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ABSTRACT A simulation study was conducted using a calibrated and validated model for 
ammonia removal in a cross-flow biotrickling filter. Simulation runs were performed to evaluate 
the relationships of some of the process and design parameters with reactor performance (i.e. 
gas flow rate, liquid flow rate/superficial velocity, gas and liquid inlet concentrations, empty bed 
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residence time and wetted fraction of the surface area). Ammonia removal in the gas phase was 
found to increase with the liquid flow rate and residence time. However, there seems to be an 
optimum liquid flow rate that must be applied to biotrickling filters since further increases in flow 
rate did not improve the removal efficiency. Removal efficiency also increased with residence 
time and gas flow rate; however, the increases were more significant at lower residence time. 
Since ammonia is a very soluble gas, the removal efficiency was not affected by the gas and 
liquid inlet concentrations in the studied range. In addition, removal efficiency was found to 
increase with the wetted fraction of the surface area of packing media. Under similar operating 
conditions, two types of packing material (with different total specific surface area) obtained 
similar removal efficiencies when both were equally wetted. Results from this study are useful in 
designing a new biotrickling filter unit or in improving the performance of an existing one. 

Keywords: simulation study, ammonia removal, swine air, biotrickling filter.  

 

INTRODUCTION One of the air treatment techniques, which has gained interest recently for 
the treatment of air exhausted from swine facilities, is biotrickling filtration. In this system, a 
polluted air stream is forced through an inert packed bed on which pollutant degrading 
microorganisms are immobilized. Additionally, an aqueous solution is continuously supplied at 
the top of the bed to provide sufficient moisture and nutrients for the microorganisms (Govind 
and Narayan, 2005). Figure 1a shows a schematic diagram of a biotrickling filter while figure 1b 
shows a photo of an actual biotrickling filter used to treat the air exhausted from a pig chamber. 

 

 

 

 

 

 

 

 

 

Though some studies have revealed that this technique can effectively reduce odour and gas 
emissions from pig buildings (Melse and Mol 2004; Jensen and Hansen 2006), this system has 
not yet been efficiently incorporated into barn systems (Ozis et al., 2005).  Despite its 
advantages over other methods, it is still limited by some operational problems (Devinny et al., 
1999) such as biomass accumulation and product and substrate inhibition, among others.  

To optimize the performance of a reactor, it is important to better understand the processes and 
the factors affecting its performance. Model simulation has been recognized as a useful and 
cost-effective tool for accomplishing these tasks (Devinny et al., 1999). It serves as a rapid 
means of performing “virtual experiments” (Deshusses and Shareefdeen, 2005), and it is 
particularly important in processes such as optimization and scaling-up.  

There are a number of simulation studies published in literature, however, only a few of them 
deal with ammonia removal in biofilters or biotrickling filters (Baquerizo et al. 2005; Sharvelle et 

  

Figure 1.  (a) Schematic diagram of a cross-flow biotrickling filter; 
(b) photo of an actual biotrickling filter used to treat swine air. 
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al. 2008b). In the study conducted by Baquerizo et al. (2005), the physico-chemical parameters 
(i.e. specific surface area of the packing media, gas mass transfer coefficient, and pH) were 
found to have notable impacts on ammonia removal in biofilters. On the other hand, Sharvelle et 
al. (2008b) found that ammonia removal from the gas phase would not be a challenge to 
biotrickling filter operations due to its high solubility in water. However, they observed that the 
wetted fraction of the packing media is highly significant in the removal of ammonia from the 
liquid phase.  In addition, they also found that, though the liquid recirculation flow rate had little 
effect on liquid contaminant removal, it is worthwhile to maintain liquid recirculation through the 
reactor to increase the wetted area within the system and improve gas contaminant removal.  

This paper presents the simulation study, which was conducted as part of a Ph.D. work. The 
simulations were performed using a mathematical model, which was developed, calibrated, and 
validated for the removal of ammonia from swine air using a cross-flow biotrickling filter. The 
basic model equations used are shown in equations 1 to 3 (the variables are defined in the 
nomenclature section).  
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The biotrickling filter shown in figure 1b was one of the biotrickling filters utilized in collecting the 
data for the model calibration and validation. The model development, calibration and validation 
are extensively discussed in two other papers (Martel et al. 2012a; Martel et al. 2012b). The 
objective of this current study was to evaluate how the system behaves in relation to changes in 
parameters and to understand how these parameters may affect the performance of the system 
or influence its design.  

METHODS Simulations were performed using a calibrated and validated model (Martel et al., 
2012b) to evaluate the behaviour of biotrickling filters in removing ammonia from swine air when 
changes in various process and design parameters occur. The parameters evaluated in this 
simulation study were the gas flow rate, the liquid flow rate/superficial velocity, the gas and 
liquid inlet concentrations, the empty bed residence time (EBRT), and the wetted surface area 
of packing media. The ranges of the values applied were within ± 25% of the values used in the 
model calibration and validation; however, the simulations involving the gas inlet concentration, 
liquid superficial velocity, EBRT, and fraction of the wetted surface were conducted in a wider 
range of values to see the effects or variations on a larger scale. Only two values were chosen 
for the liquid inlet concentration since their results did not have any remarkable difference. Table 
1 shows the parameters, with their corresponding values, used in the simulation. This study was 
applied to two types of packing media: (1) structured packing media with a specific surface area 
of 984 m2 m-3 and (2) non-structured packing media with a specific surface area of 242 m2 m-3. It 
should be noted that the bed length was adjusted to obtain the same EBRT for the different gas 
flow rates or to obtain different EBRT for the same gas flow rate. This means that as the gas 
flow rate or the EBRT was increased, the bed length was correspondingly increased. 
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Table 1. Parameters used in the simulation study. 

Parameter Unit 
Value 

Calibration/Validation Simulation 

Gas flow rate m3 h-1 302 200 - 400 

Liquid superficial velocity m h-1 2.2 and 4.3     0.6 - 5.4  

Gas inlet concentration ppm 5 - 10 1 - 45 

Liquid inlet concentration g NH4
+-N m-3 150 - 1500 120 and 1800 

Wetted surface area % 10 - 15 0.01-100 

Specific surface area m-1 242 and 984  242 and 984 

EBRT s 3 – 9 1 - 13 

The removal of ammonia from the gas phase at different simulation runs were evaluated in 
terms of removal efficiency (RE) and elimination capacity (EC) given in equations 4 and 5, 
respectively: 
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As described in equation 5, the elimination capacity is a normalized parameter which expresses 
the amount of ammonia removed per cubic meter of bed volume per hour. 

RESULTS AND DISCUSSION  
Gas and Liquid Concentration Profiles The concentration profiles of ammonia in the gas 
phase along the length (L) of the bed and in the liquid phase along the height (H) of the bed are 
shown in figure 2.  

 

 

 

 

 

 

 

 

 

 
Figure 2. NH3 concentration profiles along the length and height of the filter bed (l is any 

position along the length L and h is any position along the height H of the bed). 



Papers presented before CSBE/SCGAB meetings are considered the property of the Society. In general, the Society reserves the 
right of first publication of such papers, in complete form; however, CSBE/SCGAB has no objections to publication, in condensed 
form, with credit to the Society and the author, in other publications prior to use in Society publications. Permission to publish a 
paper in full may be requested from the CSBE/SCGAB Secretary, 2028 Calico Crescent, Orleans, ON, K4A 4L7 or contact 
secretary@bioeng.ca. The Society is not responsible for statements or opinions advanced in papers or discussions at its meetings. 

 

These are the simulation results using a gas inlet concentration of 8.5 ppm, liquid inlet 
concentration of 1000 g NH4

+-N m-3 (1000.63 g TAN [total ammonia nitrogen] m-3), gas flow rate 
of 302.4 m3 h-1, liquid superficial velocity of 4.3 m h-1, EBRT of 9 s, pH 7, temperature of 17oC, 
and a structured packing media. 

As expected, ammonia concentration in the gas phase decreases as the air moves through the 
biotrickling filter. At this simulated condition, the model predicts 84% ammonia removal. On the 
other hand, the ammonia concentration in the liquid phase is almost constant as it flows down 
the filter bed. This is due to the boundary condition set for the mass balance in the liquid phase, 
where the exit and inlet liquid concentrations are assumed equal for a system under steady-
state conditions. Since the gas and liquid streams are in cross-flow configuration, the liquid 
concentration profile looks different from that of the co-current and counter-current presented in 
other studies (Sharvelle et al. 2008a; Ockeloen et al. 1996). 

Liquid Flow Rate Figure 3 shows the simulation results of using a gas inlet concentration of 
8.5 ppm, liquid inlet concentration of 1000 g NH4

+-N m-3, gas flow rate of 302.4 m3 h-1, pH 7, 
temperature of 17oC, liquid flow rates varying from 0.5 to 4.5 m3 h-1 (0.6 to 5.4 m h-1 superficial 
velocities), and a structured packing media. Since there were no significant differences on the 
results between the two types of media, only the results of the structured media are presented 
here. 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in figure 3, ammonia removal increases with liquid velocity and EBRT. These results 
are expected because a higher EBRT allows a longer contact between the gas and liquid phase 
and a higher liquid velocity results in a greater convective transport. Since in the model equation 
the liquid flow rate is directly related to the wetted surface area, a higher liquid velocity would 
enhance the wetting of the system. However, further increases in liquid velocity do not seem to 
improve the removal efficiency. Similar observation was also obtained by Popat and Deshusses 
(2010). According to these authors, increasing the liquid velocity results in preferential flow 
paths for the gas and liquid, thus, lowering the interfacial area for the gas and liquid mass 
transfer. It is important to realize that the wetted fraction changes as the liquid velocity is 
changed, which affects the path of pollutant mass transfer (Kim and Deshusses, 2003). 

 Figure 3. NH3 removal efficiency at different superficial liquid velocities and levels of 
empty bed residence time using structured packing media. 
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Increases in liquid flow rates could also result in thicker liquid film at the gas-liquid interface, 
thereby limiting the gas-liquid mass transfer.  

In addition, at higher liquid velocities, increasing the EBRT does not seem to improve the 
removal efficiency. This could probably be due to the mass transfer limitations that could have 
occurred at higher liquid flow rates (e.g. preferential gas and liquid flow paths, decreased 
interfacial area for the gas-liquid mass transfer or decreased wetted surface area, thicker liquid 
film). 

One important implication that can be derived from these results is that to achieve certain 
removal efficiency, one could either choose a higher EBRT and lower liquid flow rate or a lower 
EBRT and higher liquid flow rate. However, one has to consider also that there might be an 
optimum liquid flow rate and EBRT that must be applied to the system. In addition, factors such 
as cost of the packing media, available land area for the treatment unit or pumping cost of the 
liquid would certainly have to be considered in the decision making process. 

Gas Flow Rate Figure 4 shows the resulting removal efficiencies using structured packing 
media at different EBRT as the gas flow rate was varied at constant gas inlet concentration. 
These are the results of using a gas inlet concentration of 8.5 ppm, liquid inlet concentration of 
1000 g NH4

+-N m-3, liquid superficial velocity of 2.2 m h-1, pH 7, temperature of 17oC, and gas 
flow rates varying from 200 to 400 m3 h-1. Again, since there was no difference on the results 
between the two types of packing media, only the results from using structured media are 
presented here. 

 

 

 

 

 

 

 

 

 

 

 

 

As expected, the removal efficiency increases with EBRT and gas flow rate. For the same 
reason as in the effect of the liquid flow rate given above, a higher EBRT allows a longer contact 
between the gas and liquid phase and a higher gas flow rate enhances convective transport, 
thus, improving mass transfer. However, it seems that increases in the removal efficiency are 
more significant at lower EBRT (1 to 3 s). Results of the study conducted by Chou and Wang 
(2007) show a rapid increase of ammonia removal in a biotrickling filter when the EBRT was 
increased from 0.5 to 0.98 min; however, beyond this range the removal efficiency became 
stable. This is probably due to ammonia’s high solubility in water where almost all of the 

Figure 4. NH3 removal efficiency at various gas flow rates and levels of empty 
bed residence time using structured packing media. 
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ammonia readily dissolves at the sections near the inlet of the bioreactor as it comes in contact 
with the trickling water. 

Since in a real barn system where gas flow rate varies depending on barn and outdoor 
conditions, it is the EBRT that varies as air of variable flow rates flows through a fixed reactor 
volume. Figures 5a and 5b compare the removal efficiencies and elimination capacities, 
respectively, of three reactors with three different bed sizes (length of 0.3, 0.6, and 0.9 m) each 
treating air of variable flow rates  (200-400 m3 h-1). The results show that the 0.9 m-long 
bioreactor has the highest removal efficiency, though a trend indicates that the increases in the 
removal efficiency become smaller as the reactor becomes longer. In terms of the elimination 
capacity, the 0.3 m-long bioreactor provides the highest elimination capacity than the other two 
reactors.  Furthermore,  the increases in the elimination capacity at higher gas flow rates are 
more significant in the 0.3 m-long bioreactor than in the other two reactors. However, it is also 
important to realize that even if a shorter bed seems more favourable in terms of elimination 
capacity, the bed cannot be made shorter to achieve the same removal efficiency since a 
surface area is required to support sufficient amount of biomass to oxidize the substrate and 
keep the liquid-phase concentration low (Ockeloen et al., 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The information obtained from these results may be useful in designing a biotrickling filter when 
removal efficiency, elimination capacity, and reactor size need to be optimized at the same time. 
Further, it should be noted that the model was calibrated and validated by one value of gas flow 
rate, and simulating at values other than this could probably affect the accuracy of the results.  

Gas and Liquid Inlet Concentrations The effects of gas and liquid inlet concentrations on 
ammonia removal are presented in figure 6. These are the results of using a gas flow rate of 
302.4 m3 h-1, liquid superficial velocity of 2.2 m h-1, EBRT of 6 s, pH 7, temperature of 17oC, gas 
inlet concentrations from 1 to 45 ppm, two liquid inlet concentrations (120 and 1800 g NH4

+-N  
m-3), and a structured packing media. The results show that neither the gas nor the liquid 
concentration affect the removal efficiency. A gas inlet concentration of 45 ppm has almost the 
same removal efficiency than that of 1 ppm. Chung and Huang (1998) only observed a 
significant reduction on ammonia removal efficiency when concentrations were above 100 ppm.  

Figure 5. (a) Removal efficiency; (b) elimination capacity for NH3 at 
various gas flow rates and bed lengths.  
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Liquid concentrations of 1800 and 120 g NH4
+-N m-3 also resulted in similar ammonia removal 

efficiency. As long as the liquid concentration is below the equilibrium concentration, it would not 
greatly affect the removal efficiency. The results indicate that factors other than the gas and 
liquid inlet concentrations have the most influence on the removal efficiency. Similar 
observations were obtained by Sharvelle at al. (2008b).  

In terms of elimination capacity, figure 6 shows that within the simulated range of the gas inlet 
concentration, the maximum elimination capacity was not reached. This supports the previous 
observation that gas inlet concentration is not a limiting factor to the removal of ammonia. This 
is again probably due to the high solubility of ammonia in water. 

Wetted Surface Area Figure 7 shows the relationship between the wetted surface area of the 
packing media and removal efficiency.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) Elimination capacity for NH3 with 1800 g NH4
+-N m-3 liquid inlet concentration; 

(b) NH3 removal efficiency at various NH3 gas and liquid inlet concentrations. 
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Figure 7. Removal efficiency at various fraction of wetted surface area using both 
structured and non-structured media. 
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These are the results of using a gas inlet concentration of 8.5 ppm, liquid inlet concentration of 
1000 g NH4

+-N m-3, gas flow rate of 302.4 m3 h-1, liquid superficial velocity of 2.2 m h-1, EBRT of 
6 s, pH 7, temperature of 17oC, and wetted surface area from 0.01 to 100%.  
The results show that when the wetted surface area is within 20% of the total surface area for 
the structured media or 40% for the non-structured media, the removal efficiency increases 
rapidly with increases in wetted surface area for both packing media. However, beyond these 
values, increases in the wetted surface area produce very small improvements in the removal 
efficiency. Though at certain values of wetted surface area the removal efficiency using 
structured media is relatively higher than that of the non-structured media, the trend is almost 
similar for both media. The maximum removal efficiency is attained at wetted surface area of 
around 20% for structured media and 40% for non-structured media. The removal efficiencies 
from both types of packing media are not very different despite the big difference in their total 
specific surface area (specific surface area of the non-structured media is only 25% of that of 
the structured media). This indicates that with similar operating conditions (e.g. flow rates, pH, 
temperature, inlet concentrations), the two packing media, regardless of their total specific 
surface area, would result in a similar removal efficiency when both have similar fraction (or 
percent) of wetted surface area. Baquerizo et al. (2005) and Sharvelle et al. (2008b) also found 
the significance of the wetted fraction of the packing media on ammonia removal. Due to 
ammonia’s high solubility in water, the primary removal mechanism from the gas phase is mass 
transfer; thus, wetting ratio is very significant. This implies that in the context of reactor design, 
more important than the total specific surface of the media are the factors that affect the wetting 
of the packing media.   

SUMMARY AND CONCLUSIONS Simulation runs using the calibrated and validated model 
for ammonia gas removal were performed to evaluate the relationships between the model 
parameters and the reactor’s performance (i.e. gas flow rate, liquid flow rate/superficial velocity, 
gas and liquid inlet concentrations and wetted fraction of the surface area). Ammonia removal 
increased with liquid flow rate and EBRT; however, further increases in liquid flow rate did not 
improve the removal efficiency. Increasing the liquid flow rate might result in preferential flow 
paths for the gas and liquid, thus, lowering the interfacial area for the gas and liquid mass 
transfer. Increases in the liquid flow rates could also result in thicker liquid film at the gas-liquid 
interface, thereby limiting the gas-liquid mass transfer. In addition, at higher liquid flow rates, 
increasing the EBRT did not improve the removal efficiency. Mass transfer limitation taking 
place at higher liquid flow rates could be a possible reason for this.  

Since ammonia is very soluble in water, the gas and liquid inlet concentrations do not seem to 
provide an obstacle in the design of a biotrickling filter for swine facilities. Although a longer filter 
bed (or a higher EBRT) resulted in higher removal efficiency, a shorter filter bed (or a lower 
EBRT) was more favourable in terms of elimination capacity. In terms of the wetted surface 
area, once a minimum fraction of the surface area was wetted, further increases in this 
parameter provided only very little improvements on the removal efficiency. Furthermore, with 
similar operating conditions, the two packing media with different specific surface area resulted 
in similar removal efficiencies, when both had a similar fraction of wetted surface area.  

Even if some of the values used in the simulations were outside the range of the values used in 
the model calibration and validation, which might have affected the accuracy of the results, this 
study still provides useful information in designing a new treatment system or in improving the 
performance of an existing one. 
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Nomenclature 
at Total surface area (m-1) 

b Position along biofilm depth; b =0 at liquid 
biofilm interface; b=Bt at support  

Bt Biofilm thickness (µm) 

CB Concentration in biofilm (g NH4
+-N m-3) 

CG Concentration in gas phase (g NH3-N m-3; 
ppm) 

CGe Gas exhaust concentration (ppm) 

CGi Gas inlet concentration (ppm) 

CL Concentration in liquid phase (g TAN m-3; 
g NH4

+-N m-3) 

DL Diffusion coefficient in water (m2 h-1) 

fNH3 Unionized fraction of total ammonia (-) 

fw Wetted surface area fraction (-) 

fXv Correction factor for diffusion coefficient  

(-) 

h Position in bed height (along the liquid 
flow direction);h = 0 at entrance; h = H at 
exit 

H Total bed height (m) 

KG Overall gas mass transfer coefficient  

(m h-1) 

kH Henry’s law constant (-) 

Ki Inhibition constant (g NH4
+-N m-3) 

Ks  Saturation constant (g NH4
+-N m-3) 

l Position in bed length (along the gas flow 
direction); l =0 at entrance; l = L at exit 

L Total bed length (m) 

QG Gas flow rate (m3 h-1) 

UG Gas superficial velocity (m h-1) 

UL Liquid superficial velocity (m h-1) 

Vf Filter bed volume (m3) 

Xv Biofilm density (g m-3) 

Y  Yield coefficient (g biomass g-1 of 
contaminant) 

µm Maximum specific growth rate (h-1) 
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