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Abstract : This study was conducted to investigate the effects of pH and repeated heat-shock treatment on
the production of hydrogen and metabolites in hydrogen fermentation of sucrose by a mixed culture. The
batch experiments were repeatedly performed three times using the same sludge as a seed microorganism in
each serum bottle. Initial pH 6.5 led to the maximum hydrogen production from sucrose with only initial
heat-shock treatment. The sucrose degradation efficiency increased up to 98.0%. The maximum values of
the hydrogen yield and the specific hydrogen production rate were 2.0 mol H; (mol hexose)”' and 103.2 ml
H: (g VSS - day)’, respectively. However, at initial pH 7.0 or higher, methane was detected so that
repeated heat-shock treatment was needed. Butyrate and acetate were the two most abundant species in
hydrogen fermentation. At initial pH 6.5, butyrate production reached the maximum while acetate production
reached the minimum, resulting in the highest butyrate/acetate (B/A) ratio of 5.0. Compared with the value
of stoichiometric reaction, the hydrogen yield of 2.0 mol Hz (mol hexose)’ meant that most of the sucrose
was converted to butyrate, instead of acetate. Thus, Clostridium species are considered to be the dominant
microorganisms because these bacteria are responsible for butyrate fermentation. The high concentrations of
butyrate indicate that the hydrogen- and acid-producing pathway dominated the metabolic flow. In this
study using sucrose as a substrate by a mixed culture, the optimum initial pH of 6.5 was a dividing line
between acid and alcoho! production for an undefined inoculum.
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alternative to fossil fuels.”

INTRODUCTION

When fossil fuels are burmed in coal-fired
power plants or automobiles, carbon dioxide and
other pollutants are generated. The greenhouse
effect caused by excess carbon dioxide in the
atmosphere is a serious global environmental
problem. As a clean and sustainable source of
energy in the future, hydrogen is a promising
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[t produces water
instead of greenhouse gases when combusted. It
has a high energy yield (122 kJ g'), which is
about 2.75 times greater than that of hydro-
carbon fuels, and can be directly used to pro-
duce electricity through fuel cells.””

Hydrogen can be generated in a number of
ways, for example through fossil fuel processing
or by electrolysis using solar energy.*” How-
ever, these processes are energy intensive and
therefore expensive. Biohydrogen production is
potentially attractive, especially if organic waste
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. 6'7 .
could be used as a raw material®” Micro-

organisms are capable of producing hydrogen via
either photosynthesis or fermentation,"® Fermen-
tation is generally preferred, because it does not
rely on the availability of light sources and the
transparency of the mixed liquor.g’ Thus, biohy-
drogen production from organic wastes by a
fermentative H, producer (i.e., Clostridium sp.)
represents an important area of bioenergy
production for global environmental consider-
ations."'*™"?

Clostridia are Gram-positive, spore-forming
and rod-shaped bacteria. Endospores might be
very resistant to heat or harmful chemicals, and
cannot be destroyed easily.”” The clostridial
bacteria could be enriched from soil, compost,
sludge and comparable sources using an inhi-
bition technique to exclude non-spore formers.'?
The inhibition of hydrogen consumers is es-
sential for net hydrogen production and for
further scale-up and industrial application. The
inhibition technique should be cost-effective and
compatible with bacterial characteristics. There
are three major inhibitors including oxygen,
2-bromoethanesulfonate (BES) and acetylene.xs)
However, simple heat-shock treatment can be
quickly performed in the laboratory or field. If a
liquid medium containing bacteria is brought to
a 15 min boil, many of the bacteria will not
survive. Those that do survive are likely to be
spore formers.”'*'” Once the liquid medium is
subjected to natural bacterial growing conditions,
these spores can germinate and give rise to
active vegetative cells.” However, if pH in-
creases from acidic to neutral conditions, the
activity of hydrogenotrophic methanogens could
be recovered. In this case, repeated heat-shock
treatment is required to produce hydrogen
continuously.

The understanding of the properties of hydro-
gen fermentation lies in an appreciation of the
response to environmental changes that influence
hydrogen metabolism. Hydrogen fermentation is
affected by several factors such as pH, carbon
source, F/M ratio and phosphate levels as well
as the nature of the microbial flora."*™** Proper

pH control is a key factor to improve the ger-
mination of the clostridia, as well as to initiate
and operate a hydrogen-producing bioprocess.””
If the pH cannot be maintained in a desired
range, it could be inhibitory to hydrogen
production or cause a metabolic shift, resulting
in a cessation of hydrogen evolution. Thus, it is
important to monitor and maintain the pH at the
optimum level in the biohydrogen production
process. Some experiments were conducted to
investigate hydrogen fermentation depending on
pH. It was reported that the control of pH plays
an important role to hydrogen fermentation, due
to the effect of pH on hydrogenase activity™
and on metabolic pathways.'® However, the
optimal initial pH values for hydrogen produc-
tion from sucrose in literature are conflicting,
varying from pH 9.0 for batch fermentation of
sucrose’? to pH 4.0-45 and pH 4.7-5.7, re-
spectively, for the continuous fermentation of
sucrose”” and starch.'®

This study was, therefore, performed to find
the optimum pH in hydrogen production from
sucrose by a mixed culture, and also to inves-
tigate the effects of pH and repeated heat-shock
treatment on the production of hydrogen and
metabolites in hydrogen fermentation.

MATERIALS AND METHODS

Seed Microorganisms

The seed sludge was taken from an anaerobic
digester in the Daejeon Wastewater Treatment
Plant (Korea). The digester was operated at a
temperature of 35°C and a hydraulic retention
time (HRT) of 25 days by feeding a mixture
(1.5~2.0% VS) of primary sludge and waste
activated sludge. The pH and volatile suspended
solids (VSS) concentration of the sludge were
7.5 and 14,600 mg L', respectively.

Experimental Set-up

The batch experiments were conducted under
mesophilic conditions (35=1°C) using 160 ml
serum bottles. Sucrose was used as a sole
carbon source at a concentration of 7,500 mgL™".
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Rapidly metabolized carbohydrate, glucose, is
generally avoided in germination media because
it is vigorously fermented by certain saccharo-
lytic species of Clostridium, resulting in consi-
derable acid production.”” Seed sludge was
boiled at 93°C in an open beaker for 15 min to
inhibit hydrogenotrophic bacteria and to harvest
anaerobic spore-forming bacteria (i.e., Clostri-
dium sp).>'® After cooling in the air, 10 ml of
seed sludge and 1.0 ml of nutrient stock
solution were added into individual serum bot-
tles. Each liter of nutrient stock solution con-
tained 200 g of NH4HCO;, 100 g of KH,PO,, 4
g of K;HPO,, 10 g of Na;HPO,, 10 g of MgSO4
(TH,0), 1.0 g of NaCl, 1.0 g of Na,MoQO4(2H,0),
1.0 g of CaCl(2H,0), 1.5 g of MnSO4(7H,0),
and 0.278 g of FeCl,, which was slightly mo-
dified from Bahl et al.*” The bottles were filled
to 100 ml using deionized water. The initial pH
of the bottles was adjusted from 5.0 to 9.0 by
using either 2 M HCI or 2 M KOH. The bottles
were then flushed with nitrogen gas and capped
tightly with rubber septum stoppers before being
placed in an orbital shaker running at 180 rpm.
The volume of biogas was determined using
glass syringes of 5~50 ml according to Owen et
al” The batch experiments were repeatedly
performed three times using the same sludge as
a seed microorganism in each serum bottle.
Second heat-shock treatment was employed at
initial pH 7.0-9.0 in the third experiment, be-
cause methane was produced in the second
experiment.

Analytical Methods

Biogas composition was analyzed by a gas
chromatograph (GC, GowMac series 580) equip-
ped with a thermal conductivity detector (TCD)
and two columns. The contents of methane and
carbon dioxide were determined using a 1.83 m
% 3.18 mm (inside diameter) stainless-steel co-
lumn packed with Porapak Q (80/100 mesh).
Hydrogen content was measured with a 1.83 m
X 3.18 mm (inside diameter) stainless-steel co-
lumn packed with molecular sieve 5A. The
operational temperatures of injector, detector and

column were kept at 80, 90 and 50°C, respec-
tively. Helium was used as a carrier gas at a
flowrate of 40 ml min". The concentrations of
individual volatile fatty acids (VFA) were
analyzed by a  high-performance  liquid
chromatograph (LC, Spectra SYSTEM P2000)
equipped with an ultraviolet (210 nm) detector
and a 300 m X 7.8 mm Aminex HPX-87H
column after pretreatment with a 045 ugm
membrane filter. H,SO4 of 0.005 M was used as
a mobile phase at a flowrate of 0.6 ml min.
Alcohols were determined by a high-performance
liquid chromatograph (LC, DX-600 Bio-LC
system) equipped with an EDS50A electroche-
mical detector and a 250 m X 4 mm CarboPac
PA10 column after pretreatment with a 045 xm
membrane filter. Deinoized water was used as
the mobile phase at a flowrate of 0.6 ml min™.
Carbohydrate concentration was measured by the
phenol-sulfuric acid method using glucose as a
standard.”” The parameters such as chemical
oxygen demand (COD), VSS and pH of the
samples were measured according to Standard
Methods.*®

Data Analysis

Once cumulative hydrogen production data
were obtained over the course of an entire batch
experiment, a curve was modeled to the data

using the following modified Gompertz Eq.
(1) 2,16,17)

H(t)= P-exp{—exp[—R"})'e(,l—z)+1]} Y

where
H(t) ; cumulative methane production during
the incubation time t (mL hr')
A ; lag phase time (hr)
P ; hydrogen production potential (mL)
Rm ; hydrogen production rate (mL hr'l)
e ; 2.718281828

The hydrogen yield was obtained by dividing
P by an amount of sucrose consumed, and then
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converted to the unit of mol H, (mol hexose)”.
On the other hand, the specific hydrogen pro-
duction rate (ml H, (g VSS - day)'l) was obtained
by dividing Rm by the dry biomass weight.

RESULTS

Performance of Repeated Batch Fer-
mentation for Hydrogen Production

Figure 1 illustrates the cumulative biogas pro-
duction and pH profiles of the fermentation.
Figure 1(a) shows that the cumulative hydrogen
production increased from 102.7 ml at initial pH
5.0 to 199.7 ml at initial pH 6.5 in the first
batch experiment. However, further increase of
pH drastically lowered the cumulative hydrogen
production. Methane was not detected in the
biogas. As the operation time increased, the pH
decreased due to VFA generated during hydro-
gen production. Initial pH 6.5 reduced to 5.3-5.4
after 33 hr of incubation, resulting in the largest
hydrogen production. Therefore, the activity of
hydrogen-consuming methanogens was effectively
inhibited by initial heat-shock treatment and then
suppressed under acidic conditions caused by
initial pH 6.5.

Figure 1(b) illustrates that the same hydrogen
production was obtained at initial pH 5.0-6.5 in
the second batch experiment without repeated
heat-shock treatment. However, the hydrogen
production at initial pH 7.0-9.0 was lower than
that of the first experiment. This is due to the
fact that the biogas was free of methane at
initial pH 6.5 or lower, while considerable quan-
tities of methane were produced at initial pH 7.0
or higher. The methane production increased
from 3.6 ml at initial pH 7.0 to 144 ml at
initial pH 9.0, accompanied by the increased pH
of 0.5-0.6. It indicated that, without repeated
heat-shock treatment, the activity of hydrogeno-
trophic methanogens was recovered over initial
pH 7.0.

Figure 1(c) shows that the hydrogen produc-
tion at initial pH 7.0-9.0 increased to the level
of the first experiment due to repeated heat-
shock treatment. The seed sludge in the serum
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Figure 1. Performance of batch fermentation for
hydrogen production: (a) the first experi-
ment (with initial heat-shock treatment);
(b) the second experiment (using the
same sludge as an inoculum without
repeated heat-shock treatment); (c) the
third experiment (using the same sludge
as an inoculum with repeated heat-shock
treatment at pH 7.0-9.0).

bottles (initial pH 7.0-9.0) was boiled at 93°C in
an open beaker for 15 min again and then
added into the serum bottles after cooling in the
air. Methane was not detected in the biogas.
The pH range after 33 hr was similar to that of
the first experiment. Thus, only initial heat-shock
treatment was needed below initial pH 6.5,
whereas repeated heat-shock treatment was
needed over initial pH 7.0. It was concluded
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that initial pH 6.5 was an optimum value for
hydrogen fermentation of sucrose, leading to the
maximum hydrogen production with only initial
heat-shock treatment.

Hydrogen Production at Various Initial
pH Values

Figure 2 illustrates hydrogen production at
various initial pH wvalues in the experiments.
Figure 2(a) shows that sucrose degradation effi-
ciency increased from 65.5% at initial pH 5.0 to
98.0% at initial pH 6.5 and then decreased to
84.6% at initial pH 9.0. When methane was
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Figure 2. Hydrogen production at various initial pH
values: (a) sucrose degradation; (b) hy-
drogen yield; (¢) specific hydrogen pro-
duction rate.

produced, the efficiency decreased to 80.8% at
initial pH 9.0. The maximum sucrose degrada-
tion efficiency of 98.0% was observed at initial
pH 6.5.

Figure 2(b) and (c) show that the hydrogen
yield and the specific hydrogen production rate
reached the optimum at initial pH 6.5. Hydrogen
evolution by Clostridium sp. was inhibited in the
pH range of 4.0-5.0,”" but, in this study,
initial pH 6.5 prevented pH from dropping
below 5.4. Thus, the high yield of 2.0 mol H;
(mol hexose)' was obtained. The specific hydro-
gen production rate ranged 32.0-103.2 ml H, (g
VSS - day)’ at initial pH 5.0-9.0. The highest
specific hydrogen production rate was 103.2 ml
H; (g VSS - day)" at initial pH 6.5.

COD balance and Metabolite Production

Table 1 and 2 summarize the overall COD
balance. The COD of sucrose was converted to
biomass, VFA, alcohol, hydrogen and methane
in the biogas. Butyrate and acetate were the two
most abundant species in the products. Increase
of initial pH from 5.0 to 6.5 resulted in the
increase of butyrate but in the decrease of
acetate. At initial pH 6.5, the production of
butyrate reached the maximum (53.7% of
COD;,) but the production of acetate reached the
minimum (10.8% of COD;,). If hydrogen builds
up in the system, a higher molecular weight
acid such as butyrate is produced instead of
acetate.”” On the other hand, propionate pro-
duction was suppressed at low pH as observed
by others,”" but it increased remarkably at initial
pH 7.0-9.0, accompanied by the increased
production of methane.

Butyrate/acetate (B/A) ratio has been studied
to determine available hydrogen production from
sucrose.™”” The optimal B/A ratio for Clostri-
dium  butyricum was 2.0 using glucose as
substrate.””’ However, the optimal B/A ratio in
converting disaccharide to hydrogen has not
been reported. In this work, the optimal B/A
ratio was 5.0 at initial pH 6.5 for hydrogen
production from sucrose by a mixed culture,
suggesting that the optimal B/A ratio is rather
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Table 1. COD balance of hydrogen fermentation without methane production

COD,, HAc®* HPr* HBu® HVa® HCa® HFo® HLa® EtOH® Sucrose H. CH; .
PH ) 6 W) ) (R (R (R Ch) (k) (%) () (%) Domaste Bar
5.0 842.1 18.6 1.7 7.3 1.2 0.1 4.6 89 11.5 34.5 8.9 - 2.7 0.4
6.0 842.1 13.8 1.8 488 1.0 0.0 1.0 53 5.7 5.7 13.4 - 3.5 3.5
6.5 842.1 10.8 1.2 53.7 1.0 0.1 0.7 5.4 54 2.0 16.5 - 3.1 5.0
7.0 842.1 12.8 2.6 46.2 2.7 0.2 2.3 3.2 6.0 54 14.9 - 3.6 3.6
8.0 842.1 18.3 33 338 25 0.0 2.7 6.4 6.6 10.4 12.1 - 39 1.8
9.0 842.1 184 152 207 6.4 0.4 0.2 2.5 7.2 154 10.2 - 33 1.1

*HAc=acetic acid; HPr=propionic acid; HBu=butyric acid; HVa=valeric acid; HCa=caproic acid; HFo=formic acid;

‘HLa=1actic acid; EtOH=ethanol.
B/A=HBu/HAc

Table 2. COD balance of hydrogen fermentation with methane production

pH COD;, HAC® HPYY HBUY HVa® HCa® HFo® HLa* EtOH® Sucrose H, CH, Biomass(%) B/A*
mg) (B () ) (B (B (B (k) (%) (%) (%) (%)

7.0 842.1 185 80 37.0 2.3 0.5 0.1 6.4 2.9 6.0 13.5 1.2 3.6 2.0

8.0 842.1 241 110 252 1.3 0.0 0.8 52 32 13.4 9.3 2.6 39 1.0

9.0 842.1 259 182 123 14 0.0 0.2 5.7 2.7 19.2 52 49 4.3 0.5

*HAc=acetic acid; HPr=propionic acid; HBu=butyric acid; HVa=valeric acid; HCa=caproic acid; HFo=formic acid;

HLa=lactic acid; EtOH=ethanol.
B/A=HBwHAc

substrate dependent.

Ethanol was the third most abundant species
in the products. Increase of initial pH from 5.0
to 6.5 resulted in the decrease of ethanol. The
production of ethanol was the lowest at initial
pH 6.5. Production of alcohol is considered to
cause negative effects on hydrogen production,
whereas acid formation is favorable to hydrogen
production.’ This is consistent with our obser-
vation that hydrogen production was the largest
when ethanol concentration was the lowest.

DISCUSSION

The formation of hydrogen is accompanied by
VFA or alcohol production during an anaerobic
digestion process. The distribution of metabolites
formed during hydrogen fermentation is a useful
indicator in evaluating the efficiency of hydro-
gen fermentation.”® Sucrose may be converted
to either acetate or butyrate in the production of
hydrogen as the following:

Ci2H»Oy + 5SH,O — 4CH;COOH + 4CO; + 8Hy (1)

Ci2HpO11 + H,O — 2CH3(CHz)2COOH + 4CO, + 4H; (2)

It produces eight moles of hydrogen when
one mole of sucrose is converted to acetate, but
only four moles of hydrogen when sucrose is
converted to butyrate. The yield of 2.0 mol H:
(mol hexose)" observed in this study reflects the
observation that of the
converted to butyrate, instead of acetate. Clo-
stridium species are, therefore, considered to be
the dominant

most sucrose was

these
bacteria are responsible for butyrate fermenta-
7 The high concentrations of butyrate
indicate that the hydrogen- and acid-forming
pathway dominated the metabolic flow. B/A
ratio has frequently been used as the indicator

microorganisms  because

tion.

for monitoring hydrogen production.*”® During
hydrogen fermentation, it may vary with growth
conditions within thermodynamically determined
limits.”” In this study, the B/A ratios were
0.3-5.0 at initial pH 5.0-9.0. As the B/A ratio
increased, higher hydrogen yields and specific
hydrogen production rates were obtained. The
changes in B/A ratio imply a metabolic altera-
tion due to environmental changes such as pH,
partial pressure of hydrogen, and the accumul-
ated amounts of intermediate products in the

VOL. 8, NO. 4, 2003/ ENVIRONMENTAL ENGINEERING RESEARCH



208 Sun-Kee Han, Sang-Hyoun Kim, Shihwu Sung, and Hang-Sik Shin

reaction.

The control of pH is fundamental to the
maintenance of optimal bacterial growth and/or
conversion processes in anaerobic microbial
systems.”'>*” In this study, initial pH 6.5 was
the most favorable to trigger hydrogen produc-
tion at a higher production rate. However, rapid
hydrogen production was accompanied by VFA
accumulation, which in turn depleted the pH
very quickly to inhibitory levels. The hydrogen
producers could not adapt to the fast change in
environment, thereby halting the reaction. On the
other hand, at acidic conditions, the starting
environment might not be suitable for hydrogen
producers, however, with their adaptation and
limited self-adjustment of environmental condi-
" they started to produce
hydrogen gradually at a moderate production

tions such as pH,

rate.

Some researchers have obtained hydrogen
production with pure cultures of clostridia at pH
6.0-7.0.%7* In this study using a mixed cul-
ture, the optimum initial pH of 6.5 was a
dividing line between acid and alcohol pro-
duction for an undefined inoculum. When the
hydrogen partial pressure increases to a certain
level in the serum bottle headspace, the
metabolism shifts to rapid alcohol production.
Clostridia produce VFA during the exponential
growth phase and alcohol during the stationary
growth phase.”* The shift in metabolic activity
is accompanied by a corresponding shift in the
cellular content of enzymes involved in the
hydrogen-, acid- and alcohol-producing path-
ways, > Apparently, the build up of VFA and
hydrogen during the exponential growth phase
would potentially induce this shift. Kim and
Zeikus'” reported that initiation of solvento-
genesis by Clostridium acetobutylicum is directly
related to a decrease in hydrogen production
caused by the regulation of hydrogenase activity.
An acidic pH below 5.0 was found to be
optimal for acetone and butanol production
(solventogenesis) and at higher pH values only
acids are generally excreted.”™" In this study,
initial pH 6.5 was able to delay the onset of the

pH inhibition to the hydrogen production caused
by the metabolic shift from acidogenesis to
solventogenesis.

CONCLUSIONS

1. Initial pH 6.5 was an optimum value for
hydrogen production from sucrose, leading to
the maximum hydrogen production with only
initial heat-shock treatment. However, at
initial pH 7.0 or higher, considerable quan-
tities of methane were produced so that
repeated heat-shock treatment was needed.

2. The highest efficiency of sucrose degradation
was 98.0% at initial pH 6.5. The maximum
values of the hydrogen yield and the specific
hydrogen production rate were 2.0 mol H,
(mol hexose)' and 1032 ml H, (g VSS - day)",
respectively, at initial pH 6.5. The results of
this study and those reported for hydrogen
fermentation seem to suggest that the maxi-
mum hydrogen yield by sucrose fermentation
was about 2.0-2.3 mol H, (mol hexose)'l.

3. Butyrate and acetate were the two most
abundant species in the products. At initial
pH 6.5, the production of butyrate reached
the maximum while the production of acetate
reached the minimum. The highest B/A ratio
of 5.0 was obtained at initial pH 6.5. As the
B/A ratio increased, higher hydrogen yields
and specific hydrogen production rates were
obtained. Ethanol was the third most abun-
dant species in the metabolites.

4. Compared to the wvalue of stoichiometric
reaction, the hydrogen yield of 2.0 mol H»
(mol hexose)' indicated that most of the
sucrose was converted to butyrate, instead of
acetate. Thus, Clostridium species are consi-
dered to be the dominant microorganisms
because these bacteria are responsible for
butyrate fermentation. The high concent-
rations of butyrate indicate that the hydrogen-
and acid-producing pathway dominated the
metabolic flow. In this study using sucrose as
a substrate by a mixed culture, the optimum
initial pH of 6.5 was a dividing line between
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acid and alcohol production for an undefined
inoculum.
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