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Abstract

In the production of acetate by Clostridium thermolacticum growing on lactose, considerable amounts of hydrogen were
generated. Lactose available in large amounts from milk permeate, a wastestream of the dairy industry, appears to be a valuable

substrate for cheap production of biohydrogen.

In this study, continuous cultivation of C. thermolacticum was carried out in a bioreactor, under anaerobic thermophilic
conditions, on minimal medium containing 10 g 1~! lactose. Different dilution rates and pH were tested.
C. thermolacticum growing on lactose produced acetate, ethanol and lactate in the liquid phase. For all conditions tested,

hydrogen was the main product in the gas phase. Hydrogen specific production higher than 5 mmol H, (g cell)™' h™' was
obtained. By operating this fermentation at high-dilution rate and alkaline pH, the hydrogen content in the gas phase was

maximized.

© 2004 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen gas has high-energy content and thus would
have great possibilities as a fuel if the production cost would
be low enough. It is a clean fuel producing only water as
combustion by-product. As fossil fuel processing and wa-
ter electrolysis are rather expensive, biological production
of hydrogen is potentially more attractive, especially when
organic waste as a raw material can be used [1]. Biolog-
ical hydrogen can be generated by several ways. Hallen-
beck and Benemann described the fundamentals of biolog-
ical hydrogen production: light-driven processes and dark
fermentations [2]. Nandi and Sengupta reviewed the fer-
mentative and photosynthetic biological routes of hydrogen

* Corresponding author. Tel.: +41-21-693-4737;
fax: +41-21-693-4722.
E-mail address: jean-paul.schwitzguebel@epfl.ch
(J.P. Schwitzguébel).

production [3]. Wang et al. [4] reported and reviewed pro-
duction of hydrogen from various wastestreams.

Cheese industry releases large amounts of milk permeate
as a by-product (e.g. 150000 tons are produced per year
in Switzerland). This protein free permeate contains about
6% lactose. It is a subject of environmental concern due
to its high biological oxygen demand for biodegradation of
50 g 17! attributable to the lactose content [5]. Therefore,
this effluent has to be treated before being released into the
environment.

Clostridium thermolacticum has been shown to be an
appropriate microorganism for efficient lactose fermentation
and acetate production in batch culture [6]. We observed and
quantified production of hydrogen as a by-product in batch
[7] and continuous culture. The objective of the present study
was to assess the amount of hydrogen formed during lactose
fermentation in continuous culture. In this work hydrogen
productivity was monitored at different dilution rates and pH
values. The conditions for maximal hydrogen productivity
and high hydrogen proportion in the gas phase were defined.
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2. Material and methods
2.1. Microbial species

The heterofermentative anaerobic bacterium Clostridium
stercorarium subsp. thermolacticun DSM 2910 [8], for-
merly C. thermolacticum [9], was used in this study. Stock
cultures were maintained in minimal medium containing lac-
tose [10]. The cultures were stored at 4°C and sub-cultured
once every month. The purity of the culture was routinely
checked by microscopy.

2.2. Culture conditions and analytical techniques

The medium was prepared as described previously [10].
It contained 29 mmol ™' lactose (Merck, Darmstadt,
Germany) and was sterilized by filtration through a car-
tridge Opticap 4”, 0.22 pm pore size (Millipore, Billerica,
Massachusetts) into a sterile 50 1 tank (Blefa, Kreuztal,
Germany). The feed tank was maintained under nitrogen
pressure (121 kPa) to avoid any oxygen.

A 2 | bioreactor (Biolafitte, Princeton, New Jersey, USA)
was used for these studies. The bioreactor was stirred at
100 rpm, and the temperature was maintained at 58°C. The
culture volume was kept constant at 1.0 1 by automatic reg-
ulation of the culture level. The reactor was autoclaved for
100 min at 121°C, prior filling with 1 1 fresh medium. To
create anaerobic conditions, the liquid phase of the biore-
actor was purged with nitrogen. Twenty milliliters of cell
suspension in the exponential phase of growth were added
as inoculum. The bacteria were grown in batch for 24 h be-
fore the medium flow was started. For each dilution rate,
the chemostat was allowed to stabilize until biomass, liquid
and gaseous metabolites concentration were constant.

Redox potential (Orbisint CPS12 probe; Endress-Hauser,
Reinach, Switzerland) and pH (Mettler-Toledo, Greifensee,
Switzerland) were monitored online. The pH of the culture
was maintained by automatic addition of 2 M NaOH. Lig-
uid samples were taken out of the reactor, from the liquid
exhaust tube, for biomass density determination and HPLC
analysis.

Cell density in liquid medium samples was monitored by
measuring turbidity at 650 nm using a U-2001 spectropho-
tometer (Hitachi, Tokyo, Japan). One unit of ODgso was
found to be equivalent to 0.73 g 17! cell dry weight (CDW)
for C. thermolacticum. Lactose, lactate, acetate and ethanol
were identified and quantified by HPLC on ORH-801 col-
umn (Interaction, San Jose, California, USA) at 60°C and
a differential refractometer (ERC7517A, ERMA, Sopares,
Gentilly, France) at 45°C. Elution was done by 5 mmol 17!
sulfuric acid at a flow rate of 0.6 ml min~".

The gas productivity in the fermentor was quantified
using a gas flowmeter (Wohlgroth, Zurich, Switzerland)
connected to the gas exhaust tube. Gaseous compounds,
including H,, N, and CO;, were identified and quantified
by microGC CP-4900 (Varian Inc., Palo Alto, California,

USA). The column used was CP-Cox 1 m (Varian Inc., Palo
Alto, California), heated at 80°C. Argon (pressure 145 kPa)
was used as a carrier gas. The gas sample was pumped di-
rectly from the gas phase of the bioreactor. The injection
line was loaded for 15 s with the gas to be analyzed prior
to injection. Detection by a thermal conductivity detector
heated at 80°C allowed detection of hydrogen concentra-
tions as low as 10 pl 17",

2.3. Equations

The volumetric productivity, specific productivity and
concentration of gas, as well as dissolved carbon dioxide
and bicarbonate concentrations in the liquid phase were
determined by the following equations:

productivity of gas A [11]:

FgaspA
= 1

T4 RT 5 ( )
concentration of gas A:

r
Cr= - 2)
determination of dissolved CO, [12]:
COz(aq) = Kn pco,, 3)
determination of HCOs concentration [12]:

_ K - COx(a
HCO; (aq) = 11 C0204) )
specific productivity of gas A:

r
9= (5)

where Ca is the concentration of gas A (mol 17'), D
the dilution rate (h~'), F, ws the gas volumetric flow
rate (1171 h™!), K the first acidity constant; at 50°C,
Ki(CO,) = 10"%%(mol 17!), Ky the Henry’s law constant;
at 50°C, Ki (CO2) = 107"*(M atm™"), pa the partial
pressure of gas A (Pa), ga the specific productivity of gas
A (mol (g CDW) ™! h™"), R the gas constant; 8.21 x 1072
(L atm K=" mol™"), rs the volumetric productivity of gas
A (mol "' h™"), T the temperature; 333 (K) and X the
biomass cell dry weight concentration ((g CDW) 17").

3. Results

During growth of C. thermolacticum in chemostat cul-
ture on 29 mmol 17! lactose (~ 10 g 17!), acetate was pro-
duced in the liquid phase. Besides, in the gas phase, signif-
icant hydrogen production was observed. The productivity
of hydrogen was determined as a function of the dilution
rate and the pH of the medium.

3.1. Continuous fermentation of lactose at different
dilution rates

Dilution rates ranging from 0.012 to 0.19 h™' were tested
at neutral pH. Results from continuous fermentation of
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Table 1

1481

Biomass, remaining lactose and metabolites concentration for continuous cultures at steady state of C. thermolacticum on 29 mmol 17!
lactose concentration in the feed at pH 7.0 and different dilution rates. Results from four independent experiments (standard deviation < 17%)

Parameters Dilution rate (h—1)
0.013 0.028 0.040 0.058 0.082 0.105 0.130 0.150 0.190

Cell dry weight (g17h 0.60 0.70 0.67 0.58 0.48 0.47 0.41 0.39 0.27
Lactose rem. (mmol 171) 1 3 7 12 16 19 21 23 26
Acetate (mmol 171) 28 26 25 21 16 13 10 8 4
Ethanol (mmol 171) 41 36 33 26 20 17 13 10 5
Lactate (mmol 171) 22 17 8 1 1 1 0 0 0
Hydrogen (mmol 171) 65 78 61 44 30 22 17 14 8
Total CO, (mmol 171) 94 93 82 65 48 43 31 27 18
Carbon balance (%) 99 98 97 97 97 100 100 101 101
Yield H; on lactose (mol mol~1) 2.3 3.0 2.8 2.7 24 2.1 2.1 2.3 2.5
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Fig. 1. Gas composition in continuous cultures of C. thermolacticum on 29 mmol 17! lactose concentration in the feed, pH 7.0 at different
dilution rates. Results from four independent experiments (standard deviation presented as error bars). (a) Hydrogen (black triangles) and
carbon dioxide (open squares) partial pressure in gas phase. (b) Ratio Hy(gas)/CO,(gas) based on Hy productivity and CO; productivity
measured in gas phase (black diamonds) and ratio H,(gas)/CO,(total) based on total CO, productivity, including bicarbonate in liquid

phase (open diamonds).

lactose are shown in Table 1. At low-dilution rates, lactose
was almost completely degraded. Biomass, acetate, ethanol
and lactate were the main products in the liquid phase. The
gas phase was composed of hydrogen and carbon dioxide
only. Total carbon dioxide (CO) represents the sum of
gaseous and dissolved CO; plus bicarbonate. It was calcu-
lated from Eqgs. (1)—(4).

The composition of the gas phase and the gas productivity
were determined for the different experiments. The percent-
age of hydrogen and carbon dioxide in the gas phase were
measured by GC. The hydrogen and carbon dioxide partial
pressures were deduced from these measurements done in
the gas phase of the bioreactor, which was at atmospheric
pressure. Fig. la presents the hydrogen and carbon diox-
ide partial pressures. The gas flowing out of the reactor had
always higher content in hydrogen than in carbon dioxide.
The lowest hydrogen proportion (55% v/v) was measured
for the lowest dilution rates studied. The hydrogen partial
pressure increased linearly with the increase of dilution rate.
A maximum of 86% (v/v) hydrogen in the gas phase was
achieved for D =0.19 h=".

The molar ratio H»(gas)/CO,(gas) was calculated based
on measurement in the gas phase: it increased from 1.22 for
D =0.013h7" to 6.14 for D = 0.19 h™' (Fig. 1b). It was
compared with the ratio H(gas)/COx(total). It followed
a different tendency compared to ratio H(gas)/CO:(gas)
over the range of dilution rates studied: H>(gas)/COx(total)
was below 1, suggesting that the total production of H, and
CO; remained roughly constant, whereas H,(gas)/CO:(gas)
increased with the dilution rate. The hydrogen volumet-
ric productivity and hydrogen specific productivity for the
different dilution rates tested are shown in Fig. 2a and
b, respectively. The calculations were based on results
in Fig. la, on the gas volumetric flow rate (ml 17! h™')
and on Egs. (1) and (5). Maximal hydrogen volumetric
productivity was 2.58 mmol 17! h=!(63 ml 1='h~") for
D =0.058 h™'. The highest hydrogen productivities were
measured for dilution rates ranging from 0.04 to 0.08 h~'.
Unlike hydrogen volumetric productivity, specific hydro-
gen productivity increased with dilution rate until reaching
a plateau above D = 0.08 h™'. The highest specific pro-
ductivity obtained was 5.74 mmol g CDW~!' h~!. From
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Fig. 2. Hydrogen volumetric productivity (a) and hydrogen specific productivity (b) in continuous cultures of C. thermolacticum on
29 mmol 1~! lactose concentration in the feed, pH 7.0 at different dilution rates. Results from four independent experiments (standard

deviation presented as error bars).

Table 2

Effect of pH on hydrogen and carbon dioxide partial pressure and productivity in a continuous culture of C. thermolacticum on 29 mmol 17!
lactose concentration in the feed at 58°C and D = 0.056 h—!. Results from two independent experiments (standard deviation < 9%)

Parameters pH

6.4 7.0 7.5
Gas volumetric flow rate (ml 17" h=1) 95 98 94
Cell dry weight (g17h 0.57 0.59 0.62
H, partial pressure (Pa) 53 x 10° 62 x 10 78 x 103
CO, partial pressure (Pa) 47 x 103 38 x 10° 22 x 103
H; volumetric productivity (mmol 171 h—1) 2.06 2.48 3.00
Total CO, volumetric productivity (mmol 17! h—1) 2.80 3.90 4.89
Ratio H, (gas)/CO,; (gas) (mol mol~1) 1.26 1.82 3.95
Ratio H, (gas)/CO; (total) (mol mol~1) 0.73 0.64 0.61

results of hydrogen and lactose concentrations, determined
for each experiment (Table 1), the yield of hydrogen on
lactose was calculated. The yield coefficient of hydrogen
on lactose was roughly constant over the range of dilution
rates tested. The maximal yield coefficient of hydrogen on
lactose obtained was 3.0. Considering that lactose is a dis-
accharide composed of a glucose and a galactose moiety,
this corresponds to a yield coefficient of hydrogen on hex-
ose equivalent of 1.5, which is much lower that theoretical
yield.

3.2. Continuous fermentation of lactose at different pH

Results from previous paragraph indicate that dilution
rates between 0.04 and 0.08 h™! were optimal for hydro-
gen productivity at neutral pH. Therefore D = 0.056 h~!
was chosen to study the effect of pH on hydrogen forma-
tion. C. thermolacticum has an optimum for growth at pH
between 6.8 and 7.4 [9]. Thus three pH values were cho-
sen (pH 6.4, 7.0 and 7.5). pH had a significant effect on the
hydrogen partial pressure in the gas phase but also on hy-
drogen volumetric productivity (Table 2). For the pH range
studied, hydrogen proportion was as low as 53% (v/v) at

pH 6.4 and increased to a maximum of 78% (v/v) at pH
7.5. In this interval the ratio H»(gas)/CO»(gas) increased by
three times, whereas the ratio H,(gas)/COx(total) remained
roughly constant. Using Egs. (3) and (4), it could be calcu-
lated that the dissolved bicarbonate concentration increased
from 12 mmol 1™" at pH 6.4 to 70 mmol 17! at pH 7.5. This
result shows that large amounts of carbon dioxide were dis-
solved at pH 7.5. The gas volumetric flow rate remained
constant at the different pH tested. Given that the hydrogen
partial pressure increased noticeably with the pH (Table 2),
it was calculated that the volumetric hydrogen productiv-
ity increased with the pH, from 2.06 to 3.00 mmol 1=} h~!
(73 ml 17" h=") at pH 7.5, the maximum obtained in this
work.

4. Discussion
4.1. Influence of dilution rate
In the production of hydrogen by C. thermolacticum

grown on lactose, we have shown that hydrogen was the
main component of the gas phase (Fig. 1a).
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Table 3
Hydrogen productivity and yield by different Clostridium species

Microorganism Substrate

H; yield H, productivity Reference
(mol mol~1)

Thermophilic species

C. thermolacticum Lactose
C. thermoalcaliphilum Glucose
C. thermobutyricum Glucose
C. thermohydrosulfuricum Glucose
C. thermosaccharolyticum Glucose
C. thermosuccinogenes Glucose
C. thermosulfurigenes Glucose

Mesophilic species

Clostridium sp. strain X53 Xylan
Clostridium sp. strain No.2 Glucose
Xylose
C. acetobutylicum Glucose
Glycerol-Glucose
C. butyricum Glucose
Glucose—Polypeptone
C. paraputrificum M-21 Glucose
Acetylglucosamine
C. beijirincki AM21B Glucose
C. cellobioparum Glucose
C. pasteurianum Glucose
Clostridium sp. Glucose

1.5 2.58 mmol 17! h—! This study
5.74 mmol(g CDW)~! h~!
1.6 [28]
1.9 [29]
0.55 [30]
1.72 [31]
1.22° [31]
0.25 [20]
0.95 [32]
240 ml 17! h~! [3]
20.4 mmol 17! h~! [23]
21.03 mmol 1! h~!
1.97 11.3 mmol g~! h~! [25]
0.42 0.39 mmol g~! h~!
26 mmol 17! h~! [26]
1.4-2.0 [27]
1.4 [22]
24
1.8-2.0 [3]
2.73 (18]
1.5 [3]
0.85 1248 ml 1! h~! [1]

ap=0.1 h—!, pH=54.
D =0.03 h—!, pH = 7.0.

It can be clearly seen, in Fig. 1b, that the ratio
H»(gas)/COx(total) remained stable, whereas the ratio
H>(gas)/CO,(gas) increased with the dilution rate. It ap-
pears that all carbon dioxide produced was not entirely
released into the gas phase. It can be assumed that a fair
amount remained dissolved as carbonic acid and bicarbon-
ate ions in the liquid phase. Indeed, it is known that CO,
produced by the cells enters the medium in a dissolved
form [13].

In our work, as dilution rate increased, medium was re-
newed faster in the bioreactor, bicarbonate ions were thus
continuously washed out, and lower amounts of CO, dif-
fused to the gas phase. This could explain the decrease of the
CO, proportion in the gas phase as dilution rate increased at
constant pH. Therefore, the hydrogen proportion in the gas
phase increased by working at higher dilution rate.

4.2. Effects of pH

As pH became more alkaline, the proportion of hydro-
gen in the gas phase increased, as illustrated by the ratio
H»(gas)/CO,(gas) in Table 2. This difference could be ex-
plained by the increase of bicarbonate ions (HCO;; pK, =

6.35) [12] formation, as shown in Section 3.2: when pH be-
came more alkaline, the equilibrium was shifted towards the
formation of bicarbonate ions. Thus lower amounts of CO,
diffused to the gas phase. Similar results were obtained by
Desvaux et al. with C. cellulolyticum [14]. Frick and Junker
[15] obtained similar results on pilot scale fermentation and
suggested that levels of weak acids (acetate, lactate) and
media buffer significantly modify the equilibrium relation-
ship between gaseous CO», dissolved CO; and bicarbonate.

An increase in hydrogen volumetric productivity was ob-
served when pH was more basic (Table 2). Lee et al. [16]
studied hydrogen gas formation from sucrose at different
pH. They also reported that hydrogen productivity increases
as pH became alkaline.

As a consequence, operating lactose biotransformation at
alkaline pH allows both enrichment of the gas phase in hy-
drogen, from 53 to 78 kPa, and increase of hydrogen volu-
metric productivity from 2.06 to 3.00 mmol 17! h™!.

4.3. Relationship between ethanol production and
hydrogen yield

Degradation of carbohydrate into acetate should yield for-
mation of four hydrogen, if no ethanol is produced [17].
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Thus lactose fermentation could be written
Ci12H2,041 + 5H,0 — 8H; + 4CO; + 4CH3;COOH. (6)

Based on this equation, the theoretical yield of hydrogen
on lactose can achieve 8 mol mol™', corresponding to
4 mol mol ™' per hexose. However, the highest yield found
in the literature for thermophilic Clostridium species was
1.9, for C. thermobutyricum growing on glucose (Table 2).
In our study, the growth of C. thermolacticum on lactose
yielded a maximum of 3.0 mol hydrogen per mol lactose
(1.5 mol hydrogen per mol hexose). Changes in dilution
rate did not affect this yield significantly. Hydrogen partial
pressure was 55 kPa and increased with increasing dilu-
tion rate (Fig. 1). In other studies, it was described that
elevated hydrogen partial pressure prevented the hydrogen
production by the bacteria and modified the metabolite pat-
tern towards the production of reduced end-products like
ethanol [18,19]. Therefore, it appears that the presence of
hydrogen in high concentration could be responsible for
reduced hydrogen productivity.

The fact that ethanol was obtained in similar propor-
tion as acetate for all dilution rates tested (Table 1) ex-
plains the decrease of hydrogen yield on lactose to less than
4 mol mol~': NADH used for ethanol production was not
available for hydrogen generation. The hydrogen yield could
have been 8 mol mol ! theoretically in absence of ethanol
formation. Therefore, in case of hydrogen inhibition and as-
sociated ethanol production, Eq. (6) could be rewritten

C12H2,011 + 3H20 — 4H; + 4CO,

+2CH;COOH -+ 2CH;CH,OH. (7

4.4. Hydrogen productivity by other organisms on
different substrates

Results of hydrogen productivity by other Clostridium
species are listed in Table 3. Most of the studies were car-
ried out on glucose as a substrate. However it has been re-
ported that many other organic substrates, such as inulin
[20], sucrose [16,21], acetylglucosamine and chitin [22],
wastestreams containing xylose [23], lignocellulosic waste
[24] and even wastewater sludge [4], are potential sources
for hydrogen production. According to our knowledge, lac-
tose as the sole carbon source for hydrogen production has
never been reported.

5. Conclusion

The elimination of lactose by fermentation using C. ther-
molacticum for acetate production generates biohydrogen as
a valuable by-product. At high-dilution rate (0.10-0.20 h~!)
and pH above 7.0, the hydrogen content of the gas phase
and the specific hydrogen productivity were maximized. Re-
maining carbon dioxide could be removed using a CO»-trap.
This opens new perspectives for the valorization of the huge

amounts of milk permeate, formed by the cheese indus-
try, containing lactose as a free of charge substrate. This
wastestream could thus be used for production of both ac-
etate and cheap biohydrogen.
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