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Kinetics of heterotrophic denitrification was investigated using an oil reservoir culture with the ability
to function under both autotrophic and heterotrophic conditions. In the batch system nitrate at concen-
trations up to 30 mM did not influence the kinetics but with 50 mM slower growth and removal rates
were observed. A kinetic model, representing the denitrification as reduction of nitrate to nitrite, and
subsequent reduction of nitrite to nitrous oxides and nitrogen gas was developed. The value of various
kinetic coefficients, including maximum specific growth rate, saturation constant, yield and activation

Keywords: . o energy for nitrate and nitrite reductions were determined by fitting the experimental data into the devel-
Heterotrophic denitrification ) . . ) .

Nitrate oped model. In continuous bioreactors operated with 10 or 30 mM nitrate, complete removal of nitrate
Continuous bioreactor (no residual nitrite) and linear dependency between nitrate loading and removal rates were observed for
Biokinetics loading rates up to 0.21 and 0.58 mM h~!, respectively. The highest removal rates 0f 0.31 and 0.94 mM h!
Modeling observed at loading rates of 0.42mMh~! and 1.26 mM h~!, with corresponding removal percentages of

nitrate and total nitrogen being 75.4, 54.4%, and 74.4 and 17.9%, respectively. Developed kinetic model
predicted the performance of the continuous bioreactors with accuracy.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Contamination of ground and surface waters with nitrate and
ammonia is a major environmental concern. For instance release of
nitrogenous compounds in water bodies could lead to eutrophica-
tion and disruption of the ecosystem in such waters [1,2]. Extensive
use of fertilizers and discharge of partially treated domestic wastes
contribute to contamination of surface and ground waters with
nitrate. Nitrate containing wastewaters are generated in manufac-
turing of cellophane, explosives, fertilizers, pectin, and in metal
finishing processes and could contain more than 1000 mgNO3-
NL-1 [5,6]. Excessive level of nitrate in some ground waters, used
as the main drinking water source, has been reported [3] which
could cause severe health problems such as methemoglobinemia,
and potential formation of carcinogens in stomach and intestine
[4]. The nitrate standards for the drinking water recommended by
the World Health Organization, the United States Environmental
Protection Agency, and the Council of European Communities are
11.3,10and 11.3 mg NO3-N L1, respectively, and for the nitrite are
0.9, 1 and 0.03mgNO3-NL-! [5].
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Nitrate removal can be achieved by physicochemical methods
such as reverse osmosis, ion exchange, catalytic conversion, and
by biological processes [4,6]. Biological removal of nitrate could
occur as a result of nitrate uptake by plants and microorganisms,
or through biological transformation of nitrate to nitrogen, referred
to as denitrification. Denitrification process which also serves as a
critical step in removal of ammonia from domestic wastewaters
[1] relies on the activity of denitrifying bacteria which use nitrate
or nitrite as an electron acceptor during the oxidation of organic or
inorganic compounds for the purpose of energy generation. Denitri-
fication occurs through a number of sequential reactions in which
nitrate is reduced to nitrite, and subsequently to nitrogen oxides
and nitrogen gas, as described below [7]:

NO;~ +2e~ +2H* — NO,~ +H,0 (1)
NO,~ +e~ +2H* — NO + H,0 (2)
NO + e~ +H* — 1/2N,0 + 1/2H,0 3)
1/2N;0 + e~ +H' — 1/2N, +1/2H,0 (4)

Autotrophic denitrifying bacteria use sulphide, sulphur, or
hydrogen as the electron donor, while heterotrophic denitrifiers
utilize various organic compounds such as methanol, ethanol, for-
mate, acetate, and lactate as electron donor [3,7,8]. Studies of
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Nomenclature

D dilution rate (h~1)

E,No, activation energy, nitrate reduction (k] mol-1)
E,No, activation energy, nitrite reduction (k] mol-1)
Ks.No,  saturation constant, nitrate reduction (mM NO3)
Ks.no, saturation constant, nitrite reduction (mM NO3)
Kyno, decay coefficient, nitrate reduction (h=1)

Kyno, decay coefficient, nitrite reduction (h-1)

So-ace  initial acetate concentration (mM)

SAce acetate concentration (mM)

So-No;  initial nitrate concentration (mM)

SNos nitrate concentration (mM)

So-No,  initial nitrite concentration (mM)

Sno, nitrite concentration (mM)

t time (h)

Xo initial biomass concentration (gL-1)

X biomass concentration (gL-1)

YxNo, nitrate biomassyield, g cell-dry weight (mM NO3 )1
YxNo, nitrite biomass yield, g cell-dry weight (mM NO, )1

Yx-Ace-No, acetate biomass yield, nitrate reduction, g cell-dry
weight (mM Ace)~!

Yx_ace-No, acetate biomass yield, nitrite reduction, g cell-dry
weight (mM Ace)~!

Mmax-No, Mmaximum specific growth rate, nitrate reduction
(h=1)

Mmax -NO, m;‘:lximum specific growth rate, nitrite reduction
(h=)

heterotrophic denitrification have focused on various aspects of
this process including type of the electron donor [2,9-11], kinetic
modeling [3,7,12,13], bioreactor design [4,6,14-17], and simul-
taneous nitrification and denitrification (SND) process [1,18,19].
Autotrophic denitrification has attracted much attention in recent
years due to its beneficial applications in desulphurization of sour
gases, biogas, and sulphide laden waters, as well as its critical role
in the in situ removal of H,S from the oil reservoirs subjected to
water flooding [8]. Various aspects of autotrophic denitrification
thus have been investigated extensively [20-33]

Coleville enrichment is a mixed microbial culture originated
from the produced water of a Canadian oil reservoir and possesses
superior characteristics as far as biodesulphurization is concerned
[23,32,33]. Specifically, Thiomicrospira denitrificans CVO, the main
microbial component of Coleville enrichment, could tolerate and
oxidize sulphide at concentrations as high as 18 mM and is capa-
ble of both autotrophic and heterotrophic activities [34]. Process
of autotrophic denitrification by Coleville enrichment has been
studied in our earlier work [32,33]. Results have indicated that in
the presence of sufficient nitrate, sulphide is the preferred elec-
tron donor and oxidation of acetate occurs only after oxidation of
sulphide to sulphur and complete exhaustion of sulphide. In the
absence of sulphide, sulphur and acetate are oxidized simultane-
ously and oxidation of acetate proceeds much faster than that of
sulphur [32,33].

Unique characteristics of Coleville enrichment such as function-
ing both autotrophically and heterotrophically, and tolerance of
sulphide at concentrations as high as 18 mM, much higher than
those reported in literature for other sulphide oxidizing strains,
offer great potential for application of this enrichment in a process
for simultaneous removal of sulphide, nitrate, nitrite and BOD. Uti-
lization of Coleville enrichment in such process, however, requires a
thorough understanding of the heterotrophic denitrification kinet-
ics by this culture which currently does not exist. The objective

of the present work was, therefore, to study the kinetics of het-
erotrophic denitrification by Coleville enrichment using batch and
continuous bioreactors. A kinetic model representing the deni-
trification as a two-step process (reduction of nitrate to nitrite,
and subsequently to nitrogen oxides and nitrogen gas) was devel-
oped. The experimental data obtained in the batch and continuous
systems were used to determine the kinetics coefficients for the
reductions of nitrate and nitrite. Evaluation of the developed model
by an independent set of experimental data and sensitivity analysis
was also performed.

2. Materials and methods
2.1. Microbial culture and medium

The heterotrophic denitrifying culture (h-NRB) used in this
study was enriched from the produce water of the Coleville oil field,
located in Saskatchewan, Canada. The procedure for the enrich-
ment and maintenance of this culture has been described elsewhere
[33]. Coleville Synthetic Brine (CSB) containing per liter: 7.0g
NaCl, 0.68 g MgS0,4-7H;0, 0.24 g CaCl,-2H,0, 0.02 g NH4Cl, 0.027
KH,PO4, 0.68 NaCH3C0O0-3H,0, 1.0g KNO3, 1.9g NaHCOs3, 6.06 g
Tris Base and 0.5 mL trace element solution was used as medium
[33]. COD to nitrate ratio in the CSB medium was maintained at
2mM 0, (mMNOs3)~! to ensure that acetate was in excess of the
theoretical level required for complete reduction of nitrate to N,
(1.25 mM O,/mM NOs). This is due to the fact that complete reduc-
tion of 1 mM nitrate to N, theoretically requires 0.625 mM acetate,
and that oxidation of 1 mM acetate consumes 2 mM O, [7]. pH of
the medium was adjusted to 7.0-7.5 using 2 M HCL. Cultures were
maintained at room temperature (25 °C) and subcultured every two
weeks.

2.2. Batch experiments

To study the effect of nitrate initial concentration, serum bot-
tles (125 mL) containing 100 mL CSB medium with 30.6 4+ 0.6 mM
acetate and 5, 10, 15, 20, 30 or 50 mM nitrate (COD to nitrate ratios:
12, 6, 4, 3, 2 and 1.2mM O, (mMNO3)~!, respectively) and pH
of 7.0-7.5 were purged with filter sterilized nitrogen for 5 min to
remove the dissolved oxygen. The bottles were sealed with rubber
septum and autoclaved for 30 min at 121 °C. Bottles were then inoc-
ulated with three-day old h-NRB enrichment (10% v/v), maintained
at room temperature (25°C) and sampled regularly. Optical den-
sity, as an indication of biomass concentration, was determined in
each sample immediately. The remaining portion of the sample was
centrifuged for 5min at 9180 (xg) and the supernatant was used
for analysis of acetate, nitrite and nitrate. Based on the stoichiome-
try, concentration of acetate was in excess of the level required for
complete reduction of nitrate to N,. Effect of temperature (15, 20,
30, 35°C) was investigated in an incubator with the desired tem-
perature, using CSB medium containing 24.3 + 1.9 mM acetate and
17.5 4+ 0.4 nitrate (COD to nitrate ratio: 2.8 mM O, (mM NO3)~1). All
other conditions and procedures were similar to those described
earlier. Since all the experiments aiming to study the effect of
nitrate concentration were carried out at 25°C, this temperature
was not tested again. All batch experiments were carried out in
duplicates. Control runs were conducted under similar conditions
without inoculation. Data generated in the batch experiments with
5, 10, 20, 30 and 50 mM nitrate at 25 °C, and those obtained with
24.3 +£1.9mM nitrate at 15, 20, 30, 35°C were used to determine
various kinetic coefficients, as described in section 2.4. Batch data
obtained with 15 mM nitrate at 25°C were used for validation of
the kinetic model.
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2.3. Continuous experiments

Heterotrophic denitrification was also studied in continuous
systems (two identical set-ups). Each set-up consisted of a glass
bioreactor (working volume: 230 mL) with a small stirrer and a
sampling port with rubber septum, feed and effluent containers,
and a peristaltic pump. CSB Medium with either 10.4 +0.5 mM
acetate and 10.7 + 0.5 mM nitrate (COD to nitrate ratio: 1.9 mM O,
(mMNOs3)~1), or 28.7 + 1.1 mM acetate and 31.4+ 1.0 mM nitrate
(COD to nitrate ratio: 1.8 mM O, (mMNO3)~!) was prepared in
a glass flask and autoclaved for 30 min at 121°C. After cooling,
medium was purged with filter sterilized nitrogen for an hour.
Medium was then transferred into a sterilized collapsible medium
bag by introducing pressurized sterilized nitrogen gas into the flask.
Use of collapsible bag which was connected to the bioreactor by
tygon tubing maintained the anaerobic conditions and allowed
proper operation of the peristaltic pump. Each bioreactor was ini-
tially charged with the designated CSB medium and purged with
nitrogen gas for 10 min. A three-day old Coleville h-NRB enrich-
ment (30 mL) was then added. Concentrations of nitrate and nitrite
were monitored regularly. When residual nitrate and nitrite con-
centrations reached a negligible level, bioreactor was switched
to continuous mode by pumping CSB medium into the bioreac-
tor using the peristaltic pump. The effluent was transferred to
the effluent container through an overflow tube. Samples (1.5 mL)
were taken from the bioreactors on a daily basis and analyzed for
biomass, acetate, nitrate, and nitrite concentrations, and pH. Flow
rate of the feed was increased stepwise until cell wash-out occurred
(0.4-26.7mLh1). At each flow rate sufficient time was given for
establishment of steady state conditions. Steady state conditions
were assumed when residual nitrate, acetate and biomass concen-
trations changed less than 5-10% for at least three days. Following
this period the bioreactor was operated at the same flow rate for
3-5 additional days and daily sampling was carried out. The aver-
age value of the data obtained in over this period was then used
in assessing the performance of the bioreactor. Both experimental
runs were carried out at room temperature (25 °C).

2.4. Modeling of the batch and continuous systems and model
validation

To develop the kinetic model it was assumed that the denitri-
fication proceeded in two consecutive steps of nitrate reduction
to nitrite (reaction (1)), followed by reduction of nitrite to other
nitrogenous compounds (reactions (2)-(4)). The concentration pro-
files observed in the batch experiments confirmed the validity of
this assumption. Since accurate measurement of the dynamic con-
centration for nitrogen oxides in the liquid and gas phases is not
a simple task (due to reactivity and instability), reactions (2)-(4)
were combined and treated as a single step. This approach which
has been used by other researchers [3,7] simplified the modeling
of the system. Furthermore, it was assumed that microbial growth
followed the Monod kinetics, with nitrate and nitrite being the lim-
iting substrates in steps one and two, respectively. This was also a
valid assumption since acetate was provided in excess in all exper-
iments.

Egs.(5)-(8), respectively, represent the mass balances for micro-
bial growth, nitrate, nitrite and acetate utilizations in a batch
system.

-NO5 S N0, Si
ax (Mmax NO3 9NO3 *Kd»No3> X+ (Mmax NO, ONO, 7Kd_N02) x (5)

dt ~ \ Kso, + Snos Ks-no, + Sno,
dSno, 1 M max-NO3 SNO;
= —Kgnoa | X (6)
dt Yx-No; \ Ks-nos + Snos NOs

dSN02 1 M max -NO3 SNO3
= —Kano, | X
dt Yx-No; \ Ks-No; + SNo,
1 Mmax -NO, SNO,
_ — Ky X 7
Yx-No, <Ks-No2 +Sno, N0 )
dSace _ 1 Mmax -NO3 SNO5 K X
dt Yx-AceNo; \ Ksnos +Sno; O3

1 Mmax -NO,SNO,

Yx-Ace-NO, <KS—N02 + SNo, Kd_NOZ) X (®)

Egs. (5)-(8) were solved simultaneously using a 4th order
Runge-Kutta method in Excel software. Value of various kinetic
coefficients was determined by fitting the data generated in the
experiments with 5,10, 20,30 and 50 mM nitrate at 25 °C, and those
obtained with 24.3 £ 1.9 mM nitrate at 15, 20, 30, 35°C into the
model, and performing non-linear regression using least-squares
minimization and Solver routine within Excel™ software [35]. Eq.
(9) represents the objective function used in the least square min-
imization:

n
§ : 2
f = (Si—NO3»measured - Si—N03—predicted)

1

(Si -5 icted )
+ i-NO,-measured NO;-predicted

(S; _S. ccted )
+ (Si-Ace-measured i-Ace-predicted

2
+ (Si—X—measured - Si—X—predicted) (9)

The values of lmax-No; and [imax-No, Obtained at different
temperatures were fitted to Arrhenius expression and activation
energies for growth on nitrate (E,_no,) and nitrite (E,_no,) were
determined. Batch data obtained with 15 mM nitrate at 25 °C were
used for validation of the kinetic model.

The dynamic behaviour of the continuous bioreactor was mod-
eled using the mass balances for biomass, nitrate, nitrite and
acetate, as given by expressions (10)-(13), respectively.

dx Hmax -NO3 SN0, Mmax -NO, SNO,

Y DXy —X)+ 10)
dt (Xo = X) Ks_-no; + Sno, Ks-no, + Sno, (
ClSNO3 1 Mmax-NosSNO
= D(Sp- ) — 3 3 11
it (So-No; — Sno3) Yxno; Ksnoy + Sno, (11)
dSno, 1 Mmax-NosSNO
= D(So-no, — S + 33X
dt (So-no, = Sno,) Yx-No; Ks-No; + Sno,
_NO, S
1T Hmax-No, NO, y (12)
Yx-No, Ks-No, +SNo,
dSace 1 HMmax -NO3 SN0,
= D(Sg-ace — S, -
de (S0-ce = Shce) Yx-Ace-N0;3 Ks-No; + SNo,
1 Mmax -NO,SNO, (13)

Yx-Ace-No, Ks-No, +Sno,

Considering that the value of decay coefficients determined
from the batch data were small (10~ to 10~ h—1), decay term was
not included. Egs. (10)-(13) were solved simultaneously to deter-
mine the transient concentrations of biomass, nitrate, nitrite and
acetate at each dilution rate. The theoretical steady state concen-
trations at each dilution rate were determined by conducting the
calculations in the transient model over a sufficiently long time.
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Fig. 1. Batch denitrification of 10 mM (A), 20mM (B), 30 mM (C) and 50 mM (D) nitrate. Symbols are the average value of the data obtained in duplicate experiments and
error bars are the associated standard deviations. Solid lines represent the model prediction.

Finally, the values of various kinetic coefficients were determined
by fitting the steady state experimental data at each dilution rate
into the model. All the calculations were performed in Excel™
software using 4th order Runge-Kutta method and least square
minimization as described for the batch system.

2.5. Analytical procedures

Optical density of the samples was determined at 620 nm (SHI-
MADZU UVmini-1240 Spectrophotometer, Japan). A calibration
curve was developed and used to convert the optical density
to biomass concentration. Concentrations of acetate, nitrate, and
nitrite were determined using a Dionex Ion chromatograph (ICS-
2500) with a thermal conductivity detector (CD25A), an IonPac
CG5A guard column and an IonPac CS5A analytical column (Dionex
Corporation, Sunnyvale, CA, USA). KOH (1 mM) with a flow rate of
1.5mLh~1 was used as eluent.

3. Results and discussion
3.1. Batch system

Fig. 1 shows the profiles of biomass, nitrate, nitrite and acetate
concentrations in the experiments with 10, 20, 30, 50 mM nitrate
at 25°C. Results for experiments with 5 and 15mM nitrate are
not included but profiles were similar to those shown in Fig. 1. In
all cases microbial activity started without any delay, resulting in
removal of nitrate and formation of nitrite at similar rates. Removal
of nitrite began only when nitrate concentration dropped to a low
level. This pattern which occurred regardless of nitrate initial con-
centration was similar to that observed during the autotrophic
denitrification with sulphide [32]. In other words in both cases
nitrate was reduced to nitrite first and following the exhaustion
of nitrate bacteria utilized nitrite as electron acceptor and reduced
it to other compounds (i.e. NO, N0 and N5). Microbial growth and

acetate utilization occurred in both steps of denitrification, albeit
at faster rate during the reduction of nitrate to nitrite. Concentra-
tions of nitrate and acetate remained unchanged and no nitrite was
detected in the control experiments.

Effect of temperature on the denitrification process is shown in
Fig. 2. Regardless of the applied temperature denitrification pro-
ceeded by reduction of nitrate to nitrite and subsequent reduction
of produced nitrite to other gaseous end products. Increase of tem-
perature enhanced the microbial activity and removal rates in both
steps but the effect was more pronounced during the nitrite reduc-
tion. For instance nitrate and nitrite removal rates at 15 °Cwere 0.24
and 0.08 mM h~1, respectively, while at 35 °C the removal rates of
0.71 and 0.41 mM h~! were obtained.

Model predictions for biomass, nitrate, nitrite, and acetate con-
centrations are included in Figs. 1 and 2 as solid lines, and associated
kinetic coefficients are summarized in Table 1. Evaluation of the
kinetic coefficients did not imply any particular pattern as far as
nitrate initial concentration was concerned, with the exception of
maximum specific growth (f4max -No, ) Which was 46% smaller than
the mean value when 50 mM nitrate was used. Increase of temper-
ature in the range 15-35°C increased the value of (i4max-No, ) and
Mmax-No, by almost 4 and 9 folds, respectively but did not affect
the other coefficients. Using the values of (tmax-No; and (max-No,
obtained at different temperatures and Arrhenius expression, acti-
vation energies for growth on nitrate and nitrite were determined
as 48.9 and 70.5 k] mol~!, respectively (regression coefficient: 0.98
in both cases). Temperature effect was more pronounced on nitrite
reduction as reflected by a sharper increase of (tmax-No, and higher
activation energy.

The datagenerated in duplicate experiments with 15 mM nitrate
at 25°C were used to evaluate the kinetic model. Theoretical
biomass, nitrate, nitrite and acetate concentrations were calcu-
lated using the average values of various coefficients (last column,
Table 1), with exception of 4max-No; and fmax-No, for which the
values obtained at 25°C (0.031 and 0.003 h~1, respectively) were
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Fig. 2. Batch denitrification at 15°C (A), 20°C (B), 30°C (C) and 35°C (D). Symbols are the average value of the data obtained in duplicate experiments and error bars are the

associated standard deviations. Solid lines represent the model prediction.

used. The experimental data and model predictions (solid lines)
are compared in Fig. 3. The average percentage of error, calculated
using the measured and predicted concentrations were 40.8%, 6.6%,
34.5% and 10.1% for biomass, nitrate, nitrite and acetate, respec-
tively, indicating that the model predicted the experimental results
with reasonable accuracy.

Sensitivity analysis was also performed by varying a particular
coefficient by 10% intervals, while maintaining the others constant.
The sum of square deviations (SSD) based on the measured and
predicted concentrations of biomass, nitrate, nitrite and acetate
was calculated for each varied parameter. Normalized sum of the
squared deviations (NSSD) was defined as the ratio of SSD cal-
culated with varied parameter to SSD calculated with the best
fit parameters. A typical set of results for batch denitrification of
30 mM nitrate are shown in Fig. 4 (top panels). Maximum specific
growth rates, specially pmax-no,, influenced the model predic-
tion strongly. For instance 50% decrease in values of (tmax-no, and
Mmax-No, increased the NSSD by 15 and 5 folds, respectively. Model
prediction was also sensitive to yield coefficients but to a lesser

extent. Variation in saturation constants did not affect the theoret-
ical predictions significantly and the highest increase in NSSD was
around 16%.

A comparison of the current results with those obtained in our
earlier work on biodesulphurization (autotrophic denitrification)
revealed that under both heterotrophic and autotrophic conditions,
denitrification occurred through reduction of nitrate to nitrite, fol-
lowed by reduction of the produced nitrite to other nitrogenous
compounds. Under autotrophic conditions strong inhibitory effect
of sulphide at concentrations above 18 mM limited the level of
nitrate which could be removed to10 mM, due to coupling of deni-
trification and biodesulphurization [32]. This was not the case with
heterotrophic process and nitrates at all tested concentrations (up
to 50 mM) were removed effectively by the bacteria. The model
developed in the present work is capable of predicting the den-
itrification process for nitrate concentration as high as 50 mM, a
level well above that in conventional wastewaters (10-50 mgL~!
or 0.7-3.6mM) and close to the level in many industrial
wastewaters.

Table 1

Biokinetic coefficients based on the batch experiments data.
Nitrate Concentration (mM) 5 10 20 30 50 20 Average + one

standard deviation

Temperature (°C) 25 15 20 30 35
max-NO3 (h™") 0.031 0.029 0.031 0.024 0.014 0.014 0.024 0.043 0.054 0.014-0.054"
Ks-No, (MM NO3) 2.400 2.200 2.609 2.738 2.900 2.400 2.700 2.220 2.298 2.507 £0.238
Kd,No3(h’1) 42x10635%x10% 28x10°% 49%x10°% 3.0x10°% 61x10° 22x10% 75x10° 44x106 42x106+1.7x10°6
Yx-No, (g cell (mMNOs; ) 0.003 0.004 0.003 0.003 0.001 0.002 0.003 0.003 0.003 0.003 +£0.001
Yx-Ace-no; (g cell (mM Ace)™) 0.001 0.006 0.006 0.012 0.006 0.005 0.008 0.006 0.006 0.006 +0.003
Mmax-No, (h™) 0.005 0.005 0.003 0.003 0.004 0.001 0.003 0.006 0.009 0.001-0.009
Ks-no, (MM NO,) 0.090 0.090 0.090 0.110 0.110 0.095 0.110 0.090 0.110 0.098 £0.010
Kd,Noz(h’l) 14x107° 1.1x107> 15x10"> 1.8x10™> 35x107> 3.1x107> 56x10°¢ 25x10° 1.2x10°> 1.8x107°+9.3 %10
Yx-no,(g cell (mMNO, ™ 0.001 0.002 0.002 0.002 0.002 0.002 0.001 0.001 0.001 0.002 +£0.001
Yx-Ace-No, (g cell (mM Ace)™) 0.005 0.006 0.009 0.005 0.006 0.006 0.007 0.007 0.009 0.007 +£0.002

" FOr ftmax N0 and ftmax-No,, Fange of values observed over the tested temperatures are given.



S. An et al. / Journal of Hazardous Materials 190 (2011) 686-693 691

50 0.30

i

— (=]
E 40 - =
5 - 0.20 §
-t [~
£ 3
g S
= Lo10 ©
[=] W
P g
2 S
m

- 0.00
0 25 50 75 100 125
Time (h)

I O Nitrate ® Nitrite 4 Acetate © Biomass|

Fig. 3. Evaluation of the kinetic model with an independent set of data. Symbols are
the average value of the data obtained in duplicate experiments with 15 mM nitrate
at 25°C and error bars are the associated standard deviations. Solid lines represent
the model prediction.

Ersever et al. [7] studied heterotrophic denitrification by a cul-
ture from a wastewater treatment plant. Increase of temperature
in the range 10-35°C enhanced the batch denitrification kinet-
ics, with the estimated activation energy being 59.6 k] mol~!. Batch
denitrification of 7.6 mM nitrate with hydrogen as electron donor
was studied by Vasiliadou et al. [3] using sludge from a wastewater
treatment plant. Monod, Andrew and dual substrate (nitrate and
nitrite) models were evaluated. Assumption of a two-step process
similar to that in the present work, and the use of dual substrate
expression resulted in the best match between the theoretical
predictions and experimental data, with the value of kinetics coef-
ficients being: fmax-No; = 0.0485h™", Ks.no, = 2.05mM, Yx.no, =

0.0058 mg biomass (mMNO3)1, Mmax-No, = 0.55 ht, Ks-No, =
0.33mMNO3, and Yx-no, = 0.0012 mg biomass (mM NO,)!.

3.2. Continuous bioreactors

Profiles of biomass, nitrate, nitrite and acetate concentrations
as a function dilution rate for continuous bioreactors are shown in
Fig. 5. In both bioreactors for dilution rates up to 0.02h~! nitrate
was removed completely and no residual nitrite was detected.
Further increase in dilution rates led to continuous increases in
residual nitrate concentration until cell wash out occurred (criti-
cal dilution rate: 0.08 h—1). Nitrite concentration passed through
a maximum at dilution rates around 0.03-0.04h~! and then
decreased. The highest biomass concentration in the bioreactors
operated with 10 and 30 mM nitrate was observed at dilution rates
of 0.003 and 0.018 h~!, respectively and decreased continuously
as dilution rate was increased. Utilization of acetate was coupled
to denitrification and as expected residual acetate concentration
increased with increase of dilution rate. It is noteworthy to indi-
cate that for the entire range of tested dilution rates, even when
both nitrate and nitrite residual concentrations were zero, acetate
was present in the bioreactor confirming that acetate was not a
limiting substrate.

Model predictions for continuous bioreactors are included as
solid lines in Fig. 5 and kinetic coefficients are summarized in
Table 2. Similar to what observed in the batch system, feed nitrate
concentration did not affect the denitrification kinetics and kinetic
coefficients determined for 10 and 30 mM nitrate were close, as
confirmed by small values of standard deviations (Table 2). When
compared with the coefficients obtained for the batch system, val-
ues of maximum specific growth rates and yields were higher for
the continuous system. The reason for the observed differences
could liein the fact thatin a continuous system cells are not exposed
to adverse conditions such as nutrient limitation, high concentra-
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Fig. 4. Results of sensitivity analysis of the kinetic model for batch (top panels) and continuous (bottom panels) bioreactors (nitrate concentration: 30 mM; T: 25°C).
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Fig. 5. Denitrification results in the continuous bioreactors operated with 10 mM
(A) and 30 mM (B) of each nitrate and acetate. Symbols are the average value of the
data obtained in three consecutive days after the establishment of steady state at
each dilution rate and error bars are the associated standard deviations. Solid lines
represent model predictions.

tions of inhibitory intermediates, and undesirable environmental
pH or redox potential which may exist in a batch system [36]. Thus
higher levels of metabolic activity could be expressed by cells [36].
Theresults of the sensitivity analyses for the continuous bioreactors
are included in Fig. 4 (bottom panels). Consistent with the response
observed in the batch system, maximum specific growth rates, both
Mmax-N0os and [max-No, Strongly influenced the model predictions,
while variation is saturation constants did not have a significant
impact. Sensitivity to yield coefficients was also apparent but not
to the extent observed with maximum specific growth rates.
Using ethanol, Ersever et al. [7] evaluated heterotrophic
denitrification of either 5.4 mM nitrate or 8.5 mM nitrite in con-
tinuous bioreactors. The critical dilution rates for nitrate and
nitrite operated bioreactors were 0.47 and 0.67h~!, respec-
tively. Using Monod expression, the best fit kinetics parameters
were reported as:  Umax-No; = 0.75 h, Ks.no;, = 0.13mM,
Yx_-No; = 0.0053 mg biomass (mM NO3 ), Yx_Ethanol =0.0133 mg

Table 2
Biokinetic coefficients based on the data from the continuous bioreactors.
Nitrate concentration (mM) 10 30 Average + one
standard
deviation
umx_m}(h’l) 0.047 0.046 0.046 + 0.001
Ks-no, (MM NO3) 2.899 2.899 2.899 + 0.000
Yx-noy (g cell (mM NO3)™) 0.003 0.003 0.003 £ 0.000
Yx-ace-No; (g cell (mM Ace)™") 0.019 0.019 0.019 + 0.000
Mmax-NO, (™" 0.012 0.009 0.011 + 0.002
Ks-no, (mMMNO3) 0.110 0.085 0.097 + 0.018
Yx-no, (g cell (mM NOz) ™) 0.004 0.003 0.004 + 0.000
Yx-ace-No, (g cell (mM Ace)™) 0.019 0.019 0.019 + 0.000
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Fig. 6. Removal rate of nitrate as a function of its loading rate in the continuous
bioreactors operated under heterotrophic conditions (feed: 10 mM or 30 mM of each
nitrate and acetate) and autotrophic conditions (feed: 5 and 10, or 7.5 and 15, or 10
and 20 mM of nitrate and sulphide; An et al. 2010).

biomass (mM ethanol)~!; and Mmax-No, = 0.6 ht, Ks-No, =
0.62mM NO,, Yx.no, = 0.0045mg biomass (mMNO,)~! and
Yx-Ethanol = 0.0133 mg biomass (mM ethanol)~!. With the exception
of maximum specific growth rates, the kinetic coefficients deter-
mined in the present work are in agreement with those reported
in literature for batch and continuous systems. The differences
in experimental conditions such as concentration of nitrate, type
of electron donor and most importantly the origin of microbial
cultures are the factors which could have contributed to observed
differences.

Fig. 6 shows the removal rate of nitrate as a function of its loading
rate in the bioreactors operated with 10 and 30 mM nitrate (biore-
actors 1 and 2, respectively). In bioreactor 1, complete removal of
nitrate (no residual nitrite) and linear dependency between nitrate
loading and removal rates were observed for loading rates up to
0.21mMh~1. In bioreactor 2 similar results obtained for loading
rates as high as 0.58 mM h~!. Application of loading rates higher
than 0.21 and 0.58 mMh~! in bioreactors 1 and 2, respectively
led to accumulation of both nitrate and nitrite. In bioreactor 1,
the highest removal rate of nitrate (0.31mMh~!) was obtained
at a loading rate of 0.42mMh~1, with the corresponding removal
percentages of nitrate and total nitrogen being 75.4 and 54.4%,
respectively. The highest nitrate removal rate in bioreactor 2 was
0.94mMh~! and obtained at a loading rate of 1.26 mMh~!. The
removal percentages of nitrate and total nitrogen were 74.4 and
17.9%, respectively. Results of our earlier work on autotrophic den-
itrification with Coleville enrichment (biodesulphurization) [32]
are also included in Fig. 6. As seen prior to cell wash-out linear
dependency between nitrate loading and removal rates is observed
under both autotrophic and heterotrophic conditions and nitrate
removal rates are close (data fall on the same trend line). There
are, however, two noteworthy distinctions: (1)—under autotrophic
conditions cell wash out was drasticand application of loading rates
slightly above a critical value caused a sudden decrease in removal
rate of nitrate, while under heterotrophic conditions the observed
response was less drastic. The sudden wash out observed in the
autotrophic system could be attributed to the strong inhibitory
effect of sulphide which at high loading rates could have hindered
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the microbial activity and caused the deterioration of the bioreac-
tor performance; (2)—under autotrophic conditions for the entire
range of applied loading rates (up to 0.93 mMh~1), the removal of
nitrate was complete and no residual nitrite was observed in the
bioreactor, while under heterotrophic conditions nitrite accumula-
tion occurred when loading rates were above 0.21 and 0.58 mM h~!
in the bioreactors operated with 10 and 30 mM nitrate, respec-
tively. The reason for the observed response is not clear. However,
the results of our earlier studies [32,33] indicated that when both
sulphide and acetate were present, sulphide was the preferred elec-
tron donor. Thus one could speculate that the denitrification under
autotrophic conditions is the preferred pathway and led to efficient
removal of both nitrate and nitrite.

4. Conclusions

Results of the present study reveal that Coleville enrichment
possesses superior characteristics as far as biodesulphurization
(autotrophic denitrification) and heterotrophic denitrification are
concerned, and could be used in a process aiming at simultaneous
removal of sulphide, nitrate, nitrite and BOD. Under autotrophic
conditions the highest concentration of treated nitrate and extent
of denitrification are limited by inhibitory effects of sulphide,
while such limitation does not exist for heterotrophic denitrifi-
cation. Furthermore, application of residence times shorter than
a critical value causes sudden deterioration of autotrophic den-
itrification but under heterotrophic condition this effect is not
as pronounced. Nitrate removal rates obtained under autotrophic
and heterotrophic conditions are comparable. Under autotrophic
conditions for the entire range of applied loading rates (up to
0.93 mM h~1), nitrate is removed completely and no residual nitrite
is observed, while under heterotrophic conditions accumulation
of nitrite occurs at loading rates above 0.21 and 0.58 mMh~! in
bioreactors operated with 10 and 30 mM nitrate, respectively. The
developed kinetic model predicts the experimental results with
good accuracy and could be used in design, control and modeling
of large scale systems aiming at simultaneous removal of sulphide,
nitrate, nitrite and BOD.
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