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Abstract: Furfural, as a typical byproduct produced during the hydrolysis of lignocellulose biomass,
is harmful to the photo fermentation hydrogen production. In this work, the effects of furfural on the
photo fermentation hydrogen production by Rhodobacter capsulatus using glucose as substrate were
investigated. The characteristics of cell growth, hydrogen production, and fermentation end-products
with the addition of different concentrations of furfural (0–20 mM) were studied. The results showed
that furfural negatively affected the maximum hydrogen production rate and total hydrogen yield.
The maximum hydrogen yield of 2.59 ± 0.13 mol-H2/mol-glucose was obtained without furfural.
However, 5 mM furfural showed a 40% increase in cell concentration. Furfural in high concentrations
can favor the overproduction and accumulation of inhibitive end-products. Further analysis of
energy conversion efficiency showed that most of the energy in the substrate was underused and
unconverted when the furfural concentration was high. The maximum glucose consumption (93%)
was achieved without furfural, while it dramatically declined to 7% with 20 mM furfural addition.
The index of half-maximal inhibitory concentration was calculated as 13.40 mM. Moreover, the
possible metabolic pathway of furfural and glucose was discussed.

Keywords: furfural; hydrogen; photo fermentation; metabolic mechanism; energy conversion
efficiency

1. Introduction

With the rapid consumption of traditional fossil fuels and the drastic climate change, it
is urgent to explore environmentally friendly and high-quality renewable energy. There is
no denying that biomass energy is an integral part of developing new energy since it merges
the advantages of low-cost, renewability, no pollution, and easy availability. As an essential
cell factory in utilizing biomass energy, microbes convert low-value wastes generated in
production activities into high-value compounds through mild metabolic reactions in vivo
and production processes in vitro, which are of ongoing concern to researchers.

Purple non-sulfur bacteria are experts in flexible respiration, robust photosynthesis,
and nitrogen fixation. In particular, their abundant metabolic mechanism sharply broadens
our appreciation of their ability to handle complex substrates. In the photoheterotrophic
process, they obtain reducing power through substrate carbon assimilation, and the proton
motive force received through photosynthesis is used to synthesize ATP. When cells are
over-reduced, and the nitrogenase is available, they direct excess electrons [1] and protons
to the nitrogenase, where the Fe protein cycle and partial Lowe-Thorneley cycle implement
hydrogen evolution [2,3]. Due to the characteristics of nitrogenase and its strong metabolic
ability, purple non-sulfur bacteria are widely used in biological hydrogen production [4–6].
On the other hand, light-harvesting semiconductor nanomaterials such as CdS have also
been utilized for photocatalytic hydrogen production [7,8], often performed in vitro. It is
worth noting that when Co3C or Fe3C is used as a cocatalyst, the photocatalytic perfor-
mance of CdS is significantly improved, which suggests that the ternary system of Co3C
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(Fe3C)/CdS/MoFe protein can be constructed to achieve efficient in vitro photocatalytic
hydrogen production [9,10].

As well-known plant biomass, lignocellulose is primarily derived from agricultural
waste (wheat straw, straw, rice husk, corn straw, peanut shell, bagasse, algae, etc.), forest
residue (sawdust, wood stem, leave, etc.), industrial waste (papermaking waste, etc.) and
municipal solid waste [11], and its output up to 1.3 billion tons per year, which shows
high production potential [12]. Lignocellulose is mainly made of cellulose, hemicellulose,
and lignin, in which the components are bonded stably by non-covalent and covalent
crosslinking [13,14]. To date, research efforts have focused on the pretreatment stage of
lignocellulose since it is a crucial step in improving digestibility and utilization of cellulose
and hemicellulose, removing part of the lignin [15], and relieving the enzyme pressure of
microbial degradation. Current pretreatment methods can be grouped into mechanical,
physicochemical (thermal), chemical, and biological pretreatment. In particular, chemical
pretreatment of lignocellulose degradation is the most commonly used method. It can
usually achieve the best rate of pretreatment, the realization of cellulose crystallinity
decreases significantly, and parts of the hemicellulose are completely dissolved [16,17].

In acid-dependent chemical pretreatment, hydrogen hydrates from acid catalysts
cause the glycosidic bonds between lignocellulosic and hemicellulose to break down to
form sugar monomers [12]. Nevertheless, this treatment inevitably leads to large amounts
of chemical residue, some exhibiting toxic inhibition, posing challenges for subsequent
biological fermentation processes. For instance, the representative inhibitors, furfural and
5-hydroxymethylfurfural (HMF), are formed by hydrolysis of pentose and hexose with
dilute acids (e.g.; sulfuric acid) at a concentration of 10% or less, at high temperature and
pressure. Cytotoxicity of the inhibitors is proposed to be related to inducing the production
of reactive oxygen species [18], damaging cell walls and membranes, inhibiting cell growth,
down-regulating enzyme activity, breaking down DNA, and inhibiting downstream syn-
thesis [19]. In summary, furfural and HMF, which cannot be eliminated in the pretreatment
process, are thought to cause multilevel damage to cells and hamper the bioavailability
of lignocellulose.

At the same time, more and more events about the detoxification of cells are observed
under the influence of low concentrations of furfural and HMF. Generally speaking, in-
tracellular redox levels and the unique function of redox enzymes are considered critical
for detoxifying furfural. In Saccharomyces cerevisiae, Furfural and HMF induce the yeast to
express some genes vital to the pentose phosphate pathway and converted to 2-furfuryl
alcohol and 2,5-furan-2,5-dimethanol by NAD(P)H-dependent reductase activity of var-
ious enzymes and reducing power in cells and further degraded into small molecular
acids [20,21]. Aldehyde/ketone reductase and short-chain dehydrogenase/reductase from
Clostridium beijerinckii are involved in NADPH coupling reduction of furfural to furfuryl
alcohol [22]. Structural and biochemical evidence suggests that YugJ from Bacillus subtilis is
an atypical NADPH-dependent group III AAOR, which can reduce furan aldehyde in the
presence of Ni2+ cofactors [23].

To realize the application of lignocellulosic in hydrogen production by biological
fermentation, the effect of furfural on hydrogen production by biological fermentation
should not be ignored. The addition of furan derivatives inhibited H2 production, resulting
in a sharp decrease in H2 production, and only 0.45 mol hydrogen was produced per
mole of xylose (1 g/L furfural) [24]. Slight furfural (0.2 g/L and 0.4 g/L) can increase the
content of nitrogenase and increase the hydrogen production of HAU-M1 by 19% and
14%, respectively [25]. In addition, previous work suggests that Rhodobacter sphaeroides can
decompose furfural and 5-hydroxymethylfurfural under light conditions, suggesting this
bacteria is an ideal biocatalyst for value-added utilization of industrial and agricultural
wastes [26]. However, different microbes respond differently to furfural, and more research
is needed to assess the impact of furfural on specific microorganisms during hydrogen fer-
mentation. Rhodobacter capsulatus, another model organism for purple non-sulfur bacteria,
is able to thrive under very different growth conditions through numerous transcriptional
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changes [27], which greatly reduces the cost as well as the operational complexity of bio-
logical hydrogen production. Indeed, the mechanism underlying the furfural tolerance
of R. capsulatus is still poorly understood, which poses a challenge to biological hydrogen
production under the influence of furfural.

The purpose of this study is to study the effect of furfural on hydrogen production by
photo fermentation of R. capsulatus. The impacts of furfural on hydrogen evolution, fermen-
tation end-products, and cell growth in hydrogen production using glucose and furfural
as substrates were studied. The energy conversion efficiency and hydrogen production
kinetics were also studied. Moreover, the possible metabolic mechanism of furfural and
glucose at low concentrations was discussed.

2. Results and Discussion
2.1. Effect of Furfural on Photo-Fermentative Hydrogen Production from Glucose

Figure 1 demonstrated the temporal variation of the accumulative hydrogen yield and
the corresponding production rate in the presence of furfural from 0 to 20 mM. The maxi-
mum hydrogen yield of 2.59 ± 0.13 mol-H2/mol-glucose and the corresponding maximum
production rate of 100.64 ± 3.12 mmol-H2/(h·mol-glucose) were obtained in the absence of
furfural, and an evident inhibition was recorded in the presence of furfural. The increase in
furfural concentration from 0 mM to 15 mM leads to a dramatical decrease in hydrogen
yield and the maximum hydrogen production rate to 1.37 ± 0.07 mol-H2/mol-glucose,
46.72 ± 1.82 mmol-H2/(h·mol-glucose), which is decreased by 47% and 54%, respec-
tively. Further increase in furfural concentration to 20 mM inhibited the hydrogen pro-
duction potential, and no hydrogen was produced. These results are consistent with
the previous studies that furfural acted as an inhibitor in other biofuel fermentation pro-
cesses [28]. Cytotoxicity of the inhibitors, including furfural, is proposed to be related
to inducing the production of reactive oxygen species, damaging cell walls and mem-
branes, inhibiting cell growth, down-regulating enzyme activity, breaking down DNA,
and inhibiting the downstream synthesis [21,29]. Moreover, furfural inhibits nitrogenase
activity, which cannot be eliminated in the pretreatment process. According to the re-
sults, the hydrogen yield and maximum hydrogen production rate were inverse to the
furfural concentration.

Considering the kinetic parameters in Table 1, the hydrogen production potential
(Hmax) showed a decreasing trend with increased furfural concentration from 0 to 15 mM.
A similar effect was found in the maximum hydrogen production rate (Vmax), which
declined by 55% at 15 mM furfural concentration compared to that in the furfural absence.
Furthermore, the shortest lag time of 13.64 ± 0.77 h was achieved in the absence of furfural,
whereas that was prolonged with the increase in furfural concentration. The change in the
lag time indicated that strains were getting more sensitive to the environment, and the
culture was in an adaptation or lag stage thanks to the cumulative furfural concentration.
These results confirmed that furfural played a negative role in photo-fermentative hydrogen
production. Hmax and Vmax were inverses, whereas the lag phase was proportional to
furfural concentration, as expected.

Figure 2 represents the influence of furfural on H2 production potential derived from
the extended Monod model. The R2 closed on 0.93, showing the reliability of the fitting.
Parameters including IC0.5, IC*, and n were fitted based on the data in Table 1 according to
Equations (2) and (3). In this study, the lethal inhibitor concentration IC* and half-maximal
inhibitory concentration IC0.5 were 20.00 mM and 13.40 mM, respectively. Furfural at
20 mM severely inhibited bacterial fermentation, as shown by no hydrogen production,
and might be related to the result in the inactivity or even death of the bacteria. Several
studies on the effect of furfural on biohydrogen production showcase that the half-maximal
inhibitory concentration IC0.5 varied widely, from 1.4 mM to 42.6 mM, depending on
sensitivity to the culture condition, substrate, and microorganism employed [30–32].
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Figure 1. Hydrogen production from glucose in the presence of furfural: (a) accumulative hydrogen 

yield, and (b) hydrogen production rate. 
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Figure 1. Hydrogen production from glucose in the presence of furfural: (a) accumulative hydrogen
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Table 1. Effects of various furfural concentrations (0–20 mM) on hydrogen production potential,
maximum hydrogen production rate, lag phase.

Furfural Conc. (mM) Hmax (mol-H2/mol-glucose) Vmax (mmol-H2/(h·mol-glucose)) L (h) R2

0 2.58 ± 0.02 113.69 ± 7.02 13.64 ± 0.77 0.9983
2 2.34 ± 0.02 84.34 ± 2.94 22.99 ± 0.51 0.9993
5 2.11 ± 0.02 83.16 ± 3.32 28.78 ± 0.51 0.9993
7 1.64 ± 0.01 72.19 ± 2.18 22.35 ± 0.37 0.9995
10 1.53 ± 0.03 51.39 ± 4.83 23.56 ± 1.46 0.9949
15 1.41 ± 0.01 50.78 ± 0.83 45.09 ± 0.23 0.9998
20 0 0 ∞ 1.0000

As apparent from Figure 3, the addition of furfural had no negative, even a slight
favorable effect on hydrogen content, which has not been reported to the best of our knowl-
edge. Hydrogen content increased from 51.70% to 55.01% when furfural concentration
increased from 0 mM to 15 mM, which seems attractive in terms of enhancing hydrogen
content. It was noteworthy that the final cell concentration was significantly affected by
furfural concentration. Photo-fermentative experiments at 5 mM furfural did not show any
decline but rather a 40% increase in cell concentration from the control, possibly due to
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more energy and electron reduction force utilized by bacterial growth rather than hydrogen
production to cope with the extreme environment. One of the most important factors to
be considered in hydrogen production is pH, as it affects chemiosmotic gradients directly,
which is highly correlated with the activity of ion pump, channel protein, and membrane
binding protein [33,34], pH alters the distribution of end products by regulating the phys-
iological behavior of cells and may affect the length of lag [35–38]. The initial pH was
adjusted to 7.0 but not controlled in real-time, and the pH drops were observed in all culture
conditions. Photosynthetic bacteria would produce hydrogen while breaking down glucose
into acids preferentially, resulting in the accumulation of volatile fatty acids (VFAs), which
were subsequently converted into hydrogen. As a result, the decrease in pH was due to the
difference in the rates of VFAs production and consumption during photo-fermentation.
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Figure 3. Overall H2 content (a), final cell concentration (OD660) (b), and final pH values (c) for
photo-fermentations with glucose in the presence of furfural.

In order to verify the credibility of the present results, the hydrogen yield in this
study was compared to the reported work in Table 2. The details of each study such as
strains, substrate, furfural concentration, and hydrogen yield were listed. Yang et al. [25]
reported that 0.2 g/L furfural improved hydrogen production by 19% compared to no
addition, and the hydrogen yield was 2.99 mol/mol. R. Lin et al. [39] found that furfural at
a low concentration contributes to hydrogen production, a higher concentration of furfural
significantly decreased hydrogen yield, and the hydrogen yield was 1.56 mol/mol with the
addition of 5 mM furfural. Hu et al. [26] reported that furfural has a downward tendency
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in H2 yield with the concentration increasing. The comparison with other reported work
showed that the results in this study including the effect of furfural on photo fermentative
hydrogen production and the hydrogen yield were reasonable.

Table 2. Comparison of furfural inhibition on hydrogen fermentation.

Strains Substrate Furfural Hydrogen Yield References

Photosynthetic consortium giant reed 0.2 g/L 2.99 mol/mol [25]
E. aerogenes ATCC13408 glucose 5 mM 1.56 mol/mol [39]

Rhodobacter sphaeroides HY01 glucose and xylose 5 mM 1.79 mol/mol [26]
Hydrogen producing bacteria glucose 1 g/L 2 mol/mol [40]
T. thermosaccharolyticum MJ1 cellobiose 2 g/L 2.69 mol/mol [41]
Rhodobacter capsulatus SB1003 glucose 2 mM 2.34 mol/mol This study

2.2. Glucose Consumption during Photo-Fermentation

At the end of fermentation, portions of substrate remained unconsumed. According
to Figure 4, glucose consumption ranged from 7% to 93% among different furfural concen-
trations. The glucose consumption level roughly decreased as the furfural concentration
increased from 0 to 20 mM. The maximum glucose consumption (93%) was achieved with-
out furfural, while it dramatically declined to 7% with 20 mM furfural addition. These
results are consistent with the literature, where furfural negatively affected the bioconver-
sion of glucose [42]. Furfural adversely affects cell activity by repressing glycolytic enzyme
activities, damaging cell membranes, and accumulating reactive oxygen species [26]. This
result explains the low glucose consumption at higher furfural concentrations.
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2.3. Soluble Metabolic Residues Formed during Photo-Fermentation

How much of the carbon source is assimilated by the cell depends on the redox state of
carbon and the precursor metabolic pathway [43]. Cells release hydrogen and volatile fatty
acids (VFAs) when glucose is available as a carbon source through metabolism and redox
balance. Consequently, hydrogen production always occurs with VFAs formation. Figure 5
presents the metabolites (VFAs) concentrations at the end of the experiments. As shown in
Figure 5, acetic acid concentrations increased with increasing furfural concentration except
for 20 mM.
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Furfural can be decomposed into acetic acid in mixed anaerobic cultures, which may
account for the increase in acetic acid [32]. Negligible butyric acid concentrations have
been found at all furfural concentrations, including the control, and it is known that butyric
acid is the substrate for hydrogen production. The above results suggested that butyric
acid was formed by glucose degradation, which is reasonable, as few butyric acids were
detected in the residual medium. Lactate was also found in all test conditions but showed
the highest concentration at 0 mM furfural and the least at 20 mM furfural. In addition,
ethanol concentration was up to 0.39 g/L with 15 mM furfural addition. High furfural
concentration can lead to the overproduction and accumulation of inhibitory end-products
like ethanol, resulting in obstruction or even elimination of the hydrogen production ability
of bacteria [44].

Indeed, lactate production decreased with increasing furfural concentration, which
two possible reasons could explain: (1) metabolism of furfural inhibited the activity of
lactate dehydrogenase, which could catalyze pyruvate to lactate in reverse reaction with the
consumption of NADH; (2) the decrease in glucose utilization (Figure 4) led to a decrease
in lactate produced during glucose metabolism. In future work, enzyme analysis of lactate
dehydrogenase is necessary. In addition, in the range of 0–15 mM, the contents of acetate
and ethanol increased with the increase of furfural. Still, they were not detected at 20 mM,
indicating that the photodecomposition of furfural [26] does not produce ethanol and acetic
acid. Considering the decrease of glucose utilization rate and the increase of OD660 in low
furfural concentration, bacteria can decompose furfural into acetic acid and ethanol, and
achieve partial carbon assimilation.

2.4. Energy Conversion Efficiency Analysis

The energy conversion efficiency analysis in this section was based on the following
assumption: the heating values of other input chemicals in the culture medium like L-
aspartic acid were ignored, as well as the input light energy. Figure 6 showcases the energy
conversion efficiency during fermentation under different furfural concentrations. The
energy conversion efficiencies of hydrogen with 0–20 mM furfural were 6.67%, 6.00%, 5.37%,
4.22%, 3.92%, 3.57%, and 0, respectively, suggesting that merely a tiny part of the energy
being converted and stored in hydrogen. Notably, residual glucose accounts for 6.96%,
19.15%, 24.59%, 23.02%, 33.00%, 48.63%, and 92.78%, respectively, of the total input energy
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in glucose, demonstrating that most of the energy in the raw substrate was underused and
unconverted. In addition, metabolite products also play a much more significant role in
energy losses, especially ethanol, which came in at 13.74% at 15 mM furfural.
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(2184 kJ/mol), acetic acid (874 kJ/mol), lactic acid (1235 kJ/mol), and ethanol (1367 kJ/mol).

2.5. Proposed Response Mechanism of R. capsulatus to Furfural during Photo-Fermentation

Although reducing sugars in straw biomass hydrolysis can be used to produce hy-
drogen by photo fermentation, furfural is usually by-produced during hydrolysis, which
harms microbial hydrogen production. Thirty mM furfural would significantly damage
the membrane system of Enterobacter aerogenes and then inhibit its fermentation [39]. In the
presence of 20 mM furfural, the hydrogen production was decreased by 95% by Rhodobacter
sphaeroides HY01 [26]. A similar phenomenon also occurred in the photo fermentation
hydrogen production by Rhodobacter capsulatus SB1003 studied in this paper, that 20 mM
furfural in the reaction system based on glucose substrate would completely inhibit hydro-
gen production. However, in the present study, hydrogen content increased slightly when
furfural concentration ranged from 0 mM to 15 mM.

Figure 7 provides the putative metabolic approach of Rhodobacter capsulatus SB1003
to furfural in photo-fermentative hydrogen production. In our reaction system, substrate
glucose would be first converted to pyruvate during assimilation. Pyruvate can be further
decomposed into acetyl-CoA and CO2, with the release of NADH [45]. Acetyl-CoA would
be participated in the TCA cycle to generate more NADH. The NADH/NAD+ is contributed
to hydrogen production [46]. Wang et al. reported that the ratio of NADH/NAD+ in yeast
Candida tropicalis decreased significantly with furfural addition, implying that the reduction
of furfural in bacterial detoxification consumed NADH and adversely affected the redox
poise [46]. When the furfural was added to fermentation, it could be converted to furfuryl
alcohol and a small amount of furoic acid with NADH consumption and side effects on
redox poise [47]. As a result, in the early stage of cell growth, cells devote more reductive
power of assimilation to cell detoxification and cell growth, and hydrogen production is
inhibited, which is consistent with the result of hydrogen production kinetics.



Catalysts 2022, 12, 979 9 of 12Catalysts 2022, 12, 979 9 of 13 
 

 

 

Figure 7. Proposed metabolic responses of Rhodobacter capsulatus to furfural in hydrogen produc-

tion. Putative metabolism of furfural into cells is represented by dotted lines, the diagram of photo-

synthesis is omitted. 

3. Materials and Methods 

3.1. Bacterial Strains and Pre-Culture 

Rhodobacter capsulatus SB1003 [48] was applied for biohydrogen production and pre-

cultured in the modified MedA medium [49] at 35 °C in an incubator for about 48 h. The 

composition of the modified MedA plate had been described in detail in early studies [50]. 

A single colony of R. capsulatus SB1003 was streaked and then incubated in 10 mL liquid 

culture at 35 °C for 2 days aerobically, shaking at 150 rpm in shakers. 

3.2. Batch Photo-Fermentative Hydrogen Production Process 

Harvested cells were diluted to OD660 = 1.0 with fresh MedA liquid medium for the 

subsequent photo-fermentative hydrogen production process. One M Sodium hydroxide 

(NaOH, 96%, Hushi, Shanghai, China) was used to adjust the initial pH of the medium to 

7.0. Furfural (C5H4O2, 99%, Hushi, Shanghai, China) was added to the culture system with 

30mM glucose (C6H12O6, 99%, Hushi, Shanghai, China) as a carbon source and 6 mM L-

glutamate (C5H9NO4, 98.5%, Hushi, Shanghai, China) as nitrogen source. Sixty mL biore-

actors with 30 mL working volume were applied and kept at a constant temperature of 30 

°C under the illumination of 3000 lux (equal to 4.39 W/m2 according to [51]) provided by 

halogen lamps. All samples were tested in triplicate, and the results obtained were shown 

as average ± deviation. 

3.3. Analytical Methods 

The hydrogen concentration in biogas was measured by a gas chromatograph (GC-

7820A, Agilent, Santa Clara, CA, USA) equipped with a thermal conductivity detector 

(TCD). Metabolism product concentrations were analyzed by high-performance liquid 

chromatography (HPLC) (2695, Milford, MA, Waters, USA) with a refractive index detec-

tor (2414, Milford, MA, Waters, USA) as described previously [26]. The strain’s concentra-

tion was monitored by measuring culture at 660 nm using a spectrophotometer (DR 6000, 

HACH, Loveland, CO, USA). The pH variations of the medium during the fermentation 

process were detected by a pH meter. 

  

Figure 7. Proposed metabolic responses of Rhodobacter capsulatus to furfural in hydrogen production.
Putative metabolism of furfural into cells is represented by dotted lines, the diagram of photosynthesis
is omitted.

3. Materials and Methods
3.1. Bacterial Strains and Pre-Culture

Rhodobacter capsulatus SB1003 [48] was applied for biohydrogen production and pre-
cultured in the modified MedA medium [49] at 35 ◦C in an incubator for about 48 h. The
composition of the modified MedA plate had been described in detail in early studies [50].
A single colony of R. capsulatus SB1003 was streaked and then incubated in 10 mL liquid
culture at 35 ◦C for 2 days aerobically, shaking at 150 rpm in shakers.

3.2. Batch Photo-Fermentative Hydrogen Production Process

Harvested cells were diluted to OD660 = 1.0 with fresh MedA liquid medium for the
subsequent photo-fermentative hydrogen production process. One M Sodium hydroxide
(NaOH, 96%, Hushi, Shanghai, China) was used to adjust the initial pH of the medium
to 7.0. Furfural (C5H4O2, 99%, Hushi, Shanghai, China) was added to the culture system
with 30 mM glucose (C6H12O6, 99%, Hushi, Shanghai, China) as a carbon source and 6 mM
L-glutamate (C5H9NO4, 98.5%, Hushi, Shanghai, China) as nitrogen source. Sixty mL
bioreactors with 30 mL working volume were applied and kept at a constant temperature
of 30 ◦C under the illumination of 3000 lux (equal to 4.39 W/m2 according to [51]) provided
by halogen lamps. All samples were tested in triplicate, and the results obtained were
shown as average ± deviation.

3.3. Analytical Methods

The hydrogen concentration in biogas was measured by a gas chromatograph (GC-
7820A, Agilent, Santa Clara, CA, USA) equipped with a thermal conductivity detector
(TCD). Metabolism product concentrations were analyzed by high-performance liquid
chromatography (HPLC) (2695, Milford, MA, Waters, USA) with a refractive index detector
(2414, Milford, MA, Waters, USA) as described previously [26]. The strain’s concentration
was monitored by measuring culture at 660 nm using a spectrophotometer (DR 6000,
HACH, Loveland, CO, USA). The pH variations of the medium during the fermentation
process were detected by a pH meter.



Catalysts 2022, 12, 979 10 of 12

3.4. Calculations

Herein, the energy conversion efficiency was defined as the ratio of heating value
(kJ) in sugars, soluble metabolic products and hydrogen to glucose heating value (kJ). The
accumulative hydrogen production data was simulated based on the modified Gompertz
Equation as follows [52]:

H = Hmax· exp
{
− exp

[
e·Vmax

Hmax
(L − t) + 1

]}
(1)

where H is the accumulative hydrogen yield (mol-H2/mol-glucose), Vmax is the maxi-
mum hydrogen production rate (mol-H2/(h·mol-glucose)), Hmax represents the hydrogen
production potential (mol-H2/mol-glucose), L is the lag time (h), e = 2.71828183.

Subsequently, the results were then fitted to the extended Monod kinetics for inhibition
according to Equation (2) [53]:

Hmax, f ur f ural = Hmax,control ·
(

1 − IC
IC∗

)n
(2)

where, Hmax,furfural represents the hydrogen production potential with different concentra-
tions of furfural derived from the modified Gompertz model, while Hmax,control is the value
obtained without furfural. IC is inhibitor (namely furfural in this study) concentration
(mM), IC* is the lethal inhibitor concentration above which hydrogen cannot be produced
(mM), and n is a constant. The half-maximal inhibitory concentration, IC0.5, is determined
by Equation (3) [39].

IC0.5 =
(

1 − 0.5
1
n

)
·IC∗ (3)

4. Conclusions

This work found that the addition of furfural had a negative effect on the hydrogen
yield and the maximum hydrogen production rate. The maximum hydrogen yield of
2.59 ± 0.13 mol-H2/mol-glucose and the corresponding maximum production rate of
100.64 ± 3.12 mmol-H2/(h·mol-glucose) were obtained in the absence of furfural. The hy-
drogen production was inhibited with the addition of 20 mM furfural. Low concentrations
(2 mM-10 mM) of furfural could favor the cell growth, and the indicator of half-maximal
inhibitory concentration was calculated as 13.40 mM. Glucose consumption declined to 7%
with 20 mM furfural addition, and most of the energy in the raw substrate was underutilized
and unconverted. Metabolite products also play a much more significant role in energy losses,
especially ethanol, which came in at 13.74% at 15 mM furfural. Furfural in high density can
favor the overproduction and accumulation of inhibitive end-products such as ethanol, and
the ethanol concentration was up to 0.39 g/L with 15 mM furfural addition. The reduction of
furfural in fermentation consumed NADH disrupts the redox poise and had adverse effects,
resulting in a negative effect on the photo fermentation. This study advanced the understand-
ing of furfural’s effect on the photo fermentation hydrogen production process and could
guide the optimization of lignocellulose biomass pretreatment.
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