
energies

Article

Enhancing Hydrogen Production from Chlorella sp.
Biomass by Pre-Hydrolysis with Simultaneous
Saccharification and Fermentation (PSSF)

Tran Thi Giang 1, Siriporn Lunprom 1,2, Qiang Liao 3,4, Alissara Reungsang 1,2 and
Apilak Salakkam 1,*

1 Department of Biotechnology, Faculty of Technology, Khon Kaen University, Khon Kaen 40002, Thailand;
ttgiangtg@gmail.com (T.T.G.); siriporn.biot.kku@gmail.com (S.L.); alissara@kku.ac.th (A.R.)

2 Research Group for Development of Microbial Hydrogen Production Process from Biomass,
Khon Kaen University, Khon Kaen 40002, Thailand

3 Key Laboratory of Low-grade Energy Utilization Technologies and Systems, Chongqing University,
Ministry of Education, Chongqing 400044, China; lqzx@cqu.edu.cn

4 Institute of Engineering Thermophysics, School of Energy and Power Engineering, Chongqing University,
Chongqing 400044, China

* Correspondence: apilsa@kku.ac.th

Received: 14 December 2018; Accepted: 6 March 2019; Published: 8 March 2019
����������
�������

Abstract: Simultaneous saccharification and fermentation (SSF) and pre-hydrolysis with SSF (PSSF)
were used to produce hydrogen from the biomass of Chlorella sp. SSF was conducted using an
enzyme mixture consisting of 80 filter paper unit (FPU) g-biomass−1 of cellulase, 92 U g-biomass−1

of amylase, and 120 U g-biomass−1 of glucoamylase at 35 ◦C for 108 h. This yielded 170 mL-H2

g-volatile-solids−1 (VS), with a productivity of 1.6 mL-H2 g-VS−1 h−1. Pre-hydrolyzing the biomass
at 50 ◦C for 12 h resulted in the production of 1.8 g/L of reducing sugars, leading to a hydrogen
yield (HY) of 172 mL-H2 g-VS−1. Using PSSF, the fermentation time was shortened by 36 h in which
a productivity of 2.4 mL-H2 g-VS−1 h−1 was attained. To the best of our knowledge, the present
study is the first report on the use of SSF and PSSF for hydrogen production from microalgal biomass,
and the HY obtained in the study is by far the highest yield reported. Our results indicate that PSSF
is a promising process for hydrogen production from microalgal biomass.

Keywords: renewable energy; microalgal biomass; pretreatment; enzymatic hydrolysis;
dark fermentation

1. Introduction

Hydrogen is one of the promising energy carriers for modern society [1,2]. Its use has gained
increasing attention in the past decades, owing to its high specific energy (142 MJ kg−1) [3,4] and its
environmental friendliness, i.e., the combustion of hydrogen gives only water as a by-product [5,6].
To date, the industrial production of hydrogen is by chemical conversion of fossil fuels, i.e., natural
gas, coal, and oil [7], through processes like hydrocarbon reforming, desulfurization, pyrolysis,
plasma reforming, aqueous phase reforming, and ammonia reforming [8]. However, depleting fossil
fuel reserves, coupled with increasing environmental concerns due to fossil fuels consumption,
have led to vigorous investigation on hydrogen production via biological routes. Among the
biological hydrogen production processes, dark fermentation is considered a promising technology.
Dark fermentation gives a high hydrogen production rate, can utilize diverse feedstock including
wasted materials, and does not require light [9,10], which in principle is more economical and more
sustainable compared with other processes [11].
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Over recent decades, microalgal biomass has been regarded as a highly potential feedstock for
hydrogen production, owing to its high growth rate and high carbohydrate and protein contents [12].
Moreover, microalgal biomass is superior to other feedstock, e.g., food crops and lignocellulosic
biomass, because it has no competition with food crops for arable land, it is not typically used
in food production [13], and it has less or no lignin content [14], which enables a more facile
saccharification than lignocellulosic biomass [15]. The lack of lignin allows microalgal biomass to be
used directly without pretreatment, which could dramatically reduce the cost and time for substrate
preparation [16]. A clear example of this advantage can be seen through a comparison between studies
of Wieczorek et al. [17] and Cheng et al. [18]. In the work of Wieczorek et al., no pretreatment of
Chlorella vulgaris biomass was performed. The biomass was only hydrolyzed enzymatically before use
in a fermentation, which resulted in a hydrogen yield (HY) of 135 mL-H2 g-VS−1. On the other hand,
Cheng et al. conducted several steps of water hyacinth preparation, i.e., microwave-assisted dilute
acid pretreatment (1% H2SO4), enzymatic hydrolysis, and detoxification of the pretreated substrate.
Fermentation of the prepared water hyacinth gave a similar HY to that reported in the study of
Wieczorek et al. (134.9 mL-H2 g-VS−1). Another advantage of using microalgal biomass is that carbon
dioxide (CO2) can be used as the carbon source for the cultivation. This can help reduce the CO2 in the
atmosphere [19]. Based on an empirical formula of microalgal biomass, C8.1H15.1O3.8N [20], assuming
acetic acid is a sole by-product and a volatile solids (VS) content of 92% (w/w) [21], a stoichiometric
yield assuming a complete conversion of the biomass into hydrogen under dark fermentation is around
620 mL g-biomass−1 (670 mL g-VS−1). Compared with a hydrogen yield (HY) of 11 to 135 mL g-VS−1

reported in literature [17,22], it is clear that the HY should be enhanced so that the use of microalgal
biomass is more viable.

To increase the HY, pretreatment of the biomass prior to fermentation is widely conducted.
Pretreatment can be the use of physical agents, e.g., heat [23], chemical agents (i.e., acids or
alkalis [24,25]), biological agents (such as enzymes [17]), or the combination thereof. The use of
enzymes is considered more sustainable than the use of chemicals, because it can be performed under
milder conditions and no pH neutralization is required for the subsequent fermentation [26]. However,
conducting pretreatment or saccharification prior to fermentation in a so-called separate hydrolysis
and fermentation (SHF) process is known to have high operational costs and longer processing
times (saccharification and fermentation are conducted in separate vessels) [12]. In order to partially
solve these problems, a process known as simultaneous saccharification and fermentation (SSF) is
implemented. In the SSF process, enzymes and hydrogen producers are added to a bioreactor at the
same time to allow saccharification and fermentation to occur simultaneously. This approach was used
previously by Quéméneur et al. [27] to produce hydrogen from wheat straw. In the study, an enzyme
mixture produced by an engineered Trichoderma strain was added directly to a fermentation system
containing heat-treated mesophilic anaerobically-digested sludge composing mainly of Clostridia as
hydrogen producers (this process was called a one-stage system in the original paper). With the use
of only one bioreactor, capital and operational costs for the SSF process are lower, compared to those
of the SHF process. In addition, the time required for the SSF process is shorter, leading to a higher
productivity [28]. SSF has been widely investigated for ethanol production from various biomass,
including Napier grass [29], cornstalks [30], and cogongrass [31]. However, no reports have been
found for its use on microalgal biomass for hydrogen production.

In the present study, a biomass of Chlorella sp. was used as the feedstock as it was reported to
have a high growth rate [32] and an ability to tolerate high CO2 (carbon source) and high temperature
levels [33]. The process of SSF was investigated for its applicability for hydrogen production
from Chlorella sp. biomass. Moreover, the SSF process was further improved by incorporating a
pre-hydrolysis step to SSF. This sequential process was called pre-hydrolysis with SSF (PSSF) in
the present study. The key results from the SSF and PSSF experiment were compared with those
reported in literature to reveal the potential of these processes for hydrogen production. In addition,
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the applicability of PSSF as an alternative process for hydrogen production from microalgal biomass is
subsequently discussed.

2. Materials and Methods

2.1. Microalgae and Inoculum

A dry biomass of Chlorella sp. was produced by Fuqing King Dnarmsa Spirulina Co. Ltd., Fujian,
China. The microalgae was grown on coal flue gas [21]. The biomass contained protein, carbohydrate,
lipid, and ash at levels of 52.3%, 29.2%, 8.7%, and 5.1% (w/w), respectively. The inoculum for hydrogen
production was anaerobic granules collected from an anaerobic digester at Khon Kaen Brewery Co.,
Ltd., Khon Kaen, Thailand. It was stored at 4 ◦C until use. The granules were heat treated in a hot
air oven at 105 ◦C for 4 h to inhibit methane-producing microorganisms before being acclimatized in
Chlorella sp. biomass suspensions. The acclimatization was conducted by incubating the inoculum in
a basic anaerobic (BA) medium [34] containing 10 g L−1 of Chlorella sp. biomass at 35±2 ◦C. It was
transferred to a fresh acclimatization medium four times (every 3 days) before use.

2.2. Effect of Initial Biomass Concentration on Hydrogen Production under SSF

Previous reports demonstrated that increasing the microalgal biomass concentration led to
an increased viscosity of the suspension [35]. This could possibly affect the performance of the
fermentation. Therefore, this study investigated the effect of microalgal biomass concentrations,
ranging from 10 to 50 g L−1 (on a dry basis), on hydrogen production via SSF. Suspensions of Chlorella
sp. biomass were transferred into 600 mL serum bottles with a working volume of 350 mL. An enzyme
mixture consisting of pre-optimized titers of cellulase, alpha-amylase, and glucoamylase at 80 filter
paper unit (FPU) g-biomass−1, 92 U g-biomass−1, and 120 U g-biomass−1, respectively, was added
to the bottles. After that, the anaerobic granules were added to the bottle at a substrate (microalgal
biomass) to inoculum (S/I) ratio of 4.8 g-volatile-solids (VS) g-VS−1. The enzymes used in the present
study were commercially available, namely Cellic® CTec2 (cellulase), Termamyl® SC (alpha-amylase),
and Dextrozyme® GA (glucoamylase). All the enzymes were purchased from Novozyme, Denmark.
The pre-optimization of enzyme titers was conducted using response surface methodology with
a central composite design (unpublished data). After adjusting the pH of the mixture to 6.6 by
the addition of 5 M NaOH and mixing well, the bottles were tightly capped with rubber stoppers
and aluminum caps. The headspace was flushed with nitrogen gas for 10 min to create anaerobic
conditions. The bottles were incubated in a shaking incubator (WIS-10R, Korea) at 35 ◦C with a rotation
speed of 150 rpm. Biogas production was measured regularly using a wetted glass syringe [36].
Gas samples were collected using a gas-tight syringe. The hydrogen content was determined using
gas chromatography (GC). The fermentations were allowed to proceed until the cumulative hydrogen
productions reached plateaus and no further production was observed. The hydrogen production
was then recorded and used for a HY calculation. An appropriate biomass concentration was selected
based on the HY.

2.3. Pre-Hydrolysis with Simultaneous Saccharification and Fermentation (PSSF) of Chlorella sp. Biomass

To determine the effect of pre-hydrolysis on hydrogen production, the pH values of the
suspensions of Chlorella sp. biomass at an optimum concentration were adjusted to 5.0 using 5 M
HCl, then the biomass was hydrolyzed using the enzyme mixture at 50 ◦C for 12 h. After that,
the temperature of the suspensions was lowered to 35 ± 2 ◦C. Subsequently, the suspensions were
inoculated with the anaerobic granules at a S/I ratio of 4.8 g-VS g-VS−1. Then, the pH was adjusted to
6.6 by the addition of 5 M NaOH. The fermentation was carried out until gas was no longer produced
(approximately 72 h). Gas samples were taken at regular intervals. All experiments were carried out in
triplicate. Average values with their standard deviations are reported.
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2.4. Analytical Methods

The composition of Chlorella sp. biomass was determined using standard methods [37] at the Food
Research and Testing Laboratory, Faculty of Science, Chulalongkorn University, Thailand. The biomass
elemental composition was analyzed using a CHNS-O Analyzer (Flash EA 1112, Thermo Quest, Italy)
at the Scientific Equipment Center, Prince of Songkla University, Thailand. Cellulase activity was
assayed using a standard method [38]. Alpha-amylase activity was assayed using a soluble starch
solution (0.1% (w/v) in sodium phosphate buffer) as the substrate. One unit of alpha-amylase was
defined as the amount of enzyme that released 1 mg of reducing sugar (maltose equivalent) per min at
50 ◦C. Glucoamylase activity was assayed using a 1% (w/v) soluble starch solution as the substrate
following the method of Bryjak [39]. One unit of glucoamylase was defined as the amount of enzyme
that released 1 mg of glucose per minute under the assay conditions.

The hydrogen content in the biogas was analyzed using GC (Shimadzu GC-2014, Japan) equipped
with a thermal conductivity detector (TCD) and a 2 m stainless steel column packed with Shin carbon
(50/80 mesh). The operating conditions were set following the study of Sitthikitpanya et al. [40].
The volume of hydrogen produced (mL) was calculated using an equation proposed by Zheng and
Yu [41]. The HY (mL g-VS−1) was calculated by dividing the cumulative volume of hydrogen by the
initial VS concentration. The values of the kinetic parameters for hydrogen production were estimated
by fitting data sets with the modified Gompertz equation (Equation (1)) using the Solver function of
Microsoft Office 2016:

H(t) = Hmax exp{− exp[[HPR·e·(λ− t)/Hmax] + 1]} (1)

where H(t) is the HY at time t (mL g-VS−1), Hmax is the maximum HY (mL g-VS−1), HPR is the
maximum hydrogen production rate (mL g-VS−1 h−1), λ is the lag time (h), and e is Euler’s number,
i.e., 2.71828 [42].

Volatile fatty acid (VFA) concentrations were determined following the method of
Nualsri et al. [43]. Reducing sugar concentrations were determined using the dinitrosalicylic acid
(DNS) method [44], with glucose as the standard.

3. Results and Discussion

3.1. Effect of Initial Biomass Concentration on Hydrogen Production under SSF

Figure 1 shows that the production of hydrogen increased significantly from 1188 ± 40 mL L−1

(132 ± 4 mL g-VS−1) to 3055 ± 214 mL L−1 (170 ± 12 mL g-VS−1) when the biomass concentration
was increased from 10 to 20 g L−1. Further increasing the biomass concentration to 50 g L−1 did not
result in a significant improvement in hydrogen production, as it fluctuated within a narrow range
of 2992 ± 168 to 3180 ± 88 mL L−1. Alternatively, the HY increased when the biomass concentration
was increased from 10 to 20 g L−1 and decreased when it was further increased, eventually reaching
70 ± 3 mL g-VS−1 at 50 g L−1. The low production of hydrogen at 10 g L−1 of biomass was considered
as attributing to the low availability of the substrate, while the reduction in the HY at 30–50 g L−1 of
biomass might have been due to the increased viscosity of the suspension, as well as the substrate
(reducing sugars resulting from the hydrolysis of biomass) and product (organic acids) inhibitions.
Initially, it was expected that using higher substrate concentrations would lead to a higher fermentable
sugar production and consequently a higher hydrogen production. However, it was reported that
the apparent viscosity of microalgal suspension changed as a function of biomass concentration [45],
and this is likely to be strain dependent. For example, suspensions of C. vulgaris started to show
non-Newtonian behavior at concentrations above 60 g L−1 [46], while the suspensions of C. pyrenoidosa
showed non-Newtonian behavior at concentrations above 150 g L−1 [45]. This phenomenon was
also observed for other strains of microalgae, e.g., suspensions of Nanochloropsis salina in a range of
9.74–24.01% total solids [47] and Scenedesmus obliquus in a range of 0–150 g L−1 [48]. The increased
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viscosity could result in insufficient mixing and heat transfer, the reduction in water availability,
and the irreversible binding of enzymes to the substrate [49]. These adversely affected bacterial growth
and, consequently, hydrogen production [50]. Furthermore, a high substrate concentration could result
in the greater production of reducing sugars, which could act as inhibitors for hydrogen production as
previously observed in a study of Wang and Wan [51]. The higher production of short chain organic
acids could also be possible at higher substrate concentrations. This could result in a drop of pH to
a level that is not suitable for hydrogen production [52]. In the present study, it was found that the
final pH of the fermentation broths tended to decrease when higher biomass concentrations were
used (data not shown), which correlated with the production of organic acids shown in Figure 2.
The final pH values of the fermentation broths were in a range of 3.7–4.5, which were much lower
than the initial value of 6.6. This could be another reason for the low HY observed at higher biomass
concentrations. It is noteworthy that the effect of biomass concentration on the performance of a
fermentation varies depending on the types of substrates, microorganisms used, and fermentation
conditions [53]. For instance, relatively low biomass concentrations were reported to be suitable for
thermophilic hydrogen production, while a much higher concentration was optimum for mesophilic
fermentation. Wieczorek, Kucuker, and Kuchta [17] reported that 11 g-biomass L−1 was suitable
for thermophilic hydrogen production from the biomass of C. vulgaris. Roy et al. [54] showed that
hydrogen production was maximum when 14 g L−1 of C. sorokiniana, previously pretreated with
20% HCl (v/v), was fermented by a thermophilic mixed culture collected from a distillery anaerobic
digester. On the other hand, Yun et al. [55] reported that 76 g-biomass L−1 of C. vulgaris biomass was
optimum for mesophilic (35 ◦C) fermentation using sludge from a wastewater treatment plant.
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Figure 1. Hydrogen production from the biomass of Chlorella sp. at 10–50 g L−1 via SSF.

Using the modified Gompertz model (see Section 2.4.), the values for the kinetic parameters for
hydrogen production, i.e., Hmax, HPR, and λ, were estimated. Table 1 shows that HPR and lag time
were affected by the increasing biomass concentrations. Significantly lower HPRs were observed at
40 and 50 g L−1 of the biomass, while the lag time was lengthened at concentrations above 10 g L−1.
As discussed earlier, high substrate concentrations led to higher viscosities and limited mass transfer,
which adversely affected bacterial growth and, consequently, hydrogen production [50]. Based on the
results shown in Figure 1 and Table 1, the optimum biomass concentration was 20 g L−1.
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Table 1. Kinetic parameters estimated using the modified Gompertz model for hydrogen production
from Chlorella sp. biomass at various biomass concentrations.

Biomass Concentration
(g L−1)

Hmax
(mL g-VS−1)

HPR
(mL g-VS−1 h−1) λ (h)

10 132 ± 4 b 11.1 ± 0.2 a 2.7 ± 0.3 e

20 153 ± 11 a 11.2 ± 0.2 a 5.8 ± 0.5 d

30 108 ± 6 c 11.8 ± 0.0 a 7.5 ± 0.3 c

40 87 ± 8 d 9.3 ± 1.4 b 9.5 ± 0.6 b

50 68 ± 3 e 9.2 ± 0.3 b 11.0 ± 0.2 a

Hmax is maximum hydrogen yield, HPR is maximum hydrogen production rate, and λ is lag time. Different letters
in the same column denote the significant differences at p ≤ 0.05. The data are the means of triplicate experiments
with standard deviations (SD) of the means. Different alphabets in the same column denote significant difference at
95% confidence level.

The concentrations of soluble metabolite products (SMPs) increased with increasing biomass
concentrations, with acetic, butyric, and lactic acids as the major components in all experiments
(Figure 2). It is common that acetic and butyric acids are the primary VFAs detected in hydrogenic
effluent as these are by-products of hydrogen synthesis [56]. Propionic acid can be produced by
Clostridium sp. through a hydrogen-consuming reaction [57]. Formic acid is an intermediate product of
hydrogen synthesis [58], while lactic acid can be produced by Clostridia through a hydrogen-neutral
pathway or by lactic acid bacteria (LAB) contaminating the system [59]. It is notable that the
concentration of lactic acid increased to very high levels when the biomass concentration was increased
to 30–50 g L−1 (7.23 ± 0.48–11.14 ± 0.93 g L−1). This was speculated to be due to the presence of
LAB in the fermentation system and was confirmed by a side experiment. The microalgal biomass
(1 g), anaerobic granules (1 g), and 1 mL of the enzyme mixture were mixed with 9 mL of normal
saline solution. After 10-fold serial dilutions, 1 mL of the samples were grown on De Man, Rogosa,
Sharpe (MRS) agar containing 1% (w/v) CaCO3 at 35 ◦C for 3–4 days in an anaerobic jar. A visual
inspection of the agar plates clearly showed that both the biomass and granules contained LAB.
However, no LAB was detected in the mixed enzymes. The findings were consistent with our previous
reports [60,61] that the anaerobic granules collected from the anaerobic digester at Khon Kaen Brewery
Co., Ltd., Khon Kaen, Thailand contained Lactobacillus spp. The presence of LAB was considered
adverse as, aside from their competitive consumption of substrate, lactic acid can lower the pH of a
fermentation broth, leading to unfavorable conditions for hydrogen synthesis [62].
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3.2. SSF and PSSF of Chlorella sp. Biomass for Hydrogen Production

Figure 3A shows the changes in the reducing sugar concentration and hydrogen production
during the course of SSF using a biomass concentration of 20 g L−1. The concentration of reducing
sugars decreased rapidly during the first 24 h, from 5.1± 0.2 g L−1 to 1.4 ± 0.1 g L−1, corresponding to
a rapid production of hydrogen to 122 ± 11 mL g-VS−1. After that, the reducing sugar concentration
increased slightly to 2.0 ± 0.2 g L−1 at 48 h and stayed relatively constant afterward. Nevertheless,
the hydrogen production continued to increase, eventually reaching 170 ± 12 mL g-VS−1 (3055 mL
L−1) at 108 h. The overall hydrogen productivity was 1.6 mL g-VS−1 h−1. The presence of active
enzymes in the system was considered the main reason for the increased hydrogen production during
the 48–108 h period, where the concentration of reducing sugars was constant. It should be noted that
the reducing sugar concentration reported in the present study was glucose equivalent.
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A pre-hydrolysis of the Chlorella sp. biomass was conducted prior to SSF with an aim to improve
the production of hydrogen. Previous research reported that the PSSF process showed promising
potential for ethanol production from artichoke, spruce chips, and sugarcane bagasse [63–65]. In the
present study, PSSF gave a similar HY (172 mL g-VS−1) to SSF but the productivity was significantly
higher (2.4 mL g-VS−1 h−1). Figure 3B shows that pre-hydrolysis resulted in the production of 1.8 g L−1

of reducing sugars, which was 1.4 times those that were present at the beginning of the SSF experiment.
After inoculation, the reducing sugars were rapidly consumed to produce hydrogen. The rate of
hydrogen production during this period (12–36 h) was 6.5 mL g-VS−1 h−1. The vigorous production of
hydrogen continued until 36 h. Then, the production rate decreased, as reflected by the gradual increase
in the hydrogen yield after 36 h. On the other hand, the concentration of reducing sugars started to
increase slightly at 36 h. This signified that the utilization of reducing sugars for hydrogen synthesis
was low after 36 h and the process should be terminated to maximize productivity. A reason for the
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slight increase in reducing sugars after 36 h might be that the accumulation of SMPs in the fermentation
broth reached a level that was inhibitory to cells. As a consequence, the production of hydrogen was
limited, leading to a lower rate of reducing sugar consumption, compared with the rate of sugar
production by the enzymes present in the system. It should be noted that the concentration of reducing
sugars shown in Figure 3A,B are the net concentrations, which were the concentration of sugars
remaining after the production by enzymatic hydrolysis and microbial consumption. The relatively
constant concentration therefore indicates the same rates of sugar production and consumption,
while the increase in the concentration indicates that the sugar consumption rate is lower than the
sugar production rate.

The results obtained in the PSSF experiments clearly revealed that this process has a better
hydrogen productivity than SSF. The fermentation time was reduced by 36 h (from 108 to 72 h),
which benefits the economics of the process. The concentration of SMPs in the hydrogenic effluents
under SSF and PSSF were similar at 5.96 g L−1 and 5.58 g L−1, respectively. The major components
were acetic and butyric acids, which accounted for over 70% of the total VFAs (Table 2). This indicates
that the fermentation under both SSF and PSSF was an acetate-butyrate type.

Table 2. Soluble metabolite products in the hydrogenic effluents of the SSF and PSSF experiments
using a biomass concentration of 20 g L−1.

Process HBu (g L−1) HPr (g L−1) HAc (g L−1) HFo (g L−1) HLa (g L−1) Total VFAs (g L−1)

SSF 2.4 ± 0.4 0.03 ± 0.00 2.3 ± 0.4 0.03 ± 0.02 1.2 ± 0.2 5.96 ± 1.02
PSSF 1.9 ± 0.3 0.07 ± 0.01 2.4 ± 0.3 0.11 ± 0.07 1.1 ± 0.1 5.58 ± 0.78

HBu is butyric acid, HPr is propionic acid, HAc is acetic acid, HFo is formic acid, HLa is lactic acid, and Total VFAs
is the sum of the HBu, HPr, HAc, HFo, and HLa concentrations.

Table 3 shows the results of the hydrogen production from the Chlorella sp. biomass obtained
in this study, along with those reported in the literature using the SHF process. It is clear that the
processes used in the present study (SSF and PSSF) gave far higher HY compared to those reported
earlier. Using SHF, the HY was in the range of 42–125 mL g-biomass−1 [17,24,66,67], obviously
lower than that obtained in the present study under SSF (153 mL g-biomass−1) and PSSF (154.8 mL
g-biomass−1). This was considered as due to the fact that the active enzymes present in the system
continued to hydrolyze the biomass during SSF, producing additional reducing sugars for hydrogen
production. The presence of active enzymes and the production of additional reducing sugars during
the course of fermentation are the main differences between the present study and the previous studies
using a conventional SHF process for hydrogen production. In addition, the use of enzymes in the
present study did not generate microbial inhibitors as would be the case in a process using chemical
pretreatment, and, since SSF avoids substrate (sugar) inhibition [65], the production of hydrogen
proceeded with either no or less inhibition. It was also noticeable that the HY of this study was
higher than the 135 mL g-VS−1 reported by Wieczorek et al. [17], where Onozuka R-10 (cellulase from
Trichoderma viride) and Macerozyme R-10 (pectinase from Rhizopus sp.) were used. This could have
been due to the difference in the types of enzymes, inoculum, composition of microalgal biomass,
and the operating conditions during the fermentation [68]. It is noteworthy that the carbohydrate
content of the biomass used in this study was 29.2%, which was around twice that of the biomass
used in the study of Wieczorek et al. [17] (13.4%). Based on the HY and hydrogen productivity shown
in Table 3, it can be concluded that the SSF and PSSF processes are more effective than the SHF
process in producing hydrogen from Chlorella sp. biomass. Further comparison between SSF and PSSF
revealed that the latter is even more effective as it increased hydrogen productivity by 50% from 1.6 to
2.4 mL g-VS−1 h−1. It is noteworthy that, to the best of our knowledge, the use of the PSSF process for
hydrogen production from Chlorella sp. biomass has never been reported in the literature. Therefore,
the investigation of the PSSF process in the present study can provide extended knowledge on process
development for enhancing hydrogen production from microalgal biomass.
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Table 3. Hydrogen yield and productivity obtained using Chlorella biomass as a substrate.

Algae Strain Fermentation
Process

Pretreatment Hydrogen Yield
(mL g-biomass−1)

Energy Yield (kJ
g-biomass−1)

Hydrogen Productivity
(mL g-VS−1 h−1) Reference

Method Conditions

C. vulgaris SHF Acid-ultrasonic 0.79% (v/w) HCl, 49,600 kJ kg-DW−1, 36 min 42.1 0.54 n/a [66]
C. vulgaris SHF Acid-thermal 1% HCl, 92 ◦C, 47 min 47.1 0.60 n/a [24]

C. vulgaris FSP-E SHF Enzymatic Accellerase 1500,
45 ◦C, 3 days 57.3 0.73 n/a [67]

C. vulgaris SHF Enzymatic Onozuka R-10, Macerozyme R-10 124.9 1.59 1.1 [17]

Chlorella sp. SSF No pretreatment Cellic CTec2, Termamyl SC, and Dextrozyme GA, 35 ◦C 153 1.94 1.6 This study
PSSF Pre-hydrolysis Cellic CTec2, Termamyl SC, and Dextrozyme GA, 50 ◦C, 12 h 154.8 1.97 2.4 This study

SHF: separate hydrolysis and fermentation; SSF: simultaneous saccharification and fermentation; PSSF: pre-hydrolysis with simultaneous saccharification and fermentation;
n/a: not available as fermentation time was not reported. Energy yield was calculated based on the energy density of hydrogen of 12.7 MJ m−3 [69].
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3.3. Applicability of PSSF for Hydrogen Production from Chlorella sp. Biomass

Analysis of the elemental composition of the biomass revealed that it contained 47.2% carbon,
6.5% hydrogen, 0.6% sulfur, 30.2% oxygen, and 8.4% nitrogen. Based on this, the elemental formula
of the biomass was C6.55H10.83O3.15N. Assuming acetic acid was the sole by-product of hydrogen
fermentation, 747 mL-H2 g-dry-mass−1 could theoretically be obtained (Equation (2)):

100 C6.55H10.83O3.15N + 557 H2O→ 218 CH3COOH + 513 H2 + 218 CO2 + 100 NH3 (2)

In the present study, 154.8 mL-H2 g-dry-mass−1 (172 mL-H2 g-VS−1) was attained under PSSF,
which is only around 21% of the theoretical value. However, the theoretical maximum assumes that
all the components in the biomass can be converted to hydrogen, which is unlikely. Considering that
carbohydrate is the most readily assimilable nutrient for hydrogen production [70], while proteins
and lipids contribute negligibly to its production [71], the calculation of theoretical HY should be
based on the carbohydrate content of the substrate. With 29.2% carbohydrate, equivalent to 324.1 mg
g-biomass−1, 182 mL g-biomass−1 of hydrogen would be obtained through the reaction shown in
Equation (3), assuming acetic acid was the sole by-product:

0.0018C6H12O6+0.0036H2O→ 0.0036CH3COOH + 0.0036CO2+0.0072H2 (3)

In this respect, the HY of 154.8 mL-H2 g-biomass−1 was approximately 85% of the theoretical
value. This suggests that most of the carbohydrate in the biomass was converted to hydrogen in this
PSSF process, and that it is a promising method for hydrogen production from Chlorella sp. biomass.
However, it is worth noting that the enzymes used in the present study could also contain reducing
sugars, which could partly attribute to the hydrogen produced in the process. To further increase the
applicability of PSSF for hydrogen production, based on results shown in Figure 3B, it was considered
that the process can be conducted in a fed-batch manner, with pulse or continuous feedings, in order
to reduce the possible effects of a high solids concentration [72] on the hydrogen producer, and for the
cells to be able to consume the nutrients available in the system more efficiently. Mixing the microalgal
biomass with carbon-rich feedstock, e.g., cassava pulp, and using it as a co-substrate can also be
advantageous for the fermentation. These concepts are under investigation in our laboratory.

4. Conclusions

In the present study, simultaneous saccharification and fermentation (SSF) and pre-hydrolysis
with SSF (PSSF) processes were used to produce hydrogen from the biomass of Chlorella sp. SSF of
20 g L−1 of biomass with the use of cellulase, alpha-amylase, and glucoamylase gave a hydrogen yield
(HY) of 153 mL g-biomass−1 (170 mL g-VS−1), with a productivity of 1.6 mL g-VS−1 h−1. When a
pre-hydrolysis step was conducted preceding a conventional SSF process, a similar HY (154.8 mL
g-biomass−1, equivalent to 172 mL-H2 g-VS−1) was attained. Nevertheless, hydrogen productivity
dramatically improved in the PSSF process. Additionally, the HY of 154.8 mL g-biomass−1 obtained
through the PSSF process is by far the highest HY from microalgal biomass reported in literature.
This suggests that PSSF has a strong potential for producing hydrogen from Chlorella sp. biomass.
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