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Abstract Microscopic (SEM and TEM) examinations of biogranules sampled from various UASB (Upflow
Anaerobic Sludge Blanket) reactors indicated that microbes are densely packed. The microbial distribution
is strongly dependent upon the degradation thermodynamics and kinetics of individual substrates.
Biogranules degrading carbohydrates exhibited typically a layered distribution with a surface layer populated
with hydrolytic/fermentative acidogens, a mid-layer comprising syntrophic colonies and an interior
comprising acetotrophic methanogens. On the other hand, those substrates having a rate-limiting
hydrolytic/fermentative step did not exhibit any layered pattern; instead, bacteria were interwined and
distributed evenly. These observations have two implications. Biogranules are developed through evolution
instead of random aggregation of suspended microbes. Furthermore, biogranules should be less vulnerable
to the changes of mixed liquor condition, because the large majority of microbes inside the biogranules are
shielded from the hostile mixed liquor environment. The latter is supported by experimental evidence that
biogranules are more resistant than suspended sludge to the toxicity of hydrogen sulfide, heavy metals and
aromatic pollutants in wastewater.
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Introduction

The upflow anaerobic sludge blanket (UASB) has become widely accepted asawastewater
treatment technology (Lettingaet al., 1980). Its applications used to be limited to the treat-
ment of high-strength industrial wastewater containing alcohols and carbohydrates
(Lettingaand Hulshoff Pol, 1991). But morerecently, they have been broadened to the treat-
ment of wastewaters containing recal citrant aromatic pollutants (Li et al., 1995; Fang et al.,
1996; Zhou and Fang, 1997; Fang and Chan, 1997), and low strength wastewaters (Kato,
1994; van Haandel and Lettinga, 1994). A UASB reactor consists of a built-in gas-liquid-
solid separator, which effectively retains the biomass. Having along retention time in the
reactor, the biomass gradually devel oped into granules, normally about 1-3 mminsize.

Biogranules have two obvious advantages over the suspended biomass in the mixed
liquor. A sludge bed of biogranules may contain 50 g/L of volatile suspended solids (VSS),
considerably higher than that in a suspended-sludge bed (Fang and Chui, 1993).
Furthermore, biogranules settle better, due to larger sizes than the suspended sludge in the
reactor, and thus havelesstendency of being washed out.

Anaerobic degradation is a complex process (Gujer and Zehnder, 1983). It may be
roughly divided into three steps. Organic substrates, such as proteins and carbohydrates,
arefirst hydrolyzed by enzymes of bacteriaforming soluble amino acids and sugars, which
are then degraded by acidogenic bacteria into volatile fatty acids (VFA). Many aromatic
compounds, on the other hand, are converted to benzoate by other bacteria (Knoll and
Winter, 1989). Both VFA and benzoic acid arefurther degraded to acetate, formate, carbon
dioxide and hydrogen by acetogenic bacteria. Thisfinal group of intermediatesisultimate-
ly converted to methane. Thus, a complete degradation of complex substrates involves
three specific groups of bacteria, namely acidogens, acetogens and methanogens.
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A biogranule isitself a microenvironment, in which complex pollutants are converted
ultimately into methane by these three groups of bacteria. The microbial distributionin a
biogranuleis naturally dependent upon the degradation nature of the substrate. A series of
studies was recently conducted to investigate the performance of a UASB reactor in treat-
ing wastewaters individually containing several model substrates and key intermediates
(Fang and Chui, 1993; Chui et al., 1994; Fang and Kwong, 1994; Fang et al ., 1994a; Fang et
al., 19953, b; Li et al., 1995). The microstructures of individual biogranuleswere reported
inthese papers, along with discussions of other parameters, such as COD (chemical oxygen
demand), removal efficiency, maximum substrate utilization rate, sludge yield, etc. This
paper is to summarize the microbial distribution patternsin typical biogranules, based on
information obtained inthese studies. It ishoped that such an analysiswould |ead to a better
understanding on the biogranules characteristics, formation mechanisms and potential
applications.

Development of biogranules and microscopic analysis

Biogranulestreating brewery effluent were obtained from afull-scale UA SB reactor. Other
bi ogranuleswere sampled from anumber of laboratory UASB reactors (2.8 and 8.5 litresin
size), each of which had been operated steadily at a COD loading rate of about 10 g/(l.d) for
at least five months. All laboratory reactors were seeded with suspended sludge obtained
from the anaerobic digester of alocal sewage treatment plant. Suspended biomass in the
reactors gradually developed into biogranules. Discrete biogranules became visible nor-
mally in 2-3 months. Biogranul eswere sampled from each reactor for examinationsfor the
distribution of methanogens using light microscopy (Chui and Fang, 1994), and of the bac-
terial morphology using scanning and transmission electron microscopies (SEM and
TEM). Details of the reactor conditions, biogranule characteristics and the respective
preparation procedures are available el sewhere (Fang and Chui, 1993; Chui et al., 1994).

Results and discussion

Itisimpossibletoidentify all thebacteriainvolved in the degradation of complex substrates
simply by cell morphologiesillustrated in SEM micrographsor by cell ultrastructuresillus-
trated in TEM micrographs. However, detailed information on many methanogens and
some hydrogen-producing acetogens have been well documented, including Methanosaeta
concilii (Patel and Sprott, 1990), Methanospirillum hungatei (Zeikus and Bowen, 1975),
Methanobrevibacter arboriphilus (Mah and Smith, 1981), Syntrophobacter wolinii
(Boone and Bryant, 1980), Syntrophomonas wolfei (Mclnerney et al., 1981), Syntrophus
buswellii (Mountfort et al., 1984) etc. Based upon thisinformation, the distribution of cer-
tain bacteria inside a biogranule could be estimated with a certain degree of confidence
from SEM and TEM micrographs.

Layered microbial distribution

Microscopic examinationsindicated that biogranulestreating brewery (Fang et al ., 1995c),
sucrose and starch-containing wastewaters exhibited a three-layer microstructure. Similar
observations were reported by MacL eod et al. (1990) for sucrose-degrading biogranules,
and by Guiot et al. (1992) for glucose-degrading biogranules. All of these biogranuleswere
treating carbohydrate substrates.

Figure laillustrates a biogranule sampled from a UASB reactor treating carbohydrate-
rich wastewater, whereas Figure |b illustrates the section of biogranule (Chui and Fang,
1994) under epi-fluorescent excitation. Because all methanogens contain F,5, and F,, co-
factors, they can be recognized by the emitted fluorescence (Edwards and McBride, 1975),
under epi-fluorescent excitations at 350 nm and 420 nm. Figure Ib illustrates that the



Figure 1 (a) biogranule observed under SEM, and (b) a section of biogranule observed under
epifluorescent excitation

Figure 2 Bacteria of diverse morphologies in the surface layer of (a) sucrose- (bar=1 pm), and (b)
peptone-degrading biogranules (bar=4 pm)

Figure 3 Methanosaeta-like bacteria in the interior of biogranules under (a) SEM, and (b) TEM. (bar=4 um)

granule had a dense surface layer of 2040 um and an interior mostly composed of
methanogens. The surface layer, in which hydrolysis and fermentation were taking place,
was composed of awide variety of bacteria, asillustrated in Figure 2afor asucrose-degrad-
ing biogranule and in Figure 2b for a peptone-degrading biogranule. Most of the
methanogensin the biogranuleinterior were mainly the acetotrophic Methanosaeta (previ-
ously known as Methanothrix; Huser,et al., 1982), asillustrated in Figures 3a (SEM micro-
graph) and 3b (TEM micrograph). The middle layer was mostly populated with syntrophic
colonies comprising acetogens which converted VFA, the intermediate products of
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Figure 4 Colonies in the mid-layer of a brewery-treating biogranule: (a) two syntrophic colonies
(bar=4 um), and (b) juxtapositioned syntrophic association. (bar=2 um)

acidogenic bacteria in the surface layer, into acetate and hydrogen. Acetate was then dif-
fused further inward to be consumed by the Methanosaeta, whereas hydrogen was utilized
by hydrogenotrophic methanogensreadily.

Syntrophic associations and thermodynamic analysis

Figure4aillustratesthat, in the middlelayer of abiogranuletreating brewery wastewater, a
Methanosaeta-like colony and atwo-bacterium colony are in juxtaposition. Figure 4b fur-
ther illustrates that inside the | atter colony, Syntrophobacter-like bacteriawerein juxtapo-
sition with Methanobrevibacter-like bacteria. These two figures illustrate that the three
bacteria were syntrophically associated. One could visualize that propionate, a product of
acidogenic bacteriain the surface layer, was diffused to this colony in the mid-layer to be
converted by Syntrophobacter-like bacteria producing hydrogen and acetate (Reaction 1).
Hydrogen wasthen readily utilized by the juxtapositioned Methanobrevibacter-like bacte-
riato produce methane (Reaction 2), whereas acetate was diffused to the adjacent colony to
be converted to methane (Reaction 3) by the Methanosaeta-like bacteria.

CH,CH,COO™ + 3H?0 - CH,CO0™ + 3H, +HCO3 +H*  AG® =+76.0kJ D
4H,+HCOz +H* - CH, +3H,0 AG® =-135.4kJ 2
CH,COO™ +H,0-CH,+HCO3 AG®'=-31.0kJ ®

where AG?’ represents the change of standard Gibbs free energy at pH7. The positive sign
of AG©' for Reaction 1 and its magnitude indicate that the acetogenesis of propionate is
thermodynamically infeasible, unless products are kept at very low concentrations. The
AG® for Reaction (1) is particularly sensitive to hydrogen, because it is dependent on the
cube of the hydrogen concentration. Thus, hydrogen-producing Syntrophobacter-like bac-
teria have to closely attach to the hydrogen-utilizing Methanobrevibacter-like bacteria, as
illustrated in Figure 4, so that hydrogen produced by the former can bereadily consumed by
the latter without a buildup of hydrogen concentration. The overall reaction taking placein
the syntrophic colony becomes feasible thermodynamically as shown in the following:

CH,CH,COO~+0.75H,0 - CH,COO+0.75CH,
+0.25HCO; +0.25H" AGC'=—25.45Kk] 4

Similar patterns of syntrophic colonies were common in the mid-layer of many biogran-
ules. In some colonies, butyrate-degrading Syntrophomonas wolfei-like bacteria (Figure



Figure 5 Juxtapositioned syntrophic association in (a) butyrate- (bar = 2 um), and (b) benzoate-degrading
biogranules. (bar=1 pm)

5a) and benzoate-degrading Syntrophus buswellii-like bacteria (Figure 5b) were al so juxta-
positioned with Methanobrevibacter-like bacteria.

Like propionate, conversionsof butyrate and benzoate to acetate are thermodynamically
unfavorable, asindicated by the positive AG® values of the following reactions:

CH4CH,CH,COO™+2H,0 - 2CH,CO0+ 2H, + H*  AG?'=+48.1kJ (5)
C,H.O5 +6H,0 - 3CH,COO™+3H,+CO, +2H*  AG®'=+58.3kJ 6)

It is thus critical for the hydrogen-producing Syntrophomonas- and Syntrophus-like
bacteriajuxtapositioned with the hydrogen-utilizing Methanobr evibacter-like bacteria.

Infrequently, three syntrophically associated groups of bacteriawerefound in juxtaposi-
tion. Figure6illustrates such acase observed in biogranul estreating wastewater containing
mixed VFA (Fang et al., 1995d). Thethreejuxtapositioned bacteriaresembl e the propionate-
degrading Syntrophaobacter, acetotrophic Methanosaeta and hydrogenotrophic Methano-
spirillum.

Non-layered microbial distribution

On the other hand, biogranules treating propionate (Fang et al., 1995b), peptone (Fang et
al., 1994a) and glutamate (Fang et al., 1994b) as substrates did not exhibit any layered
microbial distribution. These biogranuleswere packed with bacteriaof different morpholo-
giesinterwined randomly throughout the cross-section. Similar observationswerereported
by Grotenhuiset al. (1991) for biogranulestreating propionate, ethanol, and sugar refinery
wastewaters. Itisbelieved that, during the degradati on of these substrates, theinitial step of
degradation, i.e. acctogenesis of propionate (Fang et al., 1995b), hydrolysis of protein
(Gujer and Zehnder, 1983) and acidogenesis of glutamate, wererate-limiting. Therefore, a
considerable fraction of substrate diffused toward the biogranule interior before being
degraded. As a consequence, there was little substrate concentration gradient in the cross-
section, resulting in arather uniform microbial distributionin these biogranules.

Relationship of degradation kinetics and microstructure

Thus the biogranule microstructure is dependent on the rate of the initial degradation. As
illustrated in Figure 7a substrates which can be readily fermented/hydrolyzed are mostly
degraded in the surface layer while the intermediate products, such as VFA, are converted
to acetate and H,/CO, in the mid-layer. Lastly, acetate and H,/CO, are converted to
methane. Thus, biogranules degrading substrates, which can be readily fermented/
hydrolyzed exhibit amulti-layered microstructure.
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Figure 6 Juxtapositioned syntrophic association in VFA-degrading biogranules. (a) bar =2 pym;
(b) bar =0.5 pm
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Figure 7 Effect of degradation kinetics on biogranule microstructure

On the other hand, biogranules treating substrates of which the fermentation/hydrolysis
step was slow exhibit a complex, but uniform microstructure. Substrates would diffuse
toward the biogranule interior without being fermented/hydrolyzed near the surface, as
illustrated in Figure 7b.

Formation mechanism of biogranules

Observations summarized in this report show that microbial distribution in biogranulesis
strongly dependent upon the thermodynamics and kinetics of substrate degradation. The
evidence of layered microbial distribution in many biogranules strongly suggests that
biogranules are not developed by the random aggregation of suspended bacteria in the
mixed liquor. Instead, biogranules are probably developed by evolution as bacteria
searched for strategic positions for supply of substratesaswell asfor removal of products.
Once the essential bacteria aggregate to form a nucleus, a biogranule will grow in size as
bacteriaproliferate. What the conditions are which trigger the formation of nuclei isnot yet
clear. However, as abiogranule grows in size, bacteriainside would orient themselves for
optimal growth, such asformations of layered distributions and juxtapositioned syntrophic
colonies. On the other hand, the overall interfacial area between bacteria and the mixed
liquor decreases as a biogranule grows in size. This becomes a constraint to how big a
biogranule can grow, because lowering the interfacial arealimitsthe initial fermentation/
hydrolysistaking place at the biogranule surface.



Toxicity resistant characteristics of biogranules

Themicrobial distribution seemsto suggest that biogranules should belessvulnerablethan
the suspended sludge to the chemical toxicity of pollutants in wastewater. On one hand,
only alimited number of bacteria near the biogranule surface are directly exposed to the
toxic chemicalsin the mixed liquor, whereas most of the bacteriaare located in the interior
and arethus protected. On the other hand, it has been widely reported that methanogensare
sensitiveto the pH fluctuation and chemical toxicity; however, in abiogranule, the vulner-
able methanogens as found in this study are mostly located in the interior, and are thus
shielded by the hydrolytic/fermentative acidogens near the surface.

Recent experimental results seem to support such an argument. It wasfound (Fang et al .,
1997) that bioactivity of benzoate-degrading biogranuleswere unaffected by thetoxicity of
sulfideinthe mixed liquor, up to 769 mg/I of soluble sulfide and up to 234 mg/l of H,S. For
comparison, Maillacheruvu et al. (1993) reported that 150-200 mg/I of soluble sulfide and
60-75 mg/l of H,S caused stress in chemostat reactors treating acetate and propionate;
higher concentrations could result in system failure.

It was also found that biogranules were able to tol erate heavy metal s and toxic organics
much better than the suspended sludge. The degree of inhibition can be expressed by the
Ci 50 value, which represents the concentration of a toxic chemical at which the
methanogenic activity of sludge is reduced by 50%. The higher the C, 5, value, the lower
the toxicity. Fang (1997) reported that the C, -, values of several heavy metals, including
cadmium, chromium, copper and zinc., for bidgranulestreating avariety of substrateswere
one order of magnitude lower than those for the suspended anaerobic sludges. In addition,
biogranul es also exhibited a high degree of tol erance to the toxic phenolic pollutants (Fang
and Chan, 1997). UA SB reactorswere capabl e of treating wastewater containing toxic phe-
nol/cresol at concentrations up to 1000 mg/l without any other co-substrate (Fang et al.,
1996; Zhou and Fang, 1997). Although activity of biogranules deteriorated drastically at
higher concentrations of phenolsin continuous treatment, it could be fully recovered in a
few weekswhen the phenol concentration was|lowered to thetolerablelevels.

Conclusion

Microbial distributionin abiogranuleisstrongly dependent upon the degradation nature of
the substrate. Biogranules degrading carbohydrates exhibited alayered distribution with a
surface populated with hydrolytic/fermentative acidogens, amid-layer comprising of syn-
trophic colonies and an interior populated with acetotrophic methanogens. On the other
hand, those substrates having a rate-limiting hydrolytic/fermentative step did not exhibit
any layered pattern; instead, bacteriawere interwined and distributed evenly. These obser-
vationsimply that biogranul esare devel oped through evol ution instead of random aggrega-
tion of suspended microbes. Furthermore, only a limited amount of bacteria near the
surface are exposed, biogranules arelessvulnerableto toxic chemicalsin the wastewater.
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