AIChE

Modeling and Simulation of the Formation and
Utilization of Microbial Products in Aerobic

Granular Sludge

Bing-Jie Ni and Han-Qing Yu
Dept. of Chemistry, University of Science & Technology of China, Hefei, 230026 China

DOI 10.1002/aic.11888
Published online September 15, 2009 in Wiley InterScience (www.interscience.wiley.com).

A mathematical model is established to simulate the formation of extracellular poly-
meric substances (EPS), soluble microbial products (SMP), and internal storage prod-
ucts (Xsro) in aerobic granular sludge. The sensitivity of these microbial products
concentrations toward the key model parameters is analyzed. Independent experiments
are conducted to find required parameter values and to test its predictive ability. The
model is evaluated by using one-cycle operating experimental results of a lab-scale
aerobic granule-based sequencing batch reactor (SBR) and batch experimental results.
Results show that the model is able to describe the microbial product dynamics in aer-
obic granules and provide further insights into a granule-based SBR. The effect of the
initial substrate and biomass concentrations on the formation of microbial products in
aerobic granular sludge can therefore be analyzed by model simulation. A higher sub-
strate concentration results in a greater concentration of EPS, SMP, and Xsro. An
accumulation of biomass in the bioreactor leads to an increased production rate of
EPS, SMP, and Xgro. © 2009 American Institute of Chemical Engineers AIChE J, 56: 546—
559, 2010
Keywords: aerobic granular sludge, extracellular polymeric substances (EPS), soluble
microbial products (SMP), storage polymers, modeling, sequencing batch reactor
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Introduction

Recently, aerobic granule has been extensively investi-
gated.l_4 When compared with the conventional sludge flocs,
the aerobic granules have a more compact structure, better
settleability, and greater biomass retention. Studies have
shown that the aerobic granule could be applied for high-
strength organic wastewater treatment, simultaneous removal
of organics matter, nitrogen, and phosphorus,3 and toxic
wastewater treatment.’ Sequencing batch reactor (SBR) has
been used for the granulation of activated sludge.*® Aerobic-
granule-based SBR has been proven to be applicable for the
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treatment of wastewaters from various industries, such as
malting,” dairy,® and soybean-processing,* as well as munici-
pal wastewater.® These results demonstrate that the aerobic
granule has a great potential in municipal and industrial
wastewater treatment.

Extracellular polymeric substances (EPS) are a major
component of the matrix material in granules.”'® EPS are
sticky solid materials secreted by cells, and they are
involved in adhesion phenomena, formation of the matrix
structure, controlling the microbial physiology, and the long-
term stability of the granules.'®!' In addition to EPS, all
bacteria convert a fraction of the organic substrate into solu-
ble microbial products (SMP), which account for the bulk of
the soluble organic carbon in reactor effluents.'>'* The
incorporation of SMP formation has paved the way for more
accurate modeling of biological wastewater treatment
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processes. On the other hand, the storage of the carbon sour-
ces as intracellular polymers, such as polyhydroxyalkanoates,
lipids, and polysaccharides, is likely to play a significant
role in the carbon turnover.'>™'” Aerobic granule SBR reac-
tors are typically operated under highly dynamic conditions,
attributed to the great substrate concentration gradients ver-
sus time.'> As a result, microorganisms in granules experi-
ence alternative feast and famine conditions, which promote
the occurrence of carbon storage. Microorganisms, which are
capable of quickly storing substrate and consume this stored
substrate in a more balanced way, have a strong competitive
advantage over the microorganisms without such a capacity.
As an essential intermediate, storage polymers play an im-
portant role in the overall substrate removal.

The EPS, SMP, and Xt are important sinks for electrons
and carbon derived from the original substrate. The microor-
ganisms in aerobic granules may promote the accumulation
of Xsro, EPS, or both. For example, some microorganisms
rapidly take up the external substrate and store it as Xsro
under feast conditions. The stored carbon is used for growth
and maintenance in the subsequent famine period.'” The car-
bon and electron sinking is important for the aerobic-gran-
ule-based reactors."”

Mathematical models are essential for optimizing design
and improving operation of the complex biological proc-
esses. ' Therefore, this article aims to elucidate the
production and utilization of EPS, SMP, and Xgro with a
mathematical model. Furthermore, the work describes the
mechanisms for the substrate removal of granules that have
diffusion resistance for soluble components.?’ The sensitivity
of these microbial products concentrations toward the key
model parameters is analyzed using independent experi-
ments. The model is evaluated by using one-cycle operation
experimental results of a lab-scale aerobic granule-based
SBR. Then, it is used to generate simulations about the
effects of substrate and biomass concentrations on the dy-
namics of EPS, SMP, and Xgro in aerobic-granule-based
reactors.

Materials and Methods
Reactor setup and operation

Aerobic granules were cultivated in a laboratory-scale
SBR, which had a working volume of 2 L with an internal
diameter of 7.0 cm and a height of 100 cm. This SBR was
operated sequentially as 3 min of influent filling, 227 min of
aeration, 5 min of settling, and 5 min of effluent withdrawal.
An air velocity of 0.4 m®> h™' was applied to the reactor,
equivalent to a superficial upflow velocity of 2.8 cm s '
Effluent was drawn from the middle port of the reactor col-
umn, and the resulting hydraulic retention time (HRT) was
8 h. The SBR was fed with a fatty-acids-rich wastewater at
a chemical oxygen demand (COD) of ~800 mg L' and
was operated at 20°C, resulting in a loading rate of 2.4 g
COD L' d™' to the reactor. This wastewater was the efflu-
ent of a laboratory-scale anaerobic acidogenic reactor fed
with sucrose-rich wastewater.”> Butyrate, acetate, and propi-
onate were its main constituents. In addition, 1.0 mL L~! of
a microelement solution was added to the feed, which con-
tained (in mg L™'): H3BOs;, 50; ZnCl,, 50; CuCl,, 30;
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MHSO4'H20, 50, (NH4)6M07024'4H20, 50, A1C13, 50,
CoCl,-6H,0, 50; and N;Cl,, 50. The influent pH value was
adjusted to 7.0 through the dose of NaHCO; or HCIL. The
acidogenic effluent was diluted using tap water to obtain the
influent to the SBR.

Parameter determination

The substrate half-saturation coefficient (Ks) and endoge-
nous-decay coefficient (by) were estimated as described by
Henze et al.?® The increase in maximum growth rate (ups)
with the increasing Ss concentration in independent batch
experiments was fitted to find the best-fit Kg value. To esti-
mate by, granules were removed from the SBR and put into
an aerated batch reactor without feed. The O, respiration
rate was measured at a given time interval over a period of
several days. A plot of the logarithm of the respiration rate
versus time gave a straight line with a slope by. The storage
process parameters (Yysto. ksto. and pygsto) were esti-
mated with the batch respirometry experiments. Before a
respirometry test, the sludge was washed twice with distilled
water to remove carry-over materials. Then, fatty-acids-rich
wastewater was added as a pulse and the dissolved oxygen
(DO) concentration was measured over time. The experi-
ments were repeated with three different food-to-microorgan-
ism ratios for the parameters estimation. The initial substrate
concentrations were set at 200, 300, and 400 mg COD L,
resulting in food-to-microorganism ratios of 0.2, 0.3, and
0.4 mg COD mg ' VSS, respectively. The calculated oxygen
uptake rate (OUR) and measured COD variation were used
for parameter estimation with the methods of Avcioglu
et al.** The EPS and SMP formation parameters (kgps, kyap,
and kpyq) were estimated from the batch experimental results
using aerobic granular sludge with the measurements of EPS
and SMP under known initial conditions.

Batch experiments for model evaluation

Independent sets of batch experiments under known initial
conditions were conducted to evaluate the model. The aero-
bic granules were sampled from the SBR when substrate
was depleted in the reactor. The sludge was kept under fam-
ine conditions and no internal storage products (Xsto) was
formed inside it. After washed twice with distilled water to
remove the external soluble organic material (SCOD), the
granules were transferred to beakers with a working volume
of 1 L. After that, the external substrate at predetermined
concentrations was dosed, and the OUR was monitored until
the substrate became depleted and the endogenous activity
was resumed. Much different initial conditions from cycle
operation were designed for model evaluation. Samples were
taken every 10-20 min for the analysis of SCOD, EPS,
SMP, and Xg1o (poly-beta-hydroxybutyrate, PHB).

Analytical procedures

The DO concentration in the SBR was determined with a
DO electrode (MO128, Mettler-Toledo Gmbh, Switzerland).
Granules were conduct observed using an optical microscope
(Olympus CX41). The granule size was measured using an
image-analysis system (Image-pro Express 4.0, Media Cy-
bernetics) with the Olympus CX41 microscope and a digital
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camera (Olympus C5050). Determinations of COD, mixed
liquor suspended solids (MLSS), and mixed liquor volatile
suspended  solids (MLVSS) followed the Standard
Methods.*>

The internal storage polymers, that is, poly-beta-hydroxy-
butyrate (PHB), were measured according to Pratt et al.!’”
Samples of 10 mL were centrifuged at 4000 rpm for 10 min,
decanted, and the biomass pellet freeze-dried at —54°C to
remove the moisture content. The solid material was sus-
pended in 2 mL of acidic methanol solution (3% H,SO,)
and 2 mL of chloroform. The glass tube was screwed tightly
and heated to 100°C for 6 h. After cooling, 1 mL of Milli-Q
water was added to the tube and the resultant mixture was
shaken vigorously for 10 min. When the phases were sepa-
rated, 1 mL of the bottom organic layer was removed to the
GC vials for PHB determination.

The SMP were determined according to Aquino et al.,>¢
and the EPS were extracted as described by Wang et al.?’
Mixed liquid samples were centrifuged at 12,000 rpm for
15 min, and then were prefiltered through 0.45-um acetate
cellulose membranes to represent the SMP which was used
for COD analyses. The EPS of the sludge samples were
extracted using the cation exchange resin (CER) technique
(Dowex Marathon C, 20-50 mesh, sodium form, Fluka
91973). Sludge samples were harvested by centrifugation at
3000 rpm for 15 min, and then the pellets were washed
twice with 100 mM NaCl solution. After that the sludge pel-
lets were resuspended to a predetermined volume and the so-
lution was transferred to an extraction beaker, followed by
the CER addition with a dosage of 60 g g’l SS. These sus-
pensions were then stirred at 200 rpm and 4°C for 12 h.
Afterwards, the CER/sludge suspensions were settled for
3 min to remove CER, and the EPS were harvested by cen-
trifugation at 12,000 rpm and 4°C for 30 min to remove
remaining sludge components. The supernatants were then
filtrated through 0.45-um acetate cellulose membranes and
were used as the EPS fraction.

Transmission electron microscopy (TEM) analysis of PHB
in the granules was performed according to Jendrossek
et al.”® The EPS distribution within the granules was exam-
ined using confocal laser scanning microscopy (CLSM)
(LSM 5 Pascal, Zeiss, Jena, Germany). For florescent stain-
ing of both cells and EPS, two probes were applied collec-
tively: SYTO9 (25 um, Molecular Probe, Eugene, OR) to
target all microbes, and ConA-TRITC lectin (250 mg L,
Sigma) to target the polysaccharides with Dp-glucose or D-
mannose.

Mathematic modeling

Modeling of a granule-based SBR involves oxygen trans-
fer, diffusion within granules, and biological reactions. In
this work, aerobic granules with a wide size of 0.41-3.5 mm
are modeled with a consideration of substrate diffusion. The
first step is its diffusion into the granules. Then, biological
reactions involving each given model components occur
within the granules.

A unified theory for EPS and SMP has been developed by
Laspidou and Rittmann.?”*° In this work, based on the uni-
fied model, a new model is established through introduction
of simultaneous storage and growth concepts. Our model
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describes the relationships among the four solid species:
active heterotrophic bacteria, EPS, Xg1o, and residual inert
biomass; three soluble species: external substrate and two
unique forms of SMP; and an electron acceptor, which is
dissolved oxygen. The model uses the following symbols for
concentrations: external substrate (Sg), active heterotrophic
biomass (Xy), internal storage products (Xsto), residual inert
biomass (Xp), utilization-associated products (Syap), bio-
mass-associated products (Sgap), SMP (Ssmp = Suap +
Sgap), EPS (Xgps), and DO (Sp). The units for all species
are oxygen demand or oxygen (for DO), which is directly
proportional to electron equivalents (8 g O, per e~ equiva-
lent).

The simultaneous storage and growth concepts are sche-
matically shown in Figure 1. The external substrate is pri-
marily used by active biomass Xy for the generation of new
biomass Xy. Excess amount of Sg available is converted to
Xsto. After the consumption of the primary external sub-
strate, the secondary growth process occurs on the stored
Xsto in the famine phase.

Figure 2 illustrates the consistent approach for the fate of
the substrate electrons, which directly enter a cell (i.e.,
active biomass primarily growth on Ss in Figure 1). There
are four possible ways. Part of the external substrate is used
for biomass synthesis. Other substrate electrons are diverted
to the formation of utilization-associated products (UAP) and
EPS. UAP are released to the aqueous solution, whereas
EPS are released as a solid to form the aggregate matrix.
The hydrolysis of EPS produces biomass-associated products
(BAP), which are soluble. Substrate oxidation and respiration
of the electrons to reduce O, and generate the energy needed
to fuel for formation of active biomass, EPS, and UAP. In
our approach, the unified model is extended through the
introduction of Xgto formation and utilization. In a feast pe-
riod, some of the external substrate is converted to Xsto.
Because the formation of Xspo competes with the usual bio-
mass synthesis, the formation of Xgro occurs only when the
substrate concentration is high. The active biomass decays in
two ways. First, the active biomass is oxidized through the
endogenous respiration to yield energy for maintenance. Sec-
ond, the decay also produces residual inert biomass, which is
not biodegradable. Because both UAP and BAP are biode-
gradable, some of their electrons can also be used by the
microorganisms as the “recycled’’ substrate, while the
remaining electrons also go to the electron acceptor for
energy generation. Xgro is also biodegradable and can be
utilized by the active biomass under the famine conditions.
Some of the electrons in Xgsro are used for the biomass syn-
thesis, while the other electrons are respired for energy gen-
eration. By convention,'>'??%3% the utilization of UAP,
BAP, and Xgro does not result in the formation of new
UAP, EPS, or Xst0.

Related process kinetics and stoichiometry describing the
interactions and transformations among model components
are expressed in a way to be compatible with previous math-
ematical models, which have been proposed to formulate
biochemical reactions of microbial populations fed with dif-
ferent types of substrate.”**! The structure of our model is
presented in a matrix format reflecting the basic stoichiomet-
ric relationships constituting the backbone of the model.?*!
The matrix format is outlined in Tables 1 and 2, where
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Figure 1. Schematic diagram of the substrate utiliza-
tion mechanisms for simultaneous growth
and storage.

model components are listed in the upper row; the rightmost
column in Table 2 gives the process rate expressions; the rele-
vant stoichiometric coefficients are incorporated in appropriate
matrix cells. In this way, the generation or utilization rate in a
model component for a given biochemical process is obtained
by multiplication of related process stoichiometry and
kinetics. Table 3 defines all the parameters, their units, and the
values used in modeling and simulation results.

Modeling and simulation are performed using a software
package AQUASIM,* a program designed mainly for param-

Ss

Biomass, Xu

Active
Biomass, Xu

H:O

|
|
|
|

=

eter estimation and sensitivity analysis of the model. To simu-
late an aerobic-granule-based bioreaction process, the method
of de Kreuk et al.*® is adopted in this work. The model is inte-
grated into the biofilm compartment of AQUASIM. The reac-
tor in the model is described with a biofilm compartment con-
nected to a mixed compartment with an advective link, and a
high recirculation flow rate is incorporated from the biofilm
compartment to the completely mixed one. The high recircula-
tion rate is chosen to ensure the same concentrations in the lig-
uor of biofilm compartment and the mixed compartment.34
The biofilm compartment with a volume of 1 L contains the
biomass granules and bulk liquid volume. The mixed compart-
ment of 1 L includes the remaining liquor volume.**

In modeling the aerobic granules are assumed to be spher-
ical in shape and their size distribution to be constant in one
cycle of operation. A biofilm model implemented in AQUA-
SIM is used to model the aerobic granules in this work.®
One-dimensional conservation laws (Eq. 9) are formulated as
a balance between the mass conserved and utilized in this
granule model.*?

o o . :

o o )
where p is the one-dimensional density (amount of conserved
quantity per unit compartment length), ; is the one-dimen-
sional flux (amount of the conserved quantity transported per
unit time), 7 is the one-dimensional source term (amount
produced per unit compartment length and per unit time), ¢ is
time, and z is the space coordinate.

LXITEE -

1-Electron acceptor
2-Synthesis on Ss
3-UAP formation

: 4-EPS formation i
5-Substrate respiration
6-Formation of Xi
7-Endogenous respiration
I 8-BAP formation

x; i 9-Synthesis on UAP
10-Synthesis on BAP
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Figure 2. Schematic diagram of electron flows regarding original substrate, active biomass, EPS, and SMP

adapted from Laspidou and Rittmann (2002b).
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Table 1. Stoichiometric Matrix for the Established Model

Component So Ss Suap SBAP X1 Xeps Xu Xsto
Process O, COD COD COD COD COD COD COD
Growth on S5 - Uikﬁps*hmpfkﬂo?l;::z(likmikmpikm” R N 1 —kyap —keps —ksto  §I2
1-Yus 1
Growth on Xst0o - YH,},::(IO 1 " Yusto
1-Y, 1
Growth on Syap - ﬁ T Yauar !
1 —Yupap 1
Growth on Sgap T Vupar " Yupar !
Release of Xgps 1 —1
Endogenous respiration —(1 = fp S -1

The granules cultivated in this study had a size distribu-
tion between 0.41 and 3.5 mm with an average of 1.2 mm.
It is true that granules with a wide range in size were formed
in the reactor and that their size distribution also changed in
time. However, the granule size distribution was not taken
into account in this model, as it would significantly increase
the complexity of numerical computation and it is not
expected to contribute to a better understanding of the sys-
tem. Therefore, in the simulation the diameter was chosen to
be 1.2 mm, which was the most representative for the aero-
bic granules in this SBR. Because the experimental data
measured in one cycle were different in time, depending on
granule size, morphology, and reactor operation, a represen-
tative cycle measurement was selected to compare with a
standard simulation case.*® This simulation was performed
under the same operational conditions as applied in the
standard operation of the SBR. Parameters for the aerobic
granules are shown in Table 4.

Results and Discussion
Sensitivity to key model parameters

Before the model calibration, sensitivity analysis should
be conducted to evaluate the key parameters, which should
be strictly kept under control in the experimental calibration
and model validation. In the sensitivity analysis, the behavior
of the model is evaluated as a consequence of a variation of
the input parameters. The sensitivity coefficient represents
the change in the output variable, resulting from a change
in the input variable. Because the main purpose of this work
is to simulate the dynamics of microbial products in the
granular sludge, the output values of EPS, SMP, and Xsto
productions are analyzed. The sensitivity analysis results of
key parameters are shown in Figures 3.

According to the simulation results in Figure 3, variation
of kgps (0.03-0.43 g CODgps g~ ' CODg) affects the EPS
outcome significantly, while the change of ksto value from
0.03 to 0.43 g CODsto g’1 CODyg does affect the Xgro out-
come substantially. The parameter kgpg responsible for deter-
mining the EPS formation affects the outcome of SMP
slightly, presumably attributed to the comparatively small
amount of BAP, which are directly hydrolyzed from EPS.
The ksto does not considerably influence the dynamics of
SMP, because the utilizations of Xgro does not result in the
formation of new UAP. As shown in Figure 3, after an
increase in the kyap value from 0.02 to 0.10 g CODyap gfl
CODsg, the model predicts a much higher fraction of SMP,
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suggesting that kyap should be a key parameter in the SMP
formation. It also reveals that the UAP are the main SMP in
the substrate utilization. When compared with kgps and ksto,
the kinetic parameters uysto and Yy s affect Xgro slightly.
With an increase in the Yy sto value from 0.13 to 0.93 h !
the model predicts an increase in Xgsro. The sensitivity anal-
ysis demonstrates that these key parameters have a great
influence on the microbial product formation in the aerobic
granular sludge.

Model calibration: parameter estimation
with batch test results

The parameter values are estimated by minimizing the
sum of squares of the deviations between the measured data
and the model predictions with the objective function given
as below:

; 1/2

F(p) = | > Oexpi — ¥():)°

i=1

(€]

where ye.p, and y(p) are vectors of n measured values and
model predictions at times #; (i from 1 to #), and p is the vector
of the model parameters.

To initiate the calibration procedure, an initial guess of
the parameters is necessary. Such initial values are obtained
with the experimental results and data in the literature. As
shown in Table 3, parameters by and Kg were determined
experimentally and independently, and were later used in the
model. The initial concentration of active biomass was esti-
mated using the baseline endogenous OUR level before sub-
strate addition®®:

Table 2. Kinetics Rate Expressions for the
Reaction Processes

Process Kinetics Rate Expressions
Growth on S oSS _So_x
S HH,S Ky 155 Ko+50 TH

Ks So Xsto/Xu
HH,STO Ky +S5 Ko+So Ksto+Xsto/Xu “H

Suap So
HHUAP Kjap-+Suar Ko+50 Xu

Growth on Xsto

Growth on Syap

So

Spap
Growth on Sgap HHBAP Ronp tSors Ko 155 XH

Release of Xgps knyaXEps

Endogenous respiration bu ,Tsfso Xu
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Table 3. Kinetic and Stoichiometric Coefficients (20°C) for the Model

Parameter Definition Values Unit Reference
Stoichiometry
Yus Yield coefficient for growth on Sg 0.39 g CODx/g CODg This study (estimated)
Yusto Yield coefficient for growth on Xsto 0.59 g CODx/g CODsto This study (estimated)
h Fraction of Xj in decay 0.20 g CODx/g CODx Gujer et al.’!
Yhuap Yield coefficient for growth on UAP 0.45 g CODy/g CODyp Laspidou and Rittmann®
Yusar Yield coefficient for growth on BAP 0.45 g CODx/g CODgap Laspidou and Rittmann™
Kinetics
ksto Xgro formation coefficient 0.26 g CODgro/g CODg This study (estimated)
HH,STO Maximum growth rate on Xsro 0.51 1/h This study (estimated)
Hus Maximum growth rate on Sg 0.40 1/h Laspidou and Rittmann™
Ks Substrate affinity constant 39.8 g CODS/m3 This study (measured)
Ksro Biomass affinity constant for Xsro 1.0 g CODgro/g CODx Gujer et al.’!
Ko Dissolve oxygen affinity constant 0.2 g CODo/m* Gujer et al.*!
by Decay rate coefficient of Xy 0.035 1/h This study (measured)
keps EPS formation coefficient 0.23 g CODgps/g CODg This study (estimated)
khya EPS hydrolysis rate coefficient 0.0071 1/h Laspidou and Rittmann™
kuap UAP formation coefficient 0.06 g CODyap/g CODg This study (estimated)
Hu,uap Maximum rate of UAP degradation 0.053 1/h Laspidou and Rittmann™
Kuap Biomass affinity constant for UAP 100 g CODyap/m’ Laspidou and Rittmann>
HH,BAP Maximum rate of BAP degradation 0.0029 1/h Laspidou and Rittmann®’
Kpap Biomass affinity constant for BAP 85 g CODgpp/m’? Laspidou and Rittmann®
OURw4(0) = (1 —f1) - bu - Xu(0) 3) rameter values estimated are also listed in Table 3 with the

In this equation, f; is fixed at 0.2 mg COD mg~' COD, as
used in ASM3. Hence, for a given f; and measured by,
Xu(0) can be calculated from the OUR.,4(0) data. The
model was first calibrated for the COD and OUR concentra-
tions in the batch respirometric experiments. Yy sto, ksto.
and uysto were changed based on the causality of the pa-
rameters on the COD and OUR concentrations. The parame-
ter values estimated are summarized in Table 3, whereas the
simulation results are shown in Figure 4. The average abso-
lute errors obtained are 9.5 mg L' and 4.9 mg L' h™! for
COD and OUR concentrations, respectively. There is a good
agreement between the model predictions and experimental
data. Thereafter, the established model is also calibrated for
the measured EPS and SMP concentrations in the batch
experiments to determine an appropriate kinetics for simulat-
ing the dynamics of EPS and SMP in the aerobic granules.
kgps, kuap, and Yy s are changed based on the causality of
the parameters on the EPS and SMP concentrations. The pa-

simulation results are shown in Figure 5.

The calibrated heterotrophic maximum specific growth
rate through the utilization of storage polymers (uysto) is
0.51 1/h, which is slightly higher than the maximum specific
growth rate for the external substrate (uys) of 0.4 1/h. Thus,
growth through the utilization of Xgto is commensurate with
growth on the external substrate. The Xgto formation coeffi-
cient kgto is estimated to be 0.26 g CODgto/g CODg, while
the EPS formation coefficient kgps and the UAP formation
coefficient kyap are determined to be 0.23 g CODgps/g
CODyg and 0.06 g CODyap/g CODg, respectively. Therefore,
electrons from the external substrate are distributed in this
order when Xgto is produced: new biomass synthesis 39%,
Xsto 26%, EPS 23%, O, for respiration 6%, and UAP 6%.
More substrate electrons are diverted to the storage poly-
mers, but less is distributed to produce EPS and UAP when
sufficient substrate is available. Considering the much higher
utilization rate for Xgto than that for UAP and BAP, the rel-
atively higher distribution of electrons to Xsro quantifies

Table 4. Parameters for the Aerobic Granules in Model Simulation

Parameter Description Value Reference
Granules
Ruin Minimum radius, mm 0.41 This study (measured)
R ax Maximum radius, mm 3.50 This study (measured)
Rinean Mean radius, mm 1.20 This study (measured)
Mass transport
Ss Effective diffusivity of Ss, dm®> h™! 0.000576 Beun et al.>*
DYAP Effective diffusivity of UAP, dm”> h™' 0.000576 Beun et al.**
DBAP Effective diffusivity of BAP, dm? h™! 0.000576 Beun et al.>*
Do Effective diffusivity of Sp, dm? h™' 0.0023 Horn et al.*?
Density of solid phase
pxi Density of Xy, g COD m 35,000 de Kreuk et al.*?
X1 Density of X;, g COD m > 35,000 de Kreuk et al.*
PXSTO Density of Xsro, g COD m 350,000 de Kreuk et al.*?
PXEPS Density of Xgps, g COD m3 4000 Horn et al.¥
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Figure 3. Sensitivity analysis for the key model parameters: variation of EPS, SMP, and Xsyo productions with
varied Keps, Ksto, Kuap HH,sTOs YH,s: and Yy sto values.

why Xsro is the primary route by which the heterotrophs
store the excess electrons and energy and later utilize them.
The yield coefficient for the growth on Xsto is determined
to be 0.59 g CODyx/g CODgro, which is much lower than
the value suggested by Gujer et al.,’! partially attributed to
the heterotrophic growth on the storage polymers rather than
directly on the soluble substrates. Different model structure
might be another reason for such a difference. The yield
value for the utilization of the external substrate for micro-
bial synthesis is relatively lower (0.39 g CODy/g CODsy),
when compared with the values reported in the litera-
ture,' 2?1337 because a significant amount of substrate
electrons is diverted to the microbial storage products, rather
than the active biomass. Furthermore, the EPS formation
coefficient kgpg is higher than the value suggested by Laspi-
dou and Rittman,30 who estimated the parameters from a
pure culture with chemostat experiment. Granular biomass is
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expected to have a significantly different physiology from
this pure culture. The enhanced production of EPS observed
for the aerobic granules is induced by some so-called stress-
ful culture conditions.*®*

Model evaluation with the experimental data

After one-month operation, aerobic granules became
mature. They were yellow in color and spherical or ellipsoid
in shape as shown in Figure 6A. The storage polymer pro-
duction by the aerobic granules and the localization of the
newly synthesized storage polymer were observed with TEM
(Figure 6B). The TEM images reveal that the storage poly-
mers with an electron-translucent globular structure are non-
randomly distributed in the cell lumen, and that they are fre-
quently found on or close to the cytoplasmic membrane.
These internally accumulated storage polymers can then be

February 2010 Vol. 56, No. 2 AIChE Journal



400

(A)

300

"

OUR (mg/L.h)
s [ %]
= [ ]
[ ] =2
1 1

200

(B)

150 +

COD

COD (mg/L)

n
=
1

Tire (h)

Figure 4. Model calibration for the batch respirometric
experimental data: (A) OUR profiles, and (B)
COD measurements.

utilized by microorganisms after the depletion of the added
substrate. The CLSM examination after fluorescent staining
indicates the EPS distributions in the aerobic granules. The
EPS are nearly distributed uniformly throughout the whole
granules (Figure 6C). The formation of aerobic granules is
mainly attributable to the growth of cell together with the
conglutination of EPS under hydrodynamic conditions. The
substrate electrons are shuttled toward EPS production by
the active microorganisms when they consume substrate
electrons for their growth.

The model is solved for the set of parameters shown in
Tables 3 and 4 in order to evaluate how well the model can
describe the experimental results of the aerobic granule-
based SBR. First, the independent data set for one-cycle
operation of the SBR are simulated. The simulation results
are shown in Figure 7, together with the measured OUR,
Xsto, soluble COD (SCOD), and VSS concentrations in the
laboratory-scale SBR during a cycle with the same opera-
tional conditions. The simulated OUR, Xgto, SCOD, and
VSS profiles do not differ with values found in the experi-
ments by more than 20%. Given all the uncertain parameters
(e.g., exact granule size distribution and surface area), it is
concluded that the model describes the experimental data
well.

Secondly, Figure 8 shows the simulation and experimental
results of OUR, SCOD, EPS, SMP, and Xgto in a batch
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experiment, which are not used for model calibration. With
the experimental measurements of EPS, SMP, and Xgsto in
this batch experiment, the model ability to describe those
microbial products can be tested directly. Furthermore, the
initial conditions for this experiment are substantially differ-
ent from those in Figure 7. The dosed external substrate
(690 mg/L) is much higher than that of the cycling test (380
mg/L). The experimental trends, for example, the sharp
decline of OUR, the peak of Xsto, and the leveling off of
EPS after the depletion of the original substrate, and their
absolute concentrations are described well by our model.
The agreement between the model outputs and the measured
data from different experiments supports that this model is
able to properly describe the formation and utilization of the
different types of microbial products in the aerobic granular
sludge.

A tailing-off of the DO-consumption curve, which is
observed in one cycle, can be appropriately described by the
established model. Figures 7 and 8A show the simulation
results for the predicted OUR profiles. The OUR initially
increases, attributed to the rapid oxidation of the external
substrate for growth and microbial product formation. The
sharp bending point in the OUR corresponds with the com-
plete removal of the dosed external substrate. The change of
OUR is a direct indication of the transition from the feast
phase to the famine phase, which occurs when the external
substrate becomes depleted. The established model is able to

200

SMP (mg/L)

0+ T T T T T
0 1 2

[EL
I

Time (h)

Figure 5. Model calibration for the batch respirometric
experimental data: (A) EPS data and (B) SMP
concentrations.
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Figure 6. (A) The image of the cultivated aerobic gran-
ules, (B) TEM analysis of the storage polymer
granule produced within in aerobic granule,
and (C) CLSM images of the 50-um cryosec-
tions through the center of the aerobic gran-
ule.

Cells are stained with SYTO9 (green) and polysaccharides
are stained with ConA (red). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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predict both initial OUR response and smooth transition to
the famine phase. However, the OUR does not immediately
return to the endogenous respiration level because of the oxi-
dation of Xqto and SMP, which are formed when the exter-
nal substrate is being utilized.

The model is also verified with the SCOD and storage
polymer data (Figures 7 and 8B). Attributed to the initial
rapid storage and consumption of substrate by the hetero-
trophs, the SCOD is reduced sharply at the initial stage.
However, a complete depletion of the soluble COD does not
occur because of the SMP formation (Figure 8E). Further-
more, the measured biomass (VSS) variations match with
the model predictions. The VSS initially increases from 800
to 1200 mg L', and later gradually decreases to 1100 mg
L! (Figure 7D). In the period of rapid growth, both Xgro
and EPS (Figure 8F) increase rapidly and occupy a signifi-
cant fraction of total VSS. However, once Sg is consumed
and the rapid growth ceases, only Xgto is rapidly utilized to
provide for new synthesis with a relatively high rate under
famine conditions. Thus, in the period of net biomass decay,
the EPS and Xy become the main fractions of total VSS,
while the Xgro fraction declines (Figure 8). There is a good
agreement between the model outputs and experimental data
of the aerobic granule SBR, demonstrating the validity of
the model established in this article.

The concepts behind the developed model and the model-
ing approach shown here quantify the interconnections of
EPS, SMP, and Xsto and offer a new integrated framework
to describe these concepts with mathematical expressions
and complete mass balances. Ahn et al. established a model
by incorporating the unified EPS and SMP concept into the
membrane bioreactor process based on ASMI1 in order to
predict their fates under various SRT conditions.*® With their
model, EPS and SMP production could be simulated well
and the results could be applied for the membrane bio-foul-
ing control. In the unified theory of Laspidou and Ritt-
mann,””>° the hydrolysis of EPS was assumed to be the sole
source of BAP. However, there are some disagreements in
the literature regarding the unified theory.*' In addition to
the soluble EPS, there are other BAP that might be released
into the bulk solution as a result of lysis (i.e., endogenous
organics and cell debris) and cell maintenance (i.e., turnover
of intracellular components). Aquino and Stuckey proposed
that both soluble EPS and cell lysis products are the sources
of BAP.*! In addition, soluble intracellular components may
end up in the bulk solution because of the renewal and turn-
over of the internal structures or as a result of survival strat-
egies adopted by microorganisms.”® Ramesh et al. compared
the physicochemical characteristics of the SMP and soluble
EPS from different sludge samples and concluded that that
SMP are not identical to the soluble EPS.** Because of the
complexity of the microbial processes and the difficulty in
modeling, information about the BAP formation is still
sparse. There are also controversial reports about the BAP
mechanisms in previous studies.?’***!*? Because no experi-
mental method is available to accurately quantify the real
source of BAP, the model of Laspidou and Rittmann is
adopted in our work.?*** Furthermore, when compared with
the approach of Beun et al.,34 in our work, the biomass
growth and Xsto formation kinetics are integrated into one
overall reaction, in which biomass and storage product are
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produced. In this way, the formation of Xsto is coupled with
the energy generation and respiration, and the Xgto forma-
tion rate is proportional to the substrate utilization rate. For
aerobic granule systems, the model incorporating EPS, SMP,
and Xgpo formation and degradation may offer a rational
approach to describe the bioreactor process. The new model
provided here would be useful for the design, development,
and application of the aerobic granular sludge process.
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Effect of substrate concentration on EPS,
SMP. y and XSTO

The effect of the influent substrate concentration on the
model components is investigated with the parameters in
Tables 3 and 4. Figure 9 shows the model predicted profiles
of Ss, soluble COD, Xy, MLVSS, Xj, EPS, Xsro, SMP,
UAP, and BAP in an aerobic-granule-based reactor. A higher
substrate concentration results in a greater concentration of
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EPS, Xs10, and Xy. The EPS and Xgto dependence on the

substrate concentration is attributed to the fact that Sg gov-

_ HMus _S So
" Yus Ks+S Koa+So Xu)s

and accordingly the EPS and Xgto formation rate. UAP
increases with the increasing substrate concentration, attrib-
uted to the same mechanisms for the EPS formation. Both
BAP and X increase with an increase in substrate concentra-

erns the substrate utilization rate (rsXy
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tion, because the “parent” compounds, that is, EPS and
active biomass, increase with the increasing Ss. Thus, a
higher initial S5 generates a greater level of total SMP
(UAP + BAP). With the increasing Xy, X;, EPS, and Xgro,
the VSS also increases with the increasing substrate concen-
tration (Figure 9). These results clearly demonstrate the role
of influent substrate concentration in the formation of EPS,
SMP, and Xgro in the aerobic granular sludge.
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At a higher influent substrate concentration, all reactions
in a bioreactor will last longer. This has a significant influ-
ence on the SBR performance. In an operating cycle of an
SBR, the UAP concentration rapidly decreases in a long
cycle time, with a low production rate (kyaprsXm), but its
degradation rate does not decline significantly. Thus, the
UAP are a major component in the effluent only when the
cycle time is relatively short. On the contrary, the BAP are
the most important component in the effluent when the cycle
time is long. In both cases, a high influent Sg would increase
the effluent soluble COD concentration in each cycle. For a
long cycling time, the EPS become a large fraction of total
VSS, in addition to Xy. For a short cycle period, the Xsro
occupy a great fraction of total VSS. Moreover, X; builds up
continually. As a result, the increasing content of EPS, Xgto,
and X; would decrease the active biomass fraction of the
total VSS. Hence, it is important to optimize a bioreactor
operated at a high influent substrate concentration, in order
to avoid a high effluent soluble COD (UAP and BAP) level
as well as an accumulation of a high amount of nonactive
biomass (EPS, Xsro, and Xj), and also to reduce the associ-
ated high operating costs.

Effect of biomass concentration on EPS,
SMP. y and XSTO

The formation of EPS, SMP, and Xgro has been shown to
be closely linked to the quantity of active biomass present in
a bioreactor. The EPS, SMP, and Xgsto are produced at a
rate proportional to the active biomass concentration, for
instance, the EPS formation = kgpsrsXy. Hence, an accumu-
lation of active biomass in the bioreactor leads to an
increased production rate of EPS, SMP, and Xgro. This is
confirmed by the simulation results in this work. Figure 10
shows the model predictions for Ss, soluble COD, Xy,
MLVSS, Xi, EPS, Xsto, SMP, UAP, and BAP profiles at
three different active biomass concentrations. The EPS,
UAP, BAP, and Xg1o concentrations reach their peak values
more rapidly at a higher biomass concentration. The produc-
tion rates of EPS, SMP, and Xgsro by the granular sludge
increase with an increase in biomass concentration. The total
X7 and BAP content increases with an increase in biomass
concentration. The total content of EPS, UAP, and Xgto,
however, does not show a direct correlation with the active
biomass concentration. A lower active biomass concentration
is not responsible for the lower concentration of EPS, UAP,
and Xq7o. In addition to the biomass concentration, as men-
tioned above, the substrate concentration is an important fac-
tor governing the production of these organic materials by
microorganisms.

For an application point of view, a higher level of active
biomass would enhance the effluent quality at a given HRT.
The external substrate removal rate increases with the
increasing active biomass content. A higher active biomass
concentration would not result in a higher UAP content in
the reactor (Figure 10). Therefore, the effluent soluble COD
concentration would decrease. Furthermore, a higher active
biomass concentration would not result in a higher content
of EPS and Xsto, but would increase the active biomass
fraction of the total VSS.
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Conclusions

The model established in this work describes the forma-
tion and utilization of microbial products, such as EPS,
SMP, and Xst0, in an aerobic-granule-based bioreactor. The
model simulates the experimental data from this complex
system sufficiently well, as the simulated trends in OUR,
EPS, SMP, X510, soluble COD, and VSS are similar to those
measured in the experiments. Simulation results underline
the importance of the initial substrate and biomass concen-
trations for the overall formation and consumption of EPS,
SMP, and Xsto in the aerobic granules. A higher substrate
concentration results in a greater concentration of EPS,
SMP, and Xsto. An accumulation of biomass in a bioreactor
leads to an increased production rate of EPS, SMP, and
Xsto. However, there is no direct correlation between the
biomass concentration with the total content of the EPS,
SMP, and Xsto. The model can be used for process under-
standing and thus for optimization of the aerobic-granul-
based reactors.
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