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Table 6-6. summary of volatile fatty acids and sugar conversion 

Batch name 
gCOD Lactate/g 

CODTVFA 

Residual 

sugars (g/L) 
sugar 

conversion 

TVFA (g 

COD) 

mol HAc/ 

mol HBu 

B2-0 0.00 0.00 100 1.8 3.2 

B2-1 0.39 0.00 100 2.7 7.7 

B2-2 0.39 0.01 100 4.1 8.9 

B8-0 0.00 0.00 100 7.2 0.9 

B8-1 0.13 0.00 100 8.5 1.4 

B8-2 0.34 0.37 95 9.6 4.2 

B16-0 0.01 0.68 96 11.2 1.1 

B16-1 0.12 0.31 98 12.1 1.3 

B16-2 0.48 7.15 55 8.7 12.5 

B24-0 0.24 1.48 94 18.0 1.1 

B24-1 0.32 4.20 83 18.0 1.8 

B24-2 0.48 14.90 38 9.6 2.1 

B32-0 0.42 5.56 83 21.4 2.3 

B32-1 0.48 9.40 71 22.3 2.9 

B32-2 0.44 19.18 40 17.0 490 

At initial sugars concentrations of 24 g/L and 32 g/L with no furfural addition, the sugars 

conversion efficiencies decreased to 94% and 83%, respectively, with hydrogen production yields 

of 1.06 and 0.74 mol H2/mol sugars added, respectively, potentially due to the apparent shift in the 

soluble by-product towards lactate as reflected by lactate-to-TVFAs ratios of 0.24 g CODlactate/g 

CODTVFA and 0.42 g CODlactate/g CODTVFA, respectively (Table 6-6). 

 In B24-0 and B32-0, not only lactate (the non-hydrogen producing pathway) but also propionate 

(the hydrogen consuming pathway), increased at substrate concentrations of 24 g/L and 32 g/L, 

with propionate concentrations of 1.25 g/L and 1.58 g/L, compared to 0.09, 0.35, and 0.42 g/L in 

B2-0, B8-0, and B16-0, respectively. A similar trend was observed for furfural concentration of 1 

g/L and substrate concentrations of 24 and 32 g/L (B24-1 and B32-1), where the sugar conversion 
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efficiencies decreased to 83% and 71%, respectively. The hydrogen yields were 0.91 mol H2/ mol 

sugars added and 0.74 mol H2/ mol sugars added in B24-1 and B32-1 corresponding to 1.1 mol 

H2/ mol sugars consumed and 1.05 mol H2/ mol sugars consumed, respectively. 

As mentioned previously, although no hydrogen was produced at an initial furfural concentration 

of 2 g/L at all substrate concentrations, sugar conversion efficiencies varied from 38% to 100% in 

all batches with 2 g/L furfural, with the two lowest efficiencies of 38% and 40% observed at initial 

substrate concentrations of 24 g/L and 32 g/L (B24-2 and B32-2), respectively (Table 6-6). 

Interestingly, the lactate-to-TVFAs ratios in B24-2 and B32-2 were 0.44 and 0.48 gCOD lactate/ 

gCODTVFA indicating that lactate fermentation might occur at both high substrate and high furfural 

concentrations.  

Microorganisms are able to degrade furfural to less inhibitory compounds, furfuryl alcohol (under 

anaerobic conditions), furoic acid (under aerobic conditions) (Taherzadeh et al., 1999), and/or 

acetate (Boopathy and Daniels, 1991; Haroun et al., 2016a). However, the rate of degradation 

varies considerably depending on the initial furfural concentration and the type of microbial 

cultures (Almeida et al., 2009). Haroun et al.(2016a) reported that 1 mole of furfural could be 

converted to 1 mole of acetate with biohydrogen production at low furfural concentration of up to 

0.5 g/L under anaerobic conditions. In the present study, furfural was completely degraded at a 

concentration of 1 g/L with hydrogen production yields comparable to the yields at zero furfural. 

Furfural at a concentration of 2 g/L was inhibitory for hydrogen fermentation specifically at S⁰/X⁰ 

of 6 g COD sugars/ g VSS regardless of the initial substrate concentrations. Furfural was not 

detected at the end of the batch tests, at all substrate concentrations when furfural was added at a 

concentration of 1 g/L, while final furfural concentrations were directly proportional to the initial 
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substrate concentrations when furfural was added at a concentration of 2 g/L. This suggests that 

hydrogen was not produced until all furfural was consumed, confirming the observation of Akobi 

et al. (2017) who reported that furfural had to be completely broken down by both mesophilic and 

thermophilic mixed cultures before hydrogen production was observed. In all batches with 2g/L 

furfural, it appeared that there was an inverse relationship between initial substrate concentrations 

and furfural conversion with the residual furfural increasing linearly with increasing initial sugar 

concentration (correlation not shown, R2= 0.976).  

 Soluble microbial by-products and COD mass balances 

It is obvious from the data reported in Table 6-7 and Figures 6-4, 6-5, and 6-6 that the distribution 

of VFAs during biohydrogen fermentation is highly dependent on the initial substrate and furfural 

concentrations. Without furfural at substrate concentrations of 2, 8, and 16 g/L (B2-0, B8-0, and 

B16-0), acetate and butyrate were the main soluble by-products with minimal propionate, while 

lactate was predominant and produced at concentrations of 4.1 g/L and 8.3 g/L in B24-0, and B32

0, respectively (Table 6-7 and Fig. 6-4), corresponding to lactate-to-TVFAs ratios of 0.24 gCOD 

lactate /gCOD TVFA and 0.42 gCOD lactate /gCOD TVFA. 

At 1 g/L furfural, and substrate concentrations of 2, 8, and 16 g/L, not only acetate and butyrate 

but also lactate were produced (Fig. 6-5). Nonetheless, the hydrogen production was not affected 

by lactate production in B8-0 and B16-0 where the lactate-to-TVFAs ratios were 0.13 gCOD lactate 

/gCOD TVFA and 0.12 gCOD lactate /gCOD TVFA, respectively, whereas at an initial substrate 

concentration of 2 g/L, the lactate-to-TVFAs ratio was 0.39 gCOD lactate /gCOD TVFA rationalizing 

the 34% reduction in the hydrogen yield in B2-1 (1.16 mol H2/mol sugars added) relative to B2-0 

(1.77 mol H2/ mol sugars added) (Tables 6-3 and 6-7).
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Table 6-7. Liquid metabolites produced and residual sugars concentrations. 

  

Batch  Glucose  Xylose  Arabinose  Lactic  Formic  Acetic  Propionic  Butyric  Furfural  Ethanol  Isobutyric  Valeric  Isovaleric  

name (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) 

B2-0 0.00 0.00 0.00 0.00 0.00 0.64 0.09 0.29 0.00 0.00 0.112 0.100 0.014 

B2-1 0.00 0.00 0.00 1.00 0.00 1.10 0.02 0.21 0.00 0.30 0.014 0.020 0.009 

B2-2 0.00 0.01 0.00 1.50 0.11 1.33 0.41 0.22 0.22 0.16 0.007 0.023 0.004 

B8-0 0.00 0.00 0.00 0.00 0.00 1.55 0.35 2.57 0.00 0.01 0.149 0.021 0.028 

B8-1 0.00 0.00 0.00 1.01 0.00 1.92 0.43 2.00 0.00 0.11 0.076 0.442 0.023 

B8-2 0.00 0.31 0.06 3.04 0.01 2.85 0.52 1.00 0.26 0.02 0.011 0.345 0.002 

B16-0 0.28 0.40 0.00 0.14 0.00 2.87 0.42 3.90 0.00 0.00 0.113 0.007 0.011 

B16-1 0.30 0.00 0.01 1.32 0.00 3.20 0.49 3.49 0.00 0.00 0.008 0.090 0.009 

B16-2 0.16 5.84 1.15 3.89 0.07 3.42 0.00 0.40 0.62 0.00 0.009 0.043 0.001 

B24-0 0.25 1.23 0.00 4.10 0.04 3.18 1.25 4.22 0.00 0.00 0.104 0.108 0.106 

B24-1 0.28 3.74 0.18 5.43 0.05 3.94 1.33 3.29 0.00 0.00 0.000 0.000 0.000 

B24-2 0.28 13.57 1.05 4.32 0.10 1.68 0.60 1.20 0.83 0.00 0.000 0.033 0.010 

B32-0 0.30 5.03 0.23 8.32 0.12 4.49 1.58 2.90 0.00 0.00 0.001 0.001 0.000 

B32-1 0.36 8.78 0.26 9.96 0.16 5.53 0.03 2.84 0.00 0.00 0.00 0.22 0.00 

B32-2 0.25 17.44 1.49 6.96 0.14 8.69 0.08 0.03 1.03 0.00 0.00 0.02 0.01 
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On the other hand, at 1 g/L furfural, and substrate concentrations of 24 and 32 g/L, lactate was 

predominant followed by acetate and butyrate with lactate-to-TVFAs ratios of 0.32 and 0.48 gCOD 

lactate /gCOD TVFA rationalizing the 44% and 45% reduction in B24-1 and B32-1, respectively, 

compared to B8-1.  

At a furfural concentration of 2 g/L and substrate concentrations of 2, 8, 16, and 24 g/L, lactate 

was the main soluble by-products, however, acetate was predominant at a substrate concentration 

of 32 g/L (Table 6-7 and Fig. 6-6). This could be attributed to homoacetogensis which favors low 

pH of 5.5 as reported by Corona and Razo-Flores, (2018). Formic, isobutyric, valeric, isovaleric 

acids in addition to ethanol were detected at very low concentrations throughout the experiments 

ranging from 0.001 to 0.16 g/L except for valeric acid at concentrations of 0.35 g/L and 0.44 g/L 

in B8-2 and B8-1, respectively, as well as ethanol of 0.3 g/L in B2-1 (Table 6-7). This might be 

attributed to the presence of furfural at 1 g/L. 

Equations 6.6-6.8 present the theoretical volume of hydrogen concomitant with acetate (HAc), 

butyrate (HBu) and propionate (HPr) production using xylose as substrate, the predominant sugar 

in the lignocellulosic hydrolysate used in the present study. At 37 ⁰C, it is obvious from equation 

6.6 that theoretically 848 mL of hydrogen could be produced concomitant with the production of 

1 g of acetic acid (equation 6.6). Similarly, in equation 6.7, theoretically 578 mL of hydrogen could 

be produced concomitant with the production of 1 g of butyric acid. On the other hand, 

theoretically 342 mL of hydrogen could be consumed with the production of 1 g of propionic acid 

(Eq. 6.8), therefore the theoretical hydrogen yields in mL can be calculated as shown in equation 

6.9.  
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Acetate (HAc): C5H10O5 + 1.67 H2O                     1.67 CH3COOH + 1.67 CO2 + 3.33 H2 (848 mL 

H2/gHAc at 37 °C)      (6.6) 

Butyrate (HBu): C5H10O5                      0.83 CH3CH2CH2COOH + 1.67 CO2 + 1.67 H2 (578 mL 

H2/gHBu at 37 °C)      (6.7) 

Propionate (HPr): C5H10O5 + 1.67 H2                          1.67 CH3CH2COOH + 1.67 H2O (342 mL 

H2/gHPr at 37 °C)      (6.8) 

Theoretical hydrogen yield (mL) =(𝐶𝐻𝐴𝑐 × 𝑉 × 848) + (𝐶𝐻𝐵𝑢 × 𝑉 × 578) −  (𝐶𝐻𝑃𝑟 × 𝑉 × 342) 

(6.9) 

𝐶𝐻𝐴𝑐, 𝐶𝐻𝐵𝑢, and 𝐶𝐻𝑃𝑟 are acetate, butyrate, and propionate concentrations in g/L, respectively. V 

is the batch working volume. 

COD mass balance closures (not shown) ranged from 87% to 108%, while COD reductions 

varied from 0.2% to 15.9%. The theoretical hydrogen yields based on equations 6.6-6.8 have 

been compared with the experimental data in Table 6-8. The actual hydrogen generated was 

comparable to the theoretical hydrogen produced with differences varying from 10% to 21% 

except for B2-1, B24-1, and B32-1 where the differences varied from 25% to 67%. The 

differences between theoretical and measured hydrogen were more pronounced for the cases 

with substrate inhibition. Obviously with complete furfural inhibition, no biohydrogen was 

produced, hence all batches with 2 g/L furfural were eliminated from Table 6-8. 
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Table 6-8. Theoretical hydrogen production based on the acetate and butyrate produced 

Batch 

name 

 Substrate 

conc. 
Furfural 

conc.  

Acetic 

acid 

Butyric 

acid 

Propionic 

acid 

From 

Acetic 

acid 

From 

Butyric 

acid 

From 

Propionic  

acid 

Theoretical 

H2 

Measured 

H2 

% 

difference 

 
 

 g/L g/L g/L mL H2 mL H2 mL H2 mL H2 mLH2 % 

B2-0  

2 

 

0 0.64 0.29 0.09 54 17 -3 68 58.4 14 

B2-1 1 1.10 0.21 0.02 93 12 -1 104 34.3 67 

B8-0 
8 

0 1.55 2.57 0.35 132 148 -12 268 217 19 

B8-1 1 1.92 2.00 0.43 163 116 -15 264 214 19 

B16-0 
16 

0 2.87 3.90 0.42 243 225 -14 454 408 10 

B16-1 1 3.20 3.49 0.49 271 202 -17 456 400 12 

B24-0 
24 

0 3.18 4.22 1.25 269 244 -43 470 419 11 

B24-1 1 3.94 3.29 1.33 334 190 -45 479 361 25 

B32-0 
32 

0 4.49 2.90 1.58 381 167 -54 494 391 21 

B32-1 1 5.53 2.84 0.03 469 164 -1 632 391 38 
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 Summary and Conclusions 

The outcome of this study revealed that  

• The initial furfural concentration is a more significant parameter than F/B, F/S, and 

initial substrate concentration in biohydrogen yields and rates. 

• Lower MSHPR and hydrogen yields were observed at higher F/S in the substrate 

concentration range of 2 g/L to 16 g/L. At 24 g/L and 32 g/L, substrate inhibition 

was observed. 

• The 16 g/L was the optimal substrate concentration tested in terms of both molar 

hydrogen yields (based on sugar consumption) and rates. 

• Sugars were completely degraded at substrate concentration of < 8 g/L but beyond 

8 g/L, residual sugars increased with increasing substrate concentrations. 

• Lactate was the predominant degradation product in both substrate and furfural 

inhibitions. 

• Furfural at 1 g/L in all cases was not inhibitory, exhibiting comparable hydrogen 

yields to the batches with no furfural, except at a substrate concentration of 2 g/L, 

while at 2 g/L furfural, it completely inhibited biohydrogen production.  At 2 g/L 

furfural, furfural degradation was observed to be inversely proportional to the initial 

substrate concentration.  
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Chapter 7 

7 Conclusions and Recommendations 

 Conclusions 

The novelty of this research stems from the fact that this is the first study to: 

➢ Differentiate between the significance of acclimatization in both continuous-flow 

systems and batch studies for biohydrogen production from synthetic lignocellulosic 

hydrolysates. 

➢ Evaluate the impact of furfural inhibition on mesophilic biohydrogen production in 

both continuous-flow systems and batch studies. 

➢ Investigate the effect of substrate concentration on biohydrogen production in the 

presence of furfural using synthetic lignocellulosic hydrolysate in batches. 

The following findings summarize the overall significant conclusions regarding the impact of 

acclimatization in continuous-flow systems and batch studies on biohydrogen production from 

lignocellulosic hydrolysates containing inhibitors 

 Impact of Acclimatization 

a. In continuous-flow systems: 

1. In continuous-flow systems, despite acclimatization, hydrogen production rates and 

yields were negatively affected by substrate changes, despite being comparably 

biodegradable. 

2. Higher propionate concentration of 25%-28% of the total VFAs on COD basis (8.12-

8.32 g VFAs as COD/L) was observed upon changing the influent feed from glucose 

to mixture of glucose, xylose, arabinose, and cellobiose resulting in 49%-52% 

reduction in hydrogen production yields (from 2.1 and 2.3 to 1.08 and 1.1 mol H2/mol 

sugars). The metabolic shift was evidenced by a significantly higher concentration of 
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propionate (37%-42%) when the feed was changed from the aforementioned mixture 

of sugars back to glucose only. 

3. Once inhibition occurred, the revivability of mesophilic biohydrogen-producing 

bacteria was not achieved, despite running the system (under the same operating 

conditions of initial substrate concentration, substrate type, initial pH, HRT, and SRT), 

as before inhibition occurred.  

4. Certain taxa were significantly washed out along with the change in feed. In phase 1, 

concomitant with the high hydrogen yields, the microbial cultures were predominantly 

acetate-producing bacteria i.e. Ethanoligenes, Clostridium, and Ruminococcus while 

Coriobacteriaceae and the propionate-producing Megasphaera were predominant in 

phases 2 and 3 when the hydrogen yield diminished. 

b. Batch studies: 

Based on the aforementioned findings in the continuous-flow systems, the response of 

acclimatized cultures to feed changes in batches was completely different. The following 

conclusions can be drawn regarding the batch tests. 

1. Co-fermentation of hexose and pentose sugars was evaluated in batches. The H2 yield 

was enhanced by 26% in batches by changing the feed from single sugar (glucose at a 

concentration of 10 g/L) to multiple sugars (glucose, cellobiose, xylose, and arabinose 

at a concentration of 2.5 g/L each). 

2. The H2 yield increased by switching the feed to equal amounts of C5 and C6 sugars 

(from 1.71 mol H2/mol glucose in glucose-fed batch to 1.96 mol H2/mol sugars in the 

batch that has been fed with equal amount of four different sugars at the same COD 

basis). 

3. Acetate was the predominant VFA in either hexose-fed batches or a mixture of hexose 

and pentose-fed batches while butyrate was the main VFA in pentose-fed batches. 
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 Impact of Furfural Inhibition 

The major outcomes of the study on the impact of furfural inhibition in continuous-flow 

systems are summarized below: 

1. Biological detoxification by acclimatizing mesophilic biohydrogen cultures increased 

the furfural inhibition threshold level from 1 g/L as reported in the literature in batch 

studies to 2-4 g/L. 

2. Both glucose-fed reactor and xylose-fed reactor showed similar performance as the 

initial concentration of furfural up to of 0.5 g/L was stimulatory. 

3. In the glucose-fed reactor, the hydrogen production yields increased by 17% and 6% 

to 2.66, and 2.4 mol H2/mol glucose with the addition of the furfural to the influent 

feed at concentrations of 0.25 and 0.5 g/L, respectively, compared to 2.27 mol H2/mol 

glucose in the control (influent glucose with no furfural). On the other hand, the 

hydrogen production yields decreased by 21%, 29% and 62% to 1.8, 1.62, and 0.87 

mol H2/mol glucose at influent furfural concentrations of 1, 2, and 4 g/L, respectively. 

4. Furfural was completely degraded by the acclimatized sludge as evidenced by the 

absence of furfural in the effluent for all the tested furfural concentrations.  

5. Furfural inhibition was reversible, as evidenced by the 95% recovery in the biomass-

specific hydrogen production rate (SHPR). The inhibited biomass at 4 g/L furfural 

exhibited a SHPR of 0.94 LH2/ gVSS.d while the revived cultures (after removing the 

4 g/L furfural from the influent) produced a SHPR of 1.71 LH2/ gVSS.d, which is 95% 

of the SHPR of 1.81 LH2/ gVSS.d obtained during the system start-up without furfural 

addition (control). 

6. Acetate and butyrate were produced when furfural was used as the sole carbon source 

with cultures acclimatized with furfural.  
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 Simultaneous impact of substrate and furfural inhibition  

Substrate inhibition in addition to furfural inhibition have been studied in batches for mesophilic 

biohydrogen production from lignocellulosic hydrolysates by varying substrate concentrations 

from 2 to 32 g/L and furfural concentrations from 0 to 2 g/L. The batches were operated at initial 

furfural-to-biomass ratios of 0 to 5.62 g furfural/g VSS biomass, and furfural-to-substrate ratios of 

0 to 0.56 g furfural/g substrate. Below are the major findings: 

1. The initial furfural concentration is a more significant parameter with respect to 

inhibition than furfural-to-biomass ratio (F/B), furfural-to-substrate ratio (F/S), and 

initial substrate concentration.  

2. Synthetic lignocellulosic hydrolysates (76% xylose) concentration of 16 g/L was the 

optimal substrate concentration tested in terms of both molar hydrogen yields (based on 

sugar consumption) and rates. The observed optimum molar hydrogen yield and 

maximum specific production rate were respectively 1.55 mol H2/mol sugars and 107 

mL H2/gVSS.h.  

3. Furfural at 1 g/L was not inhibitory at various substrate concentrations except at a 

substrate concentration of 2 g/L, where furfural-to-substrate ratio was the highest (0.56 

g furfural/g substrate). 

4. No hydrogen was produced at 2 g/L furfural. 

5. Lactate was the most predominant VFA in all batches where inhibition occurred. i.e. at 

substrate concentrations of 24 g/L and 32 g/L and furfural concentration of 1 g/L, lactate, 

non-hydrogen producing pathway, was the predominant soluble by product followed by 

acetate and butyrate, rationalizing the respective 40% and 51% reduction in the 

hydrogen yields (0.91, and 0.74 mol H2/ mol sugars) compared the batches with 
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substrate concentration of 16 g/L (1.52 mol H2/ mol sugars). Besides, lactate was 

predominant in most of the batches at furfural concentration of 2 g/L, where no hydrogen 

was produced.  

6. Based on the comparison between the behavior of the microbial cultures in continuous-

flow systems and batches, it is evident that the process impacts the metabolic pathways 

as evidenced by the predominance of lactate in batch studies, and acetate and butyrate 

in continuous-flow systems.  

 Recommendations for future work 

Based on the findings of this research, future research should address the following areas: 

1. Investigation of the synergistic and antagonistic effect of other inhibitors such as 

hydroxymethyl furfural (HMF), hydroxybenzoic acid (HBA), syringaldehyde, vanillin, 

and acetic acid in combination with furfural in continuous-flow fermentative hydrogen 

production systems.  

2. Study the influence of S⁰/X⁰ ratio simultaneously with substrate and furfural inhibition 

to obtain kinetic parameters. 

3. Investigate the effect of different SRT on the significance of acclimatization on 

mesophilic biohydrogen production from lignocellulosic hydrolysates. 
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Appendices  

Appendix A1: R1 and R2 were duplicates. The reactors fed initially with glucose (10g/L) 

(phase 1). Then, the feed was switched to glucose, xylose, arabinose, and glucose (2.5 g/L 

each) (phase 2). Finally, the feed reverted to glucose (10 g/L) (phase 3) 
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Appendix B2: wet-tip gas meter (Rebel wet-tip gas meter company, Nashville, TN, USA) 

 

  



 

231 

 

Appendix C3: An Automatic Methane Potential Test System (AMPTS II; Bioprocess 

Control, Sweden) 

 

  

sample 
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Appendix D4: Regular batches 

 

 

 

 

Shaker 
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Appendix E5: Glucose-fed reactor and xylose-fed reactor 
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