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Biopurification of air containing a low concentration of TEX: comparison of removal efficiency using planted and non-planted biofilters
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BACKGROUND: Underground car parks are confined spaces where traffic generates many pollutants such as toluene, ethylbenzene and xylene (TEX) and nitrogen oxides (NOx). The objective of this work was to evaluate the removal efficiency of low concentrations of TEX using planted and non-planted biofilters. Two pilot-scale units of biofiltration were set up. The gaseous mixture was generated to obtain a total TEX concentration of 600 µgm -3 . Elimination performance of both biofilters was monitored for 96 days. Microbial behavior and the potential capacity to degrade the NOx, were investigated.

RESULTS:

The removal efficiency (RE) was 30% in the non-planted and 15% in the planted biofilter at day 3. The RE decreased more rapidly in planted biofilter than in non-planted until nutrient addition at day 77. Consequently, the RE increased to 70% in both reactors. The potential for carbon mineralization was higher than those found in soils. The denitrification activity indicated good conditions for synthesis and maintenance of the denitrifying enzyme pool in the mound of soil. This suggested that NOx could also be treated in such a system. CONCLUSION: The efficiency of the planted biofilters in removing TEX was evaluated and found to have good potential for improving air quality.

INTRODUCTION

Urban air pollution is increasingly recognized as a major public health problem and environmental issue. [START_REF] Krzyzanowski | Introduction in Health Effects of Transport-related Air Pollution[END_REF]2 Nitrogen oxides (NOx) and volatile organic compounds (VOCs), originating mainly from transport and heating modes, are among the pollutants of most concern because they are behind the formation of tropospheric ozone and contribute to global warming. [START_REF] Ineris | Institut National de l'Environnement et des Risques. Fiche de donn ées écotoxicologique et environnementales des substances chimiques : les oxydes d'azote[END_REF] Often in cities, car parks are a confined environment in which complex pollution containing about 275 identified substances accumulates. The majority of these compounds are carbon oxides (COx), nitrogen oxides (NOx) and VOCs such as benzene, toluene, ethylbenzene and xylenes (BTEX). [START_REF] Franc | Recommandations pour la qualité de l'air dans les parcs de stationnement couverts[END_REF] The average concentrations of TEX (toluene, ethylbenzene and xylene) and NOx found in underground car parks, of the order of 10 1 -10 2 µg m -3 , often surpass the values recommended by public authorities. [START_REF]COPARLY Comit é pour le contr ôle de la Pollution Atmosph érique dans le Rh ône et la r égion Lyonnaise, Qualité de l'air dans les parcs de stationnement couverts[END_REF] In France, mechanical systems to extract the contaminated air from underground car parks were set up to manage fire risk regardless of indoor air quality. The polluted air released into the atmosphere through ventilation systems is then a source of pollution for underground car park surroundings. Constraints imposed on air quality by European policies were strengthened recently. [START_REF]Directive 2004/35/CE du Parlement europ éen et du Conseil, du 21 avril 2004, sur la responsabilité environnementale en ce qui concerne la pr évention et la r éparation des dommages environnementaux[END_REF]7 Therefore, the development of innovative solutions to treat various gaseous pollutants has received special attention in order to improve air quality.

The effectiveness of biological processes for the treatment of VOCs has been highlighted. [START_REF] Leson | Biofiltration: an innovative air pollution control technology for VOC emissions[END_REF]9,[START_REF] Mudliar | Bioreactors for treatment of VOCs and odours -a review[END_REF] Among the solutions developed, biofiltration has been demonstrated to be an effective air pollution control technology for a wide range of applications such as wastewater treatment plants, rendering plants, chemical industries and composting facilities. [START_REF] Pagans | Biofiltration for ammonia removal from composting exhaust gases[END_REF] Furthermore, biofiltration processes are appropriate for treating high flow rates and low concentration of pollutants. [START_REF] Malhautier | Biofiltration of volatile organic compounds[END_REF] Their relatively low operational costs and their limited environmental impact contribute to the increasing success of biofiltration compared with other gas treatment strategies. [START_REF] Van Groenestijn | Recent developments in biological waste gas purification in Europe[END_REF] Industrial biofiltration systems are designed so that pollutant concentrations ranging from mg m -3 to g m -3 can be treated. Such concentrations are far above those observed in underground car parks.

Planted biofilters involve the venting of contaminated gas streams through a porous packed solid media in which plants can grow. They constitute a promising alternative, which combines the capacity of bacteria and plants to reduce pollutants and provide an aesthetic value. The operation of the biofilter relies on both the bioremediation capacities of microorganisms from the soil and the purifying capacities of plants (CO 2 fixation, and absorption of VOCs). The planted mound of soil sustains a rich and diverse rhizosphere microflora. These microorganisms can degrade many pollutants (VOCs, NOx, etc.), using them as substrates or energy sources. [START_REF] Roux | Stimulation of soil nitrification and denitrification by grazing in grasslands: do changes in plant species composition matter?[END_REF][START_REF] Glick | Using soil bacteria to facilitate phytoremediation[END_REF] Although the plant-bacteria associations are well studied with the agronomic perspective of improving crop yields, their use in pollution control remains poorly studied despite their promising use for improving air quality in an urban context.

In the present study, the capacity of biofiltration to reduce gaseous pollutants from confined spaces such as underground car parks or road tunnels before releasing them into the atmosphere was investigated. A synthetic gaseous mixture was generated to be representative of emissions from underground car parks. This gaseous mixture was characterized by a very low concentration of TEX corresponding to 200 µg m -3 air for each compound and a superficial gas velocity of 100 m h -1 . The elimination performance of planted and non-planted biofilters supplied with this polluted gas was monitored. Both the microbial behavior and the potential capacity to degrade NOx were also investigated.

MATERIALS AND METHODS

Laboratory scale biofiltration system

The experimental set-up used for continuous experiments is schematically represented in Fig. 1. Two biofilter columns made of transparent PVC tubing with an internal diameter of 15 cm and a height of 40 cm, corresponding to a packing volume of 7.6 × 10 -3 m 3 , were filled with 2.143 kg of filtering material. The filtering material was provided by Canevaflor (Tarare, France) and mainly consisted of a mixture of coco fibres and perlite. It was characterized by a dry bulk density of 90.4 kg m -3 and a void fraction of 95%.

Each column was equipped with two gas sampling ports located at the inlet and at the outlet of the biofilter.

The polluted gas was obtained by volatilizing a liquid mixture containing toluene, ethylbenzene and xylenes (TEX) (99+% Extra Pure, Alpha Aesar, Karlsruhe, Germany) in compressed air via a syringe pump (Apparatus Pump 11 Pico Plus, Harvard, Massachusetts, USA) in order to provide a total pollutant concentration of 600 µg m -3 (200 µg m -3 for each compound). The gaseous stream was homogenized and humidified in a scrubber (>98% relative humidity). Each column was supplied in an upward flow mode with polluted air containing TEX with a volumetric flow of 1.8 m 3 h -1 corresponding to a superficial gas velocity of 100 m h -1 and a constant empty bed retention time (EBRT) of 14 s. The pressure drops were followed during the experiment and never exceeded 80 Pa (data not shown).

One biofilter was planted with Hedera helix grown in 9 cm diameter pots containing soil. The planted mound of soil was introduced in the centre of the top column in the filtering material near the gas outlet. In the non-planted biofilter, the plant was removed before placing the mound of soil in the filtering material. In both biofilters, the mound of soil was used as inoculant. The biofilter columns were maintained at room temperature (between 19 and 21 • C) under standard horticultural fluorescent tubes alternating 12 h of light and 12 h in the dark.

The composition of nutrient solution added to each column from day 78 is given in Table 1. This solution provided nitrogen, phosphorus and potassium sources (24/20/02 at a concentration of 0.7 g L -1 ). Every 2 days, 80 mL of the nutrient solution were homogeneously distributed drop by drop on the top of the packing material. The fertilization provided 4 mg nitrogen day -1 and enabled a C/N/P ratio of 100/5/1 to be obtained. 

Analytical methods

Inlet and outlet synthetic polluted air streams were sampled daily. An AirmoBTX gas chromatograph (GC) equipped with a column (MXT30CE; 30 m; 0.28 mm internal diameter; 1 µm film) and a flame ionization detector (FID) (Chromatotec group, Bordeaux, France) was used to measure the TEX gas-phase concentrations. Gas-phase samples (460 mL) were withdrawn from the biofilter sampling ports and automatically injected into the GC/FID. TEX concentrations were determined from an internal calibration curve. The biodegradation was monitored by calculating the TEX removal efficiency from the average of five successive quantifications as follows:

RE = 1 - C o C i × 100
where RE is removal efficiency, C o is TEX concentration at the column outlet, and C i is TEX concentration at the column inlet.

Measurements of bacterial activities

At the end of the experiment, the packing material was removed from the PVC columns and separated according to depth from the inlet (0-10 cm, 10-20 cm, 20-30 cm and 30-40 cm). The soil was separated from the packing material in the section near the gas outlet (30-40 cm). The water content was determined after drying a portion of each sample at 105 • C overnight. Investigation of the bacterial activity was performed by measuring the carbon mineralization potential using substrate induced respiration (SIR) [START_REF] Anderson | A physiological method for the quantitative measurement of microbial biomass in soils[END_REF] and denitrifying enzyme activity (DEA) on samples over a short period. [START_REF] Smith | Phases of denitrification following oxygen depletion in soil[END_REF][START_REF] Tiedje | Perspectives on measurement of denitrification in the field including recommended protocols for acetylene based methods[END_REF] For the SIR measurements, samples of filtering material (equivalent to 5 g oven dried) extracted at 20-30 cm and 30-40 cm were placed in 150 mL sterile plasma flasks with a rubber stopper. 1 mL of glucose was added to obtain a final concentration of 1.2 mg glucose g -1 dry soil. Additional water was added to achieve 70% of the water holding capacity. The plasma flasks were closed and incubated at 28 • C for 6 h. Gas samples were analyzed every 30 min to measure the CO 2 concentration using a gas chromatograph equipped with a catharometer (µGC R-3000; SRA Instruments, Marcy l'Etoile, France). SIR was expressed as µg C-CO 2 h -1 g -1 dry filtering material. For the DEA measurements, samples (5 g equivalent ovendried) taken from the mound of soil and in the filtering material (30-40 cm) were placed into 150 mL plasma flasks. The atmosphere of each flask was evacuated and replaced by a 90 : 10 He : C 2 H 2 mixture to provide anaerobic conditions and to inhibit N 2 O-reductase activity. Ten ml of distilled water containing KNO 3 (200 µg NO 3 -N g -1 dry soil), glucose (0.5 mg C g -1 dry soil) and glutamic acid (0.5 mg C g -1 dry soil) were added. Additional water was provided to achieve soil saturation and flasks were sealed with rubber stoppers. During incubation at 28 • C, gas samples (200 µL) were taken at 2, 4 and 6 h and immediately analyzed for N 2 O production using the µGC R-3000 (SRA Instruments, Marcy l'Etoile, France). DEA was expressed as µg N-N 2 O h -1 g -1 dry filtering material.

RESULTS AND DISCUSSION

Efficiency of TEX removal in planted and non-planted biofilter

An overview of the performance for both biofilters during the whole experimental period of 96 days is presented in Fig. 2. Operation and performance of biofilters is reported in terms of TEX removal efficiency (RE) as a function of time (days).

The trends in abatement were similar in both biofilters. After the peak of 75 to 80% efficiency, two periods could be distinguished. This rapid and transient removal was probably due to the adsorption phenomenon of aromatics in the packing material. [START_REF] Aizpuru | Biofiltration of a mixture of volatile organic compounds on granular activated carbon[END_REF] In the first phase (day 3 to 77), the biofilters behaved differently. The removal efficiency was higher in the non-planted than in the planted biofilter with about 30% and 15% RE, respectively (Fig. 2(A),(B)). The pollutant removal efficiency decreased rapidly in the non-planted biofilter, as indicated by the regression coefficient (-0.26). In the planted biofilter, the RE remained very low and almost constant with a regression coefficient of -0.12. This observation might be due to the balance between available nitrogen and carbon sources in the biofilters as suggested by the increase in efficiency following the fertilization. The competition for nitrogen between plant roots and bacteria [START_REF] Jackson | Short-term partitioning of ammonium and nitrate between plants and microbes in an annual grassland[END_REF][START_REF] Wang | Competition for nitrogen during mineralization of plant residues in soil: microbial response to C and N availability[END_REF] as well as the limitation of microbial growth by the availability of mineral nutrients rather than energy substrates [START_REF] Helal | Effects of plant roots on carbon metabolism of soil microbial biomass[END_REF][START_REF] Merckx | Production of root-derived material and associated microbial growth in soil at different nutrient levels[END_REF] are well known in planted soil. In the non-planted biofilter, nitrogen was presumably more available than in planted ones which would explain the difference in RE.

Several authors have found that the performance of VOC degrading biofilters was improved when an extra source of ammonium and phosphate was provided to the reactor. [START_REF] Song | Nitrogen utilization in a vapor-phase biofilter[END_REF][START_REF] Aizpuru | Fungal biofiltration of toluene on ceramic rings[END_REF] The lack of nutrients in a planted biofilter due to plant nutrition as well as the consumption of available nutrients by microorganisms in a non-planted biofilter might be responsible for the low RE observed, as suggested by Delhomenie et al. [START_REF] Delhomenie | Influence of nitrogen on the degradation of toluene in a compost-based biofilter[END_REF] In order to test this hypothesis, a nutrient solution containing nitrogen and trace elements was applied during the second phase (day 78 to 96) to obtain a C : N : P ratio of 100 : 5:1.

In this second phase, shortly after the nutrient addition, both reactors showed a significant increase in RE, ranging from 10 up to 70% (Fig. 2(A),2(B)). This observation confirmed that the low phosphate and nitrogen content in the packing materials and in the water used for watering were probably responsible for the limitation of microbial activity observed during the first phase.

Microbiological analysis

In biofilters, pollutants contained in the gaseous mixture are oxidized or converted into biomass by the action of microorganisms. [START_REF] Malhautier | Biofiltration of volatile organic compounds[END_REF] In many cases, biofilters are run for long periods of time with an appropriate substrate or with selected acclimatized microorganisms from diverse sources. They are inoculated into the packing material to enhance the biofilter start-up procedure and to ensure pollutant removal efficiency. [START_REF] Mudliar | Bioreactors for treatment of VOCs and odours -a review[END_REF] In this study, microorganisms originated from the mound of soil which was placed into the filtering material both in the planted and non-planted biofilters. The potential for carbon mineralization was measured from packing material sampled at 30-40 cm and 20-30 cm bed height (Table 2). Activities were slightly higher than those found in cultivated soils indicating that the microorganisms could grow and colonize the packing material. [START_REF] Orwin | New indices for quantifying the resistance and resilience of soil biota to exogenous disturbances[END_REF][START_REF] Patra | Effects of grazing on microbial functional groups involved in soil N dynamics[END_REF] Since the initial maximum respiratory response is related to the current size of living microbial biomass, these results suggested the presence of a high number of microorganisms in the filtering material. [START_REF] Anderson | A physiological method for the quantitative measurement of microbial biomass in soils[END_REF] Using a compost biofilter to remove toluene, Juteau et al. found densities of culturable heterotrophic bacteria up to 10 10 per gram. [START_REF] Juteau | Analysis of the relative abundance of different types of bacteria capable of toluene degradation in a compost biofilter[END_REF] The higher activity observed in the 30-40 cm samples compared with the 20-30 cm samples suggests a higher number of microorganisms in the upper zone of the biofilter. This is probably due to the presence of the soil mound in this zone.

Whatever the depth, the carbon mineralization potential was higher in the planted than in the non-planted biofilter. Plant roots are known to sustain microbial growth via root exudates by providing carbon and energy sources. [START_REF] Bais | The role of root exudates in rhizosphere interactions with plants and other organisms[END_REF] The presence of a plant in the biofilter enables high numbers of microorganisms to be maintained and thus may contribute to keeping a high potential for metabolizing organic pollution.

Monoaromatic hydrocarbons are known to be mineralized under both aerobic and anaerobic conditions. Foght and Evans et al. reported the growth of enrichment cultures on toluene and xylene under denitrifying conditions. [START_REF] Foght | Anaerobic biodegradation of aromatic hydrocarbons: pathways and prospects[END_REF][START_REF] Evans | Degradation of toluene and mxylene and transformation of o-xylene by denitrifying enrichment cultures[END_REF] Denitrifying bacteria are also capable of converting nitrogen oxides (NOx) into bioavailable nitrogen via a dissimilatory reductive pathway. [START_REF] Wang | Feasibility of denitrifying phosphorus removal technique using nitrite as electron acceptor[END_REF] NOx are emitted from all combustion processes, and they are probably present in underground car parks. Therefore, DEA was measured along the biofilter height (0-10 cm, 10-20 cm, 20-30 cm, 30-40 cm) from samples of the packing material and of the mound of soil in the 30-40 cm zone.

DEA was detected only in the 30-40 cm zone of the filtering material and in the soil mound (Table 3). These activity levels were slightly higher than those measured in pasture soils and indicated good conditions for the synthesis and maintenance of the denitrifying enzyme pool especially in the soil mound but also in the filtering material. [START_REF] Patra | Effects of grazing on microbial functional groups involved in soil N dynamics[END_REF] These results showed that active bacteria can persist in planted biofilters and suggested that NOx could also be degraded in such a system.

CONCLUSIONS

The performance of a new type of biofilter that has the potential for improving air quality of urban environments in an aesthetically pleasing manner was investigated experimentally. The efficiency of planted and non-planted biofilters in removing low concentrations of TEX was evaluated and found to have good potential for improving air quality. Results show that planted and non-planted biofilters can remove low concentrations of TEX, and endogenous soil microorganisms can be used as an inoculum in these filters. Furthermore, no acclimation to pollutant was required. The induction of enzymes participating in metabolic pathways of aromatic hydrocarbon degradation was likely to occur in both planted and non-planted biofilters. As previously reported in the literature, the addition of a nutrient solution was essential to maintain TEX degradation in a non-planted biofilter. This study emphasizes how essential this supply is for TEX removal in a planted system. Nevertheless, the optimization of nutrient supply needs to be further investigated.

The denitrifying activity measured in both planted and nonplanted biofilters suggested that these biofilters could be efficient in removing NOx.

Further investigations will also be needed in order to gain insights into the dynamic diversity of the bacterial community in the biofilter with and without plants. Investigations of microbial communities in biofilters remain relatively scarce, although the structure of the communities would provide key information for understanding the coupling or uncoupling between microbial diversity and removal efficiency. Different techniques such as denaturing gradient gel electrophoresis (DGGE) could provide useful information about species richness, and relative abundance. The quantification and characterization of functional bacterial populations actively involved in degradation processes are also required to understand and to control the functioning of such planted biofilters. This could be achieved by targeting specific genes involved in key functions by real time PCR. The xylE1 gene encoding catechol 2,3 di-oxygenase which is involved in the early stage of TEX degradation could be used to estimate the density of TEX degraders.

Figure 1 .

 1 Figure 1. Experimental setup of the laboratory-scale biofiltration system.

Figure 2 .

 2 Figure 2. Evolution of removal efficiency of the biofilters vs. time (day): (A) non-planted biofilter; and (B) planted biofilter. Toluene, Ethylbenzene, Xylene. Arrows indicate the beginning of the nutrient supply.

Table 1 .

 1 Composition of the nutrient solution used for fertilization after day 78

	Nitrogen	24%
	NO 3	10%
	NH 4	12.2%
	CO(NH 2 ) 2	1.8%
	P 2 O 5	20%
	K 2 O	2 %
	MgO	2%
	Trace elements	
	B	0.0125%
	Cu	0.0025%
	Mn	0.025%
	Mo	0.0013%
	Zn	0.01%
	Fe	0.03%

Table 2 .

 2 Substrate-induced respiration (µg C-CO 2 g -1 filtering material h -1 ) measured at the end of the biofiltration run

	Non-planted	Planted
	biofilter A	biofilter B

Table 3 .

 3 Denitrification enzyme activity (µg N-N 2 0 g -1 filtering material h -1 ) measured at the end of the biofiltration run

	Non-planted	Planted
	biofilter A	biofilter B

ACKNOWLEDGEMENTS

The authors are greatly indebted to M. Fages, S. Bayle and P. Legrand (Ecole des Mines d'Alès) for their help in monitoring the pilot unit and for their support. Thanks also to N. Guillaumaud (Laboratoire d'Ecologie Microbienne, UMR5557, Lyon) for technical assistance in the measurement of DEA. We thank Canevaflor for technical and financial support, and John Hughes, Thomas Pommier and Cirus Mallon for improving the English of the MS.