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the electron transfer between ZVI and the other reactants.
Therefore, reducible compounds, such as halogenated eth-
enes and ethanes, and some metals/metalloids (Chromium
(VI), Arsenic, and Uranium), can readily react with ZVI, which
reduced to less harmful products [1]. ZVI is widely used for
permeable reactive barrier, which is a subsurface emplace-
ment of reactive materials, due to its high efficiency and
simple manipulation [2].

Introduction

Zero valent iron (ZVI) is a well-known material for environ-
mental remediation, which is non-toxic, abundant, cheap,
and easy to manufacture [1-3]. It is readily oxidized by reac-
tion with water or oxygen under ambient condition and
turned to iron oxide or iron hydroxide as reaction product.
While itis being oxidized, the other reactant can be reduced by
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The application of ZVI has attracted the interest because of
its low cost and environmentally benign character. Full scale
applications were well reported in the field of groundwater
remediation and wastewater treatment [4,5]. Especially, waste
iron scrap or iron shaving could be used as alternative to ZVI,
which can reduce the overall cost of application significantly.
In specific case of applying iron shaving in full scale waste-
water treatment plant, the price of iron shaving was estimated
as ~$0.25/kg [5].

Application of ZVI as reductant for environmental reme-
diation can lead to change of redox condition of applying
environment. The redox potential of ZVI lead to decrease
oxidation-reduction potential (ORP) up to negative few hun-
dreds millivolts, indicating strong reductive environment [3].
Sometimes, cathodic H, can be produced during the anoxic
corrosion process [6]. Some specific microorganisms can be
stimulated through the affected environmental conditions.
Iron reducing bacteria could be stimulated due to produced
soluble iron species from ZVI oxidation [7]. The cathodic H,
that is produced during the anoxic corrosion process may bio-
stimulate bacterial growth [8].

In addition, the application of ZVI could stimulate aerobic
and anaerobic granulation due to Fe?" leaching from the ZVI
[9,10]. It is widely accepted that ZVI can be oxidized by reac-
tion with water as shown in below reaction equation [6]. As a
by-product of ZVI oxidation, hydroxyl ion is also produced,
which increase overall solution pH.

Fe + 2H,0 — Fe?" + H, + 20H" (1)

On the other hand, the most prominent field of ZVI appli-
cation interacting with microbial communities could be
anaerobic digestion (AD) process. AD is a technology for bio-
energy production from organic materials through series of
microbial process in an absence of oxygen. It is mostly
implemented as waste sludge stabilization method in waste-
water treatment plants, as well as for direct bioenergy pro-
duction from energy crops and solid wastes [11]. Overall AD
process can be classified as four main reaction steps, such as
hydrolysis, acidogenesis, acetogenesis and methanogenesis,
and different microbial communities are functioning in each
stages [12]. Therefore, it is very important to control microbial
communities to maximize productivity and process
efficiency.

Application of ZVI can be a technology to control microbial
communities to be suitable for AD. ZVI decreases
oxidative—reductive potential (ORP) of the media, and there-
fore, provides a more favorable environment for AD [13,14],
and it could significantly improve the hydrolysis of organic
wastes [15]. The H, generated through reaction with water is
also another influencing factor for enhanced AD process.
Generated H, can be used by hydrogenotrophic methanogens,
resulting in an increased methane production [16]. Moreover,
hydroxyl ion produced in the corrosion process of ZVI can act
as a buffer of the acid produced by acidogens, which is a
crucial step to maintain a stable and favorable condition for
methanogenesis [17]. The change of above mentioned reac-
tion conditions were mainly due to the oxidation reaction of
ZVIin the presence of water and acid. The ZVI oxidation leads
to the overall change of environment for microbial

communities in the reactor, therefore, it has direct impact on
reactor performance such as organic acid and biogas pro-
duction as well as microbial communities.

While various studies about effect of ZVI on AD process
have been reported, application of ZVI for dark fermentative
H, production (in short, hydrogen fermentation) has not been
intensively studied. Hydrogen fermentation proceeds during
the acidogenesis step of AD, where various acids production
reactions are involved. In general, the production of acetate
and butyrate is known to be related with H, production, while
the production of other acids is not. Therefore, it is important
to maintain the environment condition favorable for acetate
and butyrate production for enhanced hydrogen fermenta-
tion, which could be affected by ZVI addition.

Based on the previous researches mentioned above, it is
hypothesized that applications of ZVI make favorable condi-
tion for hydrogen fermentation. To verify the hypothesis,
anaerobic batch tests were performed using glucose as a
substrate at various doses of ZVI (0—10 g/L). The change of
reaction condition was evaluated by monitoring pH and sol-
uble iron concentration in the supernatant during fermenta-
tion. The reactor performance indicators, the H, production as
well as organic acids production were also monitored to
investigate the effect of ZVI addition. Furthermore, the change
of microbial composition was monitored using 454 next gen-
eration pyro sequencing method.

Materials and methods
Materials

Anaerobic digester sludge taken from the local wastewater
treatment plant in Incheon, Korea, was used as a seeding
inoculum. It was filtered through 2.0 mm sieve to remove large
particles, and heat-shock (90 °C for 30 min) was applied to
inactive methanogenic activity. pH, concentrations of total
suspended solids (TSS) and volatile suspended solids (VSS)
were 7.6, 6.7 g/L and 5.0 g/L, respectively. ZVI powders were
obtained from Avention Co. (Korea) as a form of reduced iron
powder (400 mesh, 98%).

Experimental set-up

Batch experiments were conducted using serum bottles with a
working volume of 100 mL (total volume 280 mL). The pre-
treated sludge was inoculated in the bottles at a VSS con-
centration of 5.0 g/L. The glucose was used as a substrate and
the concentrations were adjusted to 5.0, 10.0, 20.0, and 40.0 g
chemical oxygen demand (COD)/L, respectively. The compo-
sition and concentrations of trace metals solution (in mg L)
were: Na,MoO, 4H,0, 5; H;B05, 50, MnCl, 4H,0, 50; ZnCl,, 50;
CuCl,, 30; NiCl, 6H,0, 92; CoCl, 6H,0, 50; Na,SeO3, 50 [18].
After inoculation, initial pH of each bottle was adjusted to 8.0
by 3 N KOH and 3N HCL The pH was not further artificially
controlled during fermentation. ZVI was also added into
serum bottles at various concentrations of 0.0, 1.0, 2.5, 5.0 and
10 g/L. All bottles were purged by N, gas (99.99%) for 5 min to
establish an anaerobic condition and were capped with butyl
rubber stoppers. The bottles were placed in a shaking
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incubator controlled at 35 °C and 150 rpm. During the exper-
iments, the liquid sample from the bottles were acquired at
1-3 times a day to analyze pH data and organic acids. The
tests were carried out in duplicate, and the results were
averaged.

Analysis

The concentrations of TSS, VSS, COD, and alkalinity were
measured by Standard Methods [19]. The glucose concentra-
tion was determined by the colorimetric method [20]. A pro-
duced biogas from the bottles was measured with glass
syringe and was adjusted to the standard conditions of tem-
perature (0 °C) and pressure (760 mmHg) (STP). The H, and CO,
content in the biogas was measured by gas chromatography
(GC, Gow Mac series 580) equipped with a thermal conduc-
tivity detector (TCD) using mole-sieve 5A and porapack Q (80/
100 mesh) as a separation column. N, gas (99.999%) was used
as a carrier gas with a flow rate of 30 mL/min and the tem-
peratures of injector, detector, and column were kept at 70, 50,
and 80 °C, respectively.

Liquid samples obtained from bottles were immediately
diluted 10 times with distilled water and filtered through
0.45 um pore size syringe filter to analyze pH, soluble iron
concentration, and OAs. The pH was measured with a pH
meter (pH METER F-71, LAQUA). Soluble iron concentration
was measured by Thermo Scientific Elemental Solaar M6
atomic absorption spectroscopy. OAs such as lactate, acetate,
propionate, and butyrate analyzed by a high-performance
liquid chromatograph (HPLC) (LC-20A series, SHIMADZU Co.)
with an ultraviolet (215 nm) detector (UV1000, SHIMADZU)
and an Aminex fast acid analysis column (HPX-87H, Bio-Rad
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Lab.). The mobile phase was 0.005 M H,SO, applied at a
0.6 ml/min flow rate and the temperature of detector, oven,
and column were 40, 35, and 90 °C, respectively.

Microbial community analysis

To determine bacterial communities and their population
change by adding ZVI powder, sludge samples were obtained
for Deoxyribonucleic acids (DNAs) extraction after fermenta-
tive H, production process. DNAs in the samples was extrac-
ted using an Ultraclean Soil DNA Kit (Cat #12800-50; Mo Bio
Laboratories, Inc., USA) and purified with an UltraClean Mi-
crobial DNA Isolation Kit (Mo Bio Laboratories, CA, USA). Then
the preparation of libraries and next procedure for emPCR
were performed as previously described method [21]. The 16S
universal primers 27F (5GAGTTTGATCMTGGCTCAG3') and
800R (5TACCAGGGTATCTAATCC3') were used for amplifying
the 16s rRNA genes [22].

After the PCR products were purified and quantified,
sequencing was performed using a 454 pyrosequencing
Genome Sequencer FLX Titanium (Life Sciences, CT, USA),
according to the manufacturer's instructions, by a commercial
sequencing facility (Macrogen, Seoul, South Korea). Identifi-
cation of operational taxonomic units (OTRs), taxonomic
assignment, community comparison, and statistical analysis
were obtained by using the software MOTHUR with the se-
quences generated from pyrosequencing. To minimize the
effects of poor sequence quality and sequencing errors, se-
quences were filtered and removed in part according to the
previous study [21]. Then the sequences spanning the same
region were realigned with the NCBI BLAST database (www.
ncbi.nlm.nih.gov). In the database screening with the BLAST
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Fig. 1 — Cumulative H, production on different substrate concentration (glucose) with different ZVI addition, (a) 5 g COD/L, (b)

10 g COD/L, (c) 20 g COD/L, and (d) 40 g COD/L.
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program, the threshold E-value to include a sequence in the
next iteration was 0.001. A distance matrix was calculated
from the aligned sequences, and operational taxonomical
units (OTUs; 95—-100% sequence similarity) were assigned
using the furthest-neighbor clustering algorithm.

Results and discussion
Hydrogen production

Fig. 1 illustrates the cumulative H, production at various
glucose and ZVI concentrations. It seemed that the effect of
ZVI addition on H, production was affected by substrate
concentration. At 5 g COD/L, the total amount of H, production
reached around 90 mL at all concentrations of ZVI, while it
widely ranged 200—350 mL at 20 g COD/L. Also, there seemed
to be a substrate inhibition, based on the observation that the
amount of H, production was not proportionally increased
with substrate concentration increase. In terms of H, yield,
obtained by using the modified Gompertz model [23], it was
1.42, 1.33, 0.95, and 0.71 mol H,/mol glucose at 5.0, 10.0, 20.0,
and 40.0 g COD/L without ZVI addition, respectively (Fig. 2).
The decreased H, yield in this case might be due to change of
pH during fermentation, which would be further discussed in
section pH variation.

When ZVI was added into batch reactors, H, yield was
increased to some extent. With an increase of ZVI addition
from 0 to 2.5 g/L, the H, yield was increased at all substrate
concentrations. Compared to control group (no ZVI addition), it
was increased up to 54% at substrate concentration of 20 g
COD/L. The maximum H, yield observed was 1.62 mol Hy/mol
glucose at substrate concentration of 10 g COD/L with dosage of
ZVI 2.5 g/L. In contrast, H, yield was decreased when the
dosage of ZVIwas higher than 2.5 g/L. For example, the H, yield
at the substrate concentration of 20 g COD/L with 5.0 g/L and
10 g/L of ZVI addition were 1.37 and 1.27 mol Hy/mol glucose,
respectively. These values were higher than the control value,
but were not higher as 1.46 mol Hy/mol glucose, which was
obtained at 2.5 g/L of ZVI addition. This result clearly showed
that addition of ZVI is helpful for enhanced hydrogen
fermentation, but excessive ZVI can cause inhibition or
toxicity [24]. On the other hand, if the substrate concentration
was too high or too low, such as 40 g COD/L or 5 g COD/L, the
addition of ZVI did not significantly improve H, yield. From this
point of view, the optimal substrate concentration and dosage
of ZVI were found to be 20.0 g COD/L at 2.5 g ZVI/L.

Hydrogen production rate also showed a similar behavior
as H, yield. The H, production rate without ZVI addition was
7.6, 6.8, 3.5, and 4.9 mL/h at 5, 10, 20 and 40 g COD/L, respec-
tively. This value was significantly increased by addition of
ZVI in case of 5-10 g COD/L. The maximum increase of H,
production rate was observed as 72% at 10 g COD/L with 10 g
ZVI/L. However, the increase was not significant with higher
concentration of substrate. Only 29% increase of H, produc-
tion rate was observed at 20 g COD/L with 10 g ZVI/L while
increment was not observed in case of 40 g COD/L.

Therefore, it is concluded that the addition of adequate
amount ZVI caused positive condition to achieve faster H,
production as well as more production of H,. This result is
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Fig. 2 — (a) H, yield and (b) H, production rate with various
dosages of ZVI and substrate concentrations.

along with the previous studies on addition of ZVI into
anaerobic fermentation processes [15,25]. The supplementa-
tion of ZVI provided a suitable redox environment and resul-
ted in an enhanced H, fermentation than the control test. The
observed improved H, yield obtained at all the tested sub-
strate concentrations might be attributed by the enhanced
activity of the ZVI particles, which triggered the efficient
electron transfer and resulted in better activity of the hy-
drogenase enzyme and ferredoxin electron transfer shuttle
[26,27]. To further clarify the reason for better hydrogen pro-
duction, we have investigated pH variation, organic acid pro-
duction as well as microbial analysis.

pH variation

pH is the crucial factor governing the hydrogen fermentation
performance, as it is known to influence enzyme activity,


https://doi.org/10.1016/j.ijhydene.2018.06.015
https://doi.org/10.1016/j.ijhydene.2018.06.015

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 3387—3394

3391

population dynamics, and product inhibition [26]. As shown in
Fig. 3, the final pH value with ZVI addition was slightly higher
than the control conditions (no ZVI addition) in all the tested
substrate concentration ranges. The impact of ZVI concen-
trations (1-10 g/L) at low substrate concentration of 5 g COD/L
had a slight variation in the final pH value at the end of the
fermentation and lied in the range of 4.53—4.61. The control
experiment showed a final pH value of 4.53 at 5 g COD/L.
Whereas the other substrate concentrations of 10,20 and 40 g
COD/L resulted in the final pH values of 4.25, 3.84, and 3.76,
respectively. At higher substrate concentrations (10—40 g
COD/L) ZVI addition had significant effects on maintaining the
final pH better than the control experiments. At substrate
concentration of 40 g COD/L, the final pH value was main-
tained more than 4.17 and showed a significant improvement
on the hydrogen yield from 0.55 (control) to 0.75 mol Hy/mol
hexose with 10 g/L ZVI supplementation.

The hydrogen fermentation reaction is accompanied by
the initial drop in the pH value followed by the production of
organic acids. The hydrogen formation reactions have been
effectively progressed at a pH value closer to the value of pH
4.0, below this range the pH had a negative influence on the
hydrogen fermentation as well as the microbial growth. There
has been some strategies like supplementation of the alkali
reagents in continuous or sequential mode to maintain the
appropriate pH range suitable for hydrogen fermentation
preferably pH over 4.0, the addition of ZVI particles provides
an alternative option for maintaining the pH in the desirable
range for the hydrogen fermentation, without adding any
external chemical agents [29]. The outcomes showed that the
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addition of ZVI provides a suitable buffering environment
favoured for the growth of hydrogen producers and resulted in
improved hydrogen production performance.

The soluble iron concentration in the supernatant could be
another evidence for buffering effect of ZVI. ZVI, elemental
iron, can be readily oxidized in acidic condition and it produce
soluble ferrous ion as its oxidation product in aerobic condi-
tion (Eq. 1). Hydroxyl ion is also produced as reaction by-
product, which lead to pH increase. In unbuffered condition,
PH can easily increase up to 10—11 as shown in previous re-
ports [30]. However, pH was quite stable in the range of
3.7—4.6, which is acidic condition. This is because of produc-
tion of organic acid during fermentation process. The low pH
can promote iron dissolution, therefore, the buffering effect
caused by organic acid production is one of the reason for
better H, production. The higher Fe?* generation under higher
organic loading can be a good evidence on this buffering effect
as shown in Fig. 4. The higher soluble iron concentration
directly indicates more hydroxyl iron production, which can
act as a buffering agent.

Organic acids production

The organic acids production profile was monitored at the
optimal substrate concentration of 10 g/L to assess the effect
of ZVI addition on the distribution of the organic acids, and
the results are shown in Fig. 5. As it could be seen from Fig. 5,
the organic acid profile varied significantly when compared
with the control experiment. The total organic acids produc-
tion of 5.67 g COD/L was attained with control experiments,
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Fig. 3 — Effect of ZVI addtion on pH values during hydrogen fermentation at various glucose concentrations, (a) 5 g COD/L, (b)

10 g COD/L, (c) 20 g COD/L, and (d) 40 g COD/L.
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whereas the addition of ZVI 10 g/L resulted in a drastic
improvement in the organic acids production with a total
value of 9.44 g COD/L.

Acetate and butyrate were the dominant soluble metabolic
products formed during the fermentation account for 80% of
the total organic acids at control test and 65% with ZVI addi-
tion. The butyrate concentration was observed as 3.35 and
3.16 g COD/L for the control and ZVI added batch. The acetate
accumulation was greatly improved by the presence of ZVI
with a high value of 2.41 g COD/L, the control experiments
provided a value of 1.13 g COD/L, respectively. This showed
that the addition of ZVI improved the hydrogen fermentation
by altering the metabolic pathway favoured for the production
of acetate and butyrate. This result is along with previous
report about positive effect of ZVI on methane production by
shifting organic acids composition to more acetate and buty-
rate [15].

The lactate concentration was remained lower than 0.14 g
COD/L and maintained less than 3% in both conditions. The
propionate distribution was maintained over 18% at control
and 33% with the ZVI addition conditions. In general, the
production of acetate and butyrate favoured the H, produc-
tion, the accumulation of lactate and propionate negatively
affected the hydrogen fermentation, as the lactate and pro-
pionate involved in the hydrogen consumption pathway
[31,32].

The distribution of organic acids by the anaerobic micro-
bial communities is a spontaneous reaction and is limited by
biological regulations and interspecies interaction within the
microbial community. Hence, monitoring of microbial com-
munities is essential for understanding the key role of mi-
crobial consortia and developing a suitable appropriate
biocontrol strategy to retain the population growth and stable
hydrogen production and the summary of the microbial
analysis are discussed below.

Microbial analysis

The microbial community dynamics was performed using 454
next generation sequencing method to identify the role of ZVI
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Fig. 5 — Organic acid profile at substrate concenration of
10 g/L, (a) Control (no ZVI), and (b) ZVI 10 g/L.

supplementation on the changes in species level abundance
of H, producing microbial consortia. To better understand the
role of the dominant bacterial populations involved in the
hydrogen fermentation of ZVI added, the samples obtained at
the end of the fermentation from the control and ZVI added
samples were used for the analysis and the results are sum-
marized in Fig. 6.

As seen from the Fig. 6, the microbial community structure
varied greatly between the control and the ZVI added inoc-
ulum. The Genus Clostridium and Lactobaciillus was the major
abundance bacterial community. The control experiment had
a high proportion of the Clostridium with a relative abundance
of over 68.3%, whereas the ZVI added inoculum showed an
abundance percentage of 64.2%. The Lactobacillus community
showed a different pattern with a low proportion of 26.8%
obtained from control and 31.3% obtained from the ZVI added
inoculum.

At the species level, the Clostridium chromiireducens and
Clostridium acidisoli ratio was reduced from 19.9% to 12.5% and
20.9%—8.2% at control and ZVI added culture. The Clostridium
perfringens, Paraclostridium benzoelyticum, and Lactobacillus
mucosae populations increased when adding the ZVI from 0.2
to 1.5%, 27%—41%, and 21.4% to 31.3% than the control
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Fig. 6 — Microbial community analysis (Left: control, right:
ZVI 10 g/L).

populations. The observed changes in the microbial commu-
nity pattern reflects the changes in the metabolic products
distribution, pH changes and overall H, production efficiency.
When the culture was exposed to ZVI, it promotes the
enrichment of dominant acid producers and it has been also
noted from the organic acids analysis where the peak organic
acid production of 9.44 g COD/L was observed.

Although the increased production of propionate about
3.16 g COD/L was observed during the ZVI added culture, the
hydrogen fermentation was not affected with an increase in
the acetate and butyrate concentration of 2.41 g COD/L and
3.80 g COD/L. These discrepancy in results was attributed by
the changes in the microbial community structure pattern.
The Lactobacillus mucosae had been earlier reported as a po-
tential bacteria to improve the biogas and volatile fatty acids
production from dried brewers grain [33]. However the role of
Lactobacillus mucosae bacteria on the improvement of hydrogen
production has not been reported earlier. The enrichment of
Lactobacillus mucosae after the ZVI addition coincided with the
increased production of propionate, acetate and butyrate and
resulted in improved H, production performances.

The Paraclostridium benzoelyticum populations also enriched
greatly after the ZVI addition. The Clostridium chromiireducens
abundance was reduced from 19.9 to 12.5% after the ZVI
supplementation showed that the reductive nature of the ZVI
affected the population dynamics within the Clostridium sp.
The strain Clostridium chromiireducens was reported to be
involved in mixed acid fermentation pathway from glucose
with acetate, butyrate, formate and lactate as the major
organic acids accumulation during fermentation [34].

The Clostridium acidisoli culture was dominant at control
batch experiments with a abundance over 20.8%, whereas
with ZVI supplemented culture the abundance was reduced to
8.2% showed that the acid tolerant nature of the Clostridium
acidisoli was involved in the major hydrogen fermentation
reaction from control batch culture. Clostridium acidisoli can
able to grown in a wide range of pH from 3.7 to 6.9 and produce
H,, CO, reactions with the formation of butyrate, lactate, ac-
etate, and formate [35].

These results indicated that most members belonging to
the Clostridium sp. were strict anaerobes and it requires a
suitable redox environment to thrive their metabolic re-
actions, changes in the initial growth conditions might affect

the cell growth and hydrogen fermentation ability. The addi-
tion of ZVI accelerates the hydrogen fermentation reaction by
enriching the selective bacterial populations and facilitated
the active metabolism favoured for hydrogen production from
glucose substrate.

Conclusion

The effect of ZVI addition on hydrogen fermentation was
affected by substrate concentration and its dose. Compared to
control group (no ZVI addition), H, yield was increased up to
54% by addition of ZVI. The maximum H, yield observed was
1.62 mol Hy/mol glucose at substrate concentration of 10 g
COD/L with dosage of 2.5 g ZVI/L. The results indicated that
ZVI creates a more favorable environment for anaerobic mi-
crobial acidogenesis with providing buffering effect to prevent
pH drop by hydroxylions as it dissolved. Also, the composition
of organic acid was changed to acetate and butyrate. Minor
changes in the bacterial (Clostridium and Lactobacillus) pop-
ulations within the functional consortium after the ZVI addi-
tion was also identified.

Acknowledgements

This work was supported by a grant of the National Research
Foundation (NRF) of Korea, funded by the South Korean Gov-
ernment (MSIP) [NRF-2017R1E1A1A01075325] and this
research was supported by Basic Science Research Program
through the National Research Foundation of Korea (NRF)
funded by the Ministry of Science, ICT & Planning (NRF-
2015R1C1A1A02037289).

REFERENCES

[1] Sun Y, LiJ, Huang T, Guan X. The influences of iron
characteristics, operating conditions and solution chemistry
on contaminants removal by zero-valent iron: a review.
Water Res 2016;100:277—95.

Phillips DH, Nooten T Van, Bastiaens L, Russell MI, Dickson K,
Plant S, et al. Ten year performance evaluation of a field-
scale zero-valent iron permeable reactive barrier installed to
remediate trichloroethene contaminated groundwater.
Environ Sci Technol 2010;44:3861—9.

Jiang X, Qiao J, Lo IMC, Wang L, Guan X, Lu Z, et al. Enhanced
paramagnetic Cu?" ions removal by coupling a weak
magnetic field with zero valent iron. ] Hazard Mater
2015;283:880—7.

Puls RW, Blowes DW, Gillham RW. Long-term performance
monitoring for a permeable reactive barrier at the U.S. Coast
guard support Center, Elizabeth City, North Carolina. J
Hazard Mater 1999;68:109—24.

Ma L, Zhang W. Enhanced biological treatment of industrial
wastewater with bimetallic zero-valent iron. Environ Sci
Technol 2008;42:5384—9.

Chen K-F, Li S, Zhang W. Renewable hydrogen generation by
bimetallic zero valent iron nanoparticles. Chem EngJ
2011;170:562—7.

Honetschligerova L, Skarohlid R, Martinec M, Sir M,
Luciano V. Interactions of nanoscale zero valent iron and

[2

[3

[4

[5

6

[7


http://refhub.elsevier.com/S0360-3199(18)31795-6/sref1
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref1
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref1
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref1
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref1
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref2
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref3
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref4
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref4
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref4
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref4
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref4
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref5
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref5
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref5
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref5
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref6
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref6
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref6
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref6
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
https://doi.org/10.1016/j.ijhydene.2018.06.015
https://doi.org/10.1016/j.ijhydene.2018.06.015

3394

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 44 (2019) 3387—3394

8

[9

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(27]

(18]

(29]

(20]

(21]

(22]

iron reducing bacteria in remediation of trichloroethene. Int
Biodeterior Biodegrad 2018;127:241—6.

Liu Y, Lowry GV. Effect of particle age (Fe® content) and
solution pH on NZVI reactivity: H, evolution and TCE
dechlorination. Environ Sci Technol 2006;40:6085—90.

Kong Q, Ngo HH, Shu L, Fu R, Jiang C, Miao M. Enhancement
of aerobic granulation by zero-valent iron in sequencing
batch airlift reactor. ] Hazard Mater 2014;279:511—7.

Zhang Y, An X, Quan X. Enhancement of sludge granulation
in a zero valence iron packed anaerobic reactor with a
hydraulic circulation. Process Biochem 2011;46:471—6.

Chan YJ, Chong MF, Law CL, Hassell DG. A review on
anaerobic—aerobic treatment of industrial and municipal
wastewater. Chem Eng J 2009;155:1—18.

Massé DI, Droste RL. Comprehensive model of anaerobic
digestion of swine manure slurry in a sequencing batch
reactor. Water Res 2000;34:3087—106.

LiuY, Zhang Y, Quan X, Li Y, Zhao Z, Meng X, et al.
Optimization of anaerobic acidogenesis by adding Fe®
powder to enhance anaerobic wastewater treatment. Chem
EngJ 2012;192:179-85.

Zhang Y, Jing Y, Quan X, Liu Y, Onu P. A built-in zero valent
iron anaerobic reactor to enhance treatment of azo dye
wastewater. Water Sci Technol 2011;63:741—6.

Feng Y, Zhang Y, Quan X, Chen S. Enhanced anaerobic
digestion of waste activated sludge digestion by the addition
of zero valent iron. Water Res 2014;52:242—50.

Liu Y, Zhang Y, Ni B-J. Zero valent iron simultaneously
enhances methane production and sulfate reduction in
anaerobic granular sludge reactors. Water Res
2015;75:292—-300.

Zhen G, Lu X, Li Y-Y, Liu Y, Zhao Y. Influence of zero valent
scrap iron (ZVSI) supply on methane production from waste
activated sludge. Chem Eng J 2015;263:461—70.

Angelidaki I, Sanders W. Assessment of the anaerobic
biodegradability of macropollutants. Re Views Environ Sci
Bio Technol 2004;3:117—29.

American Public Health Association. American water works
Association, water environment Federation. Standard
methods for the examination of water and wastewater.
twenty-first ed. Washington, D.C: APHA-AWWA-WEF; 2005.
Dubois M, Gilles K, Hamilton J, Rebers P, Smith F.
Colorimetric method for determination of sugars and related
substances. Anal Chem 1956;28:350—6.

Moon C, Jang S, Yun YM, Lee MK, Kim DH, Kang WS, et al.
Effect of the accuracy of pH control on hydrogen
fermentation. Bioresour Technol 2015;179:595—601.

Ovreds L, Forney L, Daae FL, Torsvik V. Distribution of
bacterioplankton in meromictic Lake Saelenvannet, as
determined by denaturing gradient gel electrophoresis of

(23]

(24]

(25]

26]

(27]

(29]

(30]

(31]

(32]

(33]

(34]

(33]

PCR-amplified gene fragments coding for 16S rRNA. Appl
Environ Microbiol 1997;63:3367—73.

Kim D-H, Kim S-H, Shin H-S. Hydrogen fermentation of food
waste without inoculum addition. Enzym Microb Technol
2009;45:181—7.

Zhang L, Zhang L, Li D. Enhanced dark fermentative
hydrogen production by zero-valent iron activated carbon
micro-electrolysis. Int ] Hydrogen Energy 2015;40:12201—8.
Yang Y, Guo J, Hu Z. Impact of nano zero valent iron (NZVI)
on methanogenic activity and population dynamics in
anaerobic digestion. Water Res 2013;47:6790—800.

Gadhe A, Sonawane SS, Varma MN. Influence of nickel and
hematite nanoparticle powder on the production of
biohydrogen from complex distillery wastewater in batch
fermentation. Int ] Hydrogen Energy 2015;40:10734—43.
Hsieh PH, Lai YC, Chen KY, Hung CH. Explore the possible
effect of TiO, and magnetic hematite nanoparticle addition
on biohydrogen production by Clostridium pasteurianum based
on gene expression measurements. Int ] Hydrogen Energy
2016;41:21685-91.

Engliman NS, Abdul PM, Wu S-Y, Jahim JM. Influence of iron
(II) oxide nanoparticle on biohydrogen production in
thermophilic mixed fermentation. Int ] Hydrogen Energy
2017,42:27482—93.

Hwang YH, Kim DG, Shin HS. Mechanism study of nitrate
reduction by nano zero valent iron. ] Hazard Mater
2011;185:1513-21.

Sivagurunathan P, Sen B, Lin C-Y. Overcoming propionic acid
inhibition of hydrogen fermentation by temperature shift
strategy. Int ] Hydrogen Energy 2014;39:19232—41.
Anburajan P, Park J-H, Sivagurunathan P, Pugazhendhi A,
Kumar G, Choi C-S, et al. Mixed-culture H, fermentation
performance and the relation between microbial community
composition and hydraulic retention times for a fixed bed
reactor fed with galactose/glucose mixtures. J Biosci Bioeng
2017;124:339—45.

Soriano AP, Mamuad LL, Kim S-H, Choi Y], Jeong CD, Bae GS,
et al. Effect of Lactobacillus mucosae on in vitro rumen
fermentation characteristics of dried brewers grain,
methane production and bacterial diversity. Asian Australas
J Anim Sci 2014;27:1562—70.

Inglett KS, Bae HS, Aldrich HC, Hatfield K, Ogram AV.
Clostridium chromiireducens sp. nov., isolated from Cr(VI)-
contaminated soil. Int J Syst Evol Microbiol
2011;61:2626—31.

Kuhner CH, Matthies C, Acker G, Schmittroth M, Go AS,
Drake HL, et al. Clostridium akagii sp. nov. and Clostridium
acidisoli sp. nov.: acid-tolerant, N,-fixing clostridia isolated
from acidic forest soil and litter. Int J Syst Evol Microbiol
2000;50:873—81.


http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref7
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref8
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref9
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref9
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref9
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref9
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref10
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref10
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref10
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref10
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref11
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref11
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref11
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref11
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref11
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref12
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref12
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref12
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref12
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref12
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref13
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref13
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref13
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref13
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref13
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref14
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref14
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref14
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref14
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref15
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref15
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref15
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref15
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref16
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref16
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref16
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref16
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref16
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref17
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref17
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref17
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref17
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref18
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref18
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref18
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref18
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref19
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref19
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref19
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref19
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref20
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref20
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref20
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref20
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref21
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref21
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref21
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref21
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref22
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref23
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref23
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref23
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref23
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref24
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref24
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref24
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref24
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref25
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref25
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref25
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref25
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref26
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref26
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref26
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref26
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref26
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref27
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref29
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref29
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref29
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref29
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref29
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref30
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref30
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref30
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref30
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref31
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref31
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref31
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref31
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref32
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref33
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref34
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref34
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref34
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref34
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref34
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
http://refhub.elsevier.com/S0360-3199(18)31795-6/sref35
https://doi.org/10.1016/j.ijhydene.2018.06.015
https://doi.org/10.1016/j.ijhydene.2018.06.015

	Enhanced hydrogen fermentation by zero valent iron addition
	Introduction
	Materials and methods
	Materials
	Experimental set-up
	Analysis
	Microbial community analysis

	Results and discussion
	Hydrogen production
	pH variation
	Organic acids production
	Microbial analysis

	Conclusion
	Acknowledgements
	References


