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ABSTRACT

The upflow anaerobic sludge blanket (UASB) reactor has found wide acceptance in the
treatment of industrial wastewaters since its development in the Netherlands. It has been
applied to a wide spectrum of wastewaters on both domestic and industrial scales. This
acceptance stems from its simplicity, economy and the possibility of energy recovery. Studies
focusing on UASB reactors are numerous; and though conflicting results have been observed,
researchers are unanimous when it comes to the efficiency of the reactor in the treatment of
high- to medium-strength wastewaters with easily hydrolysable substrate. It has also
recorded a level of success in sewage treatment in tropical countries. As much, success has
not been recorded in cold climates and in the treatment of wastewaters containing complex
or toxic substance. The efforts of numerous researchers have given rise to many variants and
modifications of the UASB reactor, which have widened the scope of applicability of this
very important facility. This paper presents a concise but comprehensive review of the UASB
reactor and studies focusing on it. Key operational issues such as granulation, methanogene-
sis, hydraulic retention time, efficiency, toxicity, modifications of UASB reactors and biogas
recovery were considered using facts and data sieved from literature. This review shows that
UASB reactors can be adapted for the treatment of almost any type of wastewater if modi-
fied accordingly.
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1. Introduction

The upflow anaerobic sludge blanket (UASB)
reactor is a promising alternative for house-on-site
treatment of domestic wastewater designed to over-
come the inherent weaknesses of the conventional
septic tank [1,2]. On an industrial scale, it has also
found wide acceptance because of low sludge produc-
tion, possibility of energy recovery, low hydraulic
retention time (HRT) and high solids retention time. It
is by far the most widely used anaerobic reactor for
the treatment of industrial wastewater. In a world-
wide survey of treatment facilities, UASB reactors

constituted 739 (64.5%) of the 1,229 anaerobic treat-
ment units [3]. It was found that Japan, Germany,
Netherlands, USA and India were the leading coun-
tries in anaerobic wastewater treatment with 162, 115,
92, 83 and 79 anaerobic treatment facilities, respec-
tively. The advantages of anaerobic digestion include
low cost, operational simplicity, low sludge produc-
tion and biogas production [4]. The operation and
maintenance of a UASB reactor would require less
than 1% of its capital cost per year [5]. Similarly, con-
struction of a UASB reactor cost between 20 and 40
USD per capita as compared to 60 and 120 USD per
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capita for the conventional activated sludge system
[6]; while operation and maintenance of a UASB reac-
tor cost approximately 30% of that for an activated
sludge reactor [5].

The UASB process does not require any packing
media or support materials; however, it achieves high
SS and chemical oxygen demand (COD) removal
efficiency by means of highly settleable and active
granular sludge layer. Unlike most other treatment
units, UASB reactor is vertical flow, rather than the
conventional horizontal flow (see Fig. 1). This type of
operation improves the contact between anaerobic
accumulated sludge and influent wastewater which,
in turn, improves the removal of suspended solids
due to entrapment of solid and of dissolved anaerobi-
cally biodegradable organic particles by the sludge
blanket [7-9]. A three-phase (gas, solid and liquid)
separator near the top of the reactor provides effective
separation of biogas produced in the reactor, and also
returns dispersed sludge to the sludge layer. The
upward movement of gaseous products of anaerobic
digestion generates enough turbulence to maintain the
reactor content in a fluidized state. Though no exter-
nal mixing is applied, the turbulence generated by the
upward movement of gases makes the UASB reactor
approach a completely mixed flow reactor [10]. How-
ever, this does not necessarily apply to UASB reactors
treating low-strength wastewaters. Hence, internal
mixing may not be optimal in reactors treating sewage
when operated at low temperatures (<20°C), partly
due to high liquid viscosity at such temperatures [11]
and poor biogas production. Singh et al. [12] observed
that UASB reactors treating municipal wastewater at
temperatures between 20 and 30°C can be assumed to
be completely mixed reactors with additional slow
mixing; while those operating at much lower tempera-
tures tend to posses plug flow hydraulics. Operational
problems relating to poor mixing can also occur at the

“biogas
gas-liquid-solid
separator
effluent
ks sludge discharge

i
L/
pump

Fig. 1. Schematic of a UASB reactor.
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early stages of operation of UASB reactors due to
inadequate gas production.

Several reviews of anaerobic wastewater treatment
exist in literature, the most recent of which are those
of Chong et al. [13], Heffernan et al. [14] and Khan
et al. [15]. The work of Chong et al. [13] was essen-
tially an extensive comparison of various configura-
tions, as well as the effects of certain additives on the
performance of the UASB reactor. Khan et al. [15] did
an extensive review and economic evaluation of a
broad range of posttreatment options for effluents
from UASB treating sewage. Heffernan et al. [14]
studied 10 full-scale UASB reactors (seven in Brazil,
two in India and one in the Middle East) treating sew-
age. However, this paper attempts to present a com-
prehensive review of several operational issues
relating to UASB reactor process such as bacterial
activities, granulation, treatment efficiency, inhibition/
toxicity and biogas production, as well as variants of
the UASB reactor available in the literature. Unlike
those mentioned above, this review is not limited to
sewage or domestic water treatment.

2. Bacterial activity in the USAB reactor

The efficiency of a UASB reactor is largely depen-
dent on the health and activities of the microbial pop-
ulation in the reactor. The anaerobic stabilization of
organic matter in a UASB reactor to form methane is
a delicate and complex process involving hydrolytic,
acidogenic, acetogenic, and methanogenic bacteria
[16]. Hydrolysis is a rate-limiting stage which can be
improved by mechanical, chemical and thermal pre-
treatments, and ozonation [17]. Hydrolysis is a tem-
perature-dependent process which is favoured at
thermophilic temperatures; while acidification is pH
dependent, being favoured at an optimum pH of 6.0
and mesophilic temperatures between 34 and 36°C
[18,19]. The conditions such as short HRT and low pH
that are favourable to the growth of acidogens are
inhibitory to methanogens [19]. This observation does
not hold for temperature, as it has also been found
that activities of acidogenic and methanogenic bacteria
under thermophilic (55°C) conditions are about 1.8
and 1.6 times, respectively, as fast as under meso-
philic (36°C) conditions [20]. It was further observed
that thermophilic digestion has the advantages of
lower retention time, higher disinfection rate of
pathogens and lower viscosity. However, the cost of
maintaining UASB reactors at thermophilic tempera-
tures should be critically weighed against the
additional reactor efficiency. Most UASB reactors
reviewed in the literature were operated at mesophilic
temperatures, as can be observed from Table 2.
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Methanogens are the only organisms that can
metabolize acetate and hydrogen to gaseous end prod-
ucts [21]. They require a limited pH range of 6-8. The
two classes of methanogens are those that metabolize
methane from acetate, known as acetoclastic methano-
gens; and those that produce methane from hydrogen
and carbon IV oxide, known as hydrogenotrophic
methanogens [22]. Contrary to the observation of [16],
it has been noted that organisms assumed to be aceto-
clastic are more abundant than organisms assumed to
be hydrogenotrophic in most anaerobic systems [23].
These acetoclastic methanogens are in the order of
Methanosarcinales (Methanosaetaceae and Methanosarcina-
ceae) while hydrogenotrophic methanogens are in the
orders of Methanobacteriales, Methanomicrobiales and
Methanococcales [11]. Table 1 shows the different spe-
cies of methanogens found in UASB reactors by vari-
ous researchers. Methanosaeta spp, utilize only acetate
as substrate, have an optimum activity at a tempera-
ture of 37°C and a pH of 7.8 and will show no activity
at a pH below 6.8. On the other hand, Methanosarcina
Spp form methane by utilizing different substrates in
addition to acetate, and can tolerate a much wider
range pH range of 5-8 and temperatures between 40
and 45°C [24]. Methanosaeta Spp have an affinity to
acetate which is 5-10 times higher than that of Met-
hanosarcina Spp [25] and will, therefore, have higher
growth rate at low acetate concentration. However, at
high acetate concentration, Methanosarcina Spp will
out-compete Methanosaeta Spp because of their higher
pH tolerance in the acid range [16]. Hydrogenotrophic
methanogens have been found to be more resistant to
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environmental changes, thriving at thermophilic con-
ditions and high organic loading rate (OLR) or low
HRT, and are more tolerant to acidic conditions than
acetoclastic methanogens [26,27]. Acetoclastic metha-
nogens are more sensitive to the presence of NHj. It
has been found that the specific growth rates of aceto-
clastic and hydrogenotrophic methanogens were
halved at NHj; concentrations of 4g/L and 7.5mg/L,
respectively [28]. Hydrogenotrophic methanogens
may have difficulty to compete with faster growing
acetogens that also utilize hydrogen as substrate [29].
At low temperatures, homoacetogens out-compete
hydrogenotrophic methanogens for hydrogen, forming
acetate first, followed by methane production, as
opposed to direct conversion from H,/CO, to
methane at high temperatures [13]. However, hydro-
genotrophic methanogens have also been found to
out-compete homoacetogens at low hydrogen concen-
trations [30]. Homoacetogens are strictly anerobic
bacteria that catalyze the formation of acetate using
H, and CO, as the sole source of energy. The
environmental conditions favouring the predominance
of certain species of methanogens over the others are
varied, such that conditions favouring given species
may be detrimental to some other species. Ordinarily,
a competitive relationship exists between the different
species of methanogens, hence any environmental
imbalance will result in a competitive advantage of
some species over some others. However, a balanced
coexistence between acetoclastic and hydrogenotroph-
ic methanogens is necessary for a successful operation
of UASB reactors.

Table 1

Prevailing methanogens in UASB reactors

Type of wastewater Prevailing methanogens Ref.
Synthetic wastewater seeded with sludge from a UASB  Methanosarcina sp., *Methanothrix sp. [31]

reactor
Landfill leachate Methanosaeta sp. [32]
Toluene Methanosaeta sp. (dominant) Methanosarcina [33]
Distillery wastewater Methanosaeta sp. (dominant) Methanobacteriales sp. [25]
(subdued)
- Methanobacteriales sp. (dominant) Methanomicrobiales sp. [34]

Methanococcales sp.

Synthetic wastewater with AICl; Methanosarcina sp. [35]

Synthetic wastewater seeded with sludge from anaerobic Methanosarcina [36]
sewage digester

Starch, sucrose and fatty acid wastewaters *Methanothrix spp. (mostly) [16]

Ethanol wastewaters *Methanothrix spp. Methanosarcina spp. [16]

Synthetic wastewater with acetate, propionate, starch, *Methanothrix Soehngenii (dominant) Methanosarcina sp. [16]

sucrose, ethanol

Note: “The Methanothrix spp is now known as the Methanosaeta spp. [19].
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Fig. 2. (a) Simplified anaerobic process [39] and (b) Detailed processes in an anaerobic ecosystem [40].

The process of anaerobic digestion to produce
methane is a multistage process in which various
groups of organisms are involved. The stages and
microbial groups involved in each stage have been
illustrated as shown in Fig. 2(a). A more detailed
anaerobic digestion pathway is shown in Fig. 2(b).
Fig. 2(b) shows that anaerobic digestion in a UASB
reactor is a very delicate and competitive process.
Since there are several pathways for acetate metabo-
lism, acetoclastic methanogens must keep pace with
numerous populations of acidogens in order to main-
tain a balanced ecosystem and a stable reactor.
Approximately, two-thirds of methane produced in an
anaerobic reactor comes from acetate [29,37,38].

For an optimum performance of the UASB reactor,
each stage of the process must progress uninhibited.
Most hybrid UASB reactors are designed such that
each stage of anaerobic digestion is optimized in a
separate reactor. Higher efficiency of the anaerobic
process can be achieved by separating the entire pro-
cess into two or more stages [18]. The advantages of a
multistage anaerobic digestion are: better stabilization
of waste, lower reactor volume, higher biogas produc-
tion, greater resistance to toxic shocks and higher dis-
infection ability [18]. One of the major concerns for
UASB reactor performance is the excessive accumula-
tion of volatile fatty acids (VFA) due to the inhibition
of methanogens. VFAs (acetic acid, propionic acid and
butyric acid) together with alcohols, hydrogen and
CO, make up the intermediate products of anaerobic
digestion. VFAs are partly responsible for unpleasant
odour in anaerobic reactors [41]. The accumulation of
VFA is a sign of incomplete digestion, possibly due to
inadequate HRT for methanogens to metabolize

soluble COD, low operating temperatures or organic
overloading. VFA accumulation reflects a kinetic
uncoupling between acid producers and consumers
and is typical of a stress situation, leading to pH
depression and subsequent inhibition of methanogene-
sis [42]. The most predominant VFAs in UASB
reactors are acetate, propionate and butyrate [43].
Fig. 3 shows the inhibitory effect of these intermediate
products on acetoclastic methanogens. The optimum
concentrations are 4,000, 6,000 and 1,000 mg/L for ace-
tate, butyrate and propionate, respectively. Below
these concentrations, acetoclastic methanogens (and
consequently specific methanogenic activity) increase,
but above these concentrations, these properties
decline. The accumulation of VFA in the form of pro-
pionate followed by acetate and then butyrate has the
most inhibitory effect on the UASB process.

—o—Acetate =l=butyrate propionate

Concentration of acetoclastic
0

10000 15000 20000 25000

Concentration (mg/1)

0 5000

Fig. 3. The inhibitory effects of acetate, butyrate and
propionate on methanogens (Illustrated with data from
[43D).
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Efficient conversion of VFA ensures that the pH of
the reactor does not drop drastically. The predomi-
nant methanogen in a successful UASB reactor is the
Methanosaeta spp because of the ability of these organ-
isms to thrive at low acetate concentration. However,
an accumulation of acetate will shift the predominant
methanogens from Methanosaeta spp to Methanosarcina
spp which are more tolerant to low pH [16]. The spe-
cific growth rate of Methanosaeta under thermophilic
conditions is about 2.5 times that in the mesophilic
range [44]. Specific methanogenic activity (SMA) in a
UASB reactor is reduced by the formation of exces-
sively large granules. Where granulation has been
accelerated by the addition of Ca**, accumulation of
calcium deposits in the core of granules can also
reduce methanogenic activity [35,45]. High concentra-
tions of calcium deposits in sludge granules reduce
sludge activity by making granules more of inorganic
entities than active organic biomass. It has been
observed that calcium concentrations as great as
6700mg/L accumulated in granules are formed by the
addition of CaCOs; [35]. Though granulation was
enhanced by the addition of CaCOj, there was
reduced SMA in the long run. Hence, the efficiency of
UASB reactors is dependent on the degree of comple-
tion of the different stages of anaerobic digestion by
the respective micro-organisms.

3. Granulation

Granulation is the physicochemical aggregation of
active biomass to form higher density and more settle-
able sludge. The performance of UASB reactors is
heavily dependent upon the rate and degree of granu-
lation. Sludge granules are dense, multispecies and
microbial communities and none of the individual
species in the granular ecosystem is capable of
degrading complex organic waste [46]. The merits of
granular sludge have been summarized by [47] as fol-
lows: reduced possibility of washout, accelerated
start-up of UASB reactors [48], high settleability rang-
ing from 2 to 90m/h [49], high growth rate of metha-
nogens accompanied by high SMA [50], reduced
operating cost and reactor volume [51], low sensitivity
to inhibitors [52] and increased tolerance to oxygen
[53]. Several granulation models have been proposed
by various researchers. However, these models do not
contradict one another but rather highlight different
granulation mechanisms which are favoured by differ-
ent conditions. The process of granulation can be sum-
marized as transport, adsorption, adhesion and
multiplication [54]. However, the very first step
towards granulation is acclimatization of inoculum,
followed by multiplication. A typical granule is
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characterized by predominantly Methanosaeta Spp,
extracellular polymers (ECP), inorganic deposits and
high rate of methanogenic activity as well as protein,
polysaccharide and nucleic acid [55,56]; with a chemi-
cal formula of C;H,0O46N or Cs4Hg30,4,N [57]. ECPs
are secreted by hydrogenotrophs and help initiate
granulation by imparting greater negative charges to
bacterial cell and sustain granulation by forming
irreversible ECP matrices [58,59]. A typical granule
contains 28-32% calcium, 18-21% phosphorus, 34%
magnesium, 2-3% sodium, 0.5-1% potassium and
0.4-0.6% trace elements (Fe, Ni and Co) [16]. It is
widely believed that stratification occurs in sludge
granules with filamentous Methanosaeta Spp forming
the core of the granule [60]. This postulation has been
further extended to imply that granulation is initiated
by the Methanosaeta Spp. However, it was observed
that the predominance of Methanosaeta Spp at the core
of granules is favoured by low concentration of VFA
while high concentration of VFA results in granular
cores consisting of a diverse bacterial population [59].
Hulshoff Pol et al. [51] noted that UASB granules con-
sisting predominantly of Methanosarcina Spp cause
operational problems and, therefore, recommended
that UASB reactors should be started up with low
acetate concentration which favours the growth of
Methanosaetal Spp.

The rate of granulation in UASB reactors deter-
mines the length of start-up period and also prevents
washout of sludge due to upflow current. Granulation
and physicochemical properties of granules are depen-
dent on temperature [61], inert nuclei [49], multivalent
ions such as Ca**, Mg2+ and AI’" [36,62,63], wastewa-
ter composition, nature of seed sludge, essential nutri-
ents, pH, alkalinity and reactor control parameters
[64], OLR [65] and HRT. For aerobic granules, the
optimum OLR for balance between biomass retention
and starvation condition for successful development
of aerobic granular is 4kgCOD/m>d while
8kgCOD/m’d has been shown to be too high,
leading to disintegration and subsequent washout of
granules [65,66]. However, for anaerobic granulation,
large granules have been found to develop at an
OLR of 15kgCOD/m’d [67]. Granular sludge is
characterized by good mechanical properties, good
settling properties, high activity and ability to
withstand high loading rates [68]. The settling proper-
ties of anaerobic granules depend on the presence of
ECP and cell surface hydrophobicity [65]. The effect of
storage temperature on granular sludge has been
demonstrated [43]. It was found that granular sludge
preserved at 4°C had more structural stability than
that stored at 24 and 35°C. The reduction in average
particle sizes was 26.7, 37.9 and 33.9% for granular
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sludge stored at 4, 24 and 35°C, respectively. This
inability of sludge granules to maintain their structure
and size has been attributed to the inhibition of
enzymes at low temperatures, and lack of substrate
under mesophilic conditions [43]. Granules preserved
at 4°C also exhibited higher rate of granulation than
those preserved at 35°C after initial decrease in med-
ian particle size, when used as inoculum in a new
UASB reactor. The usual sludge washout observed in
new UASB reactors inoculated with granular sludge
can be attributed to this structural instability of pre-
served sludge. On the other hand, sludge stored near
room temperature maintained high methanogenic
activity [61].

Complete granulation can be achieved after about
60days for UASB reactors inoculated with granulated
sludge, irrespective of storage temperature, while it
takes about 100days for granulation to be completed
in an uninoculated UASB reactor at an OLR of
6kgCOD/m’>d. Maximum granulation (6mm) has
been observed after six months at an OLR of
15kg COD/m’d [66]. ECP prefer to bond divalent cat-
ions due to the presence of more complexes [69]. Gran-
ulation has been reportedly enhanced by the addition
of CaCl, concentrations between 100 and 300mg/L
[36,70,71]. The addition of CaCl,-2H,O slightly
enhances the UASB process at an optimum concentra-
tion of 300mg/L, accompanied by maximum biogas
production [36]. The effect of CaCl,-2H,O on granula-
tion was only visible within the first 60 days. Granules
ranging from 0.2 to 0.6mm have been found to
develop within 30days in a UASB reactor inoculated
with 300mg/L of AICl; [36]. It took 65days for an
identical UASB reactor without AICl; to achieve the
same result (Fig. 4). Accelerated rate of granulation is

=4=Uncatalyzed =i=AdditionofCaCl2 == Additionof AIC

w
i

[
n

Ll
I

[
N

o
in

Aav erage particle size (mm)
-
n

13

3 -

C.C. Nnaji | Desalination and Water Treatment 52 (2014) 41224143

initially accompanied by a corresponding increase in
COD removal. The presence of AI** and Ca”* only
accelerate UASB reactor start-up but have a negative
effect by inhibiting methane production in the long
run due to the formation of very large granules, as
illustrated in Fig. 4. Fig. 4 shows that SMA begins to
decline as average granule size approaches 2 mm.
Contrary to the findings of [35,36], it has been
reported that CaCl, concentrations of 300mg/L do
not enhance granulation and might even have inhibi-
tory effects when the concentration approaches
500mg/L [72]. The addition of 150 and 300 mg/L of
AICl; resulted in the formation of 0.8 mm granules in
21 and 14 days, respectively, while the addition of 150
and 300mg/L of CaCl, resulted in the formation of
0.8mm granules in 21 and 28days, respectively [62].
There is no consensus on the exact concentration of
CaCl** that is optimum for granulation, but it has
been demonstrated that low concentrations (up to
300mg/L) of Ca®* enhance granulation while high
Ca®" concentrations (above 500mg/L) inhibit granula-
tion. The addition of large doses of CaCl, and AICl; is
expected to affect the pH of UASB reactors, thereby
retarding wastewater treatment. However, in the two
cases cited previously, calcium oxide and sodium
bicarbonate were used as buffers. Hence, no substan-
tial effect on pH was observed when CaCl, and AlCI;
were added. Accelerated granulation is usually
accompanied by enhanced sludge settleability. Cal-
cium promotes granulation by forming precipitates
that serve as inert nuclei for microbial adsorption. An
additional envisaged advantage of calcium in the
granulation process is in the preservation of granules.
Deterioration in the structural characteristics of
preserved uncatalyzed granular sludge has been
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Fig. 4. The effects of 300mg/L of CaCl,-2H,0 and 300mg/L of AICl; on granulation and SMA (Illustrated with data

from [35,36]).
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reported [20]. The accumulation of calcium carbonate
in granular sludge may help in preserving the struc-
tural integrity of granular sludges. Despite the gains
of catalyzed granulation, the formation of excessively
large granules can reduce COD removal efficiency
and biogas production as well as give rise to sludge
with poor settling characteristics, leading to sludge
washout. Generally, SMA decreases in the long run
where accelerated granulation is induced, due to the
excessive sizes of granules which results in a reduc-
tion in the specific area of active biomass. The reduc-
tion in SMA (see Fig. 3) in the long run may result
from the accumulation of inorganic substances in
granules, thus reducing the concentration of active
biomass. Lens et al. [73] demonstrated the abundance
of inorganic precipitates in granules, mostly FeS,
using back-scattering electron microscopy. They found
a high concentration of FeS in the core of granules as
well as randomly distributed small spots within the
aggregates. Large granules also tend to possess a
polymeric coat which traps evolved gases and thus
make the granules fluffy [16]. The larger the granules,
the more difficult it becomes for substrate to diffuse
into the core of the granule, hence reducing the rate
of bioconversion (see Fig. 5). Obviously, accelerated/
catalyzed granulation has no long-term positive effect
on the performance of UASB reactors. The belief that
larger granules favour the performance of UASB reac-
tors might have been based on studies of short dura-
tions. However, a contrary conclusion can be drawn
from the work of [16] who operated four UASB reac-
tors for 470days. Fig. 5 shows inverse relationship
between granule size on one hand, and methanogene-
sis and COD removal efficiency on the other hand.
Fig. 5 in conjunction with Fig. 4 shows again that
granule sizes above 2mm result in reduced methane
yield and COD removal efficiency. The reduced effi-
ciency of the UASB process becomes more drastic as
granule size approaches 6mm. As granule size
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Fig. 5. Effect of large granules on COD removal and
methane yield (Illustrated with data from [16]).
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increases from 2 to 6.5mm, COD removal efficiency
drops by 9.3% while methane yield drops by 15.8%.

Early formation of granules shortens the length of
time required for UASB reactors to start-up. While
catalyzed granulation might accelerate UASB reactors
start-up, formation of very large granules reduces the
long-term efficiency of the reactor; hence, studies
focusing on optimizing substrate diffusion have been
conducted by researchers. However, such studies are
not as abundant as studies focusing on the granula-
tion process in UASB reactor. Van Lier et al. [74]
observed that overall mass transfer can be increased
by crushing the granules, leading to a decrease in the
distance required for diffusion. Lens et al. [73]
observed that heat exposure strongly increases (20—
35% at 70°C) the self-diffusion coefficient of H,O
within methanogenic aggregates. However, Glutaral-
dehyde reduced self-diffusion of H,O by 20%,
whereas HgCl, did not alter the self-diffusion coeffi-
cient compared to untreated aggregates. They also
observed that self-diffusion coefficient of H,O was
higher in the aggregates present at the bottom of a
sludge bed, where substrate and nutrient-rich condi-
tions prevail, than in the aggregates present at the top
of a sludge bed, where lower substrate concentrations
prevail. It has been postulated that in addition to cata-
lyzing granulation, Fe** can as well enhance substrate
diffusion into granules by condensing the diffusive
double layers of granules, resulting in relatively
strong effect of van der Waal forces [45]. Factors
affecting the actual depth of substrate diffusion into
granules can be summarized as: (i) substrate concen-
tration in liquid phase, (ii) density and distribution of
active biomass, (iii) porosity of granules, (iv) size and
shape of granules, (v) temperature which determines
the maximum activity of biomass, and ash content
[45,73,74].

4. Treatment efficiency

The efficiency of a UASB reactor is measured in
terms of COD removal. Factors affecting the efficiency
of UASB reactors include but are not limited to
temperature, reactor design wastewater composition/
type, mixing, pH, OLR, toxicity, upflow velocity, size
and composition of granules and bacterial activity
[62,75,76]. The UASB process is favoured at
mesophilic/thermopilic temperatures and a TSS
concentration below 500mg/L [77]; a limited pH
range of 6.8-7.8 [78]; and a settling velocity above
50m/h [54]. The recommended range of parameters
for optimum performance of UASB reactor are: OLR
of 1520KgCOD/m>d, a liquid velocity of
12-15m/h, a reactor height less than 6m, a
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superficial gas release range between 1 and
3-5m’/m’h feed inlet distribution area of 7-10m?/
inlet, a wall settler inclined at 50° and an average flow
through aperture between gas collector below 2m/h
[49,79]. Table 2 shows that UASB reactors have been
successfully applied to the treatment of different kinds
of wastewater. However, stronger wastewaters require
lower OLR for efficient reactor performance. The two
most important parameters affecting the performance
of UASB reactors are sufficient upflow velocity and
even distribution of influent across the reactor cross
section [1,80]. The upflow velocity is a very important
design parameter because only particles whose set-
tling velocities exceed the upflow velocity will be
retained in the reactor. Increasing the velocity of the
influent into the UASB reactor can expand and dis-
rupt the sludge bed in addition to suspension and
subsequent washout of small solids and colloids [81].
Sludge washout occurs when upflow velocity exceeds
1m/h [78]. However, the superficial liquid velocity
can be made to reach 5-15m/h by increasing the
sludge loading rate and recycling the effluent using
expanded granular sludge bed reactor.

Sixty-five per cent COD removal in a UASB reactor
treating wood fibre wastewater at three days HRT and
an OLR of 15kg COD/m’d has been reported [68]. For
UASB treating acidified food waste, up to 93% COD
removal and 77-79% conversion of VFA have been
recorded [82] As much as 93.3 +1.5% sulphate removal
in a lab-scale UASB reactor at an optimum HRT
between 20.4 and 21h through the action of sulphate
utilizing bacteria has also been achieved in a UASB
[83]. Biological sulphate reduction was found to pro-
gress unhindered at low temperatures (20°C) and
ensured that the pH of the reactor was maintained
near neutral. UASB reactors have been found to be effi-
cient in the treatment of very strong industrial waste-
waters. It is worthy of note that most pilot and
laboratory-scale UASB reactors reported in literature
seem to have better efficiencies than full-scale UASB
reactors, because pilot and laboratory-scale UASB reac-
tors are operated at properly controlled conditions.
Heffernan et al. [14] summarized the reasons for opera-
tional problems in some UASB reactors as: (i) improper
design, (ii) poor operating procedures, (iii) insufficient
maintenance and (iv) high concentration of sulphate.

5. Hydraulic retention time

HRT is one of the most critical design parameters
in wastewater treatment facilities. HRT is the average
time an influent particle spends in the reactor before
it is discharged, with minimal short circuiting. Ade-
quate HRT ensures enough time for micro-organisms
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to degrade organic matter. The HRT of UASB reactors
can range from 2 to 200 h (see Table 2) depending on
the type of wastewater being treated and the scale of
the reactor. The start-up HRT of UASB reactors is nor-
mally longer than the steady-state HRT. This is to
allow the reactor to acclimatize and to prevent sludge
washout due to high upflow velocity. At the start of
operation, the UASB reactor is more of a physical sys-
tem for solids settling because of insufficient microbial
population for effective biodegradation. Even with the
introduction of sludge, poor performance is common
because of structural instability associated with pre-
served sludge. Hence, a long initial retention time acts
as a buffer for the start-up period. The usual starting
HRT is 2 to 3days for lab-scale UASB reactors [31,84].
As biological activities in the reactor progress, the
HRT is then reduced by increasing the OLR in a
stepped mode until steady state is reached. Various
researchers use different HRTs to suit their objectives.
However, a very long HRT will hamper reactor
performance by starving the microbial population of
substrate, while a very short HRT will reduce contact
time between active biomass and substrate and also
result in sludge wash-out. Reactor efficiency of 65%
COD removal, 75% BOD removal and 73% TSS
removal has been recorded at an HRT of 10h [4].
However, an HRT of 6 h has been recommended since
the additional 4h HRT yielded no substantial
improvement [4]. This recommendation was based on
the findings that at mesophilic conditions, UASB reac-
tor contents have a maximum adenosine triphosphate
(ATP) content at 5h HRT [36]. ATP is the complex
chemical compound responsible for energy storage
and release in living cells. Further support for high
performance efficiency at low HRT can be seen in the
work of [21] who found negligible difference in the
performance efficiency of a UASB reactor treating syn-
thetic wastewater inoculated with azo dyes at 8 and
24h HRT. Several researchers achieved very high
COD removal efficiency (70-90%) at HRT ranging
between 8 and 12 h [4,31,35,36,57,84-86]. About 70 and
90% COD removal has been recorded in a hybrid
UASB reactor at 8 and 10h, respectively [84]. Hence,
HRT determines the performance of UASB reactors.
However, it is necessary to start with a low OLR, in
order to minimize sludge wash-out, and then increase
the OLR (decreasing the HRT) stepwise until an opti-
mum state is reached. While pilot-scale UASB reactors
can attain very high treatment efficiency at low HRT,
full-scale UASB reactors may require longer HRTs
depending on the characteristics of wastewater and
operational conditions. The HRT can reach 8.3 or
11.8 days for a full-scale UASB reactor treating distill-
ery wastewater [25,87].



C.C. Nnaji | Desalination and Water Treatment 52 (2014) 41224143

The HRT of a UASB reactor should be selected
such that a balance is struck between availability of
substrate and substrate consumption by micro-organ-
isms. A long HRT does not necessarily translate into
better reactor performance, as this can lead to starva-
tion of the microbial population, thereby necessitating
predation and unhealthy competition for available
substrate. Moreover, as HRT increases, the time
required for the removal of additional units of COD
increases, and so does the cost of operation. It is,
therefore, necessary to reduce HRT gradually by
increasing OLR until the reactor attains stability at
start-up.

6. Effects of certain substances on the performance
of UASB reactors

Despite the successes recorded in the application
of UASB reactors to the treatment of a wide range of
wastewaters, UASB reactors are known to be prone to
instability due to toxicity and inhibition of acidogens
and methanogens. This instability is partly due to the
sensitivity of anaerobic organisms to external physico-
chemical factors. Effects of certain substances on the
performance of UASB reactors as observed by some
researchers have been highlighted on Table 3. Cyanide
is one of the most toxic and inhibitory compounds
encountered in wastewater. Toxicity of cyanide to
both aerobic and anaerobic organisms has been
reported [98,99]. The adverse effect of cyanide on the
UASB process is due to the sensitivity of acetoclastic
methanogens to cyanide [95,100]. It has been reported
that methanogenesis has been inhibited at cyanide
concentrations below 1mg/L. However, methanogens
can recover from a cyanide shock as they acclimatize
to the toxin. Ten per cent reduction in COD removal
efficiency of UASB reactors with about 70% reduction
(from 11 to 3.3L/d) in methane production upon the
introduction of 5mg/L of cyanide has been reported
[100]. After the initial shock, COD removal efficiency
and methane production fully recovered within four
weeks, and methanogens were able to tolerate cyanide
concentrations up to 125mg/L with more than 90%
cyanide removal at 12h HRT. It was also observed
that hydrogentrophic methanogens are less sensitive
to cyanide than acetoclastic methanogens. The
efficiency of UASB reactors has been found to reduce
from 92+3% at monoazo dye concentration of
60mg/L to 67+2% at a concentration of 300mg/L
[21]. Azo dye is a by-product of textile production
which is stable and difficult to biodegrade. This
change in efficiency can be attributed to the inability
of organisms in the UASB reactor to metabolize the
azo dye, rather than inhibition of their activities. The
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above inference was drawn because there was no
effect on the removal of acetate-based COD as well as
SMA and biogas production. However, about 30%
reduction in COD removal and a reduction in pH
from about 6.3 to 4.8 were recorded for an azo dye
concentration above 200mg/L [89]. The effects of
heavy metals (Cu, Cr, Ni, Cd, Zn and Pb) on the per-
formance of UASB reactors are well established. The
relative toxicities of the metals on methane production
of the bed and blanket zones, respectively, are as fol-
lows: Cu>>Cr>Cd>>Zn>Ni>Pb and Cu>>Cr>
Zn>Ni>Pb [97]. Copper is the most toxic while lead
is the least toxic, causing a 50% reduction in methane
production at 210 and 2640mg/L, respectively. Cop-
per concentrations up to 0.9mg/L and lead concentra-
tions up to 12.5mg/L can cause a 50% reduction in
the activities of acidogens and methanogens, respec-
tively [101,102]. The metallic toxicity-resistance of
UASB biogranules is related to zones of sludge, kinds
of heavy metal, types of individual VFA and HRT of
a UASB system [97]. Not all metals have an inhibitory
effect on the UASB process. It has been previously
shown that the presence of multivalent cations such
as Ca", AI’*" and Fe®" can enhance the performance
of UASB reactors. Ca®* and AI’* enhance granulation
while Fe®" leads to increased methane yield [62,103].

Other substances such as sulphide [88], toluene
[33] and trichloroethane [31,85]) cause reduced metha-
nogenic activity which manifests in poor biogas yield.
The presence of sulphide leads to competition
between methanogens and sulphide reducing bacteria
[106,107]. That any substance which inhibits or cata-
lyzes the activities of UASB organisms is likely to
have serious effects on the UASB process is obvious
from Table 3 and other cases highlighted above. These
effects include reduced or improved COD removal
efficiency, reduced or improved biogas yield, accumu-
lation of VFAs, reduced pH, accelerated rate of granu-
lation, poor sludge characteristics and shift in
dominant species of methanogens. When any of such
substances are present in wastewater, steps should be
taken to counter any of these possible effects. One of
the most successful avenues of containing the effects
of inhibitors is by the use of modified (high rate)
UAGSB reactors.

7. Modifications and variants of the UASB reactor

Progressive improvements in reactor configura-
tions and arrangements have given rise to very high
rate  UASB reactors with sludge recycle, biogas
recovery and filtration. These modifications were
imperative in the face of more stringent effluent
standards and heavily polluted industrial wastewater.
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Table 3

Observed effects of certain substances on UASB reactors

Chemical

AICI; (300 mg/L)

AICl; (150-300mg /L)

Azo dye

CaCl, (150 mg/L)

Calcium carbonate

Chitosan and Reetha extract

Commercial cationic polymer AA180H

Congo red dye
Cyanide (>125mg/L)
Fe’* <500 mg/L; Fe** 300-400 mg/L;

Fe* <150 mg/L

FeCl3

Effect

Improved rate of granulation
Improved SVI, MLVSS and SMA
Improved COD removal efficiency
No effect on CH, yield

Improved sludge settleability
Accelerated granulation and start-up
Reduced long term SMA

Improved CH, yield
Drastic reduction in pH
Reduced COD removal efficiency

Improved rate of granulation and larger granules
Reduced SVI

Increased MLVSS

No effect on CH, yield

Reduced SMA and biomass activity
Formation of larger granules
Cementation of sludge to bed
Reduced COD removal

Enhanced formation of large granules
Enhanced COD removal
Enhanced biogas production

Shortening of start-up period
Strengthening of granules

Improved settleability of granules at all OLR studied (2—40kg

COD/m*/d)

Increased organic removal efficiency

Increased CH, yield
Low COD removal

Reduced CH,4 production
Reduced COD removal efficiency (<10%)

Increase in CH, production

Enhanced granulation

Accumulation of Fe** in granules
Reduction in water content of granule
No substantial effect

Shift in dominant methanogens from Methanosarcina barkeri to

Methanosaeta soehngenii

Reference

[62]

[36]

[89]

[62]

[35]

[13]

[13]

[94]

[95]

[103]; [45];

[45]

[104]

(Continued)
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Table 3 (Continued)
Chemical Effect Reference
Heavy metals ® Reduced granules size from 2-3 to 1.5-2mm [97]
® Reduced pH from 6.6 +0.2-7+0.2 to 6 +0.5-6.5+0.5
® Inhibition of CH, and VFA production
Metals ® Reduction in total bacterial activity [105]
® Reduction in VFA production
® Blanket sludge more vulnerable than bed sludge
Organic-inorganic hybrid polymers ¢ Formation of granules within 5min [13]
® 90% COD removal efficiency even at 18 kg COD/m®/d OLR
Polyethylene (PE) cubes ® Increased size of granules [13]
® Low loss of sludge
® High and stable COD removal over an OLR range of 1.4-15.4kg
COD/m?/d
Polyvinyl alcohol (PVA)-gel beads * Higher biomass attachment [13]
® Dominance of Methanosarcina Spp in granules
Sulphide ® Inhibition of methanogens due to competition from SRB [88]
Toluene ® Loss in potential acetoclastic methanogenic activity [33]
TCE ® Inhibition of methanogenesis [85]
® Reduced SMA
® Reduction in effluent quality
WEMOS ® Improved granulation by enhancing the aggregation of coccoid-like [13]
bacteria and growth of filamentous cells
® Increased biogas production by 1.6-fold
1,1,2trichloroethane ® Reduced COD removal [31]

® Reduced biogas yield

One variant of the UASB reactor is the upflow anaero-
bic fixed film reactor or UAFF [67,108-111]. This is
simply a UASB reactor with fixed film media in the
upper part (Fig. 6(a)). It offers the dual benefit of
being both a suspended and an attached biomass reac-
tor. The benefits of hybrid UASB reactors include:
higher efficiency; reduced HRT which translates to
smaller reactor volume; improved stability and shock
resistance; improved methane production; and
reduction of complex compounds. This hybrid UASB
reactor has been successfully applied to a wide range
of industrial effluents including abattoirs, dairies, dis-
tilleries, soft beverages, petrochemical plants, pharma-

ceuticals, textiles, pulp and paper, vegetable and fruit
processors, tanneries as well as fish and other food
processing units [67]. More than 80% total COD
removal efficiency has been observed in a UAFF reac-
tor treating poultry wastewater at an OLR of
2.27kg COD/m>d and an HRT of 10h [84]. The anaer-
obic filter helps to prevent sludge washout even at
early stages of operation. A modification of the UASB
reactor closely resembling the UAFF reactor is the
UASB-anaerobic filter reactor (UASB-AF) which
consists of a serial arrangement of a UASB reactor
followed by an anaerobic filter (Fig. 6(b)). A UASB-AF
reactor has been successfully used for the treatment of
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Fig. 6. (a) UAFF reactor [67], (b) UASB-AF reactor [91], (c)
UASB-ZVI [89] and (f) UASB-CSTR [94].

concentrated domestic wastewater having COD con-
centrations greater than 1500mg/L at an OLR of
6.3kgCOD/m>d and an HRT of 4h [91]. The total
COD removal efficiency was 65%, together with a 17%
reactor volume reduction compared to a single UASB
reactor. In the treatment of wastewaters, where VFA
could be a limiting substrate, it has been demon-
strated that methane yield can be improved by first
acidifying the waste in an acidification reactor to
enhance VFA production [82]. A hybrid UASB reactor
involving an acidification reactor interconnected with
a UASB reactor with recirculation (Fig. 6(c)) has been
used to treat food waste with over 90% COD removal
efficiency and 77-99% VFA conversion [82]. The
acidification phase ensures maximum production of
VFA for the methanogenic population in the UASB
reactor. The VFA-rich waste is then degraded by acet-
oclastic methanogens in the UASB reactor. The
observed methane yield was 0.31L/g.VSS (68% CHy,).
A combination of the leachbed and UASB reactor (LB-
UASB) can also be used to enhance treatment effi-
ciency. A LB-UASB reactor (Fig. 6(d)) has been used
to treat leachate from dead birds with the leachbed
serving as the hydrolysis/acidification stage whereas
the UASB reactor served as the methanogenic phase
[96]. A UASB reactor packed with zero valent iron

acidification-UASB reactor [82], (d) LB-UASB reactor [96], (e)

(ZVI) has been applied to the treatment of azo dye
wastewater with more than 90% removal of colour
and about 50% COD removal with increased popula-
tion of methanogens compared to 20% COD removal
and 60% colour removal for an identical UASB reactor
without ZVI [89]. The ZVI-UASB hybrid reactor
(Fig. 6(e)) maintained a stable pH at higher concentra-
tions of azo dye while the pH of the UASB reactor
without ZVI deteriorated drastically giving rise to
acidic condition which could hamper the activities of
methanogens. The ZVI bed consists of a stainless steel
mesh packed with waste scrap iron. ZVI provides a
buffer against pH fluctuation at higher concentrations
of azo dye, hence giving rise to a stable performance
[89]. ZVI can also synergize with anaerobic sludge to
degrade nitrobenzene with the resultant Fe**/Fe’" cat-
alyzing the growth of anaerobic micro-organisms. The
mode of catalyzation of organic matter degradation by
ZVl is as follows [103]:

¢ lowering of the oxidation-reduction potential

thereby facilitating anaerobic metabolism;
e production of micro-nutrients (Fe**/Fe”") for anaer-

obic micro-organism;
e formation of stable granules by the attachment of elec-
tronegative anaerobic bacteria to iron particles; and
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e facilitation of electron transfer, mass transfer and
transformation of organic matter.

At acidic conditions, Fe**/Fe®" concentrations of
less than 150mg/L inhibited degradation while con-
centrations of between 100 and 200mg/L promoted
degradation. The situation was reversed for alkaline
conditions. As much as 88% COD removal and 100%
colour removal from Congo red dye has been
achieved using a UASB reactor in series with a contin-
uously stirred tank reactor (UASB-CSTR) shown in
Fig. 6(f) [94]. A UASB reactor in series with a sequenc-
ing batch-activated sludge reactor (UASB-SBR) has
been found to be very effective in COD and BOD
removal (79%) and nitrification, in the treatment of
domestic wastewater (Fig. 6(g)) [93]. The upflow

sludge blanket filtration (USBF) unit is an aerobic/
anaerobic treatment unit which involves an anoxic
zone for mixing influent wastewater, an aeration unit
and an upflow sludge blanket unit for clarification
[112]. The USBF (Fig. 6(h)) has been successfully
applied to over 80% removal of nitrogen at an HRT of
6h [113]. However, the same success has not been
recorded with phosphorus removal. Better phospho-
rus removal and an amazing 99% nitrogen removal at
an optimum COD/N/P of 100:50:1 was achieved by
an anaerobic/USBF reactor in which the USBF is pre-
ceded by an upflow anaerobic reactor [112,114]. A
modified version of the UASB reactor which has been
found very efficient in onsite treatment of domestic
wastewater is the anaerobic baffled reactor (ABR).
ABR has been described as a number of UASB units
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in series [115]; but the performance of the ABR in
comparison with the UASB reactor is low, particularly
at high OLR [47]. However, the performance of the
ABR (Fig. 6(i) and (j)) can be substantially improved
by stepped or split-feeding [59]. Split-feeding involves
splitting the influent such that a fraction enters the
reactor from the first compartment while the remain-
ing fraction is fed to the other compartments from the
bottom with subsequent compartments receiving a
smaller fraction. Though the performance of the ABR
is below that of UASB reactors, it is a substantial
improvement over septic tanks. As much as 84% COD
removal, 81% BOD removal and 89% TSS removal at
an HRT of 20h has been achieved in a two compart-
ment upflow septic tank in series with an ABR (USBR)
treating domestic wastewater [116]. The possibility of
treating dilute domestic wastewater in colder climate
using a modified UASB reactor (UASB-completely
mixed digester: UASB-CMD) has been explored by
Alvarez et al. [117] and Mahmoud et al. [118]. The
performance of the single-stage UASB reactor in cold
climates has been far from satisfactory due to the
accumulation of undigested solids and subsequent
deterioration of methanogenesis. At low temperatures,
hydrolysis becomes the limiting phase, resulting in
rapid sludge accumulation and poor performance.
Rapid solids accumulation inhibits the formation of
granules, thereby giving rise to an unstable and ineffi-
cient reactor. The UASB-CMD (see Fig. 6(k)) arrange-
ment consists of a UASB reactor followed by a
digester maintained at about 35°C by means of a hea-
ter. Sludge is pumped from the upper sludge layer of
the UASB reactor to the digester, while stabilized
sludge is pumped from the bottom of the digester to
the bottom of the UASB in order to enhance methano-
genesis. After start-up, the UASB-CMD reactor
attained a steady-state performance of 79% TSS
removal as well as 52 and 60% removal of total COD
and BODs, respectively [117]. The digester serves to
enhance the stabilization of accumulated solids,
thereby improving methanogenesis. Closely resem-
bling the UASB-CMD reactor is the UASB reactor in
series with a hydrolytic upflow sludge blanket
(HUSB-UASB) reactor employed by Alvarez et al.
[119] in the treatment of domestic wastewater at low
temperatures (14-21°C). The HUSB-UASB hybrid reac-
tor (see Fig. 6(1)) achieved removal efficiencies of 89,
65 and 77% for total suspended solids, total COD and
BOD, respectively. Ligero et al. [120] summarized the
advantages of hydrolytic pretreatment of wastewater
as follows:

¢ [t removes an elevated percentage of suspended sol-
ids compared to a primary settler of a similar HRT.
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¢ It stabilizes the sludge, totally or partially.

* It increases the biodegradability of the remaining
COD.

e Favours the subsequent biological elimination of
nutrients (N, P).

High-rate UASB reactors are usually obtained by
using substances or reactor configurations that opti-
mize the different stages of anaerobic digestion and
influence key operational parameters such as pH,
sludge characteristics, granulation, VFA production
and biogas production. For instance, prefitting UASB
reactors with anaerobic filters minimize sludge wash-
out during the initial stages of operation. Pretreatment
of influent wastewater in an acidification reactor pro-
duces sufficient VFAs for conversion by methanogens;
while ZVI and other multivalent cations catalyze gran-
ulation, and also serve as pH buffers. Regardless of
the modification applied to the UASB reactor in an
attempt to achieve better performance, the most
common and the most important attribute of UASB
reactors is the forced contact between active biomass
and wastewater necessitated by an upward flow of
influent.

8. Energy recovery through biogas production

One of the main attractions of the UASB process is
the possibility of energy recovery in the form of bio-
gas. The production of biogas signals the completion
of anaerobic digestion in UASB reactors. This final
step of anaerobic digestion is performed by acetoclas-
tic and hydrogenotrophic methanogens. Approxi-
mately, 70% of methane in biogas produced during
anaerobic digestion is derived from acetate by the
acetoclastic methanogens from the Methanosarcina and
Methanosaeta genera [42]. For every kilogram of COD
digested at 35°C, 0.39m> of methane is produced,
which amounts to 13.5M] of methane energy [121].
Greater quantity of biogas is usually obtained at ther-
mophilic temperature (45°C) than at mesophilic tem-
perature (30°C) [62]. This shows that biogas
production is a temperature-dependent process. The
composition and quantity of biogas produced also
depends on other operational conditions such as OLR,
pH, influent wastewater, inhibition and degree of
granulation. A biogas production rate of 0.15m>/kg
of COD removed has been recorded at an OLR of
1kgCOD/m>d and 0.4m°/kg of COD removed at an
OLR of 2.1 kgCOD/m3 d, in a UASB reactor treating
paper mill wastewater [122]. The biogas produced
comprised of 69% CH,, 27% CO, and 1-1.5% H,S. A
detailed summary of biogas composition and produc-
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tion rate at different operational conditions has been
provided in Table 2. In addition to OLR, biogas pro-
duction is influenced by the characteristics of influent
wastewater and the presence of inhibitors. The pres-
ence of heavy metals (Cu, Cr, Ni, Cd, Zn and Pb) has
been found to inhibit methanogenesis, with copper
being the most toxic to methanogens [97]. A cyanide
concentration of 5mg/L can cause a sharp inhibition
of methanogenesis [95]. At a concentration of
125mg/L, methane production is further reduced to a
meagre 5.7%. Other substances such as trichloroethane
[31,85] and sulphide [88] also cause severe inhibition
of methanogenesis. The presences of sulphides favour
the growth of sulphide reducing bacteria which inhi-
bit the activities of methanogens.

Energy recovered from UASB reactors can com-
pensate for the operational and maintenance costs of
the reactors. Besides serving as a source of energy,
biogas production in UASB reactors helps in
enhancing reactor performance. Biogas production is
one of the key parameters indicating the health of
UASB reactors [122]. During the initial stages of oper-
ating a UASB reactor, a low OLR is maintained in
order to allow for the establishment of a dense sludge
layer and the acclimatization of inoculum. However,
OLR is raised intermittently (stepped) in order to
maintain an adequate F/M ratio, until start-up is
attained. As the OLR is raised, the biogas production
rate increases correspondingly. The upward flow of
biogas produced generates turbulence which helps in
mixing the reactor content [66]. In fact, gas production
will contribute more to reactor content mixing than
upflow velocity of influent wastewater [66]. However,
excessive biogas production can result in the suspen-
sion and subsequent washout of biomass, thereby
reducing the efficiency of the reactor.

The quantity and composition of biogas produced
in a UASB reactor depends on operational conditions.
Biogas produced during anaerobic digestion in UASB
reactors could provide a substantial renewable energy
potential. Replacement of fossil fuel with biogas will
reduce the rate of global climatic changes and the rate
of depletion of natural resources.

9. Conclusion

UASB reactors have been successfully applied to a
wide spectrum of wastewaters on both domestic and
industrial scales. The high efficiency of UASB reactors
can help ensure that effluent qualities meet stipulated
standards for effluent discharge. The efficiency of
UASB reactors is largely dependent on the activities
of micro-organisms involved in anaerobic digestion of
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wastes. Early formation of granules shortens the
length of time required for the start-up of UASB reac-
tors. However, formation of very large granules
reduces the long-term efficiency of the reactor. Long
HRTs do not necessarily translate into better reactor
performance as this can lead to starvation of the
microbial population, thereby necessitating predation.
Moreover, as the HRT increases, the time required for
the removal of additional unit of COD increases, and
so does the cost of operation. The HRT of a UASB
reactor should be selected such that a balance is
struck between availability of substrate and substrate
consumption by micro-organisms. High-rate UASB
reactors are usually obtained by using substances or
reactor configurations that influence key operational
parameters such as pH, sludge characteristics,
granulation, VFA production and biogas production.
The quantity and composition of biogas produced in a
UASB reactor depends on operational conditions.
Biogas produced during anaerobic digestion in UASB
reactors habours an enormous renewable energy
potential.

Nomenclature

ABR — anaerobic baffled reactor

AF —  anaerobic filter

ATP — adenosine triphosphate

COD —  chemical oxygen demand

CSTR —  continuosly stirred tank reactor

LB —  leachbed

ECP —  extracellular polymer

F/Mratio —  food to micro-organism ratio

HRT —  hydraulic retention time

HUSB —  hydrolytic upflow sludge blanket
MLVSS —  mixed liquor volatile suspended solids
OLR —  organic loading rate

SBR —  sequencing batch reactor

SMA —  specific methanogenic activity

SRB —  sulphate reducing bacteria

SVI —  sludge volume index

TCE —  trichloroethane

UAFF —  upflow anaerobic fixed film

UASB —  upflow anaerobic sludge blanket
UASBR —  upflow anaerobic sludge blanket reactor
USBF —  upflow sludge blanket filtration

TSS —  total suspended solids

VFA —  volatile fatty acid

VS —  volatile solids

VSS —  volatile suspended solids

WEMOS —  water extract of Moringa Oleifera seed
WW —  wastewater

ZV1 —  zero valent iron
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