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bstract

This study evaluates the use of a mixture of compost, sludge and pieces of hard plastics as a biofilter medium to remove ammonia from a waste gas
tream through a bench-scale biofilter column. This study investigated the effects of operational parameters such as inlet concentration, loading rate,
etention time, pressure drop and variations of pH and alkalinity in the packing material on the performance of the biofilter. After a start-up period
ith an average inlet concentration of ammonia of about 51 ppmv corresponding to a loading rate of 2.15 g NH3/m3 h and an empty bed residence

ime of 60 s, the biofilter reached a removal efficiency of more than 97.9% by day 10. The maximum elimination capacity of 9.85 g NH3/m3 h was
chieved at a loading rate of 9.86 g NH3/m3 h, corresponding to an inlet concentration of about 236 ppmv, with the outlet concentration of NH3

ncreasing for higher inlet concentrations. The pH and alkalinity of the bed medium decreased due to nitrate formation but there was no need to
ontrol them synthetically. The concentration of ammonium and nitrate in the bed medium decreased and increased, respectively. Under steady-state
onditions, the number of nitrifying bacteria increased from an initial 5.6 × 104 cell/g wet material in the bed medium to about 2.8 × 108 cell/g

et material. Biological removal and nitrification were the dominant processes in ammonia removal. The maximum pressure drop during the

xperiment was 12 mm H2O for each meter of column. The minimum retention time that the system could attain at an average loading rate of
9.45 g NH3/m3 h was 30 s.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Ammonia is emitted into the atmosphere from farmed
ivestock, the petrochemical industry, oil refineries, metal man-
facturing, food, pulp and paper industries, textile plants,
astewater treatment plants and composting plants [1,2].
mmonia is a colorless, toxic, reactive and corrosive gas with
very sharp odor. Ammonia vapor is an irritant to the eyes

nd the respiratory tract, and acute exposure to high concen-
rations can lead to death within minutes [3–5]. This emission,
n addition to its own toxicity, constitutes a source of olfactory

uisance [5]. The traditional methods for treatment of ammonia
re based on physical and/or chemical processes, such as adsorp-
ion on activated carbon, wet scrubbing and condensation, which
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re generally expensive and produce secondary waste that may
equire further treatment or disposal, thereby creating additional
nvironmental problems [1,3,7].

Recently, biological processes have received much attention
s an alternative for treatment of polluted air [8]. The principle
f biofiltration is relatively simple; a contaminated air stream
s passed through a porous packed bed on which pollutant-
egrading cultures of microorganisms are immobilized [9]. As
he odorous and contaminated air passes through the bed, the
ontaminants in the air stream are absorbed by the biofilm, and
hen these contaminants are oxidized to produce biomass, CO2,

2O, NO3
− and SO4

−2. Biofiltration is an emerging technology
hat offers a number of advantages over traditional methods of air
ollution control for the treatment of low-concentration polluted

ir streams. Besides its highly efficient removal of pollutants,
ow capital expenditure and operating costs, safe operating
onditions and low energy consumption, it does not generate
ndesirable byproducts and it converts many organic and inor-
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Fig. 1. Schematics of the biofilter system: 1, compressor; 2, carbon filter; 3, flow
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anic compounds into harmless oxidation products [10,11]. Also
implicity of design has been cited as a reason for the popularity
f biofilters [12].

Biofiltration of ammonia-laden waste gas streams has been
tudied by a number of researchers. The packing material for
he column has included inorganic packing material inoculated
ith the newly isolated marine bacterium Vibrio alginolyticus

8], peat and peat seeded with nitrifying bacteria and a mixture of
ompost and activated carbon [13], ceramic, granulated and cal-
inated soil [14], woodchips [10], zeolite and oyster shells [15].
owever, a mixture of compost, municipal activated sludge and

hredded hard plastics has rarely been used as a packing material
or biofiltration of ammonia. The selection of packing materials
nd inoculated microorganisms has a decisive effect on biofiltra-
ion operation [15]. Quality indicators include microbial density,
orosity, moisture content, pH, surface area, pressure drop and
ost. Compost has been used widely for biofilter media because
f its low cost, high nutrient content and ease of availability. Neg-
tive aspects include the development of back-pressure due to
radual compaction with time, and aging effects due to microbial
ineralization [15,16].
In this bench-scale study municipal activated sludge was used

o cultivate compost medium without an enrichment process to
nhance the microbial density and improve the homogeneity of
he packing material. The reactor was packed with yard waste
ompost-based medium mixed with shredded hard plastics as
he bulking agent for reducing the pressure drop. The objec-
ives of this study were: (a) estimation of the acclimation period
f a biofilter inoculated by activated sludge for degradation of
mmonia; (b) evaluation of the operational parameters of the
ystem; (c) determination of the effectiveness of a new packing
aterial for the biological degradation of ammonia.

. Materials and methods

.1. Biofilter set-up

A three-stage, bench-scale downward biofilter constructed
rom a cylindrical metal container with an effective overall
eight of 129 cm and an internal diameter of 8 cm was used
n this study (Fig. 1). The column stages were separated by per-
orated plates that acted as a support for the packing material
s well as for gas redistribution. Provision of sampling ports at
he up stage, mid stage and down stage allowed access to the
ed medium. A 7 cm space between the sections allowed gas
ampling from the inlet and the outlet of each layer.

Compressed air was passed through a column of granular
ctivated carbon to retain residual oil and particles, and then
parged through a 16 l water container equipped with a heated
lement for adjusting the temperature and humidification of the
as stream. Changing the water temperature in the humidifier
llowed control of the humidity of the inlet gas stream and the
iofilter material. A synthetic polluted gas stream was prepared

y injecting a controlled amount of pure ammonia from a gas
ylinder equipped with a precision gas regulator (Herice Co.).
he overall air stream flow through the column was measured
ith a gas flow-meter (Platon Co.). A digital thermometer was

t
N
s
w

eter; 4, humidifier; 5, ammonia gas cylinder; 6, regulator; 7, mixing chamber;
, inlet; 9, water inlet; 10, gas sampling port; 11, thermometer; 12, sampling
ort; 13, biofilter bed; 14, outlet; 15, leachate; 16, manometer.

sed to keep the temperature of the bed material at 30(±1) ◦C,
hich is the optimum temperature for the growth and activity of
itrifying bacteria [17], by using a heating tape wrapped around
he exterior of the reactor wall. This prevented environmen-
al temperature effects and any disturbance of the steady-state
onditions of the biofilter. The water content of the bed was
aintained at 40–65% during the study period. Monitoring the

ressure drop along the column bed was conducted with a glass
-type water manometer.
The bed medium was prepared by mixing yard waste com-

ost (Isfahan Compost Co.) with shredded high-density plastics
1.0 cm × 0.5 cm) as a bulking agent to increase the porosity of
he bed material, and thickened activated sludge at a ratio of 3:2:1
v/v/v) with a porosity of 52%, a density of 0.65 and a pH of 7.2.
n preparing the packing medium, thickened activated sludge
as obtained from a municipal wastewater treatment plant (Isfa-
an Water & Wastewater Co.) with the aim of adding to the
icrobial density, improving the homogeneity of the compost

articles and its adhesion to the bulking agent.

.2. Analytical methods

Concentration of ammonia in the gas samples was determined
y a colorimetric indophenol method [18]. Gas sampling ports
ere connected to an impinger containing a solution of sulfuric

cid to trap ammonia gas. To investigate the transformation of
mmonia in the reactor, a 5 g solid sample were taken from the

hree sampling ports, then the nitrogen from ammonium (NH4

+-
), and the nitrogen from nitrate (NO3

−-N) were analyzed using
tandard methods [19]. The water content of the bed material
as measured by drying a known amount of the bed material
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t 105 ◦C for about 24 h, and the reduction in mass was con-
idered as the moisture of the bed [20]. To determine the pH
nd alkalinity value of the medium, 50 ml of distilled water was
dded to a 5 g sample and blended to be used for measurement
13,20]. The cell number of nitrifying bacteria was estimated
y the most probable number (MPN) method. About 5 g wet
eight of the packing material was sampled and homogenized

n 95 ml of Alexander (AL) medium at 10,000 rpm for 10 min.
L medium contained 2.5 g (NH4)2SO4, 0.5 g KH2PO4, 50 mg
gSO4·7H2O, 4 mg CaCl2·2H2O and 0.1 mg Fe-EDTA per

iter, at pH 8.0–8.2. The homogenized suspension was diluted
ith AL medium, then 0.5 ml of the suspended solution with
ifferent dilution ratios was transferred to 4.5 ml of AL medium
n 18 cm tubes, and incubated in the dark for 3 weeks at 30 ◦C
t 120 spm. At the end of the incubation, each tube was scored
y adding 2.2 g diphenylamine in 100 ml concentrated H2SO4
o test for the presence of nitrate and or nitrite. The development
f a blue color indicated that nitrite and nitrate were formed, and
he tube was scored positive. By referring to the MPN table, the
ositive number was used to estimate the population cell number
8].

. Results and discussion

.1. Acclimation time

After inoculation of the biofilter with thickened municipal
ctivated sludge, the system was operated with an airflow rate
Q) of 0.388 m3/h corresponding to an empty bed residence time
EBRT) of 60 s with an average inlet loading (L) rate of 2.15 g
H3/m3 h. Frequent increases and decreases were observed in

he removal efficiency of ammonia during the first days of oper-
tion, and the system showed a completely unstable condition
Fig. 2). Then the removal efficiency of the biofilter increased
radually and reached about 97.9% on day 10; the system
ecame stable after that. Also according to Fig. 4 the concentra-

ion of ammonium in the packing material, except on the first day
f operation, decreased and the concentration of nitrate increased
radually in the three stages of the biofilter during the acclima-
ion time. So, it was concluded that after 10 days of acclimation,

i
D
c
(

able 1
omparison of overall performance of biofilter with other research studies

uthors Bed media Acclimation
time (day)

his study Compost, sludge, hard plastics 10

innette et al. [24] Compost, bark mulch, wood
chips

–

ani et al. [27] Peat and night soil sludge –
iang et al. [13] Compost and activated carbon 15

apahi and Gross [25] Compost, oyster shells and
perlite

–

agans et al. [28] Compost No start-up due to
high absorption

aquerizo et al. [29] Coconut fiber 15
ig. 2. Overall performance of compost bed biofilter in removal of ammonia.

he nitrifying microorganisms and biological removal process
ecame dominant. Smet and Langeenhove [21] observed no
icrobiological start-up period in the case of the treatment of

ighly concentrated ammonia-loaded waste gas in a compost-
ased biofilter. Malhautier et al. [6] used granulated sludge as
he packing material in biofiltration of air loaded with a mixture
f ammonia and hydrogen sulfide, and reported an acclimation
eriod of 7 weeks for nitrifying microorganisms. Liang et al.
13] reported 2 weeks as the acclimation time for biotreatment
f ammonia with a compost-based biofilter with activated car-
on added (Table 1). Comparison of these results, except the first
ne, indicates that the acclimation period in this study was less,
nd it was concluded that inoculation of the biofilter medium
ith aggregates like thickened municipal activated sludge can

educe the acclimation time. This is consistent with the results
eported for biofiltration of other pollutants [16,22,23].

.2. The elimination capacity

The removal efficiency (RE) as a function of time is shown in
ig. 2, and the relationship between elimination capacity (EC)
nd ammonia loading rate is presented in Fig. 3. After the accli-
ation period and reaching steady-state condition in the biofilter
ith flow-rate (Q) of 0.388 m3/h yielding an EBRT of 60 s, the
nlet concentration and loading rate were increased gradually.
uring this period, the elimination capacity and removal effi-

iency increased, and the maximum EC of 9.85 g NH3/m3 h
RE 99.9%) was achieved at loading rate of 9.86 g NH3/m3 h,

EC RE (%) EBRT (s) Pressure drop
(Pa/m)

9.85 g NH3/m3 h, 9.44 g
NH3/m3 h

99.9, 99.9 60, ≥30 36.98, –

1 g NH3/m3 h – – –

3.24 g N/kg-dry peat-day 93.1 32 –
0.02–0.391 g
NH3/kg-media-day

95–99.6 31.9–79 –

10.6 g NH3/m3 h 96.4 – –

0.829–21.7 g NH3/m3 h 46.7–98.8 86 725

11.47 g NH3/m3 h 86.2–100 36 –
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ig. 3. Relationship between elimination capacity and loading rate of ammonia.

orresponding to an inlet concentration of about 236 ppmv.
he concentration of ammonia in the effluent was less than
ppmv (the emission standard) [13]. But the concentration of
H3 at the outlet and the elimination capacity were increased

nd decreased, respectively, for higher inlet concentrations and
he system became unstable due to reaching concentrations of
mmonia and loading rates above the inhibition limit. It was con-
luded that the loading rate should be less than 9.86 g NH3/m3 h
236 ppmv for the concentration of ammonia) to achieve a good

ong-term performance. Liang et al. [13] used a compost-based
iofilter with activated carbon as an added material at inlet con-
entrations of ammonia of 20 ppmv and 500 ppmv and achieved
n EC of 0.02–0.391 g NH3/kg medium per day. Pinnette et al.

a
a

Fig. 4. Concentration changes of ammonium and nitrate in the medium of diffe
Fig. 5. Change of pH in the medium of biofilter.

24] reported that in a biofilter with a mixture of compost, bark
ulch and wood chips as the packing material reached an EC of
g NH3/m3 h and Kapahi and Gross [25] used a mixture of com-
ost, oyster shell and perlite as a biofilter medium and reported
n EC equivalent to 10.6 g NH3/m3 h (Table 1).

.3. Various forms of nitrogen in the medium, and pH and
lkalinity changes
The concentrations of ammonium and nitrate in the medium
t different points of the biofilter are shown in Fig. 4. The pH
nd alkalinity are shown in Figs. 5 and 6, respectively. The con-

rent stages of biofilter. (A) Up stage, (B) mid stage and (C) down stage.
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manometer and plotted as a function of time. As shown in Fig. 7,
the system had some pressure drop that might be related to the
moisture content of the bed medium. The average pressure drop
was 3.77 mm H2O or 36.98 Pa in each meter of the column,
Fig. 6. Change in alkalinity concentration in medium of biofilter.

entration of ammonium in the medium before start-up was
–5 mg/kg wet bed. On the first day of operation the concen-
ration of ammonium increased rapidly to about 360 mg/kg wet
ed. This increase is related to absorption of the highly soluble
mmonia in the packing material; after that, the concentration
f ammonium decreased during the whole period of operation
f the biofilter. According to Fig. 4, the concentration of nitrate
as about 57 mg/kg wet bed at the beginning of biofiltration,

ncreased gradually in the first 2 weeks in all three parts of
he biofilter, and then increased rapidly in all parts until day
9. There was a reduction in the concentration of nitrate in the
rst stage of the biofilter on day 50 and again on day 60; these
ere attributed to washing of nitrate from the packing mate-

ial. It can be seen that the ammonia absorbed by the filter bed
as ultimately converted to nitrate by nitrifying microorganisms

fter the acclimation period. At the same time, the total alkalin-
ty of the packing medium decreased from the initial value of
80 mg/kg wet bed (CaCo3) to 160 mg/kg wet bed, 100 mg/kg
et bed and 160 mg/kg wet bed (CaCo3) at the sampling ports

n the up stage, mid stage and down stage, respectively. The
eduction of alkalinity in medium was due to nitrification pro-
ess. Evaluation of variations in the levels of ammonium, nitrate
nd alkalinity at different sampling ports in the column revealed
hat the rate of reduction of the concentration of ammonium
nd alkalinity were faster in the third stage of the reactor col-
mn (80–129 cm). These results imply that the third stage of the
iofilter, especially in the first month of operation, was the most
ctive layer for the removal of ammonia. It was concluded that
he small amount of ammonia-oxidizing and nitrite-oxidizing
iomass leaching from the upper stages (0–40 and 40–80 cm)
robably had a seeding role for the nitrifying bacteria in the
hird stage of the biofilter. This is not in accord with another
tudy, in which the first stage was reported to be the most effi-
ient part of the biofilter [13]. As shown in Fig. 6, the initial
H value of the packing material was about 7.2, and with the
ncreasing concentration of ammonia injected reached pH val-
es of about 8.2, 8.1 and 8.4 in the three stages on day 16. This

as unexpected, because, the pH value should be reduced due

o oxidation of ammonia and nitrate production. It was conclude
hat due to the predominance of unstable conditions on the biofil-
er at the beginning of biofiltration, the ammonia absorbed by
ring Journal 137 (2008) 198–204

he bed caused the increase of pH. This is in agreement with the
esults obtained by Kim et al. [8] for biofiltration of high con-
entrations of ammonia. Then pH value decreased gradually and
eached about 7 in all stages of the biofilter, this may be caused
y nitrate accumulation in the biofilter. Then, in the last days of
peration of the biofilter, the pH increased again, which was due
o unstable conditions in the biofilter. The detection of ammonia
as at the outlet corresponded to the increase in pH value of the
ed medium. The investigation of variation of alkalinity and pH
ndicated that in this study there was no necessity to control pH or
lkalinity in the biofilter synthetically. Hirai et al. [14] reported
hat in ammonia biofiltration with inorganic packing materials,
ontrol of pH in the bed medium was achieved with an alkaline
olution, such as NaHCO3. According to this result, it can be
oncluded that the mixture of compost, shredded hard plastics
nd thickened municipal activated sludge had a greater ability
o maintain a neutral pH and provided a suitable environment
or nitrifying bacteria than inorganic packing materials.

.4. Microbial count

The initial number of nitrifying bacteria in the packing mate-
ial was about 5.6 × 104 cell/g wet material. After, start-up and
n acclimation period under steady-state conditions, the number
f these bacteria increased to about 2.8 × 108 cell/g wet mate-
ial. Although the MPN method is only a statistical estimation
f the numbers of bacteria, the cell numbers of bacteria in the
edium in stable conditions was 5000 times greater than the ini-

ial number. This can be explained by the fact that in the reactor
f the biofilter, the nitrifying bacteria became dominant under
teady-state conditions.

.5. Column pressure drop

Resistance to gas flow is the major factor that determines the
mount of energy needed by the blowers to force the contami-
ated gas through the filter [7]. In the course of our experiment,
he pressure drop was monitored continuously with a water
Fig. 7. Pressure drop in biofliter column (with 129 cm effective heigth).
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Fig. 8. Biofilter performance

hich is less than pressure drop of 28–128 Pa in each meter
eported for a biofilter with wood chips as the bulk medium
10] and the 218 Pa/m reported for compost-based biofilter [17].
hese results imply that using compost in the mixture with thick-
ned municipal activated sludge and shredded hard plastics is a
uitable biofilter medium for removal of ammonia from waste
as streams and has only a low drop of pressure.

.6. Performance of the biofilter with different EBRTs

One of the major objectives of this research was to investigate
he response of a biofilter to substantial perturbations of efflu-
nt characteristics. Therefore, the experiment was conducted in
hree phases based on the inlet gas flow-rate. The results are
hown in Fig. 8. The first phase began on day 85 and finished
n day 91. The gas flow-rate in this phase was 0.518 m3/h, and
he average inlet concentration was about 170 ppmv, yielding an
BRT for the contaminated air stream of 45 s and a loading rate
f 9.48 g NH3/m3 h. In the second phase on day 91, the flow-
ate was increased to 0.777 m3/h and the inlet concentration was
ecreased to about 113 ppmv corresponding to an EBRT of 30 s
nd a loading rate of 9.40 g NH3/m3 h. In all of these stages, con-
entration of ammonia in the effluent was less than 1 ppmv. The
ast phase of the experiment commenced on day 97; the flow-rate
as increased to 1.166 m3/h, thereby reducing the EBRT to 20 s,

nd the inlet concentration was reduced to about 76 ppmv and the
oading rate reached 9.49 g NH3/m3 h. In this phase, as shown
n Fig. 8, especially in the last days of operation, the RE and
he outlet concentration of ammonia decreased and increased,
espectively. The system began to be unstable due to reduction of
BRT and raising the ammonia load above the inhibition limit.
ccording to the results of this experiment at EBRTs of 60, 45

nd 30 s for the average L ≤ 9.45 g NH3/m3 h, the elimination
apacity remained very close to 9.44 g NH3/m3 h (RE = 99.9%).
t an EBRT of 20 s, the EC and RE decreased and the aver-
ge reached about 8.52 g NH3/m3 h and 91%, respectively. It
as concluded that in the biofiltration system utilized in this

tudy, the shortest EBRT that the system could attain was 30 s.
iang et al. [13] reported a shortest EBRT of 32 s for removal

A

o

erent flow-rates and EBRTs.

f ammonia in a compost-based biofilter with activated carbon
s an added material, which is consistent with the present study.
emeestere et al. [26] achieved a minimum EBRT of 21 s, cor-

esponding to 12.5 g NH3/m3 h, in a biofilter with compost as
he packing material (Table 1). Back-pressure along the biofilter
olumn did not change dramatically with increasing flow-rates
nd loading rates, due to the high porosity of the bed material.
he maximum pressure drop of 12 mm H2O for each meter of

he biofilter column was observed at a flow-rate of 1.166 m3/h.

. Conclusion

An acclimation period of about 10 days for degradation of
ammonia in a biofilter achieved an average loading rate of
2.15 g NH3/m3 h, and an EBRT of 60 s. The biofilter medium
with thickened municipal activated sludge reduced the accli-
mation time greatly.
A maximum EC of 9.85 g NH3/m3 h was achieved at an EBRT
of 60 s at a loading rate of 9.86 g NH3/m3, corresponding to
an inlet concentration of ammonia of about 236 ppmv, with
an average RE of more than 99.9%.
Maximum and average pressure drop were obtained 12 mm
H2O and 3.77 mm H2O for each meter across the biofilter
bed. Using a mixture of shredded high-density plastics as a
bulking agent can reduce the pressure drop, due to a high level
of porosity in the bed.
Reduction of pH and alkalinity in the packing material due to
accumulation of nitrate on the bed medium, increasing num-
ber of nitrifying bacteria (5000 times) and, finally, reduction
of the concentration of ammonium in the column medium
indicated the predominance of biological removal of ammonia
under steady-state conditions.
In the biofiltration used in this study, the shortest EBRT could
attain was 30 s for L ≤ 9.45 g NH3/m3 h.
cknowledgement
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