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Abstract. Volatile organic compounds (VOCs) in homes and offices represent a potentially
serious health problem for exposed individuals. While certain indoor plants have been
shown to remove VOCs in small test chambers, the results have not consistently translated
to larger, more complex structures. We report the results of a mathematical model that
assesses the effect of plants on the removal of benzene or other VOCs in buildings,
incorporating the primary variables modulating indoor air VOC concentration. Building
air volume, amount of plant material, VOC concentration and air exchange, VOC
emanation, and plant phytoremediation rates can be altered over ranges reported in the
literature, clarifying the relationship among these parameters and thereby identifying the
most appropriate interior air remediation options. The results indicate existing published
phytoremediation rates determined using small test chambers are far higher than can be
achieved with static potted plants in buildings, and facilitated air movement through the
plant media will most likely be essential for phytoremediation to be a viable means of

improving indoor air quality.

A dramatic increase in human health mal-
adies has coincided with our exposure to an
increasingly complex chemical environment
(Genuis, 2012; Mostafalou and Abdollihi,
2013; Priiss-Ustiin et al., 2011). Volatile or-
ganic compounds (VOCs) represent a category
of environmental chemicals that are a major
contributor to reduced indoor air quality.
Humans inhale a diverse array of VOCs from
the air in homes and offices. Some VOCs are
known to be toxic, thus their prevalence
poses a serious health hazard (Stacey and
Winder, 2004). This effect is exacerbated in
technologically advanced countries where
people often spend more than 90% of their
time indoors (Jenkins et al., 1992). Remov-
ing VOCs from indoor air is therefore a vital
public health concern.

Methods for VOC removal vary widely in
cost and effectiveness. Cutting-edge physical
and chemical means of removing VOCs via
adsorption, photocatalysis, or reaction with
ozone (Carslaw, 2007; Mo et al., 2009;
Steinberg et al., 2005) are limited practically
by high initial and operational costs and by
their dependence on heating/cooling systems
to function properly. A simpler biological
method, VOC removal by indoor plants, does
not suffer from any of these drawbacks:
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startup and maintenance costs are minimal,
no specialized equipment, electricity, or other
resources are necessary, and plants can con-
tinually remove VOCs, day and night. As part
of the manned space program, NASA scien-
tists in the 1980s found that certain indoor
plant species and their associated microorgan-
isms effectively removed VOCs in closed
systems, purifying the air (Wolverton, 1986).
But when indoor plants were tested in situ for
their ability to remove VOCs in buildings, the
results have ranged from modest to no effect
(Apte and Apte, 2010; Kim et al., 2009;
Pegas etal., 2012), leaving open the question,
whether plants actually represent a viable
solution for modulating the concentration of
VOCs in a home or office environment.
Buildings, in contrast to small sealed cham-
bers, are much more complex systems, often
having significant air exchange with the
exterior and varying rates of VOC emanation
from interior sources, neither of which have
been measured in existing in situ studies.
Here, we report the results of a mathematical
model that assesses the effect of plants on
removal of VOCs in buildings.

To model removal of VOCs from build-
ings by potted plants and their associated
microbes, we describe the concentration p of
a single VOC (e.g., benzene) as a function of
the relevant experimental parameters. While
there may be some difference in removal rate
between one and several gases, we assume
here that different VOCs may be described
independently using the same model, albeit

MISCELLANEOUS

with different values for parameters such as
VOC emanation rate, VOC removal rate by
plants, and initial concentration of the VOC.
We consider the range of values seen in the
literature as inputs to the model. To evaluate
the efficacy of plant removal for a particular
set of parameters, we compare the steady-
state VOC concentrations of two systems that
are identical except that one contains plants
and the other does not. We also evaluate the
speed at which plants can be expected to
improve the conditions to ensure that it
occurs on a useful timescale. Finally, we re-
analyze some results from the literature in
light of our model and recommend methods
of data collection and reporting that would be
most useful for a continuing improvement in
the understanding of phytoremediation.

Mathematical Description

We consider a building of total volume V
that exchanges air with the outside world at
rate 7, with units of volume per time. This
exchange could be due to direct openings
such as cracks, windows, or doors, or it could
be due to a powered ventilation system.
Especially in closed buildings, it might also
be necessary to consider diffusion through
the walls as a contribution to air exchange.
We assume that the air inside this building is
well-mixed so that complicated fluid dynam-
ics equations are unnecessary to describe the
system. Significant air flow inside the build-
ing, such as from a ventilation system, will
increase this tendency, which can otherwise
be justified empirically. The outside air is
presumed to have negligible VOC concen-
trations compared with the inside air. After
normalizing for building volume, the air
exchange will tend to decrease the VOC
concentration at a rate given by rp/V, where
p = VOC concentration in mg-m.

Inside the building, some mass of a VOC
emanates into the air from a source (or
several sources) at rate rep, with units of
VOC mass per time. This emanation will tend
to increase the VOC concentration at a rate
given by r.,/V. Emanation rates are often
measured in terms of concentration, so that
the units for most measurements in the
literature are those of r.,,/V. Some experi-
ments have involved injection of a VOC into
a chamber quickly to measure the decay in its
concentration. In this case, the VOC concen-
tration is an initial condition and r.,, will be
zero. In general, r.,, could vary with time
because of some daily or yearly cycle, de-
pletion of the source, or addition of new
sources. We will not consider this time de-
pendence here, but it does not affect the
underlying model, and it is straightforward
to obtain a numerical solution of this more
general case.

If plants (and their associated microbes)
are present, they will tend to decrease the
VOC concentration in the building. This
removal process could be rate-limited, where
the instantaneous VOC removal rate for the
plants is independent of concentration, or it
could be concentration-limited, where the
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removal rate is proportional to the concen-
tration. A priori, both are plausible scenarios,
but we find that the rate-limited case typically
produces unphysical results for experimen-
tally relevant parameters, so we focus on the
concentration-limited case. In this case, the
plants lower the VOC mass with rate given by
od,p, with o being a proportionality con-
stant to be extracted by fitting to data, and
Ap, being the area of the plants. In particular,
o allows direct conversion between plant area
and the usable volume of building air to be
processed by the plant in a given amount of
time. The concentration therefore decreases
with rate a4,p/V. The proportionality con-
stant o0 ends up being the characteristic
parameter defining the removal properties
of plants; it can be seen as a removal effi-
ciency rate, with plants that have higher
values of o being more effective at removing
VOC:s. Its units are the same as velocity. This
arises because o represents the flux corre-
sponding to a volume of air moving through
the plant surface area.

The definition of 4, is intentionally left
somewhat vague, as it may be treated as
a general measure of plant mass with units
of area. One might consider this to corre-
spond to the total leaf area of the plants,
assuming other measures of plant mass to
scale with the leaf area. It would also be
reasonable to focus on the cross-sectional
area of the air coming into contact with
microbes in the soil of the plants, or on some
more complicated combination of these pa-
rameters. Discrepancies between these defi-
nitions may be absorbed into the constant o,
allowing for the comparison of data using
different measures, but the typical conven-
tion of measuring total leaf area will allow for
reasonably consistent results among similar
experiments. The crucial feature of 4, in the
model is that it has units of area and scales
with the number of plants used.

With the three processes that alter VOC
concentration defined, the differential equa-
tion describing the concentration of the
VOC as a function of time may then be
written as

dp = (rem/V —0A4,p/V —ryp/V)dt.

In the equation, dp and d¢ are differentials
in VOC concentration and time, respectively.
In general, this equation is straightforward to
solve numerically. Furthermore, we may
assume that the parameters 7y, 4, and 7y do
not vary with time. This assumption is justi-
fied so long as changes in these parameters
are slow compared with the response of the
system to the changes. If these parameters are
all time-independent, the solution to the
model is

p(1) = (Py — Poo) exp[ — (0t dp+ 1)1/ V] + po,

with p, being the concentration at time ¢ =0,
and po = rem/(004, + ry) being the steady-
state concentration. Note that p.,, does not
depend on the volume of the building, al-
though the speed of the approach to this steady
state concentration does. The closed-structure
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case with no air exchange corresponds to the
limit that », — 0, while the case of VOC
removal by air exchange with no plants is the
limit that 4, — 0.

To assess the impact of adding plants, we
compare the steady-state concentration with
plants of total area 4,,, po (4),), to that of an
otherwise identical system with no plants p .
(4, — 0). The fraction ¢ of VOC removal
from a building that can be attributed to the
plants is given by

P (4p = 0) —p..(4p) _ 1
P..(4p, — 0) 1+r./(0udp)

q):

so that ¢ indicates the effectiveness of the
plants at removing VOCs: if ¢ is close to 1, the
plants account for most of the VOC removal,
and if ¢ is close to zero, the plants are
ineffective compared with air exchange. Ex-
perimentally, one might consider equilibrat-
ing the VOC concentration in a building with
no plants, then adding plants and measuring
the concentration as a function of time after
this. In such an experiment, the decrease in
concentration caused by the plants is given by

P 1 1-¢

Po 1+ OcAp/rX
which gives a direct way to measure ¢ in
a single experiment.

It is also of interest to compute how quickly
the system approaches this steady state con-
centration, to ensure that this concentration is
relevant at reasonable time scales. The half-life
for the time-dependent (exponential decay)
portion of the concentration is given by

V log(2)

t =
1/2 rx T od,

where log(2) is the natural logarithm of 2.
The half-life of the system with plants in-
cluded is always smaller than the half-life of
the exchange process without plants (which
can be obtained by setting 4, — 0 in the above
equation), thus plants can only speed up the
approach to the steady state concentration,
compared with a plant-free system with an
identical air-exchange rate.

Results

Experimental removal rates for plants are
typically measured as a concentration changes
per time. The value of the parameter o can be
extracted from such measurements if the
concentration at which the measurement was
made is known. Ideally, these would be
extracted from curve fits to data for concen-
tration as a function of time according to the
equations for p(¥) given previously. Any of the
relevant equations containing o could be used,
but as one example, the half-life may be
readily applied to extracting o. In Kim et al.
(2008), plants with total area ~0.1 m* were
kept in a sealed 1-m* enclosure (so r, = 0),
and the half-life of the VOC decay is seen to
be 1-2 h. The value for o can then be
calculated as oo = (V' log 2)/(Apt1n) ~3-7
m-h™'. From this type of analysis, we have
found that values for o from the data in the

literature roughly lie in the range 0.1-10
m-h™! (Kim et al., 2008; Liu et al., 2007;
Orwell et al., 2004; Tarran et al., 2007; Wood
et al., 2002).

In the above example using the results of
Kim et al. (2008), the experiment involved
injecting the VOC once and measuring the
decay in concentration, presumably with no
additional VOC emanation. Larger build-
ings, on the other hand, may tend to have
a continuous (nonzero) emanation of VOCs.
Our model addresses both these cases,
allowing for direct comparison among the
setups. The injection-only case is slightly
simpler to handle, because r., = 0 as the
experiment progresses, so P = 0, making
the half-life, and therefore a is easy to
extract from the data. In the continuous-
emission case, one can extract o by fitting
the data to the exponential decay equation
for p(¢) with o and r., as fit parameters (if
Fem 18 unknown). If an accurate value of a is
desired, it is important to either have a rea-
sonable estimate of r, or repeat the experi-
ment with multiple values for 4, as 7, is
not completely independent from o in the
equations. More complicated time- or
concentration-dependent emanation may
also be handled by this model, although it
will be necessary to solve the differential
equation numerically in some cases.

The effect of plants and air exchange on
VOC concentration is illustrated in Figure 1.
All curves in this figure correspond to typical
values for a home or office: V=300 m, 4, =
4.56 m?, with po = 1 ppm = 3.19 mg-m3, and
Fem = 3.19 mg-h!. This leaf area is considered
roughly equivalent to four large floor and four
table plants. [Dumb cane—Dieffenbachia
seguine (Jacq.) Schottz (floor); Boston
fern—Nephrolepis exaltata (L.) Schott,
approximate combined total surface area
(i.e., four plant/species) occupied 2.4 m>.] Two
different exchange rates are used in Figure 1,
r«=0,30 m*-h™!, and o is shown varying from
0.1 to 10 m-h™, the range of values we have
seen from data in the literature. If the values
of o are high enough (=~ 0.3 or 1 m-h™! or
higher), a significant reduction is seen in
p over the course of a few days, even with no
air exchange (Fig. 1A). When air exchange is
higher (Fig. 1B), there is already a significant
reduction due to the air exchange alone.
Some additional reduction, plus a speed up
in the approach to the final concentration, may
be achieved by adding plants in this case. But
the plants clearly have a more modest com-
parative effect when the air-exchange rate is
already high.

Discussion

The model shown here suggests that
plants with moderate to high VOC removal
rates should be effective at lowering VOC
concentrations in buildings, even when some
air exchange with the outside occurs. While
quantities such as o may be used to describe
both large and small buildings, the measured
phytoremediation rates that are typically
obtained in small test chambers (=1 m?®)
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Fig. 1. Benzene concentration as a function of time for varying exchange rate r, and plant volatile organic
compounds (VOC) removal effectiveness o. All curves correspond to ¥'=300m?, 4,=4.56 m?, po=1
ppm = 3.19 mg-m3, which are typical values for a home or office. (A) The exchange rate of air r, =
0 m*-h'; the dashed line at the top is when no plants (NP) are present. Solid lines from top to bottom o
=0.1,0.3, 1, 3,and 10. Larger values of o indicate that plants are more efficient at removing VOCs. The
concentration decay in the 1, = 0 case is slow enough that the eventual steady state concentration is
not apparent in all cases. The steady state concentration is marked by a multiplication sign (X) on the
right axis; each multiplication sign is the final value for the nearest curve directly above it. (B) The air
exchange rate , = 30 m*-h!; the dashed line at the top is when NP are present. Solid lines from top to

bottom v = 0.1, 0.3, 1, 3, and 10.

may not directly correspond to realistic
building environments. When the phytore-
mediation rate was measured in sealed rooms
(60 m?) and compared with that of small
chambers (1 m?®) under otherwise identical
conditions, the VOC removal rate in the
rooms was 1/20th of that of the small cham-
bers (Kim et al., 2009). Based on this result,
to obtain an equivalent reduction in VOC
concentration (i.e., 67%) in a 300-m> house,
it would require an unrealistically large
number of plants (i.e., 360 or 750 plants
depending upon the species; Gardenia jasmi-
noide J. Ellis vs. Rosmarinus officinalis L.,
respectively). We note that the half-life of
VOC decay scales with the volume of the
room, so larger rooms will not be able to
remove VOCs as quickly, with all other
parameters being equal. This is ameliorated
if the number of plants also scales with the
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volume, but the timescale for appreciable
removal of VOCs by plants could be consid-
erably longer than in some experiments, even
if the total expected VOC removal (1-0)
would eventually be similar.

When plants were tested in actual office
rooms with occupants, rooms with interior
volumes of 275 and 350 m?, containing 16 to
19 occupants and 22 to 25 plants per office,
no reduction was found in benzene, toluene,
ethylene, or xylene concentrations (Kim
et al., 2011). Neither the air exchange nor
VOC emanation rates are known in this case,
so comparisons are speculative. Nevertheless,
assuming the air is well mixed, 7, is not too
high, o is in a similar range to that seen in
closed-container experiments, and the exper-
iment was run for long enough, a noticeable
reduction would be expected. This was not the
case nor has it been in nearly all other in situ

studies (Anon, 1992; Apte and Apte, 2010;
Dingle et al., 2000; Lim et al., 2009).

The difference in experimental removal
efficiency with increasing air volume could
also be due to an inadequate rate of VOC
diffusion to/into the plant and media, a posi-
tion that is supported by the fact that facili-
tated diffusion substantially increases the rate
of removal. For example, using a positive or
negative pressure to move air through the
pot significantly increases the VOC removal
rate (Son and Choi, 2009; Wolverton and
Wolverton, 1995) and with plant biofiltration
walls (Darlington et al., 2001) where the air
is circulated through a porous vertical wall of
plants and microbe-containing root media,
the removal rate is greatly increased com-
pared with moving the air around potted
plants. As the air flow through the plant
biofilter increases, the amount of VOC re-
moved increases. This suggests that the well-
mixed assumption made in our mathematical
model may not be satisfied in real-world
applications. It is also possible that facilitated
VOC diffusion actually increases the effec-
tiveness of VOC removal by plants, which
would alter the value of o. Increasing the
ventilation in the room could dramatically
lower VOC levels, especially if the ventila-
tion system mimics these biofiltration walls.

The increased efficiency achieved by
passing air through the media underscores
the importance of soil microorganisms that
remove VOCs and do so both day and night.
The ratio of formaldehyde removed by aerial
plant parts vs. the root-zone was ~1:1 during
the day but declined to 1:11 at night when the
stomata were closed (Kim et al., 2009).
Wolverton and Wolverton (1993) found that
the aerial plant parts to media VOC removal
ratio also varied with plant species and the
VOC in question. During the day, Dieffen-
bachia sequine (Jacq.) Schott var. seguine
(syn. D. maculate) and Nephrolepis exaltata
(L.) Schott had similar ratios (=1:1 aerial
plant parts: root zone) for xylene while ratios
for formaldehyde favored the root zone
(37:63 Diffenbachia sp. to 40:60 Aglaonema
sp.). Bacteria associated with the roots are the
primary microorganisms responsible for re-
moving VOCs. Recently, isolates of eight
bacteria species that have the ability to live
on toluene as their sole carbon source were
identified (Zhang et al., 2013).

Secondary causes for the elevated phytor-
emediation rates in small chambers include
inappropriate experimental methods that fa-
vor removal. Examples are the use of fans or
pumps to facilitate air movement in the
chamber, higher light intensity than com-
monly found in homes and offices, the lack
of sufficient plant acclimatization to indoor
conditions, and the effect of reduced CO,
concentration on stomatal aperture.

Using individual or a small number of
plants within individual pots is far more likely
to be accepted for use in homes and offices
than plant biofiltration walls or large filtration
systems (Steinberg et al., 2005) in that the
former is far less expensive, does not require
professional installation and maintenance, and
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allows more aesthetically pleasing positioning
of the plants around the building, among other
advantages. Our results indicate that facili-
tated movement of the air through the pot
containing plant(s) is most likely essential for
obtaining adequate VOC reduction with a rea-
sonable number of plants in a home or office;
however, it entails the use of electricity that
limits where phytoremediation can be used
and increases the expense.

A confounding factor in studying the
phytoremediation of indoor air is the numer-
ous plant, microbe, and building variables.
Phytoremediation involves a highly complex
system; one in which the alteration in any one
of a large number of variables can have
a significant impact on others and in turn, on
VOC removal. As a consequence, each struc-
ture represents a unique situation requiring its
own remediation solution.

Individual structures vary in size, compo-
sition, amount of air exchange, number and
kind of inhabitants, geographical location,
and a myriad of other ways that result in the
VOC composition and concentration of the
air being highly variable among buildings.
Indoor plants also vary widely in phytoreme-
diation rate, the VOCs they effectively
remove and other biological factors. In addi-
tion, little is known about the microbe pop-
ulation that varies in composition, size,
sensitivity to VOCs, and the effect of plant
species, media, temperature, wetting/drying
cycles, and other variables. At present, these
biological variables and their interactions are
not well understood.

The model described here incorporates
this enormous variability in terms of four
primary parameters (¥em, O, 4p, and ry) that
control indoor-air VOC concentrations.
Given appropriate estimates of these vari-
ables to describe a given system, this model
may be used to determine which remediation
option is superior (e.g., increased air ex-
change, using plants, identifying and remov-
ing the VOC source). With an accurate
estimate of the phytoremediation removal
parameter o, and knowing the air exchange
and VOC emanation rates, the model also can
provide fine tuning recommendations for the
number of plants of selected species that
would be required to reduce the concentra-
tions of certain VOCs by a given percentage
over a fixed period of time.
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