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ABSTRACT

The aim of this paper is to synthesize and analyze information on how the process of granulation is
affected by environmental and operational conditions in the reactor. Various factors affecting granulation
process as gleaned from the literature are organic loading rate (OLR), upflow velocity (V;), sludge volume
index (SVI), specific methenogenic activity (SMA), VSS/SS ratio, liquid in flow rate (Q), gas production
rate (Qg), settling velocity (SV), temperature, pH, nutrients and trace metals, quantity of seed sludge,
exocellular polymer, reactor configurations, its geometry and characteristics of wastewaters etc. The divalent
cations such as calcium and iron may enhance granulation by ionic bridging and linking exo-cellular polymers.
However, their presence in excess may lead to cementation due to precipitation leading to increased ash content
and mass transfer limitation. The addition of external additives such as ionic polymers may enhance
granulation in the upflow anaerobic sludge blanket reactors. Among the various factors and reported
experimental results, the factors OLR, V,,, SVI, SMA, and VSS/SS ratio are identified as important factors for
which experimental results are available in the literature. Comparision of results on granule size variations
are presented and analyzed in this work. From the results, it is concluded that these factors are playing
major roles in enhancing the granule size development, if regulated, monitored and maintained properly

during initial phases of operation of UASB reactor.
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I. INTRODUCTION

The upflow anaerobic sludge blanket (UASB) reactor is now accepted as being a popular method for
treatment of wastewater, including high strength industrial wastewater as well as low strength wastewater.
The UASB process is attractive because of its compactness, low operational cost, low sludge production and
production of useful methane gas. More than 1000 UASB units are currently being operated all over the
world. The application of UASB reactors for the treatment of high strength industrial wastewater containing
easily hydrolyzed substrates such as sugar industry wastes, distillery wastes and brewery wastes had been
successful [1,2]. Sludge present in the reactor is composed of microorganisms that naturally form granules of
0.5-5 mm diameter that exhibit high settling velocity and thus resist wash out from the reactor even at higher
loadings [3]. Hence, no support media is required for bacterial attachment to enhance sludge retention.
Formation of good granular sludge is the prominent characteristics of UASB reactor to obtain higher COD
removal efficiency [4]. Anaerobic microbial granulation is considered to be a key parameter for the

successful operation of a UASB reactor. It is a biological process under favorable conditions due to the
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tendency of bacteria to self-immobilize. The granulation is often initiated by adsorption of bacteria to inert
material, or with each other due to syntrophic relationship between methanogenic and acetogenic species in
mixed consortia [5]. UASB process for the treatment of domestic wastewater (low strength) also suffers from
a number of shortcomings, such as long start-up time, poor gas production, susceptibility to shock loadings,
inability to form self-immobilized bacterial granules and necessity for post-treatment of the effluent.

Granules may range from 0.1 to 5 mm in size and are differentiated from flocculated sludge by higher shear
strength [5]. It is believed to be the most critical parameter affecting successful operation of a UASB reactor
because granulated sludge has better settling property allowing higher hydraulic and organic loading,
granules can withstand high gas and liquid shear stress without disintegrating and granules provide increased
resistance to process shocks and toxins compared to dispersed microorganisms [2,5].

The granulation process is commonly believed to be sensitive to the sudden change of environmental and
operational conditions. Factors governing granulation have been extensively studied on a variety of
wastewaters. Some of these factors are operating conditions [6,7], pH and alkalinity [8], temperature [9],
strength and composition of wastewater [10], reactor hydrodynamics [9,11], presence of metal ions and trace
metals [12-14], presence of polymers [15-16], microbial ecology [17] and production of exocellular
polymeric substances by anaerobic bacteria [18-19]. A number of reviews are available on functioning of
UASB reactor, its applicability to sewage treatment, treatment of some of the toxic wastes, nutrient
requirements for UASB reactor [8] and mechanisms of granulation [5,20,21].

This paper presents an analysis of various factors such as OLR, V,, SVI, SMA, and VSS/SS ratio affecting

granulation and granule size development in UASB reactor using the data available in literature.
Il. DATA COLLECTION AND METHODOLOGY

In the analysis of granule size development in UASB reactor, the experimental results of [22, 23] have been
used. These experimental data were read either from the figures or taken directly from the tables provided in
[22,23]. In [22], influent substrate concentration (Sy) was maintained at 4000mg COD/L in all the four
reactors R1 to R4 and OLR was varied in the range of 0.8-19.2 g COD/L.d. Reactor R4 provided the shortest
period of granulation compared to other reactors. In [23], influent substrate concentration was varied in range
of 550 mg/L to 650 mg/L throughout the study in all four reactor R1 to R4. OLR was varied in the range of
0.5-5.89 g COD/L.d. Reactor R2 provided the shortest period compared to other reactors. Subsequent
granules characterization indicated that the granule developed in R4 reactors in [22] and R2 reactor in [23]

exhibited the best settleability, short start-up period and good methanogenic activity at all OLRs.
I1l. INFLUENCE OF FACTORS AFFECTING GRANULE SIZE DEVELOPMENT

3.1 Organic Loading Rate (OLR)

The organic loading rate (OLR) in the reactor can be varied either by varying influent COD concentration or
by varying in flow rate. Using the experimental results of [22, 23] the variation of granule size as a function
of OLR is shown in figure 1. From fig. 1, it is evident that as OLR increases, size of granules also increases
upto an OLR of 12.8 g COD/L.d, but at an OLR of 13 g COD/L.d, granule size is decreased due to possible
wash-out and shearing of granules in [22]. In [23], no wash-out and shearing of granules are observed with
increasing OLR upto 5.49 g COD/L.d.
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Fig.l Variation of Organic Loading Rate with Granule Size

The successful operation of UASB reactor depends on the formation of granules with good settleability and
high degradation activities. It was observed that the large granules may also exhibit loose structure and lots of
white and black fluffy flocs may get attached on the surface. At higher OLR granule diameter may be
reduced due to possible shearing of loose flocs and washout of loosely attached microorganisms [22, 23].

3.2 Upflow velocity (V)

Granule formation and characteristics are strongly influenced by the liquid upflow velocity and at high
upflow velocities (>1m/h), the granules may disintegrate due to shearing and resulting fragments may wash
out of the reactor [11]. Vigorous gas evolution at high organic loading and upflow veloity may result in
vigorous shearing of bacterial cells from granule surface leading to granule erosion [24]. In [22-23] upflow
velocity are calculated from given data. The variation of granule size as a function of upflow velocity is
shown in figure 2. From this figure, it is evident that As the organic loading rate increases, granule size as

well as upflow velocity of the reactor continuously increases [22, 23].

B'Wanget al. 2005 #Wanget al. 2004

3 -
T2 ®
T 2] mm
3 15 1 | -
= 1 $.
Eos W ¢ ¢

a T T T 1

a 0.2 04 0.6 0.8
Upflow velocity (m/h)

Fig.2 Variation of upflow velocity (Vyp) with granule size
From fig. 2 in [22] upflow velocity are not more higher than 0.2 m/h, large size of granules [2.5-2.6 mm] are

observed and at higher V,, reach upto 0.14 m/h shearing of granules occurs then diameter of granules

decreases. Due to higher upflow velocity, shearing of granules and wash-out of microorganism occurs in the
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reactor size of granules decreases from their peak values. In [23] upflow velocity lies upto 0.6 m/h, higher
upflow velocity but due to low organic loading rate small size of granules are observed as shown in fig. 2.

3.3 Sludge Volume Index (SVI)

Reduction of SVI, which is an important physical parameter, was generally considered as an indicator of
improvement in granule settleability. SVI of granules in reactors, which has inverse ratio with settling
velocity. Variation of SVI values with granule size is oscillating in nature, at maximum granule size 2.62mm

SVI value is 0.016 L/g [22]. As SVI values decreases, size of granule increases continuously [23].
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Fig.3 Variation of sludge volume index {(SVI) with granule size

Enhanced granule settleability as indicated by settling velocity and SVI results could be due to improved
bacterial adhesion. In reactor SVI fell more sharply as COD loading increased initially but rose again at the
higher levels of COD loading. Enhanced granule settleability in reactor as indicated by the SVI values could
be due to improved bacterial adhesion [22]. The sludge first became loose, the SVI of the sludge in reactor
increased, then, because of improved bacterial adhesion, the SVI of sludge in reactor decreased [23]. In [22,
23] SVI values are decreased then better settleability of granules occurs, granule size increases.

3.4 Specific Methenogenic Activity (SMA)

Metabolic activities of granules can be expressed in term of specific methonogenic activity (SMA). In [22]
maximum SMA value are 2.37 g CH,-COD /g VSS.d and observed diameter of granule is 1.89 mm. After
OLR 16 g COD/L.d SMA values are decrease with increasing granule size. SMA values are continuously
increasing with increasing granule size and reach upto 1.21g CH,-COD /g VSS.d at 1.18mm granule size

because there is no shearing occurs [23].
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Fig.4 Variation of specific methanogenic activity (SMA) with granule size

SMA is important characteristics of granular sludge, as organic loading rate was increases activity of granules
in reactor decreases. At very higher organic loading rate diameter of granule decreases as well as SMA values
due to shearing of granules [22]. When OLR exceeded 16 g CH,-COD /g VSS.d in reactor, the SMA
decreased, indicating that methanogenic activity may have been inhibited by accumulation of fatty acids,
although this is tentative suggestion since there was no direct determination of VFAs [23].

3.5 VSS/SS Ratio

The SS and VSS of the reactor contents increased with increasing granule size, indicating a corresponding
increase in the biological solids inventory. VSS/SS ratio oscillating in nature with granule size in [22],
V/SS/SS ratio range varies in the order of 0.59 to 0.78. VSS/SS ratio continuously increasing with increasing

granule size in [23], at maximum granule size 1.18mm VSS/SS ratio observed 0.69.
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Fig.5 Variation of V55/558 ratio with granule size

From fig. 5 when granules achieved good settling characteristics, VSS/SS ratio become constant (0.86-0.89)
at different granule size [22]. The amount biomass wash-out had likely exceeded with increasing organic
loading rate [23]. The better retention of sludge in the reactors could be attributed to higher settleability and
strength of granules developed in the reactors. These data indicated the extent of biomass wash-out had been

reduced by increasing the organic loading capacities of the reactors. As the seed sludge was taken from
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digested anaerobic sludge, high suspended solids content resulted in low SVI values, when microorganisms
multiplied in the reactors, the VSS/SS of the sludge increases [24].

IV. CONCLUSION

In this paper described the five factors OLR, V,,, SVI, SMA, and VSS/SS ratio studied is on granule size
development in UASB reactor. It has been informed that OLR and upflow velocity are more critical parameters
controlling the granule size variations in UASB reactors. The fluctuation in VFA may arise due to fluctuation in
OLR, either in form of HRT or influent COD. The optimum range of OLR and HRT can only be decided after
considering the influent characteristics and other operating conditions. Layer formation in granules is due to
interaction of intragranular diffusion and degradation kinetics of the substrate. SVI is an important physical
parameter, was considered as an indicator of granule settleability. Low SVI values show good granule settling
property. . Good settling properties are obtained through the flocculation of the biomass in the form of dense
granules with diameters up to several millimetres. SMA parameter shows the metabolic property of granule,
activity of granules increases with increasing granule diameter. VSS/SS ratio was also increasing with granule
size, when no any shearing of granules occurs in the reactor. The evolution of size distribution is of vital

importance for the monitoring of UASB reactors.

Nomenclature

OLR organic loading rate (g.COD/L.d)

Vy  upflow velocity (m/h)

SVI  sludge volume index (L/g)

SMA specific methenogenic activity (g CH,-COD/g VSS.d)
VSS/SS volatile suspended solids/suspended solid % ratio

Q liquid inflow rate (I/d)

Qg  gas production rate (I/d)

SV settling velocity (m/h)

So influent COD concentration (g/L)
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