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An approach of acidification was examined on formation of hydrogen-producing granules

and biofilms in upflow column-shaped reactors. The reactors were fed with synthetic glu-

cose wastewater and operated at 37 �C and pH 5.5. The acclimated anaerobic culture was

inoculated in four reactors designated R1, R2, R3 and R4, with R3 and R4 filled with granular

activated carbon as support medium. To unveil the roles of acidification, microbial culture

in R2 and R3 was subject to an acid incubation for 24 h by shifting the culture pH from 5.5 to

2.0. The experimental results suggested that the acidification substantially accelerated mi-

crobial granulation, but not biofilm formation. Microbial activities were inhibited by the

acid incubation for about 78 h, resulting in the retarded formation of biofilms of the acid-

ified culture. Reducing culture pH resulted in improvement in cell surface physicochemical

properties favoring microbial adhesion and immobilization. Zeta potential increased from

�25.3 mV to 11.9 mV, hydrophobicity in terms of contact angle improved from 31� to 38�

and production of extracellular polymers increased from 66 mg/g-VSS to 136 mg/g-VSS.

As a result of the formation of granules and biofilms, high hydrogen production rates of

6.98 and 7.49 L/L h were achieved in granule-based and biofilm-based reactors, respec-

tively. It is concluded that acid incubation is an efficient means to initiate the rapid forma-

tion of granules by regulating the surface characteristics of microbial culture. The use of

support media as starting nuclei may result in rapid formation of biofilms without the

acidification.

ª 2008 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction photosynthesis, photo-decomposition and anaerobic fermen-
Hydrogen has been recognized as an ideal energy carrier

for the near future. Biological hydrogen production from bio-
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tation has received much attention because of environmental

sustainability. Among them, the anaerobic hydrogen fermen-

tation appears to be more favorable as hydrogen is generated
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at higher rates with a concomitant reduction in environmen-

tal pollutants. However, the technology is yet to compete with

those commercial hydrogen production processes derived

from fossil fuels in terms of cost, efficiency and reliability

[1]. To enhance the production rate of biohydrogen is thus

a major challenge. Previous studies indicated that hydrogen

production rate was greatly influenced by reactor biomass re-

tention [2–5]. Because of elevated biomass retention, cell-

immobilized processes had been developed extensively which

showed an exciting production rate of up to 15 L-H2/L h [2].

The cell immobilization processes, however, have some

limitations. A major drawback is the long startup period,

which generally requires a few months for complete develop-

ment of granules or biofilms [6–8]. A rapid approach of acid in-

cubation to initiating the formation of hydrogen-producing

granules was successfully developed in the laboratory [9]. In

the study, hydrogen-producing granules were formed rapidly

in an anaerobic continuous stirred tank reactor (CSTR) within

around 5 days as seed culture was subjected to a 24-h period of

acid incubation at a pH of 2.0. Obviously, the culture operating

conditions of a CSTR (well mixed) were quite different from

upflow column-shaped reactors (plug flow), such as upflow

anaerobic sludge blanket (UASB) reactor, fixed-bed reactor

and fluidized bed reactor which were most popularly used in

the cell-immobilized processes. However, applicability of the

acid incubation approach for microbial granulation in these

column-shaped reactors remains unclear. Furthermore, the

effectiveness of the approach on biofilm formation on support

medium also requires validation. The lack of such information

has deterred the CSTR granulation process to be developed

into a practical means for microbial immobilization in other

hydrogen-producing systems.

This study was initiated to further understand the role of

acid incubation in stimulating microbial granulation and bio-

film formation in upflow column-shaped reactors which were

operated in a fluidization pattern. Granular activated carbon

(GAC) was used as a support medium for biofilm growth.

Changes of surface physicochemical characteristics of micro-

organisms during the acid incubation were monitored and the

resulting effect on microbial immobilization was evaluated.

Also, hydrogen production by granule-based reactor and bio-

film-based reactor was assessed and compared with other

cell-immobilized reactors in the literature. It is hoped that

the findings derived from the present study could further ex-

tend the acid incubation approach to the entire field of cell-

immobilized techniques used for biohydrogen production.
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Fig. 1 – Schematic diagram of the anaerobic fluidized bed

reactor system.
2. Materials and methods

2.1. Inoculum and substrate

Seed sludge was obtained from a local wastewater treatment

plant, which was acclimated with glucose (10 g-glucose/L) in

an anaerobic CSTR at pH 5.5 for more than 2 months in a pre-

vious study [10]. The acclimated sludge had a concentration

of 6.1 g-VSS/L. The substrate used for hydrogen fermentation

consisted of glucose (10 g/L) and nutrients at a constant car-

bon:nutrient ratio as described in the previous studies

[10,11].
2.2. Experimental setup and operation

Four identical column reactors, each mounted with a three-

phase separator, were operated as anaerobic fluidized bed re-

actors (AFBRs). The reactor consisted of a glass tubular section

of 40 mm internal diameter and 500 mm height with a conical

bottom (Fig. 1). An upper section of 80 mm internal diameter

and 150 mm length was mounted to minimize carryover of

suspended particles into the effluent which also served as

a gas holder. A 40 mm height fixed-bed of glass beads was lo-

cated at the conic bottom, serving as a distributor for incom-

ing liquid. Each reactor had a total volume of 1.4 L inclusive

of reaction-zone volume of 0.6 L. The column has four sam-

pling ports located 50, 120, 250 and 400 mm above the reactor

bottom. These ports were used to extract liquid and biopar-

ticle samples along the reactor. The mixed slurry was recycled

through a recycling pump connecting the outlet located at the

settling section and feed inlet at a constant recycling rate of

200 mL/min. Culture pH in the reactor was controlled at

5.5� 0.2 by automatic titration using respective peristaltic

pumps connecting to an integrated controller with 4 M

NaOH and 4 M HCl. The reactors were operated at a consistent

temperature of 37 �C maintained by a heating blanket.

GAC was used as the support medium for biofilm attach-

ment, whose physical characteristics had been described in

a previous study [11]. Seventy grams of GAC was loaded for

each reactor, occupying a static bed height of 130 mm. The ac-

climated anaerobic culture was inoculated into four reactors

(1 L, each) designated R1, R2, R3 and R4, with R3 and R4 filled
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with GAC as support medium. The reactors were topped up

with tap water and flushed with industrial argon gas for

10 min to create an anaerobic environment before the startup

of reactors. To evaluate the influence of acidification, the mi-

crobial culture in R2 and R3 was subject to acid incubation for

24 h by shifting the culture pH from 5.5 to 2.0. No substrate

was introduced during the period of acidification to all the re-

actors. The culture was returned to normal pH (pH 5.5) subse-

quently and operated at HRTs of 12 h, 2 h, 1 h, 0.5 h and 0.25 h

in series. An overview of the experimental conditions is

shown in Table 1. The HRTs were calculated on the basis of

the total reactor volume, while the organic loading rates

(OLRs) were computed from the concentration of glucose

loaded onto the reactor per unit HRT. Pseudo steady-state

conditions at each HRT level were considered attained when

biogas production and glucose conversion rate fluctuated

within 5% for 24 consecutive HRT cycles. Evaluation of the sys-

tem performance was carried out during the pseudo steady-

state conditions.

2.3. Analytical methods

Biogas flow was measured using the water displacement

method, and biogas volume was calibrated to a temperature

of 25 �C and pressure of 1 atm conditions. The biogas compo-

sition with respect to H2, CO2 and CH4 was analyzed by gas

chromatography as described in the previous work [9,10].

Glucose concentration was determined following the phe-

nol–sulfuric acid method reported by Dubois et al. [12]. Mea-

surements of volatile suspended solid (VSS) were performed

according to the Standard Methods [13].

Culture surface physicochemical properties including zeta

potential, contact angle and extracellular polymers (ECP)

composition were analyzed by a Zeta Potential Analyzer (Zeta-

Pals, Brookhaven Instruments, Holtsville, NY), contact angle

system (OCA 20, dataphysics instruments Gmbh, Filderstadt,

Germany) and spectrophotometer (Jasco V-550 UV/VIS, Japan),

respectively. Detailed procedures can be referred to in a previ-

ous study [9]. Sludge flocs or bioparticle size was measured by

either a laser particle size analysis system (Malvern Master-

sizer HYDRO2000SM, Malvern Instruments Ltd., Worcester-

shire, UK) or an image analysis system (Quantimet 500

Image Analyser; Leica Cambridge Instruments, Cambridge,
Table 1 – Operating HRT (h) of upflow column reactors
under startup and steady-state conditions

Operating
time (h)

R1 (control) –
No GAC

R2 – No
GAC

R3 –
with GAC

R4 –
with GAC

0–24 –a Acid

incubationa

Acid

incubation

–

24–57 12b 12 12 12

58–121 2 2 2 2

122–168 1 1 1 1

169–193 1 0.5 0.5 0.5

194–367 1 0.25 0.25 0.25

368–531 0.25 0.25 0.25 0.25

a No substrate was fed.

b Operating HRT.
UK) when the particle size was beyond the Mastersizer’s mea-

surable limitation (0.05–2000 mm). Microbial observation was

made using the image analysis system, while the microbial

compositions of granules were observed qualitatively with

a scanning electron microscope (SEM) (Stereosan 420; Leica

Cambridge Instruments, Cambridge, UK). Detailed protocols

of sample preparation and SEM observation were reported

previously by Tay et al. [14].
3. Results and discussion

3.1. General observation

All AFBRs were inoculated with acclimated hydrogen-produc-

ing sludge and started up under similar operating conditions.

Fig. 2 depicts the distribution of bioparticle size in terms of vol-

ume percentage diameters ranging from d0.1 to d0.9 in the first

175 h in R1 and R2 (dv, volume percentage diameter; v, those

particles with a diameter less than dv accounts for (v/10)% of

the sum of particle volume). A substantial increase in particle

size with the acid incubation was noted in R2 compared with

R1 whose culture was free of the acid incubation. Mean

particle diameter (d0.5) in R2 was estimated to be 60.6 mm

during the acid incubation, which was much larger in contrast

to the corresponding value of 26.8 mm obtained in R1. This

suggested that microbial aggregation occurred immediately

after the acid incubation. Such rapid aggregation of microbial

cells was noted and recorded microscopically in a previous

study [9].
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Fig. 2 – Time-course profile of bioparticle diameter (a) in R1

and (b) R2.
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Particle size increased significantly after 57 h of operation

when the HRT was shortened from 12 h to 2 h, which was gen-

erally less than 300 mm in the first 330 h in R1 (Fig. 2a). In con-

trast, the particles in R2 had a mean size of 60 mm in the first

78 h, which then increased to such an extent that the diameter

of some particles (10% in volume) had exceeded 1200 mm at

92 h (Fig. 2b). The mean diameter of particles in R2 increased

from 43.27 mm at 78 h to 698.75 mm at 140 h. Onset of granula-

tion is subjectively defined as the formation of bioparticles

having a diameter larger than 500 mm based on a study

reported by Show and co-workers [15]. Some granules were

able to be detected at 346 h in R1 and a stable granular sludge

layer was established until around 400 h. In contrast, a rapid

accumulation of granular sludge was noted after 92 h of oper-

ation in R2 due to the multiplication of granular sludge and

washout of smaller suspended particles. The granular sludge

layer increased significantly to a height of 14 cm at 120 h

and reached the set maximum height of 48 cm at 153 h. In ad-

dition, morphology of granules cultivated in R1 and R2 was

rather different (Fig. 3). Compared to a spherical shape and

smooth surface of granules induced by the acid incubation

in R2, granules developed in R1 exhibited an irregular shape

and were flocky in appearance. Although granules were ac-

complished in both R1 and R2, the time for granulation re-

quired in R2 was significantly reduced by nearly threefold

compared to R1.

It is worth noting that no granules were formed in the CSTR

without acidification of the microbial culture in the previous

study [9]. Shortening HRT to 2 h resulted in a complete washout

of microbial culture in the CSTR. Successful development of

granules in R1 was presumably attributed to the column-

shaped configuration of the reactor which might be in favor of

biomass retention. Although the HRT was shortened to 2 h at

which washout of suspended sludge occurred in the CSTR,

a large amount of biomass, with a concentration of around

3 g-VSS/L, and thus those attached cells formed at 36 h were

likely due to the physical adsorption. Unlike CSTR, a continuous

selection of sludge flocs occurred in the column-shaped reac-

tors due to the hydraulic hoisting. In other words, light and dis-

persed sludge would be washed out, but heavier components

would remain in the system. In the column-shaped reactor,

the selection pressure is generally created by an upflow liquid

flow pattern [16]. By dint of the hydraulic stress, methanogenic

granules were successfully developed in an UASB reactor

through a purely physical aggregation of anaerobic sludge [17].
Fig. 3 – Images of initial granules developed in (
Biofilm formation is deemed to occur as the support carrier

is completely surrounded by continuous biofilms [18]. It was

observed that continuous biofilms were first appearing on

the surface of some carriers, and such biofilm-covered parti-

cles increased gradually in quantity which resulted in an in-

crease in expanded bed height. As a result, the change of

expanded bed height was monitored and considered as an in-

dex to estimate the development of biofilms.

Fig. 4 depicts the variation of expanded bed height in R3

and R4. A substantial increase in bed height occurred after

77 h in R3, whereas the GAC bed layer expanded rapidly in

R4 after the feed was supplied continuously. Considering the

starting time of granulation in R2 (Fig. 2b), the results indicated

that a period of 77–78 h was likely required to activate hydro-

gen-producing bacteria from the acid incubation. By visual in-

spection, continuous biofilms were noted at around 30 h in R4.

Fig. 5 illustrates several SEM images of biofilm particles sam-

pled from the top layer of expanded bed in R3 and R4 at 36 h.

While continuous biofilms had formed in R4, no biofilm was

observed visually in R3 at that time. A close examination

(3000� magnification) revealed that individual cells had at-

tached onto the surfaces as well as within the cavities of

GAC. It should be realized that microbial colonization might

not proceed within the first 78 h due to the acid incubation,

and thus those attached cells at 36 h were likely to achieve

as a result of the physical adsorption. It is interesting to find

that the expanded bed reached the largest set height of

48 cm in R3 and R4 simultaneously after 104 h of operation.

The effective time of biofilm development to an expansion

height of 48 cm was estimated to be 26 h in R3 if an inactive pe-

riod of 78 h was deducted, which was much shorter than 104 h

required by R4. These findings indicate that acid incubation

accelerated the microbial colonization of attached hydrogen-

producing bacteria once their microbial activity was resumed.

3.2. Factors affecting cell immobilization

3.2.1. Roles of initial nuclei
The physical and structural properties of particle-supported

biofilms and granules are similar, as are their hydrodynamic,

mass transfer and reaction characteristics [19,20]. Because of

the absence of support carriers, establishment of such nuclei

appears to be crucial to the granulation. Several researchers

proposed an inert nuclei model for anaerobic granulation

which had been widely accepted so far to understand
a) R1 at 336 h, 103; and (b) R2 at 120 h, 103.
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microbial granulation of methanogens [16,19,21,22]. In this

model, one of the contributing factors to the development of

granules from suspended sludge is the presence of nuclei or

bio-carriers for microbial attachment. Several studies had

provided evidence to support the inert nuclei in enhancing an-

aerobic sludge granulation in the UASB reactor [15,21,23].

The experimental results obtained from the present study

are consistent with the reported findings. Adding GAC that

served as an inert nucleus resulted in a prompt microbial col-

onization and biofilm development. GAC has been known as

a hydrophobic sorbent favorable for cell attachment. On the

other hand, acidogens are a kind of fast-growing organisms,

and the maximum specific growth rate of the present culture

was found to be close to 0.5 h�1 (data not shown). As a conse-

quence, hydrogen-producing biofilms formed rapidly as
Fig. 5 – SEM images of biofilms developed at 36 h in R3: (a) overv

(c) overview and (d) cells attaching on the surface of GAC.
observed in R4, while the development of hydrogen-producing

granules was retarded substantially as observed in R1. Acid in-

cubation significantly promoted the establishment of initial

nuclei. According to the suggested size criteria of inert parti-

cles (100–400 mm) [15,21,23], microbial nuclei were able to

form within 10 min of the acid incubation as observed that

at least 10% (in volume) flocs had a diameter larger than

200 mm (Fig. 2b). Such microbial nuclei were not possessed in

R1 until 72 h (Fig. 2a). In contrast to a period of 92 h required

for the granulation in R2, it took a much longer time for the de-

velopment of granules from these microbial nuclei in R1. Ob-

viously, the acid incubation not only accelerated the

formation of microbial nuclei, but also created a favorable

niche for further development of microbial nuclei into

granules.

3.2.2. Cell surface physicochemical properties

3.2.2.1. Surface charges. As shown in Fig. 6, zeta potential of

the culture was closely related to the culture pH. The culture

zeta potential stabilized at �25.37� 1.60 mV at a pH of 5.5

while a substantial increase in zeta potential was found to

be 11.90� 0.54 mV as the culture pH was reduced to 2.0. One

possible explanation for the increase in the zeta potential

with reduction in pH is neutralization or overlaying of positive

charges, i.e. Hþ from the acid incubation to the negative

charges lying on the cell surface. It was noted that, despite

the same trend of the culture zeta potential increasing with

reduction in pH, the values of culture zeta potential were dif-

ferent with the previous study [9] wherein the culture zeta po-

tentials were determined to be �11.6 mV and �3.5 mV at pHs

of 5.5 and 2.0, respectively. The most plausible factor resulting

in an inconsistent observation would appear to be the
iew and (b) cells attaching on the surface of GAC, and in R4:
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difference in particle size. The particles used for zeta potential

measurement had an average diameter of 1.8 mm and 3.1 mm

in the previous [9] and present studies, respectively (measured

by the Zeta potential analyzer). The GAC used in the present

study had a measured zeta potential of 2.7 mV at a pH of 5.5.

However, the zeta potential of GAC was found to increase sig-

nificantly to 76.1 mV at a pH of 2.0.

According to the DLVO (hypothesised by Derjaguin,

Landau, Verwey, and Overbeek) theory [19,22], acid incuba-

tion resulted in a decrease in electrostatic repulsion between

microbial cells due to a relatively small amount of charges

carried on the surface of cells. As a result, the van der Waals

forces are predominant, which could result in greater adsorp-

tion by allowing microbial interaction of cell to cell and hence

irreversible adhesion. In the analysis of surface charges, cells

and GAC both having much larger positive surface potentials

at a pH of 2, exhibited much greater electrostatic repulsion

and underwent profound inhibition of cell adhesion to GAC

by strong electrostatic repulsive forces. In contrast, since

the measurement of zeta potentials showed that microbial

cells and GAC carried negative surface charges and positive

charges, respectively at a pH of 5.5, the cell adhesion to

GAC was more favorable, because of opposite charge adsorp-

tion. These adsorbed cells colonized on the surface of GAC

and developed into continuous biofilms rapidly as illustrated

in Fig. 5.

The irreversible aggregation established between cells

during the acid incubation did not break with the termination

of acid incubation. It was noted that the electrostatic repulsive

forces present in the aggregates was resumed, and even larger

than the original level due to the shortened distance between

cells in the microbial aggregates. This indicates that there

were some other forces maintaining the irreversible adsorp-

tion. Previous studies showed that microbial granulation is

a process associated with the production and accumulation

of ECP [24,25]. The ECP excreted can mediate both cohesion

and adhesion of cells and play a crucial role in maintaining

structural integrity of microbial matrix. It had been reported

that ECP composition could affect the hydrophobic properties

of cellular surface which also affected microbial immob-

ilization. Examination of ECP and associated changes in
hydrophobicity was therefore conducted during the acid incu-

bation and thereafter.

3.2.2.2. Extracellular polymers and hydrophobicity. ECP varia-

tion with the cell immobilization process is depicted in

Fig. 7. The ECP consist mainly of polysaccharides and proteins

which contribute to microbial adhesion [9,24]. The changes of

environmental pH caused an enhanced production of ECP, es-

pecially proteins. Compared with the stabilized ECP produc-

tion and composition in R1, ECP content increased

substantially with the acid incubation, from 66 mg/g-VSS to

136 mg/g-VSS in R2, accompanying with an increased ratio

of proteins to polysaccharides from 0.2 to 0.5.

These findings imply that changes in ECP contents and

composition observed during the acid incubation might be

a physiological response of microbial cells to survive the

stressful culture conditions. However, this phenomenon had

been reported in a previous study that the increased ECP, pre-

sumably resulted from the passive leakage of intracellular

substance at least partially as DNA, was detectable in the

bulk solution and around the surface of microbial cells [9].

A concomitant increase in ECP production was observed

with the initiation of microbial colonization in all reactors. For

example, ECP content stepped up rapidly from 136 mg/g-VSS

at 80 h to 258 mg/g-VSS at 139 h in R2 and at the same time

microbial aggregates were developed into granules. These

findings suggest that, in contrast to dispersed cells, ECP

produced by adhered cells was inclined to build up as a part

of structural components of granules or biofilms, due to the

blocking of product transfer. Compared to a consistent

production ratio of proteins and polysaccharides throughout

the studies in R1 and R4, the ratio resumed to an original level

of 0.2 in R2 and R3 after130 h of the operation, suggesting that

microbial cells subjected to the acidification had secreted ECP

just like normal cells and that similar ECP components were

excreted by the dispersed and aggregated cells.

The measurement of contact angle, which represents

the hydrophobic properties of microbial cells, showed that

the cellular hydrophobicity was in good agreement with the

evolution of ECP composition. Fig. 8 demonstrates typical
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time-course profiles of contact angle and protein/polysaccha-

ride ratio of sludge cultivated in R1 and R2. The contact angle

increased from 31� to 38�, corresponding to the increase in

protein/polysaccharide ratios from 0.2 to 0.5, and then re-

sumed to 31� with the reduction in protein/polysaccharide ra-

tio. It is likely that cell hydrophobicity was not influenced

directly by the culture pH, but was a function of the ECP com-

position. These findings correspond to the previous studies

which showed that hydrophobicity of the cellular surface

was inversely correlated to the polysaccharide content, but

positively to the protein proportion [26–29].

Based on the current knowledge built on methanogen

granulation, short-range interaction forces like polymer bond-

ing or hydrophobic interaction would become crucial when

a cell approaches another one at a certain distance (primary

minimum). ECP in aggregates is hypothesized to bridge two

neighboring cells physically to each other as well as with other

inert particles, and settle out as aggregates. Acid incubation

stimulated the production of ECP serving as a bio-glue to facil-

itate cell-to-cell interaction and further strengthen aggregate

structure through formation of a polymeric matrix. Micro-

scopic observation provided visual evidence that ECP was

present around the surface of hydrogen-producing granules

during the initial stage of granulation in a CSTR [9]. Improved

proportion of proteins in ECP resulted in a more hydrophobic

environment where irreversible adhesion of microbial cells

might occur. Theoretically, increasing the hydrophobicity of

cell surfaces would cause a corresponding decrease in the ex-

cess Gibbs energy of the surface, which in turn promotes cell-

to-cell interaction and further servers as a driving force for cell

self-separation from liquid phase [16]. The experimental re-

sults obtained from the present study are consistent with

the reported findings.

Like biofilm development, granules are formed following

a dynamic process wherein microbial attachment, detach-

ment and growth involved [18,20]. Enhanced cell ECP produc-

tion and hydrophobic property may improve and strengthen

inter-cell structural affiliation. As illustrated in Fig. 3a, gran-

ules had a loose structure and flocky appearance in R1. Cell

detachment might prefer to occur on such type of granules
compared with compact and dense granules developed in

R2. In fact, a relatively longer period for granule and biofilm

development had been observed in R1 and R4 due to the ab-

sence of acidification stimulation. This substantiated the con-

tribution of the ECP and hydrophobic properties of microbial

cells to microbial granulation process and biofilm

development.

3.3. Reactor performance

In cell-immobilized processes, reactor startup period, organic

loading capability and corresponding substrate conversion

rate are the most important indices for reactor performance

evaluation. In a specific case of biohydrogen production, hy-

drogen production efficiency is also a crucial consideration.

As demonstrated earlier, biofilm particles and acid-induced

granules were noted in a very short period, generally less

than 92 h. To further evaluate reactor performance, biomass

accumulation with cell immobilization and concomitant hy-

drogen production as well as glucose loading and utilization

are presented in Fig. 9. Influent glucose concentration was

maintained at 10 g/L in all reactors throughout the study,

whereas HRT was shortened step by step from 2 h to 0.25 h,

corresponding to an OLR of 5–40 g-glucose/L h. After reaching

steady-state conditions (as evidenced by consistent biogas

production and more than 90% glucose conversion rate), the

reactor organic loading was increased through step shorten-

ing the HRT.

Sodium hydroxide was supplemented automatically in the

present systems to control the culture pH at a consistent level.

A high loading of up to 40 g-glucose/L h required dosing of

a large amount of concentrated NaOH to neutralize organic

acid produced during the hydrogen fermentation. However,

system upset occurred, since sodium hydroxide added was

unable to get diluted rapidly and distribute evenly throughout

the reactor at a higher OLR. Sodium bicarbonate, as an alter-

native to strong alkali, was supplemented into the feed solu-

tion with a concentration of 5 g/L since 197 h. Thereafter,

less NaOH was required for culture pH adjustment and the re-

actors could perform stably. Immobilized-cell bed layer was

controlled at a height of 48 cm and superfluous biomass was

removed manually to prevent system upset due to the bio-

mass accumulation in the settling zone.

Biogas production was noted along with the continuous

feeding in R1 and R4, while biogas production was retarded

for about 24 h in R2 and R3, due to the inhibition of acidifica-

tion on microbial activity (Fig. 9a). Biogas production in-

creased substantially after the HRT was shortened from 12 h

to 2 h at 72 h and stabilized at around 102–120 h in all reactors

except R1, in which consistent biogas production was not ob-

served until the formation of granular sludge at 346 h. After

steady-state conditions were reached, the granule-based reac-

tor and biofilm-based reactor indicated almost similar perfor-

mance in hydrogen production at the same HRT condition.

The biogas consisted of hydrogen and carbon dioxide

throughout the study in all reactors. Hydrogen content in-

creased slightly with the reduction in HRT from 2 h to 0.25 h

in all the reactors, accounting for 53–64% of the total biogas

in the first of 197 h (Fig. 9b). A significant decrease in hydrogen

content, from 63.80� 0.75% to 42.35� 0.66% was found after



0

5

10

15

20

30

40

50

60

70

0 100 200 300 400 500 600
0

10

20

30

40

40

60

80

100

B
io

ga
s 

pr
od

uc
ti

on
 r

at
e 

(L
/L

.h
)

R1
R2
R3
R4

a

b

H
yd

ro
ge

n 
co

nt
en

t 
(

)

d

Operation time (h)

B
io

m
as

s 
co

nc
en

tr
at

io
n 

(g
/L

)

c

G
lu

co
se

 c
on

ve
rs

io
n 

ra
te

 (
)

R1
R2
R3
R4

R1
R2
R3
R4

R1
R2
R3
R4

Fig. 9 – Reactor performances in terms of biogas production

rate (a), hydrogen content (b), glucose conversion rate (c),

and biomass retention (d).

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 3 ( 2 0 0 8 ) 5 1 5 1 – 5 1 6 05158
adding NaHCO3 as alkaline buffer as the reactors were oper-

ated at an HRT of 0.25 h. As tabulated in Table 2, the hydrogen

yields increased in all reactors as the HRT was shortened from

2 h to 0.5 h, but decreased slightly with the further reduction

in HRT, achieving the respective maximum values of 1.83

and 1.72 mol-H2/mol-glucose for the granular sludge and bio-

film sludge. Hydrogen production rates increased substan-

tially with decreasing HRT, and reached the respective peaks

of 6.98 and 7.49 L-H2/L h at the shortest HRT of 0.25 h in gran-

ule-based reactors and biofilm-based reactors. Shortening

HRT to 0.25 h, however, caused a substantial decrease in glu-

cose conversion rate to a level of around 80%, which was
much lower in contrast to nearly 100% glucose conversion

rate at HRT ranging from 2 h to 0.5 h (Fig. 9c).

A major benefit of cell immobilization is the enhancement

of biomass retention. As presented in Fig. 9d, the mean biomass

concentration was computed from the quantity of immobilized

biomass over the reactor volume (1.4 L). Biomass retention

increased significantly since the appearance of biofilms and

granules, and reached a consistent level of 34–38 g-VSS/L at

around 170 h in all reactors except R1 wherein stable biomass

retention was not obtained after 400 h of operation. The ability

to retain a large amount of immobilized biomass allowed the

superior hydrogen production rate to be accomplished in

those column-shaped reactors. Lee et al. [30] obtained a hydro-

gen production rate of 7.3 L/L h in a carrier-induced granular

sludge bed system, while the performance of other hydrogen

production systems using biofilm sludge or granular sludge

appeared to less efficient with hydrogen production rate in

the range of 0.15–2.36 L/L h [8,11,31–34]. The maximum

hydrogen production rate achieved in the present system

was 7.5 L/L h, which is comparable to that obtained by Lee

et al. [30] and is much higher compared with those obtained

in the other systems aforementioned. It is noted that the

present hydrogen production rate is also higher comparing

with 3.2 L/L h obtained in the CSTR system containing granu-

lar sludge in a previous study [9]. This seems to suggest that

the column-shaped reactor favors hydrogen production in

contrast to the CSTR system, due to elevated biomass reten-

tion. However, the highest hydrogen production rate achieved

so far at 15.3 L/L h was reported by Wu and his team [2] in

a granule-based CSTR system, indicating that besides reactor

configuration, operating parameters and other factors also

influenced biohydrogen production. For a given reactor

volume of 1.4 L, effective volume being occupied by the immo-

bilized sludge was only 0.6 L. This led to the conclusion that it

is possible to produce biohydrogen at a much higher rate with

appropriate reactor design.

3.4. Implications for research and engineering

A rapid approach of acid incubation initially developed in

a CSTR [9] to initiate the granulation of hydrogen-producing

bacteria is validated in terms of compatibility to the column-

shaped upflow reactors, the most popular configuration used

in the immobilized-cell processes. The successful application

of acidification is based on the facts that the hydrogen-pro-

ducing bacteria mainly consisting of Clostridium species form

endospores which can be considered ‘‘survival structures’’ de-

veloped by these bacteria under a stressful environment. The

microbial culture used in the present study was collected from

an anaerobic digester. Applicability of the acid incubation ap-

proach developed in this work to other inocula from different

natural sources such as compost and soil remains unclear and

further testing on these inocula is hence recommended from

an engineering and application perspective. The process has

a rapid startup period of granulation rendering a cost compet-

itive operation.

Lowering culture pH to 2.0 immediately altered bacterial

surface charges and created a benign electrostatic environ-

ment for microbial aggregation. Although a similar trend was

observed on a same inoculum in the CSTR and AFBRs that



Table 2 – Hydrogen production performance of granule-based and biofilm-based reactors

HRT (h) Glucose conversion
rate (%)

Hydrogen content (%) H2 yield (mol/mol) H2 production rate (L/L h)

Granulea Biofilmb Granule Biofilm Granule Biofilm Granule Biofilm

2 99.28� 0.27 98.14� 2.00 55.55� 0.46 53.79� 1.36 1.44� 0.11 1.37� 0.19 0.97� 0.07 0.91� 0.10

1 99.00� 0.73 99.26� 0.19 62.51� 0.93 60.05� 1.44 1.64� 0.08 1.69� 0.05 2.20� 0.10 2.28� 0.06

0.5 99.30� 0.31 99.13� 0.04 64.09� 1.55 63.65� 1.25 1.83� 0.09 1.72� 0.13 4.93� 0.25 4.62� 0.36

0.25 77.38� 1.53 80.71� 0.80 42.72� 0.72 41.98� 0.50 1.66� 0.04 1.71� 0.03 6.98� 0.30 7.49� 0.20

a Data (average value� standard deviation) at HRTs of 2–0.5 h were derived from R2 only, while data at a HRT of 0.25 h from R1 and R2.

b Data (average value� standard deviation) were derived from R3 and R4.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 3 3 ( 2 0 0 8 ) 5 1 5 1 – 5 1 6 0 5159
charge numbers reduced with the acid incubation, zeta poten-

tials increased from �11.6 mV to �3.5 mV in the CSTR, while

from �25.4 to 11.9 in the AFBRs. As stated earlier, the most

plausible factor resulting in an inconsistent measurement

would appear to be the difference in floc sizes. This also indi-

cates that culture properties have an important influence on

the bacterial electrostatic environment. A pretest determining

isoelectric pH of different hydrogen-producing cultures is rec-

ommended to minimize the electrostatic repulsive forces.

Since the improvement of bacterial surface physicochemical

characteristics was able to be achieved immediately with the

acid incubation, a 24-h incubation time used in the present

work may be shortened, which would help activate hydro-

gen-producing bacteria from the acid incubation.

The mechanisms of pH change to accelerate the immobili-

zation process of Clostridia-like bacteria remain unclear. Pre-

sumably, either pH change did stimulate the growth of

immobilized hydrogen-producing bacteria, or improved adhe-

sive properties of cells, due to the acidification, indirectly

resulted in less cell detachment occurring on immobilized

particles, or both mechanisms functioned. The denaturing

gradient gel electrophoresis profile showed that only one

strain of bacterium was predominant over the microbial pop-

ulation of the acclimated seed sludge [10]. Due to its rapid self-

flocculated properties, identification and purification of this

strain of bacterium would help to provide microbial informa-

tion to understand microbial immobilization. Purified bacte-

rium is likely to serve as a biological flocculant in the

processes of water treatment and inducing reagent for micro-

bial immobilization. As the microbial nuclei play a critical role

in the formation of granules, it is anticipated that methano-

genic granulation is accelerated via rapid formation of acido-

gen-rich starting nuclei for the further development of

methanogens. This hypothesis is supported experimentally

by the finding obtained by Vanderhaegen et al. [35] who stated

that sugar fermentative acidogens formed sufficient biomass

and polymers to act as ‘‘nucleation’’ centers in which the

rest of the methanogenic associations could develop.
4. Conclusions

A novel approach to initiate rapid immobilization of hydrogen-

producing microbial culture in upflow column-type reactors

was demonstrated with or without support carriers. A 24-h pe-

riod of acidification on the microbial culture at pH 2.0 substan-

tially accelerated the granulation, but not biofilm formation. In
contrast to a much longer time (346 h) required for granulation

of the culture without acidification, acid incubation was able to

initiate a rapid formation of granules within 92 h. The use of

support media as starting nuclei may result in rapid formation

of biofilms without acidification within 36 h. Although micro-

bial activity was inhibited by acid incubation for about 78 h,

resulting in a retarded formation of biofilms of the acidified

culture, these acidified biofilms were able to develop much

faster in the subsequent observation.

The experimental results indicated that reducing culture

pH resulted in improvement in surface physicochemical prop-

erties of the culture favoring microbial adhesion and immobi-

lization. Zeta potential increased from �25.3 mV to 11.9 mV,

hydrophobicity in terms of contact angle improved from 31�

to 38� and production of extracellular polymers increased

from 66 mg/g-VSS to 136 mg/g-VSS. Formation of granules

and biofilms allowed the hydrogen-producing biosystems to

be operated at a very short HRT of up to 0.25 h, corresponding

to an OLR of 40 g-glucose/L h. The highest hydrogen produc-

tion rates of 6.98 L/L h and 7.49 L/L h were achieved in gran-

ule-based and biofilm-based reactors, respectively, at the

shortest HRT condition, considerably higher than those

reported by others.
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