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AbstractÐBulking by Sphaerotilus natans has been attributed to several factors such as low dissolved
oxygen in the aeration basin, wastes with high C:N ratios and phosphorus limitation; however, the
occurrence of bulking has been reported in fruit, vegetable, meat and poultry wastewaters in which the
ratio C:N is variable.

Growth of S. natans was analyzed in a model system of a food industry wastewater (potato
processing waste) that was characterized by HPLC determining that citric acid was the most important
identi®ed component. The e�ect of several carbon sources on S. natans growth was also studied;
di�erent C:N ratios were tested in a continuous culture system (chemostat). This strain grew in a
mineral medium with citric acid as a sole carbon source, in spite of the contradictory results found in
literature. Chemostat studies showed that the medium was carbon-limited when C:N ratios <19
mgCOD (mgN-NH3)

ÿ1. Monod kinetic growth coe�cients, determined for this strain in chemostat
were: maximum speci®c growth rate, mmax=0.301 hÿ1; Monod constant, KS=4.6 mgCOD lÿ1; true
biomass growth yield, YT

X/S=0.490 mgVSS (mgCOD)ÿ1; endogenous decay rate, kd=0.011 hÿ1 and
maintenance coe�cient, mS=0.022 mgCOD (mgVSS)ÿ1 hÿ1. The obtained parameters were compared
with literature data and the e�ect of glucose and citric acid as carbon sources was discussed; these
parameters are useful in modeling the growth of S. natans in potato processing wastewaters (or in other
e�uents under carbon-limiting conditions) especially when citrate is the main component and can be
used to control ®lamentous bulking by metabolic or kinetic selection. 7 2000 Elsevier Science Ltd. All
rights reserved
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NOMENCLATURE

D dilution rate (hÿ1)
kd endogenous decay rate (hÿ1)
KS Monod constant (mgCOD lÿ1)
mS observed biomass maintenance coe�cient (mgCOD

(mgVSS)ÿ1 hÿ1)
qS speci®c rate of substrate utilization (mgCOD

(mgVSS)ÿ1 hÿ1)
qSmax maximum speci®c rate of substrate consumption

(mgCOD (mgVSS)ÿ1 hÿ1)
RS rate of substrate consumption (mgCOD lÿ1 hÿ1)
S output substrate concentration (mgCOD lÿ1)
So input substrate concentration (mgCOD lÿ1)
X biomass concentration (mgVSS lÿ1)
YX/S observed biomass growth yield (mgVSS

(mgCOD)ÿ1)
YT

X/S true biomass growth yield (mgVSS (mgCOD)ÿ1)
m speci®c growth rate (hÿ1)
mmax maximum speci®c growth rate (hÿ1)

INTRODUCTION

Food processing industries usually discharge large
volumes of wastewater characterized by high chemi-
cal oxygen demand (COD) or biological oxygen

demand, large amounts of total suspended solids
and various inorganic constituents including nitro-
gen and phosphorus. The high organic load in the
processing wastewater creates a pollution problem

to water quality when discharged to rivers and
lakes (Karim and Sistrunk, 1985). In the processing
of vegetables, large amounts of waste in the form of

peelings and starch as well as some sugars and pro-
teins are released into the waste stream. With the
increasing costs of pollution abatement and costly

municipal surcharges, food processors are forced to
®nd alternative methods in pre-treatment of waste-
water prior to discharge for secondary treatment or

other treatment systems (Karim and Sistrunk,
1984).
The activated sludge process is a widely used

method for treating industrial and domestic waste-
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water. One of the most common and serious pro-

blems in the operation of activated sludge plants is
the inability to separate solids from treated e�uents
in the clari®ers. One particular solid separation pro-

blem, known as ®lamentous bulking, is caused by
excessive growth of ®lamentous microorganisms
beyond the con®nes of activated sludge ¯ocs into

the bulk solution (Sezgin et al., 1978).
Bulking by Sphaerotilus natans has been attribu-

ted to several factors such as low dissolved oxygen
in the aeration basin, treatment of wastes with high
carbon to nitrogen (C:N) ratios and phosphorus

limitation (Richard et al., 1985; Jenkins, 1992; Jen-
kins et al., 1993). However, the occurrence of bulk-
ing by S. natans has been reported in potato

processing wastewater treatment plants (Eikelboom,
1977), meat and poultry wastewater (Strom and

Jenkins, 1984), and fruit processing wastewater and
brewery (ATV Working Group 2.6.1., 1989), in
which the ratio C:N is variable.

There are two strategies to control ®lamentous
bulking: nonspeci®c control methods and biological
methods. The ®rst group covers remedial actions

that only treat the consequences or symptoms of
the elevated occurrence of ®lamentous microorgan-

isms in activated sludge (e.g. disinfectant addition).
The e�ects of these methods are temporary and the
actions should be repeated after a certain period.

The second group (biological methods) comprises
preventative actions to suppress the growth of ®la-
mentous microorganisms to such an extent that

they do not hinder sedimentation and compaction,
and selectively support the growth of ¯oc-forming

microorganisms. This task can be ful®lled in two
ways. The ®rst one is to create conditions under
which the rate of substrate utilization and growth is

signi®cantly higher for ¯oc-formers than for ®la-
ments, and they are referred to as kinetic selection.
The second possibility is to block the metabolic

pathways of substrate utilization to ®lamentous
microorganisms and thus to stop their growth.
These methods are referred to as metabolic selec-

tion. In activated sludge plants both kinds of selec-
tion are frequently combined as it occurs in plants

with selectors to control ®lamentous bulking (Cech
et al., 1985; Jenkins et al., 1993; Wanner, 1994).
Modeling of S. natans growth is useful in the con-

trol of ®lamentous bulking by metabolic or kinetic
selection. To understand the causes of the ®lamen-
tous microorganisms' outgrowth in activated

sludges, the growth kinetics of the causative organ-
isms should be known. Available kinetics data from

literature for the ®lamentous microorganism S.
natans are limited to systems containing glucose as
carbon source (Richard et al., 1985). However,

there are many wastewater systems where glucose
may not be the main carbon source such as munici-
pal, chemical, and food industry wastewaters. Pre-

vious studies (Contreras et al., 1999) revealed that
citric acid was an important carbon source in a

potato processing industry wastewater and glucose
was present in small quantities; however it is known

that microorganisms have di�erent maximum
growth rates and growth yields depending on the
substrate supplied (Babel et al., 1993).

The objective of the present study was to charac-
terize growth kinetics of S. natans in a model sys-
tem of a food industry wastewater (potato

processing plant) by the evaluation of: (i) the waste-
water composition; (ii) wastewater carbon sources
usage for growth by S. natans; (iii) the in¯uence of

di�erent C:N ratios on S. natans growth tested in a
continuous culture system (chemostat); and (iv) the
kinetic growth coe�cients (maximum speci®c
growth rate, Monod constant, true biomass growth

yield, endogenous decay rate, and maintenance
coe�cient) measured in chemostat.

MATERIALS AND METHODS

Production of the wastewater model system

The model system of a food industry wastewater was
obtained by dipping 3000 g of potato cubes 1-cm side in
7 l of tap water at room temperature (Bertola et al., 1999).
Samples were drawn and ®ltered by Millipore HA 45 mm
membranes and stored at ÿ208C for later analysis. Chemi-
cal oxygen demand (COD) was determined by a commer-
cial kit (COD Reactor Model 456000, method 8000, Hach
Corp., Loveland, USA). pH was evaluated with a
pHmeter Hach EC30. Organic acids were analyzed by
HPLC (Shimadzu) with an AMINEX HPX-87H-Biorad
column. Operating conditions were: H2SO4 0.009 N as
mobile phase, 0.7 ml minÿ1 ¯ow, 580±600 psi, between 58
and 628C (Picha, 1985). Glucose concentration was
measured with a commercial kit (Wiener Lab.). Total Kjel-
dahl nitrogen (TKN) was measured with a BuÈ chi equip-
ment (BuÈ chi Laboratoriums-Technik, Flawil, Switzerland).

Carbon compound usage for growth by S. natans ATCC
]29329

S. natans ATCC ]29329 was obtained from American
Type Culture Collection. Cultures were maintained on
Casitone±Glycerol±Yeast autolysate (CGY) agar slants at
48C and subcultured at 6-month intervals (Dondero et al.,
1961). Biochemical tests were performed in solid media
using Petri dishes with minimum saline media containing
1.5% agar to which di�erent carbon sources were added:
citric acid, glucose or acetic acid. The composition of the
medium per liter was: carbon source (citric acid, glucose
or acetic acid) 2400 mgCOD; (NH4)2SO4 2000 mg;
MgSO4.7H2O 400 mg; CaCl2.2H2O 50 mg; KH2PO4

500 mg; Na2HPO4.12H2O 2000 mg; 1 ml of M1 solution,
1 ml of M2 solution, 100 mg of vitamin B12. M1 solution
contained (in g/100 ml): FeSO4.7H2O 1.5, ZnSO4.7H2O
0.5, MnSO4.H2O 0.3, CuSO4.5H2O 0.075, CoCl2.6H2O
0.015, citric acid 0.6. M2 solution contained (in g/100 ml):
(NH4)6Mo7O24.4H2O 0.05, BO3H3 0.01, KI 0.01. pH was
adjusted to 7 2 0.1 with NaOH. Sterilization was done
under autoclave at 1218C for 15 min. Vitamin B12 was
sterilized by ®ltration with a Millipore HA 0.45 mm mem-
brane prior to being added to the sterilized medium. The
same medium without any carbon source was used as
negative control of growth. The inoculum was grown in a
0.1% peptone broth and was incubated for 48 h at 308C.
Plates were incubated for 48±72 h at 308C.
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Chemostat studies

Culture broth. Culture broth for chemostat studies was
identical to the previously described solid medium but
without agar. Monohydrate citric acid (MCA) was the
only carbon source. For a total culture volume of 10 l,
sterilization was carried out in an autoclave at 1218C for
45 min.

In¯uence of C:N ratio. In any study involving microor-
ganism growth in a chemostat it is important to determine
the limiting substrate. The limiting substrate is determined
by the relative amounts of the nutrients that are present in
the culture media. In the present study S. natans growth
was analyzed in a chemostat using di�erent C:N ratios in
the previously described medium. Citrate concentration
was maintained at 2400 mgCOD lÿ1 and ammonium sul-
fate concentration varied from 100 to 2000 mg lÿ1 (20±400
mgN-NH3 l

ÿ1); in all cases dilution rate was 0.20 hÿ1.
Chemostat operation. Figure 1 shows the continuous

¯ow reactor used in the experiments; the chemostat has a
1-l reactor with a working volume V=0.8 l.

S. natans innocula consisted of cells from agar slant.
The chemostat was operated as a batch for several hours
until growth of S. natans was observed; then, pumping of
fresh medium was begun. Tested dilution rates (D ) ranged
between 0.02 hÿ1 and 0.30 hÿ1. The system was considered
to run under steady-state conditions after operating for a
period of at least ®ve residence times (Pirt, 1975). Operat-
ing temperature was 20218C; an aerator provided culture
aeration. Oxygen transfer coe�cient (Kla) was measured
by the sul®te method (Eckenfelder and Ford, 1970) and
depending on stirring rate, Kla values between 70 hÿ1 and
90 hÿ1 were obtained; aeration was enough to maintain
dissolved oxygen concentration above 4 mgO2 l

ÿ1.
Chemostat studies allowed to determine growth kinetics

coe�cients. Classical steady state methods were used to
determine the Monod equation coe�cients: maximum
speci®c growth rate (mmax), half saturation coe�cient for
citric acid (KS), endogenous coe�cient (kd), true biomass
growth yield (YT

X/S) and speci®c maintenance energy (mS)
(Pirt, 1975).

Mass balances for microorganisms and limiting sub-
strate in the chemostat under steady state conditions were
considered and the following expressions were obtained:

mÿ kd ÿD � 0 �1�

D�So ÿ S � ÿ Rs � 0 �2�

where m is the speci®c growth rate (hÿ1); kd the endogen-
ous decay rate (hÿ1); D the dilution rate (hÿ1); So and S
are the input and output substrate concentration (mgCOD
lÿ1); and RS is the rate of substrate consumption (mgCOD
lÿ1 hÿ1).
The true biomass growth yield (YT

X/S, mgVSS
(mgCOD)ÿ1) can be de®ned as:

Y T
X=S �

mX
RS

�3�

where X is the biomass concentration (mgVSS lÿ1) under
steady state conditions. Combining equations (1)±(3) the
following was obtained:

qS � D�So ÿ S �
X

� D

Y T
X=S

� kd

Y T
X=S

�4�

where qS is the speci®c rate of substrate utilization
(mgCOD (mgVSS)ÿ1 hÿ1). The observed biomass growth
yield can be calculated as:

YX=S � X

So ÿ S
�5�

Combining equations (4) and (5) the relationship between
observed and true biomass yield was obtained:

YX=S � Y T
X=S

D

D� kd

�6�

The maintenance coe�cient mS (mgCOD (mgVSS)ÿ1 hÿ1)
(Pirt, 1975) was calculated according to:

mS � kd

Y T
X=S

�7�

Monod equation parameters (Monod, 1949) were also cal-
culated according to the following equation:

qS � qSmax

S

KS � S
�8�

where qSmax is the maximum speci®c rate of substrate con-
sumption (mgCOD (mgVSS)ÿ1 hÿ1) and KS the Monod
constant (mgCOD lÿ1).
Values of So, S and X were measured at di�erent D;

equations (6)±(8) were used to calculate kinetic and stoi-
chiometric constants. The value of mmax was calculated
with equation (3) considering qS � qSmax � RSmax=X:
Washout and batch methods were used to evaluate mmax

and kd (Pirt, 1975) for comparison purposes. Increasing D
to a DL value higher than mmax the culture is washed-out;
since substrate increases it can be assumed that m equals
mmax. In the washout method if DL is constant, the mass
balance for microorganisms in the reactor can be inte-
grated and the following expression is obtained:

ln�X � � ln�X0� � �mmax ÿ kd ÿDL�t �9�

where X and X0 are the biomass concentration at time t
and zero, respectively. Equation (9) shows biomass vari-
ation inside the reactor with respect to time. Thus,
measuring biomass or any related property such as optical
density with time, the di�erence (mmaxÿkd) was calculated.
The determination of (mmaxÿkd) was carried out on a cul-
ture at its exponential phase using the washout method.
Feed ¯ow rate was adjusted to obtain a DL=0.50 hÿ1 and
culture absorbancy was measured.
Parameters mmax and kd were estimated individually in

batch experiments. If microorganisms are growing under

Fig. 1. Scheme of the chemostat system used for the exper-
iments: (1) aeration pump; (2) cotton pre-®lter; (3) 0.45 mm
Millipore AP double ®lter; (4) bioreactor; (5) magnetic
stirrer; (6) vitamins and inoculum reservoir; (7) peristaltic
pump; (8) culture broth reservoir; (9) over¯ow output;

(10) sampling line.
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exponential phase, then, the following is obtained:

ln�X � � ln�X0� � �mmax ÿ kd �t �10�

When substrate is exhausted m equals 0 and equation (10)
leads to:

ln�X � � ln�X0� ÿ kdt �11�

From a culture of S. natans under steady state at D =
0.20 hÿ1, mixed liquor was drawn enough so that only
200 ml culture remained in the reactor. Then, 600 ml of
fresh broth was added and the reactor run under batch
conditions; optical density was measured throughout the
experiment.

Measurements. Biomass concentration was determined
by volatile suspended solids (VSS) (APHA, 1989). pH
values were assessed by a Hach electrode model EC30.
Citric acid concentration was measured with a commercial
kit (Boehringer Mannheim) using an UV-enzymatic
method. Monohydrate citric acid (MCA) was converted
into COD units using the conversion factor 0.69 mgCOD
(mgMCA)ÿ1 according to the combustion stoichiometry.
COD was determined as previously described. N-NH3 was
determined by a Hach equipment (method 10031). All
measurements were made on ®ltered e�uent with 45 mm
Millipore HA membrane. Optical density measurements
were carried out with a spectrophotometer DU 650 Beck-
man at 620 nm. All determinations were done at least in
duplicates and results were expressed as the average value.

Gram, Neisser and poly-b-hydroxybutyrate (PHB)
staining were performed according to the techniques
described by Jenkins et al. (1993). Microscopy obser-
vations of preparations were made using light microscopy
with a Leitz microscope, model Ortholux II (Germany).

Statistical analysis. Data ®ts were done by non linear
regression analysis using a statistical software (Systat 5.02
for Windows). The Systat software calculates the set of
parameters with the lowest residual sum of squares and
their 95% con®dence interval. It also provides for each
data ®t, the sum of squares, the degree of freedom (DF)
and the mean square due to the regression and due to the
residual variation.

RESULTS AND DISCUSSION

Wastewater model system

The composition of the wastewater model system
used in the present study was analyzed during sto-

rage time and important variations were found
(Table 1). For times up to 6.5 h, the wastewater
composition was the result of the di�usion of sub-

stances like carbohydrates and organic acids that
are naturally present in potatoes (Talburt and
Smith, 1987). At 20.5 h a qualitative change in the
wastewater composition was observed. Microorgan-

isms utilized the organic matter to grow and meta-
bolic products such as acetic and lactic acids were
observed in the system. Nevertheless, the pH value

was 6.4±6.6 and the COD:N:P ratio remained ap-
proximately constant at 100:10:1. A nutrient ratio
of 100:5:1 is considered as the ideal one for carbon

removal (Winkler, 1996). The experimental
COD:N:P ratio between 2.5 h and 20.5 h indicates
an excess of nitrogen while phosphorus was

balanced with respect to the carbon source. Among
the identi®ed wastewater components, citrate was
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the most important followed by other organic acids
and glucose.

Carbon compound usage for growth by S. natans
ATCC ]29329

Biochemical testing showed that all assayed car-
bon compounds could sustain S. natans growth.
However, in glucose medium S. natans grew slower

and yielded less cellular material than in media with
acetate or citrate. These results are in accordance
with reports by other authors. KaÈ mpfer et al.

(1995) analyzed qualitative and quantitatively the
nutritional requirements of S. natans in a batch sys-
tem without agitation ®nding good growth in a
medium containing 0.2±0.5 g lÿ1 of acetate but

poor growth with glucose concentrations between
0.2 and 2 g lÿ1. Mulder (1989) found that S. natans
used citrate as a sole carbon source; however,

Richard et al. (1985) classi®ed citrate as a com-
pound not used by the microorganism. This discre-
pancy may be due to the study of di�erent strains.

Four strains of Sphaerotilus sp. were isolated by
Pellegrin et al. (1999) from slimes collected in di�er-
ent paper mill factories. They reported pronounced

physiological di�erences between the isolates and S.

natans DSM 6575(T) (ATCC ]13338), DSM 565
(ATCC ]29329) and DSM 566 (ATCC ]29330) with
respect to their ability to metabolize complex poly-
saccharides, sugars, polyalcohols, or organic acids.

In¯uence of C:N ratio on S. natans ATCC ]29329
growth in chemostat

S. natans growth was analyzed in a chemostat
using di�erent C:N ratios. In all cases, dilution rate

was 0.20 hÿ1 and citrate concentration was held at
2400 mgCOD lÿ1.
For nitrogen concentrations in the feed stream

between 20 and 130 mgN-NH3 lÿ1 (C:N > 19
mgCOD (mgN-NH3)

ÿ1), complete nitrogen utiliz-
ation was observed (Fig. 2a), soluble COD

decreased as nitrogen was added to the medium
(Fig. 2b) while VSS increased (Fig. 2c). These
results indicate that the culture was grown under
nitrogen limiting conditions. However, when nitro-

gen concentration varied from 130 to 400 mgN-
NH3 lÿ1 (C:N < 19 mgCOD (mgN-NH3)

ÿ1), nitro-
gen was detected in the e�uent, COD utilization

was almost total and VSS were constant showing a
limiting carbon source condition. Richard et al.
(1985) found that S. natans reduced soluble COD

to low levels up to a feed C:N ratio of 21; however
soluble COD concentrations increased at greater
feed C:N ratios. These results are in accordance

with most of the previous studies in pure and mixed
cultures and in sludge systems which showed that
when the ratio C:N < 20 mgCOD (mgN-NH3)

ÿ1,
the system is carbon limited.

Determination of kinetic parameters and biomass
yield

Based on obtained results, S. natans growth kin-

etics were studied in a chemostat using a medium
with monohydrate citric acid (MCA) as the only
carbon source (2400 mgCOD lÿ1). A concentration

of 400 mgN-NH3 lÿ1 corresponding to a C:N ratio
of 6 mgCOD (mgN-NH3)

ÿ1, ensured nitrogen in
excess. Thus, kinetic parameters correspond to a

carbon limited medium.
The typical S. natans ATCC ]29329 appearance

in this culture medium is shown in Fig. 3a, b. Rela-
tively long ®laments (10±100 � 1.3±1.6 mm) com-

posed of round-ended, Gram-negative and Neisser-
negative, rod-shaped cells contained in a clear
tightly ®tting sheath were observed. Cells contained

sudanophilic granules, PHB, observed even under
carbon limiting conditions.
Although the culture broth contained a relatively

strong bu�er system (0.01 M POÿ34 ), microorgan-
isms increased the pH of the medium. The pH in
the outlet stream was 8.42 0.2, with a decreasing

trend as D increased (Fig. 4a). The observed
increase of pH indicated proton-consuming reac-
tions in the metabolic breakdown of citrate. This
behavior was also observed in some lactic acid bac-

Fig. 2. E�ect of N-NH3 concentration in the feed stream
on: (a) e�uent N-NH3 concentration; (b) COD; and (c)
VSS. In all cases, citric acid concentration was held con-

stant at 2400 mgCOD lÿ1.
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teria utilizing citrate as a sole carbon source

(Ramos et al., 1994; Magni et al., 1996).

Figure 4b shows the e�ect of dilution rate (D ) on

the biomass and substrate concentrations. As D

increased, VSS decreased. Additionally, citric acid

concentration in the reactor increased above D =

0.25 hÿ1. At D values higher than 0.30 hÿ1 a con-

tinuous washout was observed and steady state

could not be reached. The e�ect of D on the

observed yield (YX/S) is shown in Fig. 5. As D

increased, YX/S increased up to a limiting value.

The true growth yield (YT
X/S) and the endogenous

decay rate (kd) were calculated according to

equation (6). Figure 6 shows the e�ect of the sub-

strate concentration on the speci®c rate of substrate

utilization (qS). Monod equation parameters were

calculated according to equation (8).

Kinetic parameters and yield coe�cients for S.

natans obtained in this work using the three pre-

viously described methods (chemostat, washout and

batch culture) were compared to available literature

data (Table 2). Substrate concentration was

expressed as COD to allow a valid comparison with

data from Richard et al. (1985). Original data from

Fig. 3. Micrographs of S. natans ATCC ]29329 in the used culture media. (a) 500 � , phase contrast.
Bar 50 mm. (b) 1000� , direct illumination, PHB staining. Bar 20 mm.
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Richard et al. (1985) were obtained with glucose

(Glc) as a sole carbon source; the conversion factor
applied to these values was 1.07 mgCOD (mgGlc)ÿ1

according to oxidation stoichiometry. No available

data about kinetic studies of S. natans with citrate
as a sole carbon source were found in literature.
The values of mmax for S. natans obtained in the

present work by the di�erent applied techniques are

slightly higher than those corresponding to glucose
(found in literature). Besides, KS value for citrate
(4.6 mgCOD lÿ1) was approximately half of the glu-

cose value (10.7 mgCOD lÿ1) and indicates a higher
a�nity of S. natans for citrate than for glucose.

Both factors contributed to increase growth rate of
S. natans in citrate compared to glucose that is in
agreement with ®ndings in solid media. The

obtained value of the endogenous decay rate kd
(0.011 hÿ1) was signi®cantly higher than that of lit-
erature (0.003 hÿ1). Culture conditions such as tem-

perature, pH, ionic strength and medium
composition have a high in¯uence on kd or mS

values (Postgate and Hunter, 1962, 1964; Fieschko

and Humphrey, 1984). The medium used in this
work had a relative strong ionic strength due to the
high ammonium, phosphate and sulfate concen-
trations; additionally, it should be considered the

antimicrobial e�ect of citric acid due to its chelating
capacity (Wiley, 1994). These factors may explain
the higher obtained values for mS and kd.

On a COD basis, the values of YT
X/S for S. natans

that was grown in a medium with glucose or citrate
as carbon sources were very similar. Y T

X/S can also

be expressed on substrate molar basis. While for a
glucose medium, biomass yield was 95.4 gVSS per
mole of glucose consumed, a yield of 70.6 gVSS per

mole of citrate consumed was observed in the pre-
sent study. This di�erence may be attributed to the
lower oxidation state of carbon in glucose com-
pared to that in citric acid. The aerobic ATP pro-

duction from glucose oxidation is 38 ATP/mole
while from citric acid oxidation is 27 ATP/mole.
Additionally, oxidation state of citrate carbon is

higher than biomass carbon. Therefore, electrons
coming from citrate oxidation must reduce citrate
carbon to produce biomass and they are unavail-

able for ATP formation. These factors may explain
the lower obtained values of Y T

X/S for S. natans in a
medium with citrate with respect to glucose.

CONCLUSIONS

Composition analysis of the wastewater model

Fig. 4. E�ect of dilution rate (D ) on (a) * pH of the feed
stream, Q pH of the e�uent stream, (± ± ±) regression
line; and (b) R VSS, T citric acid, (Ð) model prediction;

model parameters are shown in Table 2.

Fig. 5. E�ect of dilution rate (D ) on the observed biomass
growth yield (YX/S) (*) experimental data, (Ð) equation

(6).

Fig. 6. E�ect of substrate concentration (S ) on the speci®c
rate of substrate utilization (qS) (*) experimental data,

(Ð) equation (8).
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system of a typical potato processing plant showed
an excess of nitrogen while phosphorus was
balanced with respect to the carbon source. Among

the identi®ed wastewater components, citrate was
the most important followed by other organic acids
and glucose.

Results showed that S. natans ATCC ]29329 can
grow in media with glucose or acetate as unique
carbon source. S. natans can also utilize citrate as a

sole carbon source, although literature shows con-
tradictory results.
For feed nitrogen concentrations ranging between

20 and 130 mgN-NH3 lÿ1 (C:N > 19 mgCOD

(mgN-NH3)
ÿ1) nitrogen was totally used, residual

COD decreased and VSS increased thus indicating
a nitrogen limited system; however for a ratio C:N

< 19 mgCOD (mgN-NH3)
ÿ1 the medium was car-

bon limited.
A culture medium was formulated containing

citrate as sole carbon source with a ratio C:N of 6
mgCOD (mgN-NH3)

ÿ1 to ensure nitrogen excess.
Monod kinetic growth coe�cients determined for
this strain in chemostat at the operating conditions

were: mmax=0.301 hÿ1, KS=4.6 mgCOD lÿ1,
YT

X/S=0.490 mgVSS (mgCOD)ÿ1, kd=0.011 hÿ1

and mS=0.022 mgCOD (mgVSS)ÿ1 hÿ1. These par-

ameters are useful in modeling the growth of S.
natans in potato processing wastewaters (or in other
e�uents under carbon-limiting conditions) es-

pecially when citrate is the main component and
can be used to control ®lamentous bulking by meta-
bolic or kinetic selection.
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