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Abstract 

This study was aimed at introducing a novel bioflocculant to enhance anaerobic granulation in a UASB reactor for low-
strength synthetic wastewater and comparing the effect with synthetic polymers. A laboratory-scale study was undertaken to 
achieve this goal. Four identical UASB reactors were operated in parallel in the treatment of low-strength synthetic wastewa-
ter over 136d at 35 ± 1 ℃. One unit (labelled R1) was injected weekly with bioflocculant, a 2nd unit (labelled R2) was operated 
with the addition of acrylamide-chitosan graft copolymer, a 3rd unit (labelled R3) was operated with the addition of cationic 
polyacrylamide, and  a 4th (labelled R4) served as a control without any polymer addition. The results showed that R1 was 
the most efficient, while R3 performed better than the other two reactors. The rates of granulation in R1, R2 and R3 were 
enhanced by 50% vs. 87% vs. 75% when compared with R4. Though bioflocculant addition was not the most effective way 
of developing large-size granules, it was demonstrated to be the least inhibitory in enhancing micro-organism multiplication 
and improving microbial metabolic activity. The volatile suspended solids to suspended solids ratio and the sludge methano-
genic activity of the granular samples from R1 were higher than those of the other three reactors. When compared with the 
control reactor, polymer-added reactors performed better at the most organic loading rate as polymer addition resulted in a 
considerably higher degree of retention of biomass and lower solids washout from UASB reactors. Granulation was achieved 
in all four of the reactors, but the granules from polymer-enhanced reactors appeared earlier and were larger than those from 
the control reactor were. 
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 Abbreviations

ACGC
AM
COD
ECPs
HRT
OLR
PAM
SMA
SRT
SS
SVI
VFA
VSS
UASB

acrylamide-chitosan graft copolymer
acrylic amide
chemical oxygen demand
extracellular polymers
hydraulic retention time
organic loading rate
polyacrylamide
specific methanogenic activity
sludge retention time
suspended solids concentration
sludge volume index
volatile fatty acid
volatile suspended solids concentration
upflow anaerobic sludge blanket

Introduction

In developing countries, a number of low-strength industrial 
wastewaters are frequently found. Moreover, many low-strength 
municipal wastewaters containing easily biodegradable matter 
are discharged without full treatment. In addition, in most urban 
areas the cost and availability of land are now a big problem. In 
an attempt to decrease water pollution in developing countries, 

a treatment system should be promoted to fulfil the following 
requirements: Simple design, easy construction, low energy de-
mand and high treatment efficiency. The anaerobic technology 
offers great potential in this regard. As a popular anaerobic tech-
nology, the UASB reactor has been widely used to treat many 
types of wastewater because it exhibits positive features such 
as high organic loadings, low energy demand, short hydraulic 
retention time, long sludge retention time and little sludge pro-
duction. More than 900 UASB units are currently operating all 
over the world (Alves et al., 2000). Usually, they are used to 
treat medium- and high-strength wastewaters (Lettinga et al., 
1993; Fang et al., 1995). They are seldom applied to treat low-
strength wastewater with COD concentration lower than 1 500 
to 2 000 mg/ℓ because the development of granules in UASB 
reactors is very difficult when treating such wastewaters (Brito 
et al., 1997). To extend the application of the UASB reactor for 
low-strength wastewater treatment, research aimed at this kind 
of wastewater is necessary and significant, though few reports 
are found in the literature. 
 It is crucial to retain a high biomass concentration in a UASB 
reactor.  In general, retention of biomass can be achieved by the 
principle of autoflocculation (i.e. self-immobilization of bacte-
rial cells) leading to the formation of granules with good settling 
properties, and the formation of these granules is a key factor 
in the successful operation of a UASB reactor (Liu et al., 2002). 
As the anaerobic bacteria are slow-growing micro-organisms, a 
common problem in UASB operation is the long start-up period 
and the development of biogranules. 
 To overcome the limitations of long start-up periods and 
anaerobic granulation of UASB reactors, strategies for expe-
diting granule formation are highly desirable (Liu et al., 2003; 
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Hulshoff Pol et al., 2004). It has been shown that ECPs secreted 
by some anaerobic micro-organisms are associated with bio-
logical adhesion and aggregation processes (Costerton et al., 
1981; Cammarota and Sant’ Anna, 1998). It is being hypoth-
esized that ECPs in granules bridge two neighbouring bacte-
rial cells physically as well as binding them to other inert par-
ticulate matter, and settle out as floc aggregates (Ross, 1984; 
Shen et al., 1993; Schmidt and Ahring, 1994). It appears that 
ECPs play an important role in anaerobic granulation. Simi-
larly, other polymers can also promote bacterial agglomeration 
and could be introduced to enhance anaerobic granulation in 
UASB reactors. Polymers are mainly used either to immobi-
lize the anaerobic sludge within gel beads or to reinforce the 
strength of the already existing granules by coating the gran-
ule surfaces with a thin layer of polymer (Araki et al., 1987; 
Chigusa et al., 1991). It was found that supplementation with 
chitosan significantly enhanced the formation of anaerobic 
granules in the USAB-like reactors; the granulation rate in the 
chitosan-containing reactor was 2.5-fold higher than that in the 
control reactor without supplementation of the polymer, while 
the specific activity of methane production almost remained 
unchanged in both reactors (El-Mamouni et al., 1998). Kalogo 
et al. (2001) used a water extract of Moringa oleifera seeds 
to enhance the start-up of a UASB reactor treating domestic 
wastewater, and the dosage in the feed promoted the aggrega-
tion of coccoid bacteria and growth of microbial nuclei, which 
are precursors of anaerobic granulation. Recently, Show et al. 
(2004) used cationic polymers with a concentration of 80 mg/ℓ 
in a UASB reactor to decrease start-up time by 43% compared 
to the control reactor without polymer addition. 
 As described above, synthetic polymers are demonstrated 
to promote anaerobic granulation. However, they have negative 
effects on micro-organisms such as the polymers’ inhibitory ef-
fects on substrate transfer to granules and the remnant mono-
mer’s toxicity on micro-organisms. Compared to synthetic poly-
mers, bioflocculants have two obvious advantages: Safety to the 
environment and ease of biodegradation (Salehizadeh, 2001). 

Based on previous research that polymers or flocculants could 
improve anaerobic granulation, the assumption is that biofloc-
culants might also enhance the process. However, few reports 
on bioflocculant addition to enhance anaerobic granulation have 
been published. 
 This study aimed at introducing a novel bioflocculant to en-
hance anaerobic granulation in UASB reactors for low-strength 
synthetic wastewater treatment and comparing the effect with 
synthetic polymers (ACGC and cationic PAM).

Experimental 

Reactor systems

Experiments were performed in parallel in four identical reac-
tors (5.03 ℓ) for 136 d at 35 ± 1°C. Sample sludge was taken from 
the sampling port on the bottom of the reactor. The schematic 
diagram is shown in Fig. 1. Reactor 1 (R1) was started up with 
the addition of bioflocculant, Reactor 2 (R2) was started up with 
addition of ACGC, Reactor 3 (R3) was started up with addition 
of cationic PAM, and Reactor 4 (R4) without addition of floc-
culants served as the control. 

Feed

The feed in this study was synthetic wastewater. Its detailed 
composition is shown in Table 1. The COD in the influent ranged 
from 550 mg/ℓ to 650 mg/ℓ throughout the study. The COD: N: 
P ratio in the wastewater was 300:5:1. The buffering capacity 
was maintained by addition of sodium bicarbonate. Ferrous ion, 
magnesium ion, calcium ion and other micro-nutrients were also 
added.

Seed sludge

The seeding inoculum was obtained from municipal anaerobic 
digested sludge and was screened through a 0.15 mm sieve to 
remove the big debris before seeding. Its detailed properties are 
shown in Table 2. Each reactor was seeded with 2.5 ℓ of sludge 
with biomass content of 8.58 g VSS/ℓ.

Effluent

Gas
collection

Influent

Water-trap

Sampling port

TABLE 1
Composition of the synthetic wastewater

Constitu-
ents

Concentra-
tion (mg/l)

Constitu-
ents

Concentra-
tion (mg/l)

Glucose
NaHCO3
CaCl2
MgSO4
FeCl2
NH4Cl
Yeast extract

650
550
30
25
5
30
40

KH2PO4
K2HPO4

(NH4)2MoO4
CoCl2
NiCl2
H3BO3

5
6

0.05
0.6
0.5
0.5

TABLE 2
Characteristics of seed sludge

SS (mg/l) VSS
(mg/l)

VSS/SS

59.53 17.43 0.29
SVI (ml/g) SMA

(g COD-CH4/g VSS.d)
Particle diameter 

(mm)
20.92 0.088 < 0.15

Figure 1 
Schematic diagram of the UASB reactor
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Analytical methods

COD and solids were measured according to Standard Methods 
(1992). The SMA of sludge samples taken from the bottom of 
the reactors was measured in a 400 mℓ serum bottle at 35 ± 1°C 
under anaerobic conditions.
 For estimating the size distribution, the sludge samples taken 
from the bottom of the reactors were classified into 5 fractions 
using sieves with different openings (0.15, 0.45, 0.7, 1.0 mm, 2.0 
mm). The particles were gently submerged in water and agitated 
to let the small particles pass through each sieve.

Addition of bioflocculant and synthetic polymers 

The bioflocculant named MBF21 in this study was prepared in 
our laboratory. Polysaccharides are its effective component; 
these are exobacterial substances secreted by the bacterium 
Penicillium cyclopium screened from the activated sludge (Chen 
and Hu, 2004). The concentration of polysaccharides in this bio-
flocculant solution is 3.5 mg/ℓ and its average molecular mass 
is 1 000 000. Because the bioflocculant is negatively charged, 
calcium ion was added to neutralize the negative charge of the 
sludge surface before the bioflocculant was added to R1. ACGC 
was synthesized in our laboratory with average molecular mass 
being 3 500 000. It was added to R2. Cationic PAM, produced 
in the USA with an average molecular mass of 8 000 000, was 
added to R3. The dose was assessed by measuring both the max-
imum turbidity removal efficiency and the minimum SVI of the 
flocculated biomass using the Jar test method (El-Mamouni et 
al., 1997). As a result, the optimal dose of calcium ion and bio-
flocculant solution was 12 mg/g SS and 8 mℓ/g SS respectively; 
optimal dose of ACGC was 3 mg/g SS; optimal dose of cationic 
PAM was 2 mg/g SS. Bioflocculant and synthetic polymers were 
injected weekly. A total of 12 injections were carried out during 
the course of the experiments.

Results and discussions

Reactor performance 

All four UASB reactors started out with an initial OLR of 0.5 g 
COD/ℓ·d, HRT of 33.2 h and an upflow liquid velocity of 0.05 
m/h. The reactors’ performance, in terms of COD removal and 
effluent SS, is illustrated in Fig. 2. As the pH value in the feed 
was adjusted from 6.5 to 7.2, in the effluent it changed from 7.0 

to 7.6 in all four reactors, a little higher than that in the feed. This 
was because the VFA in the feed was transformed to methane 
and carbon dioxide, with a subsequent increase in pH value in 
the effluent.
 As shown in Fig. 2 (a), because the micro-organisms’ activ-
ity and concentration were low, the COD removal efficiencies 
of all four reactors were low during the first 10d. R2 had the 
lowest COD removal efficiency because anaerobic micro-organ-
isms were not fit to ACGC yet at this stage. As the experiments 
proceeded in time, the COD removal efficiencies of all four reac-
tors kept increasing. As polymers promoted bacterial agglomer-
ation, more biomass was retained in polymer-enhanced reactors. 
Though the COD removal efficiency of all four reactors was 
similar at 90d after start-up, it was evident that the COD removal 
efficiency of polymer-enhanced reactors was higher than that 
of the control reactor during the remaining 46d. However, due 
to the negative effect of ACGC on micro-organisms, the COD 
removal efficiency of R2 was still lower than that of R4 before 
reaching an OLR of 3.87 g COD/ℓ·d with an HRT of 4.3 h (Fig. 
2d), R4 being inferior to the other three reactors thereafter. The 
COD removal efficiency of R1 was higher than that of R2 and R3 
at all the OLRs throughout the experiments, which indicated that 
bioflocculant had a lower negative effect on anaerobic micro-or-
ganisms than ACGC and cationic PAM, i.e., the polymeric gel 
around cells formed by the bioflocculant did not inhibit substrate 
diffusion into and out of the microbial mass as much as ACGC 
and cationic PAM did. As the OLR reached 5.89 g COD/ℓ·d and 
HRT shortened to 2.8 h, the COD removal efficiencies of all four 
reactors decreased suddenly, which implied that the substrate 
in the reactors could not be fully degraded at such short HRT. 
While adjusting the HRT to 3 h, the COD removal efficiencies 
recovered immediately. At this stage, the COD removal efficien-
cies of polymer-enhanced reactors were higher than that of R4. 
This result is due to the accumulation of micro-organisms by 
polymers, while more micro-organisms could transform more 
substrate to methane and carbon dioxide. 
 The effluent SS of all the four reactors is shown in Fig.  
2(b). During the first 15 d, the effluent SS concentration of all 
the four reactors was high due to the seed sludges’ inferior set-
tleability. The fact that more biomass discharged from R4 than 
the other three reactors implied that polymers caused more dis-
persed sludge coagulation. While the experiments proceeded, 
granules formed and developed in all four reactors, the biomass 
settleability improved, less biomass was washed out from the 
reactors, but more biomass was washed out from R4. The efflu-
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Sludge characteristics 

The sludge characteristics could be judged by the metabolic ac-
tivities, sludge settleability and the total biomass in the sludge. 
These can be expressed in terms of SMA, SVI and ratios of VSS 
to SS, respectively.
 As shown in Fig. 3 and Fig. 2 (d), the SMAs of the sludge in 
R1, R2, R3 and R4 at OLR of 1.25 g COD/ℓ·d were 0.551, 0.451, 
0.486 and 0.519 g COD-CH4/g VSS·d, respectively. After OLR 
reached 5.47 g COD/ℓ·d, the SMA of sludge in R1, R2, R3 and R4 
were 1.494, 1.138, 1.317 and 1.295 g COD-CH4/g VSS·d, respec-
tively. At the end of the experiments, the SMA of sludge in R1, 
R2, R3 and R4 were 1.527, 1.203, 1.453 and 1.428 g COD-CH4/g 
VSS·d, respectively. It was evident that the SMA of R1 sludge 
was highest at all OLRs while that of R2 was lowest throughout 
the experiments. The highest SMA values in R1 indicated that 
bioflocculant addition enhanced the sludge methanogenic activi-
ties more than synthetic polymers. This result further demon-
strated that bioflocculant, a natural polymer, had less negative 
effect on anaerobic micro-organisms than synthetic polymers, 
especially ACGC. Corresponding results were reported by El-
Mamouni (El-Mamouni, 1998).
 Figure 4 shows the amounts of biomass in the sludge. As 
anaerobic bacteria accumulated and multiplied in the reactors, 
the VSS/SS of the sludge in all four reactors increased. Similar 
to SMA, the VSS/SS of the sludge in R1 was highest while that 
in R2 was lowest at each OLR. This indicated that more micro-
organisms accumulated and multiplied in R1 than in the other 
three reactors. As the experiments ended, the VSS/SS of the 
sludge in R1, R2, R3 and R4 was 0.752, 0.689, 0.724 and 0.703, 
respectively.
 As the seed sludge was taken from digested anaerobic 
sludge, high SS content resulted in low SVI values; when micro-
organisms multiplied in the reactors, the VSS/SS of the sludge 
increased (Fig. 4). The sludge first became loose, the SVI of the 
sludge in all four reactors increased, then, because of the effects 
of improved bacterial adhesion, coagulation caused by the ad-
dition of polymers or autoflocculation, the SVI of the sludge in 
all four reactors decreased. As shown in Fig. 5, from day 30 to 
day 50, the SVI of the sludge in R2 and R3 decreased faster than 
that in R1. This indicated that synthetic polymers proved to be 
superior over the bioflocculant in improving sludge settleabil-
ity. As the synthetic polymers applied in this study are cationic 
polymers, they could not only neutralize the negative charge of 
the bacteria but could also bridge the gap between cells simul-
taneously. While the bioflocculant used in this study is an anion 
polymer and has a lower molecular mass than synthetic poly-
mers, it could not coagulate dispersed sludge to the same good 
effect as synthetic polymers. These resulted in lower SVI values 
of the sludge in R2 and R3 than that in R1. However, the SVI of 
sludge in R1 was much lower than that in the control reactor, R4, 
indicating that bioflocculant improved the sludge settleability 
when compared to the control reactor. At the end of the experi-
ments, the SVIs of the sludges in R1, R2, R3 and R4 were 16.3, 
16, 15.0 and 23.8 mℓ/g, respectively. When compared to R4, the 
SVIs of the sludges in R1, R2 and R3 were 31.5%, 32.7% and 
37.0%, respectively, lower than that in R4. Enhanced granule 
settleability indicated by the SVI value could be due to improved 
bacterial adhesion caused by addition of polymers. The resulting 
chain-like structure may lead to a complex network structure for 
enhanced bacterial aggregation (Yoda et al., 1989; Wirtz et al., 
1996).
 Though synthetic polymers were superior to bioflocculant 
in respect of agglomerating anaerobic micro-organisms, they 
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SVI of granular samples from different reactor

Figure 4
 Ratio of VSS to SS of granules from different reactor

Figure 3 
        SMA of granules from different reactor

ent SS increased in all four reactors with OLR achieving 5.89  
g COD/ℓ·d, HRT decreasing to 2.8 h and the upflow liquid ve-
locity increasing to 0.59 m/h. This indicated that 0.59 m/h of 
upflow liquid velocity caused more biomass out of the reactors 
(Fig. 2c). This might be the result of loose granules developing 
in the reactors operating at low-strength wastewater.  
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had a more negative effect on enhancement of SMA and micro- 
organism multiplication suggested by sludge characteristics 
(Fig. 3 to Fig. 5). This might be the result of the layer of poly-
meric gel which inhibited substrate transference or toxicity of 
the residual monomer accumulation on anaerobic bacteria. 

Development of granules

Figure 6 illustrates granule distribution in all four reactors. As 
the experiments proceeded, granule size increased in all the re-
actors. On day 30 in all four reactors, the granules of size of 0.15 
to 0.45 mm are clearly predominant, indicating that granules 
developed slowly during this period. In polymer-enhanced reac-
tors, i.e. R1, R2 and R3, the distribution is more scattered than 
that in the control reactor R4 because the polymers promoted 
granule formation by allowing aggregates to form and achieve 
a bigger size. 
 In terms of distribution of granules, granules developed fast-
er and became larger in polymer-added reactors than those in 
the control reactor did. From start-up of the reactors to day 100, 
with polymers injected during this period, the granulation rate 
in R1, R2, R3 and R4 was 7.72 (SD=1.21), 9.61 (SD=1.44), 9.83 
(SD=1.47) and 4.83 (SD=0.78) μm/d, respectively. Throughout 
the experiments, average granulation rate in R1, R2, R3 and R4 
was 6.43 (SD=1.27), 8.05 (SD=1.46), 7.54 (SD=1.53) and 4.30 
(SD=0.82) μm/d, respectively. Compared to the control reactor 
(R4), the granulation rates in R1, R2 and R3 were 49.5%, 87.2% 
and 75.3%, respectively, higher than that in R4. These data dem-
onstrated that polymers, both bioflocculant and synthetic poly-
mers, enhanced granule development in UASB reactors. Howev-
er, granular development cannot be judged as “better granular” 
only in terms of its “large size” (Show et al., 2004). As discussed 
before, granular characteristics should be considered in terms 
of metabolic activities, settleability and multiplication of micro-
organisms. 
  
Conclusions

The results of this study showed that the incorporation of biofloc-

culant or synthetic polymers significantly enhanced anaerobic 
granulation in UASB reactors for low-strength wastewater treat-
ment. When compared to the control reactor, the granulation 
rate in the bioflocculant-enhanced reactor, the ACGC-enhanced 
reactor and the cationic PAM-enhanced reactor increased by 
49.5%, 87.2% and 75.3%, respectively. 
   The use of bioflocculant and cationic PAM improved sludge 
granulation and sludge characteristics, and these two poly-
mer-enhanced reactors performed better than the control reac-
tor throughout the experiments. The ACGC-enhanced reactor 
showed worse reactor performance before reaching an OLR of 
3.87 g COD/ℓ·d. The SMA and VSS/SS sludge values in this 
reactor were lower than those in the control reactor at each OLR. 
This indicated that ACGC had some negative effect on anaerobic 
microbes. Similarly, cationic PAM also exhibited a negative ef-
fect on anaerobic microbes when compared with bioflocculant, 
as demonstrated by SMA and VSS/SS values in Figs. 3 and 4. 
The superiority of natural polymers over synthetic ones in floc-
culating cell suspensions has already been reported elsewhere 
(Hughes et al., 1990; Ndabigengesere et al., 1995; El-Mamouni 
et al., 1998).
 Granules must not be judged in terms of “large size” only; 
their other characteristics should be considered as well. As the 
results of these experiments show, ACGC had a more positive 
effect on the development of large-size granules than biofloc-
culant, but the former had a more negative effect on SMA and 
VSS/SS of sludge than the latter. Therefore the conclusion can 
be drawn that bioflocculant is more suitable for enhancing 
anaerobic granulation than ACGC. Cationic PAM had a less 
negative effect on sludge characteristics than ACGC, but a more 
negative effect than the bioflocculant. At the same time, it was 
more effective in developing large granules than a bioflocculant. 
Based on this result, cationic PAM could also be used to enhance 
anaerobic granulation.
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