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ABSTRACT. A biofilter was used to treat air polluted with ethylbenzene. Macadamia nutshells, 
which are a cheap waste product in Thailand, were chosen as the packing material for the biofilter. 
The moisture content (6.6 w%), water holding capacity (16.8 w%), nutshell density (1.3 g ml-1) and 
organic content (78.0 w%) of the macadamia nutshell were measured. The biofilter was operated 
during 5 months, in which several inlet loads (IL), empty bed residence times (EBRT) and 
temperatures (T) were applied. At a T of 303 ± 2 K removal efficiencies (RE) higher than 90 % 
were obtained for IL lower than 95 g m-3 h-1 and 85 g m-3 h-1 at EBRTs of 150 and 90 s, 
respectively. The estimated yield coefficient, determined from the carbon dioxide production, 
resulted in 0.79 g dry biomass per g of ethylbenzene (EB) degraded. The results illustrate that a 
biofilter with macadamia nutshells as carrier material is a good option for air treatment at 
temperatures from 298 to 308 K. In the mesophilic area, the performance of the biofilter will higher 
with a higher temperature. 

 
1. INTRODUCTION 
 
Emissions of industrial plants contain many volatile organic compounds (VOC), which are 
characterized by a high vapour pressure and they can affect the environment as well as the 
human health. For this reason environmental regulations directed to lower emissions of 
VOC from industrial sources over the past decades. Biofiltration is a very attractive 
technique for VOC removal of streams with low VOC concentrations and high flow rates, 
because of its simplicity, the low cost and the harmless residues (Álvarez-Hornos et al., 
2007; Kennes et al., 2009). Several studies have proven the possibility of VOCs removal in 
biofilters, biotrickling filters and membrane bioreactors at mesophilic temperatures, usually 
with the application of inoculation (Álvarez-Hornos et al., 2011; Sercu et al., 2006; Sercu 
et al., 2005; Leson et al., 1991). 
 



The present laboratory study was set up to explore the use of biofiltration for conditions 
typical for Thailand. Therefore macadamia (Macadamia ternifolia) nutshells, a local waste 
product, were used as carrier material at a working temperature of 303 K, the average 
overall temperature in Thailand, with ethylbenzene (EB) as pollutant, one of the VOCs 
largely emitted by the Thai industry (Sarawut, 2006). To illustrate the effect of the 
temperature on the performance of the reactor in the mesophilic area, the biofilter was  also 
operated at 292 and 299 K. Previous studies of ethylbenzene biofiltration were focused on 
evaluating the performance of the system at ambient temperature and with conventional 
packing material such as peat, compost and soil (Álvarez-Hornos et al., 2008; Son and 
Striebig, 2001; Kennes and  Thalasso, 1998). To measure the biofilter activity over the depth 
reactor depth, the biofilter was designed with several axial sampling ports, so a 
concentration profile through the reactor could be recorded. In this way the biofilter can be 
optimized to get a good average between operation and economic design of the reactor. 
 
2. MATERIALS AND METHODS 

 
2.1 Characterization of packing material 

The macadamia nutshells used for this experiment came from the macadamia nut 
production of 2010 from the Royal Agricultural Station Doi Tung, Chiangrai, Thailand. 
The nutshells were crushed using a woodchopper and were screened for sizes between 7 to 
13 mm, which is small enough in order to increase the surface area per unit of volume and 
to avoid preferentially flow along the reactor walls, but not too small to prevent an increase 
of pressure drop through the reactor. 
 
Several physical-chemical properties of the macadamia nutshells were measured. The 
moisture content of the packing material was determined using Eq.(1). 
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With mambient condition, the weight of the nutshells at ambient conditions and mdry, the weight 
of the nutshells after putting them for 24 hours in an oven at 383 K. In order to obtain the 
density of the macadamia nutshell, Eq.(2) was used in ambient conditions. 
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The apparent (bulk) density, ratio of the mass to a given volume, was determined by 
putting the nutshells into a receiver  of known dimensions and weight. By applying Eq.(3) 
the water holding capacity of the nutshells was measured. 
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With mdry nutshell, mpoured and mwet nutshell after 10 min respectively the weight of the nutshells 
after putting them for at least 6 hours in an oven at 383 K, the weight of the water poured 
over the dried nutshells and the weight of the nutshells 10 min after pouring the water over 
the dried nutshells, to measure the retained water. The organic content was determined 
with Eq.(4). 



100
m

mm
 =content  Organic

burning before nutshell

 burningafter  nutshellburning before nutshell
×

−
    (4) 

With mnutshell before burning the weight of the nutshells that were put in a preheated during 6 
hours at 393 K and dried crucibles and mnutshell before burning the weight of the nutshells after 
placing them in a furnace at 973 K for 12 hours. 
 
2.2 Biofilter reactor 

The bioreactor is constructed with 6 identical, cylindrical modules of Plexiglas and had a 
total length of 1.0 m and an internal diameter of 0.1 m. Over the complete length of the 
reactor there were 7 different sampling ports to measure VOC and CO2 gas concentrations, 
i.e., inlet, outlet and 5 intermediate ports as shown in Fig. 1. Crushed macadamia nutshells 
(7 < size < 13 mm) were used as biofilter media. The temperature in the biofilter was 
controlled by a water jacket. Humidified air, polluted with the VOC by using a syringe 
pump (New Era, infusion/withdraw NE 1000 Model), was pumped through the biofilter 
from top to bottom. It was necessary to humidify the column twice a day because of the 
higher working temperature (303 K) and the low water holding capacity of the macadamia 
nutshells, nutrients were added once a day and both were added at the top of the reactor. 
The necessary macro and micronutrients were incorporated using a pH buffered nutrient 
solution containing KNO3, 10.7 g L-1, KH2PO4, 3.0 g L-1, K2HPO4, 3.0 g L-1, 
MgSO4·7H2O, 0.5 g L-1, P, Ca, Fe, Zn, Co, Mn, Mo, Ni, B and vitamins at trace doses. The 
volume of nutrients added was adjusted to keep a theoretical C:N:P ratio of 100:5:1 
(Shareefdeen and Singh, 2005). The sludge used to inoculate the reactor came from a 
wastewater treatment plant (Ossemeersen, Ghent) and was first preadapted with EB to 
acclimate the mix of microbes in the sludge. 
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Fig. 1. Schematic diagram of biofilter. Arrows indicate the position of sampling points. 



2.3 Process conditions 

VOC gas concentrations ranged from 0.5 to 3.0 gEB Nm-³ and two empty bed residence 
times (EBRT) of 90 and 150 s were applied, see Table 1.  
From Exp1-A to D the biofilter was operated under continuous and stationary loading 
during 2 months with a gas EBRT of 150 s and EB inlet concentrations varying from 0.5 g 
Nm-³ to 3.0 g Nm-³ at 303 K. In the next 2 months, Exp2-A to C, a variation of EB inlet 
concentrations from 0.5 g Nm-³ to 2.0 g Nm-³ was used at an EBRT of 90 s and 303 K. The 
last month, Exp3-A and C, the temperature of the biofilter was lowered to 292 and 299 K 
with an EB inlet concentration of 2.0 g Nm-³ and an EBRT of 90 s. 

Table 1. Operational parameters for biofilter experiments. 

Exp1 

 

Exp2 

 

Exp3 

 
A B C D 

 

A B C 
 

A B 

CEB [g Nm-³] 0.5 1.0 2.0 3.0 
 

0.5 1.0 2.0 
 

2.0 2.0 

IL [g m-3 h-1] 12 24 48 72 
 

20 40 80 
 

80 80 

EBRT [s] 150 150 150 150 
 

90 90 90 
 

90 90 

T [K] 303 ± 2 303 ± 2 303 ± 2 303 ± 2 
 

303 ± 2 303 ± 2 303 ± 2 
 

292 ± 2 299 ± 2 

 

2.4 Analytical techniques 

The EB concentration in the gas flow at the inlet, outlet and 5 intermediate sampling ports 
of the biofilter were monitored daily by taking gas samples of 500 µl using a 1.0 ml 
GASTIGHT® syringe at each measuring point.  Analysis of the samples was performed by 
using a FID gas chromatograph (6890 Series, Agilent Technologies, USA) equipped with 
an HP-5 capillary column (30 m × 0.32 mm × 0.25 µm, Agilent Technologies, USA) and 
He was used as carrier gas at a flow-rate of 2.3 cm³ min-1. Temperatures for the injector, 
oven and detector were respectively 573, 308 and 523 K. The CO2 gas concentration at the 
several measuring points was determined by using a CARBOCAP® carbon dioxide 
analyser (GM70 model, Vaisala, Finland). The pH, conductivity, suspended solid and 
dissolved oxygen in the leachate were monitored weekly. COD, total phosphate, total 
nitrogen and nitrate concentrations in the leachate were also measured weekly with 
Nanocolor® tube tests (Macherey–Nagel, Germany). 
 
3. RESULTS AND DISCUSSION 

 
3.1 Macadamia nutshell properties 

According to the Eqs.(1) and (3) the average of the macadamia nutshells’ moisture content 
was measured to be 6.6 w% and the water holding capacity 16.8 w% respectively. These 
values are quite low compared with regular packing materials, e.g. peat has a moisture 
content of 65 w% (Álvarez-Hornos et al., 2008) and a water holding capacity of 95 w% 
(Ortiz et al., 2003). To compensate this, the biofilter was humidified every 12 hours with 
the leachate out of the reactor. In this way, nutrients that were washed away with the 
leachate could be reused also. The average density of the macadamia nutshells determined 
by Eq.(2), is 1.3 g ml-1 and the apparent density 0.63 g ml-1. The organic content is 78.0 
w%, using Eq.(4).  



3.2 Biofilter performance 

The variation of the IL and the RE with time during the entire experimental period has 
been plotted in Fig. 2. Two EBRTs were applied, 150 s (Exp1) and 90 s (Exp 2-3). For the 
Exp1 and 2, the same variation of IL was used at the same T, but at a different EBRT, as 
mentioned in table1. During Exp3 the temperature was changed from 303 ± 2 to 292 ± 2 and 
299 ± 2 K (same IL and EBRT). As can be observed in this figure, there is a high increase of 
the RE after 1 week of adaptation for an IL of 72 g m-3 h-1 and EBRT = 150 s (Exp1-D).  
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Fig. 2. Monitoring of the biofilter performance for Exp1-3. () IL of EB [g m-³ h-1]; (�) RE of 

EB [%]. 

 
The elimination capacity (EC) variation with the inlet load (IL) at the two EBRT applied is 
presented in Fig. 3. An EC of 92 g m-3 h-1 for EB was achieved for an IL of 100 g m-3 h-1, 
removal efficiency (RE) of 92 %, at an EBRT of 150 s. At an EBRT of 90 s the EC lowers 
to 84 g m-3 h-1 for an IL of 100 g m-3 h-1, RE of 84 %.  
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Fig. 3. Elimination Capacity vs. Inlet Load at different EBRTs for Ethylbenzene at 303 K. () 

EBRT = 150 s; (�) EBRT = 90 s. 
 

 



EB concentration was not equally degraded in the depth of the biofilter. In the first part of 
the reactor the concentration of EB in the airstream decreases with 522, 410 and 836 mg m-

³  (RE = 49, 20 and 23 %) for an IL of 24, 48 and 72 g m-3 h-1 respectively and an EBRT of 
150 s, see Fig. 4a. The concentration of EB in the airstream decreases with 239, 270 and 
610 mg m-³   (RE = 69, 36 and 31 %) for an IL of 20, 40 and 80 g m-3 h-1 respectively in 
the first part of the reactor at an EBRT of 150 s, see Fig. 4b.  For lower values of IL the 
first part of the reactor was dominant in degrading EB. The higher the applied IL, the 
greater the penetration of EB into the bed is observed, see Fig. 4. At IL 48 and 72 g m-3 h-1 

(EBRT = 150 s) and IL 40 and 80 g m-3 h-1 (EBRT = 90 s) the concentration decreases 
almost linearly with depth (reaction time) showing a zero order kinetic, reaction rate 
limited by biodegradation rate.  At IL 24 g m-3 h-1 (EBRT = 150 s) and IL 20 g m-3 h-1 
(EBRT = 90 s) the reaction rate becomes more like a first order kinetic, indicating a mass 
transfer limitation. 
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Fig. 4. Relative EB concentration vs. fraction of bed length (a) for an EBRT of 150 s. () IL = 
24 g m-3 h-1 (EXP1-B); (�) IL = 48 g m-3 h-1 (EXP1-C); (∆) IL = 72 g m-3 h-1 (EXP1-D) and (b) 
for an EBRT of 90 s.  () IL = 20 g m-3 h-1 (EXP2-A); (�) IL = 40 g m-3 h-1 (EXP2-B); (∆) IL 

= 80 g m-3 h-1 (EXP2-C). T = 303 K. 
 
The variation of the CO2 gas concentrations (Exp1-2) is presented in Fig. 5. A linear 
relationship was found between the EC and the CO2 production. Linear regression of these 
data resulted in a value of 1.78 g CO2 g

-1 EB. As a conclusion, the production of CO2 by 
the microorganisms shows that the microbial metabolism is the main responsible for the 
removal of EB in the biomass (organic content in leachate is negligible). Assuming a 
general biomass composition formula of C5H7O2N, the overall yield coefficient Yxs, 
defined as g of dry biomass per g of EB consumed can be determined from the 
biodegradation reaction balance, Eq.(5), (Delhomenie and Heitz, 2003):  
  

a CxHyOz + b O2 + NH3 � C5H7O2N + c CO2 + d H2O (5)  
  
This results in a value of 0.79 g dry biomass synthesized per g EB degraded (0.46 gC gC

-1). 
The biomass yield coefficient value indicates a high biomass growth in the biofilter, 46 % 
of the carbon degraded by the microorganisms is transformed in additional biomass. 
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Fig. 5. Produced CO2 (PCO2) [g m-3 h-1] vs. EC [g m-3 h-1] at 303 K and ILs mentioned in Table 1 
(Exp1-2). (�) EBRT = 150 s; () EBRT = 90 s. 

The effect of the temperature in the performance of the biofilter, represented as EC, is 
shown in Fig. 6. As can be observed there is a linear correlation between EC and T with a 
value of 2.94 g m-3 h-1 K-1 in the mesophilic area between 292 (EC = 26.1 g m-3 h-1) and 
304 K (EC = 61.4 g m-3 h-1). 
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Fig. 6.   EC [g m-3 h-1] vs. T [K] at an EBRT = 90 s. Table 1, Exp2-C and Exp3. 
 

4. CONCLUSIONS 

The results obtained by the lab-scale biofilter in this study illustrate the possibility to use 
succesfully macadamia nutshells as a carrier material in a bioreactor for waste gas polluted 
with ethylbenzene. Following properties were obtained from the nutshells: moisture 
content (6.62 %), water holding capacity (16.8 %), nutshell density (1.3 g ml-1) and organic 
content (78.0 %). At a T of 303 ± 2 K removal efficiencies (RE) higher than 90 % were 
obtained for IL lower than 95 g m-3 h-1 and 85 g m-3 h-1 at EBRTs of 150 and 90 s, 
respectively. EC and CO2 production were well correlated and a yield coefficient, 



determined from the carbon dioxide production, of 0.79 g dry biomass per g of 
ethylbenzene (EB) degraded was calculated. The results show that macadamia nutshells 
can be used as a packing material at higher temperatures from 298 to 308 K in the 
mesophilic area if the bed is humidified every 12 hours.  
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