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biogas compounds as electron donors for
denitrification
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efluente de un reactor UASB usando biogas como
donador de electrones para la desnitrificacion
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Abstract

The performance of a new trickling filter (TF) configuration composed
of an upper compartment for nitrification and a lower compartment for
denitrification of effluent from a UASB reactor treating domestic sewage was
evaluated. The TF was packed with new plastic material characterized by its
durability and high percentage of void spaces. The feasibility of using the
reduced compounds present in the biogas produced by a UASB reactor as
electron donor for denitrification was also evaluated. Efficient nitrification
and denitrification was achieved for the mean hydraulic (5.6 m*> m? d'),
organic (0.26 kg COD m™ d') and ammonia-N (0.08 kg m= d') loading rates
applied, resulting in ammonia-N removal ranging from 60 to 74%. The final
effluent presented ammonia-N lower than 13 mg L. Despite the presence of
dissolved oxygen (DO) in the denitrification compartment, its performance
was considered quite satisfactory and final nitrate concentrations were lower
than 10 mg L. The results indicate that methane was the main electron donor
used for denitrification. Additionally, denitrification can probably be improved
by avoiding high DO concentration in the denitrification compartment and by
enhancing biogas transfer in the anoxic zone.

*  Autor de correspondencia: teléfono: 311 366 26 46, fax: + 54 +2 + 331 21 75, correo electronico: jenny.rodriguez@correounivalle.edu.co (J.
Rodriguez)
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Resumen

El presente estudio tuvo como objetivo evaluar una nueva configuracion de
filtro bioldgico, aerobio, para obtener la nitrificacion y desnitrificacion del
efluente de un reactor UASB que trata agua residual doméstica. El filtro
bioldgico estuvo compuesto por dos compartimientos, uno superior aerobio
nitrificante simulando un filtro percolador y uno inferior anoxico desnitrificante
con medio de soporte sumergido. Adicionalmente, fue evaluada la factibilidad
de usar el biogas producido en el reactor UASB como donador de electrones
para la desnitrificacion. Para una carga hidraulica aplicada de 5.6 m* m? d-',
una carga organica aplicada de 0.26 kg DQO m* d' y una carga aplicada
de nitrégeno amoniacal de 0.08 kg m d!' se obtuvo una transformacion del
nitrogeno amoniacal entre el 60 y 74%, con concentraciones efluentes menores
de 13 mg L. A pesar de la presencia de oxigeno disuelto en el compartimiento
de desnitrificacidn, se alcanzaron concentraciones de nitrato efluente menores
de 10 mg L. Los resultados obtenidos indican que el metano presente en el

biogas, fue el principal donador de electrones para la desnitrificacion.

----- Palabras clave: nitrificacion, desnitrificacion, nitrégeno, metano,

filtro bioldgico, UASB

Introduction

Given environmental, cultural, and economic
conditions in Latin-American countries, waste-
water treatment systems have to be functionally
simple; the cost-benefit ratio has to be high and;
the applied technologies have to be appropriate to
local realities. At the moment, none of the simple
and low-cost technologies available satisfy all of
the dispositions imposed by environmental pro-
tection requirements. Even so, despite anaerobic
technology in its diverse forms not representing
the only nor the best technology for environmen-
tal and health protection, it has been considered
viable to be implemented in many cities.

The environmental conditions in developing
countries, besides the low costs and efficient
removal of biodegradable matter of anaerobic
reactors, make the application of the anaerobic
technology very favorable under the perspective
of sustainable development. However, this tech-

nology produces an effluent with relatively high
concentrations of suspended solids and residual
organic material. It also shows poor capacity
to remove nitrogen and pathogens. Therefore a
post-treatment step is usually required.

Regarding biological nutrient removal from
wastewater, various system configurations can
be adopted. Recently, a number of new processes
and reactor configurations were developed. Im-
mobilized biomass reactors have been increas-
ingly used for nitrogen removal [1-6], achieving
high performance and stability because they can
efficiently retain the biomass inside them allow-
ing for the operation at high cellular retention
times. This condition favors nitrification and de-
nitrification processes to occur in a sole unit. As
biomass immobilization normally results in high-
cell concentrations, the volumetric efficiency
is greatly increased. This can lead to relatively
small reactors, and may afford protection from
toxic shocks and adverse temperatures [7].
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Trickling filters (TF) have been used successfu-
lly for BOD removal only, for combined BOD
removal and nitrification and for tertiary nitrifi-
cation after secondary treatment. The first inves-
tigations with tertiary nitrification indicated that
the filters filled with plastic support are stable
reactors able to produce a high effluent quality
even under adverse conditions [8-10]. Its simple
operation along with its low operation and main-
tenance costs were also demonstrated. Four op-
erating variables: temperature, influent ammonia
concentration, hydraulic loading, and recircula-
tion, are considered important for nitrification in
trickling filters. Subsequent studies revealed that
nitrification is often diffusion-limited and it will
depend on the ammonia loading, oxygen avail-
ability, temperature and support media [11-14].

Some experiences have demonstrated that the
combination of BOD and ammonia removal in
nitrifying trickling filters (NTF), besides being
possible, is frequent [ 15,16]. The high cellular re-
tention time and oxygen concentration present in
NTF create appropriate conditions for heterotro-
phic population growth and accumulation [17].

Both BOD removal and nitrification can be ob-
tained in TFs operated at low organic loading
rates [18]. Due to competition between hetero-
trophic and autotrophic bacteria, significant ni-
trification occurs only after the organic matter
concentration is considerably reduced. From dif-
ferent experiments, it can be concluded that nitri-
fication takes place mainly at the bottom portion
of the filter. In this region, BOD should be under
30 mg L' for nitrification initiation and under 15
mg L' for complete nitrification [15,16].

A number of investigations have shown that trick-
ling filters can perform aerobic, anoxic, and an-
aerobic processes depending on the biofilm char-
acteristics (thickness and activity), availability
of oxygen, presence of nitrate, and concentration
and nature of the electron donors [15,19-22]. For
these reasons, denitrification could be obtained in
TFs when their effluents are recycled back to ex-
isting upstream of low-loaded carbonaceous TFs.
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The use of TF for the post-treatment of anaero-
bic reactor effluents is increasingly accepted as
both a technically and economically feasible al-
ternative, especially for removal of the remaining
COD and suspended solids [23]. However, the
applicability of TFs for nitrogen removal of an-
aerobic effluents has not been well studied so far.

Nitrogen removal from anaerobic effluents in
TFs proceeds via nitrification followed by deni-
trification. During the nitrification step, however,
most of the effluent organic matter that could be
used for denitrification is oxidized. Therefore,
supplemental electron donors are required for de-
nitrification to proceed. It should be noted that
the need for the supplementary addition of an
external carbon source for denitrification makes
it inconvenient from the sustainability point of
view. Recently, search for electron donors pro-
duced during the wastewater treatment processes
has deserved special attention from researchers
aiming to lower the costs of denitrification. The
literature suggests that methane and reduced sul-
fur compounds could be possible and interesting
alternative electron donors [24-28]. Moreover,
anaerobic treatment plants produce CH, and H,S
containing biogas. Consequently, it is expected
that anaerobic technology based systems can pro-
duce low-cost and efficient electron donors read-
ily useable for denitrification.

Therefore, the UASB-TF combination can pres-
ent relevant advantages relative to operation sim-
plicity and low costs if the biogas produced in
the UASB reactor can be used for denitrification.
Such a concept implies modifications in TF con-
figurations to incorporate a denitrification com-
partment equipped with a biogas distribution sys-
tem below the nitrification compartment.

This paper presents and discusses data on the per-
formance of a novel, two-compartment integra-
ted aerobic-anoxic TF for the post treatment of
effluents from a UASB reactor treating domestic
sewage. Special emphasis is given to nitrogen
removal in the denitrification compartment fed
with biogas as electron donor source.



Experimental apparatus and
methods

Reactor description

The pilot scale treatment plant consisted of two
sequentially disposed units. The first unit was a
UASB reactor with a useful volume of 0.2 m’.
The effluent of the UASB reactor was treated in
the second unit, the aerobic-anoxic trickling filter
(AATF). A schematic diagram of the pilot plant
employed in this study is shown in figure 1.
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Figure 1 Schematic diagram of pilot plant

The filter was constructed in PVC with a diameter
of 0.35 m and total height of 2.70 m. The AATF
was composed of two vertically disposed
compartments. The upper aerobic compartment
had a trickling filter configuration for removal
of residual COD and nitrification with a useful
volume of 200 L. In order to improve natural
aeration, vertical ventilation windows were
provided in the external wall. The lower
compartment (60 L) was meant to be operated
under anoxic conditions for denitrification. For
this reason, it was submerged. Five sampling ports
were located along the upper compartment height
(SU, 1F1, 2F1,3F1 and 4F1); whereas, the lower
compartment had three sampling ports (F1, 6F2
and F2). Biogas employed as electron donor was
supplied by two superposed manifolds located
inside the anoxic compartment and connected to
the UASB reactor biogas outlet line.

The support media were novel plastic rings
commercially known as “rulo” (3.3 cm in
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diameter, 6.4 cm in length, void ratio 95%
and specific surface area 143 m> m?) obtained
from local suppliers. Additional to the “rulo”,
PVC corrugated rings were used in the anoxic
compartment (2.2 cm in diameter, 3.0 cm in
length, void ratio 94% and specific surface area
135 m? m3). Pictures of the support media are
shown in figure 2.
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Figure 2 Support media (a) plastic ring; (b) PVC
corrugated ring

After the star-up period, the AATF was
continuously operated at the flow rate of 0.54 m?
d!, corresponding to the hydraulic loading rate
of 5.6 m® m? d!. Organic loading rate ranged
from 0.22 - 1.2 kg COD m d"!, and ammonia-N
loading rate ranged from 0.062 - 0.104 kg m= d*!,
according to variations of COD and ammonia-N
in the UASB reactor effluent. Due to operating
problems along the first operation Stage, the pilot
UASB operation was interrupted and the filter
started to be fed with the effluent from a full-scale
UASB reactor treating domestic wastewater. The
full-scale UASB reactor also provided the biogas
for denitrification. The biogas was constantly
flushed with a mean flow of 1.7 L min"' at the
mean composition of 376 mg L' of CH,, 112 mg
L' of CO,, and 0.493 mg L' of H,S. The average
composition of the UASB influent is summarized
in table 1.

Analytical methods

Monitoring consisted in collecting samples
once or twice a week at different points of
the reactor. The parameters analyzed were:
temperature, pH, COD, ammonia-N, nitrate,
nitrite, and sulfate. Analytical determinations
were according to procedures recommended
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by the Standard Methods for the Examination
of Water and Wastewater [29]. Composition of
biogas was determined by gas chromatography
by using a thermal conductivity detector. Aiming
at verifying if the increase of ammonia-N
in the denitrifying compartment was due to

Table 1 Average raw wastewater composition

dissimilatory metabolism, a denitrification assay
was carried out by using a modification of the
method described by [30]. Additionally, the
thickness of the biofilm along the height of the
filter was regularly examined under a microscope
equipped with an ocular micrometer.

CcOoD CODf TKN-N  ammonia-N  Alkalinity H Temperature
mg.L" mg.L" mg.L"" mg.L"" mg.L"" P °C
566 339 59 32 212 6.8 16-27

Results and discussion

Biofilm development

A fast colonization of microorganisms was
observed mainly inside the support media.
During colonization, biomass growth was patchy.
Colonization began with the emergence of a
gelatinous substance on the whole surface of
the support media. After the biofilm reached a
given thickness (0.5 mm approx.), the gelatinous
substance practically disappeared. The biomass
attached on the support media suffered stratification
along the height of the filter; with the absolute
predominance of heterotrophic populations in the
upper part of filter. This fact can be attributed to
the high organic loads applied due to the operating
problems occurring with the UASB reactor,
which resulted in high COD concentrations in its
effluent. According to microscopy observations
(data not shown), such as the organic matter
being consumed, the nitrifying population was
increasing along the filter.

Organic matter removal

The analysis of the COD results was divided into
two stages regarding the application of different
organic loads. During Stage 1, the filter received the
effluent from the pilot UASB reactor. This period
can be characterized by the application of higher
organic loading rates due to operating problems
in the pilot UASB reactor. As a consequence, the
filter performance was also unstable and low COD
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removal efficiencies (< 50%) were observed. Even
so, filter effluent COD was approximately constant
(<20 mg L") by the end of Stage 1, independently
on the applied organic loading rate. This result
confirms the capacity of AATF to efficiently
remove high organic loads (COD removal ~ 90%).
It also indicates a progressive development of the
biomass throughout a selective process leading the
heterotrophic population to settle down mainly
until the middle of the aerobic compartment.
Stage 2 corresponded to the use of the full-scale
UASB effluent, whose operation was stable and
COD removal efficiencies were higher than those
observed when the effluent of the pilot UASB
reactor was used to feed the TF. Organic loading
rates were lower than those applied during Stage 1.

Nitrification-aerobic compartment

Nitrification was clearly manifested on the 98th
day of operation (figure 3).

At the beginning of nitrification, effluent
ammonia concentrations were mainly related to
the influent values. Thereafter, such dependence
was reduced and better efficiencies were
obtained, indicating the nitrifying biomass was
growing and attaining stability with time. By the
end of the operation period, the average effluent
ammonia-N concentration was 13 mg L, the
average effluent NO,-N concentration was 12 mg
L' and the average nitrification efficiency was
60%. Ammonia concentrations are expected to



decrease along the reactor height in nitrification
TFs. In this study, a slight increase of ammonia
concentration was observed on some occasions.
This may have been caused by nitrogen
compound releases from cellular lyses, probably
due to the high amount of biomass accumulated
at the bottom of the aerobic compartment. A
similar trend was found by [31]. Despite the
increase of ammonia concentration, a decrease
of effluent nitrate concentrations was observed.
Such a denitrification process near the bottom
of the nitrifying compartment can be attributed
to the existence of anoxic microenvironments
generated by the accumulation of biomass in this
region.

45 begin nitrification

N-compounds (mg.L")

Time (days)

Figure 3 Variation of nitrogen compounds in the
aerobic compartment: ¢ ammonia-N influent, A
ammonia-N effluent and e NO,-N effluent

DO concentrations along the aerobic compartment
ranged from 3 to 5 mg L'; thus, confirming the
adequacy of adopting ventilation windows in the
external filter wall. Significant decreases of DO
inside the reactor were not observed. Therefore,
the nitrification process was not limited by
oxygen availability as the high void space of
support media allowed for an efficient air supply
inside the filter.

Denitrification-anoxic compartment

Once nitrification was obtained, the biogas
supply was started, aiming at establishing the
denitrification process. Before being submerged,
the denitrifying compartment was not free

A novel aerobic-anoxic biological filter for nitrogen removal from UASB effluent using biogas...

from DO (4 mg L'). Additionally, nitrifying
biomass was also washed out from the aerobic
compartment and retained in the denitrifying
compartment. Initially, this fact favored the
nitrification and limited the denitrification. In
fact, the characteristics of the support media
propitiated favorable conditions for the free
circulation of air and biogas. Such a condition
did not allow the suitable contact between biogas
and the denitrifying bacteria to occur, affecting
the availability of electron donor (biogas) for
denitrification. To improve environmental
conditions for denitrification, the support media
was submerged (204th day). The objective was
to offer a resistance to the rapid biogas ascension
and mixture with the air, thus allowing a better
contact between the biogas compounds and the
denitrifying bacteria. As shown in figure 4, the
denitrification process was improved after the
support media was submerged (217th day). The
average effluent NO,-N concentration dropped
to 8 mg L' and the average denitrification
efficiency was 52%.

25

begin biogas supply A B

119 133 147 189 203 217 231 240 252 266 280
Time (days)

20

N-compounds- (mgL-")

Figure 4 Variation of nitrogen compounds in anoxic
compartment. ®ammonia-N influent, oammonia-N
effluent, eNO,-N influent and oNO,-N effluent.
A: begin immersion support media and B: begin
denitrification

Simultaneous to denitrification improvement,
an increase of effluent ammonia-N over the
influent concentration was observed. In order
to understand this phenomenon, a test of
dissimilatory nitrate reduction to ammonium
in denitrifying biomass was performed as
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described by [30]. The production of ammonium
was not observed, indicating that dissimilatory
nitrate reduction was not taking place inside
the reactor. The other possible reason for the
increase in ammonia-N concentration would
be the endogenous metabolism of the biomass
accumulated at the bottom of the nitrification-
aerobic compartment. Aiming at avoiding the
production of N compounds via cellular lyses,
the sludge accumulated at the bottom of the
compartment started to be removed once a week.

There are two compounds in the biogas that
are potentially used as electron donor for
denitrification: CH, and H_S. The effective use of
such in denitrification depends on environmental
conditions as it is the presence or absence of DO.
In the present study, the biogas was probably
the sole electron source for denitrification since
organic matter availability from wastewater was
very low (COD < 20 mg L'). Additionally, no
significant variation of COD concentrations
between influent and effluent was observed as
expected if COD was used as electron donor.

Considering that DO was also present in the
denitrification compartment (I mg L), it can
be assumed that this fact favored the oxidation
of methane present in the biogas to intermediate
organic compounds, which were then used for
denitrification. This effect was observed by
[24] in laboratory experiments. Nevertheless,
with an excess of DO concentration complete
oxidation of methane to CO, can occur resulting
in the consumption of significant fraction of
methane limiting its use as electron donor for
denitrification.

On the other hand, denitrification occurred
concomitantly with the increase of sulfate
concentration. Due to the presence of DO in the
compartment, it is suggested that sulfate was
produced by full oxidation of H,S from biogas
and probably also by its use for denitrification. In
figure 5 is observed as the sulfate has its highest
values in the closest ports of supply biogas,
with an increase in port F2 and a tendency
to decrease as the rises by AATF biogas. The
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highest values of sulfate in F2 can be the result
partly of sulfate produced in the top spots that
the downflow of wastewater, have led to an
increase in its concentration of ports below. The
lowest values of sulfate are attributed to the
decrease in availability biogas. H,S was being
partly oxidized into its upward, due to high DO
concentration present between ports F1 and 1F1
and partly released to the outside of the AATF
through ventilation windows.

Biogas
5]

-~ i} 2 4 6 & 10 12 14 1& 18 W 2 4 2 B\ 30
Su].fzte(mgL’l)

Figure 5 Variation of sulfate concentration along of
filter

As reported in the literature [32], there are
indications that denitrification occurs more
easily by using sulfur compounds than methane.
In contrast, the low concentrations of H,S in
the biogas could have limited its utilization as
electron donor for denitrification.

In spite of the fact that it was not possible to
demonstrate that the H,S present in the biogas
was fully used for denitrification, H,S was
transformed inside the filter and removed from
the biogas. This fact demonstrated an additional
ability of the AATF that can be used for the
treatment of the biogas produced in anaerobic
reactors.

The evolution of the nitrogen species along
the reactor, from ammonia-N to nitrate in the
nitrifying compartment and the performance
of the denitrifying compartment is shown in
figure 6. In port F1, a significant increase in
ammonia-N concentration can be observed due
to biomass accumulation in the interface between



the compartments, as well as, the persistence of
this compound at a stable concentration from this
port onwards. As expected, NO,-N reduction by
denitrification occurred steadily along the lower
compartment, but the process was probably
limited by the electron donor availability.

] g e
1F1

|

l:*:g ]
e ——
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Figure 6 Variation of nitrogen compounds along of
filter: m total N (ammonia-N + NO,-N) oammonia-N
and m NO,-N (sampling days: 196th, 224th and 280th)

From the data obtained in this research, aerobic/
anoxic TFs can be applied for the post-treatment
of effluents from anaerobic reactors. The unit
removed significant fractions of the soluble COD
and nitrogen. Even considering the limitations
observed, the effluent produced attains the
requirements of organic matter and nitrogen
compound concentrations for discharge in
superficial waters in many developing countries.

In order to optimize its performance, the design
of the AATF can be improved to enhance biogas
transfer to the liquid phase and also to avoid the
accumulation of suspended solids inside the unit.

Conclusions

The novel reactor configuration (aerobic-anoxic
trickling filter — AATF) presented promising
results for its application in the post-treatment
of effluents from anaerobic reactors treating
domestic sewage, especially for the removal of
dissolved organic matter and nitrogen. However,
some changes in the design of the AATF are
recommended to avoid biomass accumulation

A novel aerobic-anoxic biological filter for nitrogen removal from UASB effluent using biogas...

in the interface between the two compartments
and also to improve the biogas transfer to the
liquid phase and, consequently, to enhance
denitrification. The support media was considered
adequate for application in AAFT due to its
durability and high percentage of void spaces,
besides offering favorable conditions for biomass
attachment and colonization. Nitrification of the
anaerobic effluent was effective in the aerobic
compartment. For the applied hydraulic load of
5.6 m®* m? d! and applied organic load of 0.26
kg COD m? d!' ammonia conversion to nitrate
ranged 60 to 74%, and the average ammonia
concentration effluent was below 13 mg L. A
significant fraction of NO,-N was denitrified in
the submerged compartment in the presence of
the biogas, thus indicating the potential use of the
biogas as electron donor for denitrification in such
a unit. As the submerged compartment presented
DO concentration of about 1 mg L, methane
might have been the main biogas constituent used
as electron donor. Despite the presence of DO,
the denitrification was satisfactorily performed
and nitrate concentration in the final effluent was
under 10 mg L.
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