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Abstract: A previous study by the present authors identified nutrients necessary for hydrogen production,
which was enhanced by using casamino acids (CAAs) as a nitrogen source. However, CAAs are costly;
accordingly, using algal waste substrates with different nutrient compositions was speculated to serve as an
alternative strategy for increasing hydrogen production from biomass. The present findings showed that
optimizing the levels of the minerals FeCl,, NaHCO;, MgCl,, and K,HPO, improved hydrogen yield (HY) to
107 ml Hy/volatile solids (VS). Using Chlorella fusca or Ulva lactuca as a single substrate, the cultures
required CAAs supplementation at concentrations of 13.33 and 6.67 g/l, respectively. However, using a blend
of both substrates at a ratio 4 : 1 reduced the CAAs requirement to 3.33 g/l, with a HY of 117 ml H,/VS. Thus,
feedstocks consisting of biomass from different sources reduce the amount of CAAs required, therefore
decreasing cost whilst increasing effective energy production.
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Abbreviations

CAAs, casamino acid; FID, flame ionization detector; HPB, hydrogen-producing bacteria; HY, hydrogen
yield; ODgy, Optical density at 620 nm; TS, total solid; VFA, volatile fatty acids; VS, volatile solid

1. INTRODUCTION

Concerns regarding fossil fuel depletion and their environmental impact from burning— particularly
greenhouse gas emissions—have prompted a search for alternative renewable energy sources (Hahn-
Hégerdal et al., 2006). Biofuel produced from biomass is an alternative to fossil fuels that has many
benefits, including reduced environmental impact, greater energy security, and foreign exchange
savings (Balat, 2010; Kan, 2009).

Dark fermentation has attracted increasing interest over the last decade for its potential to produce
‘green’ hydrogen from readily available and low-cost organic biomass (Azwar et al., 2014); a high
rate and yield are important for the sustainability of commercial biohydrogen production.
Fermentative hydrogen production by hydrogen-producing bacteria (HPB) requires trace amounts of
essential metal ions (Wang & Wan, 2009), although higher concentrations inhibit bacterial
metabolism (Liu et al., 2009). In a previous stage of this work, it was shown that hydrogen production
by Clostridium butyricum RAK25832 required four critical minerals, namely MgCl,-6H,0,
K,HPO,-3H,0, NaHCO; and FeCl,-4H,0, and that casamino acids (CAAS) are an important source
of nitrogen for hydrogen production (Aly et al., 2017). CAAs are amino acids derived from casein
acid hydrolysis and are used as a supplement in bacterial cultures to enhance growth. However, CAAs
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are expensive to scale up (Lev, 1977; Lindsay & Murrell, 1983; Nolan, 1971), which is a major
impediment to large-scale biohydrogen production. There is, therefore, a need to develop more
economically feasible strategies (Cheng et al., 2011).

One way to lower the cost of biohydrogen production is to use low-cost and renewable feedstock.
Aquatic biomass—especially macro- and micro-algae—have many advantages as biofuel substrates.
Firstly, algae have higher productivity than agricultural crops and do not require arable land, and
therefore do not compete with human food production (Dismukes et al., 2008; Fargione et al., 2008;
Sialve et al., 2009). Secondly, their low lignin content facilitates the process of energy conversion
from biomass to biofuels (Jones & Mayfield, 2012; Wei et al., 2013). The use of residual biomass
after lipid extraction can maximize energy production from micro-algal biomass (Brennan & Owende,
2010). Chlorella fusca was shown to be a good feedstock for biodiesel production (lipid content
20.4%) (unpublished data). Biofuels may be derived from oil (biodiesel) or sugar (e.g., biohydrogen
and bioethanol) via sequential or independent processes (biorefinery concept).

Macro-algal blooms have many detrimental effects. Seaweed wrack accumulates along shorelines and
produces foul odors (Wilce et al., 1982), while deep seaweeds physically obstruct other coastal life
(Hauxwell et al., 2001); moreover, decaying algal organic matter creates anoxic conditions that kill
fish and shellfish (Diaz, 2001). Ulva lactuca blooms are an environmental problem in the coastal
areas of Japan, especially in the summer; in the Seto Inland Sea, blooms have replaced seagrasses
(Sugimoto et al., 2007). Nonetheless, U. lactuca is a potential substrate for hydrogen production (Park
et al., 2009).

This study aimed to investigate whether algal waste could be used to produce hydrogen at a low cost
with high yield. Yield optimization by MgCl,-6H,0, K,HPO,-3H,0, NaHCO;, and FeCl,-4H,0
supplementation was investigated. Additionally, the applicability of biohydrogen produced by
blending C. fusca with U. lactuca waste materials at various ratios to reduce the amount of CAAs
required for dark fermentation by Clostridium butyricum RAK25832 was assessed.

2. MATERIALS AND METHODS
2.1 Microorganism

Fermentation was carried out using C. butyricum RAK25832 (Aly et al., 2017). The inoculum was
cultured under anaerobic conditions in medium composed of glucose (10 g/l), CAAs (26.67 g/l),
MgCl,-6H,0 (0.1 g/l), K,HPO,-3H,0 (6.67 g/l), NaHCO; (2.6 g/l), and FeCl,-4H,0 (0.002 g/I) (pH
8) at 30°C, and was harvested at late exponential phase. The supernatant was transferred to anaerobic
bottles that were sealed with a rubber and aluminum cap and then flushed with nitrogen gas. The
initial inoculum was adjusted to a final optical density at 620 hm (ODgy) of 0.1 by measuring the
absorbance with a U-1800 spectrophotometer (Hitachi, Tokyo, Japan) (Pan et al., 2008). All
chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan).

2.2 Algal feedstock

The micro-algal biomass C. fusca was obtained from the river Nile in Alexandria, Egypt and
identified by Petrotech-ffn Egypt R & D Center (Mansoura, Egypt). The isolate was grown in a 10-|
Magnaferm fermentor (New Brunswick Scientific Co., New Brunswick, NJ, USA) in commercial
medium (1 g urea and 0.3 g potassium phosphate/10 I, pH 7) at 25°C and under a light intensity of
1,200 lux (540 Meter; Testo, Sparta, NJ, USA) measured at the surface of the photo-bioreactor, with
aeration at a rate of 10 I/min. For harvesting, the biomass was allowed to settle by gravity and then
centrifuged at 4000 rpm for 10 min (Beckman Model; TJ-6, USA) after removing most of the liquid
phase. The wet biomass was oil extracted by the method of Bligh and Dyer (Bligh & Dyer, 1959),
yielding 510 mg/I dry weight biomass with a lipid content of 20.4%. The algal pellet remaining after
extraction was washed three times with clean water, dried overnight (12 h) at 70°C, and stored at
—20°C until use as a substrate in the fermentation reaction. The macro-alga U. lactuca was harvested
during the summer (May to July) at low tide on Wajiro beach, Fukuoka prefecture, Japan. The
biomass was cleaned with tap water, dried at 70°C, passed through a 200-u sieve, and stored at
—20°C.

The chemical composition of algal biomass was determined, with measurements performed in
duplicate (Table 1). Total solid (TS) and volatile solid (VS) in each type of algal biomass were
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determined according to Standard Methods 2540 G (APHA, 2005). Moisture content was determined
by drying the sample in an oven at 105°C until it reached a constant weight. Total ash was determined
by incineration at 550°C in a muffle furnace. The average moisture and ash contents were used to
calculate VS content. Protein content was estimated with the Lowry protein assay (Berges et al.,
1993), and total lipid content was determined according to Bligh and Dyer method (Bligh & Dyer,
1959). Carbon, hydrogen, and nitrogen content was determined with a Micro Corder JM 10 element
analyzer (J-Science Lab Co., Kyoto, Japan). Amino acid content was determined with an LC-500/V2
amino acid analyzer (Shimadzu, Kyoto, Japan) with lithium citrate (pH 2.98) as the buffer solution.

2.3 Biohydrogen production

Twelve sets of experiments were carried out to establish the optimal substrate blend ratio that would
enhance hydrogen yield (HY). U. lactuca and C. fusca (6 g VS each) were mixed in a 225-ml serum
bottle at various ratios. The working volume was adjusted to 100 ml after adding MgCl,-6H,0 (0.1
a/l), K;HPO,-3H,0 (6.67 g/l), NaHCO; (2.6 g¢/l), and FeCl,-4H,0 (0.002 g/l). The 12 C. fusca: U.
lactuca ratios by g VSwere 6:0,0:6,3:3,4:2,45:15,4.8: 1.2,5:1,2:4,15:45,1.2:4.8,
1: 5,and (3: 3) (Table 2). Groups 1 and 2 (6 : 0 and O : 6 ratios, respectively) represented the controls
for each feedstock, while group 12 (3 : 3 ratio) served as a control without mineral supplementation.
The experiment was performed in triplicate and the results are expressed as average * standard
deviation. Cultures were placed in a 120-rpm shaking water bath at 30°C for 48 h, with the initial pH
adjusted to 8.00 with 1 M NaOH and 1 M HCI, and were sterilized in an autoclave at 121°C for 15
min (2 atm) before starting the fermentative process. The initial inoculum was obtained at an ODg,q Of
0.1 in the final exponential phase. Bottles were sealed with rubber stoppers and purged with N, to
maintain anaerobic conditions.

Biogas volume was measured every 6 h by releasing the pressure in the bottle using wetted glass
syringes (50-100 ml) (Owen et al., 1979). The composition of the liquid phase was determined at the
end of the fermentation process. HY (ml H,/g VS alga) was calculated by dividing the total volume of
hydrogen produced by the amount of algal biomass used as fermentation substrate in terms of its VS
content.

The most favorable algal blend ratio obtained was optimized by including the following minerals to
enhance final yield: FeCl,-4H,0 (0, 0.001, 0.002, and 0.004 g/l), NaHCO; (0, 0.87, 1.73, 2.6, and 3.47
g/l), MgCl,-6H,0 (0, 0.1, 0.2, and 0.4 g/l), and K,HPO,4-3H,0 (0, 1.6, 3.33, and 6.67) g/l. The
potential for reducing CAA supplementation (392-00655; Wako Chemical Industries) was evaluated
by mixing algal waste at specific ratios with CAA (3.33, 6.66, 13.33, and 26.67 g/l).

2.4 Analysis of chemical composition

The biogas was collected directly from the headspace of the serum bottles using a gas-tight syringe.
The gaseous phase was analyzed by gas chromatography (GC-8APT; Shimadzu) with a thermal
conductivity detector and a Porapak Q stainless-steel column packed with an activated carbon 60/80
column (1.5 m x 3.0 mm internal diameter). Argon was used as the carrier gas at a flow rate of 6.5
ml/min. Operation temperatures for the injector, column, and detector were 50°C, 60°C, and 50°C,
respectively. Volatile fatty acid (VFA) concentration in the liquid phase was determined by gas
chromatography with a flame ionization detector (FID) and 8-foot glass column packed with 10%
polyethylene glycol-20M and 2% H3PO,4 (80/100 mesh). The temperatures of the injection port, FID
detector, and oven were 250°C, 140°C, and 140°C, respectively. Nitrogen was used as the carrier gas
at a flow rate of 20 ml/min. Ethanol concentration was determined by high-performance liquid
chromatography (LC_10AD equipped with a Shim pack SPR-PB column; Shimadzu); the oven
temperature was 80°C, and deionized water was used as the mobile phase at a flow rate of 0.6 ml/min
with a refraction index detector. Ammonia level was detected at the end of the fermentation process
according to 4500-NHj; standard methods (APHA, 2005).

2.5 Kinetics of hydrogen production

The amount of hydrogen gas produced was determined by measuring vial headspace gas composition
and total biogas volume at each time interval according to the following mass equation:

Vhi=Vui1+Chi(Vei— Va.i1) + Vu(Ch i — Chiii) (1)
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where V4 j and Vy, ;- are the cumulative hydrogen gas volumes, Vg j and Vg ;- are the total biogas
volumes, and Cy ; and Cy ;- are the hydrogen gas fractions in the headspace at the current (i) and
previous (i — 1) time intervals, respectively; and Vy is the total headspace volume of vials (Logan et
al., 2002).

Cumulative volume of produced hydrogen was determined according to a modified Gompertz
equation (Lay et al., 1997):

H = P exp{—exp [R':fe(l —t)+ 1]} )

where H is cumulative hydrogen production (ml); A is lag time (h); P is hydrogen production potential
(ml); Ry, is maximum hydrogen production rate (ml/h); and e is a constant (2.718281828). P, R, and
A values for each batch were estimated using the solver function of SigmaPlot v.12 software (Systat
Inc., San Jose, CA, USA) with a Newtonian algorithm.

3. RESULTS AND DISCUSSION
3.1. Determination of C. fusca and U. lactuca ratio for optimal HY

Twelve co-fermentation groups with different blend ratios of C. fusca and U. lactuca waste biomass
were evaluated to determine the ratio for maximal HY (Fig. 1). The duration of the fermentation
reaction was 48 h. HY was in the range of 22-90 ml H,/g VS. The highest yields were for groups 6
and 7; however, ammonia concentration was also higher for group 7 (Table 2). The control groups
had low yield: for group 1, the yield was only 53 ml H,/g VS, likely due to an insufficient amount of
free amino acids (nitrogen source) for hydrogen production by HPB. This is supported by a previous
study reporting that high C/N ratios in some algae led to VFA accumulation and depleted the nitrogen
available for fermentative bacteria (Xia et al., 2016). The low ammonia concentration in group 1 also
indicated that there was no surplus nitrogen in the form of free amino acids. The HY for group 2 was
even lower (22 ml H,/g VS), whereas ammonia concentration was high (164 mg/l), reflecting an
abundance of nitrogen in excess of bacterial needs. Low C/N ratios in some algal species can lead to a
high ammonia concentration, which inhibits fermentation (Allen et al., 2013). Accordingly, blending
the two types of waste biomass increased HY, since nitrogen depletion by one type of waste could be
compensated by the other. A comparison of groups 3 and 12 revealed that mineral supplementation is
important for hydrogen production. Mineral depletion resulted in a delay in lag time by 50%, leading
to a lag time of 20 h, and the overall yield decreased 20% (35 ml H,/g VS). The main VFAs produced
were acetic acid and butyric acid (Table 2), as expected for C. butyricum; this resulted in acidification
of the culture. The C. fusca : U. lactuca ratio of group 6 (4: 1), which had an HY of 86 ml H,/g VS
and lag time of 2 h, was selected for further experiments.
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Figure 1. Effect of different C. fusca and U. lactuca biomass blend ratios on HY by C. butyricum RAK25832
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Table 1. Characteristics of macro-algal biomass (U. lactuca) and micro-algae (C. fusca)

Algal biomass
C. fusca U. lactuca
TS (wwt %) 93.34 95.44
VS (wwt %) 94.60 82.18
Moisture (wwt %) 6.66 4.56
Ash (fixed solids; % TS) 5.40 17.82
C (%T) 47.48 35.36
H (%T) 6.83 5.20
N (%T) 8.76 3.95
O (%T) 31.53 37.67
C/N ratio 5.42 8.95
Proteins (% VS) 42.52 22.58
Lipids (% VS) 20.40 1.00

TS, total solid; VS, volatile solid.

Table 2. Kinetics parameters of hydrogen production by Clostridium butyricum RAK25832 using different
ratios of waste biomass micro-algae (C. fusca) and macro-algal biomass (U. lactuca)

Kinetics parameters VFA (mg-COD/I)
estimated from the
modified Gompertz model
Group | Biomass | Biomass | Final | NH,- Hydrogen A R? HAc | HPr I- N- | EtOH
blend ratio pH N rate (h) HBu | HBuU
ratio (C. fusca (mgfl) R
:U.
lactuca)
1 1:0 6:0 451 8.00 15.8 15 | 0.9502 | 223 0 0 725 10
2 0:1 0:6 4.33 | 164.67 6.4 6 | 0.9858 | 122 0 0 677 6
3 1:1 3:3 4.23 | 134.06 20.00 10 | 0.9652 | 220 0 0 698 15
4 2:1 4:2 4.33 | 159.16 22.08 9 | 0.9826 | 340 0 0 822 22
5 3:1 45:15 | 433 | 74.07 20.27 2 | 09788 | 350 0 0 835 23
6 4:1 48:12 | 425 | 19.00 37.19 2 | 0.9988 | 450 0 0 1135 25
7 5:1 5:1 4,13 | 25.56 39.03 2 | 0.9455 | 460 0 0 1132 23
8 1:2 2:4 4.22 | 120.59 9.04 3 | 0.9669 | 166 0 0 689 10
9 1:3 15:45 | 425 | 132.10 8.27 3 | 0.9563 | 161 0 0 683 11
10 1:4 1.2:48 | 425 | 135.28 7.35 2 | 0.9345 | 158 0 0 679 10
11 1:5 1:5 4.32 | 140.80 6.95 1 | 0.9340 | 152 0 0 677 8
12 1:1) (3:3) 443 | 78.97 9.88 20 | 0.9819 | 165 0 0 690 8

EtOH, ethanol; HAc, acetic acid; HPr, propionic acid; 1-HBu, isobutyric acid; NH4-N, ammonium nitrogen
content; N-HBu, butyric acid; R?, Correlation coefficient; VFA, volatile fatty acid.

3.2 Yield optimization with mineral supplementation

As mentioned earlier, only four minerals are essential for hydrogen production by C. butyricum
RAK?25832. The optimal concentrations of these minerals were determined as follows: MgCl,-6H,0
(0.1 g/1), K,HPO,-3H,0 (6.67 g/l), NaHCO; (2.6 g/l), and FeCl,-4H,0 (0.002 g/l).

3.2.1 Optimizing FeCl,-4H,0 concentration

Iron is the most important nutrient for hydrogen gas production as it is utilized for the formation of
hydrogenase and other enzymes (Lee et al., 2001; Oztekin et al., 2008). FeCl,-4H,0 was tested at
concentrations of 0, 0.001, 0.002, and 0.004 g/I. Eliminating FeCl,-4H,0 decreased HY by 55%.
Increasing the concentration above 0.002 g/l had no effect, whereas a concentration of 0.002 g/l had a
yield 86 ml Hy/g VS and a rate 38 ml H,/h. On the other hand, lag time was not greatly affected by
FeCl,-4H,O concentration (Fig. 2A), while VFA was unaffected by increases in FeCl,-4H,0
concentration beyond 0.002 g/l (Fig. 3A).
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3.2.2 Optimizing NaHCO; concentration

NaHCO; concentrations in the range of 0-3.47 g/l were tested (Fig. 2B). Complete elimination
increased lag time to 21 h and decreased yield to 41% (51 ml H,/g VS). The optimal concentration
was 1.73 g/l, which yielded 98 ml Hy/g VS, increased the rate to 39 ml Hy/h, and reduced lag time to 2
h. Further increases in the concentration decreased hydrogen production. VFA production increased
with concentration up to 1.73 g¢/l, with a slight decrease observed at higher concentrations (Fig. 3B).
NaHCO; is commonly used as a buffer in the culture medium to neutralize acidic reaction by-products
(Ai et al., 2014; Lee et al., 2004). A NaHCO; concentration of 0.124% (w/v) was previously reported
as the optimal concentration for C. butyricum cultures (He et al., 2004).

3.2.3 Optimizing MgCl,-6H,0 concentration

The effect of MgCl,-6H,0 was examined at concentrations of 0, 0.1, 0.2, and 0.4 g/l (Fig. 2C). In the
absence of MgCl,-6H,0, the yield decreased by 28%, whereas concentrations above 0.1 g/l did not
increase yield beyond 87 ml Hy/g VS with a rate 37 ml H,/h. VFA production caused the culture to
become acidified (Fig. 3C). In additional, VFA was not affected by increasing MgCl,-6H,0
concentration. Microorganisms mainly require Mg?®* for ribosome activity, as a cell membrane and
cell wall constituent, and as an enzyme cofactor. Thus, a decrease in Mg2+ concentration reduced cell
growth and ultimately, hydrogen production (Lin & Lay, 2005; Wang et al., 2007).

3.2.4 Optimizing K,HPO,-3H,0 concentration

The presence of P can improve microbial functions, including enzymatic activity and cell growth (Jo
etal., 2008; Lin & Lay, 2004). The effect of K,HPO,-3H,0 was examined at concentrations of 0, 1.6,
3.33, and 6.67 g/l (Fig. 2D). Eliminating K,HPO,-3H,O decreased HY by 25%. The optimal
concentration was 6.67 g/l, with a yield 87 ml H,/g VS and a rate of 39 ml Hy/h. HY and rates are
reported to be low in dark fermentations due to VFA accumulation (Liu & Shen, 2004; Yokoi et al.,
2001), which was observed at the end of the fermentation (Fig. 3D). VFA levels and lag time were
unaffected by increasing concentrations of K,HPO,-3H,0.
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Figure 2. Effect of different concentrations of (A) FeCl,-4H,0, (B) NaHCOs;, (C) MgCl,.6H,0, and (D)
K,HPO,-3H,0 and a C. fusca and U. lactuca biomass ratio of 4 : 1 on HY and hydrogen production rate by C.
butyricum RAK25832
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Figure 3. VFA produced in the presence of different concentrations of (A) FeCl,4H,0, (B) NaHCOs;, (C)
MgCl,-6H,0, and (D) K,HPO,-3H,0 at a C. fusca and U. lactuca biomass ratio of 4 : 1, relative to final pH

3.3 Effect of combining CAAs with algal biomass on HY
3.3.1 CAAs combined with a blend of C. fusca and U. lactuca

The effect of combining CAAs with algal biomass (group 6, C. fusca : U. lactuca ratio of 4 : 1) as a
nitrogen source were examined on hydrogen production by C. butyricum RAK25832. Cultures were
also supplemented with optimal concentrations of MgCl,-6H,0 (0.1 g/l), K,HPO,-3H,0 (6.67 g/l),
NaHCO; (1.73 g/l), and FeCl,-4H,0 (0.002 g¢/l) (Fig. 4). CAAs concentrations were 0, 1.67, 3.33,
6.67, 13.33, and 26.67 g/l. It was found that CAAs had a significant effect on hydrogen production: a
concentration of 3.33 g/l increased the yield from 107 to 117 ml H,/g VS, possibly by providing HPB
with the remaining amino acids required for fermentation. Acetic acid and butyric acid were the main
VFAs produced by fermentation (Fig. 5), resulting in acidification of the culture.
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Figure 4. Effect of different concentrations of CAAs combined with C. fusca and U. lactuca biomass at a ratio
of 4 : 1 on HY and hydrogen production rate by C. butyricum RAK25832
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Figure 5. VFAs associated with different CAAs concentrations combined C. fusca and U. lactuca biomass at a
ratio of 4 : 1 relative to final pH

3.3.2 CAAs combined with a single type of algal biomass

A maximum HY of 111 ml H,/g VS—representing a 50% increase—was achieved with a CAAS
concentration of 13.33 g/l in the presence of C. fusca (Fig. 6A). It was speculated that a similarly high
yield could be achieved by including waste algae biomass and thereby decreasing the amount of
CAAs required. A CAAs concentration of 6.67 g/l was required to obtain a maximum yield of 94 ml
H,/g VS in the presence of U. lactuca (Fig. 6B), which was higher than the concentration required
when using a mixture of the two types of algal biomass.

The fact that a lower amount of CAAs was required in the presence of U. lactuca as compared with
that in the presence of C. fusca may be related to the higher free amino acids concentration in the
former (Table 3). The amino acid requirements of HPB were met by using the algal blend biomass,
although CAAs compensated for the low levels of some amino acids. Thus, blending the two types of
algal waste biomass could reduce the amount of CAAs required for fermentation and thereby lower
the cost of hydrogen production by dark fermentation.

Table 3. Analysis of amino acid composition in C. fusca and U. lactuca

Amino acid C. fusca (mg/g) U. lactuca (mg/g)
Asp 0.196 0.199
Thr 0.490 0.199
Ser 0.294 0.299
Asn 0.294 0.249
Glu 0.735 1.643
Gln 0.147 1.444
Gly 0.245 0.598
Ala 2.645 0.747
Cit 0.049 0.149
Val 0.294 0.498

lle 0.147 0.349
Leu 0.245 0.349
Tyr 0.147 0.249
Phe 0.196 0.199
His 0.098 0.149
Lys 1.029 0.598
Arg 0.441 1.145
Pro 0.931 0.647
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Figure 6. Effect of different concentrations of CAAs combined with A) C. fusca and B) U. lactuca on HY and
hydrogen production rate by C. butyricum RAK25832

4. CONCLUSIONS

The present study investigated the possibility of reducing the requirement for CAAs—an effective but
costly nitrogen source—in biohydrogen fermentation by C. butyricum RAK?25832-mediated dark
fermentation via the introduction of an algal waste biomass blend. A C. fusca: U. lactuca ratioof 4 : 1
reduced the amount of CAAs required to 3.33 g/l. The deficiency in metal ions in algal waste was
partly mitigated by mineral supplementation. Based on these results, the use of more than one
nitrogen source to meet the nitrogen requirements of dark fermentation by C. butyricum RAK25832 is
recommended for maximal HY.
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