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The role of tropical foliage in the Canada Life Environmental Room (CLER) was 

emluated ris a rnrans of irnprovinp indoor air quality (WQ) through direct removal of 

volatils orgmic cornpounds (VOCs). There was evidence of VOC sorption ro the foliagr 

of cight tropical species. however. leaf concentrations were too small to represent a 

substantial sink. Since. higher plants are believed to influence VOC removal indirectly by 

sustainin; a diverse microbial population, plant selection need not be restrîctrd to tropical 

species. A modular biofilter was constnicted as a simplified version of the CLER. The 

plant community consisted of common northem species collected from the wild and M d  

in ri stable indoor environment. The biofilter was evaiuated as a source of ambient spore. 

Lrgiorrelici piteirmopltilin and for its capacity to eliminate indoor VOCs. Spores loads 

remained stable over the observation period and the system was drvoid of the pathogen 

L. piiei~inopltilia. This suggested that the biofilter does not lower IAQ through the 

production of bioaerosols. In terms of its ability to eliminate VOCs. the biofilter 

compared favourably with other biofiltration systems. This supports the contention that 

IAQ could be improved by a community of northem plants configured into a biofilter. 
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CHAPTER 1. GENERAL INTRODUCTION 

Indoor Air Quality: 

The air quality inside many buildings may be worse than outdoors (Otson & 

Fellin. 1992) and since North Americans spend in excess of 85% of their time indoors 

(Jenkins et al., 1992) the quality of indoor air represents a major public health concem. 

Agents that negatively impact indoor air quality (IAQ) c m  be broadly placed into rnany 

catqories: paniculates including dust, bioaerosols and asbestos. volatile organic 

compounds (VOCs). and radon (ASHRAE, 1998). Many of thesc contaminants may 

riccurnuliitc in buildings when the air exchange rate with 'fresh' outdoor air is restricted. 

Techniques developed for the biological treatment of industrial waste gas streams may 

offer an alternative or supplementary means of maintaining IAQ. 

In the United States indoor ventilation consumed 10% of the total energy 

production in 1998 (ASHRAE, 1998). Much of this cost can be attributed to conditio 

imponed outdoor air in terms of temperature and humidity to create a cornfortable indoor 

climate. In areas where the outdoor climate is uncomfortabiy hot or cold. the cost of 

maintaining a cornfonable indoor environment is geater. Reducing the quantity of 

irnponed air by restricting the building air exchange rate can represent a major cost 

swings for building operators. particularly in these extreme climates. As a resuit 

buildings have been designed to minimize die air exchange with outdoors creating an 

indoor environment that is increasingly isolated from the outdoor environment. 



To a large extent IAQ is govemed by the activities of the occupants. For 

example, building occupants themselves are a source of bioaerosols (Heinemann et al., 

1994) and VOCs (Otson & Fellin, 1992). Activities such as cigarette smoking can add 

over 20 VOCs to the air (Otson & Fellin, 1992). Materials used in the construction of the 

building may also be a major source of contaminants, releasing VOCs, risbestos and 

particulates into the air. Low quality air has a substantial impact in the workplace. the 

Occupational Health and Safety Administration (OSHA, 1999) relate poor iAQ to a loss 

of productivity. irritation of the eyes. throat and mucous membranes. nausea. asthma. 

drowsiness and since some of the indoor contaminants are carcinogens even death. 

Air quality may be lowered by airborne particles of microbiological origin. Such 

particles are known as bioaerosols (ASHRAE, 1998). Micro organisms such as bacteria 

and fungi are ubiquitous both indoors and out but rarely do they present a health conccm 

to the vast majority of the population. Under the right environmental conditions 

bioaerosols can proliferate indoon to populations that can negatively influence the health 

of building occupants (Flannigan & Miller. 1994; Maroni et al., 1995) . Health Canada 

sets safety limits on the number of colony forming units per cubic rneter of indoor air 

(CRI n~'~)). Fungi concentrations indoon should not exceed 150 CFU m" and bacterial 

concentrations should not exceed 500 C N  m" (Annon., 1995). High bioaerosol 

concentrations have been associated with building moisture (Singh, 1994) and oqanic 



materials such as  soi1 (Burge et al.. 1982). Perhaps the most infamous bioaerosol, 

Legionelln pneirmophilia is associated with standing water in improperly maintained air 

conditioning systems (OSHA, 1999). 

Bioaerosol exposure may induce several symptoms. Irritation of the respiratory 

tract and eyes is a mild reaction to bioaerosols. They have also been associated with 

higher incidence of respiratory tract infections including alveolitis and toxic dust syndrorn 

(Maroni et al.. 1995). Bioaerosols have also been linked to allergies and increased 

incidence of asthma (Husman, 2000). Exposure to Legionellci pneliniophilia can bç 

extremel y dangerous for individuals with compromised immune systems. sornetimes 

leading to kgionnaires disease which can be lethal (OSHA. 1999). 

Most of the volarile organic compounds (VOCs) present indoors are derived lrom 

indoor sources (Sack, 1992). Almost half of al1 common household cleaners contain 

aromatic compounds such as toluene or styrene (Sack, 1992). Vamishes and paints also 

release aromatic compounds and continue to release VOCs hundreds of hours after their 

initiai application (Sparks, 199 1). Glues and lacquers release ketones (Otson & Fellin. 

1992) and carpets and cleaning agents release chlorinated compounds such 

tricholoroethylene or tetrachloroethylene into the air (Sack 1992). As a result of these. 

and other sources, over 300 VOCs have been detected indoors (Kostiainen. 1995). With 

inadequate ventilation rates in buildings the frequently the conditions exist where VOCs 



rnay accumulate. 

Individual VOCs are rarely present in concentrations greater than a few parts per 

billion by volume (ppbv) in indoor air (Singh. 1988). Their combined concentration may 

reach into the 100 ppbv range (Kostiainen, 1995). Although rarely are individual 

compounds present in sufficient concentration to present a health concern, their combinrd 

rffect may negntively impact building occupants (Otson & Fellin, 1992). Acute rxposure 

to low concentrations of many VOCs has been associated with imtation of the eyes and 

respiratory tract (NIOSH, 1998). higher incidences of asthma. eye and respiratory 

O term infections and headaches (Maroni et al., 1995). However. the health effects of Ion, 

ucute exposure to a dilute mixture of many VOCs is not well understood (ASHRAE. 

19% 1. 

Industrial Biofiltration: 

Biological treatment of industrial waste gas streams has proven to be an 

cconomicîl means of reducing VOC emissions into the environment (Devinny et al.. 

1999). The biofiltration process contains two essential parts. Fint contaminants are 

transferred to the liquid phase by diffusing directly into water. into a biofilm (Ottengraf 8: 

van den Oevcr, 1983) or through a membrane and into the water (Fitch, 2000). Once in 

solution. VOCs are degraded in a bioreactor. The microbial cornmunity in the bioreactor 

generally oxidize the VOC to COz, heat, water, biomass and salts (Devinny et al.. 1999: 

Wani et al., 1997). 



Conventional biofiltration relies on three types of bioreactors capable of VOC 

degradation. They are distinguished by the status of the water phase and the nature of the 

microbial community. 1) In the case where the water phase is stationary and the 

microbial cornmunity is fixed into a porous medium, the bioreactor c m  be characterized 

as a a biofilter. 2) A biotrickling filter contains a fixed microbial community with a 

flowing water phase. 3) 

Bioscnibbrrs differ from biofilters and biotrickling filters in both the transfer of 

contaminrinrs to the liquid phase and the nature of the microbial community. In ri typical 

bioscrubber contaminated gas is force through a fine mist, where the mass transfer takes 

place. Water is collected and rnoved into a bioreactor where VOCs are degraded by 

suspended bacteria (Devinny et al., 1999). 

In biofilters and biotrickling filters. waste gas is forced through a porous packing 

material capable of supporting micmbial growth (Wani et al.. 1997). Packing consists of  

incn material such as wood chip. peat moss or synthetics (Devinny et al.. 1999). The 

biofilter media must be capable of providing adequate habitat for the microbial population 

and nllowing the mass transfer of gaseous contaminants into the liquid phase (Swanson Sc 

Loehr. 1997: Wani et al., 1997). Sustaining a population of microbes capable of VOC 

degradation is key to an efficient biofilter. As such. environmental parameters such as 

nutrients, pH. temperature and moisture are controlled to optimize biofilter performance 

(Wani et al., 1997). 

Microorganisms in the biofilter or biotrickling filters are oqanized in a biofilm or 

are suspended in the aqueous layer surrounding the biofilter packing material (Devinny et 



al.. 1999). Often biofilter performance is optimized by inoculating the biofilter with a 

specific population of microbes known to degrade the target compound (Wani et al.. 

1997). Inoculation is also used to reduce the acclimation period of the biofilter (Devinny 

et al.. 1999; Swanson & Loehr, 1997). Acclimation of a biofilter to a new compound is 

markrd by a period of increasing biofilter performance until a sustainable peak is reachcd 

i Swanson & Loehr. 1397). Wani and coworkers ( 1997) attribute the acclimation pcriod 

of n biofilter to the conversion of metabolic pathways and the creation of new enzymes to 

utilize the new carbon source. The duration of the acclimation period will Vary from a 

few days to a year (Devinny et al., 1999). 

Once accl irnated, the efficiency of a biofilter will Vary with its structural 

charricteristics. including the depth of the biofilter and the flux of air through i t  (Wani et 

1 . .  9 9 7 )  The flux and depth are typically combined into the empty bed residence time 

t EBRT). EBRT is the biofilter volume normalized for the volumetric flux through it. 

irni,,,,,,,,s m",,,) (Devinny et al., 1999). In industrial biofilters. EBRT typically ranges 

from a few seconds to a few minutes (Pedersen & Arvin, 1997; S wanson & Loehr, 1997). 

The greater the contact time between the gas Stream and the biofilter. the greater the 

removül of the contaminant. An increase in EBRT must correspond to an increase in 

biofilter depth or a decrease in the volumetnc flux. As biofilter depth increases 

performance rnay be limited by the availability of oxygen. nutrients or low pH (Swanson 

8: Loehr. 1997). Thus, increased depth becomes cost prohibitive and industrial biofilters 

are senernlly 1 .O to 1.5 rn in depth with contact times ranging from 15 to 60 seconds 

(Devinny et al., 1999). 



VOC removal from waste gas streams c m  be quantified in many ways. One of the 

most common means of describing biofilter performance is the removal efficiency (RE ). 

This is defined as: 

Whcre Cc;, is the effluent concentration (pmol m" s-') and CG, is the influent 

conçcntrxion ( pmol m.' s-'). RE is usually expressed as a percent (Devinny et al.. 1999 ). 

REi is a ussful term for comparing the performance of a single biofilter over time. It is not 

useful when comparing different biofilters due to differences in construction and 

operriting parameters. To normalize for differences in biofilter depth. air flow and 

influent concentration between biofilters. removal is often expressed by the term 

dimination capacity (EC): 

[ ~ c r  - cm] 
E C  = 

E B R T  
13600  

[ 1 -71 

The elimination capacity (EC) (pmol m'3 h-') is the difference between the influent VOC 

concentration (C,,) ( pmol m") and the effluent concentration (Cm) @mol m") 

normalized for EBRT (s). 



While the waste gas stream is resident in the biofilter. contaminants must transfer 

from the gaseous to the liquid phase where they are eliminated by microbial reactions. 

The removal of a contaminant from the waste gas stream c m  be limited .therefore. rirher 

by diffusion into the biofilm or by microbial reaction rates (Ottengraf & van den Oever. 

1983). Diffusion ofcontarninants into the biofilm is related through Henry's law and the 

ideal gas law to the solubility of the contaminant and the temperature of the biofilm 

(Ottengraf. 1986). Once in the biofilm, the rate of VOC degradation is govemed by the 

interaction between the VOC and the microbial community. Microbial reactions in rhe 

biofilm ciin be described the Michaelis-Menton equation (Ottenpf & van den Oevcr. 

1983). Contaminant removal from the gas stream can be described by the first ordsr 

qua t  ion: 

[ 1.3] 

(Ottengraf & van den Oever. 1953 

Where C, and CG, are the effluent and influent concentrations respectively t pmol 

m .  Biofilter depth is measured by d (m). The temperature adjusted solubility is 

mensured by mi (dimensionless) which is calculated from Henry's Law and the ideal gas 

law . K is an estimate of the microbial aciivity (s"). Va is the superficial gas velocity ( m ?; 

'). which may be cornbined with the biofilter depth to calculate EBRT, thus the equation 

1.3 could also be written: 



[ 1 4 

Whcre the ratio of EBRT and mi is the solubility corrected empty bed retention tirne 

(SCEBRT). 

Indoor air biofilters: 

The rernoval of VOCs from indoor air presents several challenges not faced by 

industrial biofilters. Concentrations of VOCs indoors are very low compared to indusrrial 

concentrations. While, Industrial biofilters deal with gasses in the parts pet million or 

pans per thousand range (Devinny et al.. 1999). indoor VOC concentrations are very 

dilute by cornparison typically in the parts per trillion to parts per billion range 

(,Kostiainen. 1995). Secondly. the composition of industrial waste gas is generally known 

and constant. while the composition of indoor air will Vary through time and with the 

activities in the building (Otson & Fellin, 1992). The goal of an industrial biofilter is io 

rrduce effluent VOC concentrations to comply with environmental regulations. Indoors. 

biofil tration could be used as a tool to reduce the ventilation rate and rnaintain iAQ 

through the removal of VOCs and for the psychological benefits to occupants. 

To compensate for these differences an indoor air biofilter sustains a diverse 

microbial population. The assumption is that a diverse community of microbes will be 



better suited to degrade a diverse mixture of VOCs (Binot & Paul, 1989). While sorne 

ciuthors have engineered a diverse mixture of microbes (Keuning et al., 199 l ) ,  others have 

stimulated microbial diversity with plant-microbe associations (Darlington et al.. 1000). 

In either case, caution must be taken when stimulating microbial growth in an indoor 

environment. hcreased bioaerosol loads in the space may have a negative impact on UQ 

despite lower VOC concentrations. 

The Canada Life Environmental Room (CLER) is a prototype biofilter designed to 

improve WQ through the removal of VOCs. It is located in a 160 m' board room in the 

Canada Life Assurance Building (Toronto, Ontario). The CLER is a cornplex collection 

of higher plants. mosses and microbes in a recirculating hydroponic system. It is 

cornposed of three separate but interconnected sections: a 12 m2 moss covered w d l .  a 

hydroponically grown community of higher plants and a 3500 L aquarium. 

Indoor air is drawn through the 12 m' wall constructed from a porous backing and 

covered in moss and a variety of higher plants. Water is constantly trickled down the 

surface of the wall. which is actuaily composed of 5 independent panels. Air flow 

through each of the panels can be controlled separately by adjusring the intake into a 

dedicated HVAC system. Thus, each panel c m  be considered a separate biotrickling 

filter. VOC contarninated air is pulled through the five panels where the contaminants are 

transfened into the aqueous phase and degraded. 



Uniike conventional biotrickling filters, the CLER does not rely on an inert 

packing material :O maintain the microbial population. Instead the microbial drgraders 

are grown on living moss. The use of moss as a packing material may have several 

advûntqes over conventional materials. As a living substrate moss has the ability to both 

regenrrate decornposing substrate and f o m  symbiotic associations with microbial 

communitiçs (Llewellyn. 2000). Furthemore. since it is a photosynrhetic organism it ma? 

add oxygcn to the biofilm. enhancing the degradation of many compounds. While 

industrial biofilters are typically L .O to 1.5 m in depth. CLER contains only a thin layrr of 

moss. 0.025 m thick and retention time is less than one second (Darlington et al.. 2000). 

Excess water from the rnoss surface drains into a hydroponic systrm containing a 

complex community of higher plants grown on a lava rock base. Contaminants thût 

transfrr to the aqueous phase. but are poorly degraded on the surface of the wall. may bt: 

degradrd in the hydroponic system. In this sense. the system acts as a bioscrubber 

( Dcvinny et al.. 1999). Likewise. undegraded compounds may also be degraded in the 

aquarium which connects the wall and the hydroponics as a common irrigation supply. 

Results from the CLER indicate that it is possible to improve IAQ with a biofilter. 

through the removal of VOCs. The VOCs that have been tested at the CLER represent 

several classes of compounds common to indoor spaces (Otson & Fellin. 1992): these 

include aromatics (Darlington et al., 2000), ketones (Darlington & Dixon. 1999). 

aldrhydes (Darlington et al.. 1998) and chlorinated compounds (Darlington et al.. 1998 ). 

The incorporation of large quantities of biomass indoors slightly increase the spore 

lood of the space relative to a reference roorn in the same building (Darlington et al.. 



2000). However, the increase did not raise the spore load above common indoors spore 

counts reponed in the literature (Mouilleseaux & Squinazi. 1994). or above the Health 

Canada safe ty guidelines (Annon., 1995). The CLER cm be said to improve iAQ through 

the removal of VOCs without compromising it through excessive production of 

bioaerosols. 

iAQ is a common problem. and it is desirable to increase the accessibility of this 

technology. However. construction of a system like the CLER is a major undenaking 

both in trrms of the space required and the cost of renovations. One possible solution is 

the drvrloprnent of a modular biofilter. A modular biofilter could be consrructed off site 

and instüllrd with minimal disruptions to the occupants and minimal renovation costs. 

The CLER included a diverse community of tropical plants many of which were 

understory. shade tolennt species as some epiphytic species which require very little root 

spiice. These species characteristics were subjectively imposed in this prototype biofilter 

design. The actual role of higher plants in the CLER remains largely unknown and 

difficult to quantify (Darlington et al., 1998). tt has been noted that VOCs can be 

removed directly by higher plants (Sirnonich & Hites, 1995; Wolvenon et al.. 1983) and 

they have been though to provide ecological infrastructure for microbial cornrnunities 

(Anderson. 1993: Shirnp et al.. 1993). Therefore, one of the first objectives of this study 

was to address the role of higher plants in the CLER. This would help to establish a 



logical ba i s  for species selection in a proposed modular biofilter which it was hoped 

çould accommodate local (ie northern temperate) species. 

Having determined some of the interactions between VOCs and higher plants, 

furthsr studies were planned on a prototype modular biofilter constructed at the Northrrn 

C s n  tre for Advanced Technology (NORCAT). Species selection criteria (both objective 

and subjective) were applied to create a prototype using nonh temperate species. The 

study progressed to include concurrent evaluations of the survivability of vnrious specirs 

dong  with the performance of the ecosystem as a biofilter. 



CHAPTER 2: THE ROLE OF HIGHER PLANTS IN AN INDOOR AIR 

BIOFILTER 

Introduction: 

The CLER houses over 100 species of higher plant with more than 500 

individuals present. Whilc the presence of a large quantity of plant material indoors has 

an aesthetic appeal, the value of indoor plants as a means of improving WQ remains 

poorly studied. In terms of the construction of an indoor air biofiltcr. the combination of 

spccies brst suited to VOC removal is not known. Plants may interact with ambient 

VOCs dirrctly through metabolism (Wolvenon et al., 1983) or sorptive processes 

i Paterson et al.. 1991) or they can act indirectly through the stimulation of a diverse 

microbial community (Anderson. 1993). 

Direct removai of VOCs cm take the fom of sorption or metabolism. Some 

authors have suggested that higher plants are abie to metabolize arnbient VOCs. 

Formüldrhyde. for example. is reponedly removed by plants such as the spiderplant 

(Cliloroplirioir rlrit~oti var.) (Giese et al.. 1994; Wolverton et al.. 1983). although 

microbial populations in  the soi1 likely play the most important role (Godish & Guindon. 

1989). Similarly 25 to 100 part per million concentrations of benzene and hexane 

respectively were removed from a sealed chamber by the species Spathuphyilunz petite 

and Dracenn Janet Craig (Wood, 2000). The concentrations required to elicit this 

response were high by indoor air standards (Kostiainen, 1995) and it is not clear that a 

sirnilar response would be observed at concentrations typical of indoor air. 



The most likely route of direct VOC removal is passive sorption, since higher 

plants have been shown to accumulate VOCs in leaf material (Frank. 1989; Gaggi & 

Bacci. 1985: Hauk, 1994; Hiatt, 1998; Keymuellen, 1993). Lipophilic VOCs have an 

üffinity for the waxy cuticle layer of many plants (Paterson et al.. 1995). Much of the 

work in this area has focused on the accumulation of chlorinated compounds in the foliar 

tissus of the genus pirien collected outdoors (Frank. 1989: Gaggi & Bacci. 1985: Travis & 

Hatemer-Frcy. 1988). Compounds common to the indoor environment (Singh. 1988) 

have been poorly represented in the literature. Aromatic compounds are a notable 

exception since they are common pollutants both indoors (Otson & Fellin. 1991) and out 

(Keymuellen. 199 1) .  Aromatics include compounds such as: benzene. toluene. 

rthylbenzrne and xylene isomers. Hiatt and coworkers (1998) report the accumulation of 

ciromritic compounds in the leaf tissue of several outdoor species. Their work susgesteci 

that terpcne producing species have a greater affinity for aromatic VOCs than would be 

eupectrd by the composition of the cuticle layer. Keymuellen and coworkers ( 199 1) 

found the aromcitic concentration in the leaf tissue of Pserrdotsuga mrnzirsii was 

correlated to the atmospheric concentration. 

in examining the direct role of foliage as a sink for indoor VOCs, two approaches 

were taken. The first measured the combined influence of sorption and metabolism on 

high VOC concentrations (by indoor standards) in sealed bottles. The second focused 

exclusive1 y on the sorption process at concentrations typical of indoor air. 



Material and Methods: 

Lraf samples (3 - 5 g ,,) were cut from 12 species of living plants including: 

Nepltrolepis r.racdtntn, Clematis jackmanii. Codiaerim varigntiim. Deiffenbncin anionerirr. 

Nephtliytis " White britte @y ", Ficus benganiinin, Ch~salidocarpris lutegcem. 

Polypodicitri aiirecisa. Clilorophpirn comosum, Aeschynantiir<s radicmis. and Yrrccci 

ciloejoliolin. Leaf samples were seded into glass bottles rnodified to contain a gas sampling 

septum. The airspace of each bottle was promptly injected with a concentrated gas 

mixture dcsigned to yeild 1 part per million by volume (ppbv) of toluene and 

trichlorosthylene (TCE). VOC concentrations in the bottles were rneasured after the 

initial injection and again after 13 hours of exposure using an SRI mode1 3 1 O gas 

chromatopph equipped with a photoionization detector (PD). Analytes were separated 

ihrough o 0.53 mm OD MXT-volatiles column at a temperature of 95 O C  and a head 

pressure of 1 O psi. Under these conditions the retention times of TCE and toiuene wrre 

1.7 and 2.1 minutes respectively. Data for each bottle was converted into a percent 

relative rernoval and differences between species treatments. including blanks. were 

detected with a L way M O V A  using SAS version 6.12. 



Lrnf extractions at the CLER: 

The CLER houses approximately 100 species of plant, grown hydroponically on a 

lava rock substrate. Eight species were selected to represent a large range of plant types 

present in the system in large enough quantity to allow sarnpling without impacting the 

heal th of the plant. Sampled species included: Verissa splendens. Hendrn he1i.r. 

Nepkrolopis r-rnltntu, Dracena fragrans, Spclthyphylkirn mona ion. Rhododendror~ 

japoriicci. .4imba jnponica vnriegatn and Dieffenbacia rnancrdnta. 

The CLER is equipped with a feedback controlled VOC rmission system which 

ceneratcd and maintained ambient VOC concentrations in the room (discussed in detail in 
t 

Chaptrr 3). C'sing this system, the ambient concentration of four VOCs. toluenr. 

tetrachloroethylene (PCE). ethylbenzene and ortho-xylene were controlled over a six day 

period. The first two days the arnbient concentrations were maintained at background 

levels ( below 3 parts per billion by volume (ppbv) or 10 pg m-l). The third and fourth 

day ambient concentrations were increased to 100 ppbv for toluene and PCE. and 60 ppbv 

for both çthylbenzene and O-xyiene. These correspond to concentrations 380.685. 3 10 

and 3 10 pg m" for each compound respectively. Sampling days five and six ambient 

concentrarions were allowed to retum to background levels. 

During each of the six sarnpling days. 5 samples were taken from each target 

species at approximately 16:00 hn. Each sample contained between I and 2 g of fresh. 

healthy leaf material and were collected into 9 ml environmental sample bottles. Samplrs 

were extracted using 1- 1.5 ml dichloromethane (DCM) and constantly mixed for five 



days. based on the procedure described in Keymuellen and coworkers (199 1). Sample 

bottles were equipped with a teflon/silica septum. This allowed the extraction solvent to 

be added to the vials without re-exposing the sample to different atmospheric 

concentrations of the target VOCs. The extract was isolated from the sample via1 and 

filtered using a Cameo 0.22 micron 3N nylon syringe filter. Filtered extract was 

trrinsferred to sealed extract vials and spiked with 1 pL of a 2000 ppb brornobenzene 

interna1 standard solution. The standard solution was included to account for decreased 

in detcctor sensitivity between samples. The detection lirnit of samples increased lis the 

detrctor Iost resolution. as such samples where either the standard or the analyte were 

below O. 1 mv were considered non detectable. 

Samples were analyzed with a chrornatographic procedure similar to Keymuellen 

et al ( 199 1 ). Analytes were separated through a 0.53 mm OD MXT-volatiles column 

connrcted in flash vaponzation split/splitless injection mode to an SR1 3 10 gas 

chrornntograph. The initial injection tempenture of 90 O C  was rnaintained for 4 minutes 

until nfter the elution of the O-xylene peak. The oven temperature was then rarnped (it 50 

'C min*' to a final temperature of 200 O C  and held for five minutes to eliminatr iiny lntr 

cluting compounds. Column pressure was isobarîc and maintained at 7 psi. 

Data was analyzed as a 2 x 2 factorial with 4 levels of VOC and 6 levels of 

sampling day. Cornparisons arnong signifiant factors was tested with a Student- 

Newman-Kuels mulitple cornparison test using SAS verison 6.12. 





Species 

Figure 2.1: Percent relative removal of toluene and trichloroethylene in sealed bottles by 
the foliase ( 2-5 g ,,,,) of a variety of tropicg pecies. Standard errors are based on 2-5 
samples and p-values denote the probability't tI at the treatment differs from the blmks. 



metabolism by foliage could not be distinguished from concurrent VOC degradation by 

microbial communities either on the plant surface or in the soi1 (Godish & Guindon. 

1989; Wood, 2000). 

Foliqqr extrnction nt the CLER: 

Lenf extraction procedures have been successfully used by others to determine 

the concentration of VOCs in the leaf materiai of living plants outdoors (Frank. 1989: 

Gasgi & Bacci. 1985: Keymuellen. 1991; Pattenon & D.. 199 1). Likewise. the procrdurr 

was able to detect the presence of al1 four VOCs in the foliage of al1 8 indoor specirs 

tested (Table 3.1 ). Spatliypylkim mona lon was dropped from the sampling procedure as 

lcaf extractions yielded an extract unsuited to this technique. In the remaining species. 

variabiiity in  the data was greater than expected. Often VOC concentrations rangrd over 

several orders of magnitude. Other authors have also reported large variation in VOC 

concentrations extracted from leaf tissue (Hiatt, 19%; Keymueilen. 1993). However. the 

varilibility reported in this study exceeded both literature reports. 

One possible explanaiion was inadequate mixing of the air in the CLER. 

paniculariy since VOC concentrations were very low. The CLER is subjected to less air 

movrment that an outdoor system would encounter, thus it is possible thlit there were 

locally concentrated or dilute pockets of VOCs in the space. This might result in 

difkrences between the measured roorn VOC concentration and the concentration 

affecting the lcaf tissue. This point has been made previously (Darlington er al., 1998 1. X 



I S pecies 

(Days included in average) 

Ve risso splertde~ts 

(2.3.4.5.6) 

Nertdrir Iie1i.r 

c 4.5) 

Ne p l i  ro 1 o pis rxn 1 fa ln 

i 2.3 .-l,S.6 

- - - - - - - - - - - - - 

Leaf Accumulation (pg g",,) (number of samples) 

I Standard error 

PCE 

6.02 (16) 

I 2.94 

344.76 (6) 

113.28 

0.03 (6) 

5 0.01 

3.02 (8) 

2 1.61 

0.20 ( 15) 

+ 0.07 

98.03 ( IO) 

2 90.79 

7 1.57 (7) 

i 63.98 

benzene 

9.10(15) 

-e 4.93 

1583.09 (6) 

7.863.26 

0.20 ( 13) 

+ 0.07 

9.98 ( 15) 

I 6.08 

0.65 ( 16) 

10.14 

106.09 ( 13) 

I 101.25 

201.61 (13) 

I 183.47 

Ortho- 

Xylene 

1.47( 15) 

I 1.31 

153.03 (6 )  

i- 65.6 1 

0.26 ( 17 r 

e 0.064 

3.35 (20) 

+ 2.60 

3668.95 (16, 

662.76 

153.03 ( 6 )  

+ 65.6 t 

54.34 (13) 

-c 36.1 1 

Table 2.1: The maximum average accumulation of toluene, tetrachloroethylrne. 
ethylbenzene and ortho-xylrne (pg g" ,,) in indoor foliage material. Reponed averages. 
number of sümples and standard erron represent the maximum value measured across 
statisticall y similar sampling days. Statistical similarity was based on Student-Newman- 
Kuels muliple comparison tests, statistical analysis is presented in Tables AI.3 to AL9 in 
appendix 1. 



second impact of inadequate mixing in the CLER is the increased diffusive resistance 

between the atmosphere and the leaf (Nobel, 1999). As a result the extraction procedure 

may be detecting unmixed pockets of air in the space and not necessarily the sorptive 

capacity of the leaf material. 

A second possibility is the contamination of samples. Due to the nature of the 

collection site. rhe lab area was exposed to the same ambient concentrations as the CLER. 

Grcat pains were taken to prevent contamination of the extraction solvent with mbirnt 

W C s .  and blanks rneasured before each set of extractions indicated that the solvent \vas 

irce of coiitaminants. However. when samples were extracted for five days some may 

have been contarninated. If this was the case many of the reported values may over 

ristirnate of the rictual leaf concentration. 

Despite variation. the reported values are consistent with the results of other 

authors reponing on VOC concentrations in leaf tissue collected outdoors. The 

accumulation of aromatic compounds in leaves of Rhododendron juponicn. i vep ldopis  

e.ritlrtzrïz and Verisso splrndens were similar to the concentrations reponed by Krymurllen 

er al. ( 1993 1 in Pseitdotmga rnenziesii. Hiatt and coworkers ( 1998) report that the Iraf 

concentration of aromatic compounds in several outdoor species ranged 1 order of 

magnitude from 0.1 to 1070 pg g" (dwt). A similar range of leaf concentrations was 

detected in the leaf tissue of indoor species at the CLER (table 2.1 ). Notably the VOC 

mcumulations in these studies are expressed as dry weights whereas values here are 

reponed on a fresh weight basis. Patterson and Mackay ( 199 1 ) suggested that either t iesh 

or dry weights are appropriate and that 3.3 ( pg g",,,, pg g-l,,,,,) is a reasonable 



conversion. 

PCE was the most lipophilic of al1 the compounds tested. It was therefore 

expected that Sreater amounts of PCE would accumulate in the Ieaf tissue (Makay. 198 1 : 

Paterson et al.. 1995). In most species there was no difference in concentrations of VOCs 

on a mass basis (see tables AI.3 to AL9 in appendix 1.). Nor could differences be 

littributed to differences in molecular weight. Molecular weights are 169.85. 106.17. 

106.17 and 94.14 for PCE. O-xylene, ethylbenzene and toluene respectively. Aznleii 

jnponicn hnd a greater affinity for O-xylene than the other aromatic cornpounds or the 

lipophilic PCE. Neplirolopis e.rndtara d s o  had less affinity for PCE then the arornatic 

compounds. No differences were detect between toluene. ethylbenzene and O-xylens in 

these species. 

Changes in leaf concentrations as a result of changes in the ambient concentration 

were rnrlisured in two ways: 1 )  changes in the average concentration of the detected 

sümples (Figure 2.1) or 2) changes in the number of detectable sample (Figure 1.7). 

Generally. the aromatic compounds did not exhibit elevated leaf concentrations 

corresponding with increased ambient concentration on days 3 and 4. In part this may be 

due to sample contamination, in particular samples collected on day 2 had higher 

concentrations than sarnples collected on day 1. even though both were at background 

VOC concentrations (Figure 2.1. Toluene and O-rylene). As previously discussed the 

rrror associated with these results was larger than anticipated and differences between the 

sampling days rnay not have detectable against the sampling error. The accumulation of 

rthy lbenzene in Dracena fragrans (Figure 2.1 ethylbenzene) is one example of an 
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Figure 2.1: Typicai accumulation of toluene, tetrachloroethylene, ethylbenzene and O- 

vyl rnr  (pg 8'' fw,) measured in Dracena fragrans at background concentrations (< 10 pg 
m.') and at augmented concentrations (380,685,3 10 and 3 10 pg m-j for each VOC 
respective1 y). Reported averages and errors are based on the detectable samples on1 y. 
where nveragrs are not reported no detectable samples were measured. 
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Figure 2.2: The percent of simples where toluene, tetrachloroethylene. sthylbenzene and o- 
nylrne were dctected at background (cl0 pg m-') and augmented VOC concentrations (350. 
655.3 10 and 3 10 pg rn'j for each VOC respectively) 



apparent pattern that is not statistically significant. 

In some cases PCE became detectable in leaf samples only after exposure to the 

augmented VOC treatment (100 ppbv or 685 pg m" ) (Figure 2.2). This was the case for 

Drcicenn fragrms, Nephrolopis exaiiltata and Hendra heZLr. Such a response indicatrs 

rapid sorption of PCE to the leaf tissue of some species. Elevated leaf concentrations 

wrre dso measured on day 5, when the ambient concentrations were retumed to 

background levels. 

Ii  is possible that a 48 hour increase in ambirnt concentration wiis not long enough 

to affect a significant change in leaf concentration. Keyrnuellen and coworkers ( 19% i 

found rhat Icüf concentration varied with outdoor concentrations. however. they report a 

Iag of several days between increased ambient and increased leaf concentrations. If this 

were the case. the leaf air equilibrium established on days 1 and 3 and brfore the start of 

the exprriment represents the VOC accumulation (Keymuellen. 1993) under typiciil 

indoor concentrations (Kostiainen, 1995; Singh, 1988). In terms of a sorptive surfacc 

clipable of removing VOCs from indoor air the capacity of tropical plants seems limited. 

VOC concentrations found in leaf tissue in the CLER indicate that there is little storase 

capocity for VOCs indoors. 

While it has been suggested that foliage is a major sink for organic compounds 

outdoors (Sirnonich & Hites, 1995), the biomass required indoon to achieve any 

meaningful removal of VOCs would be rnormous. The median toluene concentration . 
was found in foliage of Dracena fragrans which averaged 29.16 pg g",,,, If this sprcies 

W ~ S  to be used to remove a common indoor concentration of toluene from the air. 1 ppbv 



or 3.5 pg m" , in the CLER which h a  a volume of 640 m3 (Darlington et al.. 2000) over 

53 grams of foliage would be required. Furthemore. this rate of sorption can not account 

for the rernoval of toluene at the CLER, Darlington and coworkers (Darlington et al.. in 

press) report a mass transfer of 2700.0 pg of toluene per hour through a 0.27 m2 biofiltrr 

0.02 m deep. To account for the loss of toluene in the space 92.6 g of new leaf mattrial 

are required each hour. over 2 kilograrns each day. 

The direct role of plants on the removal of VOCs was minimal. Sorption of VOCs 

to I d  marerial had a small impact on the arnbient concentration. The bottle exprrimcnt 

diJ not detrct increased rates of VOC removal in bottles with leaf tissue whrn cornpared 

to conirol bottles. Metabolism of common VOCs by higher plants is not wrll supponed 

in the litrrature. Many authon attribute VOC removal to microbial populations 

associated with higher plants (Godish & Guindon. 1989: Wood. 2000). Thus. higher 

plants may have the greatest impact on air quality indirectly through the stimulation of 

rich microbial populations. 

Sustained microbial populations may be central to removal of rnany indoor VOCs 

(Binot & Piilil. 1989: Pritchard et al., 1995). Higher plants are used in the field of 

phytoremediation to Facilitate microbial VOC degradation in soil and water (Anderson. 

1993; Shimp et al.. 1993). However. interactions between plant and microbial 

communities in terms of contaminant removal are complex. For a review see Siciliano 

and Germida ( 1998). 

Microbial populations in the soi1 are limited by carbon, thus, the community is 

closely related to the species of plants and the nature of its exudates to the soil (Grayston. 



1998). Similarly. microbial population in biofilters may not have adequare substrates to 

sustain growth under the typically low indoor VOC concentrations (Wani et al., 1997). 

Thus. the presence of root exudates and decaying material may provide an essential 

cosubstrates for VOC degradation by microbes (Shimp et al.. 1993). 

The plant comrnunity best suited to this task remains unknown. Tropical foliagr 

species had a limited direct role in VOC removal, although the biofilter as a whole w u  

capable of substantial VOC removal (Darlington et al.. in press: Darlington et al.. 1998: 

Darlineton & Dixon. 1999). This supports the idea that higher plants act as rcolo_oical 

infrastructure in the biofilter. indirectly improving VOC elimination by sustaining ri 

diverse microbial population. It does not support the idea that tropical specics are bsttrr 

suited to this task then other communities of higher plants. It is reasonable to assume rhat 

any community capable of supporting microbial diversity will function in the samr 

mrtnner. 

Summary and Conclusions: 

Extraction of foliar material from the CLER was able to recover VOCs presrnr in 

the ambient air. The VOC concentrations in the leaf varied with the compound and the 

spccies of plant. indicating that some plants have a greater affinity for some VOCs. 

However. leaf concentrations were too low to have a meaningful impact on the air quality 

indoors without extremely large quantities of plant material present. 



The role of higher plants in an indoor air biofilter should not be limited to the 

direct impact of VOC removal. Although the sorption of VOCs on the foliage of higher 

plants is a limited sink for common indoor VOCs plants rnay play a more important role 

in the establishment of diverse microbial community. The plants that are best suited to 

this task are not known. 



CK4PTER 3: PLANT SELECTION AND SYSTEM DESIGN. 

Introduction: 

The biofiltration of indoor air as an alternative or supplementary means of 

controlling L4Q may be especially applicable in northem climates. As heating costs 

increrise. the rconomic incentive to restrict ventilation rates also increases. This mlty 

cillow çontaminants to accumulate indoors. importing tropical species as components of 

biofilters to these nonhem sites may be costly, since i t  would require temperature 

controllrd shipping of the biologicals. Thus, the creation of s tropical ecosystem undrr 

these conditions may be cost prohibitive. Also. the characteristics of the higher plant 

species mtiy not nrcessarily be criticai variables. As an alternative. Iocally collectrd or 

grown species of plants could be substituted for tropical species. Some degree of freedom 

in plrint selsction mny be available. Previous experiments (Chapter 2) concluded that the 

dircct rolr of higher plants in VOC removal was small and highly variable and the 

inclusion of higher plants in indoor bioiflten probably served to enhancr the rnicrobial 

community. 

To test the applicability of this technology to remote northem locations a modula- 

biofilter was commissioned with species of plants native to northern Ontario. Canada. In 

the wild. northern plants are subject to large seasond variations of many factors 

including: day length, moisture and temperature. Many of these factors are required for 

normal plant growth and development. Growth of wild species indoors may be limited by 

their ability to adapt to the stable environmental conditions indoon. To avoid large plant 

3 1 



losses after biofilter commissioning it was necessary to know in advance which species 

were adaptable to long term indoor survival. 

Prelirninary Growth Trials: 

A preliminary study was conducted before biofilter comrnissioning to generate 

candidate species list. Forty, 18 L storage containers (approximately 600 cm' surface 

area) were used to collected plant specimens from 1 of 4 natural habitats during the werk 

of June 9 1998. Collection sites were located within a 100 km radius of Sudbury Ontario. 

Sites were selected because they represented a range of habitats that were tûrgeted for 

lo_oging or mining activities in the near future. This was done to minimize the potencial 

~.cologicriI disturbances resulting from the sampling activities. 

Scr~npling straregy and site descriptions: 

Sarnple plots were selected subjectively to maximize the nurnber of species 

collected. A range of canopy covers representing variable iight environments were 

sclected since light was believed to be a limiting factor to survivability indoors. Samples 

w r e  collected in their native soi1 to limit transplantation shock and to includr species 

germinating vegetatively or from the resident seed bank in the survey. Four sites were 

selected to represent a range of ecological habitats and canopy covers: 



Site 1: Floating bog. This site contained very little canopy except on the edges where i t  

was bordered by alder thickets in transition into an alderhirch forest. Most canopy in the 

middle of the site was provided by a sparse population of black spruce, thus, most species 

collected from this site received full Sun Iight. The root substrate consisted of a thick 

layer of sphagnum moss. The water table was 20-30 cm below the surface of the peat. 

Ten samples were collected at this site. 

Site 2: Lowland forest. This site was characterized by a thick canopy layer which 

provided bctween 50% and 90% cover. The soi1 at this site consisted of a thick saturated 

silt layer. The water tabie at this site was typically within the first ?O cm of the surface. 

many samples were taken from standing water. Fourteen samples were collected at this 

site. 

Site 3: Stream bed. An open area bordered by a stream and a rnarsh. with vaq ing  

degrees of water flow. Water table was extremely high, most species collected were 

rmergent. Light levels were high. with most species receiving full sunlight for the 

majority of the day. Three samples were collected at this site. 

Site 4: Upland forest. The upland forest was characterized by dense canopy cover and a 

low density of plants in most areas. Soil type varied from peaty soil, to a highly 

decomposed humus. Most areas were well above the water table. This was a 

considernbly dryer site than the iow land forest. Canopy cover ranged from 25 to 80% 



cover. Thirteen samples were collected at this site. 

Plants were initially stored in a damp shaded area within the greenhouses at 

Ctimbrian College (Sudbury. Ontario). They were grown in 80 to 100 5% shade during the 

summer s rvon by storing them under benches surrounded with a burlap skin. To 1owr.r 

rhe ~imbirnt temperature and raise relative humidity a dnp line was attached to the top of 

the burlap. The constantly flowing water rnaintained a cooler temperature than that of the 

surrounding greenhouse, which at times exceeded 40 O C .  Temperatures under the 

benches. where the plants were located, did not exceed 30 OC. 

Plants were watered regularly, using tap water which had been allowcd to 

dechlorinate by holding it in open storage tanks for at l e s t  24 hours. To account for 

characteristic water table depths of each habitat. drainage holes were punched into the 

sids of sach container. 

Plants were rnoved to an indoor location the Iast week of Septembrr 1999. and 

krpt on a 1 2  12 light cycle. The light was provided by commercially available flourescent 

and incandescent bulbs commonly used in indoor spaces. Light levels ranged from 17 to 

50 pmol mm' photosynthetically active radiation (PAR). Watering continued regularly 

throughout the experirnent, despite changes in location. 



Srmiving Species and Characteristics: 

Twenty-one species either survived the low light treatment for approximately I O  

rnonths. or were able to propagate from the seed bank after sampiing. Interesringly. al1 

surviving species were perennial species. Many of the species exhibited signs of nutricnt 

deficiencies towards the end of the observation period. No attempt was made to mes s  

the fitness of' individuals as survival was considered the sole criteria for success. 

Sunrivability was influenced by collection site (Figure 3.1). Although there was sornr 

species overlap between collection sites. each site contributed several unique species. A 

notable exception was the river bed site which had no surviving species. 

In an attempt to generalize successful habitats. the reported environmental 

prrferenccs were compiled from field guides and native species identification rnanuals 

i Chambers. 1996; Legasy. 1995: Newmaster. 1997: Peterson. 1977: Petrides. 1972). Most 

surviving species were reported to tolerate moist conditions. It was possible that soi1 

moisture was maintained too high. As a result more water tolerant species may have becn 

selected. not on the merit of survival under indoor light conditions. rather on a 

combination of lighting and watenng factors. Nevertheless since the proposed moduiar 

biofilter is a hydroponic system, water tolerance would be an asset to species in the finai 

biofilter commissioning. 

Three of four sampiing sites yielded species that were able to survive indoors for 

the observation period. The bog collection site yielded the greatest number of surviving 

species. including al1 of the surviving woody plants. There was little differencr between 
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Figure 3.1: Number of species from four habitats surviving a 10 month low light 
[rial. Successful species are organized by plant type: fems (F). woody plants (WP). 
hrrbaceous perennials (HP) and sedges (S). 



the upland and lowland forest sites in ternis of the number of surviving fems or 

herbaceous perennids, however, collections frorn both sites containeri unique species. 

In the bog, 65% of surviving species maintained or increased their occurrence in 

the preliminary trial. There was likely no dvantage to emphasizing either transplants or 

sred bank sprcimens from this site. Most surviving species grew in bogs. thus collection 

smphasis in general should be put on the bog site. In the lowland site an equal number of 

rpecirs increased and decreased their occurrence. This suggesred a rapid turnover in the 

population perhnps indicative of an active seed bank or other propagation sources in the 

soil. Specirs surviving from the upland site were very stable with 806 of species 

collected from this site not changing in their occurrence. Transplants should also be 

emphasized from this location. The riverine site bad no surviving species. future 

collections rnay attempt to increase survivorship from this site by providing a grearer light 

supply. 

Biofil ter Comrnissioning: 

The biofilter was located in the foyer of the Northern Centre for Advanced 

Tec hnology (NORCAT , Sudbury Ontario). The building volume was approximatel y 



20.000 m3. although the area affected by the biofilter was substantially smaller. 

approximately 3670 m3. 

The modular biofilter took the shape of half a hexagon composed of 3.60" wedges 

un a 10' incline from vertical. Each wedge contained two biofilter panels divided 

vertically down the centre, creating a total of 6 individual biofilter panels. The surface 

xea  of each panel was 0.67 rn' (Figure 3.2). Panels were covered with a coconut Fibre 

rrosion fabric which acted as a porous backing material for the biologicals on the bioit1tr.r 

surface. 

A conrinuous catchment basin ran dong the base of the biofilter panels. The basin 

serveci two purposes: it collected excess water from the imgation of the biofilter panels 

and provided habitat for plants to be grown in the system. Microbial communities in the 

bain may degrade compounds not degraded on the biofilter surface. In this sensr. the 

plant zones also act as a bioreactor and the panels act as bioscmbbers. Contaminants 

sorbed on the panels but not metabolized could be washed into the basin for funher 

metabolism. 

Water flowed through the catchment basin in a recirculating loop. Excess water 

from the panels was added to the loop at any point, but could only drain to the reservoir 

through one drain. The basin was divided into three planting zones; an aquatic zone. a 

bog and a terrestriai zone. Plants specimens were collected and transferred into the 

respective planting zone on the same day (Julian date 290). 



Aquatic zone: This zone contained 0.20 m3 of open water to a depth of 45 cm held in 

place by a baffle. Water temperature of this zone was 19.4 + 0.8 OC (based on daily 

rneasurements between January 3* and June 7Lh 2000). Circulation of water through this 

zone relied on the imgation to panels I and 2. Excess water drained into the aquatic zone 

displiicing water over a 45 cm deep baffle designed to prevent the flow of water from the 

aquatic to the bog zone. The retention time of water in this zone was 1 day. 

Plant specimens in the aquatic zone were collected from the Stream bed collection 

site and planted in plastic baskets. Riverine species had low survivorship in the 

prclirninary plant collection. An attempt was made in the biofilter prototype to increrise 

survivorship by increasing the light supply in this zone and in the biofilter in general. 

However. even with the augrnented light supply, species collected from this site had ver' 

low survivorship in the biofilter. 
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Figure 3.2: Modular biofilter schematic including the location of biofilter panels. 
bioreactor planting zones and operational components (presented in detail in Figures 
3 -3 and 3.3). 40 



Bog zone: Excess water from the aquatic zone drained into the bog over the 45 cm deep 

baffle. The water in the bog zone varied in depth periodically from O to 15 cm depth 

below the bog surface. This varied with the irrigation cycle, with the highest water Ievsls 

occurring imrnrdintely after irrigation (panels were imgated every 0.5 hours). Bog 

sprcies (see Table 3.1 ) were planted in a mixture of rock wool and organic material 

collected from the bog and supplemented with peat moss. 

Inclusion of bog species in the biofilter served two purposes. First preliminary 

trials suggesred thai bog species were well suited to indoor conditions. Secondly. the 

anerobic conditions in natural bogs provide ideal conditions for the degradation of some 

a was compounds (Mars et al.. 1998: Sun & Wood. 1997). Like the aquatic zone. the bo, 

ilr.signed to act as a bioreactor. In this case offering an anrrobic environment degradr 

compounds. Vertical baffles were installed in the bog to redirect the water flow through 

the bo; and limit shon circuiting, thereby increasing the water retention time through this 

section and improve its potential contaminant removal ability. 



1 Common Name 1 Biofilter Zone 1 
Knlniin arigustifolia 

Ve ron ica ofJicinalis 

1 O.rnlis ncetisella ssp. Montana 1 Upright wood sorrel 1 Wall. Terrestrial 1 
Conzrts cnnadensis 

1 Wall. Terrestrial 1 

Sheep laure1 

Common speedwell 

Bog 

Terres trial 

Bunchberry 

Liriritrrtr horedis 1 Twin flower 1 Terrestrial 1 

Terres trial 
l 

Copris rrifolin 

itlclictrltlierrirrrri canadense 

L~tlirnt grroriinndicitnt Labrador tea Bog 

( Bog cranberry 

Goldthread 

Canada mayflower 

Vnccinirtm ovnl$olitlm 1 Oval leafed bilberry 1 Bog 

Wall. Terrestrial 

Wall, Terrestrial 

Acer snccliantm 

1 Tarnarack 1 Bog 

Tlirijn occiden talis 1 Eastern white cedar 1 Terrestrial 

Popriiris bcllst~niijèra 1 Balsarn poplar 1 Terrestrial 

L!copotliirm ïrrtnotin~irn 1 Intermpted club moss 1 Terrestrial 
I 

Polypodilurt virginantim 1 Cornmon polypody 1 Wall. Terrestrial. Bog 

Drypoteris marginalis 1 Marginal wood fern 1 Wall, Terrestrial. Bog 

Gcrrrim rnacrophvlum 1 Large leaved avens 1 Wall, Terrestrial. Bog 

Table 3.1: Final species composition and location within the modular biofiltrr. 



Water quality in the bog was measured in a sarnpling tube installed in  the center of the 

zone. Initially the bog was characterized by a slightly lower pH and low levels of 

dissolved 0, when compared with the other planting zones. Over time however. the bog 

pH increased to the level measured in the other zones (6.79 -+ 0.84). A similar 

phenomenon was observed with dissolved O?. Although the bog was initially an hypoxic 

zone (2 .5  ppm 0,) over time it  became O2 saturated. However. the degree to which an 

ctnerobic or low pH environment was maintained is questionable since pockets of 

ctnrrobic nctivity in this zone would not have been detected by the sampling procedure. 

Terrestrial zone: Low pH water from the bog was initially drained into a buffer zone 

present between the bog and terrestnal zones. Bog water flowed over a second baffle and 

onto a bed of crushed oyster shells. A simple aeration system ensured both mixin: and 

rieration of the water in the bed. Buffered water overflowed into the tenestrid areti whsre 

the water table was origindy maintained from 15-30 cm below the surface. A 

combination of high salt measurements and relatively neutral pH reiidings in the bog 

prompted the rernoval of the buffering system. 

Species transplanted into this zone were collected in the upper soi1 horizon and 

consisted of shallow rooted plants. These were placed directly on a rockwool layer of 30 

cm deep. Over time compaction of the rockwool raised the water table, so that 

immediately after an irrigation cycle water was at the surface of the terrestrial zone. 

Plants from the upland and Iowiand collection sited were planted in this zone (Table 3.1 1. 



Biofilter surface: Moss was collected at the sarne tirne as the higher plants and stored 

in sealed zip lock bags with 0.25 L of dechlorinated tap water. Samples were stored in a 

wrll lit location for approximately 40 to 50 days prior to commissioning. 

The surface of the biofilter was commissioned over a period of approximately 10 

days (Julian dates 3 10 to 320). Moss was washed in the biofilter hydroponic water supply 

to remove nny excess detritus or soi1 particles. It was attached to the wall surface by 

tucking sections under a 1 cm by 1 cm plastic mesh sewed into the coconut fibre. 

Although there were several species of moss were present the predominanr species was 

Erirliyicli ilon riparoides. 

X 1 cm x 2 cm grid constructed of fishing line. was piaced over each panel and 50 

rondom quadrats were measured for moss depth and coverage. This provided an estirnate 

of biofilter thickness after 4 and 6 months of growth. Average biofilter thickness wried 

bctween panels from 10 to 12 mm. likewise coverage ranged from 6 1.1 to 85.0 8. 

Environmental Systerns: 

Light was supplied to the biofilter through 8. 150 watt halogen Iamps. Limited 

natural lighting was available in the Foyer of the NORCAT building, thus the 

supplemental lighting was the main source of lighting. Lamps were located 1 m from the 

top of the biofilter and approximately 1.8 m from the catchment basin. This system kvas 



limited in its ability to deliver light unifonnly across the biofilter surface. Plants on the 

biofilter panels and in the catchment basin received between 42 and 75 pnol rn" s" 

PAR. The best lit sections of the surface were generally in the middle of the panel (0.8 m 

from the basin) and lower. 

Air Pa th: 

The modular biofilter (Figure 3.3) moved air through the biofilter by a dedicatcd 

air handling system. The biofilter had a total of six replicated panels which included a 

0.67 m'coconut fibre surface over a 20 cm deep plenum. Air was pulled through al1 

biofilter panels by a communal 30 cm exhaust fan connected to each plenum by a series of 

10 cm ducts. The duct work was attached to each panel in two locations designed to 

provide a uniform pressure gradient across the surface of each panel. The aitflow through 

each panel was controlled independently by baffles instailed in the connecting duct work. 

X combined air Stream was vented vertically (Figure 3.3) into the 3670 m' air spcice üt a 

rate of 0.23 m' s". 

.A n~iosplieric Monitoring and Control: 

Flux measurement. Flux through the biofilter surface was calculated from the air 

vrlociry (m s") in the ducts. Due to non laminar fiow. the air velocity in each tube was 

calculated as the average of 8- 12 spot rneasurements. The reported veloci ties in panels 1. 
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Figure 3.3: The air path schematic for the rnodular biofilter including location of rxhaust 
fan. remperature and humidity sensors and air flow baffles and air flow direction. 



2.5, and 6 was the average of 12 spot measurements. Measurements were taken at 1.5. 

4.0.6.5 and 9.0 cm depths across 3 cross sectional axes through the duct. Reported 

wlocities in panels 3 and 4 were average values measured at the same depths across duct 

2 axes. Vclocity was measured with a Velocicalc air velocity meter (model 8345. TSI 

Inc., Shoreview MN.). 

Temperature and humidity monitoring. Temperature was measured in the ex haus t 

airsiream of each panel using an Omega RTD temperature transmitter (model TX94. 

Ornega Engineering Inc.. Stanford CT). Temperatures and relative humidities werc 

nieasured in the room and in  the 30 cm exhaust vent with Omega SS RH probes (model 

HX9Jc. Oniçga Engineering Inc., Stanford CT.) (Figure 3.4). Temperature and humidity 

diira uas  riutomatically logged every two minutes using a National [nsrruments Analogue 

tnpur Card. Rrponed data consisted of hourly averages of the raw data. 

In line gas chromatography. Gas samples were drawn through 1/8" copper tubing from 

7 locations (the ambient air and the exhaust of each of the 6 panels). Exhaust 

rnrasurernents were taken between each of the plenums and the exhaust fan. Sslection of 

the gas sampling site was automated through a multiplexrr and controlled through the gas 

chromatopph (GC). Upon receiving signal from the GC. the multiplexer activaird the 

appropriate solenoid and air was drawn from the specific sampling location to a 10 

position gas sampling valve with a 1 ml sarnple loop (Valco Instruments Inc. Houston 

TX). In the 'Load' position, the loop was open and thoroughly tlushed with sample air 



for several minutes. In the 'Inject' position, the loop was closed and a 1 ml sample was 

isolated and injected into the GC for anaiysis. 

VOC concentrations were anaiyzed using either an SRI mode1 3 10 GC or an SRI 

mode1 S600a GC. In either case, analytes were sepmted through a 0.53 mm OD. 30 m 

RESTEK MXT - volatiles column and detected using a photoionization detector (PD) set 

on hi$ gain. The colunn temperature was isothermic and varied from 45 to 90 

idepending on analysis). The column head pressure w u  isobaric at 10 psi. 

Arnbient VOC control. Ambient concentrations of VOCs were controlled through a 

kedback system. linking the in-line GC (descnbed above) and a custom VOC emission 

system. The emission system was programable with up to 4 diurnal VOC profiles. In a 

typical case. the target VOC concentration started at O ppbv at 16:OO rarnped up to 60 

ppbv at 2400 and back to O ppbv by O8:ûû. The influent concentration of each VOC was 

meiisured by the GC. the information was transmitted to the emitter system through an 

RS237 connection. Upon receiving the influent concentration. the emitrer system 

comprtred i t  to the t q e t  concentration. If the ambient concentration was less than the 

tarzet concentration the emitter system added solvent saturated air to the exhaust stream 

of the bifilter. Solvent saturated air was generated by pulsing air through a midget 

irnpinger containing pure solvent. The quantity of solvent added to the space was 

controlled by controlling the pulse duration (a function of the difference betwren the 

actual and target concentrations). Each solvent had a separate dedicated air pump and 

irnpinger system allowing the concentration of each VOC to be controlled separately. If 



the ambient concentration was greater than the target concentration no solvent w u  added 

to the arnbient air, allowing the concentration to slowly decrease through biofiltration and 

leakage from the building. This exposure technique has been described in detail 

elsewhere (Darlington & Dixon, submitted). 

Septum bottle calibration technique: The GC was calibnted against gaseous mixtures 

of the target compounds. Cdibration mixtures were made in g las  bottles modifïed to 

contain a septum. A concentrated mixture was created by injecting 1 .O pL of pure 

solvent into the i L bottle. To avoid needle discrimination air was drawn into the syringe 

before and after the pure solvent so that the precise volume of solvent could be recordsd. 

.\Il tnrgrt solvents were added to the mixture at the same time and 5 minutes wÿs givrn to 

rillow the solvents to fully evaporate in the bottle. A stock solution was created by 

injecting IO ml of the concentrated mix into a 1 L bottle, reducing the concentration by ri 

factor of 100x. Calibration curves were generated by measuring the concentration of a 

srries of bottles diluted from the stock bottle. To avoid cross contamination of samples. 

the 10 ml glass syringe was thoroughly flushed with carbon filtered room air between ail 

glis transfers. 



\Vater Monitori)ig and Control: 

Watering schedule and delivery. The biofilter surface was watered with a custorn large 

droplet drip system (Figure 3.4). This system proved to be limited in its ability to delivrr 

water unifomly across the biofilter surface. To compensate, some areas were over 

watered to ensure that the majority of the surface received minimum water. The waterino_ 

schedule was adjusted so that al1 biofilter panels were stiil wet to touch irnmediately prior 

to the beginning of the next imgation cycle. Each section wüs watered for approximarely 

15 seconds every 30 minutes. 

Watrring cycles were automatically controlled through cusrorn software and a data 

acquisition card (National Instruments Corp., Toronto, ON) which. through a series of 

relays. controlled power to a diaphragm pump (Pump Systems Inc.. Dickinson. ND) and 

three solenoid valves (SV-303 1/4" brass Omega-flo 2 way general purpose solenoid 

Omega Engineering Laval, QUE). At the beginning of each watering cycle. the 

cornputer would activate the relays to provide power to the pump and sequentially open 

the solenoid valves to water each of the biofilter wedges. 

Irrigation water was pumped from the 240 L reservoir to the biofilter surface. The 

reservoir consisted of three 80 L containers connected through ABS tubing. Water was 

pumped from the central container through the large droplet drip imgation system: 

consisting of a series of 5 1.25 cm ID chlorinated polyvinylchloride (CPVC) tubes located 

above the biofilter surface (Figure 3.5). Water was forced through 0.8 mm holes drilled at 
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Figure 3.1: The water path schematic of the modular biofilter including the location of 
the irrigation pump. solenoid valves, large droplet drip imgation system and water 
reservoir and tlow direction. 



2.5 cm intervals dong the length of the tubes. 

Water lost from the system through the combined processes of evaporation and 

rranspiration averaged of 69.2 2 2.1 L day". An additional 18.8 + 1.7 L day" of water 

was requirrd to maintain water quality in terms of electrical conductivity (EC) and pH. 

Therefore the total water requirements of the system averaged 88 L day-'. 

Water quality monitoring. Parameters such as pH and EC were measured daily i Figure 

3 .5 )  usin? hand held pH and EC metres. LMeasurements were recorded from the resrrvoir. 

;iqucitic. bog and terrestrial zones in the catchment basin. 

I t  \vas possible through the monitoring exercise to maintain the water quality 

parameters within an acceptable range. The average pH of the sysrem was 6.79 2 0.84. 

Average conductivity was 354.63 I 41.57 pS cm". instrumental failure between julian 

date 95 and 135 allowed the EC to climb to above 450 pS cm". However. several 

consecutive days of system flushing was able to retum EC to an acceptable level (Figure 

3 3). 



Day (Julian) 

Figure 3.5: pH and EC (pS cm") measurements during 160 days of biofilter operation. 
Each data point is the average of four samples, one taken in the aquatic. bo_o and 
terres trial bioreac tor zones and the reservoir. 



Nutrient Balance: Water sarnples were collected on a daily basis from the reservoir prior 

to the addition of water. Water was filtered through a 0.2 micron filter into a 25 ml 

sample bottle and frozen until analysis. Water samples were analyzed for nutritional 

anions and cations wi th a Dionex high pressure liquid chromatograph (HPLC) . Cations 

were separated through a DX-120 column at a pressure of 1450 psi and a flow of 2 ml 

rnin". Anions were separated through a DX-500 column at a pressure of 1226 psi and a 

tlow of 1 ml min-'. 

The modular biofilter tended to maintain higher concentrations of nutrients than a 

iypical miirsh but lsss than a riverine manh (Richardson. 1978). Nutrients were grnerrilly 

stable over the 140 day monitoring period (Figure 3.6). Notably phosphorous and 

nitrogen are almost absent from the system, suggesting that the addition of some nutricnts 

may brnefit the health of the system. The addition of nitrogen. phosphorous and 

potassium is common in industrial biofilters to maintain high removal rates ( Devinny et 
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Figure 3.6: Anion and cation nutrient concentrations in parts per million (ppm) measured 
in the biofilter reservoir over 160 days of biofilter operation. 



Conclusions: 

An ecosystem based on northern plant species was constructed as part of an indoor 

air biofïlter. A preliminary collection of plants was observed over a 10 month period to  

determine which species were suited to indoor survival. Three of four collection sites 

yirided species able to adapt to indoor conditions for the observation period. Increased 

l i sh t ing  was installed in the final biofilter construction to encourage the survival of 

riverine species. However. this attempt was not successful. 

Once comrnissioned, the system contained 6 biofilter panels covered in locally 

collected moss species. Higher plants were grown hydroponically in a bioreator. Lt was 

possible to control environmental factors such as Iighting. electrical conductivity. pH and 

moisture to create an adequate environment for plant survival. The plants receivrd low 

levels of supplemental lighting throughout the expenment. Nutrients in the water were 

low but comparable to other natural and constructed systems. 



CHAPTER 4: IMPACT OF AN INDOOR AIR BIOFILTER ON AIRBOR-W 
SPORE CONCENTRATIONS. 

Introduction: 

The modular biofilter included a diverse selection of northem plants. mosses and 

their associated microbes. the assumption being that a diverse system would be better able 

to üssiniiltite a dilute mixture of volatile organic compounds (VOCs) (Anderson. 1993: 

Shimp et al.. 1993). Indoor plantings, however, have been associated with the production 

of bioaerosols such as airborne spores (Burge et al., 1982) particulariy after disturbance 

by air movement or watering. Since such disturbances are comrnon in indoor air 

biofilters and since many of the species included in the modular system are not typically 

xown indoors. it must be established that they are not a source of airbone spores. 
b 

Production of bioaerosols such as these could reduce indoor air quality (IAQ). despite the 

rcmoval of volatile organic compounds (VOCs). 

Although. rarely are bioaerosols responsible for serious or life threatening 

infections. Iimong immunocomprimised individuals bioaerosols may cause respiratory 

tract infection. allergic rhinitis, asthma, humidifier fever and hypersensitive pneumonitis 

( ASHRAE. 1998; Dales. 199 1 ). Allergic response to bioareosols is far more common. 

affecting between 6 8  and 15% of the population (Miller, 1992). Three categories of 

bioaerosols were considered in this study; viable fungal spores. viable bacteria and 

L q i o r i e l l ~ ~  prirrimophila. 

Viable F~utgal Spores: 

Fungi are common indoor contarninants that have been linked to several health 

problems. including, asthma, sick building syndrome and allergies (Rannigan. 1994: 

Norback, 1994). The availability of moisture is a Iimiting factor for the growth of most 
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moulds indoors (Miller. 1992; Singh, 1994). As a result mould growth tends to reach 

mherilthy levels in the presence of damp or wet areas. A Swedish survey (Norback. 

1994) found that 50% of buildings with excessive mould growth also had water damage. 

Despite this. the relationship between mould growth. sporulation and moisture is 

complex. Often "mouldy dwellings", with excessive fungal growth, do not have higher 

airbome funpl  spore loads than "healthy dwellings" (Nevalainen et al.. 1994). Increased 

rrlati v r  humidi ty signi ficantl y reduced the airbome concentration of fungai spores for 

threr common indoor genera (Pasanen, 199 1). However. Foarde and coworkers ( 1  994) 

tssted the viabiiity of moulds under different relative humidity regimes, and found that 

thrire is a minimum humidity required to sustain rnould colonies. While water is a 

limiting growth requirement for moulds (Norback. 1994; Singh. 19%). sporuiation is 

cncouraged at lower relative humidities (Pasanen. 1991). The modular biofilter both 

contained standing water which wouid contribute to mould production and added water 

vapour to the sprice which would discourage sporulation. 

There is substantial variability in the number of fungal colonies measured indoors. 

Mouilleseaux and coworkers (1994) reported the indoor fungal counts to range from a few 

colony forming units to 700 colony forming units per cubic rnetre (CFU rn-)). However. 

the bu1 k of the buildings surveyed had fewer than 50 CFU m". The three year average of 

Canadian federal buildings reported fun gal bioaerosol loads of -)O CFU rn" (Annon.. 

1995). Darlington and coworkers (2000) reponed an increase in the viable spore load in 

the air at the Canada Life Environmental Room. they report a mean value of 1 15 C W  m.'. 

A healthy indoor spora generally has a mixture of species similar to outdoors. with 

reduced numbers (Flannigan, 1994; MouilIeseaux & Squinazi, 1994; Nevalainen et al.. 

1994). As such. there is evidence of a seasonal variation in indoor spora (Reponen. 

1992). Health Canada (Annon., 1995) guidelines recommends that no more than 50 C m  



m-3 of any single species be present in the air Stream, excluding Cladospori~tm sp. or 

Alteniaria sp. that are extremely common outdoor fungi. A combined total, of al1 species 

present, should not exceed 150 CFU rne3 in al1 seasons excluding summer. Fungal loads 

of 500 CFU m" are acceptable dunng the summer if the species present are of the genus 

CZndospori~lm or other tree and leaf fungi. 

V i d i e  Bacteria: 

The comfort of building occupants may be reduced by bacteria. As such they are a 

major factor in the quality of indoor air (Flannigan. 1994). The most publicized bacterial 

agent is Lcgionelln pneumophila. this will be discussed separately in this study. For othrr 

bacteria the ACGM committee on bioaerosols (Morey. 1986) defines colony counts in 

rxcess of 500 C N  m" as "high". Bacterial loads associated with the CLER were 

brtween 27 and 146 CFU m" (Darlington et al.. 2000). 

Like fungal spores. bacterial levels are thought to be influcnced in pan by the 

outdoor concentrations. Nevalainen and coworkers (1994) report higher bacterial lorids in 

buildings located in more nirai settings. However. indoor sources such as improperly 

maintained HVAC systems (Reponen. 1992) and building occupants (Heinemann et al.. 

1994) are believed to have the greatest impact on IAQ. The diverse nature of the rnoduiar 

biofilter may support a greater number of bacterial species than a typicd HVAC system. 

thus. it should be evaluated as a potential source of bacterial bioaerosols. 

Lrgionelln pnerrrnophila quickly became a public health conceni following 

outbreaks of Legionnaire's disease and Pontiac fever in 1973 (OSHA, 1999). Most 



strains of this bacteria proliferate in cooling towers and improperly maintained ventilation 

systrms (OSHA, 1999). Although L pneumophilia is an airbome pathogen. it proliferates 

in standing water. Thus, water sarnples are the most sensitive method for the detection of 

tfiis pathogen (OSHA. 1999). 

Fatal infections c m  result from exposure to the species L. pnriirnophiln, which ' 

specifically associated with Legionnaire's disease and Pontiac fever. The Occupations 

Süfety and Health Association (OSHA) estirnates there are 25 000 cases per year in the 

US. resulting in more than 4000 deaths. L. pneumophila is an opportunistic pathogen 

attacking a srnall portion of the population (< 5%) who are immunocornprornised (OSHA. 

1999). Because of the potentially extreme health problems associated with the genus 

Legioticlln. it was necessary to ensure that it is not present in unsafe levels in the biotïltsr. 

Concentrations bslow 1 CFU ml-' are considered safe. concentrations above 10 CFL' ml'' 

msrit remedial action (OSHA, 1999). 

Lrgioiiell~~ pnrimopliila is native to fresh water lakes and streams. In i ts naturd 

habitat. it accounts for less than one percent of the bacterial population (Fliermans. 198 I ). 

Cornpetition and antagonism from other naturai biota may keep it from reaching rpidemic 

lsvels in its natural habitat and make it difficult to isolate (Fliermans. 198 1 ). It exists in ri 

wide range of environmental conditions. Although growth temperatures ranging for 5.7 

to 63 "C have bern reported (Hiermans, 198 1). the optimum ternperature is reported to bt: 

between 35 and 46 O C  (OSHA, 1999). Acceptable pH ranges from 5.5 to 8.1. dissolved 

0: 0.3 to 9.6 ppm and electrical conductivity from 18 to 106 pS cm-' (Fiiermans. 198 1 >. 

It  is also reponed to thrive with algal growths (OSHA. 1999). Legionella pnrru?iopltiln is 

incapable of multiplying in cold flowing water, but it may persists in decaying matter in 

river sediment (Stout, 1985). 



Materials and Methods: 

Biotrerosol Measrirement: 

B ioaerosol measurements were taken using a BIOTEST Reuter centrifugai 

sarnpler (RCS). RCS is an impact sampler that generates a high speed air current and 

forces colony forming units ( C N s )  in the air Stream to impact on agar strips. The 

sampler was programmed to operate for 4 minutes and sampled 0.16 rn3 of air per scimplr. 

CFUs wcre cultured on selective media. fungus was grown on rose bengal agar (RBA) 

i RWR Scirntific. Ottawa* ON) and bacteria was cultured on trypic soy agar (TSA) ( R W R  

Scientific. Ottawa, ON). Both TSA and RBA strips were incubated for 5-7 days at room 

trmprrature (?O ro Z°C)  as per NIOSH guidelines (NIOSH. 1998). 

h p m  of Plant Material and Ventilation on Ambient Spore Coirnts: 

Viable spore and bacterial colony counts were determined prior to commissioning. 

during the commissioning phases and post commissioning (during biofilter operation 1. 

Prior to the commissioning of the biofilter. spore loûds were measured during two periods 

in Jul y and September of 1999. Bacteriai and fungal measurements were taken over 

srveral days in both sampling periods. Sampling dates included in the anaiysis were 

Julian days 208,210,212. at the end of July and 258.160.262.264 dunng September. 

The commissioning phases of the biofilter were further divided into the following stages: 

the addition of plant materiai, without moss (sampled on Julian days 291 and 302). the 

subsequrnt addition of moss material (sarnpled on Julian days 32 1 and 328). The fully 

commissioned biofilter with air circulation through the moss was sampled on Julian days 

310 and 348. On each sampling day, three fungal and bacterial measurements were taken 



from each of seven sampling sites: four within the test facility (within 5 to 20 rnetres from 

the biofilter), one from the reference site in the adjacent building, and two outdoor 

measurements. Once hilly operational, sarnples were also taken from the effluent Stream 

of the biofilter. 

The number of colony forming units was counted using a hand held colony 

counter (Fisher Scientific). Colony numbers were converted to colony forming units per 

cubic rnetre (CFU m.') by dividing the count by the volume of air samplrd. Data ws 

analysed iis a two factor (sampling site and sampling date) anova using the GLM 

procedure in SAS (Version 8). The reference site was compared to the test sites using a 

one-tailed t-test (a =0.05). Since only one reference site was considered the 

concentration of spores in this location (based on 3 measurements) was compared to ihe 

pooled average concentrations (based on 3 rneasurements at each of 4 locations) and 

variance of the spores in the test facility. 

0prrcztio)icii Schedir le and Efl i ie~ir  Bioaerosols: 

The impact of biofilter operation on arnbient bioaerosols was studied over the 

course of seven weekends following the commissioning of the biofilter. Weekends were 

chosen because ambient spore loads on weekends are less infhenced by building traffic 

and ventilation. Bacteriai and fungal bioaerosol loads were rneasured once Friday 

aftemoons. twice on Saturday and Sunday and once Monday momings. Weekends were 

rrindomly allocated to one of two operational schedules. The biofilter actively circulated 

air only ai night for three weekends, which is consistent with 'limited operation'. On 

weekend allocated to limited operation three fungal and three bacterial samples were 

rneasured frorn the ambient air (5 m from the biofilter). The biofilter was run 

continuously for the remaining four weekends. This was consistent with 'extended 



operation', during this operational schedule three fungal and bacterial measurements were 

taken both in the foyer (5 m from the biofilter) and directly in the biofilter effluent. Data 

was analysed using the proc glm procedure in SAS (Version 8). Differences were 

detected using paired t-tests between operational schedules and between ambient and 

eftluen t bioaerosol concentrations. 

Water samples were collected in sterile polypropylene bottles. Four samplrs were 

collected from the biofilter one from each of: the reservoir, aquatic. terrestrial and bog 

zones. In addition. a sample of moss was rinsed in 250 ml of reverse osmosis water. the 

rinse was included as a fifth sample. Samples were shipped to Pathcon Laboratones 

i Atlanta. Georgia) for analysis and quantification. 

Results and Discussion: 

Impact of Plant Material and Ventilation on Ambient Spore loads: 

The average fungal spore concentration in the test facility was 56 2 1 1 CFU fi-; in 

the period prior to cornmissioning. During and after the commissioning phases the 

average concentrations in the test facility ranged from 18 to 58 CFU m-' (Figure 4. I 1. 

The reference site ranged from 6 to 125 CFU rn') over the same period. Although site 

wiis a significant factor, the reference site was not significantly different from three of the 

4 test sites (see Tables AII. 1 and AII.2 in Appendix II). Furthemore. t-test meauring the 

difference between the pooled test site and the reference site indicated that the test site did 

not exceed the fungal loads of the reference on any sampling days (see Table AII.3 in 



appendix II). 

Four genera of fungi were found in the facility ( Table 4.1). Clndosporilti~i sp. is 

ii common genus of outdoon fungus (Annon., 1995). It is excluded from the guidelines 

bccciuse of its prevalence. Aspergillus sp. and Penicilliunz sp. are genera which include 

se veral common species of fungi. Other genera identified were Ulocladirtrn and 

Ep icoccrun . 

The modular biofilter did not significantly increase the ambient fungal load 

beyond that of a normal building either during the phases of commissioning or during 

biofilter operation. Mouilleseaux and coworkers ( 1994) reported indoor fungal 

concentrations to range from a few units to 700 CFU m", however. buildings typically hüd 

f c w r  thnn 50 CFLJ m'! Darlington et al. (2000) reported a mean value of 1 15 Cn' m*'. in 

similar biofiltration system. 
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Figure 4.1: Average arnbient fungal spore Ioad (CFU m") sampled pnor to and during 
the addition of plants and mosses and with a fully operational biofilter. Samples were 
taken at the test site (4 sites, measured 3 times each), the reference site (measured 3 
times) and in the biofilter effluent (measured 3 times) when operational. Note: * for 
display purposes data collected prior to commissioning was averaged and plotted on day 
264. Data consists of 7 measurements taken between day 208 and 264. 



Table 4.1: Frequency of fungal g e n e n  (CFU rne3 ) in the 4 test locations within the 
SORCAT test hcility. 

Genera 

Aspergillus sp. 

Cladosporiurn sp. 

Uloclndiron sp. 

Epicwccwi sp. 
1 

1 Pcwiciliwz sp. 1 nd 1 19 1 nd 1 19 1 19 

Foyer 

nd 

13 

7 

nd 

Lobby 

7 

56 

19 

nd 

Hall 1 

nd 

181 

25 

nd 

Hall 2 

nd 

38 

13 

13 

Average of 
Detectable Si tes. 

7 

72 k 32.3 

16 4 3.35 

13 



in general bacterial loads exceeded hingal loads in the airspace (Figure 4.2). 

Unlike the analysis of the fungal spore loads, the analysis of variance for the bacterial 

concentrations revealed that there was a significant interaction between sampling site and 

date (ser Tables An.4 and AII.5 in Appendix Ki). Cornparisons between the test and 

reference sites indicated that the test site did not have significantly higher bacterial loads 

than the reference site (see Table AIL6 in Appendix Q. A possible explanation is locally 

higher pockets of bacteria caused by the influx of outdoor air or building occupants. 

Sampling sites close to entrances (Hall 1 and Foyer 1) seemed to be occasionally nffected 

by higher outdoor concentrations. These are also high traffic areas and contamination of 

samples clin not be mled out as a possible explanation. 

Prior to cornmissioning the bacterial load was measured as 322 r 40 C E  m.' in 

the test iücility. During the commissioning phases and operation of the biofilter. the 

bacterial spores ranged from 75 to 535 CFU m" with almost half the readings between 

100 and 200 CFU m-'. Darlington and coworken (Darlington et al.. 2000) reportrd values 

of between 27 and 146 CFUm" at the CLER. There was a general decrease in the 

bacterial load over the course of the experiment. likely the result of a seasonal effect. 

Increased bacterial bioaerosol loads did not correspond to changes in the commissioning 

of the biofilter (see Figure 4.3). 

Health Canada defines colony counts in excess of 500 CFW m" as "high". 

However. Rrponen and coworkers. ( 1992) propose an upper bacterial limit of 5000 CFC 

m.' for subarctic dwellings. Thus, there is considerable variation in the acceptable 

concentration of bacteria indoors. As with fungi, bacteriai counts are thought to be 

inîluenced by outdoor concentrations (Nevalainen et al., 1994: Reponen, 1992). Within 

this analysis, however; the addition of the outdoor concentration did not improve the 

mode 1. 
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Figure 4.2: Average ambient bacterial spore load ( C N  m") pnor to and during biofiltrr 
commissioning with plants and rnosses and with a fully operational biofilter. Sarnples 
were collected in the test facility ( 4 sites sarnpled 3 times each). at the reference facility 
< rneasured 3 times) and in the biofilter effluent (measured 3 times) when operational. 
Note: * for display purposes the average of al1 data collected pnor to commissioning is 
presented as a single point on day 264. Data for this penod consisted of 7 samples taken 
between day 308 and 264. 



Operational Schedule and Efluenr Bioaerosols. 

Higher bacterial and fungal spore concentrations in the exhaust stream of the 

biofilter on day 340 prompted further investigation into the relationship between ambient 

and effluent bioaerosol loads. It should be noted that although concentrations on this diire 

wsre high compared to other measurernents taken in the test site. they were not hish 

compared to workplace safety guidelines (Annon.. 1995). Furthermore, the higher 

rxhaust stream readings on day 340 did not have a measurable impact on the ambirnt air 

i Figure 4. I and 4.2). 

If the biofilter acts as a source of spores the 'extended operation' of the biofiltrr 

would bç cxpected to have a greater impact on spore counts than its 'limited operation'. 

However. no significant differences in fungal or bacterial loads could be detected brrwecn 

the operational schedules (Figures 4.3 and 4.4). Furthemore. during continuous 

oprrrit ion thcre wÿs no signi ficant difference between ambient and exhausr mrnsurernenrs 

i Figures 4.3 and 4.1). If the biofilter was a source of spores. the exhaust stream would 

contain a higher concentrations than the ambient air. 



Extended 
ope ration 

Health Canada safety limit 

Limited 
operation 

I 1 

80 IO0 

Day (julian) 

--e- Ambient air 
* Effluent air 

Figure 1.3: Ambient and exhaust fungal spore concentrations ( C N  m") collected during 
'extended' and 'lirnited' biofilter operation. Exhaust measurements collected during 
cxtended operation only. Al1 values are compared to the Health Canada safety guideline 
of 150 CFU m-'. 
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Figure 4.4: Arnbient and exhaust bacterial spore concentrations (CFU m-') collected 
during 'rxtended' and 'limited' biofilter operation. Exhaust measurements collected 
during extended operation oniy. Al1 values are compared to the Health Canada 
zuideline of 500 CFU m-3. 
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However. the high exhaust concentrations of mould and bacteria on day 340 

(Figures 4.1 and 4.2) indicated that the biofitter may have acted 3s a source of bioareosols 

when the ventilation system was started for the first time. This impact was sort lived 

since funher measurements of the exhaust strearn did not show significantly increased 

concentrations of spores (Figures 4.3 and 4.4). Furthemore. neither the ambient or the 

ex haust measurements exceeded the Health Canada safety yidelines in an y sarnple 

(Annon., 1995). 

Lry ioriella: 

Lrgiorirll~i p~trrimuphila was not detected in this systern under the present 

operating conditions (Table 4.2). The environmental parameters such as water 

temperature and salinity. likely iimited the growth of this pathogen. Legionelln sp. is 

reponed to grow in tap water between 25 and 42 "C, with an optimum growth temperature 

of 37 "C (Morey. 1986). although, it has been reported in water as cold as 6°C (Flirrmans. 

198 1 ). The modular system maintained water temperatures below 20 OC. with an avrriigt- 

temperature of 19.4 k 0.8 OC . Higher temperatures give Legionella sp. a comperitive 

iidvantage allowing it to proliferate to unsafe population levels (Stout. 1985). 

Furthsrmore. the salt content of the rnodular biofilter was rnaintained between 250 and 

400 pS cm-'. The reported electrical conductivity range of the bacterium is betwcen 18 

and 106 pS cm-' (Fliermans, 198 1). Should the environment change in favour of the 

proliferation of Legionella sp.. it is possible that it could survive perhaps even reaching 

epidemic le vels, continued mon1 toring recommended. 



PIanting zone 1 CFU ml" I 

1 Reservoir 1 n/d 1 

Aquatic zone 

Bog Zone 

n/d 

n/d 

Table 4.2: Occurrence of Legionella pneumuphila in the biofilter planting zones. 
Bacterial concentrations marked by n/d were not detectable. 

Terrestriai Zone 

.Mess 

n/d 

nld 



Surnmary and Conclusions: 

A series of expenments were conducted to determine the impact of an indoor air 

biofilter on the indoor bioaerosol load. Bioaerosols were broadly placed into three 

categories: viable fungai spores, bacterial spores and Legionella pnerrmophilcz. Neither 

the viable fungal or the bacterial counts were significantly higher than the reference site. 

Analysis of air from the exhaust Stream indicates no elevation in the bacteria or fungai 

spore loads, nor did it exceed safety recommendation. Similarly. third party analysis of 

Le,qiorlrlla pne~rrrzophila revealed no detectable colony forming units in any of the 

supplied w t e r  samples. The inclusion of a modular biofilter in an office space had no 

ncgcitive impacts on the air quality through the production of bioaerosols. 



CHAPTER 5: REMOVAL OF METHYLETHYLKETONE, TOLUENE AND 
TRICHLOROETHYLENE WITH AN INDOOR AIR BIOFILTER. 

Introduction: 

Research activities at the Canada Life Environmental Room (CLER) have 

denionstratrd that an indoor air biofilter containing tropical plants was capable of 

rc.movin_p common indoor volatile organic compounds (VOCs) thus improving indoor air 

quality (IAQ) (Darlington et al.. 2000: Darlington et al.. in press; Darlington et al.. 1998: 

Dariingron & Dixon. 1999). Previous experiments have indicated that an ecosystem 

containing northem species of higher plants could be established indoors as part of an 

indoor air biofilter (Chapter 3). There was no indication that the modular biofilter 

riegntivel y impacted IAQ through the production of airborne spores (Chapter 4). 

However. it remains unknown whether an indoor biofilter containing northem spscirs of 

hizher plants is able to improve IAQ through the elimination of VOCs. 

It has been previously discussed that the role of higher plants in an indoor air 

biofilter served mainly to enhance the microbial diversity of the system (Chapter 2 ) .  To 

test the efficacy of a northern community of higher plants, this study focused on three 

compounds which have been reported to be removed from biofiltration systems at 

di fferen t rates. Methylethylketone (MEK) is an indoor pollutant that has many sources 

including paints, varnishes and adhesives (Otson & Fellin, 1992; Singh, 1988). It bas 

been reponed to be highly biodegradable in conventional biofiltration systems (Agathos et 

al.. 1997: Deshusses et al., 1995; Deshusses et al., 1996; Wani et al.. 1997). Toluene 
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represents a class of compounds collectively known as BTEX compounds, these include 

benzr ne, toluene. eth ylbenzene and xylenes. BTEX, particularl y toluene, have been w r  11 

studied in conventional biofiltration systems (Ottengraf & van den Oever. 1983; Pedersen 

& Arvin. 1997). Toluene removal was also reported in an indoor air bioiflter. Darlington 

and coworkers ( 1998) report a 50% removal efficiency of toluene at the CLER. Microbiül 

cornmunitirs adapt quickly to metabolize MEK, the acclirnation penod of biofilters to 

MEK has been reported to take approximately 4 days (Deshusses et al.. 1996). 

Acclimation of biofilter to toluene is reported to take 5 to 6 days (Bibeau et al.. 1997 ). 

The third target compound was trichloroethylene (TCE). Chlorinated compounds. 

such as. TCE are typically degraded anaerobically (Devinny et al.. 1999). Non specific 

oxygenitses produced in toluene or phenol metabolism have been reported to aerobically 

degrride TCE. however. such reactions are generally self limiting due to the toxic nature 

of the chernical products (Mars et al.. 1998: Sun & Wood, 1997). The modular biofilter 

includes a bioreactor planted with locally collected bog species designed to create an 

nnaerobic environment where cornpounds such as TCE can be degraded (discussed in 

Chqter 3).  

The objectives of this study were threefold. The first objective was to determine 

whrther the target compounds could be removed with this system. Second. the time 

required for the acclirnation of the biofilter to these compounds will be monitored. The 

acclimation of a biofilter is associated with a penod of increasing performance. Thus. the 

removal efficiency was monitored dunng the preliminary exposure period and quantified 

using isolated moss sarnples to detect acclimation. The final objective was to measwe the 
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impact of flux on the operation of the biofilter by measunng the removal and elimination 

of the targe t compounds under di fferent flux treatments. 

Materials and Meth&: 

Prior to exposing the biofilter to elevated concentrations of MEK. toluene. and 

TCE 40 moss samples (1-2 g fresh weight) were removed from the biofiltrr panels. Mess 

samplcs were divided into two treatments. 'Green' healthy moss was collectrd from the 

surface layer of the biofilter with as much detritus as possible removed. The non-green 

treatment was collected from below the surface layer with as much green moss as possible 

removed. 

Al1 rnoss samples were sealed in 1 L glass bottles (Bernardin Ltd. Toronto. ON) 

rnodified to contain a gas sampling septum. Bottles were injected with 10 ml of a =as 

mixture containing 2062.5 pmol m" of each of the target compounds and mixed 

thoroughly to create a homogeneous mixture of 20.6 pmol rne3 MEK. toluene and TCE in 

the bottle. Samples were drawn from the bottle with a 10 ml glas synnge (Hamilton Co.. 

Reno, NV) and loaded into a gas sampling port (Valco Instrument Co., Houston. TX) 

where 1 ml of gas was automaticdly injected inio the gas chromatograph (GC). Gas was 

analyzed using an SRI mode1 3 10 GC, analytes were separated through a 0.53 mm OD. 30 

m RESTEK MXT - volatiles column and detected using a photoionization detector (PD) 
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set on high gain. The column temperature was 95 O C  with a head pressure of 10 psi. 

Under these conditions the retention times were 1.3, 1.7, and 2.1 minutes for IMEK, TCE 

and toluene respectively. An intemal standard was necessary to account for bottle 

leakage. Thus. TCE was included since it has been shown it to be recalcitrant on this time 

scrile in similar experiments (Llewellyn, 2000). 

Gas samples were drawn from the bottles immediately after treatment, and after 5.  

20.10. 60. 120,240,360 and 480 minutes or until the target compound became 

undrtectciblr. Prior to removing gas samples, the air contents of the bottles were 

thoroughly mixed by purnping the syringe 5 times. Between samples the syringe and the 

sampling port were flushed with carbon filtered room air to prevent cross contamination. 

VOC degradation in the bottles was calculated based on a logarithmic decay curvr. The 

parameter used in analysis was the decay constant, K (s"), which was normalized for the 

moss dry weight (g,,,,,). 

During the preliminary exposure period, the modular biofilter was exposed to rhs 

wrgcr cornpounds on a nightly basis. This period lasted for approximately 14 days. The 

air flux through each biofilter panel was set to a air velocity of approximately 0.05 m s-'. 

The ambient VOC concentrations were increased from O at 16:00 to 2.48 pmol m-' by 

X 0 0  and back to O by 08:ûû. VOC control and monitoring is discussed in Chapter 3. 

Moss sampling was repeated after the 14 day prelirninary exposure period. Data 

wris analyzed as a two factor anova with two levels of exposure and two types of moss. 

Differences between treatment combinations were detected using pair-wise cornparisons 

( S A S  version 6.12). 



Biofilter F Z u  and VOC Removal: 

Four biofilter panels were randomly set to one of three air velocities 

üpproximately. 0.10,0.06 or 0.02 m s", for five days each. The VOC profile remained 

consistent wiih the preliminary exposure period. The removal coefficient (CR) was 

calculated as the dope of the effluent regressed ont0 the influent VOC concentrations. C, 

was colcuiated on a nightly bais for each panel by VOC combination and used as the 

input parnmeter to SAS (release 6.12). Data was analyzed as a completely randomized 

block design using the panels as the blocking factor. Removal was related to the cmpty 

bed retention time (EBRT), and the effluent temperature (ET). using the gIm procedure 

of S A S  (release 6.12). 

Results and Discussion: 

The removal coefficients (CR) of MEK and toluene decreased over the course of 

the preliminary exposure period (Figure 5.1 ). Such a response indicates acclimation. 

.-\cclirnntion has been associated with changes to the microbial population either in 

adaptation of metabolic pathways to utilize the new food source (Swanson & Loehr. 

1997) or increased numbers (Deshusses et al., 1996). Though sparsely removed in the 

initial nights of exposure (RE <0.05), the removal efficiency increased to 25% by day 6 
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Figure 5.1: Acclimation of a typical biofilter panels to repeated nightly exposure of 
methylethylketone, toluene and tnchloroethylene over a 14 day preliminary exposure 
period. Data is prrsented from panel 1. 



and maintained that level of removal for the duration of the preliminary exposure. This 

is typical of reported toluene acclimation penods (Bibeau et al.. 1997; Llewellyn. 2000 1. 

The biofilter showed signs of acclimation to MEK by day 6. which was slightly slower 

than reponed by other authon (Deshusses et al.. 1996; Llewellyn. 3000). MEK removal 

reciched 5 5 8  removal and remained constant there for the duration of the preliminary 

exposure. No signs of acclimation were observed in the removal of TCE. which 

remained near 0% removal for the entire trial. 

Acclimation of the biofilter was also measured through the decay rate of toluenc 

and MEK in sealed bottles by moss samples isolated from the wall. Prior to exposure the 

decay of toluene did not differ from zero in either the green or non-green treatments 

i Figure 5.2).  After the preliminary exposure period there was a significant removal of 

toluene in  both treatments. No difference was detected between moss collected from the 

surface and moss collected below the surface. Based on this, uniform toluene removal 

was expected throughout the biofilter depth. The increased decay rate of toluene in 

seaied septum bottles (Figure 5.2) corresponded with the data collected from the biofilter 

(Figure 5.1 ) in the preliminary exposure penod. 

The decay rate of MEK did not differ significantly between the green and non- 

nrren trentments sampled before exposure (P = 0.2 164) (Figure 5.2), inferring that 
b 

removal of MEK was initially uniform throughout the depth of the biofilter. Post 

cxposure. there was a significant difference between the green and non-green treritments 

i P = 0.0 139). This indicates stratification of the microbial community occurred in the 

moss wiih exposure to MEK. Despite the divergence of the green and non-green 
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Figure 5.2: Logarithmic decay of an initial concentrations of 20.6 pmol m" 
methylethylketone and toluene by green (G) and non-green (NG) moss samples taken 
from the modular biofilter before and after exposure to the iarget compounds. Means 
with the same letter are not significantly different based on pair-wise t-tests (uppercûse 
for toluene and lowercase for M X ) .  



samples over the exposure period, there was no difference in the decay rates over the 

preliminary exposure penod (ie. moss samples taken before exposure did not decay MEK 

fasrer than moss samples taken after exposure ( P = 0.3 145)). 

During the same period the removal of MEK measured through the biofilter 

increased from 25 to more than 50% (Figure 5.1). lncreased removal through the 

biofilter did not correspond to increases in the decay rates measured in the septum 

bottles. Indicating that there may be limitations in relating results of this technique to the 

rrmoval in the biofilter itself. MEK was consumed quickly by the moss samples in the 

bottles. limiting the nurnber of measurements used to calculate the decay. Thus. greatsr 

sampling. particularly in the initial half hour of exposure in the bottles. may greatly 

increue the sensitivity of this technique. This was supponed by the decay rates of 

toluene in the bottles. Slower toluene removal in the sealed bottles allowed a greriter 

number of measurements to be included in the slope estimate. This reduced the variance 

and allowed greater separation of treatments. 

Biofilrer F l ~ r  and VOC Removal: 

Empty bed retention time (EBRT) in industrial biofilters typically ranges from a 

few seconds to a few minutes (Pedenen & Arvin, 1997: Swanson & Loehr, 1997). Due 

to higher air velocities and thinner biofilter, retention through the modular biofilter was 

considernbly less ranging from O. 1 to 0.5 seconds. Retention time is a key factor in the 

complete breakdown of organic compounds in biofilters (Wani et al., 1997). Ottengraf 
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( 1986) indicated that EBRT. along with temperature, were proportional to the natural log 

of the removal coefficient (Equation 1.3). However. the analysis of data collected in this 

rxperiment revealed that temperature was a not a significant factor in removal of MEK or 

toluene (see Tables Am. 1 and AIU.5 in Appendix III). This was not surprising since the 

3 to 4 OC temperature range was very small and the experiment was not designed to 

isolate a temperature effect. The removal coefficients of MEK and toluene were fitted to 

ihe model: InC, = %,,, + B(EBRT) (see Appendix II for ANOVA). MEK and toluene 

removal correlated well with the EBRT with i of 0.75 and 0.82 respectively (Figure 5 . 3 .  

The removal of MEK and toluene through the biofilter increased with increrising 

EB RT. MEK was rernoved most effectively typically ranging from 42% removal at the 

shortcst EBRT to 74% removal at the longest retention tirne(Figure 5.3). At a sirnilar 

range of flux. Darlington and coworkers (2000) report removal efficiencies of between 

30 and 60% for the removal of toluene. These are almost identical to the removal 

sfficiencies measured through panel 3. Other panels showed siightly less toluene 

removal. Panel 1. in particular. showed poor toluene rernoval (Figure 5.3). 

TCE was not removed through the biofilter panels (Figure 5.31. The interactions 

of TCE in the environment are cornplex. It is known to be degraded under anaerobic 

conditions but there is little evidence that it can be degraded aerobically. Alrhough some 

strains of bacteria are capable of aerobic cometabolisrn of TCE in the presence of 

toluene or phenols (Mars et al., 1998), no such rnetabolism could be detected. 



EBRT (s) 

= MEK TCE 

Figure 5.3: The removal coefficient and removd efficiency of methylethylketone. roluenc 
and trichloroethylene versus the empty bed retention tirne of a typical panel. 



The elimination capacities were calculated using equation 1.2, based upon the 

rrmovnl coefficient and EBRT. Since equation 1.2 requires a constant influent 

concentration a theoretical influent concentration of 1.24 pmol m" applied to the 

calculation. This concentration represented the midpoint of the exposure range. The 

elimination capacity of MEK through the biofilter panels ranged from 2.58 x 10 '' to 1-98 

u 10' prnol m'3 h" (Table 5.1). This was lower than the reponed elimination capacities 

for MEK typically measured at much higher influent concentrations and much longer 

EBRTs. In conventional biofilters, elimination capacities are based on higher influent 

ionccntrations. generally ranging from 69.35 x 104 to 4 16.09 x 104 pmol m.' hl. and 

lonscr retention times ranging from tens of seconds to minutes (Deshusses et al.. 1995: 

Dwinny et al.. 1999). The rnodular system was characterized by low influent 

concentrations. 1 2 4  pmol m-' h-' , and short retention times. 0.1 to 0.5 seconds. The 

dimination of MEK increased at shoner retention tirnes indicating that the greatest 

absolute removal of MEK corresponded with the fastest air velocities. 

The toluene elimination capacity was calculated the same way, it ranged From 

3-36 x 10' to 1.43 x 10' pmol m" h" (Table 5.1). Ottengraf and van den Oever ( 1983 ) 

report approximately 11.7 1 x 10' pmol m" h" elimination capacity for toluene at high 

intluent concentrations from 32.56 x 104 to 195.35 x 10' pmol m'3 h" and retention timcs 

between 1 and 7 1 seconds. Concentrations used in this study ranged from O to 2.7 1 pmol 

m". very low by industrial standards. Similar to the results reported for MEK. three of 

the biofilter panels showed an increased elimination at faster retention time. Panel 4. 

however. was characterized by fairly consistent low removal at al1 retention times (Table 
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5.1 ). This panel showed a slight decrease in elimination at short retention times. 

To account for differences in the panels. removal was normalized for EBRT and 

solubility of VOCs using the first order equation. When the EBRT is normalized for 

solubility (equation 1.4), K measures the slope between solubility corrected empty bed 

rrtention time (SCEBRT) and the natural log of the removal coefficient (InC,) (Ottengraf 

8: van den Oever, 1983). There were significant differences between panels when the 

data was fit to the mode1 lnC, = %an,, + K(SCEBRT,,,,). Analysis of variance is 

prcsented in tables Am.7 to Am.12 in Appendix IIi. 

For the removal of MEK. al1 panels had similar slopes of K = 0.02 I SS s-'. 

howrver. panel 2 had a higher intercept value. This was observed by the lower MEK 

diminlition through panel 2 (Table S.?), and may indicate breakthrough. Panel 2 also had 

the shallowest biofilter depth of the panels and substantially Iess coverage than 3 other 

panels. Similarly. al1 panels had the sarne slope in the removal of toluene. K = 0.1555 S .  

, this value is very close to reported values (Darlington et al., in press). Toluene removci 

through panels 2 and 3 were greater than the other panels. likewise they had a lower 

intercept value. 



EBRT m K  MEK Toluene Toluene 

Panel 3 (Highest) 2(Lowest) 3(Highest) -I(Lowest) 

Parameter 

CR 0. 1 0.58 0.68 0.70 0.93 

RE (m 0. 1 42.0 32.3 29.7 7.09 

EC ( pmol m" h") 0.1 2.58 x 10' 1.98 x 1 O4 1.42 x 104 0.34 x 10" 

CR 0.5 0.26 0.30 0.43 0.56 

RE Vd 0.5 74.0 69.6 57.6 44.0 

EC (pmol m" h*') 0.5 0.92 x 10' 0.86 x 1 O4 0.55 x IOJ 0.42 x i04 

Table 5.1: Removal coefficients, removal efficiencies and elimination capacities of 
rnethylethylketone and toluene through the most and least effective panels at a theoretical 
influent concentration of 1.24 pmol mm3. 



Sumrnary and Conclusions: 

Moss samples isolated from the wall prior to exposure significantly reduced 

ambient MEK concentrations in septum jars. No significant difference could be detected 

in MEK degradation between exposure penods by isolated moss samples even though the 

biofilter as a whole exhibited increased removal eficiency. This suggested that the 

septum jar technique or procedure was limited in its ability to reflect the removal of 

contaminanrs through the biofilter. Qualitatively though, this technique may prove useful 

in detecting the initial presence or absence of an active VOC degrading population of 

microbes. 

The elirnination of the target VOCs was lower than values reported for industrial 

biofilters but similar to other indoor air biofilters. The latter is a more appropriate 

comparison since, differences in the inlet concentrations and the retention times between 

indoor air and industrial waste gas may make such a comparison unrealistic. The 

rernoval rate of toluene compares favourably with rates reported from the CLER. 

confiming that a northem community provided suitable ecological infrastructure for 

VOC removal. The greatest rernoval rates of MEK and toluene were observed at the 

longrst retention times. However, gains made by increasing the contact between the 

biofilter and the contaminant Stream were offset by reduced flow rates. The greatest 

elimination of iMEK and toluene was observed at shortest retention times. 



CHAPTER 6: ELIMINATION OF KETONES VVITW AN INDOOR AIR 
BIOFILTER. 

Introduction: 

Previous expenments have indicated that an indoor air biofilter containing 

nonhem species of higher plants and mosses was able to remove some VOCs from the 

ambirnt air (.Chapter 5). without reducing air quality through the production of spores 

(Chaptcr 1). It has been proposed that a diverse community of microbes would be 

capable of degrading low concentrations of ketones (Binot & Paul. 1989). Ketones make 

up a class of compounds common to the indoor environment (Otson & Fellin. 1992) and 

to industrial processes (Otson & Fellin. 1992; WHO, 1998; WHO. IWO). There me 

several sources of ketones indoors. they are a common product of incornpiete combustion 

proccsscs such as wood buming or cigarette smoke and are also emitted from building 

occupants (Otson & Fellin. 1992). Ketones are highly degradable compounds in 

conventional biofiltration systems (Deshusses et al.. 1996). The concentration of ketones 

in an indoor environment (Kostiainen, 1995) is several orders of magnitude less than the 

ketone concentrations treated in industrial biofilters (Deshusses et al., 1996: Hwang, 

1997). Thus. ketones are an ideal class of compounds for elimination through the 

modular biofilter. 

This study focussed on the removal of three ketones through the modular biofilter. 

Acrtone is a very common VOC indoors (Otson & Fellin. 1992). It is used as a solvent in 

industrial processes, volatilises off of building materials, is used as a drying agent in 

paint, vmishes and some cleaning agents and is even exhaied in the breath of building 
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occupants (WHO, 19%). Darlington and CO worken (1999) report successful removal of 

acetone thiaugh the CLER where the removal eficiency ranged from 45% to 801. 

Msthy lisobutylketone (MIBK) is a common indoor contaminant (Kostiainen, 1995: Otson 

6r Fellin. 1992). It is an additive to foods and rnakes up a minor component of paints and 

Iacquers (WHO, 1990). MIBK i s  also produced during the incomplete combustion of 

fossil fuels which often infiltrate the indoor space. It has been studied in industrial 

biofilters where the elimination capacity was 2.99 x 105 pmol m" hm' at influent load of 

3.99 x 10' pmol m-%' retention times between 90 and 180 seconds. Elimination is 

rcduçed to 5.08 n 10' pmol rn" h" in the presence of equal concentrations of 

rnethylethylketone (MEK) (Deshusses et al., 1995) (Deshusses et al.. 1996). 2-penranonr 

(2p1  is ;i common, although less studied, compound which is persistent indoors 

< Kostiainen. 1995). Chemically, it is similar to acetone with one chain lengthened by 7 

carbons. It is also simiiar to MIBK; lacking a carbon side chain. 

The objectives of this study were three fold. The first objective was to test 

whrther the modular biofilter system was able to remove a mixture of ketones from the 

ambient air space. Removal can be rneasured two ways, by measuring the decay of VOCs 

in sealed septum bottles and by measuring the influent and effluent concentrations of 

VOCs as they move through the biofilter. The second objective was to measure the 

impact of the air flow and, thus, empty bed retention time (EBRT) on removal coefficient 

for each of the three ketones. Finally to use the first order relationship (equation 1.3) to 

rneasure and compare the elimination rates between compounds and between panels by 

normalizing panels for the substrate concentration in the biofilten aqueous phase. 



Materials and Methods: 

VOC removal in seafed septzirn bonles: 

The analysis of moss samples followed the procedure outlined in Chapter 5. with 

the following changes. The column temperature was set at 45 "C . the hrad pressure 

rrrnnined constant at 10 psi. Under these conditions the retention times were 1.2. 3.4.4.7 

and 7.8 minutes for acetone. 2-pentanone. MIBK and PCE respectively. PCE replacçd 

TCE as the intemal standard in this analysis, since, it did not CO-elude with other analytes. 

Gas samples were drawn from the bottles immediately after treatment. and again after 10. 

70.10.60. 120,240. 360 and 480 minutes or until the target compounds became non 

detectable. Unlike the procedure outlined in Chapter 5.  10 samples of 'green' and 'non- 

green' moss were taken before and after a initial exposure penod. - 
The ambient VOC profile during the exposure penod remained consistent with 

Chapter 5 with the exception of acetone which increased from O at i6:00 to a maximum 

of 1.95 pmol m-' at ?4:00 and retumed to O by 8:OO. 

VOC removal throrigh the biofilters: 

Generally, the analysis of ketone removal followed the procedure outlines in 

Chapter 5 with the following changes: the VOC profile in the flux expenment was 

identical to the preliminary exposure period and six panels were used in the ketone 



analysis instead of four. 

ResuIts and Discussion: 

\'OC removd il1 sealed septum bortles: 

Bottle experiments were subjected to a 2 x 2 factorial analysis with exposure 

(before versus after acclimation) as one factor and moss type (green versus non-greeen (LI 

the second. All treatment combinations showed some ability to remove al1 thrre ketones 

i Figure 6.1 ) suggesting that there was an inherent ability to removr ketones in this systrm. 

The 'before' exposure decay rates were similar between green and soiled treatmrnts. This 

indicatcd a relatively uniform microbial community through the biofilter depth. 

tncreased rernoval rates on the biofilter surface 'after' acclimation indicated 

greater microbial activity in this region. Moss sampled from below the surface did not 

show the same increase (Figure 6.1). Swanson and Loehr (1997) suggested that rernoval 

gradients through the biofilter may indicate oxygen or nutrient gradients. While this may 
C- 

be true in industrial biofilters which are l - 1.5 m deep, the biofilter panels varied in depth 

from 1 1 to 15 mm and were regularly irrigated with oxygen saturated water. Thus. i r  is 

unlikely that differences in ketone rernoval can be attributed to nutrient or oxygen 

deficiencies at greater depths. Population differences may exist between the surface and 



Treatment corn bination 

Figure 6.1 : Logarithmic decay rate of acetone, Zpentanone and methylisobutylketone b y 
geen and non-green moss samples taken from the modular biofilter before and after 
rxposure to the target compounds. Means with the same letter are not significantly 
different. Acetone is designated upper-case A, B and C. 2P is designated lowercase a. b 
and c. MIBK is designated upper-case D, E and F. 



subsurface of the biofilter. Microbes more able to assimilate ketones will thrive where 

ketone concentrations are greatest, on the biofilter surface. 

W C  Rem ovni tlzroiigh rlre Biofiiter Panels: 

Empirically, the data fi t  well to the first order kinetic model (Ottengraf & van den 

Oever. 1 983) that predicrs a log-linear relationship between the removal coefficient (CR) 

and the retention time (EBRT) (equation 1.3). The removal coefficients for al1 three 

target compounds were fit to the model, inCR= A,, + B(EBRT) + C(ET). Where the 

EBRT is the empty bed retention time (m3,,,,,,,s and ET is the effluent trmprrature 

i 'C) iSre Tables A N .  I to A N . 6  in Appendix N for statistical analysis). Unlikr 

previous experiments (Chapter 5) ketone removal was found to Vary significantly with the 

effluent temperature. a 

The removal coefficient (CR) for al1 three ketones decreased with increasing 

EBRTs (Figure 6.2). This was expected since increased retention time provided _oreriter 

contact between the airstream and the biofilrn. 2-P was removed most rfficiently from rhc 

airstream varying between 34.3 and 78.1 5% removal depending on retention time (Figure 

6.2). The rrmovai of MIBK varied from 19.2 to 61.5% over this range of retention timrs. 

.-\cetone removal was most sensitive to EBRT (Figure 6.3) 28.9 % of the acetone 

concentration was removed at short retention times, 79.3 % at long retention timrs. 



/ 2-Pentanone 
InC, = -0.2852 - 1.8787(EBRT) 1 Acetone 

1 - -  InC, = -0.061 30 - 2.371 9(EBRT) 

1 a MIBK 
1 
l 
I -- InC, = -0.021 49 - 1.4209(EBRT) 

Figure 6.2: Typical removal coefficients and efficiency of 2-pentanone, acerone and 
methylisobutylketone venus empty bed retention time at an average effluent temperature of 
15.6 O C .  Data presented from panel 2. 



The elimination capacity nonnalizes the rernoval coefficient for the volumetric 

tlux and the influent VOC concentration of the biofilter (equation 1 2). Since removal 

coefficients were calculated as slopes. the midpoint of the VOC exposure range was used 

3s the influent in this calculation. Similar to MEK and toluene (Chapter 5) the 

dimination capacities of the ketones were greatest at the shonest retention times (Table 

6.1 ). 

The elimination of MIBK through the modular biofilter ranged from 0.55 x 1 O" ro 

0.69 x 10' pmol m-' h-l. Deshusses and coworkers (1996) report an MlBK elimination 

capxity of 5.08 x 104 pmol m''h'l when a mixture of MIBK and MEK is passed through 

3 biofilter. For a pure Stream of MIBK, they report an elimination capacity as high as 

19.91 .r 1 OJ pmol m" h" (Deshusses et al.. 1995). There are large differences between the 

influent concentrations in this experiment (0.99 pmol rn" ) and the values reponed by 

Deshusses and coworkers (1996) (0.77 x 10' pmol m"). It is not known whether a 

realistic comparison c m  be made between two biofilters operating under such vûstly 

different conditions. Differences the elimination of MIBK through this systern are within 

an order of magnitude of reponed values despite a 3 order of magnitude differencr in 

influent concentrations. 

Acctone has been thoroughly studied in both industrial biofilters (Hwang. 1997) 

and in an indoor air biofilter (Darlington & Dixon, 1999). The CLER had an elimination 

cspacity between 15.49 x 104 and 24.10 x 10J pmol m" h" where influent concentrations 

ranged from 4.48 to 21.38 pmol rn'3 (Darlington & Dixon, 1999). These are similar to 

the resul ts reported here. Hwang and coworkers( 1997) report elirnination capacities 



Table 6.1 : Typical removal coefficients, removal efficiencies and elimination capacities 
of 2-pentanone, 1MIBK and acetone at a theoretical influent concentration of 1-24 pmol m' 
' and a theoretical temperature of 18.6 O C .  

Parameter 

CR 

RE (W 

EC(pmo1 mm' h" ) 

CK 

RE ('W 

EC ( pmol m" h") 

EBRT 

O. 1 

O. 1 

O. 1 

0.4 

0.4 

0.4 

Mentanone 

0.557 

44.27 

2.22 x 104 

0.2 19 

78.1 

0.98 x IO' 

MIB K 

0.808 

19.2 

0.69 x 10' 

0.385 

6 1.45 

0.55 x 10' 

Acetone 

0.7 1 1 

25.9 

3.86 .u 10" 

0.207 

79.3 

0.20 .u 1 O" 



equal to the loading rate for Ioads less than 137.69 pmol m-'h-'. This suggests, full 

removal of acetone at low concentrations. Both the data presented here and the results of 

others (Dariington & Dixon. 1999) dispute their results. 

Thrre was no correlation between effluent temperature and EBRT (i < 0.05) 

( Fisure 6.3). The biofilter temperature varied little over this range of flux. Likewise the 

solubility of VOCs would have varied little. The first order kinetic mode1 (Ottengraf & 

van den Oever. 1983) (equation 1.3) assumes that removal is diffusion limited becausc of 

low influent concentrations. if this assumption is valid. the microbial activity (K)  should 

remain constant over this range of EBRT. In a purely diffusion limited process InC, is 

proportional to the EBRT and the solubility (Equation 1.4). The microbiai rate constiinr 

( K i  .presrnted in Figure 6.4. represents the siope of the relationship between InC, and the 

solubility corrected empty bed retention time (SCEBRT) (Devinny et al.. 1999: Otrrngraf. 

1986). Despite the increased possibility of breakthrough at higher fluxes. there wris a 

oood correlation between InC, and the SCEBRT over the examined range of air flows. 
C 

The ? of Zpentanone, MIBK and acetone were 0.65,0.73 and 0.87 respectively (see 

Tables A N . 7  to AIV. 12 in Appendix N for analysis of variance). 



O 0.1 O .2 0.3 O .4 0.5 
EBRT (m3 biofilter.s/m3 air) 

= Pl =: P2 P3 - P4 P5 * P6 

Figure 6.3: €muent temperature versus empty bed retention time for the different panels. 



Acetone 

MIBK 

Solubility corrected empty bed retention time (m3,,,,,,, s m-',,,) 

Figure 6.4: The negative natural logarithrn of the rernoval coefficients of 2P. acetonr 
and MIBK. expressed as a function of the solubility corrected empty bed retention time 
i m',,,,,,,, s m-',,,). Microbial activity rates are for panel 2 calculated as the slopes of the 
presented lines. 



The elimination parameters for each panel by VOC treatment combination were 

subjected to analysis of variance. Significant differences were detected with pair-wise 

comparisons, and an experiment wise error term. The microbial activity of 2-P did not 

differ between panels, 0.007 18 + 0.00 128 s". The microbid activity of acetone averaged 

0.00272 s" 2 0.000305. There were significant differences between the slopes. panel 1 

was the highest with an activity of 0.00383 s", panel 4 was the lowest with a microbid 

rictivity of 0.00196 s". Significant differences were also found between panels in the 

rcmovnl of MIBK which averaged 0.03 1 I s'l I 0.00576. the microbial activity on this 

compound rringed from 0.0520 s" (panel 5) to 0.0238 (panel 6). The microbial rates 

reportrd here are very similar to the previously reported value of 0.02 18 s" for the 

microbial activity on MEK (Chapter 5). 

Di fferences in microbial activities between panels may reflect di fferences in moss 

coverage and biofilter depth or differences in the degrader cornmunities between pane 1s. 

While some of these variables are accounted for by the SCEBRT tem. it does not account 

for k i r  impact on breakthrough in the system. Incomplete biofilter coverage leads to 

channelization of the waste ;as Stream. In a thin biofilter, gas channels may form 

allowing grü to pass through the biofilter without coming into contact with the biotïlm. 

Some differences in the microbial activities between panels may be the result of 

breakthrough. However, if breakthrough were the only factor differentiating panels. a 

biofilter panel with a high degree of breakthrough for one compounds would have a 

sirnilar breakthrough for al1 compounds. The data presented does not support this. The 

fact that the ranking of microbial activities depends on the compound suggests sorne 



variety in the degradation community. 

Summary and Conclusions: 

.4 complex community of northern temperate and boreal species designed to act as 

a biofilter was able to remove three common ketones present at concentrations thar ranged 

frorn O to 4.95 pmol m". The ketone removal could be described by a log-linear 

relationship betwsen the removal coefficient. the ernpty bed retention time and the 

e fflucnt temperature. The relationship varied between ketones. The removal of 2-P was 

the highest followed by acetone and then MIBK. All three target compounds were 

climinated from the air Stream at rates comparable to other indoor air biofilters and 

industrial biofilters. The elimination capacities ranged from approximately O.? I 10' to 

2.56 x 104 pnol  m-' h-' . Elimination of VOCs was greatest at the shonest retention 

times for al1 three compounds. When removal was normalized for rhe differences in 

EBRT and solubility. MIBK was found to be eliminated in the biofilm most effectively. 

followcd by 2-P and acetone. Variation between panels and between compounds inferred 

that there was some variety between the biofilter panels that could not be accounted for by 

the SCEBRT or by breakthrough. Such variety inferred that a diverse community of 

microbes was present in the system. 



CHAPTER 7: GENERAL CONCLUSIONS. 

A modular biofilter was constructed as a supplementary or alternative means of 

controllhg indoor air quality (IAQ). Tropical plants have been used in other systems as a 

means of removing volatile organic compounds (VOCs) directly from the air through 

sorptivr or metabolic processes or indirectly by supporting a diverse microbial 

community. Examination of the role of higher plants at the Canada Life Environmental 

Room (CLER) found toluene. tetrachloroethylene, ethylbenzene and O-xylene 

accumulated in foliage, however, concentrations were too low to have ri rneaningful 

impact on LAQ. It was concluded that plants in an indoor biofilter serve mainly to 

enhnnce the microbial diversity in the system. 

h potential application of this technology may be in areas where tropical species 

;ire difficult or costly to obtain. Therefore. based on the results from the CLER. it was 

decidrd that the rnodular biofilter would be commissioned with northern species of higher 

plants. The successful incorporation of northem species into an indoor space was not a 

cenainty. However, preliminary survivability trials indicated that some species were 

adaptable to the indoor environment and a stable community of northem plants was 

established indoors. 

The community was evaiuated for its negative impact on MQ through the 

production of airborne spores and the pathogen Legioneila pnerirnophilin. The resuits of 

this series of experiments show no signs that the modular system added to the bacterial or 

funsa1 spore load of the test facility. The airborne pathogen Legionelln pnerimopkilia 



was tested separately, no colonies were detected. On going monitoring of the biofilter for 

bioaerosols and legionella sp. is recomrnended, since, environmental conditions may 

change to encourage the proliferation of these agents. 

The modular system compared favourably with other biofiltration systems in the 

removal of VOCs from the air. Ketones were easily removed in the system. The decay 

rate of ketones in sealed bortles indicated that the majority of the degradation occurred on 

the biofilter surface. The first order kinetic mode1 suggests that contaminant removal 

drcreased exponentiall y with biofilter depth. Demy rates measured in isolated rnoss 

samples support this hypothesis. They also Iend credence to the design of the biofilter. 

which emphasizes surface area as opposed to biofilter depth. Improvernents to biofilter 

design should include a greater surface area. 

Toluene represents a class of moderately biodegradable compounds that have 

been well studied in other biofiltration systems. Toluene removal suggests that the 

modular biofilter would be capable of removing a wide variety of similar compounds. 

XII target compounds were removed with the exception of trichloroethylene 

(TCE). TCE represents a class of compounds that is notoriously difficult to biodegrade 

aerobically. Although the bog zone was included to provide an anaerobic water path 

through the system, its success was questionable. Thus, technical challenges remain in 

the elimination of common persistent compounds such as chlorinated compounds. 

Despite this. a cornmunity of northem plants installed into a modular biofilter was able to 

irnprove [AQ through the removal of VOCs without compromising it through the 

production of airborne spores or pathogens. 



APPENDIX 1: STATISTICAL ANALYSIS RESULTS FOR CHAPTER 2 

Table ALI: Analysis of variance for the decay of 1 part per million by volume of toluene 
in sealed bottles. Treatments included 11 species of tropical plants and blanks as controls. 

Source 

Species 

Error 

AI- 1 

Table AI.2: Analysis of variance for the decay of 1 part per million by volume 
trichloroethylene in sealed bottles. Treatments included 1 1 species of tropical plants and 
blrtnks as controls. 

d f 

12 

36 

P r c i T i  

O. i 848 

Source 

Species 

Error 

Total 

TypeIIiSS 

2880.07 

7527.69 

d f 

12 

36 

48 

MS 

240.0 1 

209.10 

TypelIISS 

1987.57 

4082.29 

6069.87 

F 

1.5 

P r < I T I  

0.3552 
J 

MS 

1 65.63 

1 1  3.40 

F 

1 A6 



Table AI.3a: Analysis of variance for the accumulation of toluene. tnchloroethylene. 
eihylbenzrne and ortho-xylene in the leaf tissue of Rhododendron japoriim. The 
analytical mode1 was log (leaf concentration) = AfVOC +B*Sampling day + C*(VOC x 
S amp l i ng day ) . 

Table .A 1.3b: Student-Newman-Kuels multiple comparison test of statistical differencr 
betwsen the VOC treatment analysed in Table Ai.3a. 

Source 

VOC 

Sampling Day 

VOC x Sampling Day 

Error 

Total 

Table A1.3~:  Student-Newman-Kuels multiple comparison test of statistical differencr 
brtween sampling day treatment analysed in Table AI.3a. 

MS 

61.04 

14.57 

2.0 1 

1 .O6 

VOC 

O-xy Iene 

eth yl benzene 

toluene 

tetrachloroethy lene 

SNK-Grouping 

A 

B 
1 

BC 

C 

df 

3 

5 

13 

58 

79 

Sampling Day 

6 

3 

5 

4 

2 

1 

SNK-Grouping 

.A 

B 

B 

B 

B 

C 

TypemSS 

183.1 1 

72.87 

26.15 

6 1.26 

393.42 

F 

57.79 

13 -80 

t .90 

Mean 

-5.448 1 

-8.6270 

-9.1 136 

-9.6255 

P r c I T I  

~0.000 1 
I 

~0.000 1 

0.0384 

N 

23 

2 1 

19 

17 

Mean 

-5.27 18 

-7.48 14 

-7 .5966 

-7.9556 

-8.4 189 

- 10.3543 

N 

5 

18 

14 

16 

16 

11  



Table A1.4a: Analysis of variance for the sorption of toluene, trichloroethylene, 
ethylbenzene and ortho-xylene in the leaf tissue of Nephrolopis e.rrtltafu. The analytical 
mode1 was log (leaf concentration) = A*VOC +B*Sampling day + C*(VOC x Sampling 

1 Source 

1 VOC 

1 Sarnpling Day 

VOC x Sampling I UV 1 1 5  1 3 Z 0 2  
1 Total 

Table AI.Jb: Student-Newman-Kuels multiple cornparison test of statistical differencr 
between sampling day treatment analysed in Table Ai.4. 

SNK-Grouping 

A 

A 

A B  

A B  

A B 

I B  1-11.3199 1 13 1 1  

Mean 

-7.2570 

-7.886 1 

-8.8847 

-9.020 1 

-9.4908 

N 

7 

13 

6 

15 

14 

Siimpling Day 

6 

3 

5 

4 

2 



Table AI.5a: Analysis of variance for the sorption of toluene. trichloroethylene, 
ethylbenzene and ortho-xylene in the leaf tissue of Dieffenbacia mancrilata. The 
analytical mode1 was log (leaf concentration) = A V O C  +B*Sampling day + C*(VOC x 
Sampling day). 
t 

Source 

VOC 

Sampling Day 

VOC x Sampling 
D ~ Y  

Error 

Total 
i 

Table:AI.Sb Student-Newman-Kuels multiple cornparison test of statistical difference 
betwrrn sampling day treatment analysed in Table MSa.  

SNK-Grouping 

A 

A B  

A B  

B 

B 

C 

df 

3 

5 

15 

58 

79 

Mean 

-5.5330 

-6.8852 

-6.9298 

-7.3263 

-7.7035 

-9.9344 

Type IIISS 

12.14 

2 18.68 

32.03 

117.61 

305.16 

N 

11 

15 

7 

16 

9 

16 

Sampling Day 

3 

4 

5 

2 

6 

I 

P r c I T I  

O. 1749 

~0.000 I 

0.56 12 

: 

- 

MS 

4.04 

25.74 

2.13 

2.35 

F 

1.72 

10.94 

0.9 1 



Table AI.6a: Analysis of variance for the sorption of toluene. trichloroethylene, 
ethylbenzene and ortho-xylene in the leaf tissue of Drucena fragrans. The analytical 
mode1 was log (leaf concentration) = A*VOC +B*Sampling day + C*(VOC x Sarnplin_p 

Table AI.6b: Student-Newman-Kuels multiple cornparison test of statistical difference 
between sampling day treatment analysed in Table AI.6a. 

SNK-Grouping 

A 

A B  

A B  

A B  

B C  
C 

C 

Mean 

-8.1324 

-8.4456 

-8.6395 

-8.6520 

-10,1571 

- 1 1 5034 

N 

15 

14 

17 

18 

3 

1 1  

Sampling Day 

5 

2 

3 

4 

6 

1 



Table AI.7a: Analysis of variance for the sorption of toluene, tnchloroethylene, 
ethylbenzene and ortho-xylene in the leaf tissue of Hendra helir. The analyticai model 
was log (leaf concentration) = AtVOC +B*Sarnpling day + C*(VOC x Sampling day). 

Table hI.7b: Student-Newman-Kuels multiple cornparison test of statistical differencc 
brtween sarnpling day treatment anaiysed in Table Ai.7a. 

Source 

VOC 

Sampling Day 

VOC I Sampling 
Day 

Error 

Tot al 

F 

0.85 

1 1.69 

0.15 

Sampling Day 

4 

5 

3 

2 

6 

1 

SNK-Grouping 

A 

A B  

B C 

B C 

C D  

D 

P r c I T I  
1 

0.4740 

~0.000 1 

0.9997 

I 

df 

3 

5 

13 

5 1 

72 

Mean 

-5.0880 

-5.7327 

-6.7729 

-6.9760 

-8.05 18 

-8.7039 

Type III SS 

4.69 

f 07.82 

3.55 

94.17 

241.47 

N 

20 

10 

13 

9 

5 

16 

MS 

1 .56 

2 1 .56 

0.27 

1.84 



Table AI.8b: Student-Newman-Kuels multiple cornparison test of statistical differencc 
between sampling dav treatments analvsed in Table AI.8a. 

SNK-Grouping 

A 

Mean 

-7 -6765 

N 

6 

Sampling Day 

5 



Table AI.9a: Analysis of variance for the sorption of toluene, trichloroethylene, 
sthylbenzene and ortho-xylene in the leaf tissue of Verissa splendens. The analytical 
mode1 was log (leaf concentration) = A*VOC +B*Sampling day + C*(VOC x Sampling 
dad.  

Source Idf I T ~ ~ ~ I I S S  I M S  
- - 

Sampling Day 1 5 1 132.98 1 26.60 

VOC x Sampling 
Day 1 1 5*35 

Tot al 1 83 1 231.98 1 

Table AI.9b: Student-Newman-Kuels multiple comparison test of statistical differencr 
between VOC treatment anaivsed in Table AI.9a. 

Table A 1 . 9 ~ :  Student-Newman-Kuels multiple comparison test of statistical difference 

SNK-Grouping 

A 

A 

A B  

B 

Mean 

-8.7720 

-9.1064 

-9.358 1 

-10.0512 

between sampling day treatments analysed in Tabie AI.9a. 

N 

23 

23 

20 

19 

SNK-Grouping 

A 

VOC 

ethylbenzenr 

toluene 
A 

tetrachloroethy lsne 

O-x ylene 

r 

N 

18 

Mean 

-8.0982 

Sampling Day 

3 



APPENDIX II: BIOAEROSOL ANALYSIS OF VARIANCE OUTPUTS. 

Table A1I.l: Analysis of variance for the viable fungal spore load dunng biofilter 
commissioning. 
Spore load = A + B*(Site) +C*(Date)+D*(Site*Date)+E*(Outside concentration). 

Table A11.2: Multiple comparisons of the site factor on the viable spore count ( C F C ~ . ' )  
durino biotïlter commission in^. 

Source 

Mode I 

Error 

Site 

Date 

Site*Date 

Outside 

Total 

1 Treatrnçnt by site 1 Mem 1 Leaçt Significant Difference 1 Student-Newman-Kurlhs 1 

df 

30 

56 

4 

6 

19 

1 

56 

Foyer 1 

Foyer 2 

Table AII.3: Students t-values comparing the pooled test facility fungal spore loads to the 
refrrence site spore loads. Significance is based on a two tailed test at a sigificance level 

TypemSS 

56 18 1 .O64 

48027.808 

12292.075 

17333.85 1 

24558.907 

279.484 

104208.87 

Hall 1 

Ha11 2 

of 0.5. The critical t-value is 2.132. 

1 i 

44.49 

40.97 

Sampling date 

MS 

1872.702 

857.639 

3073.0 19 

2888.975 

1292.574 

279.484 

37.5 

17.7 t 

Pooled test facility Reference facility t- value / loaci 1 laad I 

A 

A 

F 

3.18 

3 -5 8 

3.37 

1.51 

0.33 

A 

AB 

AB 

B 

P r > f  

0.0058 

0.0 144 

0.0066 

0.1 188 

0.5704 
I 

AB 

B 



Table AII.3: Analysis of variance for the bacterial spore load during biofilter 
commissioning : 
Spore load = h + B*(Site) +C*(Date)+D*(Site*Date)+E*(Outside concentration). 

Table AII.4: Multiple Cornparison of the site factor on the bacterial biolierosol load 
(CFU m")durins biofilter commissioning. 

Date 

DatexSite 

Ou ts ide 

Total 

Treatrnsnr- 1 Mean 1 Least Significant 
Di fference 

F 

3.87 

- 

MS 

45486.96 

11757.334 

l Student-Newman-Kuelhs 

Pr > f 

<O.OOO 1 I 

! 

Type Di SS 

1364608.8 1 1 

728954.697 

T 

Source 

Mode1 

E rro r 

6 

19 

1 

92 

1 Hall 1 1 306.62 1 A 

d f 

30 

62 

1 Foyer 2 1214.58 1 ABC 1 ABC 

414443.07 18 

532 140.6679 

1396.8652 

3093563.50 

1 Foyer 1 1163.16) BC 

Table AII.3: Students t-values comparing the pooled test facility bacterial spore loads to 
the reference site spore loads. Significance is based on a two tailed test at a significancr 
level of 0.5. The critical t-value is 2.132. 

69073.8453 

28007.4036 

1396.8652 

Sampling date Pooled test facility Reference facility t- value 1 loaci 1 loaci 

5.87 

2.38 

0.12 

<O.OOO 1 

0.0054 

0.73 15 



APPENDIX III: REGRESSION OUTPUTS FOR METHYLETHYLKETONE, 
TOLUENE AND TRICHOROETHYLENE FLUX EXPEFiIMENTS. 

Table A1II.I: Analysis of variance for the removal of methylethylketone. The analytical 

(ET 

+ B*(EBRT) + C(ET). 

Error 

Total 

F 

3.2 1 

164.04 

MS 

0.01812 

0.9247 

Table AIII.2: Regression output for the removal of methylethylketone through a11 
7rinel.s. Parameters are reported for the model CR = & + B*(EBRT). 

Pr>ITI 

0.0299 

0.000 1 

TypemSS 

0.054t 

0.9247 

Source 

Panel 

EBRT 

53 

59 

Table .AIII.3: Analysis of variance for the removd of trichloroethylene. The analytical 
model was CR =&, + B*(EBRT) + C(ET). 

d f 

3 

1 

Parame ter 

4 4 p n c 1 1  

4Apancl2 

A p m e t ~  

Ap,e~.! 

EBRT 
* 

0.3044 

1.295 1 

Standard Error 

-0.09 

1 .O8 

- 1.96 

2.88 

1.25 

Estimate 

0.5043 

0.5397 

0.4528 

0.5068 

-0.9 155 

i 

0.0056 

t value 

0.9309 

0.2868 

0.0552 

0.0057 

0.2 183 

F 

8.28 

1 .24 

32.49 

MS 

0.0 1 O8 

0.00 16 

0.0423 

0.0013 

Pr>ITI  

0.0256 

0.0378 
I 

0.0376 

O. 1759 
t 

0.0 I3 1 

Pr>ITI  

0.000 1 

0.2707 

0.000 1 

I 

Type ENS 

0.0324 

0.0016 

0.0423 

0.0703 

O. 1415 

Source 

Panel 

EBRT 

ET 

Error 

Total 

d f 

3 

1 

1 

54 

59 



Table AIII.4: Regression output for the removal of trichloroethylene through a11 panels. 
Parameters are reponed for the mode1 CR = & + B*(ET). 

Table AIII.5: Analysis of variance for the removal of toluene. The analytical modrl 

Pararne ter 

A p r n r l  i 

Apanc12 

was CR = A,, 

Source 

Panel 

EBRT 

ET 

Error 

Total 

Table AIII.6: Regression output for the removal of toluene through all panels. 
Parameters are reported for the mode1 CR = & + B*(ET). 

t value 

0.0434 

0.0938 

Pr>ITI  

0.0 138 

0.0 134 

Estimate 

1 S764 

1 S253 

h a n e 1 3  1.5152 -2.5 1 
" 

1.548 1 18.3 1 

ET -0.0330 -5.70 

+ B*(EBRT) + C(ET). 

P r > I T I  

0.23 1 

0.0224 

0,0222 

0.1417 

Standard Error 

2.06 

-1.71 

i 
t value 

O. 1547 

O .O00 1 

0.000 1 

0.000 1 

Parame ter 

A p n d  I 

AP,c 

APm13 

*pancl4 

0.0 150 

0.000 1 

0.000 1 

* 

EBRT 

P r> lT I  

0.000 1 

0.000 1 

O. 1 145 
1 

Estimate 

1.1724 

1.1028 

1.0322 

1.2057 

0.0 133 

0.0845 

0.0055 

F 

24.20 

202.24 

2.57 

d f 

3 

1 

1 

54 

59 

Standard 
Error 

- 1.44 

-4.60 

-7.8 1 

8.5 1 

-0.8 19 1 

. 

- 14-22 1 0.0001 1 0.0576 

TypeEiSS 

0.2656 

0.740 1 

0.0094 

O. 1976 

1.2103 

MS 

0.0885 

0.740 1 

0.0094 

0.00366 



Table AIII.7: Analysis of variance for the regression of the natural log of the removal 
coefficient of methylethylketone onto the solubility corrected empty bed retention time. 
The input mode! Ln(C,)= + + B*(SCEBRT). 

Table AIIL9: Analysis of variance for the regression of the natural log of the removal 

Table AIII.8: Regression outputs for the correlation of the natural log of the remova! 
coefficient of methylethylketone ont0 the solubility corrected empty bed retention time. 
The input model Ln(C,) = A,, + B*(SCEBRT). 

Source 

Panel 

SCEBRT 

Error 

Total 

MS 

0.067 1 

4.1849 

0.0227 

Standard Error 

0.0550 

0.0550 

0.0550 

0.052 1 

0.0002 

coefficient of tricholoethylene ont0 the solubility corrected empty bed retention time. The 
input model Ln(C,)= & + B*(SCEBRT). 

df 

3 

1 

55 

59 

Pr > I T I 

0.9594 

0.3026 

0.0648 

0.00 1 

0.000 1 

F 

2.96 

184.72 

TypemSS 

0.20 14 

4.1849 

1.2460 

5.6 154 

T for Ho: 
Parameter = O 

0.05 

-1.04 

1.88 

4.87 

13.59 

Paramete r 

&.i i 

Ap.inell 

X p u  

~ A p n d ~  

SCEBRT 

P r > F  

0.0 192 

O. 1758 
1 

Pr > F 

0.0400 

0.000 1 

Estimate 

0.2565 

O. 1965 

0.3574 

0.2537 

0.0023 

F 

3.59 

1.88 

MS 

0.0069 

0.0036 

0.00 19 

Source 

Panel 

SCEBRT 

Error 

Total 

d l  

3 

1 

55 

59 

Type ï U S S  

0.0206 

0.0036 

O. 105 1 

O. 1284 



Table AIII.lO: Regression outputs for the correlation of the natural log of the removal 
coefficient of trichioroethylene ont0 the solubility corrected empty bed retention time. 

1 SCEBRT 1 0.0001 

The input mode1 Ln(&)= & + B*(SCEBRT). 

Parame ter 

Table AIII.12: Regression outputs for the correlation of the natural log of the rernoval 

Table MII.11:  Analysis of variance for the regression of the natural log of the removiil 
coefficient of toluene ont0 the solubility corrected empty bed retention time. The input 
modci Ln(C,) = A + B*(SCEBRT). 

Estimate 

coefficient of toluene onto the solubility corrected empty bed retention tirne. The input 
inodel Ln(&) = A-, + B*(SCEBRT). 

Pr>ITI T for Ho: 
Pararneter = O 

F 

18.30 

171.55 

MS 

0.1918 

1.7979 

0.0 1 O5 

Standard Error 

Pr > F 

0.000 1 
1 

0.000 i 

Type EISS 

0.5753 

1.7979 

0.5764 

2.830 1 

Source d f 

Standard Error 

0.0374 

O .O3 74 

0.0374 

0.03 54 

0.0035 

Parame ter 

Apci 

Apanci~ 

Apm~, 

&ncli 

SCEBRT 

1 

Panel 

SCEBRT 

Error 

Tot al 

3 

1 

55 

59 

Pr>ITI 

0.00 1 

0.0644 

0.0002 

0.2506 

0.00 1 

Estirnate 

0.0294 

0,1111 

0.2225 

-0.04 1 16 

0.0024 

T for Ho: 
Pararneter = O 

13.10 

1.89 

4.07 

7.04 

-1.16 



APPENDIX IV. REGRESSION OUTPUT'S FOR 2-PENTANONE, ACETONE 
AND METHYLISOBUTYLKETONE FLUX EXPERIkffiNTS. 

Table AIV.2: Regression output for the removal of acetone. Parameters are reportrd for 

Table AIV.l: Analysis of variance output for the removal of 2-pentanone. Panmeters 
are reponed for the mode1 CR =& + B*(EBRT) + C*(ET). 

the mode] CR = A + B*(EBRT) + C*(ET). 
1 

Source 

Panel 

EBRT 

ET 

Error 

Total 

Prirame ter Estimate 

r 

d f 

5 

1 

1 

82 

89 

Standard Error 

MS 

0.08295 

3.40296 

0.08724 

0.02362 

Type ïIï SS 

0.4 1476 

3 A0296 

0.08724 

1.93673 

5.77775 

T for Ho: 
Parameter = O 

Pr>ITI  

F 

3.5 1 

144.08 

3.69 

X p r n e ~  

EBRT 

P r > F  

0.0063 

0.000 1 

0.058 1 

1.205 1 

- 1.8683 

1.66 

- 12.00 

0.10 14 

0.000 1 

0.7274 

O. 1556 



Table AIV.3: Andysis of variance output for the removal of acetone. Parameters are 

- 

1 panel 1 5  1 0.80532 1 0.16 106 

rcported for the mode1 CR = + + B*(EBRT) + C*(ET). 

1 EBRT 

1 Error 1 go 

Source 

1 Total 1 97 

Type ïü SS d f MS 

Table AIV.4: Regression output for the removal of acetone. Parameters are reporred for 
the mode1 CR = .Aw, + B*(EBRT) + C*(ET). 

Standard Error 

0.0409 

0.0402 

0.04 12 

0.0395 

0.0402 

0.3765 

O. 1103 

0.0253 

Pr>ITI  

0.000 1 

0.0 123 

O. 1068 

0.0151 

0.9506 

0.0780 

0.000 1 

0.0392 

P~ir~irne ter 

A p a n c l  i 

A p n . 1 2  
I 

A p a n c 1 3  

Apa"Ci.4 

A p a n e l ~  

A p n c i o  

EBRT 

ET 

Estimate 

1.0176 

0.952 1 

0.7823 

0.75 15 

0.8530 

0.8495 

-2.47 1 3 

-0.05304 

T for Ho: 
Parameter = O 

4.1 1 

2.55 

- 1.63 

-2.48 

0.06 

1.78 

-22.4 1 

-2.09 



Table AIV.5: Analysis of variance output for the removal of methylisobutylketone. 
Parameters are reported for the mode1 CR = & + B*(EBRT) + C*(ET). 

Source 

Panel 

EBRT 

ET 

Error 

TO ta1 

Table AIV.6: Regression output for the rernoval of methylisobutylketone. Parameters 

d f 

5 

1 

1 

84 

9 1 

are reported for the mode1 CR = &g 

Parmeter 

hpmd l 

*Ap.ltlti: 

Apanc l ;  

i A p m A ~  

'pancl5 - 
*panel6 

EBRT 

ET 

+ B*(EBRT) + Ct(ET). 

Type UI SS 

0.3343 

2.1514 

0.0698 

1 .O079 

3.6439 

Estimare 

1 .O 176 

1 .O346 

1.03 19 

0.87 16 

0.9050 

0.9483 

- 1.48 10 

-0.057 1 O 

T for Ho: 
Parameter = O 

4.03 

2.12 

- 1.9 1 

0.68 

4.10 

2.13 

- 13.39 

-2.4 1 

MS 

0.06686 

2.15 14 

0.0698 

1.0079 

Pr>ITl  

0.0456 

0.0365 

0.000 1 

O. 5004 

0.2764 

0.0358 

0,000 1 

0.0 180 

Standard Error 

0,0435 

0.0393 

0.0402 

0.0400 , 

0.0395 

O 4 4 6  

O. 1 1 06 

0.0237 

F 

5.57 

179.30 

5.82 

P r > F  

0.0002 

0.000 1 

0.0 180 



Table AIV.8: Regression outputs for the correlation of the natural log of the removal 
coefficient of 2-pentanone onto the solubility corrected empty bed retention time. The 

Table AIV.7: Andysis of variance for the regression of the natural log of the removal 
coefficient of 2-pentanone onto the solubility corrected empty bed retention time. The 
input mode1 Ln(C,) = &, + B*(SCEBRT) + C*(Panel x SCEBRT). 

Source 

Panel 

SCEBRT 

SCEBRT .u Panel 

Error 

Totai 

input mode1 Ln(C,) = A,, + B*(SCEBRT). 

d f 

5 

1 

5 

74 

85 

Parameter 

%anci i 

'pnci j  

Aprnela  

*Pd 

Aprncl(> 

SCEBRT 

-0.4264 

-0.2483 

-0.1975 

-0.1286 

-0.007 2 

Type m S S  

0.27 1 1 

2.78 15 

0.239 1 

1.8292 

5.3636 

Estimate 

-0.1972 

F 

2.19 

1 12.52 

1.93 

MS 

0.0542 

2.78 15 

0.0478 

1,8292 

P r > I T l  

0.5944 

T for Ho: 
Parameter = O 

-0.53 

-2.80 

-0.85 

-0.58 

-1.65 

-5.60 

Pr > F 

0.0639 

0.000 1 

0.0987 

Standard Error 

O. 1285 

0.0065 

0.4002 

0.5655 

O. 1 024 

0.000 1 

O. 1 064 

0.1415 

O. 1 194 

0.0777 

0.00 13 



Table AIV.9: Analysis of variance for the regression of the natural log of the removal 
coefficient of acetone ont0 the solubility corrected empty bed retention time. The input 
nodel Ln(C,) = ka,, + B*(SCEBRT) + C*(Panel x SCEBRT). 

Table AIV.10: Regression outputs for the correlation of the natural log of the removal 
coefficient of acetone onto the solubility corrected empty bed retention time. The input 

Source 

Panel 

SCEBRT 

SCEBRT .u Panel 

Error 

Tot al 

r 

d f 

5 

1 

5 

78 

89 

TypelIISS 

0.1379 

5 .O906 

0.3035 

0.9790 

7.6 190 

F 

2.20 

405.5 8 

4.84 

MS 

0.0275 

5.0906 

0.0607 

1.8292 

mode1 Ln(C,) = 

Parameter 

Apane I 1 

* A p . m c  

Xpanci, 

XpaneU 

'pannci~ 

Apanci<l 

SCEBRTp,,!, 

S CEB RTp,n,,2 

SCEB RT,,,,, 

S CEB RT,,n,14 

SCEBRTpmd, 

, SCEBRTp,&5 

Pr > F 

0.0629 

0.000 1 

O .O007 
1 

T for Ho: 
Parameter = O 

-0.02 

-0.18 

- 1.87 

0.54 

1.45 

- 1.65 

2.2 1 

1.64 

1.26 

- 1.57 

- 1 .90 

-9.15 

A,, + B*(SCEBRTL. 

Estimate 

-0.097 15 

-0.1 145 

-0.238 1 

-0.0470 

0.0 165 

-0.0984 

-0.0020 

-0.002 1 

-0.0023 

-0.0037 

-0.00383 

-0.00279 

P r > I T I  

0.9880 

0.8555 

0.0657 

0.5927 

O. 152 1 

O. 1024 

0.0302 

O. 1058 

0.2 106 

O. 1205 

0.0607 

0.000 1 

Standard Error 

O. 1285 

0.11 1 1  

O. 1 064 

0.1415 

O. 1 194 

0.0777 

0.0004 

0.0004 

0.0003 

0.0005 

0.0005 

0.0003 



Table AIV.11: Analysis of variance for the regression of the natural log of the removal 
coefficient of methylisobutylketone onto the solubility corrected empty bed retention 
tirne. The input model Ln(C,) = & + B*(SCEBRT)+ C*(Panel x SCEE 

Table AIV.12: Regression outputs for the correlation of the natunl log of the rernoval 
coefficient of methylisobutylketone ont0 the solubility corrected empty bed retention 

Source 

Panel 

SCEBRT 

SCEBRTxPanel 

Error 

1 Total 

df 

5 

1 

5 

78 

I 89 

Type Uï SS 

0.1 197 

1.8238 

0.151 1 

0.9776 

I 3.6959 

rime. The input 

Parameter 

'panci 1 

hp;inei2 

Aprnclj 

'p3ncl.i 

'panel5 

"panc16 

SCEBRTpnd I 

SCEBRT,,n,i2 

SCEBRTpanci, 

SCEBRTpmi, 

SCEBRTPaml5 

SCEB RT,,,,16 

mode1 Ln(C,) = Aru 

Estimate 

-0,9949 

-0.0596 

-0.20 13 

0.0 128 

0.0058 

-0.146 I 

-0.024 1 

-0.0353 

-0.0267 

-0.04358 

-0.052 1 

-0.023 8 

MS 

0.0239 

1.8238 

0.0302 

0.0 f 25 

I 

I 

+ B*(SCEBRT)m,. 

T for Ho: 
Parameter = O 

-0.02 

-0.1 8 

-1.87 

0.54 

1.45 

- 1.65 

-0.04 

-0.14 

-0.42 

-1.40 

-2.82 

-4.14 

F 

1.91 

145.5 1 

2.4 1 

I 

- 

Pr>ITI 

0.9880 

0.8555 

0.0657 

0.5927 

0.1521 

O. 1024 

0.9642 

0.8879 

0.6747 

O. 1664 

0.0055 

0.000 1 

Standard Error 

0.0760 

0.0933 

0.0770 

0.0969 

0.08 18 

0.0549 

0.0073 

0.008 1 

0.0070 

0.0 t 10 

0.0099 

0.0058 
- 
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