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Abstract 

Hydrogen is a clean energy carrier which has a great potential to be an alternative fuel. Abundant biomass from 

various industries could be a source for bio-hydrogen production where combination of waste treatment and energy 

production would be an advantage. Nowadays, the large amounts of livestock manure, which come from cattle feedlots, 

poultry, and swine buildings, are causing a major environmental issue because it has become a primary source of odours, 

gases, dust, and groundwater contamination. It is well known that anaerobic digestion had successfully been used for the 

disposal of manures to produce methane in the last two decades. Recently, an alternative strategy has been developed to 

convert livestock manures (e.g. dairy manures) to bio-hydrogen as a high value added clean energy source instead of 

methane. The focus of this study was investigating the performance and optimal operating conditions of bio-hydrogen 

production from dairy manure feedstock by dairy manure compost and evaluating its feasibility for bio-hydrogen production. 

The results indicated that it was feasible to produce hydrogen from dairy manure by methanogenesis inhibited dark 

fermentation. 

Keywords: bio-hydrogen, anaerobic, organic waste, contamination 

Received: 15th October; Revised: 29th November; Accepted: 24th December; © IJCS New Liberty Group 2011 

Introduction 

Global energy demand is projected to grow by 

50% from present, by the year 2030 (IEA, 2007). Fossil 

fuels are used to meet our daily energy demands. This 

contributes to resource depletion, and environmental, 

and public health problems (climate change, acid rain, 

ground level ozone, inhalable particles). Atmospheric 

carbon di oxide concentrations (379 ppm in 2005) have 

increased by almost 100 ppm compared to its pre-

industrial level (Rogner et al., 2007). Global warming is 

evident based on the observations about the increased 

global average air and ocean temperatures, rising global 

average sea level, and widespread melting of snow and 

ice (IPCC, 2007). Strikingly, eleven of the last twelve 

years (1995-2006) rank among the twelve warmest years 

recorded since 1850. According to Intergovernmental 

Panel on Climate Change (IPCC) there is a very high 

confidence that human activities have contributed to the 

climate warming. Global average surface temperatures 

have raised 0.74°C over the past 100 years, and 

depending on the emission scenarios, expected to 

increase from 1.8 to 4.0°C, by the end of the 21st 

century. The temperature increase is widespread over the 

globe, and is greater at higher northern latitudes. The 

global warming is projected to result in serious impacts 

on ecosystems, food production, water resources, human 

health and the economics (IPCC 2007). Contrasting or 

additional theories to anthropogenic greenhouse gas 

emissions on global warming include increased solar 

activity (Rind, 2002; Solanki et al., 2004) and cosmic 

rays (Svensmark and Friis-Christensen, 2007). 

  Presently, there is a global need and drive to 

introduce sustainable energy solutions. The Kyoto 

Protocol (UN, 1997), aiming for global reductions in 

greenhouse gas emissions, had been ratified, agreed or 

accessed by 176 countries by the December 2007. 

Increased use of renewable energy will not only decrease 

the carbon di oxide emissions, but also improve energy 

security and create new jobs (EC, 2003). Renewables 

covered only 6.38% of primary energy consumption in 

the European Union countries in 2005 (22.94% for 

Finland), and the EU objective is to increase this share of 

renewables to 12% by 2010 (EC, 1997). Further, the EU 

has set directive on increasing the share of renewables in 

vehicle fuel (petrol and diesel) up to 5.75 % until year 

2010 (EC, 2003). U.S. has lately pushed forward 
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increased usage of renewable. The US Energy Policy 

Act of 2005 states that the oil industry is required to 

blend 7.5 billion gal of renewable fuels into gasoline by 

2012. In the beginning of year 2006, China adopted ‘The 

renewable Energy Law’ setting renewable energy a top 

priority in the Chinese energy strategy (Hu et al., 2005).  

Traditionally, hydrogen has mainly been 

generated by fossil fuels or the electrolysis of water 

(Venkata-Mohan et al., 2008). However, fossil fuels are 

limited and non-renewable resources. From an 

environmental and sustainable energy point of view, bio-

hydrogen production is generally preferred because of its 

lower cost, ease of control, and the possible use of 

organic wastes as feedstock. Although biological 

hydrogen production has been intensively studied in 

recent decades, by far, the majority of study, however, is 

confined to using pure carbohydrates and carbohydrate-

rich wastewater (Zhang et al., 2007a). For example, Fang 

and Li (2006) reported that a maximum hydrogen yield 

of 346 ml/g-carbohydrate (viz., 307.5 ml/g-TS) from rice 

slurry by acidophilic hydrogen-producing bacteria (Fang 

et al., 2006). Kim also reported the maximum hydrogen 

yield of 60.1 ml/g-TVS (viz., 57.5 ml/g-TS) using food 

wastes as feedstock by mixed culture bacteria. 

Nowadays, the large amounts of livestock manure, 

which come from cattle feedlots, poultry, and swine 

buildings, are causing a major environmental issue 

because it has become a primary source of odours, gases, 

dust, and groundwater contamination. It is reported that 

about 4 billion tons of livestock manures are produced 

annually in China, which is 4.1-fold higher as compared 

with industrial wastes. The increasingly stringent 

requirements for pollution control on livestock manures 

are challenging the scientific community to develop new 

waste treatment strategies. Thus, there is a pressing need 

to develop non-polluting and renewable energy source 

utilizing the organic waste as mentioned above. It is well 

known that anaerobic digestion had successfully been 

used for the disposal of manures to produce methane via 

combination of hydrolysis of substrate to produce acetic 

acid and methane fermentation in the last two decades.  

However, little information is available on the 

biohydrogen production using dairy manures as 

feedstock via the mixed anaerobic microbe. As far as we 

know, the hydrogen production is habitually 

accompanied with production of volatile fatty acids 

(vfas), such as acetate, butyrate, and propionate, which 

are also an optimal feedstock for production of methane 

by anaerobic digestion. Provided that the biohydrogen 

production from dairy manure is further combined with 

the anaerobic digestion of the effluent from the 

producing hydrogen reactor that would be a one-stone 

two-bird paradigm, it not only produces a clean and 

readily usable biologic energy but also cleans up 

simultaneously the environment in a sustainable fashion. 

For the above reasons, the focus of this study was 

investigating the performance and optimal operating 

conditions of biohydrogen production from dairy manure 

feedstock by dairy manure compost and evaluating its 

feasibility for biohydrogen production.  

Materials and methods 

Seed reactor 

 Fresh manure was developed in a pilot scale 25 

L anaerobic reactor. The reactor was modified to provide 

large sampling and overflow ports for handling the 

manure and gas collection. The liquid volume was 20 

litres; the gas space was 5 li. The reactor is fed till a 

steady state is achieved. The steady state condition is 

indicated by the accumulation of equal volumes of gas in 

each day. 

Substrate 

The manure used as the substrate was obtained 

from a Gobar gas plant owned by Mr Shetty near NITK 

surathkal. There is no permanent housing for the cows in 

the plant. The cows were brought from the 

neighbourhood every morning. The animals diet was 

random No antibiotics were incorporated in the animal 

feed. Straw was used as bedding in the barn. The manure 

was scraped from the barn floor manually. 

Reactor start-up 

For the digester start-up, digester effluent from 

the Biogas plant was used for seeding. The reactor was 

filled with seed culture on the same day as collected. 

During start-up, the digesters were fed 250 ml of 

undiluted manure each day; this was increased gradually 

over one detection time to the full amount of 2000 ml per 

day. The reactor was then operated for about five days 

before an intensive program of data collection for the 

stable period started. Data collection included the 

measurement of temperature, gas production four times 



Anupama et al., 2012 

every 24 h, and a weekly twice (Monday and Friday) 

sample of the effluent for determination of total volatile 

solids (TVS), Volatile Fatty Acids (VFA) and chemical 

oxygen demand (COD). The operating conditions of the 

reactor are given in Table 1 and the Influent (Feed) 

characteristics can be given in the table 2. 

Table 1. Experimental program 

Working volume 20 L 

Head Space 5 L 

Feeding Once Daily 

Substrate, Dairy 

manure 

25% vol. (75% vol. tap water) 

Table 2. Influent characteristics 

Parameter Mean SD Na 

pH 7.5 0.6 60 

Total Volatile Solids, 

g/L 

28.5 1.56 28 

Chemical Oxygen 

Demand, g/L 

38.9 2.22 19 

VFA g/L 3.680 0.42 19 

 Na – Number of samples analysed 

Fig.1. Experimental setup of seed reactor 

 

 

 

 

 

 

 

Design of the batch experiments 

Experiments were performed in 250 mL wash 

bottles with 200 mL mixture of seed sludge as substrate. 

The mixture was then purged with N2 gas to remove 

other gases in the head space. Then the flask was sealed 

and kept for incubation in orbital shakers or magnetic 

stirrer at 36±1˚C with a rotational speed of 120 rpm to 

provide better contact. At each time interval, the total 

biogas produced was measured by releasing the pressure 

in the bottles using a gas collection vessel of 

displacement method with saturated brine. The statistical 

design of experiment was based on the Central composite 

design (CCD), which will reduce the number of trials 

required for the determination of optimum conditions. 

The Central composite design (CCD) for this study was 

done using Design-ExpertTM 8.0 software. 

The design factors 

 Substrate concentration (X1) 

 Reactor pH (X2) 

 Inhibitor concentration (X3) 

Table 3. The coded and natural values of design factors 

Design Factor -2 -1 0 1 2 

Substrate 

Concentration 

(gVS/L) 

20 40 60 80 100 

Reactor pH 5 6 7 8 9 

Inhibitor 

concentration 

(CHCl3) mM 

0.2 0.4 0.6 0.8 1.0 

    

The design matrix 

The number of trials (N) was based on the 

number of the design factors (k=3) as follows:  

N = 2k+2k+1 = 15 trials 

The number of trials needed for a full second 

order factorial design would be instead:  

N =3k+1 = 28 trials 

The decrease in the number of trials is 

significant and the benefit is more pronounced in the case 

of 6 factors, where the number of trials would be 80 and 

733 for the central composite and the full second order 

factorial designs, respectively. 

The design matrix was shown in the Table 4. 

After running the trials, The hydrogen yield 

was determined and a second order model equation using 

multiple regression analysis can be formed. 

The quadratic equation will be of the form 

Y = β0 + Σ βiXi + Σ βiiXi
2 + Σ βijXiXj 

Where, 

Y is the predicted response (Maximum Hydrogen Yield) 

β0 is a constant 

βi is the linear coefficient 

βii is the squared coefficient 

βij is the cross product coefficient 

     Fig. 2. Mean daily gas production rate 
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Table 4. Design matrix of batch experiments 

Trial X1 X2 X3 

1 0 0 0 

2  1 1 -1 

3 0 0 2 

4 1 -1 1 

5 -2 0 0 

6 -1 1 -1 

7 0 0 -2 

8 1 -1 -1 

9 -1 -1 1 

10 1 1 1 

11 -1 1 1 

12 0 2 0 

13 -1 -1 -1 

14 2 0 0 

15 0 -2 0 

 

Analytical methods 

Parameters of interest in this study included 

pH, alkalinity, total solids, total volatile solids, chemical 

oxygen demand, volatile fatty acids, and gas volume. The 

gas volume is measured by Saturated Brine displacement 

method and the other measurement procedures were 

based on standard methods. The concentrations of 

hydrogen, Carbon dioxide and methane can be measured 

by a gas chromatography equipped with a thermal 

conductivity detector. The operational temperatures of 

the injection port, the oven, and the detector were 100°C, 

80°C, and 150°C, respectively. Nitrogen was used as the 

carrier gas at a flow rate of 20 mL/min. The 

concentrations of the VFAs and the alcohol can be 

analyzed using GC with a flame ionization detector and. 

The temperature of the injection port, the detector, and 

the oven were 220°C, 240°C, and a programmed column 

of 130–175°C, respectively. Nitrogen was the carrier gas 

at a flow rate of 20 mL/min. Hydrogen gas yield was 

calculated from the headspace measurement of gas 

composition and the total volume of biogas produced at 

each time interval using the mass balance equation. 

 

where V is the cumulative hydrogen gas volumes at the 

current (i), V0 is the volume of headspace of vials, Vi is 

the biogas volume discharged from the vials at the time 

interval (i), and γi is the fraction of hydrogen gas 

discharged from the vials at the time interval (i). 

Kinetic modelling 

The cumulative volume of hydrogen 

production in the batch experiments followed the 

modified Gompertz equation: 

 

 

where,  H is the cumulative hydrogen production 

(millilitre), λ is the lag time (hour), P is the hydrogen 

production potential (millilitre), Rm is the maximum 

hydrogen production rate (millilitres per hour), and e is 

the 2.718281828. The values of P, Rm, and λ for each 

batch were estimated using the solver function in 

SystatTM 13.0 with a Newtonian algorithm. In this study, 

P (defined as millilitres per gram TVS) and Rm 

(expressed as millilitres per gram TVS per hour) were 

calculated by dividing P and Rm by the initial TS of the 

substrate, respectively (Lay et al. 1997; Fang et al. 2006). 

Results and discussion 

Stabilization of the seed reactor 

Gas production 

The amount of gas collected from the seed 

reactor was measured using water displacement method. 

Gas Production was measured 4 times every day, 0hr, 

3hr, 6hr, 24 hr, respectively. The various time intervals 

were chosen to investigate the variation in gas production 

with room temperature fluctuations and kinetics after 

feeding. and the total gas production for every cycle of 

feeding is calculated. The gas production data collected 

over a period of 60 days (29/09/2010 – 27/11/2010) was 

found to be consistent every day. Fig. 1 shows the 

variation of daily average gas production over the course 

of experiment. The mean daily gas production is about 

5.236 li. 

COD mass balance 

 A theoretical amount of gas produced can be 

arrived by the approximate analysis of COD and TVS of 

the reactor. A volume of 0.382 litre of methane at 25C 

and I atm is equivalent to I g COD assuming digester gas 

contains 60% methane. Table 5 gives the Gas/COD ratio 

(ratio of gas volume measured to the gas equivalent to 

the COD reduction) is found as 0.90, which shows the 

stabilization of the reactor.  

3.3 

2 

3 
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Volatile Fatty Acid (VFA) concentration 

 Maintenance of VFA under limit is also an 

important factor of steady state of the reactor. VFA 

concentration was measured by taking samples from 

reactor every Monday and Friday. It was evident from fig 

2 that the VFA concentration was maintained well below 

the limit of digester instability, 250 mg/L (Speece, 1996). 

In this study, the pH was 6.9±0.5 throughout. Moreover, 

effluent alkalinity was about 50% higher than influent 

alkalinity, a further indication that the digestion was 

stable and that there were no incipient pH problems. 

Fig. 2. VFA concentration profile in the reactor 

Hence, the reactor was stabilized under a steady state 

with  

 Mean gas production, 5.2360 L/day,  

 Mean COD removal efficiency, 39.33%, 

 Gas/COD ratio, 0.90, 

 VFA concentration, 85.02 mg/L 

 pH, 6.9±0.5 

Having established that the digestion process is 

reproducible and stable, further batch experiments to 

investigate Bio hydrogen production and the 

methanogenesis inhibition were performed. 

Batch experiments 

Gas Concentration 

The Gaseous content of each trial in batch 

experiment is analysed using gas chromatography and 

the concentration of hydrogen and methane was observed 

to study the methanogenesis inhibition. The following 

figure shows the methanogenesis inhibition of various 

trials by comparison with a control of that trial without 

adding the inhibitor (chloroform). From the Fig 3, it was 

observed that the methanogenesis was inhibited in all the 

trials except for Trial No 7 (pH 7, Substrate 

concentration [S] 70 gVs/L, Inhibitor concentration [I]  

 

0.2 mM), which was due to the low concentration of 

Inhibitor added. The composition of methane is given 

along the y-axis and the number of trials along x-axis. 

Hence, the inhibition is due to the addition of 

Chloroform only since methane is found in high 

concentration in the controls.  

Fig.3 . Study of methanogenesis inhibition of each trial 

of the batch experiments 

Kinetics of hydrogen production 

The cumulative hydrogen production curves 

were generated for each trial by fitting the trial data to 

the Gompertz model using SystatTM 8.0 and the 

parameters of interest (Rm, Hmax, and l) were 

calculated. The cumulative hydrogen production data for 

trial one (pH 7, [S] 60 gVS/L, [I] 0.6 mM) is shown in 

Table 6. Fitting data to modified gompertz equation:  

 

 

 

Where,  H-Cumulative Hydrogen Production (mL/gVS) 

 -Hydrogen Production Potential (mL/gVS) 

 -Maximum Hydrogen Production Rate (mL/hr.gVS) 

and  – Lag Time  

It can be seen from the figure 4 that all data fit 

the model well (R2 = 0.997) and the variation between 

the replicates was small. Similarly the data for the 

cumulative hydrogen production data for the other trials 

were also fitted to the model and the results were shown 

in the table 7. In general, all the experiments showed 

good reproducibility. 

 

4 
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Table 5. Substrate degradation and COD mass balance 

* Numbers in parentheses are standard deviations. In brackets are the numbers of observations 

Table 6. Kinetics of hydrogen production 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. Fitting experimental data of trial 1 into modified 

Gompertz model 

Loss 
   

1862.076 1.000 1.000 1.000 

1861.693 1.000 0.167 1.000 

1835.977 1.119 0.127 0.380 

1770.172 1.584 0.053 -1.204 

1423.467 5.205 0.133 13.261 

626.292 17.236 0.747 -14.058 

355.475 17.914 0.204 -21.707 

281.334 18.120 0.273 -8.197 

219.672 18.568 0.471 9.692 

49.384 17.784 0.840 10.624 

2.208 21.457 0.961 11.609 

2.116 21.431 0.978 11.627 

2.116 21.433 0.979 11.633 

2.116 21.433 0.979 11.633 

2.116 21.433 0.979 11.633 

 

Table 8. Kinetic coefficients of modified Gompertz 

model for all trials (S - Substrate Concentration (gVS/L), 

I - Inhibitor Concentration (mM)) 

S  pH  I  

Kinetic Coefficients 

R2 
Hmax  Rm 

60 7 0.6 21.433 11.63 0.98 0.998 

80 8 0.4 9.024 7.50 0.39 0.993 

60 7 1 23.805 7.81 0.85 0.986 

80 6 0.8 16.647 9.86 0.59 0.991 

20 7 0.6 5.908 7.85 0.26 0.997 

40 8 0.4 6.661 15.31 0.42 0.997 

60 7 0.2 3.747 13.68 0.37 0.995 

80 6 0.4 8.187 9.93 0.33 0.998 

40 6 0.8 19.449 9.06 0.51 0.996 

80 8 0.8 12.969 8.53 0.53 0.996 

40 8 0.8 17.636 20.47 0.78 0.997 

60 9 0.6 18.748 16.95 0.85 0.994 

40 6 0.4 14.772 9.87 0.46 0.997 

100 7 0.6 2.509 13.89 0.10 0.997 

60 5 0.6 25.000 12.47 0.94 0.997 

 

Optimizing key parameters for hydrogen production 

The optimum levels of the three key factors 

(Substrate concentration, initial pH and inhibitor 

concentration) were further explored by CCD. Yields of 

Hydrogen were obtained with the design matrix of the 

three- variables, representing different fermentative 

conditions (15 runs) (Table 8).  

Fig. 4.  Modified Gompertz model plot for trial 1 

 

 

 

 

 

 

 

 

 

 

 TVS (g/L) TVS 

Reduction 

% 

COD (g/L) COD 

Reduction 

% 

Gas 

equalent to 

COD 

reduction 

(Litre) 

Actual Gas 

Production 

(Litre) 

Gas/COD 

Ratio 

Influent 34.4 (1.7)[28]*  38.9 (2.2) [19]     

Effluent 22.9 (0.4) [28] 33.43 23.6 (1.3) [19] 39.33 5.8446 5.2360 

(0.22) [60] 

0.8996 

Time (t) hrs. Cumulative hydrogen 

production (H) (mL/g VS) 

0 0 

6 0 

12 2.145 

18 5.46 

24 12.792 

30 15.717 

36 18.681 

42 20.475 

48 20.904 

54 20.904 

(

m

L/

g 

V

S) 

Rm=0.979 

=11.63

3 
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Table 6. Actual cumulative hydrogen production for all 

trials (S - Substrate Concentration (gVS/L), I - Inhibitor 

Concentration(mM), A - Actual cumulative hydrogen 

production (mL/gVS), Ac – Actual, C - coded) 

S(X1)   pH(X2)   I (X3)    A 

 
Ac C Ac  C Ac C 

60 0 7 0 0.6 0 20.904 

80  1 8 1 0.4 -1 8.35 

60 0 7 0 1 2 22.37 

80 1 6 -1 0.8 1 15.56 

20 -2 7 0 0.6 0 5.76 

40 -1 8 1 0.4 -1 6.48 

60 0 7 0 0.2 -2 3.74 

80 1 6 -1 0.4 -1 7.78 

40 -1 6 -1 0.8 1 16.78 

80 1 8 1 0.8 1 12.45 

40 -1 8 1 0.8 1 16.29 

60 0 9 2 0.6 0 17.56 

40 -1 6 -1 0.4 -1 13.78 

100 2 7 0 0.6 0 2.3304 

60 0 5 -2 0.6 0 23.985 

 

By applying multiple regression analysis, the following 

second-order polynomial equation was established to 

explain the Hydrogen yield, 

Cumulative Hydrogen Production = 20.46  - 1.00 (X1) - 

1.45 (X2 ) +3.87 (X3) + 0.66 (X1X2)-.12 (X1X3)+ 

0.39(X2X3 - 4.45 (X1)
2 - 0.27(X2)

2 - 2.20(X3)
2 

The predicted values of hydrogen yield were 

obtained using the above equation, and shown in Table 6. 

Analysis of variance (ANOVA) was conducted to test the 

significance of the fit to the second-order polynomial 

equation for the experimental data (Table 9).  

Table 9. Anova of the coefficients of the model 

Term Coefficient  F value Prob P>F 

Model  18.27 <0.0001 

Intercept 20.45 - - 

X1 1 3.10 0.1059 

X2 -1.45 6.46 0.0293 

X3 3.87 41.16 0.0001 

X1X2 0.66 0.66 0.4345 

X1X3 -0.12 0.021 0.9912 

X2X3 0.39 0.24 0.6378 

X1
2 -4.45 95.71 <0.0001 

X2
2 -0.27 0.34 0.5714 

X3
2 -2.20 23.32 0.0007 

The computed F-value of 18.27 implied that 

the model was significant. There is only a 0.01% chance 

that a "Model F-value’’ could occur due to noise. The P-

values were used to verify the significance of each 

variable, which also indicated the intensity of the 

interaction between each independent variable (Liu et al., 

2003). Given a P-value of 0.0206 (<0.0500), the model 

terms were considered significant, whereas P-values > 

0.1000 were not significant. The coded values X2, X3, 

X1
2, X3

2 were considered significant model terms. The R2 

value of 0.9427 indicated a close relationship between 

the experimental and predicted values, which suggests 

that this is a very reliable mathematical model for 

Hydrogen production.  

Interaction between the parameters 

 The response surface and contour plots depict 

the interactions between two variables for Hydrogen 

yield, while maintaining the other variables at base line 

(zero level) (Figs. 5 to 8). The shapes of the contour 

plots, elliptical or circular, indicate whether the mutual 

interactions between the variables are significant or not.  

Effect of substrate concentration and pH 

The elliptical plot indicates the significance 

between the interactions between the parameters. 

Understanding the dependence of substrate concentration 

on fermentative hydrogen production is usually a critical 

step toward optimal control and operation of a bioreactor. 

Herein, the effect of the substrate concentration on 

Hydrogen yield was presented in Fig. 5 for dairy manure 

feedstock ranging from 20 to 100 g-TVS/L at the 

variation of initial pH from 5 to 9. As can be seen from 

Fig. 5, Hydrogen yield increased remarkably with the 

increase of substrate concentration in the range of 20–60 

g-TVS/L at any pH value. Thereafter, the cumulative 

Hydrogen yield decreased gradually as the concentration 

of substrate further increased. For instance, while the 

substrate concentration increased from 20 to 50 and 70 g-

TVS/L, the corresponding Hydrogen yield increased 

from minimum to the maximum value of 20.904 mL/g- 

TVS. The maximum Hydrogen yield of 20.904 mL/g-

TVS occurred at the substrate concentration of 60 g-

TVS/L. Then, the cumulative Hydrogen yield rapidly 

declined from 20.904 to minimum with the increase of 

substrate concentration from 60 to 100 g-TVS/L.  

The results could be expected because 

excessive substrate concentration would result in the 

acidification of system, accumulation of VFAs, and a fall 

of pH value in the batch reactor. In this case, the activity 

of hydrogen-producing microbes would be inhibited. In 

addition, the partial pressure of hydrogen in the batch 

reactor rose with the increases in substrate concentration. 

5 
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While the partial pressure of hydrogen increased to a 

certain level in the headspace of reactor, the 

microorganisms would switch to alcohol production, thus 

inhibiting hydrogen production (Lay et al. 1999). 

Fig. 5. (A) Response Surface and (B) Contour Plots 

Between pH and substrate Concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of substrate concentration and inhibitor 

concentration 

The elliptical plot indicates the significance 

between the interactions between the parameters.The 

Cumulative Hydrogen Production Increased with the 

increase in inhibitor Concentration as seen in the Fig. 6. 

But the effect of Substrate concentration remains the 

same as in the presence of varying the pH. The results 

could be expected because the increase in the inhibitor 

concentration will increase the methanogenesis inhibition 

which will subsequently favour the growth of hydrogen 

producing microorganisms, which results in higher yield.  

Effect of pH and inhibitor concentration 

The Circular plot indicates the insignificance 

between the interactions between the parameters (Fig. 7). 

However it can be noted that the maximum Hydrogen 

yield occurred at low pH and high inhibitor 

Concentration. This result was consistent with most 

previous works, in which the optimum pH value for 

hydrogen-producing system occurred in the range of pH 

from 5.0 to 7.0 (Fan et al. 2006b; Li and Fang 2007). 

However, it was different from the results reported by 

Cai and co-workers, in which the maximal hydrogen 

yield of 16.6 mL/g-TS occurred at pH of 11.0 using the 

alkaline pre-treated sludge by anaerobic fermentation 

(Cai et al. 2004). The results showed that the proper pH 

control in the reactor could stimulate the microorganisms 

to produce hydrogen and would achieve the system 

having a maximum hydrogen yield, but the activity of 

hydrogenase would be inhibited by low or high pH 

values in overall hydrogen fermentation (Fan et al. 2004; 

Lay et al. 2000). 

Fig. 6. (A) Response Surface and (B) Contour Plots 

between Inhibitor Concentration and substrate 

Concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Model optimization 

According to the statistical design, the 

optimized conditions (Fig. 8) for maximum yield of 

Cumulative Hydrogen Production of 23.1995 mL/gVS 

were Substrate concentration of 56.07 gVS/L, initial pH 

of 6, Inhibitor Concentration of 0.76 mM. This 

Optimization gave maximum Desirability of 0.964 for 

the model. 
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Design-Expert® Software
Factor Coding: Actual
Cumulative H2 Production
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Fig. 7. (A) Response Surface and (B) Contour Plots 

between Inhibitor Concentration and pH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Optmized parameters of the central composite 

design 

 

Conclusions 

It is feasible to produce Hydrogen from dairy 

manure by methanogenesis inhibited dark fermentation. 

Experimental results indicated that the substrate 

concentration, operating pH and inhibitor concentration 

all had an individual significant influence on 

biohydrogen production. The optimized conditions for 

maximum yield of Cumulative Hydrogen Production of 

23.1995 mL/gVS were substrate concentration of 56.07 

gVS/L, initial pH of 6 and inhibitor concentration of 0.76 

mM.  
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