
Introduction

Large-scale fermentative production of ethyl 
alcohol is mainly based on cane sugar, corn, potatoes 
and different kinds of grains serving as the sources of 
hydrocarbons. Production of ethyl alcohol from these 
substrates generates a significant amount of wastewater. 
In 2017 the production of ethanol in the United States 
was 1.02 million barrels per day and has been increasing 
year by year [1]. In Poland the annual production of 
ethyl alcohol reached one million hectoliters [2]. It 

was estimated that the world demand for ethyl alcohol 
would increase by 70% in the next 10 years because of 
its application as a gasoline component [1]. Wastewaters 
coming from alcohol production, after drying, can 
be used for the cattle feed. However, the cost of the 
pretreatment is very high. Therefore, cheaper methods 
of utilization of the distillery wastewaters would have to 
be applied. Fermentative hydrogen production processes 
seem to be an attractive option, because they offer a 
dual function of waste reduction and hydrogen energy 
production [3, 4].

Although the application of different wastewaters 
from the food industry for hydrogen production in 
dark fermentation is well described in literature  
[5-9], the search for better yields, higher reaction rates 
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and lower biomass production is still a challenge. The 
wide selection of substrates and microorganisms that 
can be used in the dark fermentation process opens a 
great chance for development of this method on a large 
scale. Recent papers [10-12] as well as our previous 
studies [13] can be a basis for microbiological hydrogen 
production with distillery wastewaters on a large 
scale. Wastewaters from the food industry can be used 
successfully also in photofermentative processes, where 
light-dependent heterotrophic bacteria decompose 
organic compounds, mainly volatile fatty acids, into 
hydrogen and carbon dioxide. Numerous papers  
[14-16] show that Rhodobacter sphaeroides can 
efficiently produce hydrogen from wastewaters coming 
from food industries like dairies, breweries, distilleries 
and others. Increasing the production of ethanol and 
bioethanol will result in higher amounts of waste, which 
will require efficient, environmentally friendly and 
economical methods of utilization. Combined systems, 
which link dark fermentation with photofermentation 
in a one- or two-step process, can lead to total 
biodegradation of organic compounds in waste and 
higher efficiency of hydrogen production than in 
separate processes.

The aim of this study was to compare four types of 
wastewaters coming from a local distillery (producing 
113000 m3 waste/day) as the substrates for hydrogen 
production in dark fermentation, photofermentation 
and the two-step system. These wastewaters originated 
from different stages of ethanol production based on 
wheat and maize. Many publications have presented the 
production of hydrogen from distillery wastewaters [17-
20], but none have compared different types of distillery 
wastewaters. We would like to stress there have so far 
not been papers describing systems as mentioned above. 
This paper proves that in the two-step system the vast 
majority of organic compounds from wastewaters 
degrade completely to H2 and CO2 with high efficiency. 

Experimental 

Wastewaters

Four different wastewaters originating from the 
processing of wheat and maize in the local distillery 
(Murowana Goślina, Poland) were substrates in the 
fermentation processes. These wastes were wheat stillage  
(WTL), wheat syrup (WSR), maize stillage (MST) 
and maize syrup (MSR). Stillages are a waste 
obtained after first distillation while syrups are 
obtained after decantation and condensation of  
stillages. Characteristics of the applied wastes are given 
in Tables 1 and 2.

Inoculum

In dark fermentation an anaerobic digested sludge 
originating from a municipal purification unit was used 
as an inoculum. In the pretreatment process it was boiled 
for 15 minutes to eliminate methanogenic bacteria. 
The total nitrogen content in inoculum (measured by 
Kjeldahl method) was 0.9 g/L, carbon content was  
12.5 g/L and the amount of volatile suspended solids 
(VSS) was 29.1 g/L. 

In photofermentation Rhodobacter sphaeroides 
O.U.001 (ATCC 49419) bacteria were used. Bacteria 
were cultivated on Van Niel’s medium containing 
K2HPO4 (1.0 g/L), MgSO4 (0.5 g/L), yeast extract 
(10 g/L) and tap water filled up to 1 L and then activated 
to hydrogen production on modified Biebl and Pfennig 
medium according to the procedure already described 
[21].

Medium and Procedure

The medium used in dark fermentation contained 
10, 20, 40, 60 or 75% v/v of distillery wastewaters.  
The medium was enriched with the following 
components (g/L): 1.0 NaHCO3, 0.5 NH4Cl, 0.25 KH2PO4, Table 1. Characteristic of wastewater.

Table 2. Organic compounds in wastewater.
Properties

Wastewater

Wheat Maize

WTL WSR MTL MSR

Total solid (TS) [g/mL] 0.128 0.136 0.130 0.234

Elemental anal.  of TS

C [%] 48.8 45.8 48.9 47.1

H [%] 6.9 7.7 8.5 9.2

N [%] 6.5 7.1 4.1 2.6

S [%] 0.3 0 0.003 0.175

Total COD [g O2/L] 114 197 251 325

COD in solution [g O2/L] 43 86 13 58

VSS [g/mL] 0.122 0.126 0.123 0.214

pH 4.0 3.8 3.8 3.4

Compound
[g/L]

Wastewater
Wheat Maize

WTL WSR MTL MSR

Glucose 1.5 0 0.15 0

Lactic acid 2.0 9.3 1.3 10.0

Acetic acid 0.2 0.34 0.09 0.3

Butyric acid 0 2.4 0 0.06

Malic acid 0 3.8 0.3 2.3

Glycerol 5.2 21.0 4.0 27.0

Succinic acid 0.6 2.0 0.4 2.5

Methanol 2.0 4.6 1.6 4.5

Ethanol 0.08 0.04 0.04 0.2
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0.25 K2HPO4, and 0.32 MgSO4*7H2O; and 
microelements 0.005 FeCl3, 0.0032 NiSO4, 0.005 CaCl2, 
0.0007 Na2B4O7*H2O, 0.0014 (NH4)6Mo7O24*4H2O, 
0.0023 ZnCl2, 0.0021 CoCl2*6H2O, 0.001 CuCl2*2H2O 
and 0.003 MnCl2*4H2O. The medium with 75% v/v of 
wastes was not enriched with macro and micronutrients 
and consisted exclusively of non-diluted wastewaters 
and inoculum. 

The experiments, run in 60 mL glass reactors 
(working capacity of 30 mL), were performed in  
five-fold repetitions. The samples were inoculated 
with 10 or 25% v/v of inoculum (biomass content in 
inoculum: 2.5 or 6.4 g VS/L, respectively). Initial pH 
was adjusted to 5.5. After deaeration of the samples 
with argon, all of them were sealed with butyl rubber 
membranes and incubated at 37ºC with agitation  
(150 rpm). Medium containing 7g/L of glucose (standard 
medium) was applied as a reference. 

In the photofermentation process distillery 
wastewaters replaced malic acid in modified Biebl and 
Pfennig medium and were introduced in 10, 20, 40, 60 
or 70% v/v. The process was carried out in 25 mL vials 
(working capacity of 12.5 mL) made of borosilicate 
glass [19]. The medium was inoculated with 30% v/v 
of R. sphaeroides bacteria (0.36 g dry wt/L). Process 
was performed at 30±2ºC. The initial pH was set to 7.0.  
The medium with 70% v/v of waste was not enriched 
with macro and micronutrients and consisted exclusively 
of non-diluted waste and inoculum. 

In the two-step system, the effluent originating 
from dark fermentation was centrifuged (12500 rpm), 
sterilized, flushed with argon and sealed with butyl 
rubber septa; the initial pH was adjusted to 7.0-7.2. 
The samples prepared in this way were used in the 
photofermentation reactor. A mercury-tungsten lamp 
(Ultra-Vitalux 300W from Osram) with light intensity 
of 116 W/m2 at the surface of reactors was used in all 
the experiments.

Analytical Methods

Gases were collected with a gas-tight syringe over 
the surface of liquid. Gas chromatography (Varian 
3800 equipped with TCD and capillary column 
CARBOPLOT P7) was applied for measurements of 
hydrogen and carbon dioxide content in the final biogas. 
The operational temperatures at the injection port, in 
the oven and at the detector were 120, 80 and 120ºC, 
respectively. Argon was used as a carrier gas flowing 
with the rate of 8 mL/min. 

The concentrations of volatile fatty acids (VFAs) 
and alcohols was analyzed with HPLC (Ultimate 
3000 from Dionex, ThermoScientific, SHODEX sugar 
column SH1011, RI detector, 1 mL/min flow; eluent 
5 mM H2SO4). Each sample was centrifuged for 
15 minutes at 12500 rpm before the HPLC analysis. 
The loss of organic compounds (Δ COD) was measured 
with a dichromate method [22]. The amount of total 
solids (TS) and volatile solids (VS) were determined 

according to the Standard Methods [22]. Ammonium 
ions concentration was measured applying MERCK 
spectroquant method (absorption at 690 nm). 

The biomass content was established 
spectrophotometrically by measuring the optical density 
at 660 nm (DU640 UV-VIS spectrophotometer from 
Beckmann). Elementary analysis for C, H, N, S was 
performed by a Vario EL III elementary analyzer.

Substrate yield of hydrogen production was 
calculated as:

Specific yield of hydrogen production was calculated 
based on the following formula:

Results and Discussion

The analysis of wastewaters showed high COD in 
sediments as well as in the solutions, so both fractions 
could potentially serve as the substrates for dark 
fermentation. HPLC analysis showed that the syrups 
did not contain glucose but contained glycerin, organic 
acids and alcohols in concentrations substantially higher 
than the stillages (Table 2). Organic acids cannot serve 
as the substrates in dark fermentation, whereas they are 
the effective substrates in photofermentation. On the 
other hand, glucose and glycerin can be successfully 
used in dark fermentation.

Hydrogen Production in Dark Fermentation

In the experiments with distillery wastewaters 
coming from alcohol production based on wheat, 
inoculum in concentrations of 10 and 25% v/v were 
tested and the latter led to higher hydrogen production, 
therefore it was used in further studies.

Fig. 1 shows hydrogen production for different 
initial waste concentrations in the media for all tested 
wastewaters. The reference test with medium containing 
only inoculum (without any other nutrients) showed 
hydrogen production of 0.02 mL/L, which is represented 
in Fig. 1 as ‘inoculum’. This value is very low so does 
not contribute to overall hydrogen production.

 It can be clearly seen that when WTL was used, 
hydrogen production was 3- to 4-fold higher than with 
other wastes. This effect is caused by the glucose content 
in WTL waste (there is no or a very low concentration 
of glucose in all other tested wastewaters – Table 2). 
Glucose is easily assimilated by bacteria from digested 
sludge, carrying out dark fermentation, and easier than 
glycerin and methanol (in which concentrations are 
high in the syrups). Even though theoretically 4 moles 
of hydrogen can be produced from 1 mole of glucose, 
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in practice maximum obtained values are around  
2.7 moles, as glucose is also a growth substrate [5, 23]. 
WTL contains 1.5 g/L of glucose. When 75% v/v of this 
waste was used in the medium, 0.88 L H2/Lmedium was 
produced. Assuming that the average value of hydrogen 
produced from 1 mole of glucose is 2.7 moles, 0.38 L 
H2/Lmedium could be produced from glucose and the 
remaining 0.50 L H2/Lmedium from glycerin.

Previous studies have shown that the maximum 
consumption of glycerin by bacteria from digested 
sludge is 17 g/L [24]. Glycerin can be transformed to 
organic acids and alcohols in two pathways: oxidative, 
where pyruvate and afterwards formate, ethanol, 
butyric acid and acetic acid are formed; and reducing, 
where 1,3-propandiol is the only product [25]. In our 
studies both pathways can be observed (Table 3), 
and additionally glucose and lactose are transformed 

to butyric and acetic acid as well as to ethanol and 
methanol.

Analysis of liquid metabolites, when WTL waste 
was used, showed that acetic, butyric and succinic acid 
as well as 1,3-propandiol were formed (Table 3). The 
final concentrations of these products indicated that 
they were formed mainly from the waste sediments 
(COD of liquid medium was only 38% of total COD 
of the waste). Glycerin and glucose contained in the 
liquid phase of the waste were completely consumed. 
However, lactic acid remained in the medium in up to 
10% of initial concentration, while methanol was not 
consumed during the process. The concentration of 
succinic acid in the medium rose 5-fold and ethanol 
content increased over 3-fold.

Based on the above results, we can conclude that 
the main soluble substrates for microorganisms were 
glucose and glycerin, which were transformed to 
butyric and acetic acid as well as to 1,3-propanodiol. 
Analysis of the effect of waste content on hydrogen 
production showed that the amount of hydrogen 
increased significantly with the rising waste content  
in the medium in the range of 10-40% v/v (Fig.1,  
Table 4). A further increase of waste content resulted in 
only an insignificant rise of hydrogen production (up to 
12 %). Therefore, the yield of the process (L H2/Lwaste) 
decreased when the waste content in the medium was 
over 40% v/v. Hydrogen content in final biogas varied 
from 48% v/v for MTL to 34% v/v for WSR (average 
value for dark fermentation around 50% [6, 26]).

The maximum amount of produced hydrogen  
(0.88 L H2/Lmedium) was observed when 75% v/v WTL 
was introduced to the medium, which represented 70% 
of hydrogen production in standard medium (1.2 L H2/L 
from 7g glucose/L). Although four different distillery 
wastewaters were used in this study, only WTL gave 

Fig. 1. Hydrogen production in dark fermentation carried out 
with distillery waste.

Table 3. Concentrations of main organic components in the liquid medium before and after fermentation of WTL waste with different 
dilutions.

WTL content  [% v/v]

Metabolite
[g/L]

20% 40% 60% 75%

Before After Before After Before After Before After

Glucose 0.29 0 0.7 0 1.1 0 1.125 0.04

Lactic acid 0.44 0.04 1.05 0.05 1.5 0.08 2.0 0.4

Acetic acid 0.05 0.97 0.09 1.11 0.14 1.47 0.2 2.1

Butyric acid 0 0.73 0 1.2 0 2.13 0 2.7

Malic acid 0 0.03 0 0.11 0 0.13 0 0.2

Succinic acid 0.12 0.60 0.30 1.08 0.40 2.14 0.45 3.56

Glycerol 1.13 0.03 2.69 0 4.1 0 3.9 0

1,3-propanodiol 0 0.59 0 1.48 0 4.42 0 6.30

Methanol 0.48 0.61 0.61 0.39 1.42 1.58 2.47 2.32

Ethanol 0.02 0.07 0.03 0.03 0.05 0.18 0.08 0.37
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satisfactory results during the dark fermentation step. 
This showed that not all distillery wastewaters are a 
good substrate for biohydrogen production, because 
they can contain toxic compounds such as phenols and 
melanoidins, which inhibit dark fermentative bacteria 
[17, 20].

In our experiments, distillery wastewater with high 
COD content was used (at 75% dilution COD of WTL 
was 85 g O2/L). The observed hydrogen production was 
1.17 L/Lmedium (equivalent of 7.4 mmol H2/ g CODreduced). 
For comparison, Mishra et al. [12] used distillery 
wastewater with COD of 40 g O2/L and obtained 
2.6 mmol H2/ g CODreduced, while Gadhe et al. [11] 
applied distillery wastewater with COD of 56 g O2/L 
and observed maximum H2 production of 5.45 mmol 
H2/ g CODreduced. This showed that in the case of WTL 
high hydrogen yields were obtained despite high COD 
value of the medium.

Hydrogen Production in Photofermentation

Media containing different concentrations of 
wheat and maize wastes (from 10-70%) were tested 
in the photofermentation process with Rhodobacter 
sphaeroides O.U.001. The results of this set of 
experiments are shown in Table 5. 

In the case of WTL photofermentation, the amount 
of produced hydrogen reached the maximum when  
20% v/v WTL was applied and did not change above 
this concentration (Table 5). This could have been 
caused by increased COD and produced biomass,  
which could lead to worse light access inside the 
bioreactor. However, the most efficient option, as far 
as produced hydrogen (1.1 L H2/Lmedium) and COD loss 
(5.79 g O2/L) are concerned, was medium containing 
40% of WTL. 

Table 4. Results of dark fermentation of wheat and maize distillery wastewater.

Waste content [% v/v] H2
[L/Lmedium]

Substrate yield
[L H2/Lwaste]

H2
[L/Lmedium]

Substrate yield
[L H2/Lwaste]

WTL WSR

10 0.22±0.02 2.2 0.15±0.02 1.5

20 0.43±0.15 2.18 0.13±0.02 0.63

40 0.82±0.10 2.05 0.10±0.01 0.25

60 0.85±0.09 1.42 0.09±0.01 0.15

75 0.88±0.08 1.17 0.10±0.01 0.13

MTL MSR

10 0.07±0.01 0.7 0.13±0.02 1.3

20 0.18±0.02 0.92 0.14±0.02 0.71

40 0.21±0.02 0.52 0.15±0.02 0.37

60 0.24±0.02 0.4 0.15±0.02 0.24

75 0.23±0.02 0.31 0.15±0.02 0.2

Waste content
[% v/v]

H2
[L/Lmedium]

Biomass
[g/Lmedium]

Substrate yield
[L H2/Lwaste]

H2
[L/Lmedium]

Biomass
[g/Lmedium]

Substrate yield
[L H2/Lwaste]

WTL WSR

10 0.83±0.06 1.54±0.17 8.3 1.46±0.15 1.85±0.17 14.6

20 1.06±0.20 1.70±0.19 5.0 1.72±0.18 2.02±0.18 8.6

40 1.10±0.22 1.94±0.21 2.8 1.73±0.20 2.17±0.19 4.3

70 1.00±0.07 1.90±0.17 1.4 0.64±0.04 2.47±0.27 0.9

MTL MSR

10 0.63±0.07 1.56±0.14 6.3 1.67±0.23 1.96±0.19 6.7

20 1.03±0.12 1.86±0.20 7.6 1.41±0.22 2.04±0.18 7.0

40 1.09±0.09 1.82±0.20 2.7 1.37±0.16 2.42±0.29 3.4

70 1.03±0.03 1.98±0.16 1.5 1.30±0.03 1.98±0.13 1.5

Table 5. Results of photofermentation with wheat and maize distillery wastewater.



Zagrodnik R., et al.2940

When WSR was applied, the maximum hydrogen 
production was observed when 20 and 40% v/v of 
WSR were introduced to the medium and with 70% v/v 
WSR the amount of generated hydrogen dropped by 
over 60% (Table 5). Similarly as for WTL, increasing 
COD-produced biomass as well as increasing methanol 
content could be the reasons [27]. In conclusion, the 
most efficient option as far as produced hydrogen  
(1.73 L H2/Lmedium) and COD loss (21.6 g O2/L) are 
concerned, was diluted medium contained 40% of 
WSR. 

In most cases the distillery wastewaters need to be 
diluted before they can be used for photofermentation 
– mainly due to high concentrations of ammonium 
ions [15], which were found to inhibit nitrogenase 
and hence hydrogen production and increase the 
biomass concentration at the same time. Furthermore, 
high biomass content additionally reduces hydrogen 
production as it limits light penetration in the reactor. 
On the other hand, nitrogen limited conditions also 
reduce hydrogen production, and therefore it is 
important to achieve the balance between the amount of 
nitrogen necessary for bacterial growth and the amount 
that causes the reduction of hydrogen production. 

Substrate yield and specific yield dropped 
significantly with rising waste content in the medium 
for both WTL and WSR. However, substrate yields were 
higher for photofermentation than for dark fermentation. 
Organic acids contained in the wheat wastes were more 
effective substrates in photofermentation than glucose 
and glycerin for dark fermentation. Hydrogen content in 
final biogas was in the range of 84-87%, except when 
70% v/v WSR was applied, where hydrogen content 
dropped to 65%.

When MTL (Table 5) was applied, hydrogen 
production reached the maximum when 20% v/v MTL 
was applied and did not change above this concentration 
(similarly to WTL). The most efficient option, as far 
as produced hydrogen (1 L H2/Lmedium) and COD loss 

(5.88 g O2/L) are concerned, was medium containing 
70% of MTL. 

When MSR (Table 5) was applied, hydrogen 
production gradually decreased with rising waste 
content in the medium (in the range of 10-70%). The 
reason for this effect could be very high COD in the 
crude waste (325 g O2/L) and high methanol content 
(11.45 g/L). The highest hydrogen production was 
observed when MSR waste was 10-fold diluted  
(1.67 L H2/Lmedium). High content of lactic acid in crude 
waste (13.4 g/L) enabled high hydrogen production 
with only 10% of MSR in the medium. The highest 
COD loss (34.3 g O2/L) was obtained for 70% v/v 
MSR with simultaneous high hydrogen production  
– 1.03 L H2/Lmedium. hydrogen content in final biogas 
was in the range of 80-87%, except when 10% of  
MTL was applied, where hydrogen content dropped to 
58%.

Conversion of organic compounds in both wheat- 
and maize-originating wastes in photofermentation 
are shown in Fig. 2. The complete transformation of 
succinic, lactic, acetic and malic acid was observed. 
Glucose, contained only in WTL, was 27% consumed. 
Glycerol concentration decreased in wheat wastes 
by 9-10% and in maize wastes remained almost 
unchanged. Methanol conversion in all four wastes was 
insignificant.

Two-Step System

Taking into account the content of the crude 
wastes and the products of dark fermentation, the 
two-step system, based on dark fermentation and 
photofermentation, was applied.

In the first step, where dark fermentation took 
place, hydrogen was produced from glucose and 
glycerol, which were 100% consumed. Simultaneously 
acetic, butyric, succinic and malic acid as well as 
1,3-propandiol were formed, which served as the 

Fig. 2. Conversion of organic compounds during photofermentation: a) wheat distillery wastewater and b) maize distillery wastewater.
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substrates for hydrogen production in photofermentation 
(second step of the hybrid system).

WTL and MTL led to the highest hydrogen 
production in dark fermentation and therefore these 
wastes were introduced to the medium (both in 
concentrations of 75% v/v) in the first step. The effluent 
from the dark fermentation reactor was inoculated 
with Rhodobacter sphaeroides O.U.001 in 30% v/v. 
The experiments showed that effluent had to be diluted 
5-fold in order for hydrogen production to take place. 
The reason for that could be the content of ammonium 
ions in the effluent: 1.08 g/L coming from the digested 
sludge and 0.19 g/L originating from the wastes. 
Sabourin-Provost et al. described the inhibiting effect 

of ammonium ions on photofermentation, proving that 
already as small a concentration as 2 mM decreases 
hydrogen production [28, 29]. Other studies with 
distillery wastewaters in the two-step hybrid system 
showed that the effluent from dark fermentation has 
to be diluted at least five times before introducing it to 
the photofermentation reactor [17, 19]. The experiments 
with higher concentrations of the effluent from dark 
fermentation led to lower bacterial growth, hydrogen 
production and COD reduction. Laurinavichene et 
al. [19] reported maximum efficiency of hydrogen 
production (17.6 L H2/Lwaste) with 5-fold diluted effluent, 
while Lazaro et al. [17] used 10-fold dilution to obtain 
maximum efficiency (5.5 mmol H2/g CODreduced).

Average hydrogen production in dark fermentation 
of 75% v/v WTL was 0.88 L H2/Lmedium, while in the 
second step (photofermentation) additionally 0.66 L  
H2/Lmedium was generated. Therefore, the total amount 
of produced hydrogen in a two-step system was 1.54 L  
H2/Lmedium (4.47 L H2/LWTL, Table 6). When MTL in 
75% v/v was applied, 0.23 L H2/Lmedium was 
produced in dark fermentation and 0.48 L H2/Lmedium 
in photofermentation, which gave a total amount of  
0.71 L H2/Lmedium (2.71 L H2/LMTL).

In the separate processes of dark and 
photofermentation of WTL, 1.17 L H2/LWTL and 
1.4 L H2/LWTL were produced, respectively 
(2.57 L H2/LWTL in total). Whereas in a two-step system 
4.47 L H2/LWTL was produced in total, which was 
nearly 2 times higher than taking together the amount 
generated in two separate processes. When MTL  
was used for dark and photofermentation in the  
separate processes, total hydrogen production was  
1.81 L H2/LMTL (0.31 L H2/LMTL in dark fermentation and 

Table 6. Hydrogen production in the two-step system; 
effluent from dark fermentation was 5-fold diluted before the 
photofermentation process.

Dark 
fermentation

I st step

Photofermentation
II nd step Total

[L H2/Lmedium]

75% v/v 
WTL 0.88 0.66 1.54

75% v/v 
MTL 0.23 0.48 0.71

[L H2/Lwaste]

75% v/v 
WTL 1.17 3.30 4.47

75% v/v 
MTL 0.31 2.40 2.71

Bacteria used 
in dark fermentation

Bacteria used in photofermen-
tation

Origin of waste 
(main substrates)

Main substrates 
in photofermentation

Max H2 
production Ref.

Heat-treated anaerobic 
digested sludge

Rhodobacter sphaeroides 
O.U.001

Waste from chewing 
gum production 

(glycerol, Talha gum)
Xylitol, VFAs 6.7 L/L [30] 

Heat-treated anaerobic 
digestion sludge (dominant 
strain Clostridium butyri-

cum)

Mixed photosynthetic bacteria 
(dominant strain Rhodopseu-

domonas palustris)

Cassava ethanol 
wastewater Acetate, butyrate 5.2 L/L [31]

Clostridium butyricum LS2 Rhodopseudomonas palustris 
(1.8929) Palm oil mill effluent

VFAs (butyrate, 
acetate, propionate), 

ethanol
3.1 L/L [32]

Heat-treated sewage sludge Mixed bacterial culture HAU-
M1

Hydrolyzed corn 
stover VFAs 7.0 L/L/d [33]

Saccharolytic consortium 
(silage pit liquid)

Rhodobacter sphaeroides 
B-3059, Rhodobacter capsu-

latus B10

Distillery wastewater 
(saccharides, proteins, 
VFAs - mainly lactate) 

VFAs (butyrate, ac-
etate, propionate) 17.6 L/L [19]

Caldicellulosiruptor sac-
charolyticus

Rhodopseudomonas palustris, 
Rhodobacter capsulatus

Sugar beet molasses 
(sucrose)

Acetate, lactate, 
ethanol 3.0 L/L [34]

Heat-treated anaerobic 
digested sludge

Rhodobacter sphaeroides 
O.U.001

Distillery wastewater 
(glucose, glycerol)

VFAs (succinate, 
butyrate, acetate), 
ethanol, methanol

4.47 L/L [this 
study]

Table 7. Examples of two-step systems in microbiological hydrogen production from waste.
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1.5 L H2/LMTL in photofermentation). In the two-step 
process H2 production reached 2.71 L H2/LMTL. In the 
case of both WTL and MTL, total hydrogen production 
was significantly higher in the two-step system than for 
the separate processes [19, 30-34].

Table 7 presents the results on hydrogen production 
for two-step systems for different wastes with various 
substrates obtained by other researchers. It is difficult 
to compare the results when different substrates and 
different bacterial cultures were applied. However, we 
can refer to the systems where the dominant strain 
was R. palustris and acetate with butyrate were the 
main substrates for the photofermentation step [31, 
32, 34]. In these systems, hydrogen production was in 
the range of 3.0 L/L to 5.2 L/L, while 4.47 L/L was 
obtained in our experiments. Lin et al. [31] using mixed 
bacterial cultures and cassava ethanol wastewater as a 
substrate obtained 0.43 L H2/L and 4.77 L H2/L in the 
dark and photo steps, respectively (5.2 L H2/L in total). 
High hydrogen production in the second step could 
be explained by high concentration of VFAs in dark 
fermentation effluent. A similar effect is observed in 
our experiments. In turn, Chandra et al. [18] obtained 
1.51 L H2/L from distillery wastewater during one step 
of hybrid dark-photo fermentation with mixed bacterial 
cultures as inoculum.

It is known that in dark fermentation, sugars are 
converted to VFAs, mainly to acetic and butyric acids 
[35]. High hydrogen production is observed when the 
ratio HAc/HBu is high, namely when the acetic acid 
pathway is dominant [36]. Butyric and propionic acid 
pathways cause a decrease of hydrogen production [17]. 
In our experiments the main VFAs were acetic and 
butyric acids with an HAc/HBu ratio varying between 
1.3:1 to 0.7:1 (Table 3). Wang et al. [37] showed that 
hydrogen production rates and substrate conversion 
efficiency during photofermentation were improved  
for mixtures of acetic acid and butyric acids  
compared to processes with a single substrate. 
Therefore, mixtures of acetate and butyrate obtained 
after dark fermentation are beneficial for the second 
step of the hybrid system.

Indeed, an important advantage of the two-step 
process was a high utilization of organic compounds 
contained in the wastes, and also those formed in dark 
fermentation (1,3-propandiol, succinic, butyric, acetic 
and malic acid). When two separate processes of dark 
and photofermentation took place, 1,3-propandiol, 
organic acids, methanol and ethanol remained in the 
medium after dark fermentation, whereas glucose, 
glycerol and methanol remained in the medium after 
photofermentation. In the two-step system all the 
above-mentioned organic compounds were 100% 
utilized, except ethanol and methanol, which were 
18.9% and 9.5% utilized, respectively (Fig. 3). Similarly, 
Lin et al. [31] and Laurinavichene et al. [19] obtained 
99% utilization of VFAs during the two-step process 
with distillery wastewater as a substrate. However, 
only 78% reduction of butyrate and increased acetate 

concentration was observed in other two-step process 
with distillery wastewater [17], which was explained by 
the presence of toxic compounds and contamination by 
sulfur-reducing bacteria.

Combined biohydrogen production systems from 
distillery wastewaters presented by different studies 
(also single-step [18]) showed improved results 
compared to separate dark and photofermentation: 
higher hydrogen production as well as higher COD 
and VFA removal. Therefore, optimization of hybrid 
systems seems to be essential for application on a 
large scale. Our experiments were carried out in 
small bioreactors, and appropriate scale-up would be 
necessary to make the process economically viable. 
Most dark fermentation studies have been carried out 
at laboratory scale [38]. Limited studies have been 
performed on pilot-scale applications. More research 
on scalability is essential to provide information on 
feasible operating conditions, economic viability, 
reactor and plant design, as well as waste management. 
Dark fermentation processes have a prospect of being 
rapidly scaled-up owing to its similarity to the well-
known anaerobic digestion process. Recent studies on 
scaling-up dark fermentation usually showed showed 
only a slightly lower yield when compared to laboratory 
scale [38]. Considering the photofermentative process, 
one of its main disadvantages is the more complex 
design of reactors, owing to the need to maintain a 
suitable proportion between reactor surface area and 
volume when scaling-up. Moreover, the self-shading 
effect of bacteria cultures would affect abundance 
and homogeneous distribution of light. However, even 
in the case of photofermentation, efficient hydrogen 
production pilot bioreactors were presented [39].

Conclusions

Among four different distillery wastewaters only 
WTL gave high hydrogen yields, indicating that not all 

Fig. 3. Conversion of organic compounds in two-step system 
with WTL as a substrate.
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distillery wastewaters are suitable for dark fermentative 
hydrogen production. Based on our experiments, 
stillages were more effective substrates than syrups 
in dark fermentation as far as hydrogen production is 
concerned (by 80% in the case of wheat wastewater and 
by 40% in the case of maize wastewater). In contrast, 
the application of syrups during photofermentation 
led to 40% higher hydrogen production and over 70% 
higher COD loss in comparison with processes where 
stillages were used.

The combination of both dark and photofermentation 
in the two-step system gave two main advantages: 
2-fold higher hydrogen production than for the 
separate processes and complete utilization of organic 
compounds contained in the wastes (glycerol, glucose 
and lactic acid) together with compounds formed in 
dark fermentation (1,3-propandiol, succinic, butyric, 
acetic and malic acid). The exception was ethanol 
and methanol, which were 18.9% and 9.5% utilized, 
respectively. Total hydrogen production in the two-step 
system reached 4.47 L H2/LWTL and 2.71 L H2/LMTL.
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