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The presence of nitrate in water and wastewater is a serious environmental problem. Anoxic rotating biological
contactors (RBC) are a promising novel technology for nitrate removal. In this study the effect of two carbon/nitrogen
(C/N) molar ratios (1.5 and 3.0) on denitrification, using acetate as a carbon source, were investigated in an anoxic
bench-scale RBC, treating synthetic wastewater. The effect of different hydraulic retention times (HRTs) and
different nitrogen and carbon influent concentrations on the reactor performance, at constant C/N, were also analysed.
The average removal efficiency in terms of nitrogen-nitrate was about 90.4% at C/N = 1.5, lowering to 73.7% at C/
N = 3.0. Considering carbon-acetate removal, overall efficiencies of 82.0% and 63.6% were attained at C/N ratios of
1.5 and 3.0, respectively. The increase in nitrogen-nitrate (from 50 to 100 mg N-NO

 

3

 

−

 

 L

 

−

 

1

 

) and carbon-acetate
influent concentrations and the decrease in HRT, keeping C/N constant, had a slight negative effect in terms of
substrate removal. It was found that, for the tested conditions, the use of C/N = 1.5 is advantageous to denitrification.
The anoxic RBC was significantly effective at reducing nitrate concentrations within a relatively short HRT. These
reactors may be a feasible option for the treatment of nitrate-rich wastewaters.
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Introduction

 

The traditional physico-chemical methods used to elim-
inate nitrate from water and wastewater are ion
exchange, reverse osmosis and electrodialysis [1].
However, these approaches present some drawbacks
such as concentrated waste disposal issues, cost and
susceptibility to fouling (in the case of reverse osmosis)
[2]. Biological nitrate reduction (denitrification) has
been shown to be more economical and practical and
the most versatile approach among all methods for
removing nitrate from water and wastewater [3]. The
anoxic rotating biological contactor (RBC) is a promis-
ing novel technology for nitrate removal.

An anoxic RBC unit typically consists of a series of
closely spaced discs that are mounted on a common
horizontal shaft and are partially or completely
submerged in wastewater and inserted in a tightly
closed case to avoid air entrance. Similarly to an open
RBC, the shaft continually rotates and a biofilm is
established on the entire surface area of the media,
which metabolizes the organic materials contained in
the wastewater. Because of its advantages, such as
small land area requirement, easy construction, compact
design, simplicity of operation, low operating and main-
tenance costs, short hydraulic retention time (HRT) and

high biomass concentration per reactor volume, RBCs
constitute a very unique and superior alternative tech-
nology for carbon oxidation, nitrification, denitrifica-
tion and phosphorus removal [4].

In municipal wastewater treatment processes most
denitrifying bacteria are heterotrophic, and so an
organic carbon source is required [5–7]. Methanol,
acetate, citrate, propionate, ethanol and glucose are
some of the carbon sources that have been used.
Acetate has been reported to give high denitrification
rates in most cases [8–10]. Besides the type of carbon
source, denitrification rate is strongly susceptible to the
concentration of the carbon source and the carbon to
nitrogen ratio (C/N) [11,12]. These can vary for differ-
ent microorganisms, water streams and environmental
conditions [13].

Although in the last decade anoxic RBCs have
started to be used for denitrification, few studies have
been conducted with this type of reactor. Therefore, the
aim of this work was to evaluate the denitrification
process in an anoxic bench-scale RBC, for the treatment
of a synthetic wastewater under two C/N molar ratios
(1.5 and 3.0) and to compare the characteristics and the
activity of the biofilm grown in those conditions. The
effect of different HRTs and different organic and
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nitrate influent concentrations on the reactor perfor-
mance, keeping C/N constant, were also analysed.

 

Materials and methods

 

Experimental set-up

 

A single-stage bench-scale anoxic RBC reactor with
eight polymethylmethacrylate (PMMA) discs was used
in the experiments. The details are given in Table 1.

The temperature was maintained at 28 

 

°

 

C by means
of a heating jacket. The reactor was covered and sealed
and no special precaution was taken to maintain anoxic
conditions. An influent feed tank was coupled to a
previously calibrated peristaltic pump used to supply
the synthetic wastewater flow rate into the anoxic RBC
in a direction parallel to the rotating shaft. A dynamic
head tube resembling a vented inverted siphon on the
effluent line was used to control the liquid level.
The treated effluent was collected in a receiving tank.
The produced gas flow rate was measured by a Ritter
MilliGascounter.

 

Acclimatization of biomass

 

A volume of concentrated biological sludge was
collected from an activated sludge tank at Esposende
wastewater treatment plant, Portugal. In order to get a
suitable consortium, the fresh biomass was acclimatized
for one month in a denitrifying medium, in anoxic
conditions, at room temperature and 150 rpm, using
acetate as a carbon source and a phosphorus concentra-
tion of 10 mg P L

 

−

 

1

 

. According to the experiment (C/N
= 1.5 or C/N = 3.0) the consortium was enriched in a
denitrifying medium with the composition shown in
Table 2.

The trace element solution contained: 242 mg
Na

 

2

 

MoO

 

4

 

·2H

 

2

 

O, 56 mg FeSO

 

4

 

·7H

 

2

 

O, 8.1 mg

MnCl

 

2

 

·2H

 

2

 

O, 390 mg CaCl

 

2

 

·2H

 

2

 

O and 409.2 mg
MgSO

 

4

 

·7H

 

2

 

O per litre of tap water. Because of the buff-
ering capacity of the medium, no pH adjustment was
performed. The acclimatized sludge was then used for
seeding into the anoxic RBC.

 

Synthetic wastewater

 

The anoxic rotating biological contactor was fed contin-
uously with synthetic wastewater. The synthetic influ-
ent had a composition similar to the denitrifying
medium. The nitrogen-nitrate range selected is typical
of concentrations found in agricultural and industrial
wastewaters [14]. To evaluate the reactor efficiency and
biofilm development, the carbon and nitrate loads were
doubled on the eighth day of operation (at constant C/N
ratio), in both experimental conditions (C/N = 1.5 or C/
N = 3.0).

 

Reactor inoculation, start-up and operation

 

The bench-scale reactor was inoculated with 2.5 L of
the adapted consortium of sludge, and microbial attach-
ment on to the discs was allowed to occur in batch
mode. The initial biomass concentration in the system
was 2.63 and 2.21 g of volatile suspended solids (VSS)
L

 

−

 

1

 

, for C/N = 1.5 and C/N = 3.0, respectively. A visi-
ble attachment of biomass on the discs was noticed
after four days of inoculation. On day 6, the anoxic
RBC mixed liquor was removed, the reactor was
refilled with the synthetic wastewater and its operation
in continuous mode was started. The HRT, very high at
the beginning, was gradually reduced. The ‘zero’ time
of operation was considered to be when HRT was
adjusted to 10 h. Two days after that, the collection of
samples started.

The study was conducted for a period of 28 days (for
each C/N ratio). During the assay, carbon-acetate and
nitrogen-nitrate concentrations were doubled and the
HRT was changed from 10 h to 5.68 h as shown in
Table 3. Whenever a parameter was changed, the reac-
tor was allowed to stabilize for a period of at least twice

 

Table 1. Summary of the dimensions of the anoxic RBC
experimental unit.

Parameter Value

No. of stages 1
No. of discs/stage 8
Internal unit diameter 140 mm
Disc diameter 130 mm
Disc thickness 3 mm
Disc spacing 20 mm
Shaft diameter 16 mm
Submergence 93.5%
Useful volume 0.0025 m

 

3

 

Unit length 210 mm
Type of material Acrylic
Rotational speed 4 rpm

Table 2. Chemical composition of the denitrifying medium
used for acclimatization of biological sludge.

Concentration (mg L

 

−

 

1

 

)

Compound C/N = 1.5 C/N = 3

CH

 

3

 

COONa·3H

 

2

 

O 425.3 850.5
KNO

 

3

 

360.9 360.9
K

 

2

 

HPO

 

4

 

. 3H

 

2

 

O 60.9 60.9
KH

 

2

 

PO

 

4

 

9.0 9.0
Trace element solution 100 mL 100 mL
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the corresponding retention time, before taking any
sample.

 

Biofilm denitrifying activity

 

At the end of each experiment, the biofilm formed on
the discs was carefully removed (along the whole
depth). The scraped biofilm was used in additional
batch assays to evaluate the specific substrate consump-
tion rates and biofilm activity as well. These assays
were performed in 160 mL serum flasks containing
90 mL of the denitrifying medium mentioned above,
and were inoculated with 1 g of biofilm (wet weight). In
order to evaluate the activity along the reactor, the
biofilm samples used as inoculum corresponded to a
mixture of biofilm removed from the first and second
discs, from the three middle discs and from the three
last discs. Flasks were closed with butyl rubber stoppers
and aluminium caps. To obtain anoxic conditions, the
flasks were flushed with helium gas. Finally, the flasks
were incubated at 28 

 

°

 

C and 150 rpm. Aliquots of
2.5 mL were removed from each bottle, samples were
collected at regular intervals, and immediately analysed
for various parameters.

Specific substrate consumption rates of nitrate and
acetate were determined according to the following
equation: 

where 

 

dS

 

 is the specific substrate consumption rate, 

 

S

 

0

 

and 

 

S

 

t

 

 are the substrate concentrations at the beginning
and at the end of the batch test, respectively, and 

 

SST

 

 is
the concentration of solids during the denitrification
batch test time 

 

t

 

.

 

Sampling and analytical methods

 

During the course of continuous operation, samples of
the RBC influent and effluent were collected routinely
and analysed for various parameters such as pH, chem-
ical oxygen demand (COD), nitrate, nitrite and acetate.

Dissolved oxygen was not measured. The pH was
immediately read after collection of the sample and
measured with a Metrohm 620 pH meter. The COD was
determined according to the closed reflux colorimetric
method [15]. For the determination of nitrate, nitrite and
acetate ion concentration, samples were filtered through
a 0.2 

 

µ

 

m membrane filter to remove interfering
suspended particles. Nitrite-nitrogen concentration was
determined by a colorimetric method using N-(1-naph-
thyl)-ethylene-diamine, according to 

 

Standard Methods

 

[15]. Nitrate and acetate concentrations were measured
by high-performance liquid chromatography, using a
Varian Metacarb column (type 67H, 9 

 

µ

 

m, 300 mm
long, 6.5 mm internal diameter) and a mobile phase of
0.005 M sulphuric acid (H

 

2

 

SO

 

4

 

) at 0.7 mL min

 

−

 

1

 

. The
column temperature was set at 60 

 

°

 

C, and nitrate and
acetate were detected by UV at 210 nm. Periodically,
gas samples were analysed by a gas chromatograph
equipped with a thermal conductivity detector and a
Porapak Q column (2 mm internal diameter, 80–100 

 

µ

 

m
mesh, 1 m length) in series with a Molecular Sieve
column (2 mm internal diameter, 5 Å, 80–100 

 

µ

 

m
mesh, 2 m length). Helium was used as the carrier gas
at a flow rate of 17 mL min

 

−

 

1

 

. The temperatures of the
injector port, columns and detector were 110 

 

°

 

C, 35 

 

°

 

C
and 110 

 

°

 

C, respectively.
In order to separate the polymeric matrix from the

cells, portions of biofilm from the three defined sections
of the reactor (for each experiment) were submitted to
an extraction procedure, according to Azeredo 

 

et al.

 

[16]. The protein content was determined by a Lowry
modified method, using the Bicinchoninic Acid Protein
Assay Kit (BCA) (BCA-PIERCE Cat. No. 23225).
Polysaccharide concentration was estimated colorimet-
rically by means of the phenol–sulphuric acid method
of Dubois 

 

et al.

 

 [17], using glucose as standard. Biofilm
thickness was measured with a Vernier calliper. Density
was calculated in terms of dry mass per unit of wet
volume [18].

 

Results and discussion

 

One of the most important parameters of control
to   achieve high denitrifying efficiencies, under
heterotrophic conditions, is the carbon/nitrogen ratio.
The C/N ratio required for complete nitrate reduction to
nitrogen gas by denitrifying bacteria depends on the
nature of the carbon source. Carbon limitation will result
in incomplete denitrification and a concomitant accumu-
lation of intermediate products, such as NO

 

2

 

 and N

 

2

 

O.
Conversely, an excess of carbon constitutes an extra cost
and will promote dissimilatory nitrate reduction to
ammonia and the presence of carbon in the denitrified
effluent [12,19]. Therefore, the type of carbon source
should be selected and the C/N ratio properly controlled.

dS
S S

SST t
t

=
−( )
⋅

0
1( )

 

Table 3. Operating parameters of the anoxic RBC.

C/N = 1.5 C/N = 3

Days of 
operation

HRT 
(h)

N-NO

 

3

 

−

 

 
(mg L

 

−

 

1

 

)
C-CH

 

3

 

COO

 

−

 

(mg L

 

−

 

1

 

)

0–8 10.00 50 75 150
8–15 10.00 100 150 300
15–22 6.84 100 150 300
22–28 5.68 100 150 300
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Stoichiometric relationships of heterotrophic deni-
trification with acetate have been referred to in the liter-
ature [20,21], but in many cases cell synthesis is not
considered. All bacterial reactions (except photosynthe-
sis) are the result of a synthesis of biomass reaction and
an energy production reaction, being both oxidation and
reduction reactions. Considering denitrification as a
two-step process, using acetate as the carbon and energy
source, using the half reactions given in McCarty 

 

et al

 

.
[22] and normalizing to one mole of nitrate, the follow-
ing reaction can be written: 

According to Equation (2), the theoretical acetate
consumption for denitrification (including the require-
ments for biomass growth) is 1.416 mg of C-CH

 

3

 

COO

 

−

 

per mg of N-NO

 

3

 

−

 

.
The C/N ratio required for complete denitrification

depends, among other factors, on the nature of the
bacterial species [12]. Therefore, taking into account
that the inoculum used was activated sludge – a consor-
tium of microorganisms – and considering that some
acetate is necessary for the removal of oxygen from the
system, it was decided to investigate the performance of
the anoxic RBC and the characteristics of the biofilm
grown under two carbon/nitrogen ratios: 1.5 and 3.0.
The first mentioned ratio is almost identical to the ratio
given by the stoichiometric equation while the second
one is about twice the reference value.

The two continuous experiments were carried out
for the same time (28 days) and under the same condi-
tions, except for the acetate and nitrate loads. As shown
in Table 3, four periods can be distinguished. These
periods are differentiated in Figures 1, 2 and 3 by verti-
cal lines, which indicate process disturbances.

 

Figure 1. Nitrogen-nitrate (a), carbon-acetate (b) and COD (c) removal efficiency over time at C/N = 1.5 and C/N = 3.Figure 2. Nitrite-nitrogen effluent concentration over time at C/N = 1.5 and C/N = 3.Figure 3. Gas production rate over time at C/N = 1.5 and C/N = 3.

 

Performance of the anoxic RBC reactor

 

Effect of influent C/N ratio

 

Variations in the removal efficiencies of nitrogen-
nitrate (N-NO

 

3

 

−

 

), carbon-acetate (C-CH

 

3

 

COO

 

−

 

) and
chemical oxygen demand (COD) as a function of oper-
ating time are shown in Figure 1 (a, b and c, respec-
tively). It is clear from the figure that, as the C/N ratio
increased from 1.5 to 3.0, the substrate removal effi-
ciencies decreased.

Considering nitrogen-nitrate removal (Figure 1a),
an overall efficiency of about 90.4% was obtained with
a C/N = 1.5, which is a good performance and indicates
that, with this ratio and using acetate as a carbon source,
the tested anoxic RBC is a convenient and reliable
process for the removal of nitrate from wastewater. For

C/N = 3.0 the nitrogen-nitrate overall removal effi-
ciency reduced to 73.7%.

The bench-scale RBC achieved carbon-acetate
overall removal efficiencies of 82.0% and 63.6%, and
COD overall removal efficiencies of 70.3% and 53.8%
with C/N ratios of 1.5 and 3.0, respectively (Figure 1b
and 1c).

These values reveal that applying a carbon/nitrogen
ratio of 1.5 is appropriate. The use of a C/N ratio of 3.0
is excessive, for this denitrification system, inducing
excess carbon and nitrogen in the final effluent, which
is not desirable for economical and environmental

NO CH COO H CO

C H O N H O N
3 3 2

5 7 2 2 2

0 826 1 816 1 302

0 07 1 9 0 467 2

− − ++ + →

+ + +

. . .

. . . ( )

Figure 1. Nitrogen-nitrate (a), carbon-acetate (b) and COD
(c) removal efficiency over time at C/N = 1.5 and C/N = 3.
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reasons. A possible explanation for the differences
found in the efficiency of the reactor when the C/N ratio
was increased can be the occurrence of inhibition of the
denitrifying sludge activity.

Figure 2 presents nitrogen-nitrite (N-NO

 

2

 

−

 

) concen-
tration profiles in the reactor effluent for the two C/N
ratios applied. The nitrite produced during the continu-
ous experiments was not completely consumed in the
reactor, and an accumulation of nitrite can be observed
for both carbon/nitrogen ratios. The use of C/N = 3.0
generated much more accumulation of nitrite than the
use of C/N = 1.5, which produces, again, an inefficient
denitrification process. Accumulation of nitrite has been
frequently found in biological denitrification processes.
Several factors such as oxygen concentration, tempera-
ture, biofilm composition, toxic substances, influent
nitrate concentration, availability and type of carbon
source, and carbon to nitrogen ratio influence nitrite
accumulation [19,23]. It is very important to avoid
nitrite accumulation because it can lead to inhibition of
the bacterial development [24]. Moreover, a high nitrite
concentration is highly undesirable as nitrite is more
toxic than nitrate [25].

Different microorganisms show different patterns
of, thus nitrite accumulation is strongly influenced by
the microbial species present [26]. Dhamole 

 

et al.

 

 [27]
underlined the difference between true denitrifiers,
which reduce nitrate to nitrogen gas, and nitrate respira-
tors, which only have the enzymatic ability to reduce
nitrate to nitrite. According to Robertson and Kuenen
[28] most of the denitrifying bacteria in aquatic systems
are only capable of incomplete denitrification. In mixed
cultures like activated sludge, if the population of
nitrate respirators is higher than that of the true denitri-
fiers, it will result in nitrite build-up. In the present work
the accumulation of nitrite can be the result of the
microbial population present inside the RBC, which is
rich in nitrate-reducing bacteria.

An insufficient phosphate level leads also to nitrite
accumulation [29]. In order to reduce the formation of
nitrite, Teixeira and Oliveira [7] increased the phospho-
rus concentration tenfold (from 2 mg P L

 

−

 

1

 

 to 20 mg P
L

 

−

 

1

 

) which resulted in a drastic decrease in the accumu-
lation of nitrite and induced a good anoxic RBC perfor-
mance. Accordingly, the low phosphate concentration
may have limited the conversion of nitrite to harmless
nitrogen gas, and most probably it would have been
advantageous to increase the phosphorus concentration.

According to Zhou 

 

et al.

 

 [1], acidic and alkaline
environments are not convenient for denitrification, and
the pH value plays an important role in nitrite accumu-
lation. The main reason is that pH influences the
enzyme activity of bacteria. Thus, an alkaline environ-
ment can also be the explanation for nitrite build-up
once the pH of the effluent (approximately 7.8 at C/N =
1.5 and 9.0 at C/N = 3.0) was considerably higher than
the pH of the influent (approximately 6.6).

The gas production rate can be used to evaluate the
metabolic activity of denitrifying microorganisms [6].
The differences in gas production between the carbon/
nitrogen ratios of 1.5 and 3.0 are presented in Figure 3.
Because of a gas leak from the reactor at C/N = 3.0,
which was corrected on day 7, the produced gas flow
rate is only presented from that moment onwards.
Increasing C/N ratio from 1.5 to 3.0 resulted in a signif-
icant decrease in gas production, which agrees with the
nitrogen-nitrite (N-NO

 

2

 

−

 

) concentration profile.
The gas composition for the C/N ration of = 1.5 was

on average 93% N

 

2

 

, 2% CO

 

2

 

, 0.2% N

 

2

 

O and 3% O

 

2

 

 and
at C/N = 3.0 there was a slight decrease in N

 

2

 

 to 92%.
Evolution of CO

 

2

 

 from acetate was low because it was
mainly solubilized in the medium, promoting an
increase in alkalinity. In fact, in both experiments, the
pH of the effluent was considerably higher than the pH
of the influent. Production of N

 

2

 

O was below 0.2%
(minimum detection value). A small concentration of

Figure 2. Nitrite-nitrogen effluent concentration over time
at C/N = 1.5 and C/N = 3.

Figure 3. Gas production rate over time at C/N = 1.5 and C/
N = 3.
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O

 

2

 

 (approximately 3%) was detected in the gas compo-
sition analysed. It is important to note that, initially,
biological denitrification was considered to be strictly
anoxic [30], with O

 

2

 

 below 0.5 mg L

 

−

 

1

 

 [31]. However,
with a certain number of bacteria, denitrification occurs
even in the presence of O

 

2

 

 [32]. If methane gas was
produced, it would be detected by the used system.

 

Effect of nitrogen and carbon load

 

To study the effect of the influent nitrogen and carbon
load on the removal efficiency, on the eighth day of
operation the influent nitrogen-nitrate and carbon-
acetate concentrations were doubled, while the C/N
ratio and the HRT were kept constant. It can be seen
from Figure 1 that nitrogen-nitrate, carbon-acetate and
COD removal efficiencies decreased but not very
significantly. The increase in nitrogen-nitrate and
carbon-acetate influent concentrations, keeping C/N
constant, therefore had a slight negative effect in terms
of substrate removal. Similarly, nitrite build-up rose
with an increase in influent nitrogen and carbon concen-
trations (Figure 2).

The maximum substrate removal efficiencies were
obtained in the first period of operation with an influent
nitrogen-nitrate concentration of 50 mg N-NO

 

3

 

−

 

 L

 

−

 

1

 

 and
an HRT of 10 h.

 

Effect of hydraulic retention time

 

It is very important to determine the appropriate HRT
for the reactor because the performance of denitrifica-
tion is obviously associated with HRT. An HRT too
short will result in low removal rates, whereas an
HRT that is too long will not be economically
feasible. For a biological system to compete success-
fully with conventional physico-chemical methods of
treatment, the shortest possible HRT associated with
the most efficient removal rates is required [33]. The
influence of the HRT on the anoxic RBC performance
is shown in Figure 1 taking into account the three last
periods (when nitrogen and carbon loads were main-
tained constant). As expected, nitrogen-nitrate,
carbon-acetate and COD removal decreased with the
decrease in the HRT and increase in flow rate;
however, this decrease was not very pronounced. So,
for an influent nitrogen-nitrate concentration of 100
mg N-NO

 

3

 

−

 

 L

 

−

 

1

 

, it can be economically advantageous
to use the anoxic RBC with an HRT lower than 10 h.
Generally, a decrease in the hydraulic retention time
stimulated also a slight increase in nitrite accumula-
tion (Figure 2).

Dahab and Lee [34] successfully used acetic acid as
the carbon source, to remove nitrate from a simulated
groundwater using anoxic bench-scale static-bed upflow

reactors. They reported that nearly 100% nitrate removal
efficiency was achieved with an influent nitrogen-nitrate
concentration of 100 mg N-NO

 

3

 

−

 

 L

 

−

 

1

 

 and 9 h of retention
time. Additionally they found that a carbon to nitrogen
ratio of 1.5 was optimal for denitrification in that
research.

It is important to note that, in spite of C/N = 1.5
presenting an overall COD removal of 70.3%, with
an influent carbon-acetate load of 150 mg C-
CH

 

3

 

COO

 

−

 

 L

 

−

 

1 and at an HRT lower than 10 h the
COD concentration value in the denitrified effluent
was about 200 mg O2 L−1, which exceeds the legal
European Union upper limit of 125 mg O2 L−1 [35].
It can be speculated that at higher flow rates more
biofilm was detached from the discs and was quanti-
fied in the COD measurement.

It is also relevant to emphasize that with a C/N ratio
of 1.5, excluding the period of operation when HRT was
5.68 h, it was possible to reduce effluent nitrate concen-
trations to levels below the admissible value required by
the European Union wastewater discharge standards
considering that the receiving environment will be, for
example, fresh water (10– 30 mg N-NO3

− L−1) [35].
Under a carbon/nitrogen ratio of 3.0 the overall average
value of effluent nitrate concentration was about 26.0
mg N-NO3

− L−1, and the required limit was only attained
in the first period of operation.

Biofilm properties
To optimize the removal of nitrate and organic matter
from wastewater in an RBC, an adequate understanding
of the dynamic nature and characteristics of the biofilm,
the major constituent of the process, is essential. The
biofilm character that develops on an RBC can signifi-
cantly affect its performance. This, in turn, depends on
the operating conditions [4].

For both carbon/nitrogen ratios assayed, the devel-
opment of the biofilm on the discs of the RBC was
clearly observable some days after the reactor inocula-
tion, displaying a light-yellow tone that was maintained
until the end of the experiment. When the reactor was
stopped and opened, in both cases the biofilm was
easily removed. For C/N = 1.5 the biofilm was very
uniform, whereas for C/N = 3.0 the biofilm presented
some roughness (its surface was not homogeneous).
After biofilm collection some physical characteristics
such as thickness, density and humidity were deter-
mined, which are summarized in Table 4.

It can be observed that the biofilm thickness
obtained in both continuous experiments varied with the
position of the disc in the reactor, being greater at the
entrance and smaller at the exit of the reactor. Biofilms
of wastewater treatment systems are characterized by
being rather thick (>0.6 mm) [36], and these results

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
B
-
o
n
 
C
o
n
s
o
r
t
i
u
m
 
-
 
2
0
0
7
]
 
A
t
:
 
1
0
:
4
2
 
1
9
 
N
o
v
e
m
b
e
r
 
2
0
0
9



Environmental Technology 1387

corroborate this (even in the last discs the thickness was
above 0.7 mm).

For both experiments, biofilm density decreased
along the reactor, which can be attributed to a sparser
growth of biomass on the media surface. This is in
accordance with the hydration values given by the ratio
between the wet weight and dry weight of the biofilm
and the percentage of water, which show that on the
final discs the biofilm was more hydrated.

The biofilm formed under C/N = 1.5 was less dense
and more hydrated than biofilm grown with C/N = 3.0.
This means that for C/N = 3.0 more biomass was formed.
Taking into account the previously presented removal
results, this can indicate that, at this condition, the whole
biofilm was not entirely active, and biofilm activity was
not proportional to the quantity of fixed biomass, as
discussed by Lazarova and Manem [37]. This also leads
to the conclusion that biofilm activity must be always
considered and studied. Moreover, a higher biomass
might be due to an increase in the biofilm matrix.

Biofilms are formed by bacterial cells embedded in
a polymeric matrix. The main components of the matrix
are polysaccharides and proteins. The specific matrix
composition for any biofilm depends upon the organ-
ism(s) present, their physiological status, the nature of
the growth environment, bulk fluid flow dynamics, the
substratum and the prevailing physical conditions.
Thus, it is probable that biofilm matrices, even those
produced by identical organisms, will vary greatly in
their composition and in their physical properties [38].

The composition of the polymeric matrix of
biofilms formed under C/N = 1.5 and C/N = 3.0 is
presented in Table 5. Protein and polysaccharide
content can only be considered in comparative terms, on
account of the standards used in their quantification:
BCA and glucose, respectively, which do not allow the

expression of absolute values. The protein content of
the biofilm grown under C/N = 3.0 presented values
higher than the biofilm formed at C/N = 1.5. In contrast,
the matrix polysaccharides were produced in a higher
quantity at C/N = 1.5. An increase in the protein content
was observed along the reactor for both C/N ratios. On
the other hand, the polysaccharide content did not
change significantly (Table 5). This behaviour is proba-
bly due to a higher degree of cell lysis in the last discs.

Biofilm activity
A key parameter in water and wastewater treatment
technology is microbial activity, expressed in terms of
substrate removal ability. However, this parameter is
not always linearly correlated with the conventional
biofilm descriptors such as dry weight, COD or biofilm
thickness [38]. In order to determine the denitrifying
biofilm activity, for both C/N ratios, batch tests were
performed using biofilm samples removed from the
continuous denitrifying reactor. In these activity tests,
nitrate was completely consumed in 7 h and 10 h for a
C/N ratio of 1.5 and 3.0, respectively. The nitrite
formed during the batch assays, if any, was completely
consumed at the end of the experiment.

The activity of the biofilm portions removed from
the first and second discs, three middle discs and the
three last discs for both experiments was expressed as
specific consumption rates for nitrate and acetate
(Figures 4 and 5).
Figure 4. Specific nitrogen-nitrate consumption rate of biofilm portions removed from the first discs, the three middle discs and the three last discs at C/N = 1.5 ( !) and C/N = 3 (!).Figure 5. Specific carbon-acetate consumption rate of biofilm portions removed from the first discs, the three middle discs and the three last discs at C/N = 1.5 ( !) and C/N = 3 (!).As can be observed in Figures 4 and 5, the biofilm
of the first discs presented specific acetate and nitrate
consumption rates higher than in the other discs. A
biofilm with superior activity in the first discs should be
expected because of the higher substrate concentration
in the inlet zone. Specific acetate consumption for C/N

Table 4. Physical properties of the biofilm developed in the anoxic RBC at C/N = 1.5 and C/N = 3.0.

Thickness (mm) Density (g TS L−1) Wet weight/dry weight % Water

Biofilm C/N = 1.5 C/N = 3 C/N = 1.5 C/N = 3 C/N = 1.5 C/N = 3 C/N = 1.5 C/N = 3

First discs 2.8 ± 0.3 3.5 ± 0.2 7.9 ± 0.1 9.1 ± 3.3 41.2 ± 7.3 29.8 ± 0.8 97.5 ± 0.4 96.6 ± 0.1
Middle discs 1.6 ± 0.1 1.9 ± 0.2 4.6 ± 0.1 7.7 ± 1.5 44.9 ± 3.5 30.5 ± 1.1 97.8 ± 0.2 96.7 ± 0.1
Last discs 0.7 ± 0.1 0.8 ± 0.1 3.9 ± 0.4 4.5 ± 1.6 50.0 ± 5.7 34.4 ± 3.1 98.0 ± 0.2 97.1 ± 0.2

TS, total solids.

Table 5. Composition of the polymeric matrix of biofilms formed at C/N = 1.5 and C/N = 3.

Matrix protein (mg BCA g−1TS) Matrix polysaccharides (mg glucose g−1 TS)

Biofilm C/N = 1.5 C/N = 3 C/N = 1.5 C/N = 3

First discs 2.34 ± 0.09 5.15 ± 0.62 9.89 ± 0.11 6.64 ± 0.36
Middle discs 4.39 ± 0.08 5.50 ± 0.10 8.47 ± 0.23 4.67 ± 0.13
Last discs 6.41 ± 0.08 9.57 ± 0.22 9.82 ± 0.08 6.82 ± 0.44
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= 3.0 was almost constant along the reactor. The activ-
ity of the biofilm formed under C/N = 1.5 was always
higher than under C/N = 3.0, which is in agreement with
the results of nitrate, acetate and COD removal. It must
be noted that, thicker biofilms were less active. Thus, in
spite of a lower thickness, the biofilm grown under a
carbon/nitrogen ratio of 1.5 was composed of very
active cells. This reinforces the importance of biofilm
activity for the denitrification rate.

Specific acetate and nitrate consumption rates are
influenced by several parameters and are expressed in
the literature in different ways, making their compari-
son difficult, mainly when referring to a heterogeneous
culture of microorganisms, as it is the case for activated
sludge.

Conclusions
The results of nitrogen-nitrate, acetate and COD
removal efficiencies indicate good performance of the
anoxic RBC, using acetate as carbon source. The aver-
age removal efficiency in terms of nitrogen-nitrate was
about 90.4% at a C/N = 1.5 lowering to 73.7% at a C/N
= 3.0. Considering carbon-acetate removal, overall
efficiencies of 82.0% and 63.6% were attained at C/N
ratios of 1.5 and 3.0, respectively. These results
provide evidence that, for the tested conditions, the use
of C/N = 1.5 is more economically and environmen-
tally advantageous than C/N = 3.0. Additionally, it was
observed that the increase in nitrogen-nitrate and
carbon-acetate influent concentrations, keeping C/N

constant, and the decrease in HRT had a slight negative
effect in terms of substrate removal. The RBC proved,
therefore, to be very robust in coping with changes in
substrate loads. The accumulation of nitrite occurred in
both experiments, which could probably be lowered
with an increase in phosphorus influent concentration.
Based on experimental results of this study, it can be
concluded that the tested anoxic RBC is a potential and
convenient process for the removal of nitrate from
wastewater.
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