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Studies were conducted to investigate the H, production and degradation of microcrystalline cellulose by
pretreated mesophilic digested sludge. Kinetic responses confirmed that the results of this study were highly
reliable. Characteristics of the sludge converting the cellulose into H, was similar to that of anaerobic spore-
forming bacteria of the genus Clostridium. The results obtained emphasize that lag-period times of metabolites
production depended upon initial cellulose concentration. When the cellulose exceeded 25 g/L, H, significantly
inhibited the sludge’s hydrogenic activity. Initial cellulose concentration notwithstanding, soluble
carbohydrates accumulation was still an important factor in affecting production potentials of metabolites.
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1. INTRODUCTION

Hydrogen is an excellent alternative energy
candidate for the future. Hydrogen is known as an
efficient and inexpensive energy carrier due to its
renewable, and nonpolluting nature’. When it is
burned with air, the only possible pollutant are nitrogen
oxides derived from the air itself, and concentrations
of these are generally lower than concentrations
produced by other fuels?. When it is burned with pure
oxygen, the only product is water and heat. The
thermo-content by unit mass of liquid hydrogen is
about 2.75 times greater than that of hydrocarbon
fuels®. While hydrogen can be easily produced by
water electrolysis, thermochemical and radiolytic
processes?, the processes are not very economic due
to its intensive energy consumption and only in area
where cheap electricity is readily available®.
Concerning the global environmental impacts, such
as greenhouse effect and resource recovery, microbial
hydrogen production from renewable biomass reduces
the human dependence of fossil fuel, decreases carbon
dioxide emission and recovers bioenergy®”.

Due to wastewater treatment standards become more
stringent, the amount of sewage sludge production has
increased year-by-year, resulting in more complex
sludge management and disposal problems®. This
increase has led to sewage sludge being considered
more as a resource such as energy, than as waste
material®. Anaerobic digestion of the organic fraction
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of municipal solid waste (OFMSW), blended with
sewage studge, has received growing attention during
the last few years'”?. The OFMSW may provide a
plentiful source of inexpensive organic substrate for
hydrogen producing fermentations, since it is
composed of approximately 70% organic matter, with
a paper fraction (i.e., cellulose and lignin) as its major
component'?'?. Cellulose is a major component and
is the most abundant of the earth’s biopolymer'.
Biological conversion of cellulose into hydrogen
apparently represents a partial answer to waste
accumulation and the depletion of hydrocarbon fuels
reserves and carbon dioxide release, as well as
renewable energy sources'¥-'6.

Hydrogen is a major intermediate in organic matter
degradation in the digested sludge ecosystem'™!®). It
is produced by fibrolytic and fermentative
microorganisms and could be potentially re-utilized
by the three hydrogentrophic microbial groups:
methanogens, sulfate-reducers and acetogens.
Interspecies hydrogen transfer between hydrogen-
producing and hydrogen-utilizing microorganisms
allows growth and activities of fermentative and
hydrolytic microorganisms'?.” Some researchers have
introduced natural anaerobic microorganisms, obtained
from anaerobic digested sludge and sludge compost,
to generate hydrogen from cellulose by mixed batch
cultures'®?. It also has been reported that cellulose
itself can act as substrate for hydrogen production from
anaerobic pure cultures'?2"?2_ However, only traces



of hydrogen are usually evolved with continuous flow
digesters due to the ubiquitous nature of hydrogen
consumers'?. If activity of hydrogéntrophic bacteria
containing in anaerobic digested sludge is inhibited,
the sludge possesses significant capacities for the
transformation of cellulose into hydrogen gas.

The inhibition of hydrogen consumers is essential
for net hydrogen production, and for further scale-up
and industrial application. The inhibition not only
considers to be cost effective but also to bacterial
characteristics®. A simple boiling approach can be
quickly performed in laboratory-or field. When the
digested sludge is exposed to boiling water exceeding
15 minutes, all non-spore-forming microorganisms
will be inhibited/deactivated®®. Van Andel et al.?»
have been reported that the anaerobic spore-forming
bacteria form an important part of acidogenic
population performing acetate/butyrate fermentation.
The review by Zajic et al.®) also indicate that the main
anaerobic hydrogen-producing sporeformers are
Clostridium sp. Preliminary experiments have
successfully used a heat-pretreated digested sludge
converting OFMSW into hydrogen gas, and
demonstrate that the sludge possessed partial clostridial
characteristics?®,

Such a phenomenon should be responsible for the
metabolism observed with an inhibited/deactivated
digested siudge. The following experiments were
performed with boiling water as a hydrogentrophic
bacterial inhibitor in small batch reactors for the
production of hydrogen using microcrystalline
cellulose as a model solid wastes, and an undefined
consortium derived from anaerobic digester as inocula.
The experiments were designed to (i) validate the
stability of the inhibited digested sludge, (ii) evaluate
the characteristics of hydrogen production, and (iii)
describe the metabolism of the sludge under various
cellulose concentrations.

2. MATERIALS AND METHODS

(1) Experiment design

Two runs of mixed batch experiments on the
hydrogen formation of cellulose-degrading sludge were
conducted in 120 mL glass serum vials. Four batches
for the first run was pérformed using microcrystalline
cellulose as the sole substrate at 12.5, 25.0, 37.5 and
50.0 g/L, respectively. The second run was conducted
to confirm the validity of the experimental results of
the first run. Five batches were run using feed solution
containing 10.0, 20.0, 30.0, 40.0 and 50.0 g/L of
microcrystalline cellulose, respectively. The detail
experimental apparatus and procedure are as follows.
(a) Seed microorganisms ‘

The digested sludge taken from a ten-liter laboratory
digester was used to seed each batch reactor. The
digester was operated at a temperature of 37 £ 1 °C
and a hydraulic retention time (HRT) of 20 days for
over three years by being fed it with high-solid organic
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wastes. The solids concentration in it was maintained
at 2 - 3 wt.%. Previous studies?” demonstrated that
the sludge contained in the digester had a high
methanogenic activity on the treatment of the high-
solids organic wastes. Before seeding, the sludge was
brought to a 15-minute boil to inhibit the bioactivity
of hydrogentrophic bacteria®).
(b) Procedure

The mixed batch experiments were performed under
amesophilic condition of 37 °C using a glass bottle of
120 mL volume as a cellulose digester. A rotary cell
culture apparatus with a rotation speed of 1.5 rpm was
used for mixing the contents of the digester. According
to above mentioned, appropriate quantities of the
digested sludge and microcrystalline cellulose (Avicel
type Funacel powder, FC-500, AVC) were added to
each digester, and subsequently supplemented with 1.0
mL of media. Each liter of media contained 200 g of
NHHCO,, 100 g of KH,PO,, 10 g of MgSO,-7H,0, 1.0
gofNaCl, 1.0gofNa,MoO,-2H,0, 1.0 gof’ CaCl,*2H,0,
1.5g0ofMnSO,-7H,0, and 0.278 g of FeCl,, which was
slightly modified from Bahl et al.?®. The capacity of
each digester was then filled to 80 grams with distilled
water. The pH of digester content was initially adjusted
toaround 7.0 with 1.0 N KOH because the bioactivity of
hydrogen-producing microorganisms is re-established
rapidly on neutralization of the culture?. The medium
pH was allowed to drop during batch fermentation. The
fermentation then stopped upon hydrogen production
reaching zero. Production of biogas was measured by
the displacement of the water lubricated plunger of
glass syringes of 5 - 50 mL>%,

(2) Analytical methods

The percentage of hydrogen in biogas was
determined using a gas chromatograph (GC, Shimadzu
8A) equipped with a thermal conductivity detector
(TCD) and a 2-m stainless column packed with
Porapak Q. Nitrogen was used as the carrier gas at a
flow rate of 30 mL/min. The methane and carbon
dioxide was separated using a second GC-TCD of the
same model with a 2-m stainless column packed with
Porapak T. The detection limit of the TCD was 0.1%
for hydrogen and methane. The concentrations of the
volatile fatty acids (VFAs) were determined using a
third GC of the same model with a flame ionization
detector (FID) and a 2-m glass column packed with
Unisole F-200. The ethanot, propanol and butanol
were analyzed using a GC-FID of the same model with
a 2-m glass column packed with Gaskuropack 54.
Helium was used as the carrier gas for the
determinations of methane, VFAs and alcohols at a
flow rate of 30 mL/min. The pHs of 0.5-mL samples
were determined by a TOA pH meter equipped with a
GST-5425C probe. Carbohydrates concentration was
measured by the phenol-sulfuric acid method using
glucose as the standard. The concentrations of total
solids (TS) and volatile solids (TVS) were determined
by 10-mL samples in 105 °C and 600 °C ovens,



Table 1 Stability and characteristicsof the inhibited sludge transferring variuos
concentrations of microcrystalline cellulose into hydrogen. )

Cellulose Volatile Fatty Acids Alcohols
(g/L) H,  Acetate Propionate Butyrate Ethanol Propanol Butanol

Run1l Run2 Production Potential (mmol/gCellulose)
10.0 221 253 0.32 2.01 1.93 3.01 5.61
12.5 2.01 263 - 023 1.87 1.86 2.86 5.74
2000 162 | 2.02 0.15 1.52 1.63 1.82 5.21
25.0 1.56 1.32 0.10 1.36 1.69 2.00 5.00
300 1S3 1.51 0.09 1.23 1.52 1.02 4.21
37.5 1.12 1.32 008 089 1.34 0.98 3.50
©40.0 1.06 1.23 ‘0.05 1.05 1.12 0.91 3.82
50.0 0.45 [ 0.70 0.04 0.82 1.21 0.70 2.81
500 0.55| 0.76 0.04 0.69 1.16 0.78 2.62

Specific Production Rate (mmol/gVSS/d)
10.0  8.02 1.21 0.09 2.51 4.48 7.21 7.56
T 125 8.93 1.41 0.04 2.50 4.16 7.00 7.38
20.0 11.40] 2.51 0.62 2,78 3.22 5.51 6.52
25.0 11.16 | 2.48 0.57 2.80 3.00 5.82 5.68
30.0 10.02| 2.19 0.53 2.52 2.42 4.82 5.01
37.5 8.44 | 2.00 0.42 250 2.50 4.92 4.76
' 40.0 6.00 1.82 0.18 2.22 2.99 5.02 4.49
50.0 2.23 1.48 0.18 2.20 4.00 6.00 6.00
50.0 2.85 1.29 0.25 2.23 4.19 5.55 6.48

Lag-period Time (days)

10.0  3.79 | 3.32 3.91 4.43 5.43 5.79 5.42
12.5 396 | 3.38 4.00 4.50 5.52 6.00 5.50
200 410 | 3.50 4.10 4.71 6.22 6.31 5.83
25.0 420 | 3.60 4.20 4.80 6.51 6.50 6.00
30.0  4.21 3.70 4.12 4.84 6.52 6.78 6.09
37.5 4.10 | 3.80 4.20 4.90 6.70 7.00 6.50
40.0 4.09 | 3.82 4.52 4.88 6.78 7.11 6.60
50.0 430 | 4.00 4.60 5.10 6.90 7.20 7.00
-50.0 4.4 4.12 4.52 5.20 7.00 7.34 7.12

respectively, according to the procedures described in
Standard Methods®V..

(3) Confirmation of the digested sludge
characteristics

To systematically characterize the nature of the
digested sludge converting the cellulose into hydrogen
gas, a modified Gompertz equation” was conducted
to estimate production lag (day), rate (mmol/gVSS/d)
and potential (mmol/gCellulose) of hydrogen, VFAs
and solvents in a batch experiment.

H=P. exp{— exp[ R'"P- £ -6+ l]}

(0

where H is cumulative hydrogen production (mmot),
P is production potential (mmol), R is maximum
production rate, (mmol/d), 4 is lag-phase time (day),
and e is 2.718281828. Subsequently, the specific
hydrogen production potential (mmol/gCellulose) was
obtained by dividing P by cellulose weight
(gCellulose), while the specific production rate (mmol/
gVSS/d) was calculated by dividing R by the dry
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sludge weight (gVSS). The parameters of Eq. (1) were
estimated using the function of the “solver” in
Microsoft Excel version 5.0°2, This program uses a
Newton algorithm. Up to 100 iterations were used to
converge sum of the square errors (SSE) between the
experiment and the estimation to a minimum value.
Starting parameter values were estimated using a built-
in visual procedure based on a limited fit algorithm®®,
Among the statistics reported by Wen et al.3¥, the
following were used to evaluate a fit: sum of the square
errors (SSE), correlation coefficient (r?), standard
errors (SE), 95% confidence limits, and ¢-values of
the parameters (ratio of parameter value to standard

- error).

3. RESULTS AND DISCUSSION

(1) Stability of sludge converting cellulose into
hydrogen and metabolites
In order to quantitatively clarify stability of the:
inhibited mesophilic digested sludge, two-run batches
were sequentially evaluated by changing the cellulose
concentration from 12.5 to 50.0 and 10.0 to 50.0 g/L,



respectively. Equation (1) was then used to fit the
experimental data of each cumulative hydrogen/
metabotites production curve. The best values of the
kinetic parameters in Eq. (1) were diagnosed by the
same statistical approach that has been used elsewhere®
334 and are summarized in Table 1. All of the ¢ values
and r’ were larger than ¢, . (9) = 2.26 (table value) and
0.90, respectively, indicating that the parameters were
taken to be statistically significant at a confidence
interval 0f95%?. From a comparison of each individual
parameters in Table 1, production potentials of
hydrogen, VFAs and alcohols decreased with increase
in cellulose concentration. Obviously, the hydrogen-
producing microorganisms from the digested sludge
used in run 1 was the same with that of run 2,
demonstrating that seed microorganisms in the digester
possessed high stability. An examination of Table 1
also reveals that highly reproducible values of kinetics
parameters (i.e., potential, rate and lag-period) were
obtained from the digester containing 50.0 g/L cellulose
for run 1 and 2. This expression may become evident
that the ability of digested sludge to generate hydrogen
in a reproducible manner under heat-pretreated
conditions allow us to use it for a continuous flow reactor
generating hydrogen.

(2) Metabolism of the cellulose degradation by
the sludge

Various microcrystalline cellulose concentrations
(from 10.0 to 50.0 g/L) were performed to monitor
the metabolites of the inhibited digested sludge
consuming cellulose. There was little difference in
nine batches of cellulose metabolisms. Example of
25.0 g/L cellulose (Fig.1) shows the time course of
the fermentation pattern, including (a) hydrogen
percentage, (b) cumulative hydrogen production and
pH, (c) acetate, propionate and butyrate, and (d)
ethanol, propano! and butanol, during the transition
of inhibited mesophilic digested sludge converting
cellulose into hydrogen. Fig.1a illustrates that except
for initial inoculation, the biogas had a high value of
hydrogen composition (50%), and no methane was
found based on the GC-TCD analysis throughout this
study. Accordingly, boiling apparently inhibited the
growth of hydrogentrophic bacteria contained in the
sludge In Fig.1b, after an acclimation period of about
4 days, hydrogen produced rapidly and stopped after
8 days. During this period, the pH kept at around 7.0
(from initial to day 4) and suddenly dropped to a value
of 5.3 (day 7). Similarly, the VFAs (Fig.1¢) production
began on day 4 until day 8 - 10. This may suggest that
the formation of hydrogen was accompanied by those
of the VFAs when the digested sludge converted the
cellulose into hydrogen. As observed for alcohols
production, the production of ethanol, propanol and
butanol (Fig.1d) began on day S - 6 and reached
maximum levels. This metabolism was similar to that
of pure culture of Clostridium sp. consuming
carbohydrates®®*®. The above findings led to the
reasoning that the heat-pretreated digested sludge on
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Fig.1 Hydrogen production and metabolites in batch
degradation of 25.0 g/L cellulose: (a)
composition of hydrogen in biogas, (b)
cumulative hydrogen production and pH, (c)
volatile fatty acids (i.e., acetate, propionate
and butyrate), and (d) alcohols (i.e., ethanol,

propanol and butanol).

converting cellulose into hydrogen possessed a partial
clostridial characteristics in this study.

(3) Characteristics of the sludge transferring
cellulose into hydrogen

In this study, lag-period time represented the period
of a free spore complete transferring into a fully active
vegetative cell and cellulose degraded into soluble
hydrogen/metabolites because the lag-period time of
cellulose digestion is highly correlated with viable cell
number®®, Specific molar hydrogen/metabolites
production rate and potential represented bacterial
activity and capability on the formation of hydrogen/
metabolites, respectively.
(a) Lag-period time

Lag-period times of the digested sludge converting
cellulose into hydrogen, VFAs and alcohols were
estimated using Eq. (1) and listed in Table 1. To relate
lag-period time to the microorganisms reversion,
production lag-period times of hydrogen, acetate,
propionate, butyrate, ethanol, propanol and butanol
were found to change with initial cellulose
concentrations (Fig.2). Results in Fig.2 indicate that
the lag-period time of hydrogen production increased
from 3.8 to 4.4 + 0.1 days while the cellulose
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Fig.Zv Production lag-period times of hydrogen,

VFAs and alcohols while the inhibited digested
sludge consuming various cellulose
concentrations. R 1 and R 2 represent run 1
and run 2, respectively.

concentration increasing from 10.0 to 50.0 g/L. The
same trend of lag-period time was also occurred at the
VFAs and solvents against cellulose concentrations,
increasing from 3.9+ 0.6 to 4.6 + 0.5 days and 5.5 £
0.2 to 7.1 £ 0.2 days, respectively. In this study,
because the same quantity of seed sludge was used in
each vial, the change of lag-period time was mainly
caused by the change of cellulose concentration.
Consequently, the production lag-period times of
hydrogen and metabolites were dependent on initial
cellulose concentration. This result is in agreement
with Giallo et al.’s'” observations for Clostridium
cellulolyticm H10 consuming cellulose. Experimental
results of Ueno et al.'®) also demonstrates that hydrogen
production from the anaerobic digested sludge and the
sludge compost consuming cellulose powder began
to occur gradually after around one and three days,
respectively. The latter presumably has a higher
number of anaerobic spore-forming bacteria than that
of the former due to the fact that the bacteria were not
deactivated during aeration in the rapid composting.

(b) Production rate

Fig.3 shows the relation between the estimating
specific production rates of hydrogen and metabolites
using Eq. (1) and the cellulose concentrations. An
examination of the data in Fig.3a reveals that specific
hydrogen production rate increased from 8.02 to 11.16
mmol/gVSS/d while the cellulose concentrations from
10.0 to 25.0 g/L. However, it dropped to 2.54 mmol/
gVSS/d when the concentration exceeded 25.0 g/L.
Again, development of specific VFAs production rates

(Fig.3b) were observed in parallel with that of hydrogen
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Fig.3 Specific production rates of (a) hydrogen,
(b) volatile fatty acids and (c) alcohols while
the inhibited digested sludge consuming
various cellulose concentrations. R 1 and
R 2 represent run 1 and run 2, respectively.

(Fig.3a). It was obvious that alternation of the sludge
activity on the VFAs formations accompanied/followed
that of hydrogen production. The decrease in hydrogen
production rate (Fig.3a) might tentatively be influenced
by cellulolysis products, such as soluble sugars and
hydrogen. Although no significant evidence could
explain this phenomenon, an invert relationship was
obtained between specific production rates of hydrogen/
VFAs and solvents. This relation suggest that 25.0 g/L
of cellulose might represent a threshold limit for the
digested sludge shifting hydrogen/VFAs productions
into alcohols production. It also implied that hydrogen
played a more important role than soluble sugars on
cellulose-degrading microorganisms during the
exponential growth phase, which is in agreement with
the Chung’s study*®. Hydrogen gas is a significant
inhibitor on the growth of hydrogen-producing
Clostridium cellobioparum. This barrier also limits the
biological hydrogen production on a commercial scale*"
although hydrogen has been generated from corn pulp®
and OFMSW?® on a very small scale.

(c) Production potential

Fig.4 shows the production potential of hydrogen,
VFAs and alcohols, estimated using Eq. (1), for nine
cellulose concentrations. An examination of Fig.4
shows that all potentials decreased with increase in
initial cellulose concentration and depicts that values
of hydrogen production potential ranged from 30 to
120 mL/gCOD,,,, ..., whereas the value of 120 mL/
gCOD_, ... was close to 137 mL H, mL/gCODglucosc
by using the inocula taken from compost®. Because
the biogas was removed after the biogas measurement
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respectively.

on each individual digester, the decrease in ail
potentials might be resulting from a decrease in pH or
from soluble sugars accumulation®?¥. In this study,
no significant difference of the resulting final pH
expressions when employing various cellulose
concentrations was observed for hydrogen production.
However, residual soluble carbohydrates in the
samples of 10.0 and 12.5 g/L (0.5 + 0.1 g/L) were
clearly lower than those of 50.0 g/L (1.4=0.4 g/L). It
was assumed that the limitation of final production
potentials would be more noticeable with soluble
carbohydrates as substrates rather than cellulose. This
suggestion is similar to Clostridium cellulolyticum H10
on the consumption of the soluble cellulose!'®.
Residual sugars in the supernatants increase with
increase in initial soluble cellulose concentration.

In order to facilitate examination of relation among
the main metabolites (hydrogen, VFAs and alcohols)
within the sludge degrading the cellulose, the data
listed in Table 1 were used. When ratios of acids to
alcohols were plotted against their respective hydrogen
production potentials, outside of one data point, the
ratio depended linearly upon the yield of hydrogen
production (Fig.5).

Ratio = 0.2971 + 0.0783 + Hydrogen production
(7 =0.9547) (2)

Consider the fitted results graphed in Fig.5. The
digested sludge transferring the cellulose into hydrogen
might shift fermentation pattern from VFAs to alcohols.
This metabolism was similar to that of pure culture of
Clostridium sp. consuming carbohydrates®®® where

0.45

0.40

0.35

0.30 ] { )
0.5 1.0 1.5 2.0

H, (mmol/gCellulose)

Ratio of volatile fatty acids to alcohols

Fig.5 A plotof the production potential ratio of volatile
fatty acids to alcohols against their respective
hydrogen production potential. Circled data not

included in linear regression analysis.

alcohol is a main product in the metabolism of hydrogen
fermentation, and the microorganism forms VFAs
during the exponential growth phase. Only during the
late growth phase does the metabolism shift to rapid
solvent production.

4. SUMMARY AND CONCLUSIONS

Cellulose is an important component in organic
waste. Conversion of cellulose to hydrogen by
microbial fermentation has a considerable potential to
reduce organic waste accumulation and hydrocarbon
fuels supply. A large number of hydrogen-producing
microorganisms usually contain in anaerobic digested
sludge; however, only traces of hydrogen are evolved
with continuous flow digesters due to the ubiquitous
nature of hydrogen consumers. For efficient industrial
use, anaerobic mesophilic digested sludge pretreated

with boiling water for inhibiting the activity of

hydrogentrophic bacteria were performed to degrade
microcrystalline cellulose. The experimental results

- emphasized effect of cellulose concentration on

hydrogen and metabolites productions. Based on the
results and discussion, the principle conclusions
derived from this investigation are as follow:

(1) According to statistical analysis on the batch
experiments, the inhibited digested sludge had a
high stability and the results measured in this study
possessed a high reliability.

(2) The generation pattern of hydrogen, VFAs and
alcohols indicates that the heat-pretreated digested
sludge on converting the cellulose into hydrogen
possessed a clostridial characteristics.

(3) The production lag-period times of hydrogen and
metabolites increased with increase in cellulose
concentrations, indicating that the lag-period times
were dependent on initial cellulose concentration,

(4) The metabolism shifted from hydrogen/VFAs
production to solvent production during the

102



cellulose exceeding 25 g/L, while the role of
hydrogen was concluded to be more important than
that of soluble sugars within the bacterial
exponential growth phase.

(5) Except for initial cellulose concentration, the
limitation of the production potentials of hydrogen,
VFAs and solvents would be more noticeable with
soluble carbohydrates as substrates rather than
cellulose.
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