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In this work, a novel cobalt-doped magnetic carbon (CDMC) was prepared to boost hydrogen (H,) and
methane (CH4) generation. A one-pot approach was employed to produce H, and CH4 with an
incompletely heat-treated mixed culture. A moderate amount of CDMC promoted biogas evolution,
while excess CDMC eroded both H, and CH,4 productivity. The CDMC (600 mg LY group achieved the
highest biogas yields of 176 mL H, per g glucose and 358 mL CH,4 per g glucose, which were higher
than those (102 mL H, per g glucose and 288 mL CH,4 per g glucose) found in the control group without

) CDMC. The mechanisms of H, and CH4 production via the one-pot approach with CDMC were
iizzgﬁ% ﬁ;hsz\’j:nn;g:rzégio speculated to be as follows: CDMC provided beneficial sites and two elements (Co and Fe) for culture
growth and boosted electron transfer, facilitating glucose degradation and conversion. Supplementation

DOI: 10.1039/d0ra08013f of carbon matrix composites and trace elements in biogas production has been shown to be an efficient
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Introduction

To lower global warming and environmental problems due to
fossil fuel utilization, various technologies have been developed
to produce clean energy.' Energy carriers such as biohydrogen
and biomethane have been demonstrated to be promising
alternatives to fossil fuels. Techniques employed for biogas
generation include biological, electrochemical and thermo-
chemical processes. Generally, biological approaches to H, and
CH, generation are related to dark fermentation and photo
driven fermentation.> Compared to electro- and thermochem-
ical methods, biological techniques have low costs.? In addition,
dark fermentation is a renewable and nonpolluting process that
is more attractive than photo driven fermentation.

To date, dark anaerobic processes have been developed to
convert manure, biomass, organic wastewater and sludge into
biogas." However, to enhance the overall performance of biogas
production, there are still some disadvantages to be overcome,
including substrate inhibition and pH fluctuation due to excess
organic loads or ammonia accumulation.”® Vu and Min*
observed that a high amount of glucose (10 g L") could cause
a lower CH, generation rate than other glucose amounts, which
was attributed to volatile fatty acid (VFA) suppression. Various
strategies for promoting CH, evolution and process stabiliza-
tion have been developed, mainly involving two-pot approaches,
pH regulation, conductive material stimulation, electro-
chemical assistance and trace element addition." Among these
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methods, conductive material stimulation and trace element
addition are simple and practical, and have good research
prospects.® For the bioH, process, the primary bottleneck is the
low H, yield, which needs to be overcome by optimizing the
metabolic pathway. To date, some carbon composites have been
shown to boost biogas (e.g., H, and CH,) generation.® These
carbons can immobilize cultures and boost electron transfer,
which facilitate enhanced syntrophic interaction.

Metallic nanoparticles can be immobilized onto the surface
of some carbon matrices, such as carbon nanotubes (CNTs),
activated carbon (AC), and biochar (BC), as well as their formed
carbon composites. The composites improve particle reactivity
and decrease particle agglomeration, which can help culture
immobilization and cell growth.® For instance, an Fe;O,/gra-
phene composite increased the H, yield by 42%, which
contributed to boosting hydrogenase enzymatic activity and
accelerating the microbial degradation of organic matter.” The
highest CH, yield from food waste occurred with 75 mg per L
Fe;0, particles.® Fe;O, is related to iron solubility and
bioavailability because soluble iron is an essential factor in
biogas evolution and is readily employed by mixed cultures to
maintain essential metabolic activities.® Previous studies also
illustrated that extra Fe;O, could achieve a 20.1-26.4%
improvement in bioH, yield when a moderate amount of Fe;O,
(50-400 mg L") was used.>*® Han et al.** found that the H, yield
from a substrate modified with hematite was increased by 33%.
They inferred that hematite could release iron ions to boost the
activity of hydrogenase enzymes." Iron-including enzymes are
mainly required for the production of H,. Considering that
functional-graphene preparation is complicated and expensive,
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employing carbon matrix composites that are relatively easily
prepared seems to be a promising method."

Fe, Mn, Co and Ni are essential trace elements that make up
cofactors and enzymes. Supplementing anaerobic systems with
such elements has been shown to play vital roles in boosting
biogas generation.”™* Related studies have revealed that an
increased biogas yield and lowered VFA inhibition were attrib-
uted to some trace metals that exhibited dominant effects in
buffering and microbial metabolism during biogas evolu-
tion."*" A moderate amount of trace elements improved the
assimilative capacity of a mixed culture, improving biogas
generation. For instance, Ca, Mg, Co and Ni concentrations of
303.0, 777.0, 7.0, and 3.0 mg L™ ' have been used.'® In addition,
the inhibition stress from trace elements depends on the salt
species and concentration used in anaerobic evolution systems.
The availability of trace metals for maintaining microbial
growth and metabolism strongly depends on the metal species
and chemical states. These factors are also controlled by the
total metal amount and other operational parameters. Fe is
present in Fe-S clusters, which are associated with culture
intracellular reactions. Moreover, Fe participates in oxidase and
cytochrome formation.*” In typical biogas generation systems,
Fe is often supplemented at a higher amount than are Co and
Ni.”® Some studies have revealed that a moderate amount of
iron, such as Fe®*', Fe;0,, Fe’, and Fe,0;, boosted Fe-
hydrogenase activity, which caused biomagnification of the H,
yield."”*® In addition, Co can form complexes with soluble
metabolic products (SMPs)."* Co ions in the liquid phase are
likely related to vitamin B,,, which plays vital roles in meth-
anogenesis." A previous report showed that moderate amounts
of Co and Ni ions (0.1-0.3 mg L") could be employed to
maintain biogas production stability.”® However, there are few
reports on an advanced method for bioH, and bioCH,
production with cobalt-doped magnetic carbon (CDMC) in one
bioreactor.

Therefore, the goals of this work are (i) to prepare and
characterize CDMC containing Fe, Co and C, (ii) to investigate
the effect of CDMC amount on H, and CH, yields, (iii) to
compare the influence of CDMC on microbial morphologies
and SMPs, (iv) to elucidate the CDMC promotion effects
underlying bioH, and CH, generation, and (v) to highlight the
advantages of the one-pot approach by comparison with
previous studies.

Materials and methods
Seed sludge preparation

A seed sludge sample was collected from an anaerobic tank that
was used to treat citric acid wastewater and located in Shan-
dong, China. The sludge sample consisted of approximately
15% total solid (TS). The mixed sludge was incubated at 1.0 g
per L glucose and 37 °C, which was maintained until biogas
generation was accomplished (20 d). Subsequently, the incu-
bated sludge sample was heated at 85 °C for 30 min to select for
H,-generating bacteria (HGB). Then, the sample was cooled to
approximately 37 °C and supplemented with 0.5 g per L glucose.
The material was cultured at 37 °C for 36 h to obtain a dominant
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consortium (e.g., HGB). Thus, seed sludge was obtained and
used to produce H, and CH, in one bioreactor. The main
characteristics of the seed sludge are shown in Table 1.

CDMC preparation

CDMC was prepared with an alkaline solution under reflux
conditions by following the steps below. To obtain Fe** and
Co*" mixed solutions, 5.4944 g of ferric nitrate (Fe(NO3);-9H,0)
and 1.9790 g of cobalt nitrate (Co(NOj3),-6H,0) were dissolved
in 50 mL H,0. Subsequently, 24 g AC was intensely mixed with
50 mL alkaline solution containing 3.4 g NaOH at 25 °C for
30 min. The alkaline AC suspension was heated to boiling, and
then the mixed solution containing Fe** and Co** was rapidly
poured into the boiling AC suspension, which was maintained
in well-mixed reflux conditions at 115 °C for 120 min. Finally,
the suspension was cooled to 35 °C, and solid-liquid separation
was achieved. Consequently, the magnetic carbon matrix
composite was dried at 80 °C for 12 h and labeled CDMC.
Additionally, AC used this work were measured to be 522.56 m”
g~ Other chemicals, such as Fe(NO;);-9H,0, Co(NO;),-6H,0
and NaOH were analytical grade reagent. H,O was high-purity
water that came from a second-level reverse osmosis device
located at the Engineering Lab of Light Waste Clean Energy
Technology (Shandong, P. R. China).

Anaerobic fermentation design

The bioH, generation processes were carried out in a 500 mL
bioreactor. The mixed substrates consisted of 0.1 g per L
peptone and 10 g per L glucose. Various quantities (0-
800 mg L~ ') of CDMC were used to prepare 5 concentrations (0,
200, 400, 600 and 800 mg L’l) in a series of bioreactors. Each
bioreactor contained 150 mL of anaerobic granular sludge
(mixed culture), which was supplemented with a moderate
amount of H,O to reach a volume of 500 mL. The pH values of
the reactors was adjusted to 6.9 + 0.1 by using HCI (0.1 mol L)
and NaOH (0.1 mol L™"). The moderate headspace (130 mL) of
the anaerobic reactor contributed to reducing the H, partial
pressure. All headspaces were slowly flushed with nitrogen for
approximately 40 s to create an anaerobic system. Then, the
anaerobic reactors were rapidly sealed by employing a rubber
plug connected to two samplers for sampling liquid/gas and
a pipe for conveying gas. The generated biogas was collected

Table 1 Seed sludge characteristics

Physicochemical indexes Seed sludge

pH 6.9 + 0.1
TS (Wt%) 10.5 £ 0.5
VS (wt%) 54.5 4 0.5
TC (mg L") 2360 + 100
TOC (mg L) 1590 + 70
IC (mg L") 800 =+ 50
COD (mg L) 10 600 + 300
NH," (mg L™%) 2400 + 100
VFAs (mg L") 340 + 10

This journal is © The Royal Society of Chemistry 2020
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through the gas displacement method. Among the bioreactors,
one reactor was not supplemented with CDMC and was used as
a control. Finally, all the anaerobic reactors were incubated at
37 °C for 16 d to generate H, and CH, gases. In addition, the
liquid and gas were periodically sampled to investigate the SMP
content and the contents of H, and CH,, respectively. All the
conditions in the batch experimental designs were tested three
times.

Analytical methods

The surface groups, specific surface area, structural morphology
and element composition of CDMC were analyzed based on
a previous study.” The chemical oxygen demand (COD),
ammonium (NH,"), total solids (TS, wt%) and volatile solids
(VS, wt%) contents and pH were determined by following
standard analysis methods for water and wastewater.™ The total
organic carbon (TOC, mg L ') and inorganic carbon
(IC, mg L") in the liquid phase were measured with a TOC
analyzer (TOC-LCPHCN 200, Shimadzu, Japan). As described in
a previous report, the distribution and levels of SMPs, such as
acetic acid (HAc), propionic acid (HPr), butyric acid (HBu) and
ethanol (EtOH), were measured using gas chromatography (GC-
2010, Japan) connected with a flame ionization detector.’® In
addition, biogas components (e.g., H,, CO, and CH,) were
determined by another gas chromatograph connected with
a thermal conductivity detector (GC-2014C, Japan), whereas the
volume of biogas produced was collected by employing a gas
displacement technique. The injector and detector were
controlled at 150 °C and 180 °C, respectively. Prior to microbial
observation, the culture immobilization was performed, as
shown in a previous work.”” The morphologies of mixed
cultures in the control and CDMC groups were observed with an
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emission scanning electronic microscope (SEM, Supra-55, Ger-
many). To confirm the magnetic property of NDMC, its pattern
was determined via a vibrating sample magnetometer (VSM,
SQUID-MPMS3, USA) at room temperature.

Kinetic description

The major parameters of anaerobic reaction kinetics can
significantly affect various physicochemical and biological
factors. The highest biohydrogen yield (HHY) and the highest
methane yield (HMY) were estimated using the experimentally
determined cumulative biogas yield. Lag time (1), HHY and
HMY are vital parameters that indicate the overall performance
of biogas production system. Furthermore, these kinetic
parameters were calculated according to the modified Gom-
pertz and logistic equations, as presented in eqn (5) and (6),
respectively.®

Y(t) = Yn exp{ —exp {% (A—1)+ 1} } (1)

m

Y(t):Ym/{1+exp4Yﬁ(Aft)+2} (2)
Here, Y(t) describes the cumulative biogas yield (mL H, per g
glucose (¢, h) or mL CH, per g glucose (t, d)), R, is associated
with the highest biogas yield rate (mL H, per g glucose per h
or mL CH, per g glucose per d), Y;, represents the HHY or HMY
(mL), A is related to the lag time (h or d), and e is 2.72. Y, Ry,
and 4 in the two equations were estimated by using the software
Origin 8.5, and the correlation coefficient (R*) values were
investigated. These kinetic parameters are useful to understand
the dynamics and some underlying mechanisms of the anaer-
obic process.
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Fig. 1 CDMC characteristics according to SEM/EDS (a), FT-IR (b), XRD (c) and VSM (d).
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Results and discussion
Characterization of the CDMC sample

The specific surface area of the CDMC composite is 105.3 m>
g ', according to the Brunauer-Emmett-Teller (BET) method.
Both the morphology and elemental composition of CDMC are
also revealed in Fig. 1a. As shown in Fig. 1a, CoFe,0, is scat-
tered and inlayed into the granular AC. The atomic composition
of CDMC includes 46.67%, 17.48%, 0.77% and 0.52% C, O, Co
and Fe, respectively. In addition, a certain amount (34.57%)
of N is present in CDMC, which is likely due to the feedstocks
employed during the CDMC preparation process. Similarly, two
noteworthy bands occurred at 1.0 keV and 2.1 keV, which are
associated with Na and Au, respectively. These phenomena are
likely attributed to the utilization of NaOH and Au in the CDMC
preparation and detection processes.” In addition, the chem-
ical groups on the surface of the CDMC sample were measured
using Fourier transform infrared (FTIR) spectroscopy, and the
results are revealed in Fig. 1b. Some featured bands of the
CDMC sample are as follows: the peaks near 3400 cm™ " and
1600 cm ' are related to ~OH stretching vibration bands orig-
inating from H,0 and Fe(OH)s;, respectively. The peak at
435 cm ™! is associated with goethite a-FeOOH vibrations.? The
peak located at 1380 cm ™ is attributed to -NO; vibrations. The
peak located at 671 cm™ ' is related to Co-O stretching vibra-
tions from Co(OH),. In addition, the band at 2359 ecm™ " is
related to the stretching vibrations of oxygen-containing
groups, such as -COOH, on the surface of the CDMC
composite. The unique structure of the composite is mainly
associated with the presence of CoFe,0, in CDMC, whose band
can be observed at 579 and 530 cm™'.**?' On the other hand,
XRD characterization result shows that CDMC has typical
graphite characteristics. When the value of 26 is in the range of
20-30°, a large and wide peak appears, which is related to (002)
graphite plane. In addition, the characteristic diffraction peaks
observed at 30.12°, 35.63°, 43.19°, 57.05° and 62.60° correspond
to the (220), (311), (400), (511) and (440) crystalline planes of the
CoFe,0, structures (JCPDS card no. 22-1086).>* Thus, the qual-
itatively physical phase identification by XRD indicates that
CoFe,0, is successfully doped on AC. Moreover, the saturation
magnetization, residual magnetization and coercive force of

View Article Online

Paper

CDMC were 2.12 emu g ', 0.32 emu g ', and 149.95 Oe
(Fig. 4d). CDMC showed good magnetic response when exposed
to an external magnet and could be collected quickly from the
liquid phase (Fig. 1d).

Effects of CDMC on bioH, and bioCH, generation

Theoretically, 1 mole of glucose can produce 12 moles of H, and
6 moles of CO, (eqn (3)). However, from a practical point of
view, 1 mole of glucose can produce xCO, and 2-4 moles H,,
along with SMPs. Significant differences of the SMPs distribu-
tion indicate that the anaerobic metabolic pathways are
controlled by dominant microorganisms. During the process of
microbial community evolution, the dominant anaerobes
depend strongly on the mixed culture source, conductive
materials and operational parameters, such as the process pH,
fermentation temperature, H, partial pressure, substrate
components and organic loading rate (OLR), as well as
conductive composites and their levels®***
C6H1206 + 6H20 g 6C02 + 12H2 (3)

Biohydrogen evolution involves a complex pathway, and the
components and distribution of SMPs mainly depend on the
species and quantities of microorganisms employed in the
bioevolution process under the same operating parameters.
SMP generation also contributes to bioH, evolution under
conditions controlled by dominant microbes. In addition,
either mixed or single cultures are employed to convert glucose
to mixed gases, such as H,, CH, and CO,.> CDMC supplemen-
tation increases interspecies hydrogen transfer (IHT) and
decreases the spatial distance between different members from
the mixed culture consortium growing on some substrates,
which are beneficial for degrading glucose, producing VFAs,
and converting them into biogas.

To determine the organic load obtained with CDMC, the pH
of the batch anaerobic system was not regulated. During the
initial period of the fermentation process, H, accumulation
occurred in the control group compared with the H, content in
the CDMC reactors (Fig. 2a). This indicated the anaerobes were
better adapted to use the substrate at CDMC concentrations
between 200 and 800 mg L™ ". Fig. 2a shows that H, production
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Fig. 2 Impacts of CDMC concentration on (a) H, and (b) CH, yields.
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occurred in the earlier stage (48 h), which accompanied by VFA
and ethanol generation. As presented in Fig. 2a, an increase in
H, yield was also achieved at various concentrations of CDMC.
When the CDMC concentration was raised to 600 mg L, the
highest H, yield was observed to be 176 mL H, per g glucose,
which was 72.5% higher than that found in the control group
without CDMC addition (102 mL H, per g glucose). Fig. 2a also
illustrates that excess CDMC (e.g., 800 mg L™ ') erodes H,
productivity, which is probably due to the toxicity to microbes
caused by extra CDMC.

On the other hand, the bioH, process lasted until H,
production was accomplished (48 h). CH, generation occurred
on the 3rd day because some anaerobic culture consortia, such
as methanogens (Methanobacterium and Methanosaeta) and
thermoacidophiles were not completely inhibited in the pre-
heating treatment step.** Moreover, the culture consortia were
gradually activated through stimulation by Co ions from CDMC.
These microbes probably take part in CH, generation through
the following two reactions (eqn (4) and (5)):

CH;COOH — CO, + CH, (4)
4H, + CO, — 2H,0 + CH, (5)

During the acetoclastic methanogenesis process, acetate
(CH3;COOH) is converted by acidophiles to CO, and CH,.
Meanwhile, hydrogenotrophic methanogens use H, and CO, as
substrate to produce CH, and H,0. According to these reac-
tions, with prolonged fermentation time, the methanogens
were activated and adapted to the environment caused by
CDMC introduction. Methanogens replaced HGB and became
the dominant microbes, which led to a decreasing H, yield and
increasing CH, yield. Moreover, the CH, yield increased as the
CDMC content was increased from 0 to 600 mg L™ . The 600 mg
per L CDMC group achieved the highest yield of 358 mL CH,
per g glucose, which was 24.3% more than that observed in the
control reactor (288 mL CH, per g glucose). A similar study was
conducted by Abdelsalam et al.>®> who found that the overall
performance of the bioCH, generation process was improved by
supplementing Co and Ni and that a small amount of nano-
particles, such as Co, Ni, Fe and Fe;0,, boosted the CH, yield by
up to 1.7-fold.”® In addition, CDMC promoted TOC decompo-
sition and its conversion into biogas, resulting in a reduction in
TOC concentration (Fig. 3). Interestingly, the group with 600 mg
per L CDMC achieved higher methane content than the control
group, while the ammonia nitrogen concentration did not
increase significantly (Fig. 3). This reduced the inhibition of
ammonia on the activity of methane synthase.”** CDMC has
a porous structure, which offers a good environment for both
the colonization and metabolism of syntrophic anaerobes
growing on the cosubstrate. Such interactions boosted TOC
degradation and biogas evolution.”

Besides, the data of biohydrogen and biomethane produc-
tion were analyzed by the one-way ANOVA using IBM SPSS
Statistics 22 to determine whether CDMC had a significant
effect on them. Statistical significance was delimited by p-values
equal or less than 0.05.”® The detailed statistical analysis results

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Impacts of CDMC dosage on final TOC and NH4*
concentrations.

were shown in Table 2. It can be seen that the p-values of the
biohydrogen and biomethane yields are both less than 0.001.
This indicated that the addition of CDMC could significantly
affect the performance of dark fermentation and anaerobic
digestion process, whose mechanisms will be further explained
in next section.

As shown in Fig. 2b, excess CDMC (e.g., 800 mg L") obvi-
ously eroded H, and CH, productivity. The aforementioned
phenomena could likely be attributed to the following aspects:
(i) excess CDMC could aggregate, which decreased mass trans-
fer and SMP conversion; (ii) excess CDMC could penetrate the
cell wall and cause oxidative stress, which inhibited anaer-
obes;' and (iii) excess CDMC (800 mg L") could elevate the
final pH (7.9) and increase free ammonia (NH;-N) generation,
which would limit microbial activity.” In addition, anaerobic
digestion using a one-pot approach combined with CDMC
could achieve in situ CO, sequestration to elevate the CH,
content.® Fe** from Fe*" reduction was also observed to be
metabolized by microbial activity, which boosted the capture of
CO, and converted CO, and H, to CH,.*®

Effects of CDMC on SMPs

The data in Fig. 4 show that CDMC could also affect the SMP
distribution and content during biogas production. The SMPs
consisted of EtOH and VFAs such as HBu, HAc, and HPr. As
described in eqn (6)-(8), the main metabolic pathways of bioH,
evolution included EtOH, HAc and HBu pathways.

Table 2 One-way ANOVA on H, and CHy, yields

DF MS F p-Value
H, yield Between groups 4 2579.139  551.098  <0.001
Residual 10 4.680
Total 14
CH, yield Between groups 4 2248.863  72.128 <0.001
Residual 10 31.179
Total 14

RSC Adv, 2020, 10, 41791-41801 | 41795
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Fig. 4 Impacts of CDMC dosage on SMP concentration and distribution: (a) control (0 mg per L CDMC), (b) CDMC (200 mg L™Y), (c) CDMC

(400 mg L™, (d) CDMC (600 mg L™, and (e) CDMC (800 mg L™).

C¢H 206 + 2H,0 — 2CH;COOH + 2CO, + 4H, (6)
C6H1206 - C3H7COOH + 2C02 + 2H2 (7)

C¢H,,06 + 2NADH + 2H,0 — 2CH;CH,OH + 2HCO; ™ +
2NAD* + 2H, (8)

Fig. 4 reveals that all the ratios of (HAc + EtOH)/SMPs
exceeded 70%, which indicated that EtOH-type evolution was
dominant in the bioH, generation process (Fig. 4).** The
moderate amount of VFAs caused a suitable pH of 4.5-6.0; such
pH values facilitated to provide desirable conditions for H,-
producing microbes, thereby increasing the H, yield.** The HAc
concentration gradually increased with increasing CDMC
concentration from 0 to 600 mg L~ (Fig. 4). During the bioH,
generation phase, the feedstock with 600 mg per L CDMC
achieved the highest contents of HAc and SMPs, which were
982 mg L' and 2033 mg L', respectively (Fig. 4d). However,

41796 | RSC Adv, 2020, 10, 41791-41801

the HAc and SMP concentrations decreased significantly when
the CDMC concentration exceeded 600 mg L™, particularly
when the CDMC concentration was further raised to
800 mg L™ *. In addition, when the NADH-consuming pathways,
such as those related to EtOH and HPr metabolism, could be
inhibited by controlling the operational parameters, bioH,
productivity through the NADH oxidation pathway was boosted
(eqn (8)). Moreover, the concentration of CDMC could also
impact the H, yield, whose changes were consistent with SMP
concentration and distribution (Fig. 2a). Vu and Min observed
that HAc or HPr was dominant in acidogenic products in
bioreactors loaded with 2 and 4 g per L glucose, whereas HBu
dominated among VFAs at a high OLR of 10 g per L glucose."
Similar work was performed by Zheng et al.** who concluded
that the VFA components and distribution were dependent on
the system pH level in the bioH, evolution process. HAc
generation generally occurred under neutral conditions or at
a moderate amount pH (6.0-8.0), while a low pH (4.0-5.0) hel-
ped generate HBu.*

This journal is © The Royal Society of Chemistry 2020
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VFAs are the major intermediates during the bioCH,
process. Moreover, CH, generation occurred with prolonged
time when some methanogens, such as acetoclastic and
hydrogenotrophic methanogens, were activated by the stimu-
lation of Fe’" and Co*" ions from extra CDMC and became
dominant in microbial succession. Consequently, the H, yield
was reduced, whereas the CH, yield was obviously increased,
because hydrogenotrophic methanogens could consume H, to
produce CH,. This result was similar to a previous study, in
which an optimal time between 36 h and 48 h for bioH,
production with a mixed culture was observed by Satar et al.”
During the subsequent bioCH, process, similar VFA and SMP
concentrations were present in all cases (Fig. 2). In addition,
synergetic microbes can achieve direct interspecies electron
transfer (DIET).® For instance, the electrons generated by Geo-
bacter during EtOH conversion to bioCH, were transferred to
other cultures, such as Methanosarcina and Methanosaeta
methanogens, through c-type cytochrome or conductive pili for
CH, evolution via the pathway of CO, reduction (eqn (5)).** A
previous report demonstrated that either adopting EtOH-type
evolution or feeding EtOH was a feasible strategy for obtain-
ing large quantities of Geobacter and boosting DIET-based
synergetic communities. When EtOH was absent from the
SMPs, IHT-based methanogens were dominant in methano-
genic communities and could completely replace DIET-based
methanogens.* Interestingly, as shown in Fig. 2, the presence
of EtOH could achieve the gradient utilization of SMPs to obtain
more biogas. Although CH, generation was closely associated
with the SMP concentration and composition, EtOH could not
be directly converted into CH,. Moreover, the acetogens
consuming EtOH were slightly inhibited during subsequent
CH, production under weak alkalinity.®* In the bioCH,
production phase, as the evolution time increased, SMPs
gradually began to decline at 7 d, while the EtOH concentration
obviously decreased from 13 d. The final SMP concentration
ranged from 500 to 900 mg L', whereas HAc accounted for
approximately 50% of SMPs in all cases. However, EtOH
degradation in the bioCH, evolution process was not obvious
because there were not enough acetogenic microbes to convert
EtOH to HAc. In addition, CH, generation was slower at the
high CDMC concentration of 800 mg L' than at other
concentrations, likely due to the low degradation of EtOH.
Therefore, the SMP distribution in the liquid effluent from the
bioprocess varied slightly due to differences in CDMC concen-
tration and microbial diversity.

Impacts of CDMC on microbial morphologies

Fe*" reduction to Fe?" through mixed cultures is a beneficial
electron sink for oxidizing HAc in the initial stage of meth-
anogenesis, which diverts the electron flow from CH, genera-
tion.>” However, only a small amount of Fe;O, introduced by
CDMC took part in Fe*' reduction, since Fe;0, has low solu-
bility. In addition, a large amount of Co>* was released from the
CDMC material and boosted the activity of methanogens.
Consequently, methanogens became the dominant electron-
accepting microbes after the Fe®*" reduction process.

This journal is © The Royal Society of Chemistry 2020
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Methanogenic archaea are present at the end of the microbial
chain in anaerobic systems since they are direct producers of
CH, and can directly convert HAc or H,/CO, into CH,. One-
reactor streamlined the process and achieved the degradation
and conversion of glucose using HGB and methanogens.
Moreover, CDMC boosted the DIET between HGB and electro-
trophic methanogens.®

The microbial morphologies in the final stages of the control
and CDMC (600 mg L") groups are shown in Fig. 5. Compared
with the control reactor (Fig. 5a), the number of anaerobes in
the CDMC group (600 mg L) illustrated obvious enrichment
(Fig. 5b). In addition, the stimulation of anaerobes by CDMC
intervention evidently caused the secretion of extracellular
polymeric substances (EPS). A previous study revealed that
proteins were dominant in EPS, followed by polysaccharides.*
Surface EPS could be related to both interspecies electron and
mass transfer.** Zhao et al examined granular sludge in
methanogenic tanks fed with SMPs from ethanol-type evolution
and observed high conductivity for DIET.** They found that
Geobacter species such as G. metallireducens and G. sulfurredu-
cens facilitated DIET through their e-pili to form culture
aggregates.*® Moreover, coccus-shaped bacteria were present in
the control experiment, while rod-shaped microbes were
dominant in the CDMC (600 mg L™ ") group (Fig. 5). Guo et al.**
investigated an interesting phenomenon in which short rod-
shaped cells of Pseudomonas sp. GZ1 grew well at 35 °C but
could still survive when treated at 80 °C for 120 min. This
phenomenon indicated that strain GZ1 was capable of con-
verting some nutrients, such as carbohydrates and proteins,
into acetate and simultaneously obtaining H,. Satar et al.’
employed an immobilized mixed-culture system to produce H,
and CH, with glucose. They found that the mixed cultures could
consume more glucose to generate H, and CH, at 60 °C than at
other temperatures.”

Rod-shaped cultures constituted the dominant communities
and were capable of producing higher CH, yields than those
obtained from communities dominated by coccus-shaped
bacteria. Consequently, a moderate amount of CDMC (200-
600 mg L") had a positive impact on both bacteria and archaea
that were prominently promoted, such as Geobacillus sp., M.
thermophilus, M. defluvii, and T. thermosaccharolyticum, which
led to a high CH, yield.** In addition, humic substances, such as
humic and fulvic acids, have been found to be electron medi-
ators that could boost long-distance DIET in syntrophic
cultures.*® Thus, CDMC selectively achieved functional

Fig. 5 Microbial morphology in final phases: (a) control and (b) CDMC
(600 mg L.
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microbial colonization with rod-shaped bacteria, and served as
the H'/CH;' transfer medium during anaerobic digestion
process. However, the microbial diversity and the culture of rod-
shaped and coccus-shaped microbes also depended on the
anaerobic culture, substrate components, OLR, pH level, and
process temperature. The environmental variables of SMPs and
pH have strong impacts on microbial community structure. pH
is a vital abiotic factor that affects the survivals of different
microbes, rate of biological reaction, and energy production.**
The end pH levels in all digesters were 7.2-7.9, higher than
those in the initial stages (6.9). Excess CDMC caused a high final
pH value. In addition, the free NH;, Fe**, and Co** concentra-
tions had direct impacts on the overall pH and the dominant
microbial community of the anaerobic system.** However,
excess CDMC could cause oxidative stress harm, which eroded
the bacterial cell membrane and limited key enzymatic activity.
Thus, the relationship between parameter fluctuations and
microorganisms could reasonably explain the above problems.

Kinetic evaluation

As shown in Tables 2 and 3, the main dynamic parameters, such
as Y, Rm and A, were calculated by using the experimentally
determined cumulative H, and CH, yields and fitting to eqn (1)
and (2), which are the modified Gompertz and logistic equa-
tions, respectively. These results indicate that good curve
fittings to the experimental data were obtained with the two
equations, with relatively high R* levels (over 98%). As demon-
strated in Tables 2 and 3, the lag times of both bioH, and CH,
generation in the one-pot process for the CDMC groups were
4.63-7.70 h and 2.84-3.80 d, respectively. The values were
consistent with previous studies that found lag times of 4.8-
7.3 h and 9.52-9.76 h for bioH, processes modified with Fe,0;
and AC, respectively.**® Tables 2 and 3 reveal that the lag times
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of the CDMC groups were similar to those observed in the
control group. The results were possibly affected by the process
pH, sludge community and OLR. Chen et al.*’ concluded that
a moderate pH could reduce lag time and be useful for H,
generation by acclimated anaerobes. Moderate pH values
between 6.5 and 7.0 facilitated the production of H,.*
Furthermore, pH values of 7.0-7.5 were the best for enhancing
CH, production.® In this study, the pH in biogas production
ranged from an initial value of 6.9 to a final value of 7.9 (data not
shown), which indicates that such pH levels could be beneficial
for biogas production. This relationship suggests that some
anaerobes could acclimate to the environmental changes
introduced by CDMC and become dominant microorganisms.

In addition, Table 3 illustrates that the highest values of Yy,
(H,) (174.02 and 171.78 mL H, per g glucose) occurred at 600 mg
per L CDMC; these values were obtained using the modified
Gompertz and logistic equations, respectively. The two values
were slightly lower than those (210.51 and 209.90 mL H, per g
glucose) determined for a mesophilic H, process modified with
400 mg per L manganese-doped magnetic carbon (MDMC).*
The Y,, (H,) values were positively correlated with CDMC
concentrations ranging from 0 to 600 mg L™ and corresponded
to the highest R, (H,) values of 22.83 and 22.33 mL g ' h™’
(Table 3). Similarly, the CDMC group (600 mg L™ ") obtained the
highest Y,,, (CH,) values of 355.73 and 343.68 mL CH, per g
glucose, which were fitted with the modified Gompertz and
logistic equations, respectively (Table 4). Surprisingly, the Y,
(CH,) values were in proportion to the CDMC concentration up
to 600 mg per L CDMC, and the corresponding R, values were
50.08 and 50.59 mL g~ ' d~'. The two kinetic equations also
illustrated that the microbial growth curves for bioH, and CH,
production demonstrated sigmoidal trends that had positive
correlations with the H, and CH, yields.

Table 3 Kinetic values fitted by the Gompertz and logistic equations of H, evolution

Gompertz equation

Logistic equation

CDMC (mg
L Y (MLg™") Re (mL (gh) ™) A (h) R* (%) Y (ML g™") R (mL (gh) ™) A (h) R (%)
0 102.02 32.99 5.49 99.84 101.97 29.73 5.59 99.88
200 152.89 21.16 5.48 99.68 151.31 20.91 5.7.0 99.91
400 166.22 23.60 5.16 99.86 164.53 23.11 5.32 99.73
600 174.02 22.83 4.63 99.32 171.78 22.33 4.75 99.00
800 163.21 25.70 5.28 99.79 161.82 25.21 5.44 99.79
Table 4 Kinetic values fitted by the Gompertz and logistic models of CH,4 evolution

Gompertz equation Logistic equation
CDMC (mg
L Yin (ML g™") R (mL (g d) ) A(d) R* (%) Yin (ML g™") R (mL (g d) ™) A(d) R” (%)
0 288.73 51.97 3.57 99.93 282.13 53.01 3.8 99.75
200 323.24 51.45 3.45 99.78 313.96 52.76 3.67 99.14
400 327.75 51.47 3.38 99.84 318.39 52.07 3.61 99.21
600 355.73 50.08 2.84 99.34 343.68 50.59 3.07 98.27
800 291.27 64.29 3.51 99.93 286.88 64.39 3.67 99.68
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When CDMC concentrations exceeded 600 mg L%,
continuing to increase the amount of CDMC decreased the Y,
values (H, and CH,), which indicated that excess CDMC could
erode bacterial activity. Excess CDMC caused oxidative stress
and free NH;3;-N inhibition, leading to toxicity. The samples
supplemented with 40-60% carbon composites were nontoxic
to anaerobes that were present in the H, evolution process, but
excess metallic ions possibly eroded the microorganisms when
large amounts of CDMC were employed. Moreover, the cyto-
toxicity probably came from the higher final pH (7.9) at 800 mg
per I, CDMC, which could shift the NH,"-N and NH;-N disso-
ciation equilibrium toward NH3;-N evolution.” NH;-N is
regarded as a critical factor of toxicity because of its high
permeability via cell membranes,? which causes K' depletion
and intracellular proton imbalance.”* NH;-N restriction
commonly occurs in thermophilic anaerobic digestion.*®
Nevertheless, some ions, such as Co>" and Fe**, derived from
the CDMC composite could take part in the acid-base equilib-
rium of the anaerobic system (eqn (9)-(11)), in which VFAs are
represented by C,H,COOH.°

NH,* + OH™ — NH;-H,0 (9)

CO, + H,0 —» HCO;~ + H" (10)
C,H,COOH + NH;-H,0 — C,H,CO0™ + NH," + H,0 (11)

However, excess CDMC led to more Co*" and Fe?', which
disturbed the acid-base balance, thereby causing an excess
liquid pH. The high pH level led to excess NH;, which could
significantly limit microorganisms. Luo et al.”” and Park et al.*®

Table 5 Similar studies using different carbons in bioH, production
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observed that a system with AC maintained steady CH, gener-
ation regardless of NH,'-N and acid stress but an increase in
CH, yield could not be achieved with AC alone. It is possible
that Geobacter species participate actively in DIET, employing
VFAs, EtOH and H, as major electron acceptors.* Moreover,
DIET is faster than IET through H, for CH, formation.* Zhang
et al® concluded that BC supplementation in anaerobic
digestion improved the growth of Methanosarcina compared
with H,-consuming bacteria (eqn (5)), being in accordance with
the higher CH, yields in BC-amended bioreactors in compar-
ison to other bioreactors without BC. Gustavsson et al.*®
confirmed that Ni or Co was a key element for maintaining
bioCH, generation process stability and boosted the substrate
utilization level. In addition, Co*" is related to vitamin By,,
which is present as Co corrinoids. Enzymes containing B,
dominate in the methanogenesis process, which enables
methanogens to excrete B;, compounds into liquid stage.*

Comparison with similar studies

As summarized and compared in Tables 4 and 5, some studies
have reported carbon or metal composites that can boost bioCH,
and H, production. The enhancements in CH, and H, yields were
closely dependent on the substrate level and other operational
parameters. The highest H, yield in this work was 176 mL per g
glucose, which was higher than those (83-148 mL per g glucose)
previously reported by some researchers'”** and lower than those
(211.55-234.4 mL per g glucose) previously reported by others
(Table 5).***>*1%> In addition, the highest increase in experimental
CH, yield was 24.3%, which was similar to that determined by Lin
et al. (25%),> and lower than those found by Luo et al.*’” (70.6%),

Initial H, yield

Anaerobic seed Carbon (mg L™%) Temp. (°C) pH (mL per g glucose) Reference
Heated sludge MDMC (400) 37 6.8 211 15

Heated sludge MDMC (600) 55 6.9 148 15

Mixed culture AC (—) 37 4.0 144.36 17

Heated sludge Fe®/AC (400) 30 7.0 83.34 18

Heated sludge Fe,03/CNPs (300) 37 6.6 218.63 22

Mixed culture AC (—) 37 5.5 211.55 51

Heated sludge Fe2'/BC (200/600) 37 6.8 234.4 52

Heated sludge CDMC (600) 37 6.9 176 This study
Table 6 Similar studies using different carbons in bioCH,4 production

Increase in

Anaerobic seed Carbon (g L™ Substrate Temp. (°C) HRT (d) CH, yield (%) Reference
Mixed culture BC (10) Glucose 35 30 70.6 27

Mixed culture AC/BC (10) Glucose 37 10 71 51

Mixed culture Graphene (1.0) Ethanol 35 12 25 53

Mixed culture AC (10) Acetate 35 20 78 54

Mixed culture Graphene (0.12) Glucose 35 12 51.4 55

Mixed culture CC (2.5) Ethanol 37 1 45 56

Heated sludge CDMC (0.6) Glucose 37 16 24.3 This study

This journal is © The Royal Society of Chemistry 2020
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Lee et al.** (78%), Tian et al* (51.4%), Zhang et al.** (71%) and
Zhao et al*® (45%) (Table 6). Nevertheless, there were obvious
differences in the mixed culture, carbon source, OLR, fermenta-
tion temperature, and external carbon and mineral species, which
impact biogas production. As described by Feng et al.,”” anaerobic
digestion is catalyzed by anaerobic mixed cultures with optimal
metabolic pathways and operational conditions. Ambient (25 °C)
and mesophilic (35 °C) conditions can achieve process stability
and reduce thermal energy input.”” As mentioned above, carbon
matrix composites have been extensively studied for the genera-
tion H, and CH,. However, the high cost and energy consumption
of commercial carbon materials make them less economically
attractive on an industrial scale. In addition, bioH, and CH,
generation are generally achieved in two-phase bioreactors that are
not easy to operate. Nonetheless, H, is a clean fuel and is widely
applied in fuel cells, and its volumetric energy content (10.88 MJ
m %) is much lower than that of CH, (36 MJ m™>). In particular,
considering the costs of H, transportation and storage, the
application field of H, will likely be restricted in the near future.
Therefore, compared to the two-phase process, the one-reactor
approach to H, and CH, production has more advantages in
terms of process, gas yield and costs than existing biotechnologies,
which underscores the sustainability of anaerobic digestion.
Therefore, the carbon materials have been playing vital roles in
environmental application and energy generation.*®

Fe and Co synergies on H, and CH, production

Microbial immobilization can be achieved by the colonization
of microbial cells on the surface of. CDMC could also enrich

Hydrogen production

Ethanol —=EtOH, HAc, CO,, H,

/ Fer'~ e »H, NAD*+H,
‘ [
Glucose = Pyruvic acid o5 3.
\\ Fe3 H* — NADH
HBu, HAc, CO,. H,

T

Fe¥, Co**

l

Releasing

CDMC

Eedi/CoZ
Glucose —— VFAs —>HAcTa>Hs-CoAT> CH;=H,SPT

Hs-CoM \|®
CH, =L~ CH,-5-CoM
Hs-CoB
Methane production

Fig. 6 The possible mechanisms of hydrogen and methane evolution
enhanced by CDMC from glucose degradation: (a) ferredoxin; (b)
hydrogenase; (c) acetyl coenzyme A synthetase; (d) carbon monoxide
dehydrogenase (CODH); (e) methenyl tetrahydromethanopterin:
coenzyme M methyltransferase; (f) methyl-coenzyme M reductase.
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Fe*"-reducing microbes that could deploy different substrates
and take part in the degradation of complex organic
compounds the dissimilatory Fe reduction.® Simultaneously,
Fe** converted into Fe**, which promoted Fe-hydrogenase
activity increased IET rate from NADH to [Fe-Fe] hydroge-
nases, thereby increasing H, yield (Fig. 6).%'” CDMC also had an
affinity for electrons, which further facilitated reduction of
protons to H,. Co>" could release into liquid phase due to the
acid condition caused by H, bioevolution, which was associated
with some vitamins (e.g., By,), which played an important role in
methanogenesis (Fig. 6). Both Fe* and Co®" contributed to the
CDMC buffering capacity, which provided suitable solution pH
range (6.8-7.2) for subsequent methanogenesis. In addition,
once CDMC was added into the anaerobic reactors, many Geo-
bacter and Methanosaeta species on the surface of BC would be
observed, which could participate in DIET process.*®

Conclusions

The CDMC composite was prepared and subsequently employed
to boost bioH, production followed by CH, generation in one
reactor. The CDMC (600 mg L") group obtained the highest
yields of 176 mL H, per g glucose and 358 mL CH, per g glucose.
The findings indicated that CDMC obviously boosted H, and CH,
yields by offering Fe** and Co®" for glucose conversion, culture
growth and many active sites and channels for electron transfer.
The results also demonstrated that a one-pot approach to bioH,
and CH, production is technically, economically, and environ-
mentally sustainable.
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