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The purpose of this Report is to present the background and findings of a project undertaken to advance the
horticultural technology of indoor plant species, and so extend their uses to improve indoor air quality (IAQ)
and overall indoor environmental quality (IEQ) for building occupants. The project has involved a series of
laboratory investigations, with four test species, on several aspects of their air-cleansing functions, including: (a)
the influence of pot size on the pot-plant microcosm’s capacity to remove volatile organic compounds (VOCs),
a major class of indoor pollutant; (b) characterising any changes in the potting-mix microbial community
associated with VOC removal; and (c) the capacity of the plants reduce indoor CO 2 concentrations. The Report
presents the aims, methodology and results of the research undertaken, and implications of the findings for
nursery and interior plantscape horticulture. The findings can also contribute to the national environmental goal
of ‘greening the city’ for sustainable urban communities in Australia.
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Media summary
International research (including that at UTS) has shown indoor plants can reduce all types of
urban air pollution. The aims of this project have been threefold:


to investigate the effect of pot size on the capacity of pot-plants to reduce
concentrations of volatile organic compounds (VOCs), a major class of outdoor and
indoor air pollution;



to characterise the potting mix bacteria which are the primary VOC removal agents
(plants nourish their root-zone bacteria – a mutualistic relationship at work); and



to initiate testing of CO2 reduction by indoor plants.

Key outcomes


Our results, with three species, showed that for VOC reduction, three 125 mm pots
are as effective as one 200 mm pot; and one 200 mm pot is as effective as a 300 mm
pot.
o Applications: The results show the very high capacity for pot-plants to remove
VOCs. The findings allow for more flexibility in interiorscapes, eg with
towers or clusters of small plants interspersed among larger pots.



Our tests on potting mix of Spathiphyllum have provided the first-ever community
physiological profile of the VOC-removing bacterial consortium, and tracked changes
in that community as the result of exposure to a VOC.
o Applications: The results confirm the mechanism by which VOCs are
biodegraded, so the ability of indoor pot-plants to perform this role can be
promoted with confidence.



The preliminary studies on plant CO2 removal in the ‗office habitat‘ showed that they
can adapt to the very low light levels for CO2 reductions, but respiration of roots and
potting mix must be taken into account in assessing effectiveness.
o Applications: Indoor plants should be placed according to shade tolerance;
they can acclimatise to prevailing lighting for CO2 reduction.

Future R&D
Much more research is needed in this area. It should also be directed to comparative studies
of VOC and CO2 reductions of plants in hydroculture which is becoming more standard
overseas and likely to become so in Australia. Indoor plants have the potential to reduce the
energy consumption of air-conditioning and hence the C-imprint of the city, for sustainable
urban living.
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Technical summary
Nature of problem
Urban air pollution is a global health concern, and indoor air is almost always more polluted than
outdoor, even in the CBD. Eighty percent of Australians live in urban areas, and spend 90% of our
time indoors, so indoor air quality is critical to our health. International research (including that at
UTS) has shown indoor plants can reduce all types of urban air pollution. The aims of this project
have been threefold: to investigate effects of pot size on the capacity of pot-plants to reduce
concentrations of volatile organic compounds (VOCs), a major class of outdoor and indoor air
pollution; to characterise the potting mix bacteria which are the primary VOC removal agents (plants
nourish their root-zone bacteria – a mutualistic relationship at work); and to initiate testing of CO2
reduction by indoor plants, which have the potential to reduce the energy load of air conditioning
systems and hence the C-imprint of the city.
VOC reduction
We have tested VOC removal in 12 species and found they are all approximately equally effective
with high or low doses of VOCs, once acclimatised (‗induced‘) by exposure to an initial dose. In this
project, four pot sizes of each of three species were tested in bench-top chambers for VOC removal,
using benzene as the model VOC.
Major findings: Results showed that, for VOC reduction, three 125 mm pots are as effective as one
200 mm pot; and one 200 mm pot is as effective as either a 250 mm or a 300 mm pot.
Recommendations: The results conclusively demonstrate the very high capacity for pot-plants to
remove VOCs. The findings allow for more flexibility in interiorscapes, eg with towers or clusters of
small plants interspersed among larger pots.
VOC-removing bacteria of potting mix
We used Biolog Ecoplates to examine the pre- and post-benzene exposure community level
physiological profile (CLPP) of the potting mix bacteria of Spathiphyllum as test species. This study
has provided the first-ever such profiling of the VOC-removing bacterial consortium of indoor plant
potting mix, and tracked changes in that community resulting from exposure to a VOC.
Recommendations: The results confirm the mechanism by which VOCs are biodegraded in the indoor
plant microcosm, so the ability of indoor pot-plants to perform this air-cleansing role can be promoted
by the industry with complete confidence.
CO2 reduction
These were preliminary investigations on plant CO2 removal by plants in the ‗indoor habitat of the
built environment‘. Two sets of tests were conducted, with each of two species. The first, with potplants in test chambers, using a portable CO2 monitor, measured CO2 flux over 1 hour at a ‗high‘
indoor light level (120 µmol quanta m-2 sec-1). It was found, although there was net CO2 uptake by the
shoots, there was almost no net change in the chamber air, because the respiration of root and potting
mix microorganisms about balanced the photosynthetic uptake. The second investigation used a leafclip chamber (LI-COR system), from which light saturation curves were obtained. The results with
Spathiphyllum showed a light saturation level of below 30 µmol quanta m-2 sec-1, and at ambient light
the levels in the laboratory, ie about 12 µmol quanta m-2 sec-1, the plants had achieved 80% of their
maximum CO2 uptake. The results demonstrate that indoor plants can adapt to very low light levels
for CO2 reduction, but respiration of roots and potting mix must be taken into account in assessing
effectiveness. Recommendations: Indoor plants should be placed according to shade tolerance they
can acclimatise to prevailing lighting for CO2 reduction.
Future R&D
Much more research is needed in this area. It should also be directed to comparative studies of VOC
and CO2 reductions of plants in hydroculture which is becoming more standard method overseas and
likely to become so in Australia. Indoor plants have the potential to reduce the energy consumption of
air-conditioning and hence the C-imprint of the city, for sustainable urban living.
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1.

Introduction

1.1

Project aims

The goal of this project has been to advance the horticultural technology of indoor plant
species to extend their uses to improve indoor air quality (IAQ) and overall indoor
environmental quality (IEQ) for building occupants. The project has involved a series of
laboratory investigations, with three test species, on several aspects of their air-cleansing
functions, including:
a) assessing the influence of pot size on the pot-plant microcosm‘s capacity to remove
volatile organic compounds (VOCs), probably the major class of indoor pollutant;
b) characterising any changes in the potting-mix microbial community associated with
VOC removal; and
c) preliminary studies aimed at examining the capacity of the plants to reduce indoor
CO2 concentrations.
This Report presents the background and need for the project, the results of the research
undertaken, and the implications of the findings for the nursery and interior plantscape
industry. The findings can also contribute to the national environmental goal of ‗greening the
city‘ for sustainable urban communities in Australia.

1.2

Health concerns of urban air pollution

The urban populations of the world are growing faster than global population as a whole. In
Australia, as in North America and much of Europe, 80% of people live in urban areas, where
we spend 90% of our time indoors (Cavallo et al., 1997; Environment Australia, 2003). The
quality of the indoor environment is therefore critical to our health. Urban air pollution
(UAP) is a world-wide health concern, as is indoor air quality (Mølhave and Krzyzanowski,
2003; World Health Organisation, WHO, 2000, 2003, 2005).
About 90% of UAP comes from the combustion of fossil fuels – coal, petroleum and natural
gas. Primary emission waste products include carbon dioxide (CO2) and carbon monoxide
(CO); nitrogen oxides (NOx) and sulfur oxides (SOx); fine particulates (PM10 & PM2.5); and
‗air toxics‘. The last category includes a mix of volatile organic compounds (VOCs) from
partial combustion, eg ‗BTEX‘ - benzene, toluene, ethylbenzene, xylene - plus PAHs
(polyaromatic hydrocarbons); together with ‗metal air toxics‘ that come from fuels and
vehicles, and include lead, chromium, nickel and others. Then there are secondary pollution
products, produced by photochemical reactions between NOx and VOCs – ozone and
peroxyacetyl nitrate (PAN) (DECCW NSW, 2009).
In 1998, CSIRO estimated that the health costs of UAP in Australia were about $12 billion
p.a., and in the Sydney region alone it is estimated to cause some 1,400 deaths, and about
2000 hospital admissions yearly (Dept. Health NSW, 2009). Acute health risks from UAP
include asthma, strokes, heart attacks, and other cardio-vascular emergencies. Chronic effects
include lung and other cancers, further cardiovascular problems and low birth weights
(Höppe & Martinac,1998; Bobak, 2000; Ha et al., 2001; Arden Pope et al, 2002).
International research (including that of UTS) has shown that plants, including indoor
plants, can absorb all these types of UAP (Coward et al., 1996; Lee & Sim, 1999; King &
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Crosby, 2002, Yoneyama et al., 2002; Wood et al., 2006; Orwell et al., 2006; Tarran et al.,
2007).

1.3

Health risks of indoor air pollution

Although it is often not realised, indoor air is almost always more polluted than outdoor air,
even in the city centre (Brown, 1997; Environment Australia, 2003; Ohura et al., 2006). This
is because, as outdoor air enters, it mixes with pollutants derived from indoor sources, such
as more VOCs, outgassing from synthetic (petroleum-derived) furnishings, finishes, solvents
etc, and from unflued gas appliances. The US EPA (1989) has identified over 900 VOCs in
indoor air. Efforts are now being made to use low-VOC building materials; however, in the
modern world it is not possible to eliminate VOCs entirely. In any case, most buildings now
standing have significant loads of total VOCs (TVOCs). Even at imperceptible levels (<200
µg m-3), the mixture of VOCs can cause headache, dry eyes, nose, throat, loss of
concentration, and nausea – symptoms of ‗sick-building-syndrome‘ or ‗building-relatedillness‘ (Leikauf et al., 1995; Carrer et al., 1999). In addition, indoor environments
commonly have raised CO2 levels from human respiration, which can add substantially to
headaches, stuffiness, drowsiness or loss of concentration. Longer term, the chronic health
problems mentioned above may develop. In 2000, WHO predicted that by 2010
responsibility for healthy indoor air quality (IAQ) would begin to rest with building owners
or managers. Indoor plants help cleanse indoor air.

1.4

Other benefits of indoor plants

Apart from reducing gaseous air pollutants, research has shown that indoor plants can
improve other aspects of IAQ as well. Pot-plants reduce dust levels (Lohr & Pearson-Mims,
1996), stabilise humidity and temperature, and lower noise levels (Costa & James, 1999).
There is also a growing body of evidence showing directly-measurable benefits to the health
and well-being of building occupants. It seems these benefits result both from the capacity of
pot-plants to produce cleaner air (Carrer et al., 1999; Lim et al., 2006), and their ability to
provide feelings of pleasure, calm and relief from ‗attention fatigue‘ (Shibata & Suzuki,
2002). Reductions in sick-leave absences have been recorded, in both office workers and
school children (Fjeld, 2002). Reductions in physical discomfort (Lohr & Pearson-Mims,
2000; Park et al., 2002), and increases in performance and productivity have also been
reported (Bergs, 2002). Participant responses found in our office studies include comments
such as: ‗it is a pleasure having the plants‘; ‗they improve the office ambience‘; ‗they lift
one‘s mood‘; ‗I think better with plants around‘; and ‗the office feels fresher when I come
in‘. An online survey in the USA, with about 450 respondents, showed job satisfaction
ratings higher in those with plants on their desks, than those who had planted window views
but no indoor plants. All these studies indicate that indoor plants improve wellbeing and
performance/ productivity in building occupants (Park et al., 2002; Evans, 2003;
Bringslimark et al., 2007). Indoor plants therefore contribute to our national goal of
sustainable city living (House of Representatives Standing Committee, 2004).
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2.

Effects of pot size on VOC removal capacity

2.1.

Introduction – summary of previous UTS studies

2.1.1 Laboratory studies
Prior to the current project, following on from the pioneering work of Wolverton and coworkers (1989, 1991, 1993), we tested VOC removal with seven common indoor plant
species (for full list of UTS-tested species, see Appendix 1), using 216 L perspex bench-top
test chambers, as described below. We used four test VOCs — three of the BTEX group benzene, toluene and xylene (known or suspected carcinogens; present indoors as solvents in
fittings etc.) - plus n-hexane (also used as a furnishing solvent). An initial high aerial dose of
the VOC was injected into each chamber, and rates of removal measured with a gas
chromatograph (GC). After removal of the initial dose, daily top-up doses were applied, and
removal measured, over two to four weeks.
Our results clearly demonstrated that indoor potted-plants can eliminate high or low doses of
airborne VOCs within about 24 hours, once they have been stimulated (‗induced‘) by
exposure to the substance (Wood et al., 1997, 2006; Burchett et al., 2001, 2005; Tarran et al.,
2002, 2007; Orwell et al, 2004, 2006). We found a common pattern in VOC removal
response with all species tested. Removal rates started slowly, but over four to five days they
rose to sometimes more than 10 times the initial rate; i.e. removal rates were stimulated
(‗induced‘) by exposure to the initial dose. Once induced, the potted-plant microcosm
reliably eliminated daily top-up doses within about 24 hours, and if the dose was doubled,
removal rates rose to meet it. Also, low, residual concentrations were removed, effectively to
zero (i.e. below the detection limit of GC). The pattern was the same with all four test VOCs.
We also found that removal rates were maintained unchanged in light or dark (i.e. 24/7), and
if the plant itself was finally removed, and the potting mix placed back in the chambers,
removal rates were maintained for some days afterwards. The last two findings pointed to
microorganisms of the potting mix being the primary VOC removal agents, a hypothesis that
was confirmed by subsequent microbial testing. We presume that the role of the plant here is
in nourishing the root-zone microbial community, since such symbiotic or mutualistic
relationships are a universal feature of plant-and-soil interactions (eg Westover et al.,1997;
Preston et al., 1998), and our results showed that potting mix alone cannot sustain removal
rates for more than a few weeks. The consistency of results across all plant species tested
suggested that almost any indoor species would have a similar capacity for VOC removal,
although the rates of removal vary to some extent between species, for reasons to be
investigated further - they point to complex plant-potting mix relationships that might be
available for manipulation as part of the horticultural development of indoor plant varieties.
Soil bacterial preparations are used in the bioremediation of oil spills (Raghavan and
Vivekanandan 1999; Radwan et al., 2000), however research in this laboratory is the first
demonstration of VOC removal from the gaseous phase (indoor air) with potting mixes.
2.1.2 Office field study
To examine potted-plant VOC performance under real-world conditions, we also conducted a
field study using 60 UTS staff offices, in three buildings (two air-conditioned, one not), with
0, 3 or 6 plants (in either 300 mm or 200 mm pots), with Dracaena ‗Janet Craig‘ or
Spathiphyllum ‗Petite‘. In no-plant reference offices, total VOCs (TVOCs) ranged from
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about 80–400 ppb, the same range as reported by Environment Australia (2003) in four
Australian cities. (The Australian indoor maximum recommended TVOC load is 500 ppb;
ASCC, 2006). However, in offices with either 3 or 6 plants, loads were maintained below
100 ppb, which is regarded as presenting a negligible respiratory health risk (US EPA, 2009).
So, the minimum pot number needed to cleanse air of VOCs in offices of the size-range
encountered (12-15 m2) is one to two. All plant treatments worked equally well with or
without air conditioning.

Figure 1. Although plants are sometimes a tight fit in small offices, they are much appreciated by
UTS recipients.

2.2

To what extent does pot-size make a difference?

The Green Star Rating scheme of Australia‘s Green Building Council (GBC, 2009) awards:


1 point for one ‗large‘ or two ‗small‘ plants per 30 m2 of net leasable area (NLA); and



2 points for one large or two small plants per 15 m2 NLA;

where ‗large‘ refers to a 300 mm diameter pot, and ‗small‘ to a 200 mm diameter pot.
These specifications are presumably based on the fact that the mouth area of a 300 mm pot
(708 cm2) is a bit over twice that of a 200 mm pot (315 cm2).
Indoor plants provide many benefits apart from VOC removal, and it is not known whether
VOC removal was the only consideration involved in the GBC‘s drawing up of these
specifications. However, since VOC uptake is primarily effected by the potting mix bacteria,
it was necessary to investigate what influence pot size (obviously related also to plant size)
has on capacity and rates of VOC removal. The aim of the laboratory studies reported
below was to investigate whether and to what extent pot-size affects pot-plant VOC
removal rates. Two series of experiments were conducted to investigate this issue.
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2.2.1 Effects of pot size on VOC removal in three species
2.2.1.1 Aim
This experiment was aimed at testing the relative rates of VOC removal of different pot sizes
when confronted with dosages at the upper limit of allowable human exposure to VOC
pollution in Australia – ie under what might be called ‗heavy industrial‘ exposures. For this
purpose, using benzene as the test VOC, exposure started with three consecutive doses of 5
ppm, this concentration being equal to the Safe Work Australia 8-h time-weighted averaged
occupational exposure maximum for this VOC (NOHSC, 1991). Three species were tested,
Zamioculcas zamiifolia (Zanzibar, or ZZ plant), Sansevieria trifasciata (Mother-in-law‘s
Tongue) and Epipremnum aureum (syn. Scindap(s)us aureus) (Pothos). The last two species
had not previously been tested in this laboratory.
2.2.1.2 Methods
Plant materials
Plant materials of the three species were supplied by Ambius. Four pot
sizes were trialled: 125, 200, 250 and 300 mm diameter, with 6 replicate plants used in each
trial.
Test VOC and dosages Benzene was chosen as the test VOC, since it is prevalent in urban
air, and also emanates from indoor sources, being a common solvent in furnishings. Three
successive topping-up doses of 5 ppm (16 mg m-3 at 1 atm, 23ºC) benzene were applied to
ensure full induction of removal response. A 25 ppm dose was then applied, to test further the
robustness of the potted-plant system.
Equipment The test apparatus was the same as used in our previous studies (eg Orwell et
al., 2006). Eight replicate Perspex bench-top test chambers were used, 0.6 x 0.6 x 0.6 m
(internal volume 0.216 m3), with removable lids on stainless steel frames, sealed with
adhesive foam-rubber tape and adjustable metal clips (Figure 2). Each chamber had silicone
septa for VOC injections and air sampling, a coil of copper tubing (i.d. 4 mm) circulating
water from a water bath at 23.0 ± 0.1oC; a suspended min-max thermometer; a 2.4 W fan to
accelerate dose evaporation and equilibration; an overhead light box (air gap 50 mm) with
five 18 W fluorescent tubes designed for plant growth (Wotan L 18/11 Maxilux daylight,
Ozram, Germany), with variable intensity to a maximum of ~120 µmol quanta m-2 s-1).
Plunger-in-needle syringes were used for VOC injections of 10 µL or less, and conventional
syringes of similar precision for larger volumes (SGE Australia). Gas-lock syringes (SCG
Australia) were used to obtain chamber air samples at regular 24 h intervals. Chamber VOC
concentrations were determined using a Shimadzu GC-17A gas chromatograph (GC),
equipped with a 15 m DB5 Megabore column (0.34 mm i.d; Alltech Australia), FID detector
and Class-VP 4.2 integration software (Shimadzu, Sydney, Australia).
Procedures
The set of replicates of the particular species and pot sizes were watered to
saturation and allowed to drain for 1 h before being placed, one per chamber, with lids sealed
and lights on at maximum intensity. After plants were sealed in the chambers, a 5 ppm (16
mg m-3 at 1 atm, 23ºC) dose of benzene (AR grade, Sigma) was injected into each chamber
and left for 30 min for complete evaporation before an initial air sample was taken.
Subsequent air samples were taken from each chamber over the next several days. Two topup doses of 5 ppm were injected into all chambers after 95% of the previous dose had been
removed; then a final, 25 ppm dose was applied.
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Leak tests Before and after each trial, leak tests were conducted on plant-less chambers,
using a 5 ppm benzene dose. A beaker containing 500 mL water was placed in each chamber
to simulate pot-plant evapotranspiration.
Data analysis
From the results of the leak tests corrections for each chamber were applied
to the test data. VOC losses in blank chambers were 4–10% per day. VOC removal activity
was assessed as daily removal rates per pot-plant. Results were also calculated on the basis of
alternative plant and potting mix parameters. Statistical comparisons were performed using
one-factor ANOVA (Excel 2001, Microsoft, Australia Corp.) and pair-wise Tukey‘s HSD
tests. Differences between treatments are reported as statistically significant where p< 0.05.

Figure 2. F. Torpy injecting benzene dose into test chamber containing Z. zamiifolia specimen.

2.2.1.3 Results
The three species showed similar patterns of VOC removal, in all pot size classes (Figures 3a
– 3c). All pot sizes showed increases in removal rates from the first to the third 5 ppm dose,
ie at full induction for this dosage. At full induction with 5 ppm benzene:
a) There were no differences in removal rates among pot sizes 200 – 300 mm within any
species;
b) However rates in the 125 mm pots were two to three times slower than those of the
larger pots, in all three species;
c) There were no differences in removal rates among species, for the 200 – 300 mm pot
sizes;
d) In all cases, in 200 to 300 mm sizes, the third 5 ppm benzene dose was largely
removed within 20 - 24 hours.
With the final, 25 ppm dose:
a) All pot size classes in all species showed some increase in removal rates compared
with that at the third 5 ppm dose;
b) However, species differences in removal rates emerged with this dose;
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c) Rates in the 125 mm pot treatments for all species were much slower than in the
larger pot sizes.
Table 1 presents a summary of the times taken to remove 75% of a dose (ie at the point where
the graphs of removal rate start to taper off, because the VOC concentration has been
substantially reduced). Results are for all species and pot sizes after (a) the first dose; (b) the
third dose: full induction at 5 ppm dosage; and (c) the final 25 ppm dose.
Table 1. Time taken to remove 75% of first and third 5 ppm benzene dose, and subsequent 25 ppm
dose, in three species and four pot sizes; and increases in rate of removal.
Time (h)

1st 5 ppm
dose

3rd 5 ppm
dose

Proportional
increase in
rate from
initial

25 ppm
dose

Proportional
increase in rate
from that with 3rd
5 ppm

E.aureum
125 mm
200 mm
250 mm
300 mm

75
44
44
44

60
24
24
24

1.25
1.8
1.8
1.8

61
17
17
17

5
7.4
7.4
7.4

S. trifasciata
125 mm
200 mm
250 mm
300 mm

78
39
39
39

61
22
22
22

1.3
1.8
1.8
1.8

67
33
22
22

4.5
3.3
5
5

Z. zamiifolia
125 mm
200 mm
250 mm
300 mm

74
74
74
74

50
20
20
20

1.5
3.7
3.7
3.7

170
67
67
67

1.5
1.5
1.5
1.5

The values in Table 1 highlight the similarity of response at full induction with the 5 ppm
dosage in the 200 to 300 mm pot sizes in each species, the VOC 75% removal times being
20, 22 and 24 hours respectively. Two of the three species also showed marked increases in
removal rate with the fivefold increase in dose concentration to 25 ppm. In E. aureum, the
200 to 300 mm pots once more removed most of the dose in less than 24 hours, as did the 250
and 300 mm pots of S. trifasciata (with its 200 mm pots not far behind). In these two species,
the 125 mm pots also showed about a fivefold increase in rate with the higher dose, although
their final rates remained well below those of the larger pots.
In contrast, although Z. zamiifolia recorded the fastest rate of removal with the third 5 ppm
dose, all pot sizes with this species showed only a 50% increase in rate with the 25 ppm dose
It is possible that the performance of this species could pick up with repeated doses at this
concentration, ie with further induction (a point which awaits further investigation).
However, the result is probably of no importance from a plant use perspective, since this
concentration is about fifty times higher as any that building occupants would be exposed to
in the everyday environment. It was applied only to test the reserve capacity of the pot-plant
microcosm to respond, and even Z. zamiifolia continued steadily to remove benzene at this
final dosage — it just did not accelerate activity as much as the other two species.

11

125 mm
200 mm
250 mm

1

300 mm

0.9

a.

0.8

benzene

% benzene

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

100

200

300

400

500

600

Time (h)

mm 300
mm 250
1

b.

mm 200
mm 125

0.9
0.8

% benzene

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

50

100

150

200

250

300

350

400

Time (h)

300

1

250
200

0.9

c.

150

0.8

% benzene

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

50

100

150

200

250

300

350

400

Time (h)

Figure 3. Removal of benzene (%) from test-chamber air of three doses of 5 ppm benzene, and one
25 ppm dose, with (a) E. aureum, (b) S. fasciata and (c) Z. zamiifolia (means ± SE; n=6).
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Table 2 presents rates of benzene removal per hour calculated on the basis of rates per pot;
rates per unit surface area of pots; and rates per litre of pot volume. The calculations show
that, for each species, rates of removal per square metre of pot surface were about equal in
the 125 mm and 200 mm pots. Since rates were equal per pot in the 200, 250 and 300 mm
pots, inevitably rates calculated per unit area declined as sizes increased over this range. The
results suggest that surface area for diffusion of the VOC could be a determinant of removal
rates up to a point where an optimum or maximum rate is achieved for the exposure dosage
present, beyond which the rate per unit area decreases, because the potting mix of larger pots
is not as stimulated as those of smaller sizes. The relationship of similarity of removal rates
for the two lower pot sizes did not hold when the rates were calculated on a per volume basis.
Table 2. Rates of removal of benzene (ppm h-1) for the three tests species, per pot, per unit area at
mouth of pot, and per litre of potting mix capacity per pot.
Species/
pot sizes
E.aureum
125 mm
200 mm
250 mm
300 mm

Removal Rate

Area of
Pot (cm2)

(ppm m-2 of pot h-1)

Volume of
Pot (L)

Removal Rate

(ppm pot-1 h-1)

Removal Rate

0.066
0.167
0.167
0.167

123
314
491
707

5.36
5.32
3.40
2.36

1.24
4.81
9.95
17.8

0.053
0.035
0.017
0.093

S. trifasciata
125 mm
200 mm
250 mm
300 mm

0.066
0.18
0.18
0.18

123
314
491
707

5.36
5.73
3.67
2.5

1.24
4.81
9.95
17.8

0.053
0.037
0.018
0.010

Z. zamiifolia
125 mm
200 mm
250 mm
300 mm

0.08
0.2
0.2
0.2

123
314
491
707

6.5
6.4
4.07
2.8

1.24
4.81
9.95
17.8

0.064
0.042
0.020
0.011

(ppm L-1 h-1)

2.2.1.4 Discussion
The results clearly show that:
a) In all three species, VOC removal response at the 5 ppm benzene dosage was found to
be consistent and robust. For all species, this VOC concentration was largely
removed by the pot-plant microcosm within 24 hours;
b) Therefore, in these species at least, a 200 mm pot-plant is as effective as a 300 mm
pot-plant for VOC removal up to concentrations equivalent to the 8-h averaged
occupational exposure limit for the test VOC, which is ten times higher than the
maximum TVOC loads in non-industrial buildings;
c) The results are completely consistent with those from our previous findings, which,
taken together, indicate that other species would very likely perform similarly under
these conditions.
The results also suggest that at lower, more realistic, dosages in normal indoor environments:
(a) there might be a convergence of removal rates among all size classes, and (b) that
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therefore a group of small pots might be as efficient as a single pot-plant in the 200-300 mm
size range. The next experiment was designed to investigate these two questions.
2.2.2 Can several small pot-plants be effective in VOC removal?
2.2.2.1. Aim
To test the possible convergence of removal rates in pots of different sizes at lower VOC
concentrations, in this experiment an initial dosage of 0.5 ppm benzene (ie 500 ppb) was
used, this being the upper recommended limit for TVOC loads in normal indoor conditions,
eg office, mall, school, dwelling etc. (Environment Australia, 2001). After three doses at 0.5
ppm, a follow-up dose of 5 ppm was then applied, again to test the robustness of the system
to cope with raised pollution levels, and also to take these trials up to the starting
concentration used in the previous study.
2.2.2.2 Methods
Plant materials One test species, S. trifasciata, was chosen for this study. This species was
the median performer of the three tested above (Figure 3, Tables 1, 2). Tests were conducted
using 1, 2, 3, or 4 pots per chamber, of 125 mm pots, plus a comparative treatment with one
200 mm pot per chamber. Four replicates were used for all treatments.
Test conditions Three successive topping-up doses of 0.5 ppm benzene were applied, to
ensure full induction of removal response at that concentration, plus a final dose of 5 ppm.
Equipment and procedures were as described for the previous study.
2.2.2.3 Results
Figures 4 and 5 show the results for this series of trials. Again, rates in all treatments
increased with successive top-up doses of 0.5 ppm benzene. With every dose, removal rates
were equal to each other in the 3- and 4-pot treatments; and they were faster than in the 1and 2-pot treatments. Rates in the 2-pot treatment were also consistently faster than in the 1pot treatment, and by the third 0.5 ppm dose, approached those of the 3- and 4-pot groups.
And once more all treatments showed raised removal rates with the final, higher dose of 5
ppm. A comparison of times taken to remove 75% of the first and third 0.5 mm dose, and the
final 5 ppm dose, are shown in Table 3.
The values show that, when fully induced (3rd dose) the 2-, 3- and 4- x 125 mm pot
treatments were able to remove 75% of the 0.5 ppm dose in less than 24 hours. In the 3- and
4-pot treatments, the time was just 16 hours. Furthermore, when the dose was raised to 5
ppm, in the 3- and 4-pot treatments it was again removed in just 16 hours, that is, there was a
tenfold increase in their removal rates, in response to the tenfold increase in concentration
(following first order kinetics of biochemical reaction response — the rate is directly
proportional to concentration).
The 1- and 2-pot treatments also showed increases in rate with the higher dose (sevenfold),
indicating that the response at the 0.5 ppm dosage was robust, with spare capacity, although
in this case, for the 1- and 2-pot treatments, the removal rate at the 5 ppm dose was about half
that of the other two treatments. From Table 2, it can be seen that three 125 mm pots have
approximately the same surface area as one 200 mm pot, which adds weight to the notion that
surface area may be a determinant of VOC removal rates between 125 mm and 200mm pot
sizes.
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Figure 4 Removal from test-chamber air of three doses of 0.5 ppm benzene, and one 5 ppm dose,
with 1,2,3, or 4 pots per chamber of S. trifasciata (means ± SE; n=6).

Figure 5. Removal from test-chamber air of three doses of 0.5 ppm benzene, and one 5 ppm dose,
with one 125 mm pot, or one 200 mm pot per chamber of S. trifasciata (means ± SE; n=6).
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Table 3. Time taken for S. trifasciata to remove 75% of first and third 0.5 ppm benzene dose and the
subsequent 5 ppm dose, with 1 to 4 x125 mm pots per treatment, or 1 x 200 mm pots; and increases in
removal rates.
Plant
treatment
time (h)

1st 0.5
ppm
dose

3rd 0.5
ppm
dose

Approx. increase in
rate initial to full
induction

5 ppm
dose

Approx. increase in
rate- from 3rd 0.5
ppm

1 x 125 mm
2 x 125 mm
3 x 125 mm
4 x 125 mm

66
48
42
42

27
23
16
16

2.5
2
2.5
2.5

40
33
16
16

7
7
10
10

1 x 200 mm

35

22

1.6

35

6

The one 200 mm pot treatment also largely removed the 0.5 ppm dose within 24 hours at full
induction, although the rate was slightly slower than that of the 3- and 4- x 125 mm pot
treatments (22 hours compared with 16 hours). And, with the subsequent 5 ppm dose, the 200
mm pot treatment showed a very much slower removal rate than the 3- and 4-pot 125 mm pot
treatments. However, a comparison between these results and those of the first experiment
(Figure 3.b) shows that the 200 mm pot treatment, at full induction, is well able to remove a 5
ppm dose, and indeed a 25 ppm dose, within 22 hours (Table 1). It would appear, therefore,
that the reason for its slower performance in this experiment is that the larger bacterial
community in this pot size was not induced to respond as strongly at this relatively low
concentration, as were the small pots. Paradoxically, this is further evidence of the robustness
and reliability of the pot-plant microcosm in VOC removal.
2.2.2.4 Discussion
This second experiment demonstrates that, within the VOC concentration ranges that can be
expected in most indoor environments (0.05 -0.5 ppm), groups of three or four 125 mm pots
will be as effective as one 200 to 300 mm pot in VOC removal. The results of this series of
trials, with the three species, are remarkable in showing the abundant capacity for VOC
removal in pot-plants ranging in size from 125 to 300 mm pots. They also indicate
circumstances under which increasing the number of pots can substantially increase removal
rates.
From these results and those of our previous studies, we now have information on VOC
removal in 12 commonly used indoor plant species (three of which will be presented fully in
a later report to HAL; for list see Appendix 1), using four major urban outdoor/indoor VOC
pollutants. The general pattern of VOC removal is very similar in all species tested, after
about a week of acclimatisation/induction, and over more than the full range of VOC levels
likely to be found in indoor environments.
The weight of this evidence leads us to the view that almost any commonly used indoor
foliage species is likely to be equally as effective as those investigated in this laboratory
(although we aim to test further species). Our conclusions modify and extend those of
Wolverton and colleagues (1989, 1991, 1993) who, in their pioneering test-chamber
screening studies with over 50 indoor plant species and a number of VOCs, found highly
variable removal percentages. However, their experiments were essentially short-term, and
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they were therefore unaware of the necessity for, and consequences of, an induction period –
ie the influence of continued exposure to the contaminant. Accordingly, Wolverton‘s results
can be taken as over-conservative estimates of the capacity of indoor plants for VOC
reduction (which is on the whole desirable in a new field of investigation).
The reason for the consistency of VOC removal response among the species we have tested
appears to be that, because the potting mix bacterial community primarily responsible for the
VOC removal is among the microbial decomposers of organic matter in any indoor pot-plant
formulation, it can be relied on to respond in a similar way to exposure to air-borne VOCs.
The next step, therefore, was to test this hypothesis by examining the components and
functioning of the potting mix microbial community. The results of these investigations are
presented below in Section 3.

2.3

Significance to industry

The results of these two pot-size studies have practical implications for the indoor plant
industry. It is clear that:


For VOC removal, a 200 mm pot is as effective as a 300 mm pot, under any allowable
Australian indoor conditions;



A group of three 125 mm pots is as effective as one 200 mm pot, under general nonindustrial indoor conditions (offices, homes, etc.);



The findings have the potential to enable more flexibility in plant usage - eg clusters
or towers of small plants interspersed in interiorscape arrangements with larger
specimens;



The results of the first study show that appropriate indoor plantings could be installed
to alleviate occupational VOC exposures in situations where high VOC
concentrations are a fact of life, eg in motor service garages, dry cleaning shops, etc.
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3.

Potting mix microorganisms in VOC removal

3.1

Introduction

3.1.1 Previous UTS studies
Our earlier test-chamber studies showed that the VOC removal rates of pot-plants remained
unchanged in light or dark conditions, and that the potting mix continued to remove VOC
concentrations for some days after the plant was removed and pots with potting mix replaced
in the chambers. Both facts pointed to the participation of the potting mix microorganisms in
the VOC removal process (Burchett et al. 2001). We therefore conducted an examination,
using Spathiphyllum ‗Petite‘, of changes to the potting mix microbial community associated
with VOC induction. This showed that after benzene exposure, the total culturable bacterial
numbers in the potting mix were reduced by about half. A diverse range of bacterial types
were detected in the active extract, with four aerobic types showing positive growth as a
result of benzene exposure. This suggested that these four bacteria (at least) were associated
with VOC biodegradation (Wood et al., 2002). The total culturable numbers of anaerobic
bacteria were unaffected, and thus are somewhat less likely to play a role in VOC removal.
In a follow-up investigation, this time using Dracaena ‗Janet Craig‘, 49 culturable species of
bacteria were isolated from potting mix after benzene removal, (Tarran et al. 2002) a
majority of which were aerobic. However, when each culture was tested individually for
VOC removal ability, none was effective in removing significant amounts of benzene. This
indicated that removal is effected by a consortium of species, each of which contributes in
some stepwise manner to the biodegradation process. This was not surprising, since it is
common for more than one species to be integrally involved in a biodegradation process. For
example there are seven species in the bacterialx consortium shown to degrade diesel fuel
(which includes benzene and many other aromatic hydrocarbons) (Richard & Vogel 1999).
Many other such bacterial biodegradative consortia have been identified in soils and waters
(Okpokwasili & Olisa 1991; Ghazali et al. 2004; Pesce & Wunderlin 2004, Östberg et al.
2006). Such results also demonstrate that at least some of the species concerned are
culturable.
3.1.2 Bacterial responses to new carbon sources
It is said that there are bacterial species that can degrade any organic (carbon) compound
found on earth. It is also well known that, in general, with respect to many bacterial species
that each can use any one of a small range of carbon sources as its ‗food‘. The normal
nutrition of bacterial species in soils or potting mixes is by decomposition (biodegradation) of
the organic matter therein. Mixtures thereof are used to clean up oil spills (Raghavan and
Vivekanandan, 1999; Jørgensen et al., 2000).
What is remarkable in the indoor plant microcosm is that the potting mix bacteria can be
stimulated to ‗switch on‘ their responses with such minute, gaseous concentrations of VOCs.
We have not experimentally controlled any potting mix formulations in our trials, because the
indoor plant industry grows different species in different mixes, as appropriate. And, as
discussed in Section 2, whatever the species/potting-mix combination in any of the 12 species
we have tested, the VOC removal response always follows the same pattern, with
approximately equal efficiency.
However, the influence of different potting mix
formulations on removal has not been investigated per se, and requires research.
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Bacteria appear to be the dominant degraders of hydrocarbons in soil habitats generally
(Kanaly and Harayama, 2000; Viñas et al., 2005), and engineering biofilters are now used
routinely in processing plants to remove air-borne VOCs (Barbosa et al., 2007). The most
common chemical process involved in bacterial degradation of aromatic hydrocarbons,
including benzene, is oxidation carried out by aerobic bacteria, eg Pseudomonas species; the
process has been well described (see eg, Brock and Madigan, 1991).
The time taken for a microbial community to become adapted to the degradation of
hydrocarbons — the induction period — has been observed in other systems (described as
adaptation by Spain and van Veld, 1983). The process of induction involves three inter-related
mechanisms:
a) the initiation of production of enzymes to digest the material, and the repression of
enzymes not currently needed;
b) the selective enrichment, ie growth in numbers and relative dominance, of specific
microbial species (taxa) able to degrade the substance (possibly with a diminution in
numbers of other types that cannot utilise the carbon source); and
c)

possible genetic changes in the bacterial DNA which could result in new metabolic
characteristics, including favourable new enzyme capacities (Spain and van Veld 1983).

d) Selective enrichment in particular has frequently been observed experimentally (see
Leahy and Colwell 1990), and is the subject of the study reported here.
3.1.3 Bacterial community profiling
Since from our earlier results it appeared that VOC biodegradation in the potting mix was the
result of a communal bacterial response, the purpose of this study was to identify changes in
the microbial community resulting from the VOC induction process.
One approach to studying the nature of microbial communities is based on an investigation of
their physiological capabilities. One of the most common methods is through the use of Biolog
MicroPlates. Although originally created to identify and analyse changes in pure bacterial
cultures (Bochner 1989), Garland and Mills (1991) demonstrated how they could be used to
analyse successfully functional abilities of microbial communities. The original plate type, the
Biolog GN MicroPlate, comprises 96 wells, 95 of which contain a different carbon source, with
the remaining well being a control. Inorganic nutrients and tetrazolium violet dye are also
present in each well. The dye is reduced as a result of bacterial respiration in the well, leading to
colour formation which can be measured using spectrophotometry (Garland & Mills 1991). The
results provide a community level physiological profile (CLPP) by indicating the array of
carbon sources used in supporting growth, which gives information on the functional abilities of
the microbial community as a whole. In simple terms, the CLPP of a microbial community is a
‗summary‘ of the physiological capabilities of the collection of culturable organisms present.
That is, it shows what that community can do, in terms of degrading (digesting) particular
carbon compounds, rather than addressing which individual bacterial species/types make up that
community.
In this study the Biolog EcoPlate was used, which was designed for ecological applications.
The 96 wells in this case comprise triplicates of 31 different carbon sources, plus three
control wells (Preston-Mafham et al. 2002). This system has been used to compare soil
microbial communities of different plant species (Fang et al. 2001; Grayston and Prescott
2005), and of different habitats (Garland and Mills 1991). Other studies have examined
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changes in the CLPP accompanying environmental changes in the soil associated with metal
pollution (Niklińska et al. 2006); flooding by wastewaters (Gelsomino et al. 2006); and the
application of organic amendments (Gomez et al. 2006). A general criticism raised
concerning the Biolog MicroPlate method is that only culturable microorganisms can be
detected, whereas it is considered that less than 1% of soil organisms are culturable (Degens
and Harris 1997). However, the fact that the potting mix cultures we previously obtained
were found to degrade benzene efficiently (Wood et al., 2002), indicates that at least some
active part of the bacterial complement involved in the process is culturable.

3.2

Study aims

Compared with the body of research published on bacterial interactions in soil and water, the
phenomenon of soil (or potting mix) bacteria degrading air-borne pollutants has received
minimal study. The experimental aim of this study was to investigate any selective
enrichment of bacterial response occurring when exposed to an introduced air-borne
carbon source –benzene. Specific objectives were to: (a) establish a baseline community level
physiological profile (CLPP) for the potting mix bacteria of an internationally used plant
species, Spathiphyllum ‗Petite‘, to provide information on the functional abilities of the potting
mix root-zone microbial community; and (b) investigate whether and how the CLPP might
change as a result of induction of benzene biodegradation.

3.3

Methods

Plant materials Twelve-month old specimens of Spathiphyllum ‗Petite‘, in 140 mm pots,
were provided by Ambius (from Dalwood Wholesale Nursery, NSW). The plants were in a
standard potting mix of 5% coco peat: 80% composted pine bark: 15% basalt crusher dust;
and small amounts of aglime, dolomite and superphosphate (Dalwood Nursery, pers. comm.).
Plants had received foliar feed (nitrogen-based soluble fertiliser), Mancozeb fungicide and
Crown insecticide, and had been top-dressed with controlled release fertiliser (Osmocote;
Scotts Australia Pty Ltd, Sydney) at 8–9 months after planting. Several weeks prior to use in
the current experiments, plants were fertilised with Osmocote Plus controlled release
fertiliser, at approximately 10 g/plant. That is, both plants and their root-zone microbial
communities were well nourished for healthy growth. Eleven replicates were used in this
study, and the equipment and procedures involving the use of the bench-top test chambers
were similar to those described above.
Test design Plants were watered to field capacity and allowed to drain for 1 h before use.
Just prior to placement in the chambers, a pre-benzene-dose sample of potting mix was
removed from each pot for EcoPlate inoculation. To obtain maximum induction of the VOC
removal response, a 25 ppm dose of benzene was injected into each chamber and left for 30
min to allow complete evaporation before commencing sampling of chamber air
concentrations. Two successive top-up doses of 25 ppm were injected into all chambers after
95% of the previous dose had been removed, and reduction rates over a full three-dose
induction period recorded. Post-benzene potting mix samples were also made, taken
immediately as pot-plants were removed from the chambers after the 3rd dose of benzene had
been reduced by at least 95%. Samples were taken with a spoon, from between 5 and 15 mm
depth. Pieces of organic material >3 mm in any dimension, and any residual Osmocote
granules, were removed from samples prior to weighing.
Procedural control was also performed, to determine whether, or by how much, the
observed changes in the CLPP of the potting mix bacteria were related to benzene exposure
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or to some other effect related to enclosure in the chambers. Four replicate plants were used
in this trial, placed in the chambers for 14 days without any dose of benzene. EcoPlates were
made up before and after confinement in the chambers.
Preparation of Biolog EcoPlates The method used was modified from that of Grove et al.,
2004). Each potting mix sample was added to 10 mL of phosphate buffer (composed of:
1.236 g Na2HPO4 [BDH]; 0.18g NaH2PO4 [Sigma]; 8.5g NaCl [Caledon]; per L deionised
water; sterilised by autoclave at 121ºC for 15 min). The buffer was used in preference to
water to reduce bacterial cytolysis (cell destruction). Samples were shaken for 1 h at 300 rpm,
and the resulting suspensions were filtered through paper tissue to obtain 2.5 mL of
suspension. This was then diluted 10-fold and used to inoculate the EcoPlates, using 150 μL
of suspension per well. EcoPlate inoculations were conducted under laminar flow, in a tissue
culture clean room.
Plate Readings The intensity of colour development in a well is proportional to the strength
of the physiological behaviour of the bacterial community. The resultant optical densities
(ODs) of the wells were read at a wavelength of 590 nm, the peak absorbance of tetrazolium
dye (Zak et al. 1994), using a Bio-Tek PowerWave HT microplate spectrophotometer with
KC4 Ver. 3.2 software, immediately after inoculation, and at 24 h intervals for the following
7 days. Between readings, EcoPlates were incubated in the dark at 23±1 ºC. This temperature
was chosen because it is a standard office temperature in Australia, and hence the ‗normal
habitat‘ for indoor plants. Means of the triplicate ODs for each the 31 carbon-source wells
were corrected for any colour development in the blank water wells.
Data analysis Changes in carbon source utilisation in samples taken before and after
benzene induction, were determined using multivariate analysis of variance (MANOVA with
the Wilk‘s λ test), and Tukey's post hoc tests. EcoPlate readings were made at 4 d after
inoculation, when the greatest variation in OD amongst EcoPlate wells occurred (Glimm et
al. 1997). The relationship between the multivariate CLPP data before and after benzene
exposure was examined using Principal Components Analysis (Minitab Ver. 14, Minitab Inc.
2003).

3.4

Results

Induction of benzene removal
The benzene removal rates are presented in Figure 6. The
graph demonstrates that these pot-plants displayed the now familiar pattern of induction of
response to benzene exposure. Though removal rates were slow, in face of the high dosage
exposure, the results follow a generally similar pattern to those of all previous trials.
Results of the principal components analysis (PCA) of the potting mix bacterial community
level physiological profile (CLPP) pre- and post-benzene exposure, are shown in Figure 7.
The pre-benzene exposure data points are clearly separated from the cluster of post-benzene
exposure data points along the PC1 axis. This finding indicates that overall carbon source
usage by the bacterial community changed as a result of benzene exposure: a clear effect of
the VOC on the potting mix bacterial community. The points represent simultaneous
variations in all 31 carbon sources, so it is a general change in physiology which is displayed.
CLPP of procedural controls The PCA comparison of CLPP data from pre- and post- nobenzene chamber controls (Figure 8) also showed significant differences in distribution
between the two lots of readings, on both PC1 and PC2. The pre-chamber data points were
more closely placed along both axes, while the post-chamber points were widely dispersed
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from one another. The test confirmed that 14 days in the test chambers in itself leads to
changes in the potting mix microbial community, even in the absence of benzene.
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Figure 6: Rate of benzene removal with three doses of 25 ppm benzene, in Spathiphyllum ‗Petite‘
(n=11; Means ± SE).

Figure 7: Ordination from PCA of first and second principal componenets of pre- and post-benzene
exposure CLPP, for potting mix of Spathiphyllum ‗Petite‘. ■ = pre-benzene exposure; ● = postbenzene exposure.
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Figure 8: Ordination from PCA of first and second principal components of procedural control test –
CLPP before and after confinement in empty chamber, for potting mix of Spathiphyllum ‗Petite‘. ■ =
pre-benzene exposure; ● = post-benzene exposure.

Two weeks is the longest period that plants are ever kept in chambers in our experimentation,
and although each is placed in a saucer of water, that dries out over the period. Also,
although the chambers have 100% humidity, plant and potting mix will be suffering from
water stress at the end of the run. However, a comparison of Figures 7 and 8 shows that the
responses of the bacteria are quite different in the two sets of conditions. This means that the
changes indicated in Figure 7 can be taken to reflect the effects of benzene on the
physiological profile of the community, rather than simply the effects of the chambers.

3.5

Discussion

Benzene removal The pot-plants showed an induction to benzene removal exactly similar to
those in our previous studies (Figure 6), although the removal rates were not nearly as fast as
in the trials presented in Section 2. The time taken to remove 75% of the first dose was 143
hours, and for the third dose, 62 hours (more than double the initial rate). There are probably
at least two reasons for the slower removal rates here than in earlier studies. First, the pots
were small (140 mm), not much bigger than the smallest pots used in the pot-size
experiments above. Secondly, these pot-plants were exposed to three doses of 25 ppm
benzene – a ten times higher concentration than the maximum used in any of the three-dose
sequences above. The high concentration was chosen to accentuate any changes the benzene
may have on the bacterial community, and emphasise the role of benzene-degrading species.
However, with the final dose in Experiment 1 (Table 1), and in earlier investigations with 200
mm pots, we have observed removal of 25 ppm benzene within 24 hours, once the system
was fully induced (Wood et al., 2002; Orwell et al., 2004).
Effects of benzene exposure on CLPP There was a distinct difference in the CLPPs pre- and
post-benzene exposure (Figure 7). Such differences could result from changes in the relative
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abundances of different bacterial types, or in stimulation of specific enzyme production of the
bacteria involved, or a combination of both. As mentioned above, our preliminary study of
benzene exposure with S. ‗Petite‘ (Burchett et al., 2001), found a reduction to about half of
the culturable bacterial density, but with a simultaneous increase in abundance of a small
number of aerobic species. So it appears that the changes in bacterial composition of the
potting mix observed here primarily result from changes in relative abundance among the
potting mix bacterial complement, in response to benzene exposure (Siciliano et al., 2003).

3.6

Significance to industry

This is the first systematic investigation conducted on the physiological profile and behaviour
of VOC degrading bacteria in the potting mix of ornamental plants, and in particular indoor
plants. The results of the study:


Confirm the primary role of the potting mix bacteria in VOC removal by indoor
plants;



Establish the normal CLPP of potting mix bacteria associated with the root zone of
what is probably the most commonly used indoor plant species in the world;



Has also, for the first time, thrown light on the responses of the CLPP of the bacterial
community to exposure to one of the commonest urban air pollutants worldwide,
benzene. (This compound can often be found at higher concentrations in indoor air
than outdoors, since it is used as a solvent in many furnishing/finishing materials.)

Further investigation of the bacterial agents of removal is needed, both of the variations in
bacterial communities that could be specific to different plant species, and also in the changes
in CLPPs that may occur in response to other VOCs. However, the results provide a baseline
for directing future horticultural improvement of indoor plants, including means of increasing
further their VOC biodegradation capacity.
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4.

Potential for indoor plants to reduce CO2 and hence building
energy consumption

4.1

Introduction

4.1.1. Air-conditioning ventilation requirements
Air-conditioning in city buildings has two main purposes – temperature control and air
refreshment. For the second purpose, refreshment rates with outside air are commonly in the
range of 11-15% p. h. (which tends to result in higher air pollution levels indoors than
outside). The compelling purpose for air refreshment is not so much to replenish O2 (21% of
the atmosphere) but to remove CO2 (Höppe and Martinac, 1998). This is because raised CO2
levels lead to loss of concentration and drowsiness more rapidly than O2 depletion. Studies
have shown that student performance declines with increasing CO2 (Shaughnessy et al.,
2006) as does workplace productivity (Seppänen et al., 2006). Global CO2 concentrations are
currently estimated at about 380 ppm. Australia follows the standards of the WHO and the
American Society of Heating, Refrigeration and Air-conditioning Engineers (ASHRAE,
2001) for indoor CO2 levels, which recommend 1,000 ppm as the maximum acceptable
indoor air concentration. Some organisations (eg UTS) select 800 ppm CO2 as the trigger
cut-in maximum for extra ventilation. (We have observed that three people talking in an
office can increase CO2 concentrations to this limit within about 10 minutes.) Global
warming forecasts predict ambient outdoor CO2 levels to rise, possibly to greater than 500
ppm, over the next 25-30 years (IPCC, 2009), which will further narrow the gap between
outdoor air and when indoor air needs accelerated refreshment ventilation.
In our first office study, we found that three pots of Dracaena ‗Janet Craig‘ reduced office
CO2 levels in an air-conditioned building by 10%, and in a non-air-conditioned building by
25% (to below external ambient levels) (Tarran et al., 2007). Indoor plants could potentially
play a significant role in keeping CO2 levels below the extra-ventilation cut-in point for airconditioning systems of city buildings, hence reducing the power consumption of the system,
and the C-footprint of the city.
Pot-plants are only just beginning to be considered for this purpose. The Australian Council
of Built Environment Professionals Ltd (BEDP) recently published a National Policy
Framework on Sustainable Settlements (BEDP, 2009), and an associated design guide Living Walls: A Way to Green the Built Environment, which relates to both external and
internal plant arrangements, installed on a framework with built-in irrigation. Internal plant
walls of this type are in use in Australia, eg the plant wall at Sydney airport; installed by
Ambius), and overseas, eg with the pioneering work of Darlington et al. (2001) in Canada,
and others (Hoyano, 1988; Alexandri and Jones, 2006). If predicted climate change
consequences become a reality, such installations are likely to become more common on or in
new city buildings, which would have a number of benefits for urban sustainability.
However, plant-walls of this type are expensive to construct and maintain compared with
indoor greening strategies based on pot-plant arrangements, which are portable and flexible
in positioning. This has advantages with respect to changing uses or staff arrangements in an
indoor space, and allows retro-installation in already standing buildings technically easy to
accomplish. It is also currently unknown just how many plants are required to influence
indoor CO2 levels. We report here the results of preliminary laboratory studies on the light
requirements for effective CO2 reduction in two indoor species, to help lay the foundation for
further horticultural development of indoor plants for their air-freshening function.
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4.1.2 Photosynthesis in shade-tolerant plants
4.1.2.1 Variables affecting photosynthesis
With adequate light plants not only absorb CO2 via photosynthesis, but release an
equimolecular concentration of O2, refreshing air in two complementary ways, but achieving
enough light indoors for effective CO2 reduction is often difficult. In addition, with the potplant system, it is necessary to take account that non-green plant parts and potting mix
microorganisms (bacteria and fungi) continually respire, emitting CO2; in the dark, so do
green shoots. For a pot-plant to have a favourable energy balance (positive net
photosynthesis) to maintain itself (let alone grow), photosynthetic sugar yield from CO2
assimilation must be significantly higher than the amount needed to fuel its own respiration.
To make a significant difference to indoor air quality, net photosynthesis of the pot-plant
must also be greater than the combined forces of respiratory CO2 production of the
microcosm unit as a whole.
Rates of photosynthesis (measured most commonly as CO2 uptake) depend on interactions of
a number of biological variables, including: species-specific differences eg light/shade
tolerance; foliage area; age; and capacity for acclimatisation to the prevailing indoor light
regime. A number of environmental factors are also involved: light intensity at the potposition – and the daily/weekly light period in the space; nutritional status of the potting mix,
moisture levels, surrounding humidity, temperature, and CO2 concentration (commonly
higher indoors than outside).
4.1.2.2 Light requirements
Although shade-tolerant plants (including most indoor species)have lower photosynthesis
rates overall than ‗high light‘ plants, they generally show higher net photosynthesis rates at
low light intensities than do high light species (Boardmann, 1997). The light ‘compensation
point’ is the light intensity at which the photosynthetic uptake of CO2 by the plant exactly
equals the CO2 output produced by its own respiration. If kept at this light level there is
obviously no net carbohydrate yield – the plant is starving. As light intensity is increased,
CO2 uptake rate will increase also, up to a light ‘saturation point’, where the shoot‘s
photosynthetic apparatus is fully engaged. Any further light increases are redundant, and will
even start to inhibit photosynthesis, by damaging chlorophylls and other parts of the
photosystems (photoinhibition). The intensity of full sunlight is about 2000 µmol quanta m-2
sec-1, and the light saturation points for shade-tolerant species are generally below about 400
µmol m-2 sec-1. In a recent office study we found light intensities varied greatly with time of
day and weather in offices with windows, but in internal offices light intensities were
sometimes lower than 10 µmol m-2 sec-1 - very low for the achievement of any positive net
CO2 uptake.
The very limited information available on light requirements of indoor plants comes mainly
from studies associated with the practical problems of transferring micropropagated plantlets
from in vitro to ex vitro conditions, and mainly on Spathiphyllum. Van Huylenbroeck et al.
(1995) found Spathiphyllum ‗Petite‘ plantlets grown under 300 µmol m-2 sec-1 were
photoinhibited compared with those at 100 µmol m-2 sec-1. A more recent study
(Akoumianiki et al., 2004) found that Spathiphyllum (unnamed sp.) grown at 40 and 420
µmol m-2 sec-1, showed differences in leaf morphology and photosystem biochemistry in the
two regimes. The lower-light plants developed higher concentrations of light-capturing
pigments in their leaves. Dewirl et al. (2005) reported that, among various treatments, best
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growth in Spathiphyllum was observed at 70 – 100 µmol m-2 sec-1, in a perlite- hydroculture
substrate. A micropropagation study of four varieties of Aglaonema (Yeh et al., 2007) found
that: ―After transferring [from tissue culture laboratory] to a shaded greenhouse, plants under
130 µmol m-2 sec-1 during ex vitro acclimatization had higher dry weight than those under
80 or 200 µmol m-2 sec-1‖. And Epipremnum aureum was found to have a light saturation
point of about 300 µmol m-2 sec-1 (Kittel et al., 2001).
It is known that shade-tolerant plants have the capacity to acclimatise to lower light
intensities by down-regulating their photosynthetic processes - both light compensation
points and saturation points can be reduced (Vidal et al., 1990; Thompson et al., 1992).
However, the abilities of indoor plants in these processes have previously received little
research.
4.1.2.3 Carbon dioxide requirements
Increased CO2 uptake has been observed in in vitro plantlets of Spathiphyllum floribundum
and Pelargonium zonale with CO2 enrichment of from 400 to 1000 ppm, at a light intensity
of 80 µmol quanta m-2 sec-1 (Reuther,1987). Marcelis et al. (2005), in a greenhouse study
with four species - Kalanchoe, Poinsettia, Ficus and Dracaena - found that the relative
effects of light on growth, in increments of 1%, was greater at lower light levels, higher CO 2
concentrations, and warmer temperatures. They concluded that: ―Light should not be
considered a separate growth factor in greenhouse horticulture, as it forms an integral part of
total [plant] management‖. The same must be true when considering CO2 uptake capacity of
indoor plants, and minimum and optimum lighting requirements have yet to be established.
The objectives of this study were to conduct controlled laboratory investigations of the
capacities for CO2 reduction in two indoor plant species S. ‘Petite’ and E. aureum.

4.2

Test-chamber CO2 flux with pot-plants of two species

4.2.1 Aim
The aim of this investigation was to examine the CO2 flux of the plant-and-pot microcosm as
a whole in a closed environment, for two species. A light intensity of 45 µmol quanta m-2
sec-1 was used, which is the maximum light intensity supplied to the chambers, and is in the
range reported above for Spathiphyllum (although only for tissue-cultured plantlets), and
about only one quarter of that reported for E aureum, a less shade-tolerant species.
4.2.2. Methods
Plant materials Plants of the two species in 200 mm pots were tested, with four replicates of
each. The pots had been kept in the laboratory (light intensity of 10-15 µmol m-2 sec1) to
acclimatise to building conditions for at least five weeks prior to testing. Plants were well
watered and allowed to drain for 1 hour prior to placement in the chambers.
CO2 monitoring Measurements of chamber CO2 concentrations were made using a portable
CO2 monitor, (TSI IAQ-CALC; TSI Inc., MN, USA). Readings were made continuously at 1
min intervals, and logged directly into a computer.
Test conditions One of the bench-top perspex chambers described in Section 2 was used for
the purpose. When the pot-plant was placed in the chamber, the CO2 monitor was positioned
in the corner before sealing the unit.
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Procedure Changes in chamber CO2 concentration were measured over 1 hour, after which
the pot was removed, the shoot cut off at the surface of the potting mix, and the pot
containing roots and potting mix placed back in the chamber for another 1 hour of
measurement. Fresh weights and leaf areas were measured for the decapitated shoots.
4.2.3 Results
Spathiphyllum Initial CO2 concentrations in laboratory and chamber were approximately
500 ppm. The changes in chamber CO2 concentrations for this species are presented in Figure
9. It can be seen that the pot-plant unit as a whole did not detectably alter the CO2
concentration in the chamber over the 1 hour of testing. That is, any net photosynthesis
achieved by the plant shoots was balanced by the respiration of the roots plus potting mix
micoorganisms. When the shoots were cut off and the pots replaced in the chambers,
however, the CO2 concentration in the chamber rose over the subsequent hour, because of the
combined respiration of roots and potting mix microorganisms. The third line, calculated by
difference between the first two lines, shows the net photosynthetic uptake of CO2 by the
green shoots over a I-hour period. In this species the rate of uptake was 4.8 mg CO2 m-3 m-2
h-1, however that uptake was equalled by the CO2 emission from the roots and
microoganisms.
E. aureum Initial laboratory and chamber CO2 concentrations during this trial were
approximately 300 ppm. Results are shown in Figure 10. In this species a small average net
reduction in CO2, of approximately 0.04%, was recorded for the whole pot-plant over the 1
hour of testing. The rate uptake for these plants was calculated as 2.8 mg CO2 m-3 m-2 h-1.
4.2.4 Discussion
The results show that:


Both species photosynthesise at a light intensity of 45 µmol quanta m-2 sec-1; though
the rate in E.aureum, as expected was about one third less than that in the
Spathiphyllum.



However, in this chamber experiment:
o With Spathiphyllum ‗Petite‘ there was no net CO2 reduction from the plantand-pot microcosm; and
o With E. aureum there was a very small net reduction in CO2 concentration
over the 1 h period from the pot-plant unit.

It is clear that, when considering the contribution of pot-plants to indoor CO2 reduction,
the entire microcosm must be considered when estimating the potential of the indoor
plant species, as well as other issues such as light levels.
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Figure 9. CO2 fluxes in 1-hour chamber trials with 200 mm pots of Spathiphyllum; with whole plant,
roots and potting mix only, and (by difference) shoots only (n = 4; Mean ± SE).

Figure 10. CO2 fluxes in 1-hour chamber trials with 200 mm pots of E. aureum; with whole plant,
roots and potting mix only, and (by difference) shoots only (n = 4; Mean ± SE).
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4.3

Leaf light / CO2 uptake responses in two species

4.3.1. Aim
This study took a complementary approach to that of the previous experiment. In this study
leaf photosynthetic rates for each species were measured using a leaf-clip chamber, in which
both light and CO2 concentrations can be controlled. The aim of this study was to discover
the photosynthetic light compensation and saturation points for the two species, under
the indoor conditions to which they had been acclimatised.
4.3.2 Methods
Plant materials The pot-plants were new plants from the same batches used in the first
chamber CO2 study, ie they were acclimatised to indoor light levels. In this case, however,
the pot-plants remained intact on the open bench, and the test chamber was applied to
individual sample leaves in turn. Three replicate plants were used of each species, and 4
healthy mature leaves were sampled on each plant.
CO2 monitoring Measurements were made using a LI-COR LI-6400 Portable Photosynthesis
System (Lincoln, NA), with which both leaf chamber light intensity and CO2 concentration
can be controlled. This measures changes in CO2 concentration by infrared absorbance. The
leaf chamber was gently clamped onto the sample leaf, and an air stream with an entering test
CO2 concentration of 400 ppm ( a usual minimum office air concentration) was passed
through the chamber. With no light in the chamber, air exiting will have a higher CO2
concentration than that of the entering stream, because of ‗dark respiration‘ in the leaf. As
light intensity is increased, exiting air will have progressively lower CO2 concentrations than
that of the entering air.
4.3.3. Results
Spathiphyllum The photosynthetic light response curve for this species is presented in
Figure 11. The results show that:


The light intensity at compensation point (where photosynthetic CO2 uptake equals
output from respiration, and the curve intersects with the x axis) was approximately 4
µmol quanta m-2 sec-1.



The light intensity at saturation point for CO2 uptake (ie rate of photosynthesis
reaches a maximum and the curve becomes horizontal) was at 28 µmol quanta m-2
sec-1, and the net CO2 uptake rate was 0.8 µmol CO2 per m2 leaf area, sec-1.



At a light intensity equal to the average light level in the laboratory (12-13 µmol
quanta m-2 sec-1), the rate of CO2 uptake had reached about 80% of the maximum
achieved (0.63 µmol CO2 m-2 sec-1).



This light intensity saturation point value is four or five times lower than those
reported above as optimum for growth, and indicates the capacity for acclimatisation
to very low light levels in this species.

The results overall indicate that at prevailing light intensities in internal offices (no
windows), active net CO2 uptake is occurring in the green shoots, which would assist in the
maintenance metabolism of the plants, though probably no real growth.
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Figure 11. Light saturation curve of CO2 uptake in Spathiphyllum. Values are expressed as a µmol
CO2 m-2 sec-1, and light intensity as µmol quanta m-2 sec-1. (Means ± SE).

Figure 12. Light saturation curve of CO2 uptake in E. aureum. Values are expressed as a µmol CO2
m-2 sec-1, and light intensity as µmol quanta m-2 sec-1. (Means ± SE).
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E.aureum
The photosynthetic light response curve for this species is presented in Figure
12. In this species:


The light intensity at compensation point was approximately 10 µmol quanta m-2sec-1,
ie at the prevailing indoor light levels (10-15 µmol quanta m-2 sec-1) there would be
very little net uptake of CO2 in these plants (as shown also in the chamber
experiment);



The light intensity at saturation point for CO2 uptake was at about 200 µmol quanta
m-2 sec-1, where the net CO2 uptake rate was 0.8 µmol CO2 per m2 leaf area, sec-1.

The light intensity saturation point value for this species was thus about ten times higher than
that for the Spathiphyllum. The data are in accord with what is known in the industry of the
relative shade tolerances of these two species. These are preliminary findings; it is possible
that plants of either obtained from other provenances would give somewhat different results.
Further R&D could no doubt produce new varieties of E. aureum with lower light
requirements. Meanwhile, the results indicate the importance of appropriate placing of
indoor plants according to their known relative light/shade tolerances, to help ensure effective
CO2 uptake in the built environment.
4.3.4 Discussion
The results reported here provide preliminary baseline information on the CO2 reducing
capacity of indoor pot-plants, and the light intensity ranges likely to be needed to ensure that
they can make a significant difference to a building‘s air-conditioning loads. Even at very
low light intensities, such as those typically found in offices, indoor plants can play a
potentially effective role in reducing CO2 accumulations.
Future research needs are
discussed below.
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5.

Discussion - Significance of findings

5.1

Summary overview

The findings of this project provide much needed information on the value of indoor
plants to cleanse indoor air, and the flexibility with which they can be deployed. Air
conditioning is very rarely designed to reduce gaseous pollutants, arising either from
outdoors or inside, apart from refreshment to reduce CO2 concentrations if they rise to
the maximum level for health. The results of the studies reported here, together with
previous findings from our own research and international studies, show conclusively
that the pot-plant microcosm (PPM) can greatly improve indoor air quality by
removing many major pollutants. Thus the PPM represents an adaptive, self-regulating,
portable, flexible, low-cost, sustainable, beautiful biofiltration and bioremediation
system for indoor air quality. This (truly) ‘green technology’ can complement any
engineering measures in any type of building.

5.2

Recommendations for Industry

The results of this project confirm the efficiency of VOC uptake by the PPM. The results of
have practical implications for the indoor plant industry, in terms of interiorscape design and
use of plant materials.
5.2.1 On VOC removal


A group of three 125 mm pots is at least as effective as one 200 mm pot, under
general non-industrial indoor conditions (offices, homes, etc.); and



A 200 mm pot is as effective as a 300 mm pot, under any allowable Australian indoor
conditions;



A 200 mm pot is as effective as a 300 mm pot, under any allowable Australian indoor
conditions;



The number of individual plants has a greater effect on VOC removal ability than the
size of the pot (and hence plants), thus larger number of smaller plants is might well
be the ideal system for maximising VOC removal;



Clusters or towers of small plants could be used in place of larger pots, or interspersed
with larger specimens;



Indoor plantings could also be recommended to alleviate occupational VOC
exposures in situations where high VOC concentrations are a fact of life, eg in motor
service garages, dry cleaning shops, etc.

5.2.2 On potting mix bacterial activity
This is the first systematic investigation to have been conducted on the physiological profile
and responses of VOC-degrading bacteria of indoor plants. The results:


Confirm the primary role of the potting mix bacteria in VOC removal by indoor
plants;



Establish the normal profile of the bacteria associated with the VOC removal activity
in the internationally used species, Spathiphyllum ‗Petite‘;
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Indicate the responses of the bacterial community to VOC exposure, using one of the
most common urban outdoor and indoor air pollutants worldwide, benzene;



Demonstrate that, taken together with the results we have obtained from 11 other
indoor species, it can be inferred that similar or equivalent profiles of potting mix
bacteria will be found in the other species also;



Highlight the abundant capacity of the pot-plant microcosm to remove indoor airborne VOCs; it is thus now a well established indoor plant function, and can be
promoted with confidence to clients.

5.2.3 On CO2 reduction
The results of the preliminary laboratory studies reported here are the first such studies ever
carried out on indoor plant CO2 uptake capabilities in their ‗indoor habitat‘. They show that
at normal (ie low) light intensities in offices, a small amount of active net CO2 uptake by
plant shoots does occur. But the test-chamber trials showed that the whole pot-plant
microcosm has to be taken into account, because the respiration of the roots and potting mix
microorganisms together may result in CO2 emissions equal to the uptake by the leaves – in
which case no net CO2 reduction is achieved.
As mentioned in Section 4, we found in an office ‗field‘ study that indoor plants reduced CO2
levels by 10% in an air-conditioned building, and by 25% in a naturally ventilated building.
However, we found in a later office study, with newer buildings, that any CO2 reductions
were lower than 10%, because the air-conditioning systems in the newer buildings sampled
were more efficient, with forced ventilation at CO2 levels of 800 ppm. Pot-plants have the
potential to reduce the load on such air-conditioning systems, and hence reduce the C-imprint
of the city. Much more research is needed before this goal can be reached, however, as
discussed in Section 5.3 below.
Meanwhile indoor plants can be arranged to optimise their contribution to CO2 reduction, by
applying general principles of use - by placing them in accordance with their known
light/shade tolerances; maximising the foliage area; and utilising their capacity for
acclimatisation by down-regulating, to some extent, their light requirements to the prevailing
indoor light regime.

5.3

Recommendations for future R&D

To help ensure the national goal of producing sustainable urban communities (House of
Representatives, 2004), satisfying the ‘triple bottom line’ of environmental, social and
economic considerations, the evidence is that interior plants should become standard
installation elements of ‘urban facility ecology’. To achieve this aim, however, further
targeted research is needed in a number of directions.
5.3.1 On VOC reduction
As discussed above, the 12 indoor plant species we have tested all show approximately equal
(high) capacity to reduce or eliminate air-borne VOC loads, and we consider it likely that
most indoor plants, via their potting mix bacteria, would show similar propensities.
However, we understand from discussions with industry members that it would of benefit for
more plant species to be investigated for this air-cleansing capacity, for example including
other families, such as Bromeliads, Crassulaceae, and Cacti – succulents which have various
different root/shoot ratios from those of the Araceaea, Liliaceae or some Agavaceae/
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Dracaenaceae (see Appendix), and which therefore might have quite different root-zone
bacterial communities.
5.3.2 On VOC-removing bacterial consortia
To extend an understanding of indoor plant environmental horticulture, studies are also
needed on characterising the root zone bacterial communities in other plant species, and their
responses in VOC removal activities. Also, we have direct information only on the consortia
concerned with benzene biodegradation. In an earlier study (Orwell et al., 2006) we found a
synergistic interaction when a mixture of two VOCs was tested. The presence of toluene
accelerated the removal of m-xylene (though not vice versa). More information is clearly
needed in this area, from which it is possible that particular plant species could be chosen for
situations with chronic problems of specific VOCs (eg manufacturing involving specific
substances, such as formaldehyde, or toluene, etc), or defined mixtures of VOCs (eg petrol
and other fuels).
5.3.3 On CO2 reduction
From the results presented above, it can be predicted that if indoor plants are correctly
matched to prevailing light levels in specific locations, considerable reductions in HVAC
power consumption can be achieved. However, before the prediction can be realised, further
baseline research on the photosynthetic capabilities of indoor species is clearly required.
Research first needs to focus on:
(a) establishing the minimum and maximum light requirements for optimum net
photosynthesis for each species/variety. This is a complex question, since gross
and net photosynthesis rates depend not only on light levels, but also on
interactions among a number of environmental factors, as outlined above;
(b) profiling responses of the same species to different ambient CO2 concentrations.
CO2 enrichment response profiles (ie, testing with increasing CO2 concentrations)
would further identify species most suited for use in reducing the ventilation load
on air-conditioning systems.
The scientific information obtained from such research can then be used to recommend the
most suitable species/varieties for various lighting conditions in a building. At the same time
the information would provide a basis for collaboration with lighting and design experts on
how to achieve maximum benefit from interior plantscapes of the future that really can take
the load off the air-conditioning system, and contribute to the goal of sustainable city living.
5.3.4 Other R&D needs
In addition, there is an emerging need for studies to be undertaken on the effectiveness of
plants to reduce VOCs and CO2 by plants grown in hydroculture - their plant and
microbiological physiology and responses. European countries are moving away from
cultivation of indoor plants in potting mix in favour of hydroculture of plants on inert
inorganic media, supplemented by pelletised or liquid growth media.
Claimed advantages for hydroculture of indoor plants include the fact that they do not rely on
organic potting mix components that may be in short supply, or that should be protected from
such use. In addition, it is stated that: a substrate of clay pellets or similar inert material is
‗everlasting‘ (although to presumably must be ‗reconditioned‘ for each new plant); the
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system provides good root aeration; causes fewer allergies (eg, asthma, sometimes attributed
to moulds of potting mix, although without clear evidence of this as a significant mould
source, to date); is cleaner to clear up in case of spills; is odour-free and pest-free; plus, over
or under watering problems are eliminated; plants (with sub-irrigation) need watering only at
3-4 week intervals; and fertilising is needed only two or three times per year. There is no
systematic scientific literature available on these claims, and they urgently require thorough
investigation. . We are especially interested in hydroculture for CO2 removal as it is possible
that this medium will release far lower CO2 from microbial respiration than potting mix, thus
leading to the potential for greater net CO2 removal rates.

5.4

In conclusion

Horticultural research on other ornamentals, eg. carnations or roses, has a history of several
thousand years, and is continuing. The horticultural development of indoor plants for
improved indoor environmental quality is in its infancy. There is a growing body of evidence
that indoor plants are needed for sustainable urban communities, that they are not just ‗pretty
faces‘ (although that is also important). In addition to their air-filtration functions, they are a
spirit-lifting oasis and aid to job satisfaction, work performance and productivity, which, it
has been estimated (Burchett et al., 2008), will repay the cost of their presence in the built
environment.
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Appendix 1

List of indoor plant species UTS laboratory-tested
for VOC removal


Aglaonema modestum (Fam. Araceae)



Chamaedorea elegans (Fam. Palmae)




Dracaena deremensis ‗Janet Craig‘ (Fam. Dracaenaceae; prev. Liliaceae)
Dracaena marginata



Epipremnum aureum (syn. Scindap(s)us aureus) (Pothos; Devil‘s Ivy) (Fam. Araceae)



Howea forsteriana (Kentia palm) (Fam. Palmae)



Philodendron ‗Congo‘ (Fam. Araceae)



Sansevieria trifasciata (Mother-in-law‘s tongue) (Fam. Ruscaceae/Dracaenaceae)



Schefflera ‗Amate‘ (Qld. Umbrella Tree) (Fam. Araliaceae)




Spathiphyllum ‘Petite‘ (& ‗Sweet Chico‘) (Peace Lily) (Fam. Araceae)
Spathiphyllum ‗Sensation‘



Zamioculcas zamiifolia (Zanzibar; ZZ) (Fam. Araceae)

They were all found to be just about equally effective in removing a standard dose within
about 24 hours, after a week of acclimatization (induction) to exposure to the VOC.
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APPENDIX 2
Technology transfer
We have been and will continue to be, actively engaged in technology transfer of information
derived from this research.
Talks/Seminars During the course of this project we have made presentations on our indoor
plant research at:
 Ambius staff training sessions,
 Meetings of the Horticultural Media Association (HMA) in Brisbane, Sydney and
Melbourne.
 Annual Conference of the Facility Management Association of Australia (FMAA)
(2008)
 Woolcock Institute of Medical Research (linked with the University of Sydney and
RPA Hospital)
 International meeting of Science educators at UTS
 North Shore branch of the Garden Clubs of Australia
 About 12 radio interviews, mainly arising from talks at HMA
 Participated in ‗Speed-meet-a-geek‘, UTS/ABC public event for Science Week (Aug.
‘09) (armed with a potted Spathiphyllum ‗Petite‘ as symbol of area of expertise)
Articles on the work have been published in:
Industry publicationsNewsletters of the National Interior Plantscape Association
Brochures and online advice of Ambius
Proceedings of Ideaction’08 – Enabling Sustainable Communities (HMAA Conf.); 7-9 May
2008, Qld.
Peer-reviewed international journalsWe have two in preparation:
Torpy F, Brennan J & Burchett MD, Relationship between container size and VOC removal
capacity of indoor pot-.
Burchett MD, Torpy F, & Brennan J, Indoor plant installations – an increasing necessity for
urban sustainability.
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