable that the conversion rate of BSIW tomethane gas
was greatly influenced. Although the influence of hematite and
MWCNTs resulted into the reduction and or enrichment in mi-
crobial community, to a large extent, this influence could barely
be translated into CH4 gas enhancement. For instance, if the
enrichment of microbial community could directly influence mi-
crobial activity, then the reduction of Anaerolinea (5.1 and 5.9%
in MWCNT and hematite reactors, respectively) and Longilinea
(1.3% in bothMWCNTand hematite reactors) could have result-
ed to subsequent higher performance in the control reactors as

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4 SEM images (a–c) and EDS plots (d–f) of sludge in different reactors. a, d Control. b, e Hematite. c, f MWCNT
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opposed to hematite andMWCNT reactors, of which, it was not.
The Anaerolinea and Longilinea bacteria are known to play a
significant role in the degradation of cellulosome in BSIW re-
leasing compounds that can be utilized by methanogens in the
formation of CH4 gas. Recently, the enrichment of Anaerolinea
in the presence of hematite and MWCNTs in a continuous ex-
periment still realized increment in methane gas (Ambuchi et al.
2017). In addition, the Methanosaeta genera which plays
syntrophic role with the bacteria depicted no significance differ-
ence in the presence of hematite and MWCNTs. This is an utter
demonstration that besides the enrichment of the microbial com-
munity, hematite and MWCNT assume a different role which
increases CH4 gas production.

Anaerobic degradation of sucrose, which is the main car-
bon in the BSIW, is facilitated by microbial activity and might
have been enhanced by use the hematite and MWCNTs. The
first step in fermentation is the breaking down of sucrose into
its components:

Sucrose→Glucoseþ Fructose

Fructose is further converted by enzyme isomerase to glu-
cose

Fructose→Isomeraseþ Glucose

Glucose is the starting substrate of the glycolytic pathway.
This is hydrolyzed by the homoacetogenic bacteria

(Anaerolinea and Longilinea-as depicted from this study)
resulting into 2 mols of acetate per mole of glucose as shown
in reaction (1). Acetate is oxidized producing HCO−

3 and H
+ (2).

The methanogens (Methanosaeta) obtain electrons and convert
H+ and HCO−

3 to CH4 (3). The hematite and MWCNTs in this
study might have enabled the syntrophic microorganisms to
share the produced electrons directly, enhancing CH4 gas pro-
duction. However, there were other reactions that most likely
contributed to methane gas formation, for example, the reaction
between hydrogen and carbon dioxide (5). As earlier noted, this
could be the reason for the production of scintilla amount of
hydrogen. This resulted to the overall reaction (6)

C6H12O6 þ 2H2O→2CH3COO− þ 2Hþ þ 2CO2 þ 4H2 ð1Þ
2CH3COO− þ 6H2O→2HCO−

3 þ 2CO2 þ 16Hþ þ 16e− ð2Þ
2HCO−

3 þ 18Hþ þ 16e−→þ 2CH4 þ 6H2O ð3Þ
2CH3COO− þ 2Hþ→2CH4 þ 2CO2 ð4Þ
4H2 þ CO2→CH4 þ 2H2O ð5Þ

The overall reaction is

C6H12O6→3CH4 þ 3CO2 ð6Þ

However, the amounts of CH4 gas ultimately produced
from the degradation of BSIW, which were roughly 2.22 and
2.20 mol of methane per mol of glucose (after conversion

Fig. 5 Profiles of EPS in the
granular sludge from the control
(a1-a3), hematite (b1-b3), and
MWCNT (c1-c3) exposed reac-
tors. The sludge granules were
stained with FITC (proteins: a1,
b1, and c1), Con A (α-D-gluco-
pyranose polysaccharides: a2, b2,
and c2), and calcofluor white (β-
D-glucopyranose polysaccha-
rides: a3, b3 and c3)
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from sucrose) that was consumed due to the influences of
hematite andMWCNTs, respectively, were slightly lower than
the value predicted from the stoichiometric calculations of the
classical methanogenic glucose degradation pathway of 3 mol
of methane produced per mol of glucose consumed
(C6H12O6⟶ 3CH4 + 3CO2). The deficit may be equivalent
to the amount diverted to facilitate biomass growth (Siegrist et
al. 2002). This characteristic is not uncommon with this inoc-
ulum, which has a low quantity of alternative electron accep-
tors, such as nitrate and sulfate. Furthermore, there was very
low production of carbon dioxide than the expected 3 mol.
The abundance of the calcium ions (Ca2+) in the substrate due
to the use of lime during industrial beet sugar processing could
be the reason, as shown in Table 1 (225.55 ± 0.72 mg L−1) and
the use of lime when regulating the pH of the substrate (Iza et
al. 1990). The use of lime in beet sugar processing industries
aids in adjusting of the pH and enhance settling characteris-
tics. Its reaction with carbon dioxide results to bicarbonate
alkalinity [Ca (HCO3)2] and precipitates (CaCO3). This reac-
tion results to the loss of carbon dioxide in the sludge, of
which carbon dioxide from the biogas is its replacement
(Gerardi 2003). This might have resulted into very low carbon
dioxide composition of the biogas.

The abundance of Methanosaeta concilii in this study
might have exerted a twofold influence on the production of
CH4 gas. As an acetate-utilizing methanogen, it is implied that
it was able to convert acetate directly to CH4 gas at the mo-
ment of its production. This can explain the process of meth-
ane gas production in the reactors, insomuch that it was po-
tentially the major process in the control reactors that lacked
NPs. Apart from utilizing acetate,Methanosaeta species have
the ability to directly accept electrons as an electron donor for
the reduction of carbon dioxide to CH4 gas; they have been
known to directly accept electrons from a conductive aggre-
gate matrix (Morita et al. 2011). Because of this, hematite and
MWCNTs might have been utilized as conduits for the trans-
fer of electrons from Anaerolinea and Longilinea to
Methanosaeta species. Therefore, hematite and MWCNTs
might have contributed to the increase in methane gas by 35
and 20%, respectively.

These findings, hematite and carbon nanotubes can pro-
mote DIET among syntrophic microbial communities, rep-
resent a novel function for nanoparticle use, as well as an
essentially unexplored area of technological importance
with relevance to industrial and environmental sectors.
Even though the use of hematite and MWCNTs could have
negative effects to the microbial community, this study,
through the use of SEM and CLSM, demonstrated that there
was visible interaction between microbes, hematite, or
MWCNTs and EPS, with the later promoting a formidable
defense against external intrusion. This defensive mecha-
nism might have contributed to a larger extend to higher
methane production rate among the reactors with hematite

andMWCNTs in comparison to the control. Thus, this study
illustrates that use of hematite and MWCNTs in the treat-
ment of BSIW resulted in an increase in the production of
methane gas, evidence that the existing anaerobic digestive
systems have the potential for further improving methane
gas generation by enhancing DIET. This study supports the
recent findings where hematite and MWCNTs enhanced
CH4 gas production in a continuous experiment (Ambuchi
et al. 2017) and indeed adds more into the evidence of DIET
enhancement mechanism especially by MWCNTs which
had not been associated with before.

The addition MWCNTs may represent a novel and unex-
plored strategy for promoting DIET in the process of improv-
ing the production of methane gas in the anaerobic biodegra-
dation process, which has enormous potential for harnessing
biofuels. The results presented herein could have broad im-
pacts in the renewable energy biotechnology sector, wastewa-
ter treatment plants, and industries and beet sugar processing
factories.

In summary, the enhancement of the production of CH4 gas
using hematite and MWCNT in a batch experiment was in-
vestigated in this study. There was higher rate of substrate
degradation in the presence of hematite and MWCNTs which
resulted into higher COD removal rate than the control.
Besides, production of CH4 gas was enhanced by 35% with
the use of hematite and 20% in the presence ofMWCNT. This
stimulation might have resulted from hematite and MWCNTs
acting as conduits for interspecies electron transfer between
the homoacetogenic bacteria and methanogens. Different mi-
crobial community enrichment levels were also observed even
as Anaerolinea and Longilinea genus slightly reduced while
unclassified_Porphyromonadaceae genera increased among
the bacteria in the presence of hematite and MWCNTs.
Among the methanogens, there was no observed significant
difference among the Methanosaeta genera, although
Methanobacterium genera slightly reduced while
Methanolinea genera increased in abundance. However, the
enrichment of microbial community was most unlikely a con-
tributing factor to CH4 gas enhancement.
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