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agent. The coconut shell extract consists of phytochemicals that help in producing poly-
disperse magnetic iron oxide nanoparticles at ~75 nm in size. The addition of optimum
concentration of 200 mg Fe/L magnetic iron NPs resulted in the maximum cumulative
hydrogen production, glucose utilization and hydrogen yield of 101.33 mlL, 9.12 g/L and
0.79 mol H,/mol glucose respectively. Furthermore, the kinetic analysis on Gompertz

model using the optimum magnetic iron NPs concentration showed that the hydrogen
production potential (P) and hydrogen production rate (Rp,) increased to 50.69 mL and
3.30 mL/h respectively and the lag phase time reduced about 7.12 h as compared with the
control experiment (0 mg Fe/L). These results indicated the positive effects of magnetic iron
NPs supplementation on fermentative biohydrogen production of mixed bacteria culture
and proved the feasibility of adding the magnetic iron NPs as the micronutrient for

enhancement of such hydrogen production system.
© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Statement of novelty

e The novelty of this research can be highlighted in the
application of green synthesis of magnetic iron nano-
particles using green coconut shell extracted using deep
eutectic solvent.Later the synthesized magnetic iron
nanoparticles was proven to improve the biohydrogen
fermentation with mixed thermophilic bacteria as well as
enhanced the sugar utilization and shorten the lag phase.

e The operating condition particularly temperature used in
this study was higher than those reported in other studies
related to application of metal nanoparticles, it would be
inferred that the coupling effect of higher temperature and
the presence of magnetic iron nanoparticles promoted the
improvement in biohydrogen production as well as
enhancing the substrate consumption and hydrogen yield.

Introduction

Biohydrogen opens potential to replace the depleting fossil
fuel use in the future. This renewable energy is attractive as it
does not produce toxic by-products and only produces water
after combustion. This clean energy source consists of energy
density up to 142 kJ/g [1]. Dark fermentation with thermophilic
bacteria is an efficient way to produce biohydrogen and it has
been used by many as it is considered as low cost process,
versatile and sustainable [2]. In fermentation for biohydrogen
production, the use of carbohydrates as the carbon source is
highly preferred due to its ability to produce higher amounts
of acetic and butyric acids together with hydrogen gas [3]. The
metabolic pathway applied when using obligate anaerobes is
the pyruvate ferredoxin oxidoreductase pathway, where the
glucose breaks down into pyruvate followed by acetyl-CoA.
From this point, the acetyl-CoA can change into ethanol, ac-
etate, or butyryl-CoA that will turn into butyrate [3]. During
this pathway, the hydrogenase enzyme facilitates the pro-
duction of hydrogen, specifically during the pyruvate to
acetyl-CoA conversion.

There are three types of hydrogenases; [Ni-Fe]-
hydrogenase, [Fe-Fe]-hydrogenase, and [Fe]-hydrogenase

where each are activated under different situations. Both the
[Ni-Fe]-hydrogenase and [Fe-Fe]-hydrogenase are activated
under fermentation and energy conservation whereas the [Fe]-
hydrogenase is activated under fermentation only. Under the
mechanism of dark fermentation, [Fe-Fe]-hydrogenase is op-
timum in biohydrogen production since [Ni-Fe]-hydrogenase
is less efficient due to the requirement of higher amount of
energy (ATP) input to catalyse the process and the [Fe]-
hydrogenase does not catalyse the biohydrogen reversible
redox reaction [4].

To improve the bacterial growth and in turn the hydrogen
production, metal oxides such as iron, nickel, copper and zinc
have been researched as trace elements that act as micro-
nutrient to the bacteria [5—8]. These studies used nano-size
trace metal due to its unique characteristics of being very
small in size, very high in surface area and having high
reactivity. Out of all these metal nanoparticles, iron specif-
ically does not only act as micronutrient to the bacteria, but it
is also essential in the formation of ferredoxin and hydroge-
nase under the pyruvate ferredoxin oxidoreductase pathway.
It is also used as co-factor to [Fe-Fe]-hydrogenase that is
active under dark fermentation conditions [9]. Studies using
iron nanoparticles showed high increase of hydrogen yield
under dark fermentation [5,10-12]. The use of conductive
magnetic iron nanoparticles has proved to facilitate the mi-
crobial electron transfer which is the essence in better per-
formance of hydrogen production [1]. The addition of
magnetite (Fe304) helps in forming the electronic conductor
chains that improves the efficiency of electronic transport in
the mixed bacteria culture and enhances the co-enzymes
activity. The Fe;0,4 corrosion produces Fe>" as a by-product
which then heightens the soluble microbial products con-
tent effectively that also helps in ethanol-producing bacteria
growth [13]. Furthermore, nanoparticles are normally used in
trapping and storing electrons which enables further reduc-
tion of protons H" to Hy, helping in the production of
hydrogen in this case [14]. In some study made by using
magnetite in methanogen production, the researchers found
that magnetite aggregates with microbes and can be sepa-
rated and recycled for future use which also helped in
retaining more biomass in the process [15].

Magnetic iron nanoparticles can be bought commercially
or synthesized through physical, chemical, or biological
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method. However, many conventional syntheses are harmful
to environment, uses toxic chemicals and pose many disad-
vantages such as requires high temperature and critical
pressure in order to control its size [16]. Thus, a greener
alternative is needed to produce magnetic iron nanoparticles.
The use of plant extract from biomass waste is one of the
biological methods that can be implemented. The biomass
waste can be utilized by extracting the phytochemicals which
act as the reducing agent to the iron salt precursor.

Therefore, coconut shells were used in this study due to the
abundance in Malaysia. Local street vendors throw away the
shells once coconut juice is extracted and put away into
landfills whereas the chemical compounds in the shells can be
utilized for nanoparticle synthesis. The coconut shells extract
was collected through extraction method using deep eutectic
solvent (DES) method as it is the greener way to extract the
active compound from plant compared to ionic liquid. DES are
eutectic mixtures of two or more chemicals that have
hydrogen donor and hydrogen acceptor properties. The low
lattice energy of the mixture makes it have lower melting
point than the individual chemical separately [17]. The prop-
erties of DES such as low viscosity and high density, aids in
separation of phases in the matrix during extraction [18]. The
plant extract mediated nanoparticles were used to investigate
the effect of supplementation of magnetic iron nanoparticles
in term of volume of hydrogen produce, yield of hydrogen,
substrate utilization as well as biomass concentration under
various concentration from 0 mg Fe/L to 300 mg Fe/L. More-
over, the kinetic analysis on the hydrogen production as well
as substrate consumption was determined using Gompertz
and Monod equation in order to find out the enhancement of
the hydrogen production.

Materials and methods
Green synthesis of magnetic iron nanoparticles

Green coconut shells were obtained from local hawker stalls
while choline chloride and ascorbic acid were purchased from
BT Science Sdn. Bhd. The coconut shell was cut into pieces,
washed, and dried overnight at 60 °C. The deep eutectic sol-
vent combination used was choline chloride and ascorbic acid
at 2:1 M ratio in 100 mL total volume, mixed in 65 °C at 100 rpm
for 30 min. The extraction process was similar to previous
study with some modification [19], where 5 g of dried coconut
shell pieces was extracted by 100 mL DES in room temperature
at 100 rpm for 20 min. The light orange colour of DES was
changed to light brown colour after extraction with coconut
shell. The total phenolic compound was measured by using
the Folin-Ciocalteu method followed by compound identifi-
cation through gas chromatography mass spectrometry (GC-
MS) with similar conditions as previous study [19]. The coco-
nut shell extract was then used as reducing agent in green
synthesis of iron nanoparticles modified from Maheswari and
Reddy [20]. 60.12 mL of distilled water was poured into a
250 mL beaker. Drops of sodium hydroxide was added until the
solution reached pH 10. The mixture was placed onto mag-
netic stirrer, set to 80 °C and 300 rpm. While heating up, 0.252 g
of iron (II) chloride was added, making the mixture turn to

green followed by addition of 0.396 g of iron (III) chloride which
turned the mixture into a rust brown colour. After the iron
precursors were fully dissolved, 3.24 mL of the coconut extract
was added dropwise. After reaching 80 °C, the mixture was left
to agitate for 10 min. The mixture changed into light yellow
colour before 24.12 mL of 5 M sodium hydroxide was added
dropwise and left to agitate for 10 min. The mixture colour
changed to black and was poured into a 100 mL hydrothermal
synthesis reactor that was placed in an oil bath that was
preheated to 130 °C and left for 150 min. After cooling down to
room temperature, the sediments were washed with ethanol
and ultra-purified water at 5000 rpm and 5 min centrifugation.
Pallet collected was left to freeze dry for three days. The end
product of nanoparticles synthesized was black powder.

The nanoparticles were stacked into circle placeholder for
analysis using the X-ray diffractometer (XRD) equipment. The
instrument used a Cu Ko radiation at 45 kV with mono-
chromatic filter at 20—80° range. Field-emission scanning
electron microscope (FESEM) was used at 30,000x magnifica-
tion to analyze the shape, size, and morphology of the nano-
particles. The zeta potential was measured using zeta
potential analyzer with maintained temperature at 25 °C and
each run was made 100 runs at least three times for accuracy.
The magnetic property was analyzed using a vibrating sample
magnetometer (VSM) at room temperature.

Mixed culture and fermentation medium

The mixed bacteria culture used in this research were ob-
tained from palm oil mill effluent sludge of an anaerobic
digester. The sludge was preheated to 80 °C for 60 min in flask
with a magnetic stirrer to inactivate the methanogens. The
fermentation medium used contained glucose 10 g/L; peptone
3 g/L; yeast extract 3 g/L; sodium chloride 1 g/L; sodium acetate
1 g/L; L-cysteine hydrochloride 0.5 g/L and the pH of the
fermentation medium was adjusted to pH 5.5 [5].

Experimental procedures

The fabricated magnetic iron nanoparticles were applied onto
the mixed bacteria culture. Using 150 mL serum bottle, 10% of
mixed bacteria culture was added followed by fermentation
medium until 100 mL total volume. Magnetic iron nano-
particles were added at different concentrations of 0, 25, 50,
100, 150, 200 and 300 mg Fe/L. The initial pH was adjusted to
5.5 and sparged with nitrogen gas before placed into 55 °C
water bath. The accumulated biogas produced were
measured using syringe and needle every day for 72 h. The
final pH and optical density were recorded. The volatile fatty
acids present in the culture with different concentrations of
magnetic iron nanoparticles were analyzed using HPLC (Agi-
lent 1100, California, USA with UV detector) alongside ROA
column and 0.0025 M H,SO, as mobile phase running at flow
rate of 0.5 mL/min at 40 °C for 35 min [5]. The iron oxide
concentration with highest biogas production was used for
the next step. The best concentration of magnetic iron
nanoparticles was used to compare with control for valida-
tion and kinetic modelling.

For kinetic experiment, the experiment was conducted
using the total volume of 250 mL with 10% of mixed bacteria
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culture as inoculum. The initial pH was adjusted to 5.5 and
placed into 55 °C water bath. The optical density and biogas
produced were measured at specific times to observe the
bacterial growth curve of the bacterial culture.

where H is the cumulative hydrogen production, Py« repre-
sents maximum biogas production (mL), R, is maximum
biogas production rate (mL/h), e is Euler's number at 2.73 while
A is the lag phase time (hr) and t is the incubation time (hr).

Theory/calculation
Energy analysis

Hydrogen energy production rate, EPR (kJH,/Ld) was calcu-
lated following previous study [21,22].

EPR =HPR/22.4 HVy, (Equation 1)

where HPR is the hydrogen production rate (LH,/L-d) and HVy,
is the heating value of hydrogen (286 J/mmol) [21,23].

Monod kinetic model

The modelling of biohydrogen production in this study was
based on two kinetic models which are the Monod and the
Gompertz model. The Monod kinetics equation was used to
describe the substrate dependent of growth kinetic model
with the aid of single substrate concentration in this equation.
The equation is based on relationship between the substrate
concentration and cell growth rate. The Monod equation is
expressed as:

_ /umuxs .
“K.+5 (Equation 2)
where K, is the Monod cell growth saturation coefficient (g/L);

Imax 1S the maximum specific growth rate (h ™). The value of K,
is similar to the substrate concentration S (g/L) when p = 0.5
Wnax The model is linearized to calculate the constant values.
The linearize model is as follows:

1 K <1> 1
== S+
lu’ “max S :“max

where }7 is the y axis, {is the x axis,

(Equation 3)

Ks
Hmax

is the slope and the ;1-is
the intercept point.

Gompertz model

The Gompertz function is based on an exponential relation-
ship between specific growth rate and population density. The
equation is expressed as follows:

N = Cexp{exp[—B(t—M)} (Equation 4)

where t = time, Ny= population density at time t, C = upper
asymptotic value (maximum population density), M = time at
which the absolute growth rate is maximal, and B = relative
growth rate at M time.

The equation was modified to suit description of biogas
production and time to see the relation between the two
variables. The modified equation is as follows;

(Equation 5)

PYVIKZX

H = PpxeXp { —exp <Rm'e (A—t)+ 1)]

Results and discussion

Characteristic of green synthesized magnetic iron
nanoparticles

The combination of choline chloride and ascorbic acid as DES
extraction solvent was able to extract 3715 mg GAE/L of total
phenol from green coconut shell. The use of deep eutectic
solvent helped to optimize hydrogen bonding for maximum
phenolic extraction compared to conventional extraction
method using water [19]. Ascorbic acid in this solvent affects
the extraction positively as the process utilizing the hydrogen
bond between choline chloride and ascorbic acid and it helped
to improve the extraction of phenolic compounds from co-
conut shell [24].

GC-MS analysis found that the bioactive compounds within
the coconut shell extracted by DES combination of choline
chloride and ascorbic acid at 2:1 M ratio were mostly antioxi-
dants such as carotenoid, lycoxanthin, astaxanthin, lycopene,
and a-Carotene, similarly explained in previous study between
water extracted coconut shell and DES extracted coconut shell
[19]. There were four phenolic compounds present within the
extract, which were 1,2,4-Benzenetricarboxylic acid, 1,2-
dimethyl ester, the 2-Nonaprenyl-6-methoxyphenol, the Tri-
methyl[4-(1,1,3,3,-tetramethylbutyl)phenoxy]|silane, and the
2',6'-Bis(trimethylsiloxy)-acetophenone. These compounds
can be grouped as phytochemicals and its strong antioxidant
effects serves as powerful reducing agents and aid in stabili-
zation in synthesis of metallic nanoparticles [25,26]. Table 1
shows the phenolic compounds found within the coconut
extract along with its chemical structure. The use of biologi-
cally sourced phytochemicals in nanoparticle synthesis is due
to its biocompatibility especially in producing gold and silver
nanoparticles for biomedical purposes [25,26].

Theoretically, micronutrient such as magnetic iron nano-
particles stimulate the production of biohydrogen through
surface area and quantum size effect [6]. Therefore, the well-
synthesized nanoparticles are extremely important for a
fermentative hydrogen production system. In this study,
magnetic iron nanoparticles was produced using hydrother-
mal method. The FESEM micrograph of magnetic iron nano-
particles showed that the average diameters were
approximately 75 + 6 nm in Fig. 1b). It is shown that some
nanoparticles are spherical in shape while others are rod-like,
still within the nano-size range. This polydisperse scattering
are not as similar as previous studies that have monodisperse
shapes [27,28]. The uneven dispersity of the shape may be due
to non-optimised condition to the synthesis of the iron oxide
nanoparticles such as the influence of iron precursors ratio,
the type of base used and operational conditions like mixing
temperature, agitation, and pH that can ensure better shape
consistency [29]. For future study, the method would have to
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be tuned to ensure better monodisperse and more volume of
the spherical iron nanoparticles rather than mixture of rods
and spheres in one particle.

The crystalline phase and the nanoparticles were observed
by using the X-ray diffraction powder (XRD) analysis. Fig. 1a)
shows the X-ray power diffractograms of the iron oxide
nanoparticles which are a series of peaks at 26 = 18.277°,
30.179°, 35.427°, 37.137°, 43.224°, 53.623°, 57.180°, 62.854°,
71.330°, and 74.384° and were assigned to (111), (220), (311),
(222), (400), (422), (511), (440), (620), and (533) planes of cubic
structures. The highest peak in the nanoparticle was at 26 of
35.427°. The peaks present in Fig. 1a) shows matching to the
crystallinity of magnetite Fe;04 from standard PDF 00-065-
073. These peaks are mostly similar to many research made
previously on green synthesis of magnetite [30—32]. The size
of the nanoparticles was calculated using the Scherer's
equation (D = KMBcosb) where K is the shape factor for a

typical value of 0.9, B is the full width at half maximum
(FWHM) of a particular diffraction peak in radians, A is the X-
ray wavelength for iron at 1.54060 A, and 0 is the Bragg angle
[33]. The average size calculated using the equation from all
the peaks from XRD result was at 89.67 + 13.06 nm.

The magnetic behaviour of the magnetite iron oxide
nanoparticles was measured using a vibrating sample
magnetometer (VSM). The magnetization moment measured
was 44.025 emu/g which indicates that the product is ferro-
magnetic in nature because it has large and positive moment.
The ferromagnetic nanoparticles turn into super-
paramagnetic due to its small nanoscale size. Thus, the
magnetite formed from DES extracted coconut shell is
superparamagnetic in nature [34]. This nature is in line with
other studies made by previous researchers [27,31,35]. The
average zeta potential of iron oxide nanoparticles was
—7.305 mV. The negative charge zeta potential may be due to

Table 1 — The structure of phenolic compounds present in coconut extract.

Phenol

Chemical Structure

2-Nonaprenyl-6-methoxyphenol

1,2,4-Benzenetricarboxylic acid, 1,2-dimethyl ester

Trimethyl[4-(1,1,3,3,-tetramethylbutyl)phenoxy]silane

2',6'-Bis(trimethylsiloxy)acetophenone
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Intensity

(400)

Fig. 1 — Characterization of green synthesized iron oxide
nanoparticles using a) X-ray diffraction powder (XRD)
analysis and b) field-emission scanning electron
microscopy (FESEM).

the dissociation of Fe-OH and the formation of Fe-O that
occurred between the iron salt precursor and the phenolic
compounds from the coconut shell extraction [36,36]. Previous
study on the synthesis of biocompatible iron oxide nano-
particles also had negative zeta potential result due to the
presence of hydroxyl group from phenolic contents in plant
extract [37,38]. The lower range than 15 mV shows that it is
prone to coagulation and less stable, similar to previous study
made by Solgado and colleagues where the green synthesized
iron oxides have zeta potential range from —4.39 to —8.96 mV
[38]. To overcome this in the future, changes to parameters
such as pH levels during the experimental procedure may help
to increase the zeta potential magnitude and in turn make the
nanoparticles more stable [39].

Effects of magnetic iron nanoparticles concentration on
biohydrogen production

The effect of supplementation of magnetic iron nanoparticles
was conducted under batch process. The glucose consump-
tion was estimated by dividing the amount of glucose
consumed by the sum of the initial glucose. Biogas analysis
showed that only hydrogen and carbon dioxide produced
during the anaerobic fermentation which indicated that no

methanogens bacteria were present in the cultures used in
this study. The results of the optimization experiment were
tabulated in Table 2. It was found that 200 mg Fe/L of the
supplementation of magnetic iron nanoparticles produced
higher hydrogen production and yield compared to other
concentration with 101.33 mL of hydrogen produced and yield
of 0.7865 mol H,/mol glucose. The trend showed that the in-
crease of magnetic iron nanoparticles concentration may in-
crease the volume of hydrogen produced as well as hydrogen
yield. The addition of small amount of magnetite iron nano-
particles was able to increase the hydrogen yield by 72.33%
than control. However, the pattern to concentration used is
not proportionate. This may be due to the polydispersity of the
iron oxide itself which may affect the surface reactivity area
that is proven difficult to measure accurately using machinery
or calculations due to its irregularity in shape [40]. Overall, the
hydrogen yield from added nanoparticles are mostly higher
than control however, it is not comparable to previous studies
using magnetic iron nanoparticles for biohydrogen produc-
tion due to different nanoparticles synthesis, size, substrates,
seed and operational conditions used (Table 4). These
different factors influence highly to the hydrogen yield.
However, many studies using thermophilic conditions have
proven to increase hydrogen yield [41—43]. Practically,
increasing the fermentation temperature by applying ther-
mophilic condition had been proven to enhance the hydrogen
production as compared to mesophilic conditions, especially
when the complex substrate was used in the system [5].
Higher temperature influence rapid metabolism activities of
the bacteria and thus, indirectly improved the substrate uti-
lization by the bacteria and hence, enhanced the hydrogen
production [44].

The experiment was made in triplicates to get the average
biogas produced for higher accuracy followed by calculation of
hydrogen produced and applied to linear regression model for
statistical analysis (Table 3). From the table, the low Rsquared
indicates that the model does not fit the data very well. The
regression model only explains about 36.42% of all the vari-
ability in the dataset. In regression, the R? coefficient is a
statistical measure that represent how well the regression line
approximates the real data points [5].

The hydrogen production rate and energy production rate
also follow the same order to concentration as that of
hydrogen produced and yield. This is due to the calculation
for both relating to each other. Making 200 mg Fe/L having
highest hydrogen production rate at 3.38 L Hy/L-d and energy
production rate of 43.12 kJ H,/L-d. This proves that the sup-
plementation of 200 mg Fe/L of magnetic iron nanoparticles
gives the highest impact not only on hydrogen gas production
but also to the energy production rate. The limiting concen-
tration of magnetic iron nanoparticles was at 300 mg Fe/L,
where the biohydrogen produced, hydrogen yield, hydrogen
production rate, and energy production rate decrease due to
the inhibitory effect for the bacteria which was similar to
previous study that found 303 mg Fe/L was inhibitory under
Andrew's inhibition model since excess of iron content is
reported to inhibit the bioactivity of hydrogen producing
microorganisms [45].

From the results, sugar consumptions were higher for all
samples in this study (>9.0 g/L) which indicates that the
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operating condition of this experiment is highly suitable for
the mixed culture to fully utilize the substrate. The control at
0 mg Fe/L has the lowest final substrate concentration which
gives it the highest substrate consumption percentage fol-
lowed by 100 mg Fe/L, 150 mg Fe/L, 25 mg Fe/L, 50 mg Fe/L,
200 mg Fe/L, and lastly 300 mg Fe/L. These results show that
the lower concentration of magnetite has higher substrate
uptake activity than those with higher concentrations. Pre-
vious studies mentioned that the low substrate consumption
may be due to accumulation of liquid fermentation which
becomes over acidification of cultures followed by the mi-
crobes only converting the limited fraction of the substrate at
different concentrations due to rate limiting step in the
process [45].

The highest cell concentration as shown in Table 2 is that
of 300 mg Fe/L concentration followed by 200 mg Fe/L, 50 mg
Fe/L, 25 mgFe/L, 150 mgFe/L, 100 mg Fe/L, and lastly 0 mg Fe/L.
High cell concentration generally provide higher hydrogen
production to the abundance of catalytically active sites to
convert organic sources into hydrogen [46]. The cell concen-
tration shows that the bacterial growth is rapid within the
experimental procedure, but it does not portray direct corre-
lation to the hydrogen production because of the rate limiting
step of iron uptake by the bacteria.

The glucose degradation produces volatile fatty acids
(VFAs) and soluble metabolite which can be connected to the
low yields, which is proven in this study when there was no
addition of iron oxide nanoparticles in control experiment, the
amount of propionic acid produced was greater than acetic
and butyric acid, and hence the hydrogen yield also decreased
[47]. The results showed that addition of iron oxide nano-
particles increased the production of acetate and butyrate,
whereas the production of propionate results in a small
amount as compared to control. This scenario could be
because the addition of NPs effectively directed the bacterial
metabolism to produce more VFAs [10]. Moreover, since the
experiments were conducted at optimal initial pH of 5.5,
which is able to direct the metabolic pathway oriented toward
the production of hydrogen allowing for higher yield [5].

The reduction of final pH compared to initial pH of 5.5 of
the samples after 72-h cycle was due to the accumulation of
volatile fatty acids produced in the mixed bacteria culture as
the by-product of the fermentation process [48]. Among the
different concentrations, the control with no added magnetic
iron nanoparticles has the highest pH value at 4.25 whereas
any addition of the nanoparticles will show reduction of pH
level. This shows that the supplementation of magnetic iron
nanoparticles lowers the final pH, showing a significant
change in the environment within the mixed bacteria culture
as compared to control. The pH value of 3.55 was the lowest
for iron oxide concentration of 200 mg Fe/L. The acidic envi-
ronment shows that possibly the acetate and butyrate meta-
bolic pathways were utilized to generate the highest
biohydrogen production among the other nanoparticles con-
centration [49,50].

The acetic acid production increases as the concentration
of iron oxide nanoparticles increase. Thus, it can be said that
the biohydrogen produced under this system was following
the acetic pathway in which the presence of metal ion such as
Fe®" stimulates the hydrogenase enzyme reaction that
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Table 3 — ANOVA for optimization with the presence of magnetic iron nanoparticles.

Mean Std. Deviation N Remark

Descriptive Statistics =~ Hydrogen Production  74.46 20.52 7

NP Concentration 117.86 106.77 7
Model Summary R Rsquared Adjusted Std. Error of

Rsquared the Estimate

0.603 0.364 0.237 17.92 Not significant
ANOVA Model Sum of Squares Df Mean Square F P value

Regression 920.23 1 920.23 2864 0.151

Residual 1606.78 5 321.35

Total 2527.01 6

significantly increase the electron transfer and this reaction
increases the hydrogen production as well as cell growth
[47,48]. As for butyric acid, the acid concentration in the
sample also increases as the nanoparticles concentration in-
crease but shows a sudden drop starting from 100 mg Fe/L and
gradually goes upward until 300 mg Fe/L. In the higher
nanoparticle concentrations, acetic acid production is more
than butyric acid due to the stoichiometric chemical equation
of converting glucose produces two parts of acetate with four
parts of hydrogen whereas it produces only one part butyrate
with two parts hydrogen as shown in the equation below [53].
Propionic acid shows gradual decrease from 0 mg Fe/L to
100 mg Fe/L followed by sharp jump at 150 mg Fe/L and
gradually goes down again until 300 mg Fe/L. The highest
propionic acid concentration at 150 mg Fe/L shows that the
propionate metabolic pathway was favored under this con-
centration. The low biohydrogen production at this concen-
tration is due to the propionic acid suppressing hydrogen-
producing bacteria [54]. The propionate pathway produces
two parts propionate while consuming two parts of hydrogen
in the process [53]. Thus, fermentation with low production of
propionic acid is more favored to avoid the consumption of
hydrogen.
Acetate production:

CeH1206 + 2H,0 — 2CH3COOH + 2CO, + 4H,
Butyrate production:

Ce H120¢ — CH3CH,CH,COOH + 2CO; + 2H;
Propionic production:

Ce H1206 + 2H, — 2C3CH,COOH + 2H,0

These results demonstrated that the mixed culture used in
this system was able to adapt with the presence of magnetic
iron nanoparticles up to a certain concentration. This can be
seen from the difference in lag phase between control
experiment and the one with the supplementation of mag-
netic iron nanoparticles, in which the lag phase was shorter by
7.12 h or at about 6.26 h as compared to 13.38 h in control
(Table 6). This result was much better than previous studies
probably due to difference in temperature condition, wherein
thermophilic condition, the lag phase was shorter, between 3
and 9 h compare to about 18—24 h during mesophilic

fermentation [6,55]. It can be found that there were two fac-
tors that improved the hydrogen production yield in this study
which firstly is due to thermophilic condition that stimulates
the hydrogenase enzyme to act at its optimum capability
[56,57]. Secondly, the addition of iron NPs that acts as a
cofactor which accelerates the redox reaction during anaer-
obic fermentation of hydrogen [5,58].

Kinetics study of the effect of supplementation of magnetic
iron nanoparticles

The kinetic study was done to investigate the effect of addi-
tion of iron nanoparticles on biohydrogen production by using
different kinetics model. The best concentration from opti-
mization experiment was used for this kinetic experiment,
which was 200 mg Fe/L of iron oxide nanoparticles. Fig. 2
shows the pattern of the cumulative hydrogen produced
with time that followed a typical growth curve consisting of
lag, exponential and stationary phases for both control and
added iron oxide nanoparticles samples during the experi-
ment. The results show that the addition of iron oxide nano-
particles was able to produce more hydrogen compared to
control experiment.

The addition of 200 mg Fe/L of iron oxide nanoparticles
improved the volume of hydrogen produced, hydrogen yield,
hydrogen production rate and the energy production rate as in
Table 5. However, it was found that sugar consumption for
control experiment was much better which may be due to the
microbes having some limit in substrate conversion due to
acidification from the accumulation of fermentation liquid
[45]. The final pH shows that added magnetic iron nano-
particles is slightly acidic than that of control. This explains
why the hydrogen production is higher due to accumulation
of hydrogen producing acids such as acetic and butyric acid
that are present in the mixture at the end of the experiment
[48]. The production of butyric acid and acetic acid concen-
tration was higher when iron oxide nanoparticle was present
which reflects to higher amount of hydrogen produced. The
system favors butyric acid production as compared to acetic
acid since more butyric acid were produced in the sample
compared to acetic acid. While it was found that the acetic
acid formation in the sample with added iron oxide nano-
particle contains about 48.5% higher concentration than
control experiment. The formation of high concentrations of
acetic acid proved that the acetate pathway is highly
responsible in the increase of hydrogen generation [62]. The
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Table 4 — Studies on effect of magnetic iron nanoparticles in biohydrogen production.

Types Synthesis Size (nm) Working  Temperature Optimum Substrate Yield References
Volume (°Q) Concentration
(mL) (mg Fe/L)

Fe30,4 Commercial 20 300 37 200 Glucose 260.9 mL H,/g Glucose [1]

Fes04 Reduction-precipitation 50 700 37 40 Glucose and Xylose 0.37 + 0.004 mol H,/mol [59]
method sugar

Fe;04 Commercial 40—-60 5500 35+1 50 Glucose 12.97 mL H,/g-VSS [60]

Fe304 (magnetic Reflux process Pore size 4.4 500 37 200 Glucose 214 mL H,/g Glucose [61]

activated carbon)
Ni Fe,0,4 ferromagnetic Coprecipitation method Less than 50 500 37 and 55 200 Glucose 130 mL H,/g Glucose [11]
Fe;04 Green synthesis (hyacinth) 135+ 3.7 350 37 20 Rice straw hydrolysate 83.20 + 2.19 mL Hy/g [31]
substrate

Fes04 Green synthesis 75 100 55 200 Glucose 11.11 ml H,/g sugar; This study

(green coconut shell) +6 0.79 mol Hy/mol sugar

Table 5 — The effects of adding magnetic nanoparticles compared to control.

Concentration Cumulative Vol mol Glucose Sugar mol Yield H, Production Energy Final Final Final Final
NP (mg Fe/L) Biogas H, (mL) H, final utilization substrate (mol H,/mol sugar) Cell Rate Production pH HAc HBu HPr(mM)
(mL) (g/L) (g/L) consume concentration, (L Hy/L-d) Rate (k] H2/L-d) (mM) (mM)
X (g/L)
0 322 137.9  0.0054 0.57 9.43 0.0131 0.4145 2.07 1.84 23.50 437 36.89 59.52 94.22
200 375 157.3  0.0062 0.87 9.13 0.0127 0.4880 3.16 2.10 26.78 4.28 60.53 66.63 50.62
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Table 6 — Dynamically fitted parameters according to Gompertz and Monod Model.

Concentration (mg Fe/L) Pmax (mL) Rm (mL/h) A (hour) Rsquared tl}'l"%) Ks (g/L) Rsquared
Gompertz Monod

0 44.60 1.65 13.38 0.972 0.0065 10.44 0.889

200 50.69 3.30 6.26 0.998 0.0060 10.09 0.994

acetic acid production of 200 mg Fe/L increases to almost two
folds of control while the formation of propionic acid was
more significant in control experiment with nearly 60.2%
higher than the sample with iron oxide nanoparticles. This
hydrogen consuming acid shows the reason why the forma-
tion of hydrogen is lower in control experiment [63].

The results from this experiment were then applied onto
the Monod and Gompertz model using MATLAB software to
determine the dynamically fitted parameters according to the
models. Gompertz model was selected for kinetic analysis as it
is the best fit to represent the exponential relationship be-
tween specific growth rate and lag phase duration which is not
explained in other models [64]. Prediction of lag phase during
the fermentation process is important as it is related to the
fermentation productivity. By cutting down the lag phase and
maintaining the system in exponential phase, this might help
in increasing production during the fermentation [6].
Furthermore, fermentation product was produced rapidly
during exponential phase thus, kinetic analysis needs to be
done during this stage in order to fully describe the relation-
ship between the cell growth and production rate. Gompertz
model is much suitable in describing kinetic study for biogas
fermentation as it is related to metabolic reaction of bacteria
that resulted in producing the gas. Moreover, metabolic re-
action inside bacteria is related to the energy conservation.
The biogas production is a product of energy conservation
that is also important in cells growth, hence it leads to an
accurate representation of the lag phase [65]. Therefore, the
kinetic analysis using Gompertz to determine the maximum
hydrogen production potential (Pmax), maximum hydrogen
production rate (Rm) and lag phase for all batches were
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Fig. 2 — The cumulative biohydrogen production of 200 mg
Fe/L magnetite compared to control.

calculated and tabulated in Table 6. Based on the Gompertz
model, the maximum hydrogen production, Pmax of the added
magnetite was 12.78% higher than control at 50.69 mL. The
maximum hydrogen production rate, R, of 200 mg Fe/L was
3.30 mL/h whereas control was at 1.65 mL/h, showing a 66.67%
increase. Lastly, the lag phase, 1 of added iron is 7.12 h shorter
than control at 6.26 h. The coefficient of determination, R?
values for Gompertz model were about 0.97 for all regression,
showed that a strong correlation between the experimental
data and the fitted curve. The addition of iron oxide nano-
particles caused the dramatic decrease in lag phase time from
approximately 13 h in control experiment to less than 6 h.
Moreover, the shorter lag phase had influenced the increase in
maximum hydrogen production rate, R, compared to the
control sample. Thus, these results have suggested that the
NPs have a significant influence on the kinetic of hydrogen
production than the total biogas production due to glucose
utilization [45].

Monod model is used in this research to study the effect of
the substrate used in the fermentation medium to the mixed
bacteria culture. Small changes may affect the bacteria
entirely for it to adapt to new changes. Naturally, when new
nutrients are introduced to the bacterial cell, the cell will
adapt itself to the new environment by producing the required
enzyme. This also means that all nutrients can limit the rate
of fermentation when presence of concentrations that are too
high or too low. As the concentration of the nutrient increases,
the bacterial growth rate will increase until the maximum
value and the growth will maintain until the nutrient reaches
an inhibitory level, which then causes the growth rate to fall.
Thus, from Monod equation, the effect of supplementation of
magnetic iron nanoparticles can be observed from the satu-
ration constant, Ks. The value of saturation constant, Ks
showed the concentrations that support a half-maximal rate
of the bacterial growth under respective condition [66]. From
the linearized Monod model, the values of Ks and p,,, are in
negative integers due to negative intercept in linearized
Monod model which suggested that these bacteria need more
energy to maintain the cells [67].

The Ks value decreased with addition of magnetite in the
fermentation culture, at magnitude of 10.09 g/L glucose. This
Ks value indicates that this fermentation process utilizes the
sugar metabolism which was in line with the high value of
sugar utilization shown in this study. The maximum growth
rate, pmax 1S achieved when the substrate concentration, S is
higher than Ks and the concentration of other essential nu-
trients are the same. The saturation constant Ks is the
approximate division between the lower concentration range
where p is essentially linearly related to substrate and the
higher rate where p becomes independent of any concentra-
tion of the nutrient supplied. However, the range of nutrient/
substrate concentration used in this study may have
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influenced whether enhancing or inhibiting of fermentation
activity, thus, results may vary with each microorganism,
chemical species, and growth conditions [68].

Conclusion

Enhancing the biohydrogen production using thermophilic
mixed bacteria is feasible with the presence of magnetic iron
nanoparticles during the fermentation process. The supple-
mentation of nanoparticles onto the fermentation process
was able to increase the hydrogen production yield by 72.33%
and also produced higher energy production rate (EPR) of
43.12 kJ H,/L-d under the presence of the optimum amount of
magnetic iron nanoparticle (200 mg Fe/L). This result proved
that the supplementation of magnetic iron nanoparticles that
act as micronutrient during the fermentation process was able
to stimulate the hydrogenase enzyme to release more
hydrogen. The kinetics parameters of Gompertz and Monod
model are also dominated by addition of 200 mg Fe/L magnetic
iron nanoparticles compared to control. Maximum hydrogen
production, Pmnax of added magnetic iron nanoparticle was
50.69 mL, hydrogen production rate, Ry, was 3.30 mL/h and lag
phase, 2 was 6.26 h. This is followed by Monod kinetics of
specific growth rate, i,q, 0f 0.006 h™* and cell growth satura-
tion coefficient, Ks of 10.09 g/L.
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