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ABSTRACT: There are several factors that influence the production of biohydrogen by dark fermentation including inoculum
seeds, type and concentration of substrate, pH, temperature, presence of micronutrient and reactor configuration. Previous research
has proven that the concentration of substrate and the presence of micronutrient will influence the yield and productivity of
biohydrogen production. However, improvement of yield and productivity of the process can only be achieved once the system is
under the optimum amount of substrate and micronutrient. Therefore, the best way to determine the effect of substrate concentration
and presence of micronutrient is through kinetic study that was done using Monod model along with Andrews model. Besides that,
the substrate inhibition effect also will be evaluated to determine the maximum substrate that needs to be supplied for maximum
hydrogen production, and thus supplied the information for economic feasibility for fermentation process. In the meantime, the
inhibition effect of adding the iron nanoparticles also had been evaluated in order to understand the interaction effect between iron
nanoparticles and bacteria in term of catabolism reaction. It was found that increasing the substrate concentration more than 10 g/l
will cause the inhibition to the system, in which it will slow down the reaction process and reduced the production of hydrogen.
While the presence of iron NPs more than its optimum value (200 mg/l) will inhibit the bacterial growth and hence, affect the
hydrogen production. For both cases, when the inhibition occurred at the respective concentration, it was found that the metabolic
pathway was shifted to produce more hydrogen-consuming metabolite such as propionate acid, and thus, dropped the hydrogen
production.
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I. INTRODUCTION

Biohydrogen production involves mixed community of bacteria that bring about an ecological pattern that is different from pure
culture in which the growth rate and microbial activity was affected by diurnal variation of substrate, pH, DO and temperature [1].
In typical fermentation process, substrate concentration and addition of micronutrients are among the crucial factors that will affect
the productivity and yield of the process. Ginkel and his co-worker has demonstrated that the presence of the appropriate
concentration of substrate during hydrogen fermentation could increase the ability of the hydrogen-producing bacteria to produce
maximum amount of hydrogen [2]. However, the optimal amount of substrate and micronutrients need to be determined or otherwise
the presence of excess amount of it will inhibit the process [3]. The presence of optimal substrate concentration and micronutrients
are able to improve the metabolic reaction of microbes which have a relationship with microbial growth.

In order to understand the substrate utilization by the microorganism during the fermentation process, kinetic model such as
Monod equation is commonly used to describe the correlation of microbial growth with substrate intake [4]. Through Monod
equation (Equation 1), one can determine the growth-limiting substrate that may affect the bacterial growth. Monod equation is the
adaptation from Michaelis-menten kinetic model that had been used in enzymatic reaction, but when applied to cellular system, it
is known as Monod equation.

f= % (Equation 1)
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where p is a specific growth rate (h™), pmax is the maximum growth rate (h™), S is the substrate concentration (g/l), and Ks is the
half saturation coefficient (g/l).

Later, in 1905, Blackman had discovered the relationship between bacterial growth and substrate concentration in which he
found that, at high substrate concentration, bacterial growth rate as well as substrate uptake rate are both independent of the substrate
concentration that probably due to intracellular factors that limited for metabolic reaction under this condition [4]. Figure 1 shows
that the increasing of substrate concentration will increase the specific growth rate, p and finally reaches an asymptotic value pmax.

1= pmax S/ Ks when S < Ks
1= Hmax when S > Ks

complete Monod model
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Figure 1: Relationship between substrate concentration, S and the specific growth rate under the ideal condition for Monod
equation.

However, increasing the substrate concentration will inhibit a fermentative hydrogen production and thus, Equation 1 is no longer
applicable. Modified Monod equation had been introduced by Andrew model (Equation 2), where Ki is inhibition coefficient
[5]- )

Hmax H
= (KST*(S?Z,J (Equation 2)
Several studies had used Andrew model to describe the substrate inhibition to the fermentative hydrogen production [6]-[9]. So far,
the Monod equation as well as modified Monod such as Andrew equation is the best model that describe the effects of substrate
concentration on the rates of substrate degradation, bacterial growth, and hydrogen production.

Besides the kinetic model such as Monod that describes the substrate utilization which affects the bacterial growth, the inhibitory
effects of salts or trace elements on bacterial growth as well as hydrogen production also can be evaluate through kinetic model by
using Han-Levenspiel model [10]. This model described that when the inhibitor concentration increases to Cerit, the specific growth
rate, p will decreases from pmax t0 zero. It is believed that the presence of excess number of salts or trace elements may affect the
intracellular metabolism of the bacteria, which is able to inhibit the enzyme reaction involved in hydrogen production [11]. To the
best of our knowledge, the effect of trace elements such as addition of iron nanoparticles has not yet been addressed using this model
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on hydrogen production. It is because the presence of iron nanoparticles will involve the hydrogenase enzyme that will make the
model more complicated due to intracellular factors that is limited to be monitored, thus, more research on these aspects is needed.

Therefore, this research is aimed to determine the effect of substrate concentration on bacterial growth using the kinetic model.
Besides that, the substrate inhibition effect also will be evaluated to determine the maximum substrate that need to be supplied for
maximum hydrogen production, and thus supplied the information for economic feasibility for fermentation process. In the
meantime, the inhibition effect of adding the iron nanoparticles is also evaluated in order to understand the interaction effect between
iron nanoparticles and bacteria in term of catabolism reaction. Thus, this research will examine the optimization and kinetic modeling
of hydrogen production using mixed culture bacteria from palm oil mill effluent sludge in thermophilic condition by employing the
substrate utilization model and inhibition model due to presence of iron nanoparticles.

Il. METHODOLOGY
A. Seed Sludge
The sludge was taken from palm oil mill effluents (POME) and was used as the seed sludge in this experiment. The seed sludge
was acclimatized for duration of one month in 1 L Schott Durant bottle before further progress into different glucose concentration
in batch mode process to make sure the seed was in stable condition to produce biohydrogen. In addition, the seed sludge was feed
for every two days with initial pH adjusted to 5.5 using 1M of hydrochloric acid or sodium hydroxide.

B. Experimental Procedure
The experiment was conducted by using 300 ml Schott Durant bottle. 1 liter of nutrient solution for the seed consisted peptone
of 3 g, yeast extract of 3 g, NaCl of 1 g, CsH3NaO- of 1 g and L-cysteine of 0.5 g. All of these compositions were prepared on basis
of 1 liter. 15 ml of acclimatized seed sludge, 170 ml of nutrient solutions and glucose ranges of 0 to 50 g/l were added into the bottle.
The calculation of each the glucose concentrations were made on basis of 200 ml of working volume. Then, the bottle was filled up
to 200 ml working volume with 100 ml headspace. The initial pH of 5.5 for every bottle from 0 to 50 g/l was adjusted by 1 M of
hydrochloric acid or sodium hydroxide. The batch mode test were conducted at 55 °C [12].

C. Analytical methods

The collection of the biohydrogen produced were taken using water displacement method. The fraction of hyrdrogen in the
biogas was determined by using gas chromatograph. The carrying gas of helium is used at the flow rate of 12 ml/min. The gas
production data was reported and standardized to the standard temperature of 0 °C and pressure of 760 mm Hg. The metabolites of
soluble that presented inside the mixed culture were also analysed by a high performance liquid chromatography (HPLC). The pH
level was measured by using pH probes. The volatile suspended solid (VSS) of the seed sludge was determined using the standard
method application. According to the standard method, VSS are those solids lost on ignition (heating to 550 °C). They represent a
rough approximation of organic matter that presents in the fraction of the mixed culture bacteria.

D. Kinetic analysis on the effect of substrate and micronutrients concentration on bacterial growth and biohydrogen
production
In order to analyse the effect of substrates concentration, the experimental data were analyzed using MATLAB software. The
modeling of rate equations for biomass (X), hydrogen production (P) and glucose (S) were used to explain the fermentation process.
The unstructured models which was widely used to describe the microbial cell growth was the Monod model. Meanwhile to estimate
the amount of optimum substrate for maximum growth rate, Monod equation was used (Equation 1). This kinetic model was used
to describe the interaction of the growth of microbial with the intake of substrate [10]. Generally, Monod model was implemented
to describe the substrate concentrations effects on the rates of degradation of substrates, HPB growth, and the production of hydrogen
[11]. As we know that, glucose (substrate that commonly used for anaerobic fermentative of biohydrogen) always act as limiting
substrate during the bacterial growth. The utilization of this substrate was commonly determined using monod equation..

11l. RESULT AND DISCUSSION
A. Effect of substrate concentration on biohydrogen production
The effect of substrate concentration can be explained in Figure 2, in which for the biohydrogen production in batch experiments,
the biogas produced increased with increasing glucose concentration, but it decreased when the glucose concentration was more
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than 15 g/l. The maximum hydrogen production was achieved when glucose concentration was 15 g/l, which is 277 ml respectively.
This showed that when the substrate concentration is in an appropriate range, it is able to increase the biohydrogen production,
however, when the substrate concentration is more than the optimum range, it will cause the biohydrogen production to drop [13].
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Figure 2: Cumulative hydrogen production from mixed culture using various concentration of glucose.

Meanwhile, the substrate utilization also shows the increasing trend with the increasing of glucose concentration (Figure 3).
After it reached the optimum value, the percentage of substrate utilization decreases. This trend proved that at low level of substrate
concentration, bacteria able to utilize or degrade the substrate without any obstacles, but when the substrate concentration increases
more than the limit of the bacterial cells can accept, the substrate utilization and degradation will decrease [11], [14]. This result is
similar with previous study where they observed that substrate inhibition likely to occur at higher glucose concentration due to the
alteration of metabolic pathways [11], [15]. The accumulation of volatile fatty acids (VFAS) such as ethanol or propionate in the
fermenter due to high glucose concentration indicates that the fermentation process favours the ethanol pathway than acetate or
butyrate pathway, and hence, reduce hydrogen production. In all experiments, pH was dropped from initial pH of 5.5 to 4.98 + 0.27

after 72 hours cultivation.
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Figure 3: Substrate utilization for various concentration of glucose concentration.
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Substrate utilization by the bacteria to support its growth was measured using the kinetic model. Generally, there are two ways
to evaluate the effect of substrate concentration during fermentation process, one is by monitoring the bacterial growth and another
is by evaluating the substrate utilization to produce the fermentation product [16]. Firstly, the effect of substrate concentration on
bacterial growth can be determined using the simple Monod’s model (Equation 1), where the important parameters such as maximum
specific growth rate (Umax) and Monod constant, Ks were estimated by plotting the graph of 1/ p against 1/S, and the slope of the
straight line will give the value for Ks and pmax. The value of Ks and pmax for each glucose concentration was represent in Table 1.
While Figure 4 represented the specific growth rate as a function of glucose concentration. It is found that the experimental results
followed a typical shape of Monod model. As the concentration of glucose increase (> 10 g/l), the specific growth rate (u) also
increases non-linearly and reached the maximum value of 0.068 h™%. The increasing values of Ks when glucose concentration increase
while the maximum specific growth rate (Umax) decreases indicate that the bacterial growth was dependant with glucose
concentration. This result was similar with the values of pmax in previous studies involving the mixed bacterial culture [16]-[18].
The extrapolation of the curve in Figure 4, showed that the Ks or saturation constant that equal to the concentration of the rate—
limiting substrate when the maximum specific growth rate is equal to one half of the maximum, which is about 7.82 g/l. The Ks
value basically represents the amount of substrate concentration that had been utilized by the bacteria to achieve half (50%) of the
maximum substrate degradation rate or known as substrate saturation constant [19]. This value is useful to set the optimum amount
of substrate concentration needed to achieve maximum production during the fermentative hydrogen production. Besides that, K
value also important in determined the efficiency of conversion of substrate to biomass [20], [21].

Table I: Effect of substrate concentration on kinetic parameter based on Monod equation

Concentration Biohydrogen Ks,subst_rate Specific Growth XS Yes
of Glucose (g/l) Produced saturation Rate, 1 () (gcelll g (mol Hy/ R?
g (ml) constant (g/l) as substrate) mol substrate)
25 126 1.84 0.012 1.044 0.985 0.976
5 148 351 0.018 0.916 1.053 0.929
7.5 221 6.45 0.028 0.835 1.201 0.919
10 241 8.10 0.040 0.398 1.336 0.972
15 275 14.02 0.049 0.258 0.894 0.993
20 259 17.98 0.062 0.104 0.578 0.826
30 185 19.21 0.068 0.087 0.355 0.884
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Figure 4: The kinetic analysis of bacterial growth rate () at various glucose concentration.
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Variation of the hydrogen yield over the concentration of substrate can be seen in Table I. The hydrogen yield coefficient (Y ps)
was increased as the substrate concentration increase from 2.5 g/l to 10 g/l before the Y started dropped when the substrate
concentration more than 15 g/l. This trend showed that the hydrogen yield coefficient dropped sharply due to substrate inhibition at
higher level. The maximum substrate utilization rate as well as hydrogen production was achieved when the substrate concentration
was 10 g/l (Figure 2 and 3 respectively).

The specific rates of sugar utilization were calculated using the Equation 4 [22], which take into account the inhibition effect of
the substrate to the bacterial growth. Here, the initial biomass used in this study was, Xo = 0.18 g/I. However, in order to determine
the rate constant for sugar utilization, k (g substrate per g biomass per hours), we assumed that sugar utilization rate was occurred
during the low concentration of substrate, which similar to Monod’s model for bacterial growth, and thus, by re-arranged the
Equation 3, resulting Equation 4 which can be used to plot the linear graph of (1/gs versus 1/S,) to find the Ks, k and gm [22]. gm
is kXo, the maximum rate of substrate utilization (g substrate I* h't).

_ kXoSo Ksi

T Ks+S0 | Ksi+So (Equation 3)
_ kXoSo _ _qmSo
T (Equation 4)
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Figure5: Substrate utilization rate withvarious initial glucose concentrations

The plotted of substrate utilization rate was found that rate of sugar utilization dropped when the initial substrate more than 10
g/l (Figure 5). It was found that when the experimental data (Table II) for sugar concentration below 10 g/l was plotted, qm = 3.67
g substrate I'* h'l, Ks = 8.23 g/l and k = 20.37 g substrate X h'? since X, = 0.18 g/l. The coefficient of determination (R?) for the
fitting was greater than 0.92, it can be concluded that this model is suitable to describe the effect of substrate concentration on
bacterial growth rate for this study. Thus, Equation 5 when S < 10 g/l :

gs = 2;’:';’:22” (Equation 5)
18 "Corresponding Author: Nurul Sakinah Engliman Volume 05 Issue 01 January 2022

Available at: ijcsrr.org
Page No.-13-25


https://doi.org/10.47191/ijcsrr/V5-i1-03
http://sjifactor.com/passport.php?id=20515
http://www.ijcsrr.org/
http://www.ijcsrr.org/
http://www.ijcsrr.org/

International Journal of Current Science Research and Review

ISSN: 2581-8341

Volume 05 Issue 01 January 2022

DOI: 10.47191/ijesrr/V5-i1-03, Impact Factor: 5.825

1IJCSRR @ 2022 WWW.ijcsrr.org

Table II: Kinetic data for substrate utilization
So (g/1) 1/S, gse (9/l/h) 1/ gso

25 0.4 0.891 1.122
5 0.2 1.149 0.870
7.5 0.1333 1.776 0.563
10 0.1 2.462 0.406

15 0.0667 1.725 0.580
20 005  1.084 0.923
30 00333 0356  2.809
*X, = 0.18 gl

B. Effect of adding micronutrient on bacterial growth and biohydrogen production

Iron nanoparticles was added to the media in the range of 0 to 500 mg/l, while the glucose concentration was fixed to 10 g/l. The
kinetic of iron utilization was carried out with the assumption that it was needed in the reaction process due to it catalytic behaviors
for stimulation of required enzymes. It is well known that the presence of iron during the hydrogen fermentation able to activate the
hydrogenase enzyme, an essential enzyme for biohydrogen production [23]. Additionally, iron NPs also able to enhance bacterial
flocculation/agglomeration when the pH of the fermentation media in the suitable range [12].

In order to estimate the suitable kinetic model for the iron NPs consumption during hydrogen fermentation, the time profiles of
iron NPs consumption and cells concentration were plotted as Figure 6. It was found that as iron NPs intake decreased, the cell
concentrations increased. The trend was similar for concentration of iron NPs of 25 mg/I until 200 mg/l but when the iron NPs
concentration is higher than 200 mg/l, more iron NPs uptake caused the cell concentration to decrease. Thus, it is showed that 500
mg/l of iron NPs will inhibit the cells growth as well as hydrogen production (Figure 6). Furthermore, higher concentration of iron
NPs will cause shifted of metabolic pathways that caused more hydrogen consumer by-product produced such as propionate acid.
Generally, when the nutrient such as metal ions was in excess, bacterial will use the excess energy for cell maintenance either by
increasing the cells concentration or formation of soluble metabolite product such as organic solvents like propionate or lactic acid
[24].

Biomass growth kinetic for fermentative hydrogen production was analyzed using Monod equation. The specific growth rate ()
and saturation constant (Ks) were estimated by linearized the Lineweaver-Burk equation. The values were shown in Table III for
each concentration of iron NPs. The value of p increase with the increasing of iron NPs concentration, with the minimum was 0.0375
h™* till 0.0674 h* when the iron NPs concentration was 25 mg/l and 200 mg/I respectively. However, after 200 mg/l, the u value
started decreasing, which is probably due to the inhibition of the bacterial growth at higher iron NPs concentration. Table III also
shows that the max decreases with increased in iron NPs concentration. The decreasing of maximum specific growth rate probably
due to reduction of pH since the pH value was not controlled throughout the experiments. The value of Umax is dependent on pH and
temperature of the fermentation medium [25]. Similar observation also experienced by Nath and co-workers when they observed
the Kkinetic of glucose during two-stage fermentation process [15]. It was known that pmax and Ks have significant meaning in
production process as it can be used to design the process for large-scale hydrogen production. For example, from this study, it was
found that the optimum amount of iron NPs for maximum hydrogen production was at 50 mg/l of iron NPs concentration, and the
kinetic analysis found that pmax for this optimum iron NPs concentration was at 0.0032 h%, thus indicate that for continuous system,
the suitable dilution rates should not exceed this value. While Ks value for optimum iron NPs concentration (35.05 mg/l) represents
the iron NPs concentration needed to achieve the maximum growth rate for the bacteria, which indicates that the value is the most
efficient iron NPs concentration in the influent [26].
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Figure 6: Time profile for iron consumption and cell concentrations at various iron NPs concentration (mg/l).
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Table III: Kinetic parameter and distribution of soluble metabolite at various iron NPs concentration (mg/l)

Conc. of HPR Yield (mol Hy/ YXs Substrate Hac HBuU HPr

Iron NPs  (L/L/d) mol glucose) p (hY) Ks(mg/l) (g cell/lg Consumption (mM) (mM) (mM)

(mgfl) iron) (%)
25 0.678 1.09+0.21  0.0375 15.26 0.143 88+0.2 27+1.6 1512 13£1.6
50 0.828 1.40+0.47  0.0480 35.05 0.121 89+0.9 32+25 17+2.2 11409
100 0.573 0.94+0.32  0.0571 93.96 0.088 87+0.7 25+2.0 23+0.8 18+2.1
200 0.548 0.93+0.18 0.0674 177.72 0.032 86+0.4 20+2.4  21+0.9 2511
500 0.537 0.82+0.33  0.0239 416.73 0.016 84+0.8 16+3.5 22+04 31103

C. Kinetic analysis of substrate and micronutrients inhibition on biohydrogen production

High dosage of substrate concentration or trace element will cause the inhibition effect to the bacterial growth as well as the
product formation. Since Monod’s equation only applicable when substrate concentration is low, and the bacterial growth is slow.
However, when dealing with high substrate concentration and rapid growth of bacteria, Andrew’s equation (Equation 6) is most
suitable to explain the inhibition process due to high dosage of substrate or the existence of toxic material, where, gs is the specific
substrate utilization rate (1/X * dS/dt).

L=Y xs/ X *(dS/dt) = Y xs * Qs (Equation 6)

Kinetic inhibition model was proposed earlier by Andrews (Equation 6) [5]. At high substrate concentration, for this study, when
glucose concentration above 10 g/l (> 1 g/l), the inhibition effect can be observed as presented in Figure 5. This time, the Andrew’s
model was modified to Equation 7 in order to determine the rate constant for sugar utilization, k (g substrate per g biomass per
hours), we assumed that sugar utilization rate was occurred during the low concentration of substrate, which similar to Monod’s
model for bacterial growth, and thus, by re-arranged the Equation 7, resulting Equation 8 which can be used to plot the linear graph

of (1/gs versus 1/S,) to find the K, k and gm [22]. gm is kXo, the maximum rate of substrate utilization (g substrate I* h'%).
~ kXoSo Ksi

95 = Yovso 'Ksitso (Equation 7)
_ kXoSo _ qgmSo .
qs = Ks+5So0 (Ks+50) (Equation 8)

However, only inhibition term was considered as below:

Ksi ! Ksi H
qs = qm ——= k'Xo P (Equation 9)

Linearize the Equation 10, will result the Equation 11, which will use to plot the experimental data from Table II (plot of 1/gs versus
S,) to determine the following constant: gm = 0.628 g substrate I h, Ks = 10.11 g/l and &’ = 3.49 g substrate X! h** when Xo =
0.18 g/l. The final model of substrate inhibition according to Equation 9 is Equation 11:

L= 2 50 (Equation 10)

E = gm qmkKsi
gs = fc'Xo% = 3.49X0 % (Equation 11)

The result showed that there was a presence of substrate inhibition, as from Figure 5, there was increasing in substrate utilization
rate initially, before it had been declined as the substrate concentration increased. In this case, we assumed that this inhibition was
based on competitive effect, where the inhibition was caused by the substrate itself [23], in which S >> K. In the meantime, it is
found that Ks and Yys value (Table I) were inversely proportional to each other with increasing of substrate concentration. The Ks
value reflects the bacterial affinity for its substrate, in which at higher K value will influence the substrate concentration to affect
the bacterial growth and hence, decreased the pimax When substrate concentration was increased [24].

Since Ksi >> K, thus showed that when substrate concentration equal to Ks;, then, the increasing concentration of substrate will
be inhibitor for the system. Inhibition could be in term of slowing down the reaction or killing the active bacteria inside the system.
However, in this study, it was found that the substrate inhibition caused the production of hydrogen consumers, which can be
detected by the presence of propionate acid (Table IV). The similar observation was reported by Nath and co-workers where they
found that during the glucose inhibition, at concentration greater than 15 g/l propionate acid and ethanol was accumulated and
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dropped the hydrogen production. Accumulation of this acid reduced the production yield and productivity [15]. Thus, it is better to
keep the concentration of substrate in optimum amount to reduce or avoid the inhibition effect.

Table IV: Kinetic parameter and distribution of soluble metabolite at various substrate concentration (g/1)

Cone. of HPR (L/L/d) Yield (mol Haf Substrate HAc HBu HPr

Glucose (g/1) ' mol glucose) Consumption (%a) (mM) (mM) (mM)
2.5 0.295 2.05+0.42 B4+0.5 22+1.6 2008 13£1.1

5 0375 1.25+0.28 8603 254325 16+0.5 11407

7.5 0.565 1.2340.53 007 2720 27H0.8 18+1.5

10 0.608 0.98+0.22 93+0.3 32424 2340.7 16£0.1

15 0.695 0.75+0.57 BEH.B 25+3.5 24+0.4 21+1.3

20 0648 0.5240.62 B7H0.6 2041 23403 25+0.6

30 0.545 0.31+0.49 B60.4 18+2.3 21H0.5 32407

As we can see that the substrate concentration above 10 g/l will cause the inhibition to the system, then, investigation on the
inhibition effect of the addition of iron NPs were done by using fixed amount of substrate (10 g/I) while varying the concentration
of NPs (mg/1). Similarly, the plot of specific growth rate, 1 against concentration of iron NPs was used to evaluate the concentration
of NPs that might become the inhibitor to the system (Figure 7). It showed that the concentration higher than 200 mg/I will drop the
u value.

By using the same equation (Equation 10), the effect of adding iron NPs on bacterial growth was measured using the experimental
values from Table V. The plot of 1/u against S; (concentration of iron NPs), found that pmax = 0.0392 mg NPs/I/hr, Ksj = 432.72 mg/I
and k’ when Xo = 0.18 g/l = 0.22 mg NPs g'* X hrl. While if the plot of 1/p against 1/S; by considering the utilization of iron NPs,
um = 0.072 mg NPs/l/hr, Ks = 23.71 mg/l and k = 0.4 mg NPs g'* X hrt. Thus, the result showed that inhibition effect will take place
when iron NPs was supplied more than 200 mg/l and caused inhibition to the bacterial cells. Excess amount of trace elements such
as iron will disturb the metabolic activity of the enzyme inside the bacteria, and hence, decreased its productivity to produce the
required product [25].
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0.07 § .......... )
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7005 &

20.04 5"

@
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Figure 7: The kinetic analysis of bacterial growth rate (u) at various iron NPs concentration
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Table V: The experimental data and calculated kinetic values for various iron NPs concentration
Conc. of Iron NPs (mg/l)  p (h?) [ max Ks

25 0.038 0.0018 14.77
50 0.048 0.0020 49.56
100 0.057 0.0021 89.74
200 0.067 0.0024 181.89
500 0.024 0.0020 450.15

Table V also showed that iron NPs acted as a competitive to the substrate during the fermentation as the iron NPs concentration
increased up to 500 mg/l, the maximum rate of reaction, pmax remained unchanged but the K values were increased. Here, iron NPs
competed with the substrate to bind with the enzyme during the metabolism reaction. However, in competitive inhibition, iron NPs
will bind at any site on the enzyme not only on the active site. Additionally, competitive inhibitor is a type of reversible inhibition,
which using the right or optimum concentration that only needed by the system could reduce the effect of inhibitor [26]. The other
way to eliminate the effect of competitive inhibitor is by increasing the substrate concentration, which theoretically, increase in
substrate availability will increase the chance for the substrate to bind to the enzyme but not inhibitor.

IVV. CONCLUSION

In conclusion, substrate and iron NPs concentration do affect the performance of the biohydrogen production in a way that the right
concentration able to increase the hydrogen production while excess amount inhibits the reaction. Since all experiments were run
using the optimum condition such as the fixed pH and temperature (pH 5.5, temperature = 55 ©C), it is better to observed the
inhibition effect of substrate concentration as well as iron NPs when changing the fermentation condition as the results might be
different with the finding from this study. It was found that increasing the substrate concentration more than 10 g/l will cause the
inhibition to the system, in which it will slow down the reaction process and reduced the production of hydrogen. While the presence
of iron NPs more than its optimum value (200 mg/l) will inhibit the bacterial growth and hence, affect the hydrogen production. For
both cases, when the inhibition occurred at the respective concentration, it was found that the metabolic pathway was shifted to
produce more hydrogen-consuming metabolite such as propionate acid, and thus, dropped the hydrogen production.
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APPENDICES
Table VI: Raw data for initial substrate concentration used for kinetic study
Cumulative H2 produce for different sugar concentration

Time (hr) Glucose (g/l)

2.5 5 7.5 10 15 20 30
0 0 0 0 0 0 0 0
2 5.44 8.7495 24.066 20.9312 2191345 22.36572 15
4 10.239 15.1725 3438  43.944 44.27336 42.08616 38
6 15.36 31.807 70.52  83.632 66.9704  60.83886 52
8 28.14 67.142 107.85 118.696 95.39865 100.422 83
12 40.39 96.653 149.883 170.896 167.152  156.9899 120
24 82.67 138.11 201.42 229.568 238.3372 240.8616 155
36 118.24  150.226 225.602 243.072 276.8224  258.066 200
48 118.24  150.226 225.602 243.072 276.8224  258.066 218

Table VII: Raw data for initial micronutrient concentration used for kinetic study

Cells, X (mg/l)
Time (hr) Iron NPs (mg/l)
0 25 50 100 200 500
0 0 17.1 18.4 17.1 17.4 15.55
2 15.80 17.78 19.13 17.78 18.09 16.17
4 16.41 18.46 19.87 18.46 18.79 16.79
6 17.02 19.15 20.60 19.15 19.48 17.41
8 17.63 19.83 21.34 19.83 20.18 18.03
12 18.84 21.20 22.81 21.20 21.57 19.28
24 22.49 25.30 27.23 25.30 25.75 23.01
36 26.144 29.412 31.648 29.412 29.928 26.74
48 29.792 33.516 36.064 33.516 34.104 30.478
72 41.724
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