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ABSTRACT

Urban indoor air quality (IAQ) is an international health issue, since city dwellers spend 90% of their time indoors. Research by a number of authors is reviewed here, demonstrating a range of capacities of indoor plants to improve IAQ and promote occupant wellbeing. Our laboratory studies, with nine ‘indoor plant’ species, and our ‘field’ studies in 60 offices, show that potted-plants can reliably reduce total volatile organic compound (TVOC) loads, a major class of indoor pollutants, by 75%, to below 100 ppb. They work equally well with or without air-conditioning, and in light or dark. An evaluation of these studies is presented, plus novel research showing that potted-plants can also remove indoor CO and, sometimes, CO2. The evidence overall clearly shows that the potted-plant microcosm represents an innovative technology for solving indoor air pollution, which can otherwise cause a range of adverse health effects, including ‘building-related illness’. This portable, flexible, attractive, low-cost technology can complement any engineering measures and can be used in any building. To ensure sustainability of the urban environment, satisfying the ‘triple bottom line’ of environmental, social and economic considerations, indoor plants can be expected to become standard technology for improving IAQ - a vital building installation element.
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INTRODUCTION

Urban air pollution, mainly emanating from fossil fuel combustion, is an international health problem. For example, in Australia (as in most developed countries) about 80% of people live in urban areas, where, for example in Sydney alone, air pollution causes an estimated 2,400 deaths p.a. (NSW EPA 2006). In addition, urban dwellers spend about 90% of our time indoors (at home, school or office) (Cavallo et al. 1997; US EPA 2000; Environment Australia (EA) 2003) where air pollution is typically even higher than outdoors (Brown 1997; Smith 1997; EA 2003). The outdoor-derived load of NOx, SOx, CO2, CO, organics, particulates etc. diffuses indoors, where it is augmented by indoor-derived contaminants, mainly volatile organic compounds (VOCs), outgassing from other petroleum-based products, such as ‘synthetics’ in furnishings, detergents, paints, printers, ‘air fresheners’ and the like. The chemical mixtures, even at imperceptible levels, can cause ‘building-related illness’ and symptoms of headache, sore eyes, nose and throat, or nausea (Carrer et al. 1999; World Health Organisation ______________________________
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(WHO) 2000; Mølhave and Krzyzanowski 2003). Dust, moulds and flueless gas appliance emissions can add to pollution loads.

As outlined below, indoor potted-plants have been shown to remove most types of air-borne pollutants arising from either outdoor or indoor sources. Studies have also shown that, where indoor plants have been installed, staff wellbeing is improved with sick-leave absences reduced by over 60% (Fjeld 2002; Bergs 2002). The aims of this paper are to provide a review of research on indoor plants to improve IAQ, to outline findings of our own studies, and to present new data that further demonstrate the ability of potted-plants to remove indoor air pollutants and enhance IAQ.

Potted-plants improve a number of aspects of IAQ

Yoneyama et al. (2002) reviewed absorption and metabolism of NO2 and NH3 in 220 species (sun- and shade-loving plants, the latter of which can be used indoors). In a UK study of homes with flueless gas appliances, Coward et al. (1996) found that houses with six or more potted-plants showed reductions of over one third in NO2 levels. In 1999, Lee and Sim, in a study of Korean species, showed that indoor plants absorb and metabolise SO2. In the USA, Lohr and Pearson-Mims (1996) showed that indoor plants significantly reduce dust (particulate) levels. In a study by Costa and James (1999), it was found that potted-plants also reduce indoor noise levels. The pioneering screening studies on indoor-air VOC removal by Wolverton and colleagues (1989; 1991; 1993) showed reductions in VOC levels with over 50 species. Wolverton suggested that both plants and potting-mix microorganisms could be involved in the process. Following the work of Wolverton et al., we conducted detailed bench-top test-chamber investigations on VOC removal by potted-plants, initially using seven ‘international’ species. We then conducted a ‘real-world’ study of potted-plants to enhance IAQ, using 60 offices and three planting regimes, and we recently completed laboratory trials with two previously untested species. The results of all these studies, summarised below, amply demonstrate the ability of indoor potted-plants to eliminate indoor VOC loads, and mechanisms involved. 

LABORATORY STUDIES OF POTTED-PLANT VOC REMOVAL

The seven species we originally tested were the commonly used, ‘international species’ Spathiphyllum ‘Petite’ (Peace Lily), S. ‘Sensation’, Dracaena ‘Janet Craig’, D. marginata, Howea forsteriana (Kentia palm), Epipremnum aureum (Pothos, Devil’s Ivy) and Schefflera ‘Amate’ (Dwarf Queensland Umbrella Tree) (Tarran et al. 2002; Wood et al. 2002; Orwell et al. 2004). Four VOCs were tested: benzene, toluene and xylene (three of the ‘BTEX’ ‘dirty four’ outdoor-derived organics, known or suspected carcinogens, but also used indoors as solvents) plus n-hexane. An initial dose of up to 100 or 150 ppm of the VOC was injected into the test chambers (vol. 216 L; described below) followed by daily top-up (or doubled) doses, over two to four weeks. These dosages are from 2 to 10 times higher than the Australian maximum allowable 8-h averaged occupational exposure concentrations (ASCC 2006). The potted-plants proved highly effective in eliminating the VOCs, as follows: (a) after the initial dose, removal rates gradually rose, over four or five days, to more than 10 times initial rates; (b) once stimulated (‘induced’), the potted-plant microcosm (PPM) eliminated daily top-up doses within about 24 hours; (c) when the dose was doubled, removal rates rose to meet it; (d) low, residual concentrations were also removed, effectively to zero (i.e. below detection limits of gas chromatography (GC)); (e) rates remained unchanged in light or dark (day/night, 24/7); and (f) finally, removal rates remained unchanged (in the short term) when plants were removed and potting-mix in pots replaced in the chambers. Findings (e) and (f) pointed to soil microorganisms being the primary agents of VOC removal, and this was confirmed by microbiological testing. The normal role of these microorganisms is breaking down soil organic matter. The role of the plants here is nourishing their species-specific root-zone microbial communities. This symbiotic microcosm relationship is a universal feature of plant-and-soil interactions. Soil microorganisms are known to break down liquid petroleum, so are used in bioremediation of spills. However, this was the first demonstration of removal of gaseous-phase VOCs by in situ soil microorganisms. These studies showed that the PPM represents a self-regulating biofilter and phytoremediation unit of indoor air.

POTTED-PLANT VOC REDUCTION IN THE ‘REAL-WORLD’ - OFFICE STUDY

How many plants would make a difference to IAQ in the real-world? To start to answer this, we sampled the effects of indoor plants on total VOC (TVOC) loads in 60 single-occupant offices (12 per treatment), over two 5- to 9-week periods, in three buildings (two air-conditioned, one naturally ventilated) (Burchett et al. 2005; Wood et al. 2006). Three planting regimes were used, plus reference offices, as follows: (a) 3; or (b) 6, floor specimens of Dracaena ‘Janet Craig’ (300 mm diam. pots); or (c) 6 mixed ‘table-sized’ specimens comprising 5 Spathiphyllum ‘Sweet Chico’ plus 1 Dracaena ‘Janet Craig’ (200 mm pots). We found that: (i) ambient indoor TVOC loads ranged from ~80-400 ppb; (ii) whenever levels rose above ~100 ppb, any of the three plantings reduced loads by up to 75%, to ~60 ppb (always below 100 ppb again); and (iii) the plantings were equally effective with or without air-conditioning. The results demonstrate that the PPM works very effectively in the real world, being induced to respond by TVOC loads above ~100 ppb, reducing them down to below 100 ppb once more (very clean air). Since the three plantings worked equally well, it means that the smallest was still more than enough for this air-cleansing purpose. Subsequent laboratory trials (Orwell et al. 2006) confirmed the graded induction of VOC removal from a low threshold in the range encountered in the office air and, from there, to meet tested concentrations of up to 500 times as high (to 100 ppm). One of our current research directions is to determine the minimum amount of potted-plant material needed for this VOC removal. 

INDUCTION OF VOC REMOVAL IN TWO UNTESTED PLANT SPECIES

The main aim of this more recent test-chamber study was to compare VOC removal capacities in two untested species - Aglaonema modestum and Zamioculcas zamiifolia. A second aim was to examine whether removal rates with either species could be correlated with any plant or potting-mix attribute. 

Materials and methods

Plants in 200 mm pots were used (Tropical Plant Rentals, Sydney). Plant and potting-mix variables were analysed to provide alternative bases of comparison of removal rates: leaf area, and fresh and dry weights of shoots, roots and potting-mix. Benzene was used as the test VOC. Six replicate perspex test chambers were used (0.6 x 0.6 x 0.6 m) as described in previous studies (e.g. Orwell et al. 2006). Pots were first watered to saturation, drained for 1 h and placed in chambers, and an initial dose of 25 ppm benzene was injected. Benzene vapour concentrations in the chamber air were sampled (using a 1.0 mL syringe) at hourly or daily intervals, as required, using a GC. Leak tests were carried out before and after experiments to ensure that benzene removal was solely related to the PPM. Three sets of data were collected for each species: (a) induction removal rate: time taken for the PPM to be stimulated to heightened activity and removal of initial dose - typically several days to one week; (b) secondary removal rate: time taken to remove a second, top-up dose; generally some days shorter than induction period; and (c) maximum removal rate: our previous results had shown that maximum removal rates are normally achieved after the removal of the second dose, so, in these trials, removal of the 3rd dose was taken to represent maximum removal rate.

Results

Benzene removal rates with the two species are shown in Figure 1. The Zamioculcas and Aglaonema showed similar patterns of induction of a stimulated VOC removal with the first dose, and, by the third dose, each removed the high benzene dose effectively to zero in less than 48 h. These results show a similar pattern to those of the seven species previously tested.
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Figure 1. Removal of benzene from test-chamber air by potted Zamioculcas zamiifolia and Aglaonema modestum, challenged with three consecutive doses of 25 ppm benzene (means ± SE; n=6).

Plant and potting-mix parameters of the two species are shown in Table 1. The Zamioculcas had 70% more leaf area and larger root and shoot weights than Aglaonema. The potting-mix of Aglaonema had a greater water-holding capacity than that of Zamioculcas. 

Table 1. Plant and potting-mix variables in two test species (means ± SE; n=6).

	Plant or Potting-Mix Property
	Aglaonema
	Zamioculcas

	Shoots
	Leaf area (cm2)
	2256 ± 588
	3861 ± 81

	
	Wet weight (g)
	229 ± 43
	1149 ± 63

	
	Dry weight (g)
	22.8 ± 4.6
	66.0 ± 1.6

	
	Water content (%)
	90
	94

	Roots
	Wet weight (g)
	155 ± 11
	781 ± 60

	
	Dry weight (dwt) (g)
	13.8 ± 2.1
	80.4 ± 4.6

	
	Shoot/root (dwt ratio)
	1.7
	0.8

	Potting-mix
	Wet weight (g)
	2313 ± 289
	2649 ± 115

	
	Dry weight (g)
	876 ± 14
	2191 ± 93

	
	Pot volume (incl. root mass) (cm3)
	4360
	4206


Table 2 presents the results of the maximum benzene removal rates on the basis of alternative parameters. There were no correlations found between removal rates per pot and any plant attribute per se. However, hourly removal rates per kg wet weight of potting-mix were equal, which is consistent with the potting-mix microorganisms being the main VOC removal agents. Rates per kg dry weight of potting-mix were different, however, suggesting that it is the water-holding matrix that is important for the microorganisms functioning in VOC removal. The findings contribute to the body of evidence showing that the PPM of any species can be expected to have a capacity for VOC removal.

Table 2. Averaged hourly, fully induced benzene removal rates (ppm/h) in two test 

species, expressed on basis of alternative pot-plant parameters.

	Rates of removal(ppm/h) / Property
	Aglaonema
	Zamioculcas

	Per pot (as indicated in Fig. 1, after day 20)
	0.5 
	0.5

	Shoots
	Leaf area (/m2)
	2.2
	1.3

	
	Wet weight (/kg)
	2.1
	0.4

	
	Dry weight (/kg)
	22
	7.5

	Roots
	Wet weight (/kg)
	156
	0.64

	
	Dry weight (g)
	36
	6.3

	Potting-mix
	Wet weight (/kg)
	0.2
	0.2

	
	Dry weight (/kg)
	0.6
	0.2


EFFECTS OF POTTED-PLANTS ON CO2 AND CO LEVELS IN OFFICES

With adequate lighting, green plants photosynthesise and, in the process, refresh air in two ways - absorbing CO2, and releasing equimolecular concentrations of O2 as a by-product. There has been no research on the ability of indoor plants to refresh air via this gas exchange. However, it is recognised that the main purpose of ventilation is not so much to replenish O2 as to remove CO2 (Höppe and Martinac 1998). Studies have shown that student performance declines with increasing CO2 (Shaughnessy et al. 2006), as does workplace productivity (Seppänen et al. 2006). Carbon monoxide is a very much more toxic fuel combustion product. However, plants and some soil bacteria consume CO. In plants, CO can stimulate root growth and seed germination and alleviate salt stress (Dekker and Hargrove 2002; Huang et al. 2006; Xu et al. 2006; Liu et al. 2007). Bacteria can use it as a nutrient (King and Crosby 2002; King 2007) and in normal metabolic redox processes (Tolli and King 2005; Chan and Steudler 2006). There has also been no previous research on effects of indoor plants on CO levels. Therefore, along with our studies on potted-plants to reduce office TVOC levels (discussed above), we also sampled CO2 and CO levels in two sets of 12 offices. The results of this preliminary study are presented below.

Methods

The study was conducted May–October (winter/spring; outdoor max. temp. range 17-21oC). The offices had areas of 10-12 m2 (vol. 30-50 m3). One building was air-conditioned, offices being supplied with 6-8 air changes h-1, with 10-15% external air input. The other building was not air-conditioned; windows were frequently closed and flueless gas heaters were intermittently used. Weekly 5-min samplings of CO2 and CO were made in all offices, over two 9-week periods, each comprising ten 30-sec readings taken from all parts of the office, using a Portable IAQ-Calc Indoor Air Quality Meter (TSI Inc., MN, USA). In each building, 6 offices were unplanted (reference), and 6 supplied with three floor-specimens of Dracaena ‘Janet Craig’ (300 mm pots).

Results

Combined results for levels of CO2 and CO in offices, with and without plants, are shown in Table 3. We found that potted-plant presence was associated with significant reductions in both CO2 and CO concentrations (P<0.004) in offices without air-conditioning. In the presence of plants, CO2 levels were reduced by about 10% in offices in the air-conditioned building, and by about 25% in the naturally ventilated building. We are investigating factors of lighting, plant placement and species differences that may render the PPM more effective in CO2 reduction. The CO concentrations were greatly reduced with plant presence, with or without air-conditioning, down to about 8-14% of those in unplanted offices (Table 3). We are further researching this impressive phenomenon, including the relative roles of plant and potting-mix microorganisms in the removal.

Table 3. Effects of three potted-plants (floor specimens of Dracaena ‘Janet Craig’) on levels of CO2 and CO (ppm) in office air, in an air-conditioned and a naturally ventilated building (n>50 offices / treatment).

	Air conditioning
	No. of plants
	Mean [CO2] ± SE (ppm)
	Mean [CO] ± SE (ppm)

	Yes
	0
	409 ± 6.2
	0.225 ± 0.035

	Yes
	3
	366 ± 7.3
	0.017 ± 0.008

	No
	0
	386 ± 17
	0.071 ± 0.024

	No
	3
	290 ± 15
	0.010 ± 0.005


CONCLUSIONS

	Air conditioning
	No. of plants
	Mean [CO2] ± SE (ppm)
	Removal %
	Mean [CO] ± SE (ppm)
	Removal %

	Yes
	0
	409 ± 6.2
	
	0.225 ± 0.035
	

	Yes
	3
	366 ± 7.3
	10
	0.017 ± 0.008
	92

	No
	0
	386 ± 17
	
	0.071 ± 0.024
	

	No
	3
	290 ± 15
	25
	0.010 ± 0.005
	86


Together, the numerous studies reported here, from both our own research and a number of different sources around the world, show conclusively that the potted-plant microcosm (PPM) can greatly improve IAQ by removing many major pollutants. Thus the PPM represents an adaptive, self-regulating, portable, flexible, low-cost, sustainable and beautiful biofiltration and bioremediation system for IAQ. This innovative technology can complement any engineering measures and can be used in any building. To ensure sustainability of the urban environment, satisfying the ‘triple bottom line’ of environmental, social and economic considerations, it is expected that indoor plants will become standard technology - a vital building installation element, for improving IAQ. 
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		2		2		3		2220		2200		1.5		4.6080162776				6.2624587283		1.6544424508		1.169867476				2		2		4		2252		2300		1.6		12.767676799

		2		2		6		2880		2900		2.0		8.9341238431												2		2		5		2261		2300		1.6		6.8780796564

		2		2		7		2880		2900		2.0		14.6891357498				11.8116297965		2.8775059533		2.0347039725				2		2		6		2269		2300		1.6		5.1217105748		8.2558223434		3.2699471004		1.8879048386

		3		3		6		4320		4300		3.0		0												2		2		6		2880		2900		2.0		31.0847192591

		3		3		7		4320		4300		3.0		4.1502715652				2.0751357826		2.0751357826		1.4673425838				2		2		7		2880		2900		2.0		11.2241753389		21.154447299		9.9302719601		7.021762642

		6		6		2		8566		8600		6.0		4.6052763152												3		3		6		4320		4300		3.0		4.5618343881

		6		6		3		8574		8600		6.0		3.0529057126				3.8290910139		0.7761853013		0.54884589				3		3		7		4320		4300		3.0		0.9723280872		2.7670812377		1.7947531505		1.2690821232

																										6		6		4		8583		8600		6.0		0.342840142

		6		0		2		0		0		0.0		100												6		6		5		8593		8600		6.0		0.1610434978

		6		0		3		0		0		0.0		100												6		6		6		8601		8600		6.0		0.4333541134		0.3124125844		0.1132332255		0.0653752332

		3		0		6		0		0		0.0		100

		3		0		7		0		0		0.0		100				100		0		0				6		0		4		0		0		0.0		100

		5		2		6		2880		2900		2.0		3.996060576												6		0		5		0		0		0.0		100

		5		2		7		2880		2900		2.0		0.0281193137				2.0120899448		1.9839706312		1.402879087				6		0		6		0		0		0.0		100

		6		3		6		4320		4300		3.0		0.5637572248												3		0		6		0		0		0.0		100

		6		3		7		4320		4300		3.0		0.8353200529												3		0		7		0		0		0.0		100		100		0		0

		9		3		2		4526		4500		3.1		0.4407470817												5		2		6		2880		2900		2.0		5.7908378075

		9		3		3		4534		4500		3.1		3.3264754692				1.2915749571		1.1834922219		0.5917461109				5		2		7		2880		2900		2.0		5.7580389948		5.7744384012		0.0163994063		0.0115961314

		13		7		2		10006		10000		6.9		0												6		3		6		4320		4300		3.0		0.1565292502

		13		7		3		10006		10000		6.9		0				0		0		0				6		3		7		4320		4300		3.0		0.3784784575

																										9		3		4		4547		4500		3.1		1.1924766094

		6		0		6		0		0		0.0		100												9		3		5		4555		4600		3.2		0.6310924521

		6		0		7		0		0		0.0		100												9		3		6		4570		4600		3.2		0.6325002854		0.5982154109		0.3460559833		0.1547609405

		13		0		2		0		0		0.0		100												13		7		4		10006		10000		6.9		0

		13		0		3		0		0		0.0		100				100		0		0				13		7		5		10006		10000		6.9		0

		13		0		2		196		200		0.1		94.0415546251												13		7		6		10006		10000		6.9		0		0		0		0

		13		0		3		204		200		0.1		99.5385591292				96.7900568772		2.748502252		1.9434845805

		13		0		2		258		300		0.2		90.9400075606												13		0		4		0		0		0.0		100

		13		0		3		267		300		0.2		90.7320825335				90.836045047		0.1039625135		0.0735125983				13		0		5		0		0		0.0		100

		8		2		6		2880		2900		2.0		0.5637572248												13		0		6		0		0		0.0		100

		8		2		7		2880		2900		2.0		0.8353200529				0.6995386388		0.135781414		0.0960119586				6		0		6		0		0		0.0		100

		16		3		2		4212		4200		2.9		1.2075520146												6		0		7		0		0		0.0		100		100		0		0

		16		3		3		4220		4200		2.9		1.9169572175				1.562254616		0.3547026014		0.2508126148				13		0		4		211		200		0.1		93.1339094386

																										13		0		5		230		200		0.1		92.4584318437

																										13		0		6		244		200		0.1		96.3188804376		93.97040724		1.6833621645		0.9718895988

																										13		0		4		275		300		0.2		91.2853375083

																										13		0		5		285		300		0.2		90.123724748

																										13		0		6		299		300		0.2		100		93.8030207521		4.4075125185		2.544678539

																										8		2		6		2880		2900		2.0		0.1565292502

																										8		2		7		2880		2900		2.0		0.3784784575		0.2675038539		0.1109746037		0.0784708948

																										16		3		4		4229		4200		2.9		0.7398855402

																										16		3		5		4237		4200		2.9		0.4219474697

																										16		3		6		4256		4300		3.0		0.962568366		0.708133792		0.2218465964		0.1280831922





BIG AND SMALL

		

		day		Day		Zamioculculas		sem		Aglonema		sem

		0.0		0.0		100		0		100		0

		1.0		1.0		64.4429642151		0.5732059622		55.658045547		9.2349548191

		1.5		1.5		6.2624587283		1.169867476		8.2558223434		1.8879048386

		2.0		2.0		11.8116297965		2.0347039725		21.154447299		7.021762642

		3.0		3.0		2.0751357826		1.4673425838		2.7670812377		1.2690821232

		6.0		6.0		3.8290910139		0.54884589		0.3124125844		0.0653752332

		0.0		6.0		100		0		100		0

		2.0		8.0		2.0120899448		1.402879087		5.7744384012		0.0115961314

		3.1		9.1		1.2915749571		0.5917461109		0.5982154109		0.1547609405

		6.9		12.9		0		0		0		0

		0.0		12.9		100		0		100		0

		0.1		13.0		96.7900568772		1.9434845805		93.97040724		0.9718895988

		0.2		13.1		90.836045047		0.0735125983		93.8030207521		2.544678539

		2.0		14.9		0.6995386388		0.0960119586		0.2675038539		0.0784708948

		2.9		15.8		1.562254616		0.2508126148		0.708133792		0.1280831922





BIG AND SMALL

		0		0		0		0		0		0

		0.9722222222		0.9722222222		9.2349548191		9.2349548191		0.5732059622		0.5732059622

		1.5277777778		1.5277777778		1.8879048386		1.8879048386		1.169867476		1.169867476

		2.0138888889		2.0138888889		7.021762642		7.021762642		2.0347039725		2.0347039725

		2.9861111111		2.9861111111		1.2690821232		1.2690821232		1.4673425838		1.4673425838

		6		6		0.0653752332		0.0653752332		0.54884589		0.54884589

		6		6		0		0		0		0

		8.0138888889		8.0138888889		0.0115961314		0.0115961314		1.402879087		1.402879087

		9.125		9.125		0.1547609405		0.1547609405		0.5917461109		0.5917461109

		12.9444444444		12.9444444444		0		0		0		0

		12.9		12.9		0		0		0		0

		13.0388888889		13.0388888889		0.9718895988		0.9718895988		1.9434845805		1.9434845805

		13.1083333333		13.1083333333		2.544678539		2.544678539		0.0735125983		0.0735125983

		14.9138888889		14.9138888889		0.0784708948		0.0784708948		0.0960119586		0.0960119586

		15.8166666667		15.8166666667		0.1280831922		0.1280831922		0.2508126148		0.2508126148



Zamioculculas

Aglonema

Time (days)

% of 25 ppm benzene

100

100

64.4429642151

55.658045547

6.2624587283

8.2558223434

11.8116297965

21.154447299

2.0751357826

2.7670812377

3.8290910139

0.3124125844

100

100

2.0120899448

5.7744384012

1.2915749571

0.5982154109

0

0

100

100

96.7900568772

93.97040724

90.836045047

93.8030207521

0.6995386388

0.2675038539

1.562254616

0.708133792



data

		Box		Plant		Day		Day2		Time		Min since t0		Syringe		Area		%		per h		Mins expired at 1315 on						day

		2		Spath		Mon		0		1342		0		2A		1352807		100.000				Mins expired at 1315 on

		3		Spath		Mon		0		1346		0		12		1468912		100.000				Tue		12/19/06		1440		1

		4		Spath		Mon		0		1351		0		4A		1377519		100.000				Wed		12/20/06		2880		2

		5		Spath		Mon		0		1355		0		5A		1236456		100.000				Thu		12/21/06		4320		3

		6		Spath		Mon		0		1402		0		2.3		1302164		100.000				Fri		12/22/06		5760		4

		2		Spath		Mon		0		1528		133		2A		1372073		101.424		-0.6		Sat		12/23/06		7200		5

		3		Spath		Mon		0		1532		137		12		1377118		93.751		2.7		Sun		12/24/06		8640		6

		4		Spath		Mon		0		1536		141		4A		1368738		99.363		0.3		Mon		12/25/06		10080		7

		5		Spath		Mon		0		1539		144		5A		1086270		87.854		5.1		Tue		12/26/06		11520		8

		6		Spath		Mon		0		1543		148		2.3		1175688		90.287		3.9		Wed		12/27/06		12960		9

		2		Spath		Mon		0		1713		238		2A		1293021		95.581		1.1		Thu		12/28/06		14400		10

		3		Spath		Mon		0		1718		243		12		1282782		87.329		3.1		Fri		12/29/06		15840		11

		4		Spath		Mon		0		1723		248		4A		1265765		91.887		2.0		Sat		12/30/06		17280		12

		5		Spath		Mon		0		1727		253		5A		1096458		88.677		2.7		Sun		12/31/06		18720		13

		6		Spath		Mon		0		1736		262		2.3		1153129		88.555		2.6		Mon		1/1/07		20160		14

		2		Spath		Wed		2		1546		3031		2A		514823		38.056		1.2		Tue		1/2/07		21600		15

		3		Spath		Wed		2		1553		3038		12		533978		36.352		1.3		Wed		1/3/07		23040		16

		4		Spath		Wed		2		1557		3042		4A		421927		30.629		1.4		Thu		1/4/07		24480		17

		5		Spath		Wed		2		1607		3052		5A		233246		18.864		1.6		Fri		1/5/07		25920		18

		6		Spath		Wed		2		1612		3057		2.3		427239		32.810		1.3		Sat		1/6/07		27360		19

		2		Spath		Wed		2		1703		3106		2A		486733		35.979		1.2		Sun		1/7/07		28800		20

		3		Spath		Wed		2		1712		3115		12		483973		32.948		1.3		Mon		1/8/07		30240		21

		4		Spath		Wed		2		1715		3118		4A		401273		29.130		1.4		Tue		1/9/07		31680		22

		5		Spath		Wed		2		1718		3121		5A		233485		18.883		1.6		Wed		1/10/07		33120		23

		6		Spath		Wed		2		1721		3124		2.3		438071		33.642		1.3		Thu		1/11/07		34560		24

		2		Spath		Thu		3		1300		4305				208627		15.422		1.2		Fri		1/12/07		36000		25

		3		Spath		Thu		3		1303		4308				217597		14.813		1.2		Sat		1/13/07		37440		26

		4		Spath		Thu		3		1307		4312				111322		8.081		1.3		Sun		1/14/07		38880		27

		5		Spath		Thu		3		1311		4316				53079		4.293		1.3		Mon		1/15/07		40320		28

		6		Spath		Thu		3		1323		4327				192192		14.759		1.2		Tue		1/16/07		41760		29

		2		Spath		Thu		3		1458		4423				196501		14.525		1.2

		3		Spath		Thu		3		1503		4528				247013		16.816		1.1

		4		Spath		Thu		3		1506		4531				101963		7.402		1.2

		5		Spath		Thu		3		1512		4537				53391		4.318		1.3

		6		Spath		Thu		3		1517		4542				168275		12.923		1.2

		2		Spath		Thu		3		1713		4658				183408		13.558		1.1

		3		Spath		Thu		3		1719		4664				172828		11.766		1.1

		4		Spath		Thu		3		1724		4669				107328		7.791		1.2

		5		Spath		Thu		3		1731		4676				25690		2.078		1.3

		6		Spath		Thu		3		1735		4680				152168		11.686		1.1

		2		Spath		Mon		21		1200						0		0.000		0.0

		3		Spath		Mon		21		1200						0		0.000		0.0

		4		Spath		Mon		21		1200						0		0.000		0.0

		5		Spath		Mon		21		1200						0		0.000		0.0

		6		Spath		Mon		21		1200						0		0.000		0.0

		2		Spath		Mon		21		1300		0				1320338		100.000

		3		Spath		Mon		21		1303		0				1503169		100.000

		4		Spath		Mon		21		1307		0				1425780		100.000

		5		Spath		Mon		21		1313		0				1033695		100.000

		6		Spath		Mon		21		1320		0				1267208		100.000

		2		Spath		Mon		21		1549		177				1128675		85.484		4.9		Mins expired at 1300 on

		3		Spath		Mon		21		1556		184				1303656		86.727		4.3		Tue		1/9/07		1440		1

		4		Spath		Mon		21		1559		187				1343421		94.224		1.9		Wed		1/10/07		2880		2

		5		Spath		Mon		21		1605		193				905900		87.637		3.8		Thu		1/11/07		4320		3

		6		Spath		Mon		21		1611		199				1006725		79.444		6.2		Fri		1/12/07		5760		4

		2		Spath		Tue		22		1448		1548				774738		58.677		1.6		Sat		1/13/07		7200		5

		3		Spath		Tue		22		1451		1551				1066542		70.953		1.1		Sun		1/14/07		8640		6

		4		Spath		Tue		22		1456		1556				1217762		85.410		0.6		Mon		1/15/07		10080		7

		5		Spath		Tue		22		1502		1562				514865		49.808		1.9		Tue		1/16/07		11520		8

		6		Spath		Tue		22		1510		1570				687117		54.223		1.7		Wed		1/17/07		12960		9

		2		Spath		Thu		24		1500		4380				223893		16.957		1.1		Thu		1/18/07		14400		10

		3		Spath		Thu		24		1505		4385				895750		59.591		0.6		Fri		1/19/07		15840		11

		4		Spath		Thu		24		1509		4389				820834		57.571		0.6		Sat		1/20/07		17280		12

		5		Spath		Thu		24		1513		4393				49798		4.817		1.3		Sun		1/21/07		18720		13

		6		Spath		Thu		24		1539		4410				122196		9.643		1.2

		2		Spath		Mon				1528		10228				0		0.000		0.6

		3		Spath		Mon				1531		10231				48092		3.199		0.6

		4		Spath		Mon				1535		10235				81770		5.735		0.6

		5		Spath		Mon				1535		10235				0		0.000		0.6

		6		Spath		Mon				1535		10235				0		0.000		0.6

		2		Spath		Mon				1623		0				1201820		100.000				Mins expired at 1550 on

		3		Spath		Mon				1627		0				1196365		100.000				Tue		1/16/07		1440		8

		4		Spath		Mon				1633		0				647495		100.000				Wed		1/17/07		2880		9

		5		Spath		Mon				1637		0				986165		100.000				Thu		1/18/07		4320		10

		6		Spath		Mon				1653		0				1022289		100.000				Fri		1/19/07		5760		11

		2		Spath		Tue				1415		1345				649896		54.076		2.0		Sat		1/20/07		7200		12

		3		Spath		Tue				1417		1347				626493		52.366		2.1		Sun		1/21/07		8640		13

		4		Spath		Tue				1421		1351				280254		43.283		2.5		Mon		1/22/07		10080		14

		5		Spath		Tue				1426		1356				415849		42.168		2.6		Tue		1/23/07		11520		15

		6		Spath		Tue				1430		1360				473397		46.308		2.4		Wed		1/24/07		12960		16

		2		Spath		Thu				1540		4310				40872		3.401		1.3

		3		Spath		Thu				1545		4315				28220		2.359		1.4

		4		Spath		Thu				1549		4319				17129		2.645		1.4

		5		Spath		Thu				1553		4323				40056		4.062		1.3

		6		Spath		Thu				1603		4333				38253		3.742		1.3

		2		Spath		Mon				1426		0				1256273		100.000				Mins expired at 1320 on

		3		Spath		Mon				1437		0				1212705		100.000				Tue		1/23/07		1440		1

		4		Spath		Mon				1442		0				1248369		100.000				Wed		1/24/07		2880		2

		5		Spath		Mon				1447		0				1105666		100.000				Thu		1/25/07		4320		3

		6		Spath		Mon				1452		0				1183805		100.000				Fri		1/26/07		5760		4

		2		Spath		Tue				1432		1512				557755		44.398		2.2		Sat		1/27/07		7200		5

		3		Spath		Tue				1435		1515				886073		73.066		1.1		Sun		1/28/07		8640		6

		4		Spath		Tue				1440		1520				943877		75.609		1.0		Mon		1/29/07		10080		7

		5		Spath		Tue				1443		1523				738118		66.758		1.3		Tue		1/30/07		11520		8

		6		Spath		Tue				1452		1532				524835		44.335		2.2		Wed		1/31/07		12960		9

		2		Spath		Thu				1453		4413				22725		1.809		1.3		Thu		2/1/07		14400		10

		3		Spath		Thu				1456		4416				79637		6.567		1.3

		4		Spath		Thu				1501		4421				108548		8.695		1.2

		5		Spath		Thu				1505		4425				295945		26.766		1.0		REMEMBER THAT 3 AND 4 ARE DRY PLANTS. 5 DRIED AT ABOUT THE SECOND LAST TOP UP.

		6		Spath		Thu				1512		4432				28527		2.410		1.3





B & S SUMMARY

		Box		Plant		Time		Min since t0		%		big		small		TIME

		2		Big		1345		0		100

		3		Big		1350		0		100		100

		4		Small		1354		0		100

		5		Small		1401		0		100

		6		Small		1405		0		100				100		0

		2		Big		1639		189		92.8144148446

		3		Big		1643		193		97.0823221723		94.9483685085

		4		Small		1649		199		87.8891741397

		5		Small		1654		204		89.5642389392

		6		Small		1703		213		85.3805584572				87.6113238454		199.6

		2		Big		1036		1266		21.2560579878

		3		Big		1040		1270		25.4568671498		23.3564625688

		4		Small		1044		1274		16.0420519614

		5		Small		1047		1277		17.2037266006

		6		Small		1052		1282		13.5394303323				15.5950696314		1273.8

		2		Big		1237		1385		16.8004070444

		3		Big		1242		1390		18.8246072869		17.8125071656

		4		Small		1248		1396		9.3853620194

		5		Small		1253		1401		13.9615230012

		6		Small		1302		1410		4.3264814619				9.2244554942		1396.4

		2		Big		1306		1414		15.9572021086

		3		Big		1313		1421		17.0375851288		16.4973936187

		4		Small		1317		1425		9.3661125997

		5		Small		1321		1429		12.6508016465

		6		Small		1328		1436		5.6830661913				9.2333268125		1425

		2		Big		1515		1543		12.9181995129

		3		Big		1522		1550		12.7268963369		12.8225479249

		4		Small		1530		1558		4.6704572873

		5		Small		1535		1563		0

		6		Small						0				1.5568190958		1553.5





Spath summary

		Min since t0		Syringe		Area		%		av benz		sd benzene		sem		av time		day		induction						day z and a		Day z and a		day spath

		0		2A		1352807		100												"						0		0		0

		0		12		1468912		100												"						0.9722222222		0.9722222222		0.0976388889

		0		4A		1377519		100												"						1.5277777778		1.5277777778		0.1727777778

		0		5A		1236456		100												"						2.0138888889		2.0138888889		2.1138888889

		0		2.3		1302164		100		100		0		0		0		0		"						2.9861111111		2.9861111111		2.1644444444

		133		2A		1372073		101.4241499342												"						5.9722222222		6		2.9955555556

		137		12		1377118		93.7508850088												"						0		6		3.1334722222

		141		4A		1368738		99.3625496273												"								8.0138888889		3.2426388889

		144		5A		1086270		87.8535103554												"								9.125		7.25

		148		2.3		1175688		90.2872449246		94.53566797		5.1781499275		2.3157390471		140.6		0.0976388889		"								12.9444444444		0

		238		2A		1293021		95.5805964931												"						2.0138888889		12.9		0.1305555556

		243		12		1282782		87.3287167645												"						3.125		13.0388888889		1.0815277778

		248		4A		1265765		91.8872988322												"						6.9444444444		13.1083333333		3.0495833333

		253		5A		1096458		88.6774782119												"						0		14.9138888889		7.1061111111

		262		2.3		1153129		88.5548210517		90.4057822707		2.9951633692		1.3394777795		248.8		0.1727777778		"								15.8166666667		0

		3031		2A		514823		38.055908936												"						0.1388888889				0.93875

		3038		12		533978		36.3519393946												"						0.2083333333				3

		3042		4A		421927		30.6294867802												"						2.0138888889

		3052		5A		233246		18.8640760367												"						2.9166666667

		3057		2.3		427239		32.8099225597		31.3422667414		6.7607266436		3.0234888705		3044		2.1138888889		"

		3106		2A		486733		35.9794856177												"														0

		3115		12		483973		32.9477191282												"														1.0558333333

		3118		4A		401273		29.130124521												"														3.0704166667

		3121		5A		233485		18.883405475												"

		3124		2.3		438071		33.6417686252		30.1165006734		6.0327981928		2.6979493707		3116.8		2.1644444444		"

		4305				208627		15.4217859606												"

		4308				217597		14.8134809982												"

		4312				111322		8.0813404389												"

		4316				53079		4.2928337118												"

		4327				192192		14.7594312237		11.4737744666		4.4857662346		2.0060956463		4313.6		2.9955555556		"

		4423				196501		14.5254275												"

		4528				247013		16.8160516083												"

		4531				101963		7.4019305723												"

		4537				53391		4.3180671209												"

		4542				168275		12.9227194117		11.1968392426		4.6336281136		2.0722214889		4512.2		3.1334722222		"

		4658				183408		13.5575880373												"

		4664				172828		11.7657150326												"

		4669				107328		7.7913988845												"

		4676				25690		2.0777124297												"

		4680				152168		11.6857784427		9.3756385654		4.1062745745		1.8363818166		4669.4		3.2426388889		"

		10440				0		0												"

		10440				0		0												"

		10440				0		0												"

		10440				0		0												"

		10440				0		0		0		0		0		10440		7.25		"

		0				1320338		100												induced

		0				1503169		100												induced

		0				1425780		100												induced

		0				1033695		100												induced

		0				1267208		100		100		0		0		0		0		induced

		177				1128675		85.4837927864												induced

		184				1303656		86.7271743896												induced

		187				1343421		94.2235828809												induced

		193				905900		87.6370689613												induced

		199				1006725		79.4443374726		86.7031912982		4.72455043		2.1128831849		188		0.1305555556		induced

		1548				774738		58.6772477956												induced

		1551				1066542		70.9529001729												induced

		1556				1217762		85.4102315925												induced

		1562				514865		49.808212287												induced

		1570				687117		54.2229057897		63.8142995276		12.8988256446		5.7685301943		1557.4		1.0815277778		induced

		4380				223893		16.9572488257												induced

		4385				895750		59.5907712306												induced

		4389				820834		57.5708734868												induced

		4393				49798		4.817475174												induced

		4410				122196		9.6429315471		29.7158600529		23.8916147638		10.6846549408		4391.4		3.0495833333		induced

		10228				0		0												induced

		10231				48092		3.1993741223												induced

		10235				81770		5.7351063979												induced

		10235				0		0												induced

		10235				0		0		1.786896104		2.3307703334		1.0423521811		10232.8		7.1061111111		induced

		0				1201820		100												fast

		0				1196365		100												fast

		0				647495		100												fast

		0				986165		100												fast

		0				1022289		100		100		0		0		0		0		fast

		1345				649896		54.0759847565												fast

		1347				626493		52.3663764821												fast

		1351				280254		43.2828052726												fast

		1356				415849		42.1682984085												fast

		1360				473397		46.3075509959		47.6402031831		4.7845714286		2.1397253915		1351.8		0.93875		fast

		4310				40872		3.4008420562												fast

		4315				28220		2.3588119011												fast

		4319				17129		2.6454258334												fast

		4323				40056		4.0617949329												fast

		4333				38253		3.7418968609		3.2417543169		0.6454630981		0.2886598729		4320		3		fast

		0				1256273		100												dry

		0				1212705		100												dry

		0				1248369		100												dry

		0				1105666		100												dry

		0				1183805		100		100		0		0		0		0		dry

		1512				557755		44.3975951087												dry

		1515				886073		73.0658321686												dry

		1520				943877		75.608814381												dry

		1523				738118		66.7577731431												dry

		1532				524835		44.3345821313		60.8329193865		13.7505646165		6.1494394423		1520.4		1.0558333333		dry

		4413				22725		1.8089221053												dry

		4416				79637		6.5668897217												dry

		4421				108548		8.695185478												dry

		4425				295945		26.7662205404												dry

		4432				28527		2.4097718797		9.249397945		9.1266997441		4.0815842076		4421.4		3.0704166667		dry





combined graphs

		INDUCTION

		day		Spathiphylum		sem				Day		Zamioculculas		sem		Aglonema		sem

		0.00		100.00		0.00				0.00		100.00		0.00		100.00		0.00

		0.10		94.54		2.32				0.97		64.44		0.57		55.66		9.23

		0.17		90.41		1.34				1.53		11.81		2.03		21.15		7.02

		2.11		31.34		3.02				2.01		6.26		1.17		8.26		1.89

		2.16		30.12		2.70				2.99		2.08		1.47		2.77		1.27

		3.00		11.47		2.01				6.00		3.83		0.55		0.31		0.07

		3.13		11.20		2.07

		3.24		9.38		1.84

		7.25		0.00		0.00

		induced

		day		Spathiphylum		sem				Day		Zamioculculas		sem		Aglonema		sem

		0.00		100.00		0.00				0.00		100.00		0.00		100.00		0.00

		0.13		86.70		2.11				2.01		2.01		1.40		5.77		0.01

		1.08		63.81		5.77				3.13		1.29		0.59		0.60		0.15

		3.05		29.72		10.68				6.94		0.00		0.00		0.00		0.00

		7.11		1.79		1.04

		fast		Spathiphylum		sem				Day		Zamioculculas		sem		Aglonema		sem

		0.00		100.00		0.00				0.00		100.00		0.00		100.00		0.00

		0.94		47.64		2.14				0.14		96.79		1.94		93.97		0.97

		3.00		3.24		0.29				0.21		90.84		0.07		93.80		2.54

										2.01		0.70		0.10		0.27		0.08

										2.92		1.56		0.25		0.71		0.13





combined graphs

		0		0		0		0		0		0		0		0		0

		0		0		0		0.0115961314		0.0115961314		0.5732059622		0.5732059622		2.3157390471		2.3157390471

		0		0		0		0.1547609405		0.1547609405		2.0347039725		2.0347039725		1.3394777795		1.3394777795

		0		0		0		0		0		1.169867476		1.169867476		3.0234888705		3.0234888705

		0		0		0						1.4673425838		1.4673425838		2.6979493707		2.6979493707

		0		0		0						0.54884589		0.54884589		2.0060956463		2.0060956463

		0														2.0722214889		2.0722214889

		0														1.8363818166		1.8363818166

		0														0		0



Spathiphylum

Zamioculculas

Aglonema

Time (days)

[Benzene] (% of 25 ppm)

INDUCTION OF THREE INDOOR PLANT SPECIES TO BENZENE REMOVAL. Error bars are the sem. Note that Zamioculas and Aglonema reduce benzene to >5% after 3 d, whilst the Spathiphyllum did not reduce benzene to this level until after  approximately 4 d.
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merged

		0		0		0		0		0		0		0		0		0

		0		0		0		9.2349548191		9.2349548191		1.402879087		1.402879087		2.1128831849		2.1128831849

		0		0		0		7.021762642		7.021762642		0.5917461109		0.5917461109		5.7685301943		5.7685301943

		0		0		0		1.8879048386		1.8879048386		0		0		10.6846549408		10.6846549408

		0						1.2690821232		1.2690821232						1.0423521811		1.0423521811



Spathiphylum

Zamioculculas

Aglonema

Time (days)

[Benzene] (% of 25 ppm)

RATE OF REMOVAL OF A SECOND ADDITION OF 25 PPM BENZENE. Error bars are the sem. It is clear from this graph that both the Zamioculas and Aglonema are more efficient at benzene removal.
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		0		0		0		0		0		0		0		0		0

		0		0		0		9.2349548191		9.2349548191		1.402879087		1.402879087		2.1128831849		2.1128831849

		0		0		0		7.021762642		7.021762642		0.5917461109		0.5917461109		5.7685301943		5.7685301943

				0		0		1.8879048386		1.8879048386		0		0		10.6846549408		10.6846549408

				0		0		1.2690821232		1.2690821232						1.0423521811		1.0423521811



Spathiphylum

Zamioculculas

Aglonema

Time (days)

[Benzene] (% of 25 ppm)

FULLY INDUCED BENZENE REMOVAL RATE Error bars are the sem.
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		day		Spathiphyllum 'petite'		sem				Day		Zamioculcas zamiifolia		sem		Aglaonema modestum		sem

		0.00		100.00		0.00				0.00		100.00		0.00		100.00		0.00

		0.10		94.54		2.32				0.97		64.44		0.57		55.66		9.23

		0.17		90.41		1.34				1.53		11.81		2.03		21.15		7.02

		2.11		31.34		3.02				2.01		6.26		1.17		8.26		1.89

		2.16		30.12		2.70				2.99		2.08		1.47		2.77		1.27

		3.00		11.47		2.01				6.00		3.83		0.55		0.31		0.07

		3.13		11.20		2.07				7.25		0.00		0.00		0.00		0.00

		3.24		9.38		1.84				7.25		100.00		0.00		100.00		0.00

		7.25		0.00		0.00				9.26		2.01		1.40		5.77		0.01

		7.25		100.00		0.00				12.39		1.29		0.59		0.60		0.15

		7.38		86.70		2.11				19.33		0.00		0.00		0.00		0.00

		8.46		63.81		5.77				19.33		100.00		0.00		100.00		0.00

		11.51		29.72		10.68				19.47		96.79		1.94		93.97		0.97

		18.62		1.79		1.04				19.68		90.84		0.07		93.80		2.54

		19.33		0.00		0.00				21.69		0.70		0.10		0.27		0.08

		19.33		100.00		0.00				24.61		1.56		0.25		0.71		0.13

		20.27		47.64		2.14

		24.21		3.24		0.29

								0.94

								3.94





		0		0		0		0		0		0

		0		0.5732059622		0.5732059622		0		9.2349548191		9.2349548191

		0		2.0347039725		2.0347039725		0		7.021762642		7.021762642

		0		1.169867476		1.169867476		0		1.8879048386		1.8879048386

		0		1.4673425838		1.4673425838		0		1.2690821232		1.2690821232

		0		0.54884589		0.54884589		0		0.0653752332		0.0653752332

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		1.402879087		1.402879087		0		0.0115961314		0.0115961314

		0		0.5917461109		0.5917461109		0		0.1547609405		0.1547609405

		0		0		0		0		0		0

		0		0		0		0		0		0

		0		1.9434845805		1.9434845805		0		0.9718895988		0.9718895988

		0		0.0735125983		0.0735125983		0		2.544678539		2.544678539

		0		0.0960119586		0.0960119586		0		0.0784708948		0.0784708948

		0		0.2508126148		0.2508126148		0		0.1280831922		0.1280831922



Zamioculcas zamiifolia

Aglaonema modestum

Time (days)

[benzene] (% of 25 ppm)
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