Applied Microbiology and Biotechnology

COUNTRY SUBJECT AREA AND CATEGORY PUBLISHER H-INDEX
Germany Biochemistry, Genetics and Molecular Biology Springer
Biotechnology Verlag
Immunology and Microbiology 7

Applied Microbiology and Biotechnology

Medicine
Medicine (miscellaneous)

Applied Microbiology and « Show this Wldget n G SCImago Graphlca

Biotechnology your own website
e Explore, Y|sual|y
Microbiology and Just copy the code below communicate and make
B'O‘echr‘o"’?i‘ . and paste within your html sense of data with our

SIR2023 T e code: new data visualization

0.96 <a href="https://www.scimag tool.

<~ C n Q (%) https;//www.editorialmanager.com/amab/default2.aspx aQa A & m %X -

Astrilia Damayantiv | Logout

em M Applied Microbiology and Biotechnology

Home Main Menu Submit a Manuscript About v Help v

Completed Reviewer Assi its

ge: 1 of 1 (1 total assignments) Results per page 10 v

My
Reviewer
Number

" Date Date Date "
Article fin Reviewer Reviewer Review EEsS Co

Disposition Invited Agreed Submitted Name Author

Manuscript
Number N
~ Title &

A A A
A A A

Synergistic bio-

hydrogen
AMABD- production by
Pt 3 19. QOriginal immobilized Completed Relect 02 Mar 02 Mar 16 Mar 12 Mar 10 Hajija
Article mixed culture Reject ) 2019 2019 2019 2019 Su
00193R1 with
xylose/glucose
as substrates
ge: 1 of 1 (1 total assignments) Results perpage 10 v
[B View Reviewer Comments - Personal - Microsoft Edge = O X

() https://www.editorialmanager.corm/amaby/listReviewersWithReview.asp?docID=32281&ms_num=AMAB-D-19-.. & A}

Close

View Reviewer Comments for Manuscript
AMAB-D-19-00193R1

"Synergistic bio-hydrogen production by immobilized mixed culture with xylose/glucose as substrates”

Click the Reviewer recommendation term to view the Reviewer comments.

Original
Submission

(Reviewer 1) Miner Revisions Meeded (None)
(Reviewer 2) reject - resubmit to AMB (None)
Astrilia Damayanti (Reviewer 3) Reject (None)
(Reviewer 4) reject - resubmit to AMB (None)
Author Decision Letter Reject and Resubmit to AMB Minor Revisions Needed

Page 1 of 2



Jiew Individual Reviewer Comments - Personal - Microsoft Edge — ]

J  https://www.editorialmanager.com/amab/ReviewerComments.aspx?docid=32281&peopleid=50247&rev=18&u... &

Close

AMAB-D-19-00193R1

"Synergistic bio-hydrogen production by immobilized mixed culture with xylose/glucose as substrates”
Revision 1

Ast

a Damayanti (Reviewer 3)

Reviewer Recommendation Term: Reject

Transfer Authorization
If this submission is transferred to another publication, do we have your consent to include your Yes

identifying information?

If this submission is transferred to another publication, do we have your consent to include your Yes

original review?

Comments to Editor:

This is for confidential comments to the Editor only!

The results presented in this work are interesting and show the benefits of using corn straw as an immobilized medium on bichydrogen production over suspended cells. However, the
manuscript cannot be published in its current form, major modification is required before it can be considered for publication in the journal.

1. The whole manuscript, corn straw as an immobilized medium, not immabilized mixed culture

2. Page 2 line 6/7= The immobilization setup was same as that of Bac et al. (2012). In fact, Bao et al (2012) didn't study an immobilization but suspended cells

3. The whole manuscript requires major English modifications. At the moment, it is difficult to understand what the authors are trying to convey

Comments to Author:

Please enter your comments to the Author below:
1. The author must be careful in the use of the word immobilization
2. The manuscript has many linguistic errors.

[ My Review History - Personal - Microsoft Edge - o X
&) https://www.editorialmanager.com/amab/Personinfo.aspx S} A
My Review History - Astrilia Damayanti
Close
Current Review Statistics
02 var 2015 f o

Historical Reviewer Invitation Statistics

rottimvitations__________[Aqreed toReview __________[Declined toReview _____________[Unimited Before AgrecingtoReview _______________________[Review Cancelled Before AgresimgtoReview _________________________|
f f o 0 f

Wistorical Reviewer Performance Summary

| Total Completed Reviews ____________|submittedonTime __________|Submitted Late_______|Unassigned After Agreeing toReview | Review Cancelled After Agreeing oReview ____________________|Date Last Review Completed _______|
Historical Reviewer Averages

I I o T T
Reviewer Recommendation Summary

e .

Mafor Ravisions Neaded: .

Minor Ravisions Neaded: s

Repect: L

refect - resubmit to AMB: o

Reject, but rec. for AMB Express without review: .

Completed Reviews

lostengreed ____________[osteCompleted ________________[osstete ______[eoffemindes ___________lRecommendaton |
prrTE— 02 v 2019 02 var 2013 12 viar 2015 o o Reject
Close

Page 2 of 2



Applied Microbiology and Biotechnology

Synergistic bio-hydrogen production by immobilized mixed culture with xylose/glucose

as substrates
--Manuscript Draft--

Manuscript Number: AMAB-D-19-00193R1

Full Title: Synergistic bio-hydrogen production by immobilized mixed culture with xylose/glucose
as substrates

Article Type: Original Article

Section/Category: Bioenergy and biofuels

Abstract: An artificially immobilized mixed culture system was investigated to produce hydrogen
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showed promising performance of this mixed culture system. The hydrogen yield of the
immobilized mixed culture system was 1.54 mol H2/mol xylose, at an optimum xylose
concentration of 10 g/L. The volume of hydrogen production of the immobilized
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maximum rate of hydrogen production could reach 49.9mL/h which was 4.5 times that
of the suspended fermentation, thus significantly shortened the fermentation time. The
average substrate utilization rate in this batch fermentation experiment was 96%,
meanwhile, the fermentation performance was stable. The highest yield of hydrogen
was 1.73 mol H2/mol mixed sugar when glucose and xylose were mixed in a 1:1 ratio.
The results of this study demonstrated a considerable synergistic effect of immobilized
mixed culture technology.
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Synergistic bio-hydrogen production by immobilized mixed culture with

xylose/glucose as substrates

Fei Peng 12, Zhihong Ma *?, Ting Zhang 12, Haijiang Su %"

Abstract

An artificially immobilized mixed culture system was investigated to produce hydrogen by using xylose/glucose co-fermentation.
The synergistic mechanism of Bacillus cereus Al and Brevumdimonas naejangsanensis B1 was demonstrated. The results showed
promising performance of this mixed culture system. The hydrogen yield of the immobilized mixed culture system was 1.54 mol
Ha/mol xylose, at an optimum xylose concentration of 10 g/L. The volume of hydrogen production of the immobilized fermentation
increased by 29.9% compared with a suspended fermentation, while the maximum rate of hydrogen production could reach
49.9mL/h which was 4.5 times that of the suspended fermentation, thus significantly shortened the fermentation time. The average
substrate utilization rate in this batch fermentation experiment was 96%, meanwhile, the fermentation performance was stable. The
highest yield of hydrogen was 1.73 mol Ha/mol mixed sugar when glucose and xylose were mixed in a 1:1 ratio. The results of this
study demonstrated a considerable synergistic effect of immobilized mixed culture technology.

Keywords Hydrogen production - Immobilized mixed culture system - Synergistic effects - Glucose - Xylose.

Introduction

With the development of modern society, world energy consumption has grown rapidly. Hydrogen, as one of the most promising
energy sources, has become a valid alternative for fossil energy, being environmentally-benign and with highly-efficient properties.
Most of the current production methods of hydrogen are however energy intensive and fossil-fuel based (Jung et al. 2011), moreover
consuming lots of energy and leading to secondary pollution. Compared with conventional thermo-chemical and electrochemical
hydrogen production methods, bio-hydrogen production is energy-lean and less polluting, hence attracting widespread attention
(Rahman et al. 2016).

The choice of fermentation substrate should be based on the principle of low cost, environmental protection and renewability.
Biomass is a widely available renewable resource, yet direct combustion or other thermo-chemical transformations are of low energy
efficiency, of high labor intensity and environmentally hazardous (Kumar et al. 2017). Biomass lignocellulose can be hydrolized
into a glucose and xylose rich hydrolysate. The use of glucose as a substrate for hydrogen production by fermentation has been
widely studied (Abdalla et al. 2018; Ghimire et al. 2015; Zhang et al. 2016; Wong et al. 2014; Zhang et al. 2017). Little research
has been conducted in bio-hydrogen production from xylose (Goshima et al. 2013) for the lack of xylose-utilizing strains. In order
to efficiently and cheaply convert lignocellulose into H, the key point of the current research is to screen xylose-utilizing bacteria.
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Selecting the suitable strains and the optimal experimental conditions to ferment carbohydrate into hydrogen, can effectively control
the types of end products, so as to obtain a higher amount of hydrogen production. There are however some problems of pure culture
hydrogen production in the practical application, such as being contaminated by other bacteria, applicable within a relatively narrow
substrate range, and often needing the substrate to be sterilized (Bundhoo 2017). In contrast, hydrogen production by mixed culture
fermentation has low requirements for substrates, can use a wide range of substrates, and has no need to use a pure bacterial culture.
Bao et al. researched bio-hydrogen fermentation characteristics by mixed culture of Bacillus sp. and Brevumdimonas sp. The results
showed that the hydrogen yield was doubled in mixed culture compared with pure culture (Bao et al. 2012; Bao et al. 2013).
Maintinguer et al. obtained Clostridium and Klebsiella hybrid inoculants from the UASB reactor of slaughterhouse wastewater
treatment, and used them to produce H» and volatile fatty acids for different sugar contents and obtaiend a maximum hydrogen yield
of 0.8 mol Hx/mol xylose when the xylose concentration was 14% (2011). Qiu et al. demonstrated that co-fermentation by
Clostridium sp. and Thermoanaerobacterium sp. can achieve optimal hydrogen production at pH of 7.0 and a xylose concentration
of 7.5 g/L (2016).

The biomass concentration in a suspended fermentation reactor is low, which results in a slow rate of substrate utilization, even
if cell co-fermentation is used. Immobilized-cell technology can increase the concentration of biomass in the reactor, improve the
processing efficiency and the stability of the operation process (Ashwini et al. 2014). Applying immobilized-cell technology to bio-
hydrogen production can not only remediate the easy elution of free cell from system, but will also improve the stability of
continuous biological hydrogen production, including the tolerance to some extreme conditions (such as lower pH, higher
temperature, or higher organic loading rate) (Massalha et al. 2015; Li et al. 2010; Han et al. 2012). Jamali et al. used granular
activated carbon as a support carrier to form bio-films to immobilize cells. The experimental results showed that the largest hydrogen
production rate was 2.0 mmol Ha/(L-h) when sludge/GAC was 1:2, while the HPR was only 0.5 mmol Hy/(L-h) in the unfixed
suspension culture group, far below the previously tested immobilized group (2016). According to the principle of biocompatibility,
many scientists use natural materials as carriers of immobilization, mainly agricultural waste and other biomass materials, to reduce
the waste as well as to find ways to add value. Guevara et al. used dispersal loofah fiber, acrylic acid, aggregate loofah fiber, and
high-density polyethylene as the carrier. The results showed that its final fixed biomass was 19.6 mg VS-m™ when the dispersed
loofah fiber was used as a carrier, compared with 8.0 mg VS-m™ at the initial stage of fermentation (2015). In addition, some studies
also used bagasse (Plangklang et al. 2012), crop stalks (Wang et al. 2018), tea waste (Gupta and Balomajumder 2015), and biomass
carbon (Ma et al. 2017) as immobilization carriers.

From the previous research it is clear that the efficiency and rate of hydrogen production by xylose fermentation is relatively low,
and that different inhibitors of cellulose hydrolysate have a certain impact on the growth of microorganisms. Therefore, the
fermentation of cellulose hydrolyzate into hydrogen is still difficult (Lee et al. 2013).

To provide an answer to the basic above drawbacks, we used corn straw as an immobilized medium to study the effects of different
xylose concentrations on immobilized hydrogen production, and compared the suspended fermentation and immobilized
fermentation under the optimum xylose concentration. With xylose as a substrate, the immobilized mixed culture system can produce
hydrogen by continuous 10 batches of fermentation. At the same time, the hydrogen production when glucose and xylose were
mixed with 1:1 ratio as substrate was also studied, which lay a foundation for future developments of using immobilized complex
bacteria to produce hydrogen by cellulose hydrolysis fermentation.

Experimental materials and methods
Microorganisms and medium compositions

In this study, the mixed culture of Al and B1 was used. Bacillus cereus strain A1, CGMCC No. 9035 and Brevumdimonas
naejangsanensis strain B1, CGMCC No0.9036 were isolated in our previous studies (Zhang et al. 2014; Su et al. 2014)).

The compositions of the seed medium were beef extract (3 g/L), peptone (10 g/L), NaCl (5 g/L). The fermentation medium
comprised peptone (2 g/L), NaCl (5 g/L), KH2PO4 (1 g/L), KoHPO4 (1 g/L), the concentrations of xylose and glucose varied within
the experiments.
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Immoblization and experimental setup

The biomass adsorption material was cut into small pieces, and 9.0 g of biomass adsorption material was weighed into the
sterilized fermentation medium, where the seed liquids of A1 and B1 cultured in advance were added to. The co-fermentation in the
fermentation broth allows the Al and B1 bacteria to adsorb onto the biomass adsorption material during the fermentation process.

The fermentation device used here was a 1.2 L jar with a total reaction volume of 1 L. In the suspended fermentation, 900 mL
was used as the fermentation medium. Two kinds of strains were inoculated with 50 mL of 1:1 mixing ratio. The immobilization
setup was same as that of Bao et al. (2012). Each reactor was filled with 0.9 L fermentation medium, and 9 g of carrier that had
absorbed the microorganisms (in the immobilized fermentations) or 100 mL seed medium with the mixed strains (in the suspended
fermentations). Further procedures accounted for the previous literature (Bao et al. 2013). Before fermentation, the bottle mouth
was plugged with a rubber stopper, leaving a sampling port and an exhaust port, and argon was used to remove the air above the
fermentation bottle and to provide an anaerobic environment for the fermentation of the bacteria. After purging, the sampling port
was plugged, and a pre-vacuumed gas bag was attached to the exhaust to collect the gas generated during the fermentation process.
Fermentation was then performed in a magnetic stirred water bath at 35 °C. Samples were taken every 12 h and each experimental
parameter was determined.

Analysis methods

In this study, pH, total sugar concentration, hydrogen production, volatile fatty acid (VFAs) and other major parameters were
determined according to standard analytical procedures (Wang et al. 2018).

Tolerance of immaobilized complex bacteria to load fluctuation

4.5¢, 9.0 g, and 18.0 g of xylose were added to 900 mL of fermentation medium respectively to set the xylose concentrations at
509/L, 10 ¢g/L, and 20 g/L.

Xylose and glucose mixtures as substrates

The total sugar concentration was 10 g/L, and 4.5 g of xylose and 4.5 g of glucose were simultaneously added in 900 mL of the
fermentation medium in order to ensure that the mass ratio of xylose to glucose was 1:1.

Results
Effect of immobilized mixed culture technology on bio-hydrogen fermentation

The fermentation system easily leads to failure at lower hydraulic retention time (HRT) in the continuous hydrogen production
of the suspended fermentation, due to the loss of cells (Jiang et al. 2018; Ye et al. 2011). Immobilized mixed culture technology can
improve the system hydrogen production rate and yield while solving the limitations of the suspended fermentation, which also
improving the stability of the continuous biological hydrogen production, including some operating parameters such as pH,
temperature, and organic loading rate. The cells bound to the carrier will stay attached for a long period of time, which makes the
hydrogen production rate stable under long-term continuous operation.

As shown in Fig.1, both suspended and immoblilized system showed a linear increase in cumulative hydrogen production with
10 g/L xylose as a substrate. During the suspended fermentation, the fermentation time lasted 220 hours and the final cumulative
hydrogen production was 1593 mL. The yield of hydrogen production was 1.33 mol Hz/mol xylose. On the contrary, the time of
immobilized fermentation was only 72 hours, the final hydrogen production was 2070 mL, and the yield of hydrogen was 1.54 mol
Ha/mol xylose. The time of immobilized fermentation was shortened by two-thirds compared with that of suspended fermentation,
but the yield of hydrogen production was increased by 15.8% compared with suspended fermentation. With the immobilized mixed
culture technology, the transfer rate of the intermediate metabolites increases, which was beneficial to the improvement of hydrogen
production efficiency.

The composition of the main end products in the liquid phase when the suspended fermentation and the immobilized fermentation
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used 10 g/L xylose as a substrate was shown in Fig.2. The acetic acid content of the fermentation broth in suspended fermentation
was 0.843 g/L while the butyric acid content was 2.76 g/L, accounting for 76.6% of the mixed acid. The acetic acid content in the
fermentation broth during immobilized fermentation was 0.883 g/L, and the butyric acid content was 3.27 g/L, accounting for 78.7%
of the mixed acid: the butyric acid content in the immobilized fermentation process increased by 18.5%, indicating that the
accumulation of butyric acid was closely related to the cumulative hydrogen production.

The modified Gompertz equation has been widely used in hydrogen production by batch dark fermentation (Rahman et al. 2016),
which is defined as follows:

P.=P, exp{— exp[F\)F”;Xe (1 —t)+1}}

m

Several parameters involved in the model, including the cumulative hydrogen production at culture time t (Py), the lag phase (%),
maximum hydrogen production potential (Pm), the maximum hydrogen production rate (Rm). “e” is a constant equal to 2.718.

From Table 1, it can be seen that the lag phase of fermentation shortened from 24.8 hours for suspended fermentation to 15.1
hours, which demonstrates that immobilized mixed culture had a high cell density and biological activity. The immobilized cells
could quickly adapt to the environment. The maximum hydrogen production rate was increased from 11.1 mL/h in suspended
fermentation to 49.9 mL/h, which was 4.5 times more than the former. In addition, the variance of immobilized fermentation was
closer to 1 which means that it was more in line with the Gompertz equation.

Effect of substrate fluctuation on tolerance of the artificial immobilized mixed culture system

Substrate concentration directly affects the hydrogen production efficiency of microorganisms as well as the stability and
tolerance of the fermentation process (Park et al. 2015). Fig.3 shows the variation trend of pH value, total sugar concentration,
cumulative hydrogen production with time, and content of liquid end product at the end of fermentation.

The variation of the content of total sugar and cumulative H, production is presented in Fig.3(a)(b). It can be clearly seen that the
hydrogen production efficiency was reduced at concentration extremes. Fig.3(a) shows that the fermentation efficiency was reduced
at a substrate concentration of 20 g/L, and the required fermentation time was much longer than the fermentation time at a substrate
concentration of 5 g/L and 10 g/L, which was more than doubled. Moreover, substrate efficiencies were 98.9% and 99.6% at
substrate concentrations of 5 g/L and 10 g/L, respectively, and the substrate was almost completely consumed. However, when the
substrate concentration was 20 g/L, the substrate utilization rate was only 86.2%, and the substrate was not completely consumed.
This might be because the high concentration of intermediate metabolites produced a certain inhibition on fermentation. Fig.3(b)
further shows that the cumulative hydrogen production amounts from low to high substrate concentrations were 893 mL, 2070 mL,
and 3193 mL, respectively. The hydrogen yields were 1.33 mol Hz/mol xylose, 1.54 mol Hz/mol xylose and 1.19 mol Hz/mol xylose,
respectively. From the yield of hydrogen production, 10 g/L of the three substrate concentrations was the optimal concentration.

However, this result also further demonstrates that there was a higher substrate tolerance for the immobilized mixed culture
system. The pH of fermentation broth is one of the most important factors affecting hydrogen production because pH affects the
microbial metabolic pathway (Annous et al. 1996) and the activity of related enzymes such as hexokinase (Ma et al. 2017). The
variation of the fermentation broth’s pH also triggers changes in the population of hydrogen-producing microorganisms in the mixed
micro-biota, including the structure and morphology of microorganisms (Ma et al. 2017). It can be seen from Fig.3 (c) that when
the substrate concentration was 5 g/L, the pH decreases slowly. It might be that the substrate concentration was low, less VFAs was
produced, and the microbial utilization efficiency was high. When the substrate concentration was 10 g/L and 20 g/L, the pH value
decreased rapidly, but when the substrate concentration increased to 20 g/L, the pH drop rate did not continue to increase. It manifests
that the biomass concentration was limited at this time, leading to a longer time for fermentation before the substrate can be fully
utilized.

It can be seen from Fig.3(d) that when xylose was used as substrate, the liquid phase end products mainly contain acetic acid and
butyric acid, with dominant butyric acid. The content of butyric acid at the end of fermentation was 1.81 g/L, 3.27 g/L and 3.85 g/L,
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respectively, for the substrate concentration of the three groups from low to high, which accounted for 67.7%, 78.7% and 65.6% of
the mixed acids, respectively. The results demonstrated that the production of hydrogen by complex bacteria with xylose as substrate
was a butyric acid type fermentation, and the theoretical yield of hydrogen was 1.67 mol Ha/mol xylose. With the increase of the
percentage of butyric acid, the yield of hydrogen production increased as well. When the substrate concentration was 10 g/L, the
maximum hydrogen production was 1.54 mol Hz/mol xylose, which reached 92.2% of the theoretical value (Sivagurunathan et al.
2015). The optimal xylose substrate concentration for hydrogen production 10 g/L.

Hydrogen production from continuous batch fermentation under optimum xylose concentration

In this experiment, the biological load and utilization rate of immobilized cells were maintained at a high level in a continuous
fermentation process, so as to obtain a stable production rate and hydrogen yield. Immobilized cells can maintain a high biomass
level of the reactor at low HRT and improve the efficiency of hydrogen production (Sivagurunathan et al. 2016). Therefore, after
determining the optimum substrate concentration, 10 g/L xylose was used as the substrate and biomass adsorption material was used
as the carrier to carry out 10 consecutive batches of fermentation. The cumulative production during continuous fermentation was
studied. The changes of cumulative hydrogen production, substrate utilization and hydrogen production yield are shown in Fig.4.
Although the fermentation yields fluctuate with the increase of fermentation batches, the fermentation effect of 10 batches of
fermentation was better than that of suspended fermentation. The average substrate utilization rate for the 10 batches was 96%, the
average hydrogen production was 1972 mL, and the average hydrogen production yield was 1.47 mol Hz/mol xylose.

Hydrogen production by fermentation of mixed glucose and xylose

Since xylose and glucose are produced by hydrolysis of lignocellulose, a mix of both substrates was used. The hydrogen
production characteristics of immobilized fermentation using the complex substrate were studied with the mass ratio of glucose to
xylose as 1:1 and the total sugar concentration of 10 g/L as the raw material.

The changes of pH, total sugar concentration, and cumulative hydrogen production during fermentation of the mixed substrate
can be seen in Fig.5. Compared with the use of sole xylose as the substrate, the fermentation cycle was shortened to 60 hours which
means the time for hydrogen production was advanced, the pH value decreased faster. The final cumulative hydrogen production
reached to 2054 mL. The total sugar concentration is essentially zero at the end of the fermentation. At 84 hours, a mixture of xylose
and glucose was added directly to the fermentation broth, the ratio of them was still 1:1, the sugar concentration was restored to 10
g/L, and the pH was adjusted back to 6.5. The fermentation ended after another 60 hours. The cumulative hydrogen production of
the secondary fermentation was 4270 mL and the hydrogen yield was 1.73 mol Hz/mol mixed sugar. The hydrogen production rate
of mixed substrates is higher than that of xylose (1.47 mol H./mol xylose) and glucose (1.50 mol Ho/mol glucose) individually.

It can be seen from Fig.6 that when the mixed substrates of xylose and glucose were used, the dominant position of butyric acid
in the liquid phase end product was more obvious. However, due to the simultaneous adjustment of the pH during the addition of
the substrate, the final content of acetic acid and butyric acid was not further increased. The final cumulative amount of acetic acid
was 0.65 g/L, and the cumulative amount of butyric acid was 3.37 g/L.

It can be seen that the combined bacteria can efficiently utilize xylose and glucose as a mixed substrates for fermentation to
produce hydrogen. The hemicellulosic hydrolysate contains both five- and six-carbon sugars. The proportion of xylose and glucose
can be adjusted according to the proportion of both kinds of sugars in the cellulose hydrolysate. This study provides comprehensive
utilization of lignocellulose.

Discussion

In this paper, an immobilized mixed culture system was used to study the characteristics of synergistic hydrogen production from
xylose and glucose mixed substrate, based on the previous studies (Bao et al. 2012; Ma et al. 2017; Wang et al. 2018). The hydrogen
yield of the immobilized mixed culture system was 1.54 mol Ho/mol xylose, and 92.2% of the theoretical value of acid fermentation
was achieved when using immobilized mixed culture system to produce hydrogen by using 10 g/L of xylose as substrate. The lag
period was shortened by immobilization. The volume of hydrogen production was 29.9% higher than that of suspended fermentation,
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and the maximum rate of hydrogen production could reach 49.9mL/h which was 4.5 times higher than that of suspended fermentation.
The average substrate utilization rate of the immobilized fermentation was 96% for the 10 batches, and the average hydrogen yield
was 1.47 mol Ho/mol xylose. In addition, this system can utilize the mixed sugar of xylose and glucose as substrate, with a hydrogen
yield of 1.73 mol Hz/mol mixed sugar, which was higher than the hydrogen production rate of the single substrate. This study
provides a basis for further development of hydrogen production by complex cell substrates such as cellulose hydrolysate in a mixed
culture system.

Further research and discussion are needed for the continuous hydrogenation of complex strains and the optimization of carriers.
The influence of cofactors such as NADH on biohydrogen production. The process of biohydrogen production is a microbial
metabolic process involving many enzymes, and the cofactor NADH affects the metabolic process by affecting enzyme activity. On
the basis of continuous fermentation in this paper, continue to optimize HRT or increase the fermenter, so that the bacteria can
maintain biological activity, improve the hydrogen production efficiency of the system, and provide support for industrial hydrogen
production. Although the immobilized hydrogen production of the composite strain can significantly improve the hydrogen
production efficiency of the system, some mechanisms in this process are not clear, so the further research can also be focused on
the synergistic mechanism. While 4 mol of H; can be generated from 1 mol of glucose in dark fermentation, the actual H; yield is
lower than 50% of the theoretical maximum result from thermodynamic limitation, by-products and the H,-consuming reaction
(Lalman et al. 2013). Since the photo-fermentative bacterium can utilize VFAs produced by the dark-fermentative bacteria, this
process can release the inhibition of VFAs in the dark-fermentation, increase the substrate utilization and realize continuous and
stable H; production.

Acknowledgements

The authors express their thanks to the National Natural Science Foundation of China (21838001) and the National Science Fund
for Distinguished Young Scholars (21525625).

Compliance with Ethical Standards
The authors declare that they have no conflict of interest.
This article does not contain any studies with human participants performed by any of the authors.

References

Abdalla AM, Hossain S, Nisfindy OB, Azad AT, Dawood M, Azad AK (2018) Hydrogen production, storage, transportation and
key challenges with applications: a review. Energ Convers Manage, 165, 602-627.
https://doi.org/10.1016/j.enconman.2018.03.088

Annous BA, Shieh JS, Shen GJ, Jain MK, Zeikus JG (1996) Regulation of hydrogen metabolism in Butyribacterium
methylotrophicum by substrate and pH. Appl Microbiol Biot, 45(6), 804-810. https://doi.org/10.1007/s002530050766

Bao MD, Su HJ, Tan TW (2012) Biohydrogen Production by Dark Fermentation of Starch Using Mixed Bacterial culture of
Bacillus sp. and Brevumdimonas sp. Energ Fuel, 26(9), 5872-5878. https://doi.org/10.1021/ef300666m

Bao MD, Su HJ, Tan TW (2013) Dark fermentative bio-hydrogen production: Effects of substrate pre-treatment and addition of
metal ions or L-cysteine. Fuel, 112, 38-44. https://doi.org/10.1016/j.fuel.2013.04.063

Bundhoo ZMA (2017) Coupling dark fermentation with biochemical or bioelectrochemical systems for enhanced bio-energy
production: A review. Int J Hydrogen Energ, 42(43), 26667-26686. https://doi.org/10.1016/j.ijhydene.2017.09.050

Ghimire A, Frunzo L, Pirozzi F, Trably E, Escudie R, Lens PNL, Esposito G (2015) A review on dark fermentative biohydrogen
production from organic biomass: process parameters and use of by-products. Appl Energ, 144, 73-95.
https://doi.org/10.1016/j.apenergy.2015.01.045



https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1007/s002530050766
https://doi.org/10.1016/j.fuel.2013.04.063
https://doi.org/10.1016/j.ijhydene.2017.09.050
https://doi.org/10.1016/j.apenergy.2015.01.045

=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

Goshima T, Negi K, Tsuji M, Inoue H, Yano S, Hoshin, T, Matsushika A (2013) Ethanol fermentation from xylose by
metabolically engineered strains of Kluyveromyces marxianus. J Biosci Bioeng, 116(5), 551-554.
https://doi.org/10.1016/j.jbiosc.2013.05.010

Guevara-Lopez E, Buitrén G (2015) Evaluation of different support materials used with a photo-fermentative consortium for
hydrogen production. Int J Hydrogen Energ, 40(48), 17231-17238. https://doi.org/10.1016/j.ijhydene.2015.08.057

Gupta A, Balomajumder C (2015) Simultaneous removal of Cr (V1) and phenol from binary solution using Bacillus sp.
immobilized onto tea waste biomass. Journal of Water Process Engineering, 6, 1-10.
https://doi.org/10.1016/j.jwpe.2015.02.004

Han W, Chen H, Jiao Ay, Wang Zq, Li YF, Ren NQ (2012) Biological fermentative hydrogen and ethanol production using
continuous stirred tank reactor. Int J Hydrogen Energ, 37(1), 843-847. https://doi.org/10.1016/j.ijhydene.2011.04.048

Jamali NS, Jahim JM, Isahak WNRW (2016) Biofilm formation on granular activated carbon in xylose and glucose mixture for
thermopbhilic biohydrogen production. Int J Hydrogen Energ, 41(46), 21617-21627.
https://doi.org/10.1016/j.ijhydene.2016.05.092

Jiang W, Gu PF, Zhang F (2018) Steps towards ‘drop-in’biofuels: focusing on metabolic pathways. Curr Opin Biotech, 53, 26-32.
https://doi.org/10.1016/j.copbio.2017.10.010

Jung KW, Kim DH, Kim SH, Shin HS (2011) Bioreactor design for continuous dark fermentative hydrogen
production. Bioresource Technol, 102(18), 8612-8620. https://doi.org/10.1016/j.biortech.2011.03.056

Kumar G, Mudhoo A, Sivagurunathan P, Nagarajan D, Ghimire A, Lay CH, Lin CY, Lee DJ, Chang JS (2016) Recent insights into
the cell immobilization technology applied for dark fermentative hydrogen production. Bioresource technol, 219, 725-737.
https://doi.org/10.1016/j.biortech.2016.08.065

Lalman JA, Chaganti SR, Moon C, Kim DH (2013) Elucidating acetogenic H, consumption in dark fermentation using flux
balance analysis. Bioresource Technol, 146, 775-778. https://doi.org/10.1016/].biortech.2013.07.125

Lee HJ, Lim WS, Lee JW (2013) Improvement of ethanol fermentation from lignocellulosic hydrolysates by the removal of
inhibitors. J Ind Eng Chem, 19(6), 2010-2015. https://doi.org/10.1016/j.jiec.2013.03.014

Li S, Lai CF, Cai YH, Yang XF, Yang S, Zhu MJ, Wang JF, Wang XN (2010) High efficiency hydrogen production from
glucose/xylose by the Idh-deleted Thermoanaerobacterium strain. Bioresource Technol, 101(22), 8718-8724.
https://doi.org/10.1016/j.biortech.2010.06.111

Ma ZH, Li C, Su HJ (2017) Dark bio-hydrogen fermentation by an immobilized mixed culture of Bacillus cereus and

Brevumdimonas naejangsanensis. Renew Energ, 105, 458-464. https://doi.org/10.1016/j.renene.2016.12.046

Maintinguer Sl, Fernandes BS, Duarte IC, Saavedra NK, Adorno MAT, Varesche MBA (2011) Fermentative hydrogen production
with xylose by Clostridium and Klebsiella species in anaerobic batch reactors. Int J Hydrogen Energ, 36(21), 13508-13517.
https://doi.org/10.1016/j.ijhydene.2011.07.095

Massalha N, Brenner A, Sheindorf C, Sabbah | (2015) Application of immobilized and granular dried anaerobic biomass for
stabilizing and increasing anaerobic bio-systems tolerance for high organic loads and phenol shocks. Bioresource
Technol, 197, 106-112. https://doi.org/10.1016/j.biortech.2015.08.060

Park JH, Kumar G, Park JH, Park HD, Kim SH (2015) Changes in performance and bacterial communities in response to various

7


https://doi.org/10.1016/j.jbiosc.2013.05.010
https://doi.org/10.1016/j.ijhydene.2015.08.057
https://doi.org/10.1016/j.jwpe.2015.02.004
https://doi.org/10.1016/j.ijhydene.2011.04.048
https://doi.org/10.1016/j.ijhydene.2016.05.092
https://doi.org/10.1016/j.copbio.2017.10.010
https://doi.org/10.1016/j.biortech.2011.03.056
https://doi.org/10.1016/j.biortech.2016.08.065
https://doi.org/10.1016/j.biortech.2013.07.125
https://doi.org/10.1016/j.jiec.2013.03.014
https://doi.org/10.1016/j.biortech.2010.06.111
https://doi.org/10.1016/j.renene.2016.12.046
https://doi.org/10.1016/j.ijhydene.2011.07.095
https://doi.org/10.1016/j.biortech.2015.08.060

=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

process disturbances in a high-rate biohydrogen reactor fed with galactose. Bioresource Technol, 188, 109-116.
https://doi.org/10.1016/j.biortech.2015.01.107

Plangklang P, Reungsang A, Pattra S (2012) Enhanced bio-hydrogen production from sugarcane juice by immobilized Clostridium
butyricum on sugarcane bagasse. Int J Hydrogen Energ, 37(20), 15525-15532. https://doi.org/10.1016/j.ijhydene.2012.02.186

Qiu CS, Zheng YZ, Zheng JF, Liu Y, Xie CY, Sun LP (2016) Mesophilic and thermophilic biohydrogen production from xylose at
various initial pH and substrate concentrations with microflora community analysis. Energ Fuel, 30(2), 1013-1019.
https://doi.org/10.1021/acs.energyfuels.5b02143

Rahman SNA, Masdar MS, Rosli MI, Majlan EH, Husaini T, Kamarudin SK, Daud WRW (2016) Overview biohydrogen
technologies and application in fuel cell technology. Renew Sust Energ Rev, 66, 137-162.
https://doi.org/10.1016/j.rser.2016.07.047

Sivagurunathan P, Sen B, Lin CY (2015) High-rate fermentative hydrogen production from beverage wastewater. Appl
Energ, 147, 1-9. https://doi.org/10.1016/j.apenergy.2015.01.136

Sivagurunathan P, Kumar G, Bakonyi P, Kim SH, Kobayashi T, Xu KQ, Lakner G, T6th G, Nemestéthy N, Bélafi-Baké K (2016)
A critical review on issues and overcoming strategies for the enhancement of dark fermentative hydrogen production in
continuous systems. Int J Hydrogen Energ, 41(6), 3820-3836. https://doi.org/10.1016/].ijhydene.2015.12.081

Su HJ, Zhang T, Bao MD, Jiang Y, Wang Y, Tan TW (2014) Genome sequence of a promising hydrogen-producing facultative
anaerobic bacterium, Brevundimonas naejangsanensis strain B1. Genome A, 2(3), e00542-14.
https://doi.org/10.1128/genomeA.00542-14

Wang SJ, Ma ZH, Su HJ (2018) Two-step continuous hydrogen production by immobilized mixed culture on corn stalk. Renew
Energ, 121, 230-235. https://doi.org/10.1016/j.renene.2018.01.015

Wong YM, Juan JC, Ting A, Wu TY (2014) High efficiency bio-hydrogen production from glucose revealed in an inoculum of
heat-pretreated landfill leachate sludge. Energy, 72, 628-635. https://doi.org/10.1016/j.energy.2014.05.088

Ye XF, Morgenroth E, Zhang XY, Finneran KT (2011) Anthrahydroquinone-2, 6,-disulfonate (AH 2 QDS) increases hydrogen
molar yield and xylose utilization in growing culture of Clostridium beijerinckii. Appl Microbiol Biot, 92(4), 855.
https://doi.org/10.1007/s00253-011-3571-1

Yun YM, Lee MK, Im SW, Marone A, Trably E, Shin SR, Kimb MG, Chod SK, Kim DH (2018) Biohydrogen production from
food waste: current status, limitations, and future perspectives. Bioresource technol, 248, 79-87.
https://doi.org/10.1016/j.biortech.2017.06.107

Zhang JN, Bai YX, Fan YT, Hou HW (2016) Improved bio-hydrogen production from glucose by adding a specific methane
inhibitor to microbial electrolysis cells with a double anode arrangement. J Biosci Bioeng, 122(4), 488-493.
https://doi.org/10.1016/j.jbiosc.2016.03.016

Zhang JS, Fan CF, Zang LH (2017) Improvement of hydrogen production from glucose by ferrous iron and biochar. Bioresource
Technol, 245, 98-105. https://doi.org/10.1016/j.biortech.2017.08.198

Zhang T, Bao MD, Wang Y, Su HJ, Tan TW (2014) Genome sequence of Bacillus cereus strain A1, an efficient starch-utilizing
producer of hydrogen. Genome A, 2(3), e00494-14. https://doi.org/10.1128/genomeA.00494-14

Zhao L, Cao GL, Sheng T, Ren HY, Wang AJ, Zhang J, Zhong YJ, Ren NQ (2017) Bio-immobilization of dark fermentative

8


https://doi.org/10.1016/j.biortech.2015.01.107
https://doi.org/10.1016/j.ijhydene.2012.02.186
https://doi.org/10.1021/acs.energyfuels.5b02143
https://doi.org/10.1016/j.rser.2016.07.047
https://doi.org/10.1016/j.apenergy.2015.01.136
https://doi.org/10.1016/j.ijhydene.2015.12.081.
https://doi.org/10.1128/genomeA.00542-14
https://doi.org/10.1016/j.renene.2018.01.015
https://doi.org/10.1016/j.energy.2014.05.088
https://doi.org/10.1007/s00253-011-3571-1
https://doi.org/10.1016/j.biortech.2017.06.107
https://doi.org/10.1016/j.jbiosc.2016.03.016
https://doi.org/10.1016/j.biortech.2017.08.198
https://doi.org/10.1128/genomeA.00494-14

©CO~NOOOTA~AWNPE

bacteria for enhancing continuous hydrogen production from cornstalk hydrolysate. Bioresource Technol, 243, 548-555.
https://doi.org/10.1016/j.biortech.2017.06.161



https://doi.org/10.1016/j.biortech.2017.06.161.

QOWO~NOUAWNE

=

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Fig.1 Variation of cumulative H, production with time
Fig.2 Type and concentration of VFAs

Fig.3 Hydrogen production performance of immobilized mixed culture operated under
different concentration of xylose. Line charts and bar chart include all data of the
corresponding periods. a pH value b Total sugar ¢ Cumulative H, production d End

products
Fig.4 The comparison of multiple batch fermentation
Fig.5 Variation of pH, total sugar concentration and cumulative H;, production with time

Fig.6 Variation of concentration of acetic and butyric acid with time
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Table 1 The fitting coefficients of Gompertz equation

Fermentation method
Suspended fermentation

Immobilized fermentation

Mh)
24.8

15.1

R, (mL/h)
11.1

49.9

0.991

0.996




Figure 1
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Figure 3
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Figure 4
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Figure 5
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Figure 6

Acetic and butyric acid concentration (g/L)

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

—a— Acetic acid
—e— Butyric acid

-20

1
60 80

Time (h)

|
100

|
120

|
140

|
160



