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Abstract

Background Hydrogen is a promising source of alternative energy. Fermentative production is more feasible
because of its high hydrogen generation rate, simple operating conditions, and utilization of various organic wastes
as substrates. The most significant constraint for biohydrogen production is supplying it at a low cost with fewer
impurities.

Results Leaf biomass of Calotropis procera was used as a feedstock for a dark fermentative production of hydrogen
by Bacillus coagulans AH1 (MN923076). The optimum operation conditions for biohydrogen production were 5.0%
substrate concentrationand pH 9.0, at 35 °C. In which the biohydrogen yield was 3.231 mmol H,/g dry biomass with-
out any pretreatments of the biomass. A freshwater microalga Oscillatroia sp was used for upgrading of the produced
biohydrogen. It sequestrated 97 and 99% % of CO, from the gas mixture when it was cultivated in BG11 and BG11-N
media, respectively After upgrading process, the residual microalgal cells exhibited 0.21mg/mL of biomass yield,high
content of chlorophyll-a (4.8 ug/mL) and carotenoid (11.1 ug/mL). In addition to Oscillatroia sp residual biomass
showed a lipid yield (7.5-8.7%) on the tested media.

Conclusion Bacillus coagulans AH1 is a promising tool for biohydrogen production avoiding the drawbacks of bio-
mass pretreatment. Oscillatroia sp is encouraged as a potent tool for upgrading and purification of biohydrogen.
These findings led to the development of a multiproduct biorefinery with zero waste that is more economically
sustainable.
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Introduction

Investigation of new alternative energy sources are
promising strategies to address the energy shortage
and environmental pollution that threaten social and
economic developments [1, 2]. Hydrogen is one of the
most valuable renewable carriers, can deliver or store
an enormous amount of energy. It can be used in fuel
cells to generate electricity, or heat. Hydrogen is char-
acterized as clean, pollution-free and high efficiency
and density energy, high, zero-or near zero-emissions
operation and reduce greenhouse gases emission [3,
4]. Numerous applications, such as distributed or com-
bined heat and power, backup power, systems for stor-
ing and enabling renewable energy, and portable power
can be powered by hydrogen and fuel cells. Moreover,
hydrogen and fuel cells were used as auxiliary power
for transportation, petroleum refining and fertilizer
production [4]. As a result, there is much potential for
this form of hydrogen production to replace fossil fuels
[5]. Biological hydrogen production via fermentative or
photosynthetic process is among the diverse technolo-
gies for hydrogen production. However, the fermenta-
tive production is more feasible as it has a fast rate of
hydrogen production, simple operation conditions, and

production of .
" carotenoid&Chl-a Lipld content
Oscillatoria sp

consumption of various organic wastes as substrates [6,
7]. Moreover, fermentative production of hydrogen not
only treats the organic wastes but also provides exten-
sive clean energy with low cost [5, 8]. Dark fermenta-
tion is the bioconversion of wastes (organic substrates)
such as agricultural, and industrial effluents into hydro-
gen through a series of biochemical reactions catalyzed
by bacteria under certain environmental conditions
[9]. The major advantage of biohydrogen production
through dark fermentation is the consumption of many
organic wastes such as cellulosic and lignocellulosic
as a substrate and it does not require light. Substrates
have a major influence on biohydrogen productivity
due to their different biodegradability [10, 11]. Due to
their capacity to produce beneficial biopolymers, the
latex-bearing plant could be used for many applications
[12]. Furthermore, many members of these plants yield
active chemicals that are frequently employed in tradi-
tional medical practices or toxin production in many
countries [13]. Calotropis procera (giant milkweed) is
a member of the family Asclepiadaceae that has been
studied primarily because of its variable medicinal
properties [14]. It has evergreen leaves, extensively dis-
seminated in the world [15, 16]. Other research have
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revealed that C. procera contains significant levels of
hydrocarbons. [16-18]. Calotropis procera was a poten-
tial plant for bioenergy and biofuel production in semi-
arid regions of the world [19, 20] as it is a fast-growing
plant with easily accessible biomass that is not normally
fed by cattle due to latex toxicity [15].

The limitation of biohydrogen production via dark
fermentation is the release of minor impurities such as
CO, H,S, N, and water vapour that reduce the quality of
produced hydrogen and constrain its industrial applica-
tions. Carbon dioxide which included in biogas reduces
the burning velocity which consequently impacts the
performance of the engine as well as decreases the peak
pressure and the maximum power inside the cylinder
[3, 21]. Biogas containing more than 45% carbon dioxide
causes harsh and irregular running of the engine. There-
fore, reduction of carbon dioxide content will certainly
improve the quality of biogas [22, 23]. Microalgae and
cyanobacteria are believed to solve the problem of bio-
hydrogen gas impurities due to their potential for CO,
sequestration [24]. They remove CO, from the atmos-
phere with greater efficacy than conventional energy
crops. The CO, efficacy may reach 99%, which corre-
sponds to 1.8 kg of CO, per kilogram of dried biomass
[25, 26]. In addition, they are anticipated to serve as the
raw material for upcoming multiproduct biorefiner-
ies. Owing to their rapid growth, substantial metabo-
lite composition, stress-tolerance mechanism, efficacy
in remediation of wastewater, highest CO, fixation rate,
and production of valuable metabolites with industrial,
environmental, and pharmaceutical significance [27-30]
The majority of microalgal biomass (>75%) is composed
of lipids and carbohydrates. Carbohydrates derived
from microalgae contribute equally to the biofuel indus-
try through fermentation or acid treatment to produce
bioethanol. Oleaginous microalgae can store 20-50% of
their desiccated cell mass in oil, which is 300 times more
than conventional energy crops [31, 32]. Several microal-
gal species can be stimulated to produce lipids by depriv-
ing themselves of nutrients [33]. After lipid extraction,
the desiccated biomass can be utilized for bioethanol
production, biochar production, and biofertilizer carriers
[34]. Moreover, the pigments produced from microalgae
can be used for industrial purposes [35]. Therefore, the
main objectives of this study are (i) microbial screening
and isolation of biohydrogen producing bacteria via non-
pretreated biomass of Calotropis procera, (ii) biohydro-
gen production using Bacillus coagulans AH1 including
optimization of fermentation conditions, (iii) upgrade of
biohydrogen using microalgal fermentation, iv) assess-
ment of microalgal usability for lipids, pigments.
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Materials and methods

Samples collection

Leaves biomass of C. procera were collected from Wadi-
Al-Assiuty-Assiut governorate, Egypt and prepared as
described by [19]. The granular sludge sample was col-
lected from the wastewater treatment plant in Arab Al-
Madabegh region, Assiut-Egypt. The samples were kept
in plastic sacs and used as a source of bacterial inoculum.

Enrichment, isolation and purification

of hydrogen-producing bacteria

The fermentative biohydrogen-producing bacteria were
isolated from the collected sludge sample. About 10% w/v
of sludge was seeded in a sterilized anaerobic medium
that was prepared according to the method described by
[36]. The medium was supplemented with 10% of dried
leaves biomass of C. procera as a substrate for biohydro-
gen production at pH 7.0 under strictly anaerobic condi-
tions. It was incubated at 35 °C for 10 days under aseptic
dark conditions with continuous shaking at 120 rpm to
provide better contact with the substrate. The produced
gas was received and collected in the graduated sterilized
syringe. The previous step was repeated three times by
placing 10% of the growing bacteria in a new anaerobic
media to perform enrichment under the same previously
mentioned conditions.

After the third enrichment step, a volume of 5 mL of
the fermented mixture was re-seeded into a 50 mL serum
bottle consisting of broth reinforced clostridial medium
(RCM) [37, 38] for isolation of the potential hydrogen-
producing isolates under anaerobic conditions. The com-
position of RCM per 1000 mL was: 3.0 g yeast extract,
10.09 g beef extract, 10.0 g peptone, 3.0 g sodium acetate,
5.0 g sodium chloride, 5.0 g glucose, 1.0 g soluble starch
and 0.5 g cysteine-hydrochloride, pH was adjusted to
6.8. The bottles were incubated at 35 °C with continu-
ous shaking at 120 rpm for 24 h. After that 100 pl was
streaked onto RCM agar covered with sterilized paraffin
oil and incubated at 35 °C for 24 h. The pure bacterial iso-
lates were obtained by repeated streaking on RCM agar
covered with sterilized paraffin oil. The purified isolates
were separately preserved for further use.

Molecular genetic characterization of the bacterial isolates
The bacterial isolates were genetically characterized
based on 16S rRNA gene sequencing after extraction of
total genomic DNA [39, 40]. Extraction of the genomic
DNA of the isolates was carried out at the Molecular
Biology Research Unit, Assiut University. Using universal
primers designed to amplify a 1500 bp segment of the 16S
rRNA gene, the conserved area of the gene was amplified
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by polymerase chain reaction (PCR) (Solgent Co., Ltd,
Bio-Industry Development Site, 63-10 Hwaan-Dong,
Yuseong-Gu, Daejeon, South Korea). The reverse primer
was 1492R(AGAGTTTGATCCTGGCTCAG), while the
forward primer was 27F (CGGCTACCTTGTTACGAC
TT). The obtained sequences of the isolates were aligned
and compared with the known 16SrRNA gene sequences
in the GenBank database using the BLAST search at
www.ncbi.nlm.nih.gov/blast/Blast.cgi.

A phylogenetic tree was developed to determine the
isolate’s taxonomic classification using MEGA 4.0’s
neighbour-joining approach. Phylogenetic trees were
derived from 16S rRNA gene sequences which built in
the context of 16S rRNA gene sequences from different
bacterial strains deposited from GenBank [41, 42].

Optimization of fermentative biohydrogen production

The bacterial cells were previously cultivated in RCM
at 35 °C, pH 7.0 and shaking at 120 rpm, under dark
strictly anaerobic conditions (by purging with argon). A
volume of 20 mL of bacterial suspension was anaerobi-
cally placed in a sterilized vail, centrifuged at 5000 rpm
for 10 min, and resuspended in phosphate buffer saline
(PBS). The batch experiments were performed in 120 mL
sterilized serum bottles with a working volume of 50 mL
of sterilized anaerobic medium supplemented with 0.5 g
dried leaves powder of C. procera after autoclaving and
inoculated with 10% v/v pre-growing bacterial cells
(OD660=1.3). The bottles were sealed well with steri-
lized air-tight rubber caps and parafilm, and incubated in
the dark at 35 °C. Then purged with argon gas to drop the
dissolved oxygen concentration down to zero. During the
incubation time (10 days), the produced gas was received
in a sterilized graduated syringe.

The concentration of produced biohydrogen was deter-
mined by gas chromatography (GC) (Shimadzu, GC-
2014) equipped with a thermal conductivity detector
(TCD) and Shin Carbon packed column (ST 80/100 2 m,
2 mm ID). Argon was used as carrier gas.

To assess the optimum nutritional and environmental
operation conditions for maximum biohydrogen pro-
ductivity, a conventional one-factor-at-a-time (OFAT)
method was applied. The batch experiments were per-
formed as previously mentioned at different substrate
concentrations (2.5, 5.0, 7.5, 10.0, 12.5 and 15.0%) with
pH 7 at 35 °C. For determination the optimum pH, the
medium pH was adjusted to 3.0, 5.0, 7.0, 9.0 or 11.0
before autoclaving using dilute HCI or NaOH 10% of sub-
strate was added at 35 ‘C. The fermentative media with a
substrate concentration of 10% and pH 7.0 was incubated
at (25, 30, 35, 40 and 45 °C) to determine the impact of
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environmental factors on biohydrogen production. The
bottles were incubated for 10 days with continuous shak-
ing at 120 rpm. A control sample was performed using a
fermentative medium containing either bacterial inocu-
lum (without substrate supplementation) or C. procera
biomass (without bacterial supplementation). An addi-
tional blank assay with only an anaerobic medium with-
out substrate or inoculum was also conducted.

After the assesment of the optimum value of each fac-
tor, the dark fermentation process was performed to
evaluate the amount of producing hydrogen at the opti-
mum conditions.

Biological upgrading of the produced biohydrogen

by microalgae

A filamentous microalgal isolate Oscillatoria sp. was
previously isolated from the Nile River canal, in Assiut,
Egypt. It was deposited in the World Data Center for
Microorganisms at Suez Canal University Fungarium
collection WDCM-1180 with strain ID: Oscillatoria
SCUF0000351. Oscillatoria sp. was enriched in BG11
medium consists per g/L 1.5; NaNO;, 0.04; K,HPO,,
0.075; MgSO,-7H,0, 0.036; CaCl,-2H,0, 0.006; Cit-
ric Acid-H,O, 0.006; ferric ammonium citrate, 0.001;
Na,EDTA-2H,0, 0.02; Na,CO; and 1 mL of trace ele-
ment mixture at pH 7.4 [43]. The microalgal cells were
incubated at 35 °C under a white, fluorescent lamp
(2000-3000 Ix intensity) as a light source.

For determine the gas upgrading potential, the micro-
algal cells were cultivated in air-tight rubber cap stop-
pered glass bottles containing three different media:
BG11, nitrogen-deprived BG11 medium (BG11- N) or
distilled water. The gas mixture (biohydrogen+CO,) that
was previously produced from AHI bacteria at the opti-
mum conditions was then passed over to the cultivated
cyanobacterial cells. They were incubated under a white,
fluorescent lamp (2000-3000 Ix intensity) at 35 °C and
150 rpm in an orbital shaker as illustrated in the flow-
chart Fig. 1. The impact of the passed gas mixture on
the growth indices and the physiological activities of the
microalgal cell was investigated.

Determination of the removal efficiency of carbon dioxide
The concentration of gas mixture (H, and CO,) before
(inlet) and after (outlet) passing through Oscillatoria sp.
cultures was determined by gas chromatography (GC).
The inlet and outlet gases were expressed as mmol (H, or
CO,)/g of microalgal dry weight (DW). The biohydrogen
to carbon dioxide ratio (H,/CO,) was estimated before
and after the purification process as well as the estima-
tion of the capability of CO,.
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Fig.1 Flowchart for biohydrogen purification by Oscillatoria sp

The removal efficiency of Oscillatoria sp was expressed
by the consumed percentage of the inlet CO, [44] as the
following equation:

CO;zremoval efficiency
— [(Inlet COy— Outlet COy) / Inlet COp1% I

Determination of physiological and growth indices

of Oscillatoria sp.

Determination of growth kinetics of Oscillatoria sp.

A volume of 50 mL of the cyanobacterial cells were har-
vested by centrifugation for 15 min. at 5000 rpm. The
dry weight of cyanobacterial cells was determined after
an overnight dry at 60 °C and it was expressed as mg/mL
cell suspension. At the termination of each batch culture,
the growth kinetics were carried out on a dry mass basis
using the gravimetric technique previously used [45]. The
biomass productivity (P biomass (mg mL™'d~!) was esti-
mated by applying the following equation:

Phiomass = (Wy — Wx) /reaction volume (mL)  (2)

where W, and W, were the initial and the final biomass
concentrations at the end of the incubation period.

The specific growth rate (u) was measured in terms of
day ™! via the following equation:

1= In (Wy/Wy)/(ty — t) ®3)

cultures of Oscillatoria sp.

biohydrogen

Dist. H,0
algal
culture

where t, and t, were the time of harvesting and start time
of cultivation, respectively. The doubling time (T,) for
microalgae could be derived from Eq. (3) as follows:

Ta= u(ty — t)/log2(Wy/Wy) (4)

The potential captivity of carbon dioxide by Oscillatoria sp.

In terms of CO, consumption by the microalgal biomass,
the ability of microalgae to fix CO, for conducting pho-
tosynthesis was assessed regularly. According to an equa-
tion developed from the average molecular formula of
algal biomass C00.48, H1.83, N0.11, P0.01 [46], the CO,
fixation rate (mg/mL d) was calculated, as follows:

PCO; = 1.883 X Ppiomass (5)

Estimation of photosynthetic pigments content

in Oscillatoria sp.

Chlorophyll was investigated to determine the pho-
tosynthetic efficiency while carotenoid pigment was
investigated to detect the potential of biotechnological
applications. They were extracted by absolute methanol
and quantified according to [47]. A volume of 2 mL of
the cell suspension was centrifuged at 5000 rpm for 10
min to obtain the cell pellet. Then pigments were resus-
pended in absolute methanol for 10 min for pigment
extraction. The sample was then kept for 24 h at 4 °C in
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the dark. It was centrifuged for 10 min at 5000 rpm to
remove the cell debris. The supernatant was determined
at 665 nm and 470 nm against blank (methanol). The
chl-a and total carotenoid contents were estimated based
on the following:

Chl —a (ug/mL) = 13.43(A665) v/b V (6)

Carotenoids (,ug/mL) = 4.4(A470)10)/b V (7)

where A665 and A470 are the absorbance values at 665
nm and 470 nm, respectively, against a blank; v was the
volume of applied solvent (mL), b was the spectropho-
tometric cell length (1 cm), and V is the sample volume
(mL).

Determination of the potential biodiesel production

from Oscillatoria sp.

After the upgrading process, the potential lipid content
produced form Oscillatoria sp. was determined accord-
ing to [48]. A weight of 50 mg of Oscillatoria sp. biomass
was harvested and homogenized in 4 mL ice—chilled
chloroform—methanol (2:1) to release lipids. After that
it was separated into chloroform and aqueous metha-
nol layers by the addition of 4 mL ice—chilled 1M MgCl,
solution. The lower chloroform layer which contained
most of the algal lipids was drawn off from the tube via
a long syringe. Lipids were transferred into dry test tube
and then evaporated and weighted to obtain the lipid
yield and content. The lipid yield calculated as % (w/w)
culture.,

Lipid content (%) = [(mglipid / mg dry mass) * 100]
8)

Statistical analysis
All experiments were performed in triplicate sets. Sta-
tistical analysis of data was performed using a one-way
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ANOVA test (Analysis of variance) by SPSS program ver-
sion 25. Dunken value was determined at 0.05 level.

Results

Isolation, molecular identification, and phylogenetic
analysis of the H,-producing isolate

Ten anaerobic bacteria isolates were isolated from the
sludge sample. The strain AH1 exhibited a high biogas
productivity. Therefore, it was selected for further stud-
ies. The nucleotide sequence of the hydrogen-produc-
ing bacterial isolate has been deposited in the GenBank
nucleotide sequence database under the name Bacillus
coagulans strain with the accession Number MN923076.
As analyzed by BLAST, the sequence of the 16S rRNA
gene of the isolated strain AH1 showed high identity
(99.93%) with Bacillus coagulans MT463837 in the Gen-
Bank as illustrated in Fig. 2.

Several sequences relevant to various Bacillus species
were chosen from the Genbank database for the building
of the phylogenetic trees to corroborate the location of
the strain AH1 in the phylogeny. The tree revealed that
B. coagulans and strain AH1 belonged to the same clade
cluster Fig. 2. As a result, Bacillus coagulans was deter-
mined to be strain AH1. The strain AH1 was deposited
in at Suez Canal University Fungarium culture collection
WDCM-1180 under strain ID: Bacillus SCUF0000352.

Determination of the operation conditions

for biohydrogen production

Impact of substrate concentration on Biohydrogen
productivity

The concentration of the produced biohydrogen was
investigated at different concentrations of C. procera
leaves powder (2.5, 5.0, 7.5, 10.0, 12.5, and 15.0%). The
amount of producing hydrogen from B. coagulans AH1
was 0.48, 2.94, 1.09, 0.73, 0.49, and 0.26 mmol H,/ g dry
biomass, respectively. It was observed that the optimum

MT544668.1 Bacillus coagulans strain 4089

MT597635.1 Bacillus coagulans strain 1790

MT463837.1 Bacillus coagulans strain 6593

AH1 MN923076

MT5977901.1 Bacillus coagulans strain 1986

Fig. 2 Phylogenetic relationship between the strains AH1 and other 165 rRNA gene sequences of published Bacillus coagulans strains
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Fig. 3 Biohydrogen production from Bacillus coagulans using Calotropis procera different substrate concentrations a, different pH b and different
temperatures c. *; represents a significantly different at (p <0.05) based on Duncan’s multiple range test

production of biohydrogen was significantly (p<0.05)
determined at 5.0% of substrate concentration and above
this concentration the biohydrogen productivity dramati-
cally reduced as illustrated in Fig. 3a.

Impact of initial pH on biohydrogen productivity

Various pH values 3.0, 5.0, 7.0, 9.0 and 11.0 were assessed
to investigate the optimum value for biohydrogen pro-
duction at 35 °C, and 5% of substrate concentration. The
concentrations of the produced biohydrogen were 0.0,
0.2, 0.7, 1.12, and 0.41 mmol H,/g dry biomass at the
assessed pH values, respectively. It was noticed that the
acidic pH of 3.0 significantly (p <0.05) inhibited the bio-
hydrogen productivity however, the optimum productiv-
ity was recorded at an alkaline pH value; of 9.0 as shown
in Fig. 3b.

Impact of temperature on biohydrogen productivity

The biohydrogen production was investigated at different
temperatures (25, 30, 35, 40, and 45 °C) at pH 7.0 and 10%
of the substrate concentration the concentration of pro-
duced biohydrogen by AH1 was 0.14, 0.50, 0.74, 0.18, and
0.0 mmol H,/g dry biomass at the tested temperatures,
respectively. It was noticed that the highest (p <0.05) bio-
hydrogen productivity was estimated at 35 °C while the
productivity was completely inhibited at 45 °C as illus-
trated in Fig. 3c. On the other hand, the low temperature
25 °C significantly (p <0.05) showed reduced productiv-
ity compared to the high one Fig. 3c.

Biohydrogen productivity under optimal operation
conditions

Based upon the previous optimization results, the opti-
mum conditions that achieved highest biohydrogen pro-
ductivity were 5% of substrate, pH 5.0 and 35 ‘C. The
concentration of the biohydrogen under the optimum
conditions was 3.231 mmol H,/g dry biomass.

] InletHz/CO2
Outlet H, /CO,

BGl1 BGI1-N
Microalgal media

Fig. 4 Biohydrogen to carbon dioxide ratio before and after
purification using different algal cultures media

Dist.H,0

Biological upgrading of biogas using Oscillatoria sp.
Biohydrogen to carbon dioxide ratio before and after

the upgrading process

The results in Fig. 4 displayed that the amount of inlet
biohydrogen to the inlet carbon dioxide ratio (H,/CO,)
was 0.34, 0.50 and 0.47 while the amount of outlet H,/
CO, ratio was 13, 21 and 3, for the microalgal culture
BG11%8, BG11-N*8 and dist. H,0"¢, respectively. This
result showed that there was a significant difference
(p<0.05) between the H,/CO, ratio before and after
passing gases on microalgal cultures, where the outlet
ratio exhibited a significant (p<0.05) higher than the
inlet one. It was also noticed that the highest H,/ CO,
ratio was detected in BG11-N medium, while the low-
est H,/ CO, ratio was detected in dist. H,O microalgal
medium despite it was still higher than the inlet ratio.

Determination of certain concentrations of the inlet

and outlet gases

Carbon dioxide bio-fixation using microalgal-based tech-
nology is an economically feasible method for upgrad-
ing the biohydrogen. The capability of Oscillatoria sp.
to purify and upgrade the biohydrogen produced by
anaerobic bacterial fermentation via capturing of CO,
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Fig.5 The concentration of inlet (black column) and outlet (white column) CO, (a) and H, (b) through upgrading process by Oscillatoria sp.
that grown on the microalgal cultures BG11, BG11- N and dist. H,O. *; represents a significantly different at (p < 0.05) based on Duncan's multiple
range test. Tables represent the performance of biohydrogen upgrading process; % removal of CO, (a) and % loss of H,(b)

was investigated. The results in Fig. 5a&b illustrated
(inlet) gases through each microalgal media and the out-
let gases after the microalgal upgrading process. The inlet
CO, was 2.59, 1.51, 1.79 mmol CO,/g microalgal DW,
while after passing the gases through the Oscillatoria
sp., the outlet CO, was 0.064, 0.017, 0.093 mmol CO,/g
microalgal DW for BG11*%, BG11-N"%, and dist. H,0"®
culture media, respectively. It was noticed that there was
a significant (p <0.01) reduction in the amount of outlet
CO, compared with the outlet CO, Fig. 5a

On the other hand, the amount of inlet and outlet
biohydrogen Fig. 5b. The inlet biohydrogen was 0.88,
0.76, 0.85 mmol H,/g microalgal DW while the outlet

biohydrogen was 0.83, 0.35, 0.28 mmol H,/g microal-
gal DW for the microalgal media BG11%8, BG11-N*8
and dist. H,O™® culture media, respectively. It was
observed that the BG11 medium exhibited a conserved
medium that did not negatively impact the amount of
biohydrogen.

Performance of biohydrogen upgrading process

The results in Fig. 5 illustrated the performance of the
upgrading process that was estimated based upon the
inlet and outlet gases results. The cultivation of microal-
gae in BG11-N medium significantly (p <0.05) enhanced
the removal of CO, by 99% compared with H,O-grown

Table1 The growth parameters, carbon dioxide fixation rate and pigmentation of microalgal gown on different culture media

Algal culture Growth parameters PCO, (mg/mL/d) Pigmentation (ng/mL)
Biomass production Specific growth Td (d) Chl-a Carotenoid
(mg/mL) rate(d™")

BG11 -04 -0.01 -0.03 ND 238 4.7

BG11*9 021" 0023 0.076 043 48" 1.1

BG11-N —0.1 —0.008 -0.027 ND 1.03 2.34

BG11-N*9 0.13 0.013 0.044 0.24 243 4.7

H,0 -05 -0.06 -0.2 ND 0.93 144

H,0"9 0.08 0.005 0.02 0.14 1.13 26

ND: not detected, *9: gas mixture
" **:Values with different superscript asterisks indicate a significant difference at

p <0.05 according to the Duncan’s multiple range tests



Aldaby et al. Microbial Cell Factories (2023) 22:190

microalgal isolate 94.8%. It was observed that there was
a missing percentage of biohydrogen during the upgrad-
ing process in different microalgal culture media. The
microalgal dist.H,O culture medium exhibited a signifi-
cant (P <0.05) increase in the biohydrogen loss (67.1%),
while the microalgae cultivated in BG11 medium exhib-
ited a non-significant loss (5.7%) in the amount of bio-
hydrogen compared to the inlet percentage. However, it
exhibited a significant decrease in the loss of biohydro-
gen when compared with BG11-N and H,O microalgal
media Fig. 5a, b.

Impact of upgrading process on the microalgal
physiological activities

The results in Table.1 showed that the maximum biomass
production of 0.21 mg/mL, 0.13 and 0.18 g L- 1 (dry mass
basis) were observed when the microalgae were cultured
in BG11"8, BG11-N"® and H,O", respectively, which
indicated that Oscillatoria sp. performed better growth in
BG11, which is often noticed in cyanobacterial isolates.
On the other hand, the bottles that were not exposed to
the gas mixture showed a negative impact on the growth
and biomass production of microalgae in three culture
media.

The maximum specific growth rate (0.023/d) and dou-
bling time (0.076 d) were observed in microalgae grow-
ing in BG11"# Table 1. The rate of carbon dioxide fixation
was detected in three tested culture media, the results
showed that the BG11*8 exhibited significant (p <0.05)
maximum CO, fixation rate (0.42 mg/mL/d) when com-
pared with BG11-N*¢ or H,O"8.

Microalgal photosynthetic pigments play a role in
industrial applications. The results in Table 1 showed that
the cultivation of Oscillatoria sp. in BG1118 enhanced
the production of both chlorophyll-a and carotenoid
pigments to be 4.8 and 11.1 pg/mL when the content of
the initial pigment before passing of gas mixture was 1.1
and 2.5 pg/mL, respectively. These results were signifi-
cantly (p<0.05) high when compared with other tested
microalgal culture media. The microalgae that were

Table 2 Lipid yield and Lipid content which extracted from
Oscillatoria sp. from the used cultures media BG11%9, BG11—N*9
and dist. H,0*9

Algal condition Lipid yield (ug/ml) Lipid
content
(%)

BG11*9 29 8.7

BG11—N™9 26 7.5

Dist. H,O*9 23 7.4

(*9) Algal culture media was used for purification
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cultured in H,0O*®# showed no significant increase in the
chlorophyll-a and carotenoid content (1.13 and 2.5 pg/
mL) when compared with the initial ones 1.1 and 2.5 pg/
mlL, respectively.After the end of the purification process,
the microalgal cells grown in different culture media used
for biohydrogen upgrading could be reused for another
process or extraction of lipids for prospective biodiesel
production. The results in Table 2 showed that the lipid
content was 8.7, 7.5 and 7.4% for the microalgal cultures
BG1178, BG11-N*8 and dist.H,O"® respectively. Lipid
yield was 2.9, 2.6 and 2.3 pg/mL respectively.

Discussion

The fermentation method of producing biohydrogen is
proven to be efficient since it is safe for the environment,
reduces the need for fossil fuel consumption, and mini-
mizes pollutants. However, biohydrogen production via
dark fermentation is complex and influenced by many
factors including type and pretreatment of substrate, type
and source of inoculum, pH and temperature [2]. Regard-
ing the inoculum type, B. coagulans AH1 (MN923076) is
a gram-positive, facultative anaerobic bacteria isolated
from wastewater sludge. As mentioned by [50], the fac-
ultative anaerobic fermentative microorganisms were
cost effective during the biohydrogen production com-
pared with strictly anaerobes. As they can enhance the
anaerobic condition of the medium by fast utilization of
the dissolved oxygen. In addition, many literatures dis-
cussed the effective role of sludge inhabiting bacteria
for the fermentative production of hydrogen [2, 51]. In
addition, the deceasing in the biohydrogen productivity
when the biomass exceeded 5% may be attributed to the
enhancement of metabolic and enzymatic activities of the
fermentative bacteria under this concentration (5%) [4, 7,
52]. However, at high substrate concentrations, it might
be rapidly converted to hydrogen and /or volatile organic
acids that cause the drop in pH, consequently decreasing
the metabolic activity of fermentative bacteria and reduc-
ing the produced H,. Moreover, it caused high hydrogen
partial pressure in the fermentation medium that would
restrict the hydrogen production efficiency [53]. In addi-
tion, an excessive amount of the substrate increased
osmotic pressure and thus inhibited the growth of hydro-
gen-producing microbes [4, 54]. On the other hand, at
low substrate concentrations, a large amount of it may
be consumed for microbial growth rather than hydro-
gen production [4]. Notably, in this study, the biomass
of C. procera was directly supplemented as a substrate
for bacterial dark fermentation for H, production with-
out any prior treatment. Based upon our previous study,
the leaf biomass of C. procera was used as a main sub-
strate for the production of bioethanol after acid-alkaline
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pretreatment as well and it was reported to be applied
as a promising feedstock for biodiesel production [19].
However, in the current study, the direct application of
plant biomass led to avoiding the negatives of the dif-
ferent pretreatment strategies (i.e. high cost, energy and
time consumption) [49].

The most crucial variables in the anaerobic fermenta-
tion process are temperature and pH. These variables
affect the synthesis of biohydrogen and microorganisms
that produce H, [55]. In the current study, the amount of
biohydrogen reduced at low pH may be due to the inhi-
bition of hydrogenase activity, which is a key enzyme in
the biohydrogen production process or inhibition of the
metabolic activity of bacteria [55-58]. Moreover, [59]
reported that the low pH value stimulated the solven-
togenesis and methanogenesis that suppress the produc-
tion of hydrogen during fermentation. The optimum pH
9.0 of AH1 strains for maximum production of hydrogen
was compatible with that recorded by [60, 61] using glu-
cose as the sole substrate, but it was higher than the value
of H, at pH 7.5 that demonstrated by [55] using molas-
ses. According to [62], pH levels above 10.0 had a toxic-
ity impact on the microorganisms, which explained the
decrease of biohydrogen production at pH 11.0 in the
current study.

Besides that, dark fermentative biohydrogen produc-
tion could be conducted at a broad range of tempera-
tures, 25—-80 °C [63]. The ambient temperature average
for hydrogen production is from 30 to 49 °C and it is also
preferred in terms of expenditures and other technical
features [22]. Biohydrogen production under mesophilic
conditions is cost effective, less energy consumption
and easy to regulate on a large scale [52]. The produc-
tion under mesophilic conditions (30-35 °C) has been
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reported by [60, 64] which was agreed with the current
results. A lower culture or higher culture temperature
deactivated or denaturized the microbial enzyme system
and consequently decreased the biohydrogen production
[65, 66]. The optimum conditions for biohydrogen pro-
duction from Bacillus coagulans IIT-BT S1 was reported
by (Kotay, and Das, 2007) were pH 6.5, temperature 37 °C
and initial glucose concentration of 2% (w/v), to produce
2.28 molH,/mol glucose. The data in Table 3 showed
the optimal conditions of B. coagulans, for biohydrogen
production from C. procera leaves compared to those
reported in other studies.

Carbon dioxide including biohydrogen represents
the major obstacle to application of biogas as an alter-
native fuel [2, 3]. In this study a blue-green microal-
gae Oscillatoria sp was used for the sequestration of
carbon dioxide from the biohydrogen gas produced
from bacterial dark fermentation. The produced gas
mixture (H,+ CO,) passed through three different cul-
ture media containing microalgal cells. The increase
in hydrogen to carbon dioxide ratio after passing of
the gas mixture (outlet H,/CO,) through the microal-
gal media was due to the reduction in the amount of
carbon dioxide, indicating its utilization by the micro-
algae and the occurrence of the purification process.
Many literatures discussed the rate and capability of
blue-green microalgae to fix CO, via the photosynthe-
sis process. The BG11-N media exhibited a significant
(p<0.05) high ratio of outlet H,/CO, when compared
with other culture media. It may be attributed to the
microalgae exploiting CO, in the gas mixture to per-
form the photosynthesis process to provide energy for
the production of nitrogenase enzyme and fix nitro-
gen to compensate for nitrogen deprivation [67]. On

Table 3 Biohydrogen production from C. procera leaves under the optimal conditions of the bacterial strain AH1 compared to the

other bacterial cultures that reported in other studies

Culture Substrate T°C pH H, yield Refs

B. coagulans strain AH1 Leaves of C. procera 35 9.0 3.231 mmol H, /g dry biomass This study

Escherichia coli WDHL Wheat straw 28-46 55-75 0-269.2 mL H,/g TRS [75]

Mixed culture (Anaerobic sludge from an Oat straw 35 7.0 1.10-2.39 mol H,/mol [76]

UASB reactor located at a confectionery) reducing sugars

Clostridium beijerinckii KCTC 1785 Sorghum rusk 30-45 6.0-7.5 1.05 mol H,/mol reducing sugar [77]

Clostridium butyricum TM-9A Molasses 37 75 46 mmol H,/L [55]

Enterobacter cloacae IIT-BT08 Glucose 36 6.0 2.2 mol H,/mol glucose [78]

Clostridium roseum ATCC 17,797 Cashew apple 38 5.5 0.08-1.89 mL H,/g [79]
bagasse biomass

Enterobacter aerogenes NBRC 13534 Coconut husk 37 7.0 0.104-0.175 mol H,/ [80]

mol reducing sugar

Mixed culture (Anaerobic sludge from a wastewa- ~ Wheat powder 37 6.0 0.6-1.6 mol H,/mol [81]

ter treatment plant of a baker yeast company) total sugar

Anaerobic sludge Glucose 14.01 g/L 33 561 2.54 mol H,/mol glucose [82]




Aldaby et al. Microbial Cell Factories (2023) 22:190

the other hand, dist.H,0O media exhibited a significant
(p<0.05) reduction in the outlet H,/CO, may be due
to the mineral deficiency and the formation of H,CO,
(CO,+H,0) led to of that reduced the pH level and
retarded the microalgal growth and metabolism [68]
mentioned that the optimum pH for the growth of
many microalgal species ranged from 7.2 to 8.0. These
results were confirmed by determining the inlet and
outlet concentration of CO, (Fig. 5a). The amount of
outlet CO, was significantly (p<0.05) less than the
inlet one, which means that the microalgal cells con-
sumed an adequate amount of CO, during the upgrad-
ing process, which suggested that the gas mixture had
been purified and the quality of biohydrogen has been
improved. According to [69], Oscillatoria sp. and other
microalgae exhibited high potential of CO, fixation,
and have been broadly used for biogas upgrading and
biogas slurry nutrient reduction. The appropriate CO,
level depends on the species of microalgae, the layout
of the system, and the operational circumstances [70].
On the other hand, the result in (Fig. 5b) showed a
decrease in the amount of outlet H, after upgrading in
BG11-N*# and dist. H,O"® may be due to the activity of
the uptake hydrogenase enzyme or the consumption of
H, as an electron donor. The uptake H,ase (Hup) found
in cyanobacteria absorbs H,, and interfered with nitro-
genase-based H, production [71]. It was mentioned by
[72] that green algae (under anaerobic conditions) can
either use H, as an electron donor in the CO,-fixation
process or evolve H, in both the dark and the light. The
losing hydrogen in the case of BG11-N medium may be
due to inhibition of photosystem II that is under nitro-
gen deprivation conditions which increases the anaerobic
conditions that activate the hydrogenase enzyme. The
latter may activate in the reverse direction and increase
the uptake of hydrogen. under hydrogen photoproduc-
tion conditions (N-poor medium without fixed nitrogen,
anaerobic conditions) the degradation of photosystem
II proteins of Lyngbya sp. was observed [73]. However,
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in the case of dist.H,O as a culture medium, the losing
hydrogen may be due to the absence of nutrients and the
use of hydrogen by Oscillatoria sp. as an energy source.
The main physiological function of the uptake hydroge-
nase is to reutilize and regain the H,/electrons. These
results came in context with the recent study of [74]
that reported the role of Chlorella vulgaris in upgrading
methane via decarbonation and desulfurization. Many
literatures have been discussed the role of microalgae in
purification of biogas from impurities as summarized in
Table 4, however, to our knowledge, the highest upgrad-
ing percentage is mentioned in the current study (95—
98% removal of CO,).

Cyanobacteria are a multipurpose feedstock with sev-
eral biotechnological and biorefining potential [45]. In
the current study, the increase in microalgal biomass
after the upgrading process may pave the way to apply
the current microalgal isolate as a feedstock for bio-
technological application [70]. The resulting microal-
gal biomass can be further utilized to produce biofuels
or other value-added products via biorefinery strate-
gies. The biomass production was significantly higher
(p<0.05) in the BG11 medium when compared with
other media (Table 1). These results agreed with [83],
Chlorella 359 (a mutant strain) achieved maximum bio-
mass (1.99 g/L) when it was cultivated in a media sup-
plemented with 5% CO,. Similarly, the cultivation of
Synechocystis in 0.6 g L™! of sodium bicarbonate pro-
duced 2.24 g L™! of biomass with 0.22 g L™" day- 1 of
CO, fixation rate [84]. Cultivation of Dunaliella salina
in 5 g L' NaHCO, produced 3.17 g L™! of biomass
[85].

Three primary photosynthetic pigments that stand
out in cyanobacteria Chlorophylls, carotenoids, and
phycobiliproteins, play a critical role in cyanobacterial
cell protection. Due to their bioactive properties, such
as antioxidant, antitumoral, antiviral, etc., which can be
used in the pharmaceutical, feed, and cosmetic indus-
tries as well as functional ingredients in food, these

Table 4 The CO, sequestration and upgrading efficiency % from biofuels by different microalgae-based technologies

Biofuel type Microalgal species Culture medium Removal efficiency (%) .Reference

BG11 98
Oscillatoria sp. BG11-N 99 This study

Biohydrogen Dist.H,0 95

Biogas Chlorella sp. Modified Chu13 89.3 (88]

Biogas Chlorella vulgaris BG11 54.79-74.65 [89]

Biogas Chlorella sp. BG11 36.74-57.33 [90]

Biogas Scenedesmus obliquus BG11 49.95-62.31 [91]

Biogas Neochloris oleoabundans BG11 40.25-54.39 [91]
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pigments have significant biotechnological significance
[46]. In addition, their naturally bright colors are quite
appealing to the food colorant and textile industries
[86]. In the current study, the BG11 medium of Oscilla-
toria sp stimulated high induction of chlorophyll-a and
carotenoid pigment. These results come in context with
[45]. They documented that microalgal Plectonema
terebrans BERC10 exhibited high production of chl-a
and carotenoid after 15 days of incubation in BG11
medium.

Lipids extracted from algae are a highly valued metabo-
lite due to their unique ability to produce biodiesel [87].
The microalgae Oscillatoria sp isolated in the current
study could be used as feedstock for biodiesel produc-
tion and as third-generation feedstock. it was reported
that the biodiesel production is nutrient dependent,
a high nutrients enhanced the lipid content of P tere-
brans BERC10 from 33 to 41% [45].

Conclusion

It could be concluded that, the pure bacterial strains
Bacillus coagulans (AH1) could produce biohydrogen by
using Calotropis procera as a substrate, and their produc-
tion was influenced by the three variables (concentration
of C. procera as a substrate, pH values, and tempera-
ture levels). The hydrogen yield was 3.23mmol H,/g dry
biomass at pH 9.0 with a substrate concentration of 5%
at temperature of 35 °C, which is relatively higher than
other previously mentioned pure cultures. A biological
upgrade of biohydrogen was achieved using Oscillatoria
sp. The CO, removal efficiency percentage was recorded
98, 99 and 95% for the three algal cultures media BG11,
BG11-N and dist.H,O, respectively. The remaining
microalgal biomass exhibited pigmentation production
capability and biomass feedstock for promising biodiesel
production.
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