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ABSTRACT: The slow metabolism of bacteria at low temperatures affects the catalytic efficiency of enzymes 

and productivity. This article investigates the use of a psychrotolerant bacteria (Klebsiella sp. ABZ11) for 

biohydrogen production, yield and scaling at optimal temperature, pH and glucose in a batch fermentation process 

within a 2-liter bioreactor using Response Surface Methodology (RSM) to report the process performance. The results 
show 33.5°C, pH 6.75 and 9.15 g glucose as the optimal conditions. Scale-up yielded 137.56 mol/L biohydrogen, 

22.13% more than production under optimized conditions. Biomass grew at 0.081/h and doubled in 17 h with 0.71 g 

cells to reach maximum production. Compared to 0.062/h, 22 h with 0.87 g cells in optimal condition to achieve 
maximum biohydrogen production. This result shows the potential of biohydrogen production using Antarctic 

psychrotolerant bacteria at mesophilic temperature. 
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Current global energy demand is increasing rapidly 

with continued dependence on fossil fuels (Holechek 

et al., 2022).  Fossil fuel consumption has led to the 

emission of greenhouse gases worldwide, leading to 

pollution and climate change (Bchtold, 2018; 

Andrews, 2017). The situation urgently requires an 

alternative renewable energy source that is more 

environmentally friendly. Hydrogen is considered an 

alternative energy carrier due to its renewability and 

high energy yield per unit mass (122 kJ/g), which is 

2.75 times higher than conventional fuels (Patel et al., 

2015). Furthermore, hydrogen combustion produces 

only water as a by-product, making it an attractive 

energy of the future (Christopher and Dimitrios, 2012). 

Hydrogen is mainly produced from fossil fuels, an 

energy-intensive and costly inefficient process (Kumar 

et al. 2019). However, due to the widespread 

acceptance of hydrogen as the energy of the future, 

biological routes have been seen as a cleaner and better 

alternative for production. Biohydrogen is produced 

through a fermentation process using waste and 

microorganisms as catalysts (Prakash et al., 2018). The 

enormous waste in our environment as a substrate for 

production makes hydrogen a cheaper energy source 

(Prabakar et al., 2018). Due to increasing access to 

cold regions and energy saving opportunities in their 

microbial potential. Research has recently focused on 

using these strains as inoculum for biohydrogen 

production (Alvarez-Guzmn et al., 2016; de la Cueva 

et al., 2018). Psychrophilic bacteria grow best at 15°C 

– 20°C < 20°C – 40°C for rapid growth and 

metabolism by psychrotolerant strains. Therefore, 

general abundance of psychrotolerant strains in cold 

environments and rapid growth at ambient 

temperatures are advantages that makes them a better 

tool for biotechnological applications (Rodrigues and 
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Silva, 2016; Rizzo and Lo, 2018). Furthermore, due to 

their versatile nature, psychrotolerant bacteria show 

better nutritional and environmental diversity than 

psychrophilic strains (Shen et al., 2017). Most 

biohydrogen production studies using psychrophilic 

bacteria as catalysts display low hydrogen yield as 

problem due to the slow metabolic rate and prolonged 

lag time (Coultate, 2009; Lu et al., 2012; Witarsa and 

Lansing, 2015).  

 

This persistent problem in cold adapted hydrogen 

bacteria need to be addressed for practical applications 

to improve the hydrogen yield of the process. 

Therefore, the objective of this study is to investigate 

the biohydrogen production, yield and scaling by 

psychrotolerant bacteria at optimal temperature, pH 

and glucose in a 2-liter bioreactor. 

 

MATERIALS AND METHODS 
Media and Bacterial Strain: In this 

study, Klebsiella sp. ABZ11 (GenBank accession no. 

KX266892) previously obtained from Antarctic 

seawater was used (Mohammed et al., 2018). Bacterial 

cells were grown on Marine 2216 agar plates and 

maintained at 4°C. 

 

Experimental Design: The Central Composite Design 

(CCD) component of RSM with 3 factorial levels 

yielded batch fermentation values to study the effect of 

temperature, pH and glucose concentration using 

Design-Expert version 2.4 (Table 1). The independent 

values for the variables entered into the RSM software 

were obtained from previous preliminary experiments 

(data not shown). Table 2 shows the variables and the 

corresponding data areas. 

Table 1. Variables and corresponding levels for optimization of biohydrogen production 

Variables Factors Unit Low levels High levels 

X1 Glucose g/L 10 12.5 
X2 Temperature ºC 30 37 

X3 pH – 6 7.5 

 
Table 2. RSM experimental design 

 Factor 1 Factor 2 Factor 3 Response 1 Response 2 

 

Run 

A: Glucose 
Concentration 

(g/L) 

B: 
Temperature 

(°C) 

C: pH 
Hydrogen 
production 

(mol/L) 

Hydrogen yield 
(mol H2/mol 

glucose) 

1 10.00 37.00 7.50 58.36 1.0 

2 10.00 37.00 6.00 60.24 1.0 
3 12.50 30.00 6.00 57.17 0.8 

4 09.15 33.50 6.75 110.15 2.1 

5 11.25 33.50 8.01 77.62 1.2 
6 11.25 33.50 6.75 50.55 0.8 

7 12.50 37.00 7.50 61.39 0.8 

8 11.25 39.39 6.75 0.00 0.0 
9 11.25 33.50 6.75 51.55 0.8 

10 12.5 37.00 6.00 36.99 0.5 

11 10.00 30.00 6.00 88.08 1.5 
12 11.25 33.50 6.75 49.55 0.7 

13 11.25 33.50 6.75 47.55 0.7 

14 11.25 33.50 5.49 67.16 1.0 
15 11.25 33.50 6.75 53.55 0.8 

16 11.25 33.50 6.75 49.55 0.7 

17 10.00 30.00 7.50 76.12 1.3 
18 12.50 30.00 7.50 71.48 1.0 

19 13.35 33.50 6.75 75.49 1.0 

20 11.25 27.61 6.75 45.09 0.7 

Equation was obtained in both models. 

 

Optimization of Biohydrogen Production: The batch 

fermentation was performed in 150 mL serum bottles 

containing 130 mL of production medium and the pH 

was adjusted accordingly with 0.1 M potassium 

phosphate buffer. The medium composition contained 

a filter sterilized solution of glucose and beef extract 

(Table 3). The beef extract was added in a mass ratio 

(30/1) to the total glucose (Chen et al. 2012). One (1) 

mL trace element solution containing 100 mg 

ZnCl2.7H2O, 30 mg MnCl2.4H2O, 300 mg H3BO3, 200 

mg CoCl2.6H2O, 10 mg CuCl2.2H2O, 20 mg 

NiCl2.6H2O, 30 mg Na2MoO4 per liter (Kruse et al., 

2018) was added to each medium for effective growth. 

The media were inoculated with 10% (v/v) of the 

initial biomass (1.0 OD600) and fermented at 

appropriate temperature conditions. Experimental 

bottles sealed with rubber stoppers and aluminium 

caps and a hydrogen-producing fermentation run at 

150 rpm. Hydrogen production was monitored 

periodically at 2 hours from start up to 6 hours, then 

periodically at 6 hours to the end of the fermentation 

period (Kumar et al., 2012). One (1) mL of biogas was 

withdrawn with an airtight syringe (Agilent 

Technology) and analyzed in a gas chromatography 

thermal conductivity detector (GC-TCD) (Agilent 

7890B) equipped with five columns (two Hayesep 

Q80/100 SS, one Hayesep Q 80/200 and two Molsieve 

5A 60/80 SS) (Mohammed et al., 2018). The injection 

temperature and the detector temperature were 250 and 

250°C, respectively. Helium gas was used as the 
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carrier gas. Biomass growth was measured by 

intermittently collecting and centrifuging 1 ml of 

production medium and filtering through a 0.22 mm 

membrane. The supernatant was used to determine 

sugar content using a 3, 5-dinitrocylisalic acid method 

(Cheng et al., 2017). 

 
Table 3. Medium composition for inoculum propagation in optimization and scale-up experiments 

Experiments Runs 
Glucose  

(g/L) 

Nitrogen mass 

ratio (1/30) (g/L) 

volume 

(ml) 

Head space 

(ml) 

Optimization  

1 10.00 0.33 

130 20 

2 10.00 0.33 

3 12.50 0.42 

4 09.15 0.31 
5 11.25 0.38 

6 11.25 0.38 

7 12.50 0.42 
8 11.25 0.38 

9 11.25 0.38 

10 12.50 0.42 
11 10.00 0.33 

12 11.25 0.38 

13 11.25 0.38 
14 11.25 0.38 

15 11.25 0.38 

16 11.25 0.38 
17 10.00 0.33 

18 12.50 0.42 
19 13.35 0.45 

20 11.25 0.38 

 Scale-up 1 18.3 0.61 1800 200 

 

Biohydrogen Scale-up Experiment: The scale-up 

experiment was performed in a fabricated 2L 

fermenter (Fig. 1). The optimal conditions for various 

parameters obtained in the previous experiment were 

used. The bioreactor produced was a 2L Schott bottle 

fitted with two fittings: one connected to a medium 

length hose connected to an airbag for collecting 

evolved biogas, one connected to another hose and 

closed with a clip. The second port was the pathway 

used to assess pH, cell growth and glucose levels at 

fermentation intervals. This port also served as a pH 

control channel. The bioreactor was seeded with 1800 

ml medium in 1.0 M phosphate buffer solution (pH 

6.75). The medium prepared comprised 18.3 g/l 

glucose, 0.61 g/l bovine extract in equal parts by mass 

(Table 2) medium and was filter sterilized through 0.2 

µm pores PTFE membrane filter (Kruse et al., 2018). 

Two (2) ml in drops of trace element solution was 

supplemented into the fermentation medium to 

provide minerals for effective cell growth (Kruse et al., 

2018). The bioreactor was inoculated with 180 ml 

(10% v/v) fresh bacterial solution (1.0 OD600). Then 

sealed with a rubber stopper, aluminum cap and 

completely wrapped in aluminum foil. The aluminum 

foil wrapper provides an effective medium for dark 

fermentation and prevent light interference in the 

fermentation process. The fermentation was carried 

out at 33.5°C with agitation at 150 rpm using a 

previously used magnetic stir bar before capping the 

scotch bottle (Matsumura et al., 2014). This is intended 

to ensure greater contact between the substrate and 

bacteria and a higher mass transfer in the fermentation 

medium (Kumar et al., 2015). Biogas, pH and sugar 

content were sampled periodically for 2 hours during 

the initial 6-hour fermentation period. Then 6 h 

intervals until the end of the fermentation time (48 h). 

Sugar and pH were measured by withdrawing 2 ml of 

medium using a syringe and needle and filtering 

through a 0.22 mm membrane at each interval. The 

collected cells were used to determine cell growth at 

each interval and the supernatants were used to 

determine sugar content using a 3, 5-dinitrocylisalic 

acid method (Xiao et al., 2013). The pH was readjusted 

by injecting 5 M NaOH solution into the bioreactor at 

intervals. The biogas produced was directed into an 

airbag using a hollow rubber hose connected to the 

sampling port and the total gas measured at intervals 

using a calibrated syringe. Then 1 ml of the produced 

biogas was analyzed by GC-TCD (Agilent 7890B) as 

previously explained to determine the produced 

hydrogen gas content. 

 

 
Fig 1. Experimental design for optimization and scale-up studies 

(Created with BioRender.com) 

 

Analytical Methods: Cell growth was assessed by 

measuring dry cell weight (DCW). The results were 

analyzed using multivariate ANOVA in SPSS version 
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24. The biohydrogen production was calculated in 

mol/l according to the following equation. 

 

Production (mol/L) = 
HP in mol/L

HS in mol/L
x116.17        1 

 

Where HP = hydrogen production; HS = Hydrogen in 

standard gas; 116.17 represent the standard hydrogen 

moles in the mass balance and was calculated using 

Ideal gas law  

 

n = 
PV

RT
 = 

150 ×0.9869 𝑎𝑡𝑚 × 48 L

0.0821 atm/L × 298 K
 = 

7105.68 atm/L

24.4658 atm/L
 = 290.433 

moles    2 

 

Where; P = Size of the gas tank × molar mass of H2 

(150 × 0.9869) = 148.035 atm, R = 0.0821atm/mol K 

(constant), T = 25°C+273 = 298 K and V = 48 L. But 

the Standard gas contain 40 % Hydrogen. Therefore, 

Hydrogen moles = 0.4 × 290.433 moles = 116.17 

moles 

 

The biohydrogen yield was calculated according to the 

following equation  

 

Yield in mol/mol =  
Hydrogen Produced mol/L 

 Glucose Consumed  mol/L
        3 

 

Kinetic Parameters: Kinetic parameters (specific 

growth rate, maximum growth rate, max; yield of 

biomass to substrate, Yx/s; maximum biomass, Xmax; 

yield of biohydrogen to substrate, Yp/s; doubling time, 

td; maximum productivity and total productivity) were 

described previously calculated (Stanbury et al., 

2013). 

 

RESULTS AND DISCUSSION  
Experimental Distributions: The normal and random 

distribution of the experiments were examined using 

the residual plots shown in Fig. 2. This was done to 

minimize errors in the experiments and to ensure that 

the results obtained are accurate and reliable. From the 

plots; Normal plot of Residual, Residual vs Predicted, 

Residual vs Run and Predicted vs Actual, it was clear 

that all experiments were normally distributed without 

human intervention. In addition, 98.82% and 96.65% 

of the RSM models also agree with the normal and 

random distribution of the experiments in this study. 

 

Model Fitness for Biohydrogen Production: 

Regression analyses from the RSM model designed for 

optimization studies showed R2 values of 0.9882 and 

0.9784 with 98.82% and 96.65% (Tables 4 and 5) for 

hydrogen production and hydrogen recovery, 

respectively. The ANOVA results indicate good 

correlation and high consistency of the models. 

Furthermore, the closeness of adjR2 to preR2 in both 

models also indicates a high accuracy of the response. 

The coefficients of variation (CV) describe the high 

accuracy of the experimental models and indicate the 

possibility of reproducibility.  

 

 

 
Fig 2. Diagrams for probability distribution of parameters in 

biohydrogen production 

 

In addition, a second-order quadratic equation was 

obtained in both models. Quadratic equations for 

biohydrogen production/yield: 

 
HP = 50.17 − 8.35A + 11.11B + 3.11C + 15.09A2 − 9.76B2

+ 7.87C2 + 1.92AB + 6.57AC + 2.52BC 
 

HY = 0.75 − 0.26A − 0.18B + 0.047C + 0.28A2 − 0.15B2

+ 0.12C2 + 0.038AB + 0.08AC + 0.038BC 

 

Where HP and HY are biohydrogen production and 

yield; A, B and C represent glucose, temperature and 

pH, respectively. 
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Table 4. Model fitness for biohydrogen production 

Source Sum of Squares DF Mean Square F Value Prob > F  

Model 9120.23 9 1013.36 92.86 0.0001 Significant 

A 952.63 1 952.63 87.29 0.0001  

B 1685.13 1 1685.13 154.41 0.0001  

C 132.02 1 132.02 12.1 0.0059  

A2 3281.04 1 3281.04 300.65 0.0001  
B2 1371.99 1 1371.99 125.72 0.0001  

C2 891.62 1 891.62 81.7 0.0001  

A*B 29.38 1 29.38 2.69 0.1319  
A*C 345.19 1 345.19 31.63 0.0002  

B*C 50.85 1 50.85 4.66 0.0562  

Residual 109.13 10 10.91    
Lack of Fit 88.3 5 17.66 4.240.0695  Not significant 

Pure Error 20.83 5 4.17    

Cor Total 9229.36 19     

R2 = 0.9882, CV = 5.56 %, adjR
2 = 0.977, preR

2 = 0.927 

NB: A = glucose, B= temperature and C= pH 

 
Table 5. Model fitness for biohydrogen yield 

Source Some of Squares DF Mean Square F Value Prob > F  

Model 3.20 9 0.36 50.34 0.0001 significant 

A 0.92 1 0.92 130.61 0.0001  

B 0.45 1 0.45 63.6 0.0001  

C 0.03 1 0.03 4.2 0.0677  
A2 1.11 1 1.11 156.51 0.0001  

B2 0.31 1 0.31 44.23 0.0001  

C2 0.2 1 0.2 28.36 0.0003  
A*B 0.011 1 0.011 1.59 0.2356  

A*C 0.061 1 0.061 8.67 0.0147  

B*C 0.011 1 0.011 1.59 0.2356  
Residual 0.071 10 7.07 ×10-3    

Lack of Fit 0.056 5 0.011 3.71 0.0882 Not significant  

Pure Error 0.015 5 3.00 × 10-3    
Cor Total 3.27 19     

R2 = 0.9784, CV = 5.48%, adjR
2 = 0.9591, preR

2 = 0.8641 

NB: A = glucose, B= temperature and C= pH 
 

Effects of Temperature, pH and Glucose on 

Biohydrogen Production: The impact of various 

factors on biohydrogen production and yield in 

fermentations was examined in the optimization 

experiments. This bacterium has shown ability to 

produce hydrogen in fermentation process using 

different carbon sources as reported by different 

scientists (Niu et al., 2010; Pugazhendhi and 

Thamaraiselvi, 2017). A minimum hydrogen 

production of 36.99 mol/L was observed at 37°C, pH 

6.5 and 12.5 g/L glucose. While maximum hydrogen 

production of 110.15 mol/l was seen at 33.5°C, pH 

6.75 and 9.15 g/l glucose. This indicated lower glucose 

and temperature condition optimal for biohydrogen 

production due to more impact, despite isolation of the 

bacterium from a psychrophilic environment. 

However, no hydrogen production was seen at 39°C 

with an initial pH of 6.75 and 11.25 g/L glucose, 

suggesting that increasing the temperature to 39.39°C 

with 11.25 g/L glucose at pH 6.75 completely stops 

hydrogen production of the strain. It was attributed to 

the denaturing of enzymes due to inactivation of the 

bacterium above its growth temperature condition 

(Mohammed et al., 2018). The 3D response surface 

plot at fixed pH and different temperature and glucose 

levels is shown in Fig. 3. Biohydrogen production 

decreases with increasing temperature and glucose 

concentration. However, at fixed temperature and 

variable pH and glucose concentration, biohydrogen 

production increases with a decrease in glucose and an 

increase in pH to 6.75. When glucose concentration 

was fixed, pH and temperature varied. Biohydrogen 

production increased significantly with a drop in 

temperature to 33.5°C.  

 

Higher temperatures impair the performance of most 

cold-active bacteria due to their impact on metabolic 

activity with negative consequences for biogas 

production in the fermentation process (Franzmann et 

al., 1997; Sivagurunathan et al., 2017). In this study, it 

was found that 33.5 °C is optimal for biohydrogen 

production, which is consistent with the results of 

previous researchers who used mesophilic bacteria as 

a biocatalyst in the fermentation process. For example, 

Ferreira et al., (2018) reported an optimal production 

of 194.9 ml h-1 l-1 at 30ºC. While Mishra et al. (2017) 

produced a maximum of 123 ml/h of hydrogen from 

Bacillus anthracis PUNAJAN 1 at 35 °C. This 
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demonstrates robust hydrogen production compared to 

other psychrophilic strains whose productivity are 

inhibited by lower temperature conditions. However, 

they observed a decrease in production with further 

increases in temperature above 35 °C, similar to the 

findings of this study 

 

 
Fig 3.  Response surface plot for biohydrogen production. A; pH 
level was fixed while temperature and glucose levels varied. B; 

Temperature was fixed with varying pH and glucose. C; Glucose 

fixed, pH and temperature varied. 

 

Effects of Temperature, pH and Glucose on 

Biohydrogen Yield: The maximum biohydrogen yield 

in this study was 2.1 mol H2/mol glucose at 33.5°C, 

initial pH 6.75 and 9.15 glucose in g/L (Fig. 4). The 

results showed that at fixed pH and variable 

temperature and glucose concentration, reducing the 

glucose concentration to 11.25 g when the temperature 

decreased from 37 to 33.5°C increased the 

biohydrogen yield. However, further reducing the 

glucose concentration to 10 g increased the 

biohydrogen yield. The increased temperature 

increased the biohydrogen yield to an optimum at 

33.5°C and a further increase to 35°C showed a slight 

decrease in yield. 

 
Fig 4. Response surface for biohydrogen yield. A; pH level fixed 

while glucose and temperature varied. B; Temperature was fixed 

while pH and glucose were varied. C; glucose fixed, pH and 
temperature varied 

 

In contrast, the 3D surface plot for biohydrogen yield 

shows that decreasing glucose concentration increases 

biohydrogen yield. A similar effect was found by Wu 

et al., (2011) who reported a decrease in yield when 

the glycerol concentration was slowly increased from 

10 to 70 g/L. Furthermore, their results agreed with 

those of Chookaew et al. (2014), who also found 

increased hydrogen production at low substrate 

concentrations with Klebsiella sp. TR17. This result 

indicates higher metabolism and hydrogen production 

at ambient temperature conditions due to increased 

conversion of acetyl-CoA to biohydrogen (Chookaew 

et al., 2012). However, under psychrophilic 

conditions, lower hydrogen production may have been 

observed due to increased production of acidic 

metabolites that inhibit biomass metabolic activities. 

In this study, the highest biohydrogen yield of 2.1 mol 
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H2/mol glucose (at 33.5 °C, pH 6.75 and 9.15 g/L 

glucose concentration) is higher than that reported for 

the psychrophilic G088 strain (1. 93 mol H2/mol 

glucose at 37°C, pH). 8.0) (Alvarez-Guzmn et al., 

2017) and for psychrophilic N92 (1.7 mol H2/mol 

glucose at 29 °C, initial pH 6.86, glucose concentration 

28.4 g/L) (de la Cueva et al., 2018). Rapid metabolism 

of simple and complex substrates such as glucose, 

sewage sludge and glycerol by Klebsiella strains have 

been reported (Niu et al., 2010; Li et al., 2018). Low 

substrate increases the growth flexibility and energy 

efficiency of hydrogenases and directs metabolism to 

pathways less by-products (Wang et al., 2008). 

 

Production Scale-up in 2 L Fermenter: A scale-up 

study was performed to evaluate biohydrogen 

production under optimized conditions obtained from 

the RSM. The total amount of glucose (9.15 g/L) used 

was doubled to compensate for the sugar required for 

the scale-up study in a 2L bioreactor. While other 

parameters such as pH and temperature have been 

adjusted as they were obtained in the optimal 

condition. The entire biogas and biohydrogen 

production in the scale-up experiment with Klebsiella 

sp. ABZ11 are shown in Figure 5.  

 

 
Fig 5. Time course of total biogas and biohydrogen production in 

scale-up experiment 

 

The accumulation of biogas and biohydrogen started 

in 2 hours and gradually increased to a peak in 12 

hours. The observed immediate hydrogen production 

indicates a short lag phase, similar to the report by Niu 

et al. (2010). Then the biogas and biohydrogen 

production stabilized between 12 and 24 h before 

reaching a peak value (979 ml biogas and 137,562.30 

mol/l biohydrogen) at 36 h, after which a decrease was 

observed. As a result, a decrease in cell mass in the 

fermentation vessels is observed after 36 hours. This 

could be due to feedback inhibition from the 

accumulated hydrogen pressure on the bacteria 

reducing substrate metabolism. The hydrogen pressure 

on the bacteria may have shifted the process 

mechanism from ferredoxin (Fd) reduction to Fd or 

NADH oxidation, resulting in the oxidation of 

hydrogen to protons with a subsequent decrease in 

hydrogen production, consistent with the results of 

Chong et al., (2009). Dong et al. (2009) and van et al. 

(2003) also confirmed the decrease in hydrogen 

production when the built-up partial pressure prevents 

the synthesis of fatty acids into hydrogen or causes a 

shift in the metabolic pathway. The metabolites 

produced here would not have explained the decline in 

biohydrogen production, since the pH is readjusted at 

intervals, which neutralizes the metabolites formed 

before fermentation. 

 

Cell growth, mean glucose concentration and pH 

change during fermentation time are shown in Fig. 6. 

The increase in pH from 6.75 to 5.10 in the medium 

may have been the cause of the high glucose 

consumption in 2 h with very little biohydrogen 

production in the start. Oxidative phosphorylation is 

an energy-intensive process that coincides with log 

phase, which demand the expression of metabolic 

enzymes for substrate degradation (Yin & Wang, 

2019). The pH was adjusted to 6.75 by injecting NaOH 

solution into the medium before fermentation 

proceeded. This slightly stabilizes glucose levels and 

pH between 4 and 6 hours. However, these dominant 

factors had no effect on bacterial growth due to the 

steady increase in cell count observed after a lag time 

of 2 hours to a peak (0.73 g/L) in 36 hours before 

falling. Meanwhile, after 4 hours of fermentation, the 

pH and glucose uptake stabilize until the end of the 

fermentation. The biohydrogen scale-up experiment 

showed a maximum biohydrogen production of 

137.56±2.30 mol/L at 36 h. Stirring potentially 

improved the availability of glucose on a larger scale 

due to a more homogeneous distribution, which may 

have influenced the process leading to maximum 

biohydrogen production. Reniati et al. (Reiniati et al., 

2017) reported a 2-fold yield of biohydrogen when the 

stirring speed was increased from 100 to 700 rpm. 

These increased NAD+/NADH production, which 

consequently increased hydrogenase enzyme and 

biohydrogen production in the exponential growth 

phase (Xia et al., 2015). In addition, the high metabolic 

activity, the increased substrate uptake and the short 

lag phase show a rapid adaptation to the fermentation 

conditions. This confirmed the possibility of large-

scale biohydrogen production using this bacterium at 

mesophilic temperature conditions with pH control 

and agitation. In the scale-up experiment, biohydrogen 

production of 137.56 ml was observed within 36 h 

fermentation at 0.73 g/l cell dry biomass and 18.3 g/l 

glucose uptake. While the scale up experiment yielded 
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110.15 mol/L biohydrogen with 0.82 g/L cell weight 

and 9.5 g/L glucose uptake. 

 

Kinetics of Biohydrogen Production: An increase in 

production during fermentation is possible by 

understanding the kinetic parameters involved (Chen 

et al., 2001). The specific growth rate, maximum 

specific growth rate and cell doubling time in our RSM 

optimization study were 0.031 h -1, 0.062 h -1 and 22.3 

h, respectively (Table 5). The maximum production, 

maximum productivity and total productivity are 

110.15 mol/l, 3.70 mol/l/h and 1.90 mol/l/h, 

respectively. Activation of the formate lyase pathway, 

triggered by anaerobic conditions in the medium in the 

presence of the facultative anaerobic biocatalyst, could 

have resulted in high biohydrogen production through 

rapid glucose synthesis in the process 

(Leonhartsberger et al., 2002; Chen et al., 2009). This 

could account for the maximum production, maximum 

productivity, and overall productivity achieved. 
 

Table 6. Kinetics of biohydrogen production and optimization studies 

Serial 

number 
Parameters 

Optimized condition 

(130 mL) 

Scale-up condition 

(1800 mL) 

1 Specific growth rate (µ) 0.031 h-1 0.040 h-1 

2 Maximum growth rate (µmax) 0.062 h-1 0.081 h-1 

3 Yield of biomass towards substrate (Yx/s) 0.85 g/L 0.71 g/L 
4 Yield of biohydrogen towards substrate (Yp/s) 129.58 mol/L 191.85 mol/L 

5 Maximum biomass (Xmax) 0.87 g/L 0.73 g/L 

6 Doubling time (td) 22.3 h 17.3 h 

7 Maximum production (Pmax) 110.15 mol/L 137.56 mol/L 

8 Maximum productivity 3.70 mol/h 3.82 mol/h 

 

The yield coefficient of biomass formation was 0.85 

g/g, which means that 0.85 g of biomass was obtained 

from each gram of glucose. The biohydrogen recovery 

coefficient was 122 mol/L/g, showing that 122 mol/L 

of biohydrogen was recovered from each gram of 

glucose. From the yield of biomass and the formation 

of biohydrogen it can be concluded that the 

fermentation has favoured the formation of 

biohydrogen more than the formation of biomass.  

 

This means that increasing the temperature from 30°C 

to 33.5°C accelerated the fermentation process with an 

increase in productivity to 110.15 mol/L with an 

increase in biomass from 0.74±1.02 to 0.87±0.04 

biomass under optimized conditions.  

 

The highest biohydrogen production shown in the 

exponential growth phase of the cells (Figure 6) 

indicates the production of biohydrogen as the primary 

metabolite as previously observed (Mu et al., 2005). 

The performance of the system in this study was 

compared to understand the variance in productivity, 

cell growth and glucose uptake.  

 

This is because similar bioprocess parameters were 

used but with different pH conditions due to the 

control of pH in the scale-up experiment at each 2-hour 

interval. The scale-up experiment produced a 

biohydrogen yield of 137.56 mol/L, 22.13% higher 

than that of the optimized small-scale system, as also 

previously observed (Sekoai et al., 2019).  

 

A scale-up experiment under controlled pH has been 

shown to produce more biohydrogen than an 

uncontrolled pH study (Faloye et al., 2014). 

 
Fig 6. Time course of cell growth, glucose content and pH in scale-

up experiment 

 

 
Fig 7. Relationship between biohydrogen production, glucose 

content and biomass formation in optimization study 
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Comparison of Biohydrogen Production to Studies: 

Performance in batch and pH-controlled experiments 

was compared to previous studies as shown in Tables 

7 and 8. The maximum biohydrogen production, given 

in ml/l, was converted to mol/l by the formula: 

produced H2 × volume H2 density (0.00523) / molar 

mass H2 (2.015 g/mol). Production under varying 

temperature conditions was observed with a maximum 

biohydrogen ranging from 110.15 mol/l to 0.37 mol/l. 

The moles of hydrogen produced by this study were 

higher than previous studies from a relatively smaller 

carbon source. The fermentation with T. 

thermosaccharolyticum IIT BT-ST148 was carried out 

at thermophilic temperature, which gives our process 

an energetic advantage due to the possibility to work 

at room temperature and saves production costs. Also, 

at ambient temperature, they showed a good ability to 

produce hydrogen as psychrophiles, even when both 

bacteria come from a very low temperature 

environment. Although equal or higher hydrogen 

yields than other mesophiles were observed in large-

scale production, the differences in hydrogen yields 

with B. thuringiensis RH1 can be attributed to different 

substrates used as the carbon source in the production 

process. Therefore, further studies are needed to 

evaluate biohydrogen production by Klebsiella sp. 

ABZ11 using various wastes available in the 

environment to further reduce production costs. 

 
Table 7. Comparison of biohydrogen production to batch fermentations 

Bacterial (T) °C Glucose (g/L) 
Maximum 

production (mol/L) 
Reference 

Klebsiella pneumoniae ECU-15 37 35.62 14.16 Niu et al., 2010 

Clostridium sp. YM1 37 20 9.07 
Abdeshahian et 

al., (2014) 

T. thermosaccharolyticum IIT BT-ST1 60 12 10.37 Roy et al., (2014) 
Clostridium beijerinckii YA001 40 10 8.07 An et al., (2014) 

Sejongia marina M02 20 23 0.37 
Alvarado-Cuevas 

et (al., 2015) 
Klebsiella sp ABZ11 30 9.15 110.15 This study 

Maximum biohydrogen production for all strains are converted from mL to mol/L except for this study. 

 
Table 8. Comparison of biohydrogen production to previous scale-up studies 

Bacterial (T) °C 

Carbon 

type 

Carbo

n 

source 

(g/L) 

Bioreactor 

size (L) 

Medium 

volume (L) 
Yield 

(mol/mol 

glucose) 

Reference 

Clostridium species 35 Glucose 10 10 7 2.0 Patel et al., (2015) 

Klebsiella sp. 
WL1316 

37 Glucose 40 5 3.5 1.4 Li et al., (2018) 

B. thuringiensis RH1 37 
RM 

wastewater 
100% 3.5 2.5 1.6 Ramu et al., (2020) 

Klebsiella sp ABZ11 33.5 Glucose 18.3 2 1.8 2.1 This study 

RM; Rice Mill 

 

Conclusion: The influence of temperature, pH and 

glucose maximized the hydrogen production by 

Klebsiella sp. ABZ11 to 110.15 mol/l and 137.56 mol/l 

for optimization and scaling in batch fermentation with 

a yield of 2.1 mol H2/mol glucose.  

 

Kinetics show increased hydrogen production and 

decreased biomass with agitation and pH control. The 

study demonstrates increased hydrogen production 

under mesophilic conditions using cold-active 

bacteria. 

 

Acknowledgements: This work was supported by the 

UTM Flagship Research Grant (Grant Numbers 

01G27, 00G98, 02E13) awarded to Z.I. and the UTM 

Tier 1 Research University Grant (Grant Numbers 

07H31 and 19H14) awarded to M.F.A-W. A. 

Mohammed would like to thank Tertiary Education 

Trust Fund (TETFund) Nigeria and IBB University, 

Lapai, Niger state, Nigeria for the provided PhD 

scholarship. 

 

REFERENCES 
Abdeshahian, P; Al-Shorgani, NK; Salih, NK; Shukor, 

H; Kadier A; Hamid, AA; Kalil, MS (2014). The 

production of biohydrogen by a novel strain 

Clostridium sp. YM1 in dark fermentation 

process. Int. J. Hydrog. Energy. 39(24):12524-

1231.  

 

Alvarado-Cuevas, ZD; López-Hidalgo, AM; Ordoñez, 

LG; Oceguera-Contreras, E; Ornelas-Salas, JT; 

De León-Rodríguez, A (2015). Biohydrogen 

production using psychrophilic bacteria isolated 

from Antarctica. Int. J. Hydrog. Energy. 

40(24):7586-7592.  

 



Investigation and Scaling of Hydrogen Production by Klebsiella sp…..                                                          2122 

MOHAMMED, A; MOHD FIRDAUS, A; ZAHARAH, I; MOHAMMED, I. L; MOHAMMED, J. N; BALOGU, T. 

V. 

Alvarez-Guzmán CL, Balderas-Hernández VE, 

González-García R, Ornelas-Salas JT, Vidal-

Limón AM, Cisneros-de la Cueva S, De Leon-

Rodriguez A. Optimization of hydrogen 

production by the psychrophilic strain G088. Int. 

J. Hydrog. Energy. 2017; 42(6):3630-3643.  

 

Alvarez-Guzmán, CL; Oceguera-Contreras, E; 

Ornelas-Salas, JT; Balderas-Hernández, VE; De 

León-Rodríguez, A (2016). Biohydrogen 

production by the psychrophilic G088 strain using 

single carbohydrates as substrate. Int. J. Hydrog. 

Energy. 41(19):8092-100.  

 

An, D; Li, Q; Wang, X; Yang, H; Guo, L (2014). 

Characterization on hydrogen production 

performance of a newly isolated Clostridium 

beijerinckii YA001 using xylose. Int. J. Hydrog. 

Energy. 39(35):19928-1936.  

 

Andrews, J; Jelley, N (2017). Energy science: 

Principles, Technologies, and Impacts. Oxford 

university press. United Kingdom. Pp 1. 

 

Bächtold, M (2018). How should energy be defined 

throughout schooling? Res. Sci. Edu. 48(2):345-

67.  

 

Chen, CC; Lin, CY; Chang, JS (2001). Kinetics of 

hydrogen production with continuous anaerobic 

cultures utilizing sucrose as the limiting substrate. 

Appl Microbiol. Biotechnol. 57(1):56-64.  

 

Chen, Z; Liu, HJ; Zhang, JA; Liu, DH (2009). Cell 

physiology and metabolic flux response of 

Klebsiella pneumoniae to aerobic conditions. 

Process Biochem. 44(8):862-8.  

 

Cheng, J; Zhang, J; Lin, R; Liu, J; Zhang, L; Cen, K 

(2017). Ionic-liquid pretreatment of cassava 

residues for the cogeneration of fermentative 

hydrogen and methane. Bioresour. Technol. 

228:348-54. 

 

Chong, ML; Sabaratnam, V; Shirai, Y; Hassan, MA 

(2009). Biohydrogen production from biomass 

and industrial wastes by dark fermentation. Int. J. 

Hydrog. Energy. 34(8):3277-3287.  

 

Chookaew, T; Sompong, O; Prasertsan, P (2012). 

Fermentative production of hydrogen and soluble 

metabolites from crude glycerol of biodiesel plant 

by the newly isolated thermotolerant Klebsiella 

pneumoniae TR17. Int. J. Hydrog. Energy. 

37(18):13314-13322.  

 

Chookaew, T; Sompong, O; Prasertsan, P (2014). 

Biohydrogen production from crude glycerol by 

immobilized Klebsiella sp. TR17 in a UASB 

reactor and bacterial quantification under non-

sterile conditions. Int. J. Hydrog. Energy. 

39(18):9580-9587.  

 

Christopher, K; Dimitrios, R (2012). A review on 

exergy comparison of hydrogen production 

methods from renewable energy sources. Energy 

Environ. Sci. 5(5):6640-6651. 

 

Coultate, TP (2009). Food: the chemistry of its 

components. Royal Society of Chemistry; 

Cambridge, United Kingdom. Pp 1-26. 

 

de la Cueva, SC; Guzmán, CL; Hernández, VE; 

Rodríguez, AD (2018). Optimization of 

biohydrogen production by the novel 

psychrophilic strain N92 collected from the 

Antarctica. Int. J. Hydrog. Energy. 43(30):13798-

809.  

 

Dong, L; Zhenhong, Y; Yongming, S; Xiaoying, K; 

Yu, Z (2009). Hydrogen production 

characteristics of the organic fraction of municipal 

solid wastes by anaerobic mixed culture 

fermentation. Int. J. Hydrog. Energy. 34(2):812-

20.  

 

Faloye, FD; Kana, EG; Schmidt, S (2014). 

Optimization of biohydrogen inoculum 

development via a hybrid pH and microwave 

treatment technique–Semi pilot scale production 

assessment. Int. J. Hydrog. Energy. 39(11):5607-

5648.  

 

Ferreira, TB; Rego, GC; Ramos, LR; Soares, LA; 

Sakamoto, IK; de Oliveira, LL; Varesche, MB; 

Silva, EL (2018). Selection of metabolic pathways 

for continuous hydrogen production under 

thermophilic and mesophilic temperature 

conditions in anaerobic fluidized bed reactors. Int. 

J. Hydrog. Energy. 43(41):18908-18917.  

 

Franzmann, PD; Liu, Y; Balkwill, DL; Aldrich, HC; 

De Macario, EC; Boone, DR (1997). 

Methanogenium frigidum sp. nov., a 

psychrophilic, H2-using methanogen from Ace 

Lake, Antarctica. Int. J. Syst. Evol. Microbiol. 

47(4):1068-72.  

 

Holechek, J. L., Geli, H. M., Sawalhah, M. N., & 

Valdez, R. (2022). A global assessment: can 

renewable energy replace fossil fuels by 

2050. Sust. 14(8), 4792. 



Investigation and Scaling of Hydrogen Production by Klebsiella sp…..                                                          2123 

MOHAMMED, A; MOHD FIRDAUS, A; ZAHARAH, I; MOHAMMED, I. L; MOHAMMED, J. N; BALOGU, T. 

V. 

 

Kruse, S; Goris, T; Westermann, M; Adrian, L; 

Diekert, G (2018). Hydrogen production by 

Sulfurospirillum species enables syntrophic 

interactions of Epsilonproteobacteria. Nat. 

Commun. 9(1):1-3.  

 

Kumar, G; Bakonyi, P; Sivagurunathan, P; Kim, SH; 

Nemestóthy, N; Bélafi-Bakó, K; Lin, CY (2015). 

Enhanced biohydrogen production from beverage 

industrial wastewater using external nitrogen 

sources and bioaugmentation with facultative 

anaerobic strains. J. Biosci. Bioeng. 120(2):155-

60.  

 

Kumar, G; Lay, CH; Chu, CY; Wu, JH; Lee, SC; Lin, 

CY (2012). Seed inocula for biohydrogen 

production from biodiesel solid residues. Int. J. 

Hydrog. Energy. 37(20):15489-95.  

 

Kumar, S; Sharma, S; Thakur, S; Mishra, T; Negi, P; 

Mishra, S; Yadav, AN (2019). Bioprospecting of 

microbes for biohydrogen production: current 

status and future challenges. Bioprocess biomol. 

Production, 443-471.  

 

Leonhartsberger, S; Korsa, I; Bock, A (2002). The 

molecular biology of formate metabolism in 

Enterobacteria. J. Mol. Microbiol. Biotechnol. 

4(3):269-76. 

 

Li, Y; Zhang, Q; Deng, L; Liu, Z; Jiang, H; Wang, F 

(2018). Biohydrogen production from 

fermentation of cotton stalk hydrolysate by 

Klebsiella sp. WL1316 newly isolated from wild 

carp (Cyprinus carpio L.) of the Tarim River 

basin. Appl. Microbiol. Biotechnol. 102(9):4231-

4342. 

 

Liu, X; Ren, N; Song, F; Yang, C; Wang, A (2008). 

Recent advances in fermentative biohydrogen 

production. Prog. Nat.l Sci. 18(3):253-258.  

 

Lu, L; Xing, D; Ren, N; Logan, BE (2012). Syntrophic 

interactions drive the hydrogen production from 

glucose at low temperature in microbial 

electrolysis cells. Bioresour Technol. 124:68-76. 

 

Matsumura, Y; Sato, K; Al-saari, N; Nakagawa, S; 

Sawabe, T (2014). Enhanced hydrogen 

production by a newly described heterotrophic 

marine bacterium, Vibrio tritonius strain AM2, 

using seaweed as the feedstock. Int. J. Hydrog. 

Energy. 39(14):7270-7277.  

 

Mishra, P; Thakur, S; Singh, L; Krishnan, S; Sakinah, 

M; Ab Wahid, Z (2017). Fermentative hydrogen 

production from indigenous mesophilic strain 

Bacillus anthracis PUNAJAN 1 newly isolated 

from palm oil mill effluent. Int. J. Hydrog. 

Energy. 42(25):16054-16063.  

 

Mohammed, A; Abdul-Wahab, MF; Hashim, M; 

Omar, AH; Reba, MN; Said, MF; Soeed, K; Alias, 

SA; Smykla, J; Abba, M; Ibrahim, Z (2018). 

Biohydrogen production by Antarctic 

psychrotolerant Klebsiella sp. ABZ11. Pol. J. 

Microbiol. 67(3):283.  

 

Mu, Y; Wang, G; Yu, HQ (2006). Kinetic modeling of 

batch hydrogen production process by mixed 

anaerobic cultures. Bioresour. Technol. 

97(11):1302-7.  

 

Niu, K; Zhang, X; Tan, WS; Zhu, ML (2010). 

Characteristics of fermentative hydrogen 

production with Klebsiella pneumoniae ECU-15 

isolated from anaerobic sewage sludge. Int. J. 

Hydrog. Energy. 35(1):71-80.  

 

Patel, AK; Debroy, A; Sharma, S; Saini, R; Mathur, A; 

Gupta, R; Tuli DK (2015). Biohydrogen 

production from a novel alkalophilic isolate 

Clostridium sp. IODB-O3. Bioresour. Technol. 

175:291-297.  

 

Prabakar, D; Manimudi, VT; Mathimani, T; Kumar, 

G; Rene, ER; Pugazhendhi, A (2018). 

Pretreatment technologies for industrial effluents: 

critical review on bioenergy production and 

environmental concerns. J. Environ. Manag. 

218:165-180.  

 

Prakash, J; Sharma, R; Patel, SK; Kim, IW; Kalia, VC 

(2018). Bio-hydrogen production by co-digestion 

of domestic wastewater and biodiesel industry 

effluent. PloS One. 13(7): 0199059.  

 

Pugazhendhi, A; Thamaraiselvi, K (2017). 

Optimization of Fermentative Hydrogen 

Production by Klebsiella pneumoniae KTSMBNL 

11 Isolated from Municipal Sewage Sludge. In 

Biorem. Sust. Technol. Cleaner Environ. 267-278. 

 

Ramu, SM; Dinesh, GH; Thulasinathan, B; Thondi 

Rajan, AS; Ponnuchamy, K; Pugazhendhi, A; 

Alagarsamy, A (2020). Dark fermentative 

biohydrogen production from rice mill 

wastewater. Int. J. Energy Res. 27.1-11 

 



Investigation and Scaling of Hydrogen Production by Klebsiella sp…..                                                          2124 

MOHAMMED, A; MOHD FIRDAUS, A; ZAHARAH, I; MOHAMMED, I. L; MOHAMMED, J. N; BALOGU, T. 

V. 

Reiniati, I; Hrymak, AN; Margaritis, A (2017). 

Kinetics of cell growth and crystalline 

nanocellulose production by Komagataeibacter 

xylinus. Biochem. Eng. J. 127:21-31.  

 

Rizzo, C; Lo Giudice, A (2018). Marine invertebrates: 

underexplored sources of bacteria producing 

biologically active molecules. Diversity. (3):2-36.  

 

Rodrigues, TB; Silva, AE (2016). Molecular Diversity 

of Environmental Prokaryotes. CRC Press; Boca 

Raton, United Kingdom. Pp.87-126 

 

Roy, S; Vishnuvardhan, M; Das, D (2014). 

Improvement of hydrogen production by newly 

isolated Thermoanaerobacterium 

thermosaccharolyticum IIT BT-ST1. Int. J. 

Hydrog. Energy. 39(14):7541-7552. 

 

Sekoai, PT; Ayeni, AO; Daramola, MO (2019). 

Parametric optimization of biohydrogen 

production from potato waste and scale-up study 

using immobilized anaerobic mixed sludge. Waste 

Biomass Valor. 10(5):1177-1189.  

 

Shen, L; Liu, Y; Xu, B; Wang, N; Zhao, H; Liu, X; 

Liu, F (2017). Comparative genomic analysis 

reveals the environmental impacts on two 

Arcticibacter strains including sixteen 

Sphingobacteriaceae species. Sci. Rep. 7(1):1-2.  

 

Sivagurunathan, P; Kumar, G; Mudhoo, A; Rene, ER; 

Saratale, GD; Kobayashi, T; Xu, K; Kim, SH; 

Kim, DH (2017). Fermentative hydrogen 

production using lignocellulose biomass: an 

overview of pre-treatment methods, inhibitor 

effects and detoxification experiences. Renew 

Sust. Energy Rev. 77:28-42.  

 

Stanbury, PF; Whitaker, A; Hall, SJ (2013). Principles 

of fermentation technology. Elsevier; New York. 

Pp 13-17. 

 

van Niel, EW; Claassen, PA; Stams, AJ (2003). 

Substrate and product inhibition of hydrogen 

production by the extreme thermophile, 

Caldicellulosiruptor saccharolyticus. Biotechnol. 

Bioeng. 81(3):255-262. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Wang, J; Wan, W (2008). The effect of substrate 

concentration on biohydrogen production by 

using kinetic models. Sci. China Series B: Chem. 

51(11):1110-1117.  

 

Witarsa, F; Lansing, S (2015). Quantifying methane 

production from psychrophilic anaerobic 

digestion of separated and unseparated dairy 

manure. Ecol. Eng. 78:95-100.  

 

Wu, KJ; Lin, YH; Lo, YC; Chen, CY; Chen, WM; 

Chang, JS (2011). Converting glycerol into 

hydrogen, ethanol, and diols with a Klebsiella sp. 

HE1 strain via anaerobic fermentation. J. Taiwan 

Inst. Chem. Eng. 42(1):20-25 

 

Xia, A; Jacob, A; Herrmann, C; Murphy, JD (2016). 

Fermentative bio-hydrogen production from 

galactose. Energy. 96:346-54.  

 

Xiao, Y; Zhang, X; Zhu, M; Tan, W (2013). Effect of 

the culture media optimization, pH and 

temperature on the biohydrogen production and 

the hydrogenase activities by Klebsiella 

pneumoniae ECU-15. Bioresour. Technol. 137:9-

17.  

 

Yin, Y; Wang, J (2019). Optimization of fermentative 

hydrogen production by Enterococcus faecium 

INET2 using response surface methodology. Int. 

J. Hydrog. Energy, 44(3), 1483-1491.  

 

Zhang, Y; Shen, J (2006). Effect of temperature and 

iron concentration on the growth and hydrogen 

production of mixed bacteria. Int. J. Hydrog. 

Energy. 31(4):441-6.  


