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The objective of this study was to evaluate a combined anaerobic-aerobic upflow fixed-bed reactor with
liguid phase recirculation for the removal of nitrogen and organic matter from poultry slaughterhouse
wastewater. The reactor performance was evaluated with a hydraulic retention time (HRT) of 11 h and
three different recirculation rates (R=0.5; 1 and 2). The highest nitrogen removal efficiency value was
obtained with an HRT of 11 h (6.8 h in the anaerobic zone and 4.2 h in the aerobic zone) and a
recirculation rate of 2. In this condition, the total nitrogen removal efficiency was 69%, with effluent
concentrations of 6 mg NH," L and 12 mg NO;z L. For all tested conditions, there was good chemical
oxygen demand (COD) removal, with efficiency above 95%. The effect of dilution and the favoring of
mass transfer caused by the increase in the recirculation rate positively influenced reactor
performance.

Key words: Anaerobic degradation, nitrification, denitrification, combined reactor.

INTRODUCTION

Effluents from animal processing industries, such as
slaughterhouses, after anaerobic processing have been
used in many biological nitrogen removal studies in view
of their eutrophic potential and the risks to aquatic life

and human health due to the presence of nitrogen. Such
studies often use a sequencing batch reactor (SBR) and
aim to obtain information regarding the operational
parameters that influence biological nitrogen removal,
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such as the initial concentration of ammonia nitrogen, the
carbon to nitrogen ratio, the air flow and the cycle time
(Andrade et al., 2010; Kummer et al., 2011; Dallago et
al., 2012; Mees et al., 2011; Lima, et al., 2014; Lopes, et
al., 2015).

In an SBR, nitrification and denitrification occur in a
single reactor by alternating aerobic and anoxic periods,
with sequential operations over time, divided into four
steps: input, reaction, sedimentation and liquid discharge
(Metcalf and Eddy, 2003). Based on the fact that effluents
from anaerobic reactors have high NH,-N/COD ratios, it
is necessary to add an external source of organic carbon
to achieve full denitrification. Methanol, ethanol and
acetic acid are commonly used in the nitrogen removal
process, but the use of external sources as electron
donors to promote denitrification has limitations related to
costs (Cervantes et al., 2001; Barana et al., 2013). The
use of industrial effluents as carbon sources for
denitrification is also an important strategy (Bernet et
al., 1996; Mees et al., 2013). This requirement for an
organic carbon source enables the use of endogenous
electron donors from the anaerobic digestion, such as
volatile organic acids, methane, ammonia or reduced
sulfur compounds (Foresti et al., 2006), which are made
possible in continuous systems.

A reactor consisting of anaerobic and aerobic
compartments, constantly fed and with recirculation of the
nitrified effluent to the anaerobic compartment, can
enable the use of endogenous electron donors for the
reduction of the nitrate into nitrogen gas from industrial
effluents (Del Pozo and Diez, 2005; Araujo and Zaiat,
2009; Chan et al.,, 2012; Kreutz et al., 2014) and
domestic sewage (Fazolo et al., 2007; Abreu and Zaiat,
2008; Oliveira Netto and Zaiat, 2012). There are few
studies on the application of combined systems in the
treatment of poultry slaughterhouse wastewater. Del
Pozo and Diez (2005) used an anaerobic-aerobic reactor
on a pilot scale with polystyrene foam as the support
medium, with internal recirculation, for the treatment of
poultry slaughterhouse wastewater and obtained organic
matter and nitrogen removal efficiencies of 93 and 67%,
respectively. However, the high internal recirculation
associated with the air-lift effect caused mixing between
the anaerobic and aerobic zones. Thus, most of the
organic matter was removed aerobically, and only 12 to
34% of the total nitrogen (TN) removal was due to
denitrification, limited by the dissolved oxygen
concentration in the anaerobic zone, which was above
0.5 mg L™ due to the mixing regime. In addition, most of
the nitrogen removed was used in the synthesis of
heterotrophic bacteria.

Araujo and Zaiat (2009) presented a new combined
anaerobic-aerobic reactor configuration for the treatment
of wastewater from the industrial processing of lysine.
They observed that the best reactor operating condition
was obtained with a hydraulic retention time of 35 h (21 h
in the anaerobic zone and 14 h in the aerobic zone) and

a recirculation ratio (r) of 3.5. Under that condition, the
removal efficiencies of COD, total Kjeldahl nitrogen (TKN)
and TN were 97, 96 and 77%, respectively.

In this context, the configuration in the present study
was based on the reactor presented by Araujo and Zaiat
(2009) and was designed to promote the recirculation of
liquid from the aerobic zone to an intermediate
anaerobic-anoxic zone, aimed at using the gases
produced in the reactor during anaerobic digestion, such
as nitrate reducers during the denitrification step, thus
eliminating the need for providing an external source of
organic carbon.

Therefore, the objective of this study was to evaluate
the influence of effluent recirculation on the performance
of a continuous anaerobic-aerobic upflow fixed-bed
reactor for the removal of organic matter and nitrogen
from poultry slaughterhouse wastewater.

MATERIALS AND METHODS
Combined anaerobic-aerobic reactor

The combined anaerobic-aerobic upflow fixed-bed reactor was
manufactured out of an acrylic tube with an internal diameter of 93
mm and a length of 1,000 mm (Figure 1), as proposed by Araujo
and Zaiat (2009). The reactor consisted of an inlet chamber (0.543
L volume), a reaction bed, an aeration chamber (0.407 L volume)
and an outlet chamber (0.679 L volume). The reaction bed was
divided into three compartments: anaerobic compartment | (Vu =
0.752 L), anaerobic compartment Il (Vu = 2.199 L) and an aerobic
compartment (Vu = 1.071 L). The working volume of the reactor
was 5.651 L. Peristaltic dosing pumps were used to feed the
reactor under a continuous upflow regime and to recirculate the
effluent from the aerobic compartment to anaerobic compartment 1.
The oxygen was supplied to the aerated zone via a Big Air A360
aquarium pump, and the air was dispensed through porous rocks.
qu dissolved oxygen concentration was maintained above 2.0 mg
L™

Biomass inoculation and immobilization

Expanded clay with mean particle sizes ranging from 5 to 15 mm
was used for immobilization of the biomass in anaerobic
compartment | to minimize clogging of the reaction bed due to the
presence of suspended solids in the wastewater and also to induce
the adhesion of acidogenic bacteria throughout this material
(Ortega et al.,, 2001). However, this compartment was not
previously inoculated.

In the anaerobic Il and aerobic compartments, polyurethane foam
cubic matrices were used, with 1 cm edges, an apparent density of
23 kg/m® and a porosity of approximately 95%. The foam cubic
matrices were embedded into sturdy plastic rings to support the
material. To accelerate system startup, the polyurethane foam
supports in the anaerobic Il and aerobic compartments were
previously inoculated. For the inoculation of anaerobic compartment
I, an anaerobic sludge with 24.65 g VSS L™ was used, with a
biomass to wastewater ratio of 1:3. The support material remained
immersed in the sludge for 24 h before it was introduced into the
reactor. The system was operated in the anaerobic zone for 60
days, when the system exhibited stability in the reduction of COD
and the formation of ammonia nitrogen. After that, and with the
nitrifying biomass properly inoculated, the modules that made up
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Figure 1. Diagram of the reactor. Araujo & Zaiat (2009).

the aerobic compartment were attached, and the system was
operated under combined conditions for an additional 60 days.

Regarding the aerobic module, the support medium was
inoculated with nitrifying sludge with 2.65 g VSS L™ at a biomass to
wastewater ratio of 1:3. This procedure was performed in a batch
system in the laboratory with 24 h cycles over one week. When the
support material exhibited significant nitrate formation, it was
transferred to the reactor. Therefore, the adaptation stage of the
biomass in the reactor lasted for 120 days and was divided into two
steps; in the first 60 days, the reactor operated only with the
anaerobic compartments, after which the aerobic compartment was
then attached, and operations occurred under combined anaerobic-
aerobic conditions. For both the anaerobic and aerobic adaptation
stages, the hydraulic retention time (HRT) was 14 h with continuous
input and no recirculation.

Substrate

The poultry slaughterhouse wastewater was sampled after the
primary treatment (flotation system) to avoid problems caused by oil
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and grease deposition, such as obstruction, flotation, mass transfer
problems and decreased methanogenic activity (Masse et al., 2003;
Masse and Massé, 2005; Demirel et al., 2005; Saddoud and
Sayadi, 2007).

After collection, the wastewater was stored into 2-L polyethylene
terephthalate (PET) bottles and kept in a freezer until use. The
wastewater characteristics are shown in Table 1.

Physico-chemical analyses

The system was monitored daily. The influent and effluent samples
were characterized according to Standard Methods (APHA, 2005)
for pH (potentiometric method 4500-H"), total suspended solids
(Method 2540-G), volatile suspended solids (Method 2540-E), TKN
(5400-NT), total ammonia nitrogen (Method 4500-NH,"), and
chemical oxygen demand (Method 5220-D); nitrate and nitrite were
determined by flow injection analysis (Methods 4500-NO; and
4500-NOy). Alkalinity was determined by the method proposed by
Ripley et al. (1986). The dissolved oxygen concentration was
determined using an oximeter (model Orion 3 Star, Thermo
Scientific, Beverly, MA, USA).

Experimental procedures

The reactor operation was divided into three stages (stages I, Il and
Il) according to the recirculation conditions applied. The
characteristics of each stage and the operating times are shown in
Table 2. The HRT was 11 h, with 6.8 h in the anaerobic zone and
4.2 h in the aerobic zone. Thus, each stage was operated for at
least 20 days after reaching a stationary state, defined by variations
of less than 10% in three consecutive samples with respect to NH4*
removal, as proposed by Sahinkaya et al. (2011). The reactor was
kept at a temperature of 30+0.1°C and controlled using a digital
thermostat.

Data analysis

For data analysis, some equations were used, as described. The
percentage of ammonia nitrogen was obtained with equation 1.

A(%)= (1%] *100

2

@)

Where, TKN,: total influent Kjeldahl nitrogen;  TKNe: total effluent
Kjeldahl nitrogen; NHs: effluent ammonia nitrogen. The
denitrification efficiency through recirculation (Epn) was calculated
according to Equation 2.
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a
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In Equation 2, Nni is the nitrified nitrogen concentration, and N is
the sum of the concentrations of N-nitrite and N-nitrate present in
the treated effluent. The removal efficiencies of TN, chemical
oxygen demand (COD) and total suspended solids (TSS) were
determined using equation 3:

8.=(1-=)*5; o

Where, Si: Influent substrate concentration (TN, COD or TSS); Se:
Effluent substrate concentration (TN, COD or TSS).
The upflow velocity was calculated according to Equation 4.
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Table 1. Composition of the industrial wastewater used.

COD Total solids TKN NH,"-N NOsz-N NO2-N Alkalinity H
(mg.L™?) (mg.L™Y) (mg.L™) (mg.L™) (mg.L™) (mg.L™) (mg.L™) P
647+137 708+152 76+15 7.741.2 <0.05 <0.05 63+19 6.6+0.3

Note: Mean values and standard deviations of 16 analyzed samples.

Table 2. Operating time, upflow velocity (UFV), recirculation rate (Qr/Q), nitrogen loading rate (NLR) and
organic loading rate (OLR) values for stages I, Il and Ill, operated at a hydraulic retention time (HRT) of 11

hours and an inflow of 0.51 L.h*

Operating Observation UFV NLR OLR
condition time (d) (m.h™ Q/Q (kg.N.m>d™? (kg coOD m>.d™
Stage | 22 0.112 0.5 0.134+0.010 1.137+0.112
Stage Il 26 0.150 1 0.133+0.017 1.137+£0.171
Stage Il 25 0.225 2 0.157+0.007 1.329+0.133
UFy= % performed in a way that allowed considering that the
A 4) system was adapted, enabling the startup of the aerobic

Where, Q is the influent flow rate (m®*h ™), Qris the recirculation
flow rate (m*h™) and A is the cross-sectional area of the reactor
(m?).

RESULTS AND DISCUSSION
Biomass startup and adjustment in the reactor

After 60 days of operation in the anaerobic zone, in which
only the two anaerobic compartments were in operation,
the ammonification efficiency reached 75.4%, and the
removal efficiencies of VSS and COD were 86 and 88%,
respectively. Rajakumar and Meenambal (2008)
evaluated an anaerobic hydroxide sludge blanket reactor,
consisting of a support medium of PVC rings at the top of
the reactor, with 5.4 L of usable volume applied to the
treatment of poultry slaughterhouse effluents. The
authors observed that the reactor startup was completed
after 120 days of operation at temperatures ranging from
29 to 35°C, with a COD removal efficiency of 80%.

Figure 2 shows the profiles of the parameters pH, total
alkalinity and total volatile acids in the final effluent, along
with the COD and NH,"-N profiles for the influents and
effluents of the reactor, during the startup period. The pH
ranged from 6.4 to 7.4 and increased during the process.
There was an increase in alkalinity due to ammonification
and a conversion of COD to volatile organic acids, which
led to sufficient system buffering capacity. The same
trend was observed by Rajakumar et al. (2012). The
TVA/TA ratio at the end of the period was 0.14; in
Rajakumar et al. (2012), this ratio remained between 0.13
and 0.19, indicating system stability. The anaerobic
reactor startup strategy was considered efficient, as it

compartment to proceed to the nitrification stage. The
conversion of organic nitrogen into ammonia nitrogen
was observed at the beginning of the operation of the
reactor in the anaerobic module. At the end of the
combined stage (anaerobic-aerobic), the conversion
reached a mean efficiency of 70%.

Nitrifying activity was observed starting in the second
week after the incorporation of the aerobic compartment,
indicating effluents with NH,"-Nvalues < 20 mg L™
(Figure 3) after the fifth week, which is compatible with
the current environmental law for the discharge of
effluents into water bodies (Brasil, 2011). The conversion
efficiency of NH,-N into NO,-N + NO;-N was
47.1+11.1%, and approximately 20% of the influent
nitrogen was removed from the system by assimilation.
The TKN, NH,"-N and NO3-N parameter results analyzed
during this test phase are shown in Table 3. Figure 3
shows the COD and NH,-N results for the biomass
startup and adaptation periods in the reactor. The COD
varied in the input loads due to different batches but
remained stable regarding the output values, reaching a
removal efficiency of 92% at the end of this adaptation
period.

Another indication of the onset of nitrification is the
significant consumption of alkalinity. The mean values of
total alkalinity and pH were, respectively, 73.1 mg L™ and
6.5 in the influent and 9.4 mg L™* and 5.4 in the effluent.
The profiles of these indicators are shown in Figure 4.
With the onset of nitrification, the inorganic carbon began
to be consumed by chemoautotrophic microorganisms,
with a consequent decrease in alkalinity to effluent values
close to zero, which became a limiting factor in the
nitrification process. This change was also observed in
Oliveira Netto and Zaiat (2012). Because the combined
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Table 3. Results of the concentrations of the nitrogen compounds evaluated over time for the reactor influents and effluents during the

system startup period.

Evaluated parameters

Observation

Condition period (days) |nf|uentTlKN Effluent'll'KN Influent NI1-|4'-N Effluent N1H4'-N Effluent N93‘-N
(mg.L™) (mg.L™) (mg.L™) (mg.L™) (mg.L™)
12 86.1 525 8.0 47.2 n.a.
19 73.5 54.6 7.2 46.4 n.a.
Anaerobic 26 87.5 63.7 7.5 52.8 n.a.
40 77.0 77.0 3.7 64.8 n.a.
54 86.8 66.8 9.6 49.9 n.a.
61 84.7 74.9 10.9 63.8 n.a.
69 77.7 61.6 9.6 51.8 1.5
76 95.2 28.0 10.2 20.3 13.3
85 77.7 231 21.0 23.1 21.6
Anaerobic- 89 81.2 32.9 10.8 22.9 21.6
Aerobic 103 70.0 15.4 6.4 13.1 11.8
110 525 14.7 7.3 11.6 12.7
118 64.4 15.4 7.0 11.1 13.7
120 73.5 23.8 8.4 13.6 23.4
n.a. — Not analyzed
350 8
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Figure 4. Input and output values of total alkalinity and pH (secondary scale) for the biomass startup

and adaptation periods.

anaerobic-aerobic reactor operation promoted
nitrification, conditions to promote denitrification were
implemented in the next stage of the work. Thus,
recirculation of the liquid phase from the aerobic
compartment to anaerobic compartment Il was
contemplated to utilize the endogenous electron donors
produced in the reactor during anaerobic digestion, such
as nitrate reducers during the denitrification stage.

Nitrogen removal
recirculation

in the combined system with

After the adaptation period, the operation stages were
initiated to maintain the HRT and recirculation conditions
(Table 3) and were maintained for 73 days. The oxygen
demand concentrations in the aerobic compartment for
stages I, Il and lll, respectively, were 5.23+0.59, 4.96+0.66
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and 4.69+0.21 mg L™ The oxygen needed for the
oxidation of ammonia nitrogen is approximately 4.57 ¢
0O,/g oxidized N-ammonia (Metcalf and Eddy, 2003).
Oliveira Netto and Zaiat (2012) operated a combined
anaerobic-aerobic fixed-bed reactor with liquid phase
recirculation that was applied to the treatment of
domestic sewage with an average concentration of
dissolved oxygen of 5.7+0.7 mg L™ The temporal

variations in the concentrations of TN, NH,"-N, NO3-N
and NO,-N are illustrated in Figure 5. TN removal
efficiencies of 37.6, 48.1 and 69.7% (Figure 6) were
observed in stages I, Il and lll, respectively. The effective
TN decrease was caused by the introduction of effluent
recirculation, which aimed to direct the nitrate formed in
the aerobic zone to anaerobic zone Il of the reactor,
allowing its denitrification by the use of electron donors
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Table 4. Mean concentrations and standard deviations of total alkalinity (TA), bicarbonate alkalinity
(BA) and pH evaluated in influents and effluents from stages I, Il and Ill.

Stage | Stage |l Stage Ill
Parameter Influent Effluent Influent Effluent Influent Effluent
(mgLh) (mgL?) (mgLh) (mgL?) (mgLh) (mgL?)
TA 72 5 71 36 86 14
BA 32 0 28 24 32 6
pH 6.2 4.6 6.5 6.4 6.3 5.5

from the first compartment, such as organic matter,
volatile organic acids and methane. The use of products
from the anaerobic digestion as electron donors was
considered satisfactory, and there was no external
addition of carbon at any of the stages evaluated.

During stage |Ill, where the highest TN removal
efficiency occurred (69.7%), the effluent concentrations of
NH,"™-N, NOs;-N and NO,-N were 5.6+4.7, 11+3 and
2.4+2.4 mg L™, respectively. In stages | and I, efficiency
was decreased, mainly due to the reduction in the
recirculation rate. Thus, it is noteworthy that the increase
in internal recirculation of the nitrified effluent increased
the amount of nitrate reduced to nitrogen gas and that
there was a consequent decrease in the TN effluent
concentration.

The increased recirculation rate promoted better mass
transfer within the reactor. This improved transfer can be
attributed to greater mixing due to the increase of the
upflow velocity, which, according to Foladori et al. (2014),
reduces channeling of preferential paths and improves
the contact between the substrate and the bacterial
biomass. In this experiment, the upward flow velocities
were 0.113, 0.150 and 0.225 m h™, for stages I, Il and IlI,
respectively. Furthermore, an increased recirculation rate
promotes liquid dilution within the reactor and may
contribute to decrease the possible impacts caused by
the variability of the input load (Jin et al., 2012).

Although stage Il was operated with the highest input
load (0.157+0.007 kgNm3 d'l) because of the variation in
influent composition due to the fluctuation of the
manufacturing process, it was at this stage that the
system had the highest removal load: 0.139+0.01 kgm3d’
! This value is higher than that obtained by Oliveira Netto
and Zaiat (2012), who operated a laboratory-scale
anaerobic-aerobic fixed-bed reactor for the treatment of
domestic sewage. When an HRT of 114 h and a
recirculation rate of 1.5 were applied, the removed
nitrogen load was 0.072 kgm3 dt.

Araujo and Zaiat (2009) evaluated a combined
anaerobic-aerobic fixed-bed reactor for the treatment of
wastewater from lysine processing. They observed that
under reactor operating conditions with a hydraulic
retention time of 35 h (21 h in the anaerobic zone and 14
h in the aerobic zone) and recirculation ratios (r) of 0.5
and 1, the TN removal efficiencies were 42 and 54%,
respectively. However, when these authors applied an r

of 3.5 and an HRT of 35 h, the TN removal efficiency
increased to 77%. Thus, they concluded that increasing
the internal recirculation of treated effluent increases the
amount of nitrate reduced to nitrogen gas through the
denitrification in the anaerobic compartment of the
reactor, with a subsequent decrease in the effluent TN
concentration.

Although the TN removal was considered efficient in
stage Ill, with the establishment of nitrification and
denitrification, resupply of alkalinity to the medium by
denitrification was not observed, as in this case,
theoretically, for each 1 g of nitrate transformed to N,
3.57 g of alkalinity (CaCOg3) must be generated (Metcalf
and Eddy, 2003). However, simultaneous nitrification and
denitrification provided by the input of oxygen through
recirculation prevented the quantification of alkalinity
recovery in anaerobic compartment Il. Thus, the effluent
concentrations of total alkalinity, bicarbonate alkalinity
and pH reached very low values (Table 4).

Alkalinity consumption resulted in decreased pH in the
aerobic compartment in all evaluated stages. Despite the
pH values being lower than 6.4, this parameter cannot be
considered an inhibitor of nitrifying activity, but the
absence of alkalinity was considered a limiting factor in
the process. Throughout the reactor length, TA recovery
in anaerobic compartment | was due to ammonification
and conversion of volatile organic acids, which resulted in
values of 247.3, 183.1 and 214.7 mg CaCOsj; L™ for
stages I, Il and Ill, respectively. However, the TA
recovery was not sufficient to meet the nitrification needs,
and its deficit reached levels of 31, 34 and 35% for
stages |, Il and |Ill, respectively. Furthermore, the
industrial wastewater had low alkalinity concentrations of
approximately 70 mg L™. For such cases, it is suggested
that alkalinity be supplemented. However, it can be
concluded that the higher recirculation rates provided the
highest denitrification efficiencies (Table 5) and,
theoretically, higher alkalinity recovery and TN removal.

Organic matter removal

The performance of the combined reactor relative to COD
removal can be seen in Table 6. The most removal
occurred in the first compartment due to anaerobic
digestion; therefore, the COD removal was constant, and
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Table 5. Effluent concentrations of nitrogen in the nitrite and
nitrate forms (Ne), denitrification efficiencies (Epn) and TN
removal efficiencies (Etn), in stages I, Il and IlI.

Stage Parameters
Ne (mg.L™) Eon (%) Ern (%)
| 23.5 36.7 37.4
I 13.2 60.9 48.7
1 14.2 72.1 69.4

Table 6. Mean concentrations and standard deviations of COD evaluated in
influents and effluents and the removal efficiencies of COD in stages I, Il and IlI.

Stage Influent COD (mg.L™)

Effluent COD (mg.L™)

COD Removal (%)

I 521451
I 521478
1] 609461

14+3 97+1
15+6 97+1
2712 96+2

recirculation did not affect this parameter. Such values
are relatively higher than those found by Kreutz et al.
(2014) when evaluating a chambered anaerobic-aerobic
fixed-bed reactor with a recirculation of the liquid phase
of 0.5. The usable volume of that reactor was 4.75 L, and
for an HRT of 11 h, the authors obtained a COD removal
efficiency of 59%. However, the system was fed with
cattle slaughterhouse wastewater and had an organic
load of 2.288 kg.m>.d™, higher than those applied in the
present work.

Asadi et al. (2012) evaluated the simultaneous removal
of carbon and nutrients from industrial wastewater in a
single aerobic-anoxic upflow bioreactor with a sludge
blanket. Optimized removals of 80 and 50% were
obtained for COD and TKN, respectively, when the HRT
was 12 h and the aeration time was 40 to 60 min/h. The
low concentrations of total suspended solids in the
effluent, approximately 26, 48 and 42 mg L*, with
adequate efficiency in the removal of this parameter,
indicated that the increased upflow velocity, due to
recirculation, did not cause biomass detachment
throughout the evaluation period.

Conclusions

The evaluated system was efficient in removing organic
matter for all conditions applied and in removing TN,
found with the application of an HRT of 11 h and a
recirculation rate of 2. The effect of dilution and the
favoring of the mass transfer caused by the increase in
the recirculation rate contributed to better reactor
performance. Therefore, the this system with recirculation
of the liquid phase is advantageous for the treatment of
effluent from poultry slaughterhouses, as it promotes the

secondary treatment and removal of nutrients in a single
reactor with no need for an external carbon source.
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