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In this work, the comparative impact of iron oxide nanoparticles (synthesized by
orange and green tea leaf extracts) on hydrogen production by three isolates of
purple non-sulfur bacteria, Rhodobacter  sphaeroides (MG588088),
Rhodopseudomonas parapalustris (MH094546), and Rhodopseudomonas sp. TUT
(MG813240) was investigated. UV-vis spectra showed that the absorption band
centered at a wavelength of 550 nm, which corresponds to the surface plasmon
resonances of synthesized FeNPs. Fourier transformed infrared spectroscopy
spectrum (FTIR) exhibited the characteristic band assigned to Fe-O. Transmission
Electron microscopy (TEM) image confirmed that the average size of NPs was 32-
60 nm. Nitrogenase activity was significantly stimulated by iron oxide nanoparticle
and the maximum activity was recorded at 150mg/L. The hydrogen yield was
significantly enhanced by FeNPs. Iron oxide nanoparticles synthesized by green tea
leaves extract were more stimulatory than those extracted from orange leaves

extract.
This paper is dedicated to the memory of our Prof Dr Ahmed M. Abdel-Wahab, who recently passed away.

1-INTRODUCTION

To meet the increasing demand of energy, biohydrogen production is a
relevant alternative energy source in comparison with fossil fuels.
Development of biotechnological systems for non-polluting fuels is a
topical issue, which attracts the attention of researchers. Biological
hydrogen production has several advantages (simple, non-toxic, eco-
friendly and cost-effective methods) over hydrogen production by photo-
electrochemical or thermochemical processes. Photosynthetic hydrogen
production by microorganisms requires the use of a simple solar reactor
such as a transparent closed box, with low energy requirements. Among
the various hydrogen production technologies, the fermentative process
for hydrogen production has more potential because it is a promising way
to produce more energy from organic substrate [1]. Earlier, Shoreit [2-5]
have published on the isolation and some physiological activities of
purple non-sulfur bacteria in Egypt and later Danial [6,7] published on
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hydrogen evolution via nitrogenase activity. Photosynthetic bacteria can
produce hydrogen at the expense of solar energy and short-chain organic
acids as electron donors. Phototrophic bacteria, especially Rhodobacter
capsulatus [8-12] and Rhodobacter sphaeroides [8,13] are very active H,
producers [10]. Although the major role of nitrogenase is to fix molecular
nitrogen to ammonia and H, is produced as a by-product. It has been
reported that photosynthetic bacteria can produce molecular hydrogen
under suitable conditions [14-16]. Hydrogen produced during N»-fixation
by nitrogenase can be reused by uptake-hydrogenases [17]. High uptake-
hydrogenase activities have been observed in cells possessing active
nitrogenase; the hydrogen produced by the nitrogenase induced the
activity of hydrogenase in growing cells, albeit the synthesis of
hydrogenase is not closely joined to the synthesis of nitrogenase [18].
Several trace nanoparticles metals like iron, magnesium, zinc, sodium
[19] and nickel [20] are important for hydrogen production due to their
high surface area and small size. Iron plays vital roles in electron
transport, employed in varied processes like effluent treatment  and
biocatalysis [21, 22]. It has also high surface reactivity and high
activity capability enhancing bacterial growth and hydrogen production
[20]. There are many studies conducted to check the impact of iron
supplementation on photobiohydrogen production [23]. According to the
previous report, supplementation of iron may oxidize the reduced
ferredoxin to produce hydrogen [19]. Especially, iron is a component of
ferredoxin which acts as an electron carrier in hydrogenase to produce
molecular hydrogen. Many varieties of iron oxide nanoparticles like
magnetite (Fe3O4), hematite (a-Fe,O3) and maghemite (y-Fe,O3) have
been synthesized in nature [24]. There are several physical and chemical
methods that have been used to synthesize iron oxide nanoparticles (NPs).
However, chemical synthesis of metal nanoparticles used different toxic
chemicals that cause environmental contamination. To avoid such
contamination, there is a need to develop a cost-effective, non-toxic and
eco-friendly process for synthesizing iron oxide NPs. Microorganisms or
plants are considered as simple, green and cost-effective to be used for
synthesizing different metal nanoparticles [25]. Extraction of NPs from
plants is one of the most suitable alternatives compared with those
produced by physical, chemical and microbial methods. The synthesis of
NPs using plant extracts is an easy and fast way compared with microbial
way [26]. Green synthesis of iron nanoparticles had been accomplished
using green tea [27-29], soya bean sprouts [30] and sorghum bran as a
source of NP-rich extracts [31]. In continuation of the efforts, the
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aromatic leaves of Murraya koenigii have been used for the reduction and
stabilization of silver nanoparticles [32]. Philip et al. [32] and Christensen
et al. [33] reported that the high concentration of soluble ingredients like
carbazole, alkaloids, flavonoids and polyphenols in M. koenigii leaf
extract had been known as accelerating the reduction and stabilization of
silver nanoparticles. Mohanraj et al. [34] described a rapid technique for
the synthesis of iron oxide nanoparticles using aqueous M. koenigii leaf
extract. The objective of the present work was to study the photosynthetic
H, production using PNS bacteria cultured in media supplemented with
different concentrations of Fe-NPs synthesized using orange or tea leaf
extracts. The overarching goal of our study was to improve rates
of H; evolution.

2. MATERIALS AND METHODS

2.1 Bacterial strains and growth conditions

Bacterial strains of purple non-sulfur (PNSB) photosynthetic bacteria
were isolated from wastewater and paperboard mill sludge from Assiut
and Alexandria Governorate (Egypt). They were grown in RAH medium
[35] and incubated anaerobically at 30°C + 2 at a light intensity of about
5,000 lux. Strains of PNSB were purified by the clonal selection method
(serial dilution) and characterized by 16S rRNA gene sequencing using
the universal primers 27 F and 1492 R.

2.2 Media composition

PNSB isolates was maintained in modified RAH media [35]. To study the
effect of iron oxide nanoparticles concentrations (50, 150 and 250 mg/L)
on hydrogen production, Fe (I11) chloride was omitted from the cultures,
except for the control which contained 13.6 mg/L FeCLs.

2.3 Synthesis and characterization of iron nanoparticles

2.3.1 Preparation of leaf extract powder-reducing agent

Twenty grams of dried leaves (orange or tea) with 1000 ml of de-ionized
water were extracted at 80 C in a water bath. The extract was filtered and
collected in a clean, dried beaker [36].

2.3.2 Synthesis of iron nanoparticles

Iron oxide nanoparticles were synthesized by adding green tea or orange
leaves extract to 0.01 M Ferric Chloride (1:1) in a clean sterilized flask.
The solution is converted to a black color, which was centrifuged and the
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formed pellet was washed in water by centrifugation with deionized water
to remove impurities [36].

2.3.3 Characterization of iron-NPs

2.3.3.1 UV-vis spectral analysis

The reduction of Fe®** by green tea or orange leaves was monitored by
UV-vis absorption spectra of the solution using (spectrophotometer
thermoscientific, double beam spectrophotometer, Evolution 160,
Germany) in the range of 200 nm to 1100 nm.

2.3.3.2 Transmission electron microscopy (TEM) analysis

The morphology of the Fe-NPs was investigated by TEM using JEOL-
JEM-100 CXII instrument by drying a drop of the washed colloidal
dispersion on to a copper grid covered with a conductive polymer.

2.3.3.3 Fourier transform infrared spectroscopy (FTIR)
spectrophotometer

FTIR spectra of vacuum dried Fe-NPs were recorded as KBr pellet on
Thermoscientific Nicolet 6700 FTIR spectrometer (Thermo Fisher
Scientific, USA) Perkin Elmer RX1 model in the range of 4000-400cm™.

2.3.3.4 X-ray diffraction (XRD) analysis

XRD was performed using X-ray diffractometer (Model PW 1710 control
unit Philips Anode Material Cu, 40 KV, 30 M.A, optics: Automatic
divergence slit) with Cu Ko radiation A=1.5405°A over a wide range of
Bragg angles (20'<20<90"). An elemental analysis of the sample was
examined by energy dispersive analyses of X-rays with JED-2300
instrument.

2.4 Fermentative hydrogen production

Experiments were performed in 700-ml glass serum bottles containing
10% phosphate buffer, 10% early log phase bacterial cells, and 10%
glucose made up to volume with distilled H,O (initial pH 7+ 0.2). After
capping the bottle with a gastight rubber stopper and parafilm, the
headspace air was displaced by nitrogen gas to generate anoxic
conditions. Under aseptic conditions, bottles were stirred by magnetic
stirrer as long as hydrogen is evolving. The experimental setup was
maintained at 32°C + 2 and illumination provided with 200 W tungsten
lamp adjusted to provide a uniform light intensity of 5000 lux. The H,
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produced was captured in a cylinder inverted in water, and connected to
NaOH (2 M) solution to absorb carbon dioxide.

2.5 Nitrogenase assay

Nitrogenase activity (acetylene reduction to ethylene) was measured by
gas chromatography [37-39]. The acetylene reducing activity of the
growing cultures was determined at 24-h intervals throughout their
growth cycle. Two ml of the headspace from each 25-ml serum bottle was
withdrawn. The bottles were then injected with 2 ml acetylene (10% of
the glass bottle volume) and incubated for 2 h at 30°C. Using 1ml plastic
syringes, 0.5 ml of the gas mixture was withdrawn from each bottle
periodically and injected into the gas chromatograph. Nitrogenase activity
is expressed as nanomoles C,H,4 produced per mg protein and the mean
values of three replicates are presented.

2.6 Uptake hydrogenase assay

Uptake activity of the bidirectional hydrogenase (Hup) was assayed in a
mixture containing 1 ml bacteria, 2.75 ml phosphate buffer (50 mM), 0.25
ml methylene blue (50 mM), flushed with hydrogen as conducted by Yu
et al., [40] and Colbeau et al., [18]. Hydrogenenase was monitored at 574
nm (spectrophotometer thermoscientific, double beam spectrophotometer,
Evolution 160, UV-VIS, Germany).

2.7 Statistical analysis

Statistical analysis of the data was conducted using ANOVA one-way test
(analysis of variance) by SPSS program version 21, and Duncan values
were determined at 0.05 levels.

3. RESULTS & DISCUSSION

3.1 Identification of bacterial isolates

This work has been devoted to study the hydrogen evolution capacity and the
nitrogen fixing activity in three purple non sulfur bacterial strains isolated
from wastewater and paperboard mill sludge from Assiut and Alexandria
Governorates (Egypt). In addition, a number of trials, depending on the
organism, have been attempted to enhance the magnitude of hydrogen yield.
The studied purple non-sulfur bacteria were isolated and grown in RAH
medium. The isolates were identified by comparative 16S rRNA gene
sequencing as Rhodobacter sphaeroides MG588088 and Rhodopseudomonas
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parapalustris MH094546 (Fig 1). The third isolate (Rhdopseudomonas sp.
TUT. MG813240) was previously identified [7].

Rhodobacter_sphaeroides_ AM98757
Nitrosococcus_mobilis_ AF037 108
Rhodobacter_sp._EU604757
Rhodobacter_azotoformans_NR_036826

ogep Allochromatium_vinosum_NR_074584

# TThiorhodococcus_sp_HF562219
Nitrosococcus_mobilis_ AF037105
Nitrospira_sp_AJ224046
Rhodopseudomonas_parapalustris_NR_122098
Rhodopseudomonas_parapalustris_ MH094546

26 Rhodopseudomonas_pseudopalustris_ NR_122099
Rhodopseudomonas_pseudopalustris_AB275664
- Rhodobacter_sphaeroides_EU649703
Rhodobacter_sp_FN543488

Rhodobacter_sphaeroides MG588088
Rhodobacter_sphaeroides_ AM696296
Rhodobacter_sp._FN543495

0.962

0.3

Fig 1: Phylogenetic tree on the basis of the patterns and the genetic relationship of
Rhodobacter sphaeroides (MG 588088) and Rhodopseudomonas parapalustris
(MHO094546)

3.2 Physical characterization of the nanomaterial

3.2.1 UV-vis spectral analysis
The UV-visible absorption spectrum of the colored solution (Fig2 a, b) as
a broad absorption with the absorption center at about 520-550 nm were
similarly obtained by Xiaodong et al. [41] confirmed the synthesis of Fe-
NPs. UV visible absorption spectrum of nano-iron sample was wide and
this may be owing to different shapes and sizes of nanoparticles.

' ' @ | ' (b}

L

Fig. 2: UV-visible absorption spectra of iron oxide nanoparticles synthesis by reaction
mixtures from orange (a) or tea (b) leaf extracts.

3.2.2 TEM images of iron nanoparticles
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TEM image (Fig3 a, b) showed the morphology and size of the hydrated
nanoparticles in the range of 32- 60 nm. The nanoparticles were
irregularly shaped and agglomerated to each-other. The formation of
varied particle sizes is also because of the agglomeration of nanoparticles
throughout the sample preparation for TEM analysis.
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Fig. 3: TEM image of iron oxide nanoparticles at bar scale 100 nm of orange (a) or tea
(b) leaf extracts.

3.2.3 FTIR spectroscopy

The FTIR spectrum of iron oxide nanoparticles (Fig4 a,b) synthesized by
green tea or orange leaves extracts showed bands at 3,350, 2,923,
1,627.63, 1,365.35, 1,066.06 and 520.46 cm ' and at bands 3338.62,
1629.07, 1383.34, 1266.88, 1065.51, 694.27, 418.21 ;respectively. A
strong absorption band was recorded at 520.46 cm™ in the case of green
tea and at 418.12 in the case of orange leaves, which is typically assigned
to the Fe—O bond of Fe,O3 as reported at earlier literature [34, 42, and
43]. The absorption bands at 3,350, 1,627.63 and 1,066.06 cm™ indicated
that the synthesized iron oxide nanoparticles may be surrounded by
polyphenols, proteins, and amines. These findings indicate that the
biomolecules present in Camellia sinensis and citrus Sinensis leave
extracts may account for the reduction of Fe ions and stabilization of iron
nanoparticles in an aqueous medium.
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(b)

Fig 4: FTIR spectra of iron oxide nanoparticles product of orange (a) or tea (b) leaf
extracts.

3.2.4 X-ray diffraction (XRD) analysis

The XRD pattern (Fig5 a, b) of the iron oxide nanoparticles synthesized
by orange and green tea leaf is shown in five distinct diffraction peaks in
case of green tea at 20 values of 22.3° 25.308°, 53.14°, 71.98°, 87.64° and
eight distinct diffraction peaks in case of orange leaves at 20 values of
25.485° 40.0°, 41.32° 41.86° 45.82° 47.62° 52.9°, 72.16°. They
matched the diffraction peaks for pure hematite (Fe,O3) from the
reference database (JCPDS File N0.19-629) according to table (1).

(a) ' ’ (b}

Fig 5: XRD pattern of synthesized Fe-NPs of orange (a) or tea (b) leaf extracts.
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Tablel: Standard XRD data of hematite and resulting samples.

Standard data | Experimental data
Fe O3 Nanparticle from | Nanoparticle from
orange leaves green tea
260 D 20 D 26 d
22.2489 3.992320 | - - 22.3 3.987
26.7983 3.323990 | 25.485 3.495 25.308 3.519
40.2029 2.241250 | 40.0 2.254 - -
41.5507 2.171610 |41.32 2.185 - -
42.1082 2.144140 | 41.86 2.158 - -
45.8476 1.977580 | 45.82 1.98 - -
47.3012 1.920140 | 47.62 1.91 - -
52.9904 1.726610 |52.9 1.731 53.14 1.724
71.7720 1.314080 | 72.16 1.309 71.98 1.312
87.7267 1.1.111610 | - - 87.64 1.113

3.3 Effect of Iron Oxide Nanoparticles on nitrogenase, hydrogenase
and cumulative hydrogen production.

The concentrations of iron oxide nanoparticles were applied in the range
from 0 to 250 mg/L to evaluate the enhancement effect of nitrogenase,
hydrogenase and hydrogen production.

The hydrogen evolution and % substrate conversion efficiency (SCE) at
different concentrations of iron oxide nanoparticles are shown in table (2).
The maximum hydrogen yield formed was 3400 and 3600 ml Ha/L
correspondingly to 150 mg/L NPs synthesized from orange and green tea
leaves; respectively (Fig 6) in case of Rhodobacter sphaeroides.
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Fig 6: Effect of iron oxide nanoparticle concentrations synthesized by orange and green
tea leaves extract on nitrogenase, hydrogenase activity and cumulative hydrogen
production by Rhodobacter sphaeroides (MG588088). The ANOVA test was
carried out by using SPSS 21 comparisons among means = SE standard error
(n=3), different letters show significance at p = 0.05 level based on Duncan's
multiple range test.

Nitrogenase and hydrogenase activities were also significantly stimulated
by iron oxide NPs, and the maximum activity was also recorded at 150
mg/L NPs. The results (Fig 6) indicated that iron oxide nanoparticles
synthesized by orange and green tea leaves extracts enhanced the
activities of these enzymes to 1200, 384 and 1700, 491 nmol/mg protein/
h; respectively.

Figure (7) clearly shows that the addition of iron nanoparticles to
Rhodopseudomonas parapalustris isolate (MH094546) significantly
accelerated H, production with a parallel increase in nitrogenase activity,
which increased to 1.7 and 1.6 folds with supplementation of NPs
synthesized by orange and green tea leaves extract; respectively.
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Fig 7: Effect of iron oxide nanoparticle concentrations synthesized by orange and green
tea leaves extract on nitrogenase, hydrogenase activity and cumulative hydrogen
production by Rhodopseudomonas parapalustris (MH094546). The ANOVA test
was carried out by using SPSS 21 comparisons among means * SE standard error
(n=3), different letters show significance at p = 0.05 level based on Duncan's

multiple range test.

The data in fig (8) showed that the hydrogen-producing bacteria
Rhdopseudomonas sp. TUT MG813240 responded significantly to the
addition of nanoparticles. The hydrogen evolution and percentage of
hydrogen increased significantly compared with the control cultures. The
maximum yield was 1620 and 2100 ml with the addition of 150 mg/L
NPs synthesized using orange and green tea leaves extract; respectively.
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Fig 8: Effect of iron oxide nanoparticle concentrations synthesized using orange and
green tea leaves extract on nitrogenase, hydrogenase activity and cumulative
hydrogen production by Rhdopseudomonas sp TUT MG813240. The ANOVA
test was carried out by using SPSS 21 comparisons among means + SE standard
error (n=3), different letters show significance at p = 0.05 level based on
Duncan's multiple range test.

The results indicated that the enhancement of hydrogen production was

strongly dependent on the concentration of iron nanoparticles, and
150mg/L was the optimal concentration to catalyze the highest
biohydrogen level in our studied strains.
The hydrogen production rate was significantly enhanced by the
supplementation of FeNPs with increasing concentration from 100 to 150
mg/L and further it was not favourable to improve the H, production rate
at concentration over 150 mg/L. This may be due to the fact that the high
concentration of FeNPs could inhibit the activity of PNSB. The high
concentration of hematite nanoparticles (150 mg/l) promoted the start-up
of hydrogen production rate, but the excess soluble hematite nanoparticles
was harmful to the microorganisms, and resulted in the decrease of
hydrogen production rate.

The uptake hydrogenase activity (hup) was also enhanced by the
addition of iron nanoparticles in the original medium (Fig 6, 7, 8) for the
three studied bacteria. Maximum activity of hup was recorded in
Rhodobacter sphaeroides (MG588088) with 150 mg/L nanoparticle from
both orange and green tea leaves extract, as 384 and 491 nmol/mg
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protein/h, respectively. In the case of Rhodopseudomonas parapalustris
(MH094546), maximum activity was 340 and 238 nmol/mg protein/h
while Rhdopseudomonas sp. TUT (MG813240) exhibited maximum
activity for hydrogenase as 247 and 522 nmol/mg protein/h; respectively.
Fe essentially forms the metallic part of nitrogenase as well as that of
hydrogenase structure and more over also contributes in electron transfer
chain (ETC) in the form of electron carriers like ferredoxin and
cytochromes, so the ferredoxin activity could also be increased by the
supplementation of FeNPs throughout the fermentation method [34].
According to the literature, the supplementation of FeNPs improved the
nitrogenase activity that led to enhance the fermentative hydrogen
production [44]. The most active strain in our study was Rhodobacter
sphaeroides (MG588088) in both nitrogenase activity and hydrogen
production yield. Also, nanoparticles synthesized by green tea leaf extract
gave the highest rate of hydrogen evolution compared with NPs extracted
from orange leaves extract in all studied bacteria.

The data in table (2) showed that the hydrogen-producing bacteria
responded a quickly to the addition of nanoparticles. The yield and
percentage of hydrogen increased significantly compared with the control.
The maximum vyield by Rhodobacter sphaeroides (2.2 mol Hy/mol
glucose) and (4 mol Hy/mol glucose) obtained in presence of 150 mg/L
iron nanoparticles from orange and green tea; respectively. In the case of
Rhodopseudomonas parapalustris (MH094546), the maximum yield was
1.7 and 1.34 mol Hy/mol glucose and in the case of Rhdopseudomonas sp.
TUT the maximum yield was 1.04 and 1.4 mol H,/mol glucose.

Table 2: The fermentation profiles of hydrogen production on glucose
using PNS bacteria added with different concentrations of
iron nanoparticles (0-250 mg/l):

Sou | Treat | Rhodobacter sphaeroides | Rhodopseudomonas Rhdopseudomonas ~ TUT.
rce ment MG588088 parapalustris (MH094546) MG813240
of
NPS Hydro | Mol | H, Hydro | Mol | H, Hydro | Mol | H;
gen e efficiency | gen e efficiency | gen e efficiency
yield( | Ho/ (L/gm) yield( | Ho/ (L/gm) yield( | Ha/ (L/gm)
L/L) mole L/L) mole L/L) mole
gluc gluc gluc
ose ose ose
Cont 2283 | 1.28 | 0.16 1.183 | 0.64 | 0.08 1.083 | 0.71 | 0.09
Ora | 50mg | 1.333 | 0.73 | 0.09 1.7 1.04 | 0.14 0.75 0.47 | 0.06
nge
150mg | 3.4 2.2 0.28 1.967 | 1.7 0.21 1.633 | 1.04 | 0.14
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250mg | 14 1.05 | 0.14 1816 | 1.02 | 0.13 0.666 | 0.38 | 0.05
Tea | 50mg 2 1.8 0.22 1316 | 0.75 | 0.09 1.016 | 0.75 | 0.09

150mg | 3.6 4 0.51 2 134 | 017 21 14 0.184

250mg | 2.3 14 0.17 1583 |1 0.12 0.833 | 0.54 | 0.06

From a previous study, Mohanraj et al. [34] confirmed that the
hydrogen yield in control experiments was obtained as 1.74+0.08 mol
Ho/mol glucose whereas the highest hydrogen vyield in FeNPs
supplemented experiment was achieved as 2.33+0.09 mol H,/mol glucose
at 175 mg/L of FeNPs by Clostridium acetobutylicum NCIM 2337. Dolly
et al. [45] reported that significant enhancement in light dependent
fermentative hydrogen production using iron oxide nanoparticles was 1.2
fold compared with control culture; these results were in agreement with
our ones. In another work, Engliman et al. [46] recorded that the
hydrogen production by anaerobic mixed bacteria in thermophilic
condition using iron (1) oxide nanoparticles increasing to 34.38% higher
than the control test.

Tables (3, 4) showed a comparative study of hydrogen evolution by
different cultures and different nanoparticles compared with this study.
In this work, the hydrogen efficiency at iron nanoparticles (from orange)
was 75, 162 and 51 %, that are much higher than the values obtained from
control culture of R. sphaeroides (MG588088), Rhodopseudomonas
parapalustris (MH094546) and Rhdopseudomonas sp. TUT
(MG813240); respectively. The maximal conversion efficiency of
hydrogen production were 218, 100 and 104% at 150 mg/L iron
nanoparticles from tea leaves extract for previous three isolates;
respectively.
Green tea, as a reducer for the synthesis of iron oxide nanoparticles,
contains a high quantity of polyphenols and other organic groups [36].
The polyphenols consist of flavonoids and catechins. The catechins
primarily the Epigallocatechin Gallate (EGCG) are the active catechin
that takes part in the reduction process that can reduce the Fe** to Fe°
[36].
Table 3: Comparison of hydrogen production by different purple non-
sulfur bacteria using different substrates:

Microorganism H,max (mL | Substrate Reference
H,/L)

Rhodobacter sphaeroides | 1190 Malate [47]
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KD131

Rhodobacter sphaeroides | 2275 Malate [48]
NMBL-01

Rhodobacter sphaeroides RV 284 Malate [49]
Rhodobacter sphaeroides ZX-5 | 3157 Malate [50]
Rhodobacter sphaeroides | 650 Malate [51]
0.U.001

Rhodobacter sp. KKU-PS1 1339 Malate [52]
Rhosopseudomonas sp  TUT | 900, 700 and 700 | Orange peel [6]
(Rh1, Rh2 and Rh3)

Rhodobacter sp 700 Orange peel [6]
Rhodobacter capsulatus-PK 372 wheat straw [53]
Rhodobacter sphaeroides 400 Waste barley [54]
Rhodobacter sphaeroides 1.23 mol H, /mol | Wheat powder [55]
NRRL B-1727 glucose

Rhodobacter sphaeroides

DSMZ-158 Rhodobacter

sphaeroides RV

Rhosopseudomonas sp (Rh1, 1955 and 1400 Lactate [7]
Rh2)

Table 4: The effect of different nanoparticles on fermentative hydrogen

production
Inoculum Substrate | Nanoparticle | Concentration of Hydrogen Reference
nanoparticle (mg/L) | yield
Studied | Optimal
range
Enterobacter cloacae | Glucose FeNPs 25-200 100 0.95 (mol [56]
DH-89 H./mol
Glucose)
Cracked cereals Sucrose Hematite 0-1600 200 1.6 (mol [57]
H./mol
glucose)
Anaerobic granular | Starch Iron and 0-50 375 89 mL/g VS [58]
sludge nickel NPs
Anaerobic granular | Glucose Iron and 0.5-100 50 1.43 (iron) [59]
sludge nickel 1.88 (nickel)
(mol Ha/mol
glucose)
Anaerobic granular | Starch Maghemite 0-25 25 2.23 (mol [60]
sludge H./mol
glucose)
Clostredium Glucose Iron 50-250 175 2.33 (mol [36]
acetobutylicum nanoparticle H./mol
NCIM 2337 glucose)
Anaerobic sludge Glucose Nickel 10-50 20 3000 mL H,/L [61]
nanoparticle
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Anaerobic sludge Glucose Iron and 0-500 50 1.92 (mol [46]
and starch | nickel oxide H./mol

glucose)
Rhodobacter Malate Fe- 1-700 300 1870 mL H,/L | [45]
sphaeroides NMBL- nanoparticle
02 and Escherichia
coli NMBL-04
Rhodobacter Glucose Fe,03; NPs 0-250 150 4 (mol Hy/mol | This study
sphaeroides MG glucose)
588088
Rhodopseudomonase | Glucose Fe,03; NPs 0-250 150 1.4(mol This study
sp TUT MG813240 H,/mol

glucose)
Rhodopseudomonas | Glucose Fe,03 NPs 0-250 150 1.7(mol This study
parapalustris H/mol
(MH094546) glucose)

4. CONCLUSION

Photosynthetic bacteria are favorable candidates for biological
hydrogen production because of their high conversion efficiency and
versatility in the substrates they can utilize. From the results discussed
above, green synthesis of nanoparticles is a promising approach for
enhancing hydrogen production using three strains of purple non-sulfur
bacteria. The supplementation with Fe NPs enhanced the biohydrogen
production, in a concentration dependent manner. Two enzymes are
especially critical for hydrogen production; nitrogenase produces
hydrogen and uptake hydrogenase consumes hydrogen.
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