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Abstract The biological removal of ammonia and bu-
tanal in contaminated air was investigated by using,. re-
spectively, a laboratory-scale filter and a scrubber-filter
combination. It was shown that ammonia can be re-
moved with an elimination efficiency of 83% at a volu-
metric load of 100 m*-m *-h™" with 4-16 ppm of am-
monia. During the experiment percolates were ana-
lysed for nitrate, nitrite, ammonium and pH. It was
found that the nitrification in the biofilter could deteri-
orate due to an inhibition of Nitrobacter species. when
the free ammonia concentration was rising in the perco-
late. It should be easy to control such inhibition
through periodic analysis of the liquid phase by using a
filter-scrubber combination. Such a combination was
studied for butanal removal. Butanal was removed with
an elimination efficiency of 80% by a scrubber-filter
combination at a volumetric load of 100 m*-m *-h"'
and a high butanal input concentration. Mixing the fil-
ter material with CaCO- and pH control of the liquid in
the scrubber resulted in an increase of the elimination
efficiency. These results, combined with previous re-
sults on the biofiltration of butanal and butyric acid, al-
low us to discuss the influence of odour compounds on
the removal efficiency of such systems and methods for
control. The results were used to construct a full-size
system, which is described.

Introduction

The process of waste-water purification by biological
methods is often accompanied by odour emissions. This
may often be considered a major problem. especially
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when purification plants operate close to residential ar-
eas, although no harmful gases are produced. Thus, it
becomes more and more important to complement
waste-water treatment plants with odour abatement
systems (Weckhuysen et al. 1991, 1993b).

From a large group of commonly produced odorous
compounds, ammonia and butanal were chosen to be
representative for bio-elimination studies. They present
low odour thresholds of 2.7 mg-m ™ and 13 mg-m "’ re-
spectively (Gemert and Nettenbreijer 1977) and am-
monia emissions are also involved in water and soil
acidification (van Breemen et al. 1982), through nitrifi-
cation processes.

For the reduction of odorous compounds in contam-
inated air, biological techniques have some potential
advantages over other treatments (Ottengraf 1986:
Weckhuysen et al. 1993b). They are based on the mi-
crobiological degradation of the odorants to water,
CO, and mineral salts (Brauer 1984: Bardtke unpub-
lished results). In the literature three techniques have
been reported: biofiltration, bioscrubbing and biotrick-
ling. These methods can be distinguished by the behav-
iour of the liquid phase (continuously moving or sta-
tionary in the contact reactor) and of the micro-organ-
isms (freely dispersed or immobilized on a carrier ma-
terial) (Diks and Ottengraf 1991). With respect to am-
monia removal it might be expected that it becomes ox-
idized to nitrate. The removal principles are summar-
ized in Fig. 1. Nitrosomonas and Nitrobacter are the
main autotrophic bacteria involved. Butanal can be
completely metabolized, eventually through its oxida-
tion to butyric acid. In both instances the acidification
of the medium might become a rate-limiting step. Bio-
filtration, bioscrubbing and biotrickling may behave
differently in that respect.

In this paper we describe experiments with a biofilt-
er, a bioscrubber and a biotrickling filter. In a biofilter
the odorous air is forced through a packed bed of mate-
rials containing micro-organisms able to degrade the
odorants. In a bioscrubber the odorants in the contami-
nated air are transferred from the air to absorption in a
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water phase, where biodegradation takes place, while
in a biotrickling filter a packed bed is continously
sprayed with water (Weckhuysen et al. 1993b).

Materials and methods

Experimental set-up

A scheme of the biofilter set-up is given in Fig. 2. It consists of
three plexiglass columns with a diameter of 0.10 m and a height of
0.33 m each, all filled with wood bark and connected with each
other. To the total amount of wood bark needed to fill the system
100 g CaCO; was eventually added. It was shown previously that
CaCO; addition is a simple way to avoid over-acidification
(Weckhuysen et al. 1993a). Analysis of the air was done at four
heights of the column.

The scrubber-filter combination is shown in Fig. 3. It consists
of a wash bottle (scrubber) containing 0.5 1 liquid medium and a
plexiglass filter column 0.5 m high. Analysis of the air was done at
three measuring points. Ammonia- or butanal-saturated air were
mixed with humidified air and introduced in the systems as
shown. The liquid medium of the scrubber section consisted of a
nutrient solution (Weckhuysen et al. 1993a) and an inoculum of
P. fluorescens. This micro-organism was introduced to speed up
the aldehyde degradation in the scrubber section. Pseudomonas
fluorescens was reported to be capable of this reaction (Kirchner
et al. 1987). Air flows were measured with a home-made ane-
mometer. The biotrickling-scrubber-filter combination consists of
a plexiglass container (0.75 m x 0.80 m x0.80 m) subdivided into
three compartments: a biotrickling unit (0.25 m length and 0.9 m
bed height), a bioscrubber unit (0.25 m in length and 0.9 m bed
height) and a biofilter unit (0.25 m in length and 0.95 m filterbed-
height). A large-scale container system (12.2 mx2.4 mx2.8 m)
was constructed and divided into three compartments: a biotrick-
ling and a bioscrubber unit (each of 1 m length and respectively 1
m and 1.4 m bed height) and a biofilter unit (10 m in length and
1.4 m filter-bed height).

Analytical Methods

The humidity, the pH of the filter material, butanal and butyric
acid concentration were determined as described previously
(Weckhuysen et al. 1993a). Ammonia, nitrite and nitrate were de-
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Fig. 2 Experimental set-up of the biofilter: / air inlet, 2 humidifi-
cation unit: wash bottle and a bubble column with water in series,
3 wash bottle with ammonia, 4-6 three biofilter sections filled
with wood bark, 7-10 measurement point at filter bed height 0.00
m, 0.33 m; 0.66 m and 0.99 m, /7 air outlet./2 humidified air, /3
ammonia-saturated air, /4 humidified air polluted with ammon-
ia
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Fig. 3 Experimental set-up of the scrubber-filter combination: /
air inlet, 2 humidification unit: two wash flasks with water in se-
ries, 3 wash flask with butanal. 4 wash flask with 0.5 nutrient
solution, 5 biofilter column, 6-8 measurement points , 9 air outlet,
10 humidified air, 71 butanal-saturated air

termined according to Standard Methods (APHA 1979). Micro-
bial growth was followed by turbidity measurements at 550 nm.

Results
Removal efficiency of ammonia by biofiltration

The biofiltration experiments with wood bark at a
pHof 7.2 and 58% humidity were done with a waste



1005
£ 80 M
fy R
2 :
I 60
= 1
5 40|
£ 3 I
E 20 \
w \l

|

i i i Il L ' L L L

0 i
0 100 200 300 400 500 600 700 BOO 900 10001100

Time (hours)

Fig. 4 Ammonia elimination efficiency (% ) at different filter-bed
heights: 0.33 m (H): 0.66 (+) and 0.99 m (¥)

stream containing from 4 to 16.5 ppm (v/v) of ammonia.
The volumetric load was 100 m*-m~-h"'. Ammonia
concentrations were measured during a 7-week opera-
tion. The results are expressed as elimination efficien-
cies, 7 (% ):

: Ci
= _— 100 (% 1
" (l cD)"“[ ) (1)

where Ci is the ammonia concentration measured at
height i in the biofilter and Co is the ammonia input
concentration.

The results in Fig.4 show a mean elimination of
83%. In contrast with the removal of butanal (Weck-
huysen et al. 1993a) the first filter section removed only
about 20% of the ammonia. The results agree with
measurements by Eggels (1986) and Jol (1989). Van
Langenhove et al. (1988) reported elimination efficien-
cies of 90% and more with an optimal humidity and an
ammonia input lower than 2g of Nitrogen
(N)-m—~-h~'. Under optimal conditions we found effi-
ciencies of 95% and more. Another biological method
for ammonia removal is a rotating biological contactor.
This technique has a removal efficiency of about 60%,
much lower than for biofilters (Vis and Rinzema 1991).
The limited ammonia absorption is responsible for this
low ammonia removal.

Percolate analysis

As can be seen in Fig. 4, there is a fluctuation in the
elimination efficiency during the experiment. Accord-

Table 1 The pH, nitrate- (NO; —N), nitrite- (NO> —N) and
ammonium-nitrogen (NH} —N) concentrations in the percolates,
the free ammonia (FA)- and free nitrous acid (FNA) concentra-
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ing to Anthonissen et al. (1976) the nitrification process
in waste-water treatment plants can be disturbed by the
concentrations of free ammonia (FA) and free nitrous
acid (FNA) rather then by the total concentration in
ammonia and nitrite. In order to find out whether this
phenomenon may be responsible for the fluctuations in
ammonia removal, column percolates were analysed at
three time periods for FA and FNA concentrations.
The FA and FNA concentrations were calculated
using total ammonia and nitrite values and the pH ac-
cording to Egs. 2 and 3. Two-liter amounts of percolate
were obtained by sprinkling the top of the biofilter with
bidistilled water. The results are given in Table I.

total NH; =N x 10°H

FA (ppm) = % X

Kh H
— + 10P
f
6344
with &ze(ﬁr' (2)
2300
FNA(ppm)=4—6 NOs— B with K,=e¢ (1) (3)

™ —
14 K,x10rH

where K. K}, and K, are the ionization constants of
water, ammonium and nitrous acid.

When these concentrations are introduced in a fig-
ure redrawn from Antonissen et al. (1977) (Fig. 5) the
percolates should be fitted in zone 2. This is the zone of
observed inhibition of Nirrobacter by FA. This should
result in an increase of nitrite and a lowered elimina-
tion efficiency. This was indeed found (Table 1) to oc-
cur at a time of 1104 h,

Scrubber-biofiltration of butanal-loaded air

In a previous publication we reported an excellent re-
moval of butanal by biofiltration (Weckhuysen et al.
1993a). This was now compared to a scrubber-biofilter
combination. The biofilter operated at a pH of 6.5 and
a moisture content of 57%. Butanal-loaded air (mean
butanal concentration of 27 ppm, v/v) was introduced
at a loading of 100 m*-m=-h"'. The elimination effi-
ciencies during more then 9 weeks are given in Fig. 6. It
is interesting to note that periods of low scrubber activ-
ity correspond to high filter activity and vice versa, re-
sulting in a combined mean removal of around 80%, a
mean removal efficiency for the scrubber of 49% and
31% for the biofilter. Fluctuations may be due to acid-
ification. This is shown in the next section.

tions, as calculated with Egs. 2 and 3, together with the corre-
sponding elimination efficiencies (EL Ef) at the given time x
(h)

Percolate after x(h)  pH  NO; —N(ppm) NO; —N(ppm) NH{ —N(ppm) FA (ppm) FNA (ppm) ELEfL (%)
408 7.9 9.0 0.4 121.3 4.5 44x10°7 97.0

768 7.8 9.4 0.4 1259 3.7 5.1x10°° 96.7

1104 8.1 15.9 3.1 130.9 7.5 21x10°" 70.0
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Fig. 5 Influence of pH. free ammonia (FA) and free nitrous acid
(FNA) on the nitrification process: measurement point 1 (after
768 h), measurement point 2 (after 408 h) and measurement point
3 (after 1104 h) as calculated by using Eqs. 2 and 3 (see text) us-
ing the percolate composition (redrawn from Anthonissen et al.
1976).
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Fig. 6 Butanal elimination efficiency (%) in the filter (+).in the
scrubber (M) and in the whole installation (*)

Influence of scrubber pH

Figure 7 shows the relation between the pH of the
scrubber solution and its removal efficiency. After a
pH drop, the pH was adjusted by adding NaOH to the
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Fig. 7 Relationship between the pH of the scrubber liquid (+)
and the elimination efficiency (M): pH adjustments are indicated
by arrows
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Fig. 8 Batch experiment: relationship between butanal degrada-
tion (M), butyric acid formation (+) and pH (*)

scrubber solution (see arrows in Fig. 7). Clearly the
elimination drops dramatically whenever the pH shows
a tendency to decrease.

Using only biofiltration of butanal we showed
(Weckhuysen et al. 1993a) that the intermediate forma-
tion of butyric acid is the most likely cause of acidifica-
tion. To confirm this finding, part of the scrubber solu-
tion was at first acrated well for 48 h to obtain the re-
moval of all residual butanal and butyric acid by bio-
oxidation. Butanal was then added and butanal and bu-
tyric acid concentrations were determined during 45 h.
The results in Fig. 8 clearly show the intermediate for-
mation of butyric acid and the corresponding decrease
in pH. In this experiment butanal losses due to evapo-
ration were corrected for by running a sterile control
under the same conditions.

Construction of a filter-scrubber-trickling system

Based on these results a system as shown in Fig. 9 was
constructed. It is a combination of a biofilter, a bio-




Fig. 9 Biotrickling-scrubber-filter combination for the removal of
wasle gases [rom a waste-water treatment plant: / packing materi-
al, 2 biofilter, 3 wash liquid, 4 air inlet. 5 air outlet, 6 blower, 7
liquid pump

trickling filter and a bioscrubber. In a first step the
waste gas is directed through a biotrickling filter
(counter-currently). In a second step the waste stream
is passing a second bed (direct-currently), while in a last
step the gas is directed through a biofilter. In such a
system micro-organisms growing on the packing mate-
rial in the trickling section are continuously reactivated
through recycling of a mixed microbial culture develop-
ed in the wash liquid (about 5g-1"' of dry matter).
With this installation a total removal of odorous com-
pounds, such as butanal and ammonia, in waste gases
was obtained (9 > 99%). The volumetric load was for
each compartment 500 m*-m~-h' (residence time of
30s) and the pH and nutrient control were easily to
perform.

Such a system was also constructed on real dimen-
sions to be tested in a waste-water treatment plant for a
brewery. Figure 10 shows the general design of the full
size odour abatement unit. For scale-up of the filter-
scrubber-trickling system, the relative dimensions of
the three compartments were changed from 1:1:1 to
1:1:10. With a load varying between 2000 and 5000
m?+h~', the volumetric load of the biofilter was low-
ered sufficiently, resulting in a good residence time and
consequently excellent performances (n > 99%). The
trickling-scrubber unit contains water mixed with acti-
vated sludge (5-8 g-17'), while the filter unit contains a
mixture of wood bark and polyethylene rings, the latter

5 S b 5

]

6

Fig. 10 General design for the removal of odorous compounds in
wasle gases using a container system: / biotrickling and bioscrub-
ber unit, 2 wash basin for regeneration of activated sludge, 3 bio-
filter unit. 4 waste gases, 5 cleaned air, 6 percolate water, 7 water
recycling, eventually with activated sludge for biofilter or water
supply. & sprinkling system for scrubber units, 9 sprinkling unit
for biofilter

Fig. 11 Container system for a waste water treatment plant of a
brewery. based on the principles outlined in Fig. 10

to avoid clogging of the filter. After several months of
operation in a well-populated area, no odour problems
were recorded. Figure 11 shows the location of the con-
tainer system adjacent to a waste-water treatment
plant.

Discussion

The biofiltration removal of some odorous compounds
can be inhibited by the accumulation of some biode-
gradation products. Thus, it was shown previously
(Weckhuysen et al. 1993a) that the intermediate forma-
tion of butyric acid from butanal may be detrimental.
The addition of nutrients and a simple pH control by
the addition of CaCOj to the filter material highly im-
proved the process performance.

The removal of ammonia, which leads to the forma-
tion of nitrate and protons, may present similar prob-
lems. In order to study this possibility its removal was
studied wusing biofiltration. However. for ammonia
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there are indications that the accumulation of free am-
monia rather than the acidification may be a very im-
portant process characteristic. Similar to the results ob-
tained for waste-waters by Anthonissen et al. (1976) we
found that the elimination efficiency decreased sharply
when biofilter percolates showed an increased concen-
tration of free ammonia. This may result in the inhibi-
tion of Nitrobacter species and the accumulation of ni-
trite. The FA concentration is dependent on pH and to-
tal NH, " -N concentration. The continuous determina-
tion on column percolates of pH, ammonia and nitrite
may be a necessary procedure for overall process con-
trol. However, this is not easy as the volumetric load
cannot be adapted easily during the process.

The use of a scrubber-filter combination may be the
best solution. This was studied with butanal-loaded air.
With this compound acidification due to the interme-
diate formation of butyric acid is responsible for lower
performances. Thus the pH control by the addition of
NaOH to the scrubber section can be highly beneficial
and is easy to perform. It is obvious that the presence
of micro-organisms and nutrients, such as phosphate, in
the scrubber will enhance the overall performance.

Using a filter-scrubber-trickling system these as-
sumptions were confirmed. In the trickling and scrub-
ber unit water-soluble odorous compounds, such as am-
monia and organic acids are degraded by micro-organ-
isms and the process can be easily controlled by pH ad-
justments and nutrient additions. However, the pres-
ence of activated sludge may overcome the need for
further additions of nutrients. Hydrophobic odorants.
like aldehydes can be efficiently removed from the
waste gases in the filter section. Thus, this combination
offers the possibility for the total removal of odour
compounds in a complex gas mixture, frequently en-
countered in waste gases ol waste waler-treatment
plants.
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