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Phytoremediation by potted plants is widely promoted as a low-cost remedy for indoor volatile organic
compounds (VOCs), yet the supporting evidence comes from sealed-chamber studies lasting many
hours, whereas school-level replications typically use short protocols without leak testing or sensor
characterisation. This study (i) built and characterised a low-cost 1 m® acrylic test chamber, (ii) derived
the minimum test duration required for a plant signal to exceed the noise floor of a low-cost metal-
oxide semiconductor (MOS) VOC sensor, and (iii) compared first-order VOC decay constants (k) and
clean air delivery rates (CADR) of Sansevieria trifasciata, Spathiphyllumwallisii and
Epipremnumaureum against empty-chamber and substrate-only controls. Sensor characterisation over 6
h gave a noise standard deviation of 0.151 ppm, a limit of detection (35) of 0.453 ppm and a relative
detection limit of 9.0%; CO, tracer decay gave a leak rate of 0.0187 = 0.0006 h™! (n = 3, R* > 0.992).
Applying the published CADR distribution of potted plants (median 0.023 m* h™") to a first-order model
shows that a 30-min test produces a theoretical reduction of only 1.14%, far below the sensor noise
floor; at least 4.1 h are needed for a median-performing plant to be detected. Phase III result: one
sentence reporting the measured k/CADR ranking and ANOVA outcome from the real experimental
data. Failure to detect VOC reduction under short protocols is therefore an artefact of measurement
design rather than evidence against phytoremediation. A corrected nine-step protocol with an a priori
detectability criterion is provided for school and low-resource laboratories.

Citation: Doni Nurdiansyan, Nequiel Hayder Wibowo and Nissa AulynShabrina. 2026. “Why short-duration tests cannot detect botanical VOC removal: A
detectability-based validation of a low-cost 1 m3 chamber for indoor-plant phytoremediation studies”, Asian Journal of Science and Technology, 17, (10),

14603-14608.

Copyright©2026, Kouloungous Bafila et al. This is an open access article distributed under the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

INTRODUCTION

of living potted plants to remove indoor pollutants, is attractive

People in urban settings spend most of their time indoors,
making indoor air quality a health determinant at least as
important as ambient air quality (Jones, 1999; Sundell, 2004).
Volatile organic compounds (VOCs) are emitted continuously
from paints, varnishes, adhesives in engineered-wood
furniture, cleaning agents, air fresheners and tobacco smoke,
and they accumulate when air exchange is low, as in air-
conditioned rooms with closed windows (US EPA, 2024;
WHO, 2010). Chronic low-level exposure is associated with
irritation of the eyes and airways, headache, nausea and
reduced concentration, and some members of the class, such as
benzene and formaldehyde, are carcinogenic. Clusters of such
non-specific complaints that subside when occupants leave a
building are known as sick building syndrome (Burge, 2004).
Indonesia’s  Ministry of  Health  Regulation  No.
1077/MENKES/PER/V/2011 accordingly sets a maximum
indoor VOC level of 3 ppm for an 8-h exposure and 0.1 ppm
for formaldehyde over 30 min (Ministry of Health of the
Republic of Indonesia, 2011). Botanical air cleaning, the use

because it is inexpensive, requires no electricity and is
aesthetically pleasing. The idea traces back to the NASA
Clean Air Study, which reported removal of benzene,
formaldehyde and trichloroethylene by ornamental plants in
sealed chambers (Wolverton et al., 1989). Subsequent chamber
studies confirmed that plants and, often more importantly,
their root-zone microorganisms and growing media can
remove VOCs (Aydogan& Montoya, 2011; Kim et al., 2008;
Orwell et al., 2004; Xu et al., 2011), and reviews describe the
process as a combination of stomatal uptake, cuticular
sorption, rhizosphere biodegradation, substrate sorption and
internal metabolism (Dela Cruz et al., 2014a; Irga et al., 2018).
A critical quantitative reappraisal, however, changed the
framing of the field. Cummings and Waring (2020) converted
196 results from 12 chamber studies into clean air delivery
rates (CADR) and found that per-plant CADR spans several
orders of magnitude with a median of only 0.023 m® h™'.
Matching the removal already provided by typical building air
exchange would require roughly 10-1000 plants per square
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metre of floor area. This finding does not state that plants fail
to take up VOCs; it states that uptake is slow. The corollary
that has received little attention is metrological: if the removal
rate is of order 102 m’ h™', the concentration change produced
over a short test may be smaller than the noise of the
instrument used to measure it. This corollary matters most in
exactly the setting where indoor-plant experiments are most
frequently repeated: secondary-school and low-resource
laboratories. Such replications typically combine improvised
containers that are not leak-tested, uncalibrated low-cost MOS
sensors, no substrate-only control and observation windows of
around 30 min. When the resulting curves are flat or erratic,
the conclusion is often drawn that one species is ‘better’ than
another or that plants ‘do not work’. Neither conclusion is
warranted if the measurement system cannot resolve the
expected effect in the first place. Physiological confounding
adds a second, systematic bias: Sansevieria trifasciata uses
crassulacean acid metabolism (CAM) and opens its stomata
mainly at night (Borland et al.,, 2009; Liittge, 2004), so
daytime tests close its stomatal pathway while leaving it open
for C; species. The present study therefore shifts the focus
from the biological object to the measurement system. Instead
of asking only which plant removes the most VOC, it first asks
whether the measurement system can detect the effect it is
meant to measure. The objectives were to (1) design, build and
characterise a low-cost 1 m® test chamber in terms of leak rate
and sensor stability; (2) derive, from first-order kinetics and
measured sensor noise, the minimum test duration needed for a
plant-attributable reduction to exceed the detection limit; (3)
compare decay constants and CADR of three common indoor
species against empty-chamber and substrate-only controls,
including a dark treatment for the CAM species; and (4)
consolidate the technical and physiological error sources into a
replicable protocol.

MATERIALS AND METHODS

Study design: The study combined laboratory experimentation
with instrument engineering and was carried out between
March and August 2026 in the Biology and Chemistry
Laboratories of SMA Taruna Bakti, Bandung, Indonesia. It
was organised in three gated phases, each started only after the
acceptance criteria of the preceding one had been met: Phase I,
construction of the chamber and its instrumentation; Phase II,
characterisation of sensor noise, baseline drift and chamber
leak rate; and Phase III, VOC decay tests with a duration set
from the Phase II results. Phase III followed a completely
randomised design with six treatments and three replicates (18
experimental runs; Table 1).

Test chamber and instrumentation: The chamber was a 1.0 x
1.0 x 1.0 m (1 m®) acrylic box with all joints sealed with
silicone sealant and an access door fitted with a rubber gasket
and compression latches to distribute closing pressure evenly
(Fig. 1). Pollutant was introduced through an injection septum
so that the chamber did not need to be opened during a run.
Instrumentation comprised a MOS VOC sensor reporting ppm-
equivalent concentration, a non-dispersive infrared (NDIR)
CO, sensor used as a tracer-gas detector, a temperature and
relative-humidity sensor, a low-speed DC mixing fan, and an
LED grow light with measured photosynthetic photon flux
density (PPFD). All channels were logged by a microcontroller
to a memory card at 1-min intervals. Insert sensor
models/manufacturers, grow-light PPFD value (umol m”*—2"
s"—1"), and fan airflow.

Sealed acrylic chamber, 1.0 x 1.0 x 1.0 m (V= 1 m?)

[ —
LED grow light (controlled PPFD)

Mixing fan VOC, €Oz, T/R

[¥] (&5

Microcontroller
+ data logger

(1-min interval)

[njection
septum

Joints sealed with silicone; gasketed doar with compression latc erified by CO: tracer decay

Fig. 1. Schematic of the low-cost 1 m’® phytoremediation test
chamber. F, mixing fan; S, sensor cluster (VOC, CO,,
temperature/RH)

Sensor noise and drift characterisation: The VOC sensor was
warmed up for at least 60 min until its output stabilised.
Readings were then recorded in the clean chamber without
pollutant injection for 6 consecutive hours at 1-min intervals.
The baseline mean, the noise standard deviation (o) and the
baseline drift rate (slope of a linear regression of signal on
time) were computed from this series. The limit of detection
was defined by the analytical convention LOD = 30, and the
relative detection limit as 3c0/Cy,, where C, is the initial
concentration in a decay run.

Chamber leak-rate test: CO, was injected into the empty
chamber to approximately 3000 ppm, mixed by the fan for 5
min and monitored for 6 h. The slope of In(C/Cy) versus time
gave the chamber air-exchange (leak) rate, Kjeqx (h_l). The test
was repeated three times; the chamber was accepted if ki
was consistent across replicates and small relative to the plant
decay constant to be detected. State whether CO~2~
concentrations were corrected for the laboratory background,
i.e. In((C — C~bg~)/(C~0~ — C~bg~)).

Kinetic model and clean air delivery rate: Assuming a well-
mixed chamber with no source after injection, the
concentration decays according to first-order kinetics:

C(t) = CO exp(_ktotalt)

where Ky (h_l) was obtained as the negative slope of
In(C(t)/C,) against ¢, with the coefficient of determination (R?)
used as a goodness-of-fit indicator. The total decay constant is
the sum of parallel sinks:

ktotal = kleak + ksurface + ksubstrate + kplant

so that the plant contribution is isolated as kpjunt = Kireatment —
kys, where K2 is the substrate-only control. To allow
comparison across chambers of different volume ¥V (m?), the
plant decay constant was converted to a clean air delivery rate
(Cummings & Waring, 2020):

CADR = ko ¥ V

CADR was further normalised by total leaf area (m* h™' m?),
measured by paper gravimetry or image analysis.

A priori detectability analysis: The fractional plant-attributable
reduction after time t is

R(t)=1—exp(—k f), withk=CADR/V @)
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An effect is considered detectable when R(t) > 36/C,. Solving
for ¢ gives the minimum test duration:

tmin = —In(1 — 30/Co) / k

Eq. (5) was evaluated before data collection for the 10th
percentile, median and 90th percentile of the per-plant CADR
distribution reported by Cummings and Waring (2020)
(0.00014, 0.023 and 0.19 m® h™", respectively) and for relative
detection limits of 5%, 9% and 15%. The result determined the
run duration in Phase III.

Plant material and VOC decay tests: Three species
representing contrasting physiological strategies were tested:
S. trifasciata (Asparagaceae; succulent CAM plant with thick
cuticle, small leaf area and very low transpiration), S. wallisii
(Araceae; broad thin leaves, Cs;, high transpiration) and E.
aureum (Araceae; fast-growing climber, Cs;, intermediate
transpiration). Specimens were acclimatised under laboratory
conditions for at least 14 days, and total leaf area was
measured before testing. For each run, the specimen was
placed in the chamber, the chamber was closed and allowed to
equilibrate for 30 min, and a mixed VOC source was injected
through the septum to the target initial concentration. The fan
was run for 5 min for homogenisation, after which t = 0 was
set. VOC concentration, temperature and humidity were
logged every minute for the duration determined in Section
2.6. Between runs, the chamber was ventilated until readings
returned to baseline. Controlled conditions were temperature
25 £ 2 °C, relative humidity 55 + 5%, constant PPFD, constant
substrate type and volume, and constant fan speed. Specify the
VOC source (product/compound), injection volume, target
C~0~ and run duration actually used. The treatments are listed
in Table 1.

Table 1. Treatment design of the VOC decay experiment (three
replicates each)

Code Treatment Light Purpose

K1 Empty chamber Light kieax + Ksurface

K2 Pot + substrate, no plant Light Substrate contribution (reference control)
Pl S wrifasciata Light Treatment

P2 S wallisii Light Treatment

P3  E. aureum Light Treatment

P1D S. trifasciata Dark Test of CAM stomatal rhythm

Statistical analysis: Runs with R*< 0.90 for the log-linear fit
were reviewed for departure from first-order behaviour.
Differences in ki, among treatments were tested by one-way
ANOVA (a = 0.05) after checking normality (Shapiro—Wilk)
and homogeneity of variance (Levene), followed by Tukey’s
HSD test when the ANOVA was significant. The light—dark
comparison for S. trifasciata (P1 vs PID) used an
independent-samples ¢-test. Name the statistical software and
version.

RESULTS

Chamber construction: Phase I produced a working 1 m’
chamber with all sensor channels logged automatically at 1-
min intervals (Fig. 1). The first iteration was built without a
mixing fan on the assumption that molecular diffusion would
distribute the pollutant. This assumption proved wrong: at the
1 m’ scale, diffusion alone is far slower than the test duration,
so the sensor recorded only a local concentration and the well-
mixed premise of Eq. (1) did not hold. Adding a low-speed fan
in the second iteration was therefore a prerequisite for valid
kinetic analysis.

Sensor noise and drift: The sensor required 68 min to
stabilise (Table 2), longer than the 60 min minimum initially
planned. Over 6 h of clean-chamber recording, the noise
standard deviation was 0.151 ppm, givin% OD = 0.453 ppm.
At a nominal initial concentration of 2 out 5 ppm, this
corresponds to a relative detection limit of 9.02%. Baseline
drift was 0.006 ppm h™', i.e. about 0.04 ppm over a 6-h run,
which is an order of magnitude below the LOD.

Table 2. Characterisation of the MOS VOC sensor (6 h clean-
chamber recording, 1-min interval)

Parameter Value Basis

Warm-up time to stable output 68 min Baseline curve
Mean baseline reading 5.02 ppm Mean of 6 h
Noise standard deviation,c  0.151 ppm  SD of time series

Limit of detection, LOD =3¢ 0.453 ppm  Analytical convention
Relative detection limit, 36/Cy 9.02% Input to Eq. (5)
Baseline drift 0.006 ppm h™' Linear regression slope

Chamber leak rate: CO, tracer decay was well described by
first-order kinetics in all three replicates (R* = 0.992-0.995;
Table 3). The mean leak rate was 0.0187 + 0.0006 h™', with a
coefficient of variation of 3.2%, satisfying the consistency
criterion.

The mean leak rate is lower than the decay constant of a
median-performing plant in a 1 m® chamber (0.023 h™"), and its
between-replicate standard deviation is almost 40 times
smaller than that decay constant, so leakage in this chamber
does not mask a median plant signal once it is subtracted
through the controls.

Table 3. Chamber leak rate from CO, tracer decay

Replicate Cy CO; (ppm) Kjear (h’l) R?

1 3018 0.0181 0.994
2 2996 0.0193 0.992
3 3027 0.0187 0.995

Mean = SD3013.7 + 15.9 0.0187 £ 0.00060.994 = 0.002

The importance of this measurement is clearer by contrast. An
improvised container with a leak rate of 0.5 h™', a value
plausible for makeshift enclosures, would have a leak rate
about 22 times the median plant decay constant; more than
95% of the observed concentration decline (0.5/0.523) would
then be due to leakage rather than to the plant.

Detectability of the plant signal: Table 4 and Fig. 2 show the
projected plant-attributable reduction in a 1 m®> chamber from
Eq. (4). At median performance, one plant reduces VOC
concentration by only 1.14% in 30 min. At Cy = 5 ppm, this
equals 0.057 ppm, about one-cighth of the measured LOD
(0.453 ppm) and less than half of a single noise standard
deviation. Even at the 90th percentile, the 30-min reduction
(9.06%) lies exactly at the relative detection limit of the
sensor.

Table 4. Projected plant-attributable VOC reduction (%) by one
plant in a 1 m® chamber, based on the CADR distribution of
Cummings and Waring (2020)

Performance scenario

(CADR, m’ h™") 05h1h 2h 6h 12h 24h
10th percentile (0.00014) 0.0070.014 0.028 0.084 0.168 0.335
Median (0.023) 1.1432.274 4.496 12.89024.11942.420

90th percentile (0.19) 9.06317.30431.61468.01889.77298.954
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80 i
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w— Median (CADR = 0.023 m* h ')

=== 90th percentile (CADR = 0.19 m* h ')
401 :

204 :

Plant-attributable VOC reduction (%)

0 5 10 15 20
Test duration (h)

Fig. 2. Projected plant-attributable VOC reduction versus test
duration in a 1 m® chamber for the 10th percentile, median and
90th percentile per-plant CADR. The dashed line marks the
relative detection limit of the sensor used here (9.0%); the dotted
line marks the conventional 30-min protocol

Minimum test durations from Eq. (5) are given in Table 5 and
Fig. 3. At the relative detection limit of the present sensor (=
9%), a median-performing plant requires at least 4.1 h, about
eight times the common 30-min protocol. Only 90th-percentile
plants become detectable within half an hour, and then only at
the threshold. For 10th-percentile plants, detection would
require several weeks, which is impractical in any chamber.
The first hypothesis, that a 30-min protocol produces a
reduction smaller than 30 of sensor noise, is therefore
supported.

Table 5. Minimum test duration, z,,;, (h), for the plant signal to
exceed the detection limit (Eq. 5)

Relative detection limit, 36/C,10th percentile Median 90th percentile

5% 366.4 22 0.3
9% 673.7 4.1 0.5
15% 1160.9 7.1 0.9

24 T
— Median performance (k = 0.023 h 1)
w—= Q0th percentile (k = 0.19h ")

Minimum test duration, tm, (h)

5 10 15 20 25
Relative detection limit, 30/Co (%)

Fig. 3. Minimum test duration as a function of the relative
detection limit of the sensor for median and 90th percentile plant
performance (logarithmic ordinate)

VOC decay experiments: This subsection must report the
measured Phase III data. The report’s Tables 4.5-4.6 are
explicitly labelled as simulated data and must not be submitted
as experimental results. Replace every highlighted cell and
sentence below with the real values. Decay constants and
CADR for all treatments are summarised in Table 6. Log-
linear fits yielded R* of x.xx—x.xx. One-way ANOVA showed
a significant / no significant difference in kg, among
treatments (F(5, 12) = x.xx, p = x.xxx; Table 7). Describe the
Tukey HSD groupings and the ranking of species. Report the
P1 vs P1D comparison: t(4) = X.XX, p = X.XXX.

Table 6. Decay constants and CADR per treatment (mean = SD, n
= 3). Values sharing a letter do not differ significantly (Tukey
HSD, a = 0.05)

3

Codelunn (YR [l (07) [P (AT P feal aren
K1 — —

K2 0 (reference)— —

Pl
P2
P3
P1D

Table 7. One-way ANOVA of k¢, among treatments

Source df SS MS Fp
Between

treatments

Error 12

Total 17

DISCUSSION

Null results as artefacts of measurement design: The central
finding is that the widely used 30-min protocol is
mathematically incapable of detecting a median plant ina 1 m’
chamber with a low-cost MOS sensor. This is a metrological,
not a biological, limitation. Flat or erratic curves from such
protocols therefore carry no information about whether a plant
removes VOC; they reflect a design whose detection power is
below the effect size. The same reasoning explains why
published chamber studies that did observe clear removal
typically used small chambers, long monitoring windows and
laboratory-grade analytical instruments (Kim et al., 2008;
Orwell et al.,, 2004; Wolverton et al., 1989). Detectability
analysis of the kind given in Eq. (5) is inexpensive and fast,
and it should be performed before any data are collected; to
our knowledge it is almost never reported in school-level
phytoremediation studies. The framework also clarifies which
design levers matter. Because & = CADR/V, halving the
chamber volume doubles the plant decay constant and halves
tmin; @ 50—-100 L chamber would thus shorten the required test
from hours to well under an hour for a median plant. Lowering
sensor noise or raising Cy reduces 36/Cy, although raising C, is
limited by sensor saturation and by the relevance of the tested
concentration to real indoor levels.

Leakage, substrate and humidity as confounders: Eq. (2)
makes explicit why controls are indispensable. Without an
empty-chamber control, leakage and wall sorption are credited
to the plant; without a substrate-only control, sorption by the
growing medium is credited to the plant, although growing
media alone can remove most of a formaldehyde charge within
hours (Aydogan& Montoya, 2011). The present chamber’s
leak rate (0.0187 h™') was low and reproducible enough to be
subtracted, but a makeshift container would have been
dominated by leakage (Section 3.3). A further, less obvious
confounder is humidity: MOS sensor output depends on
temperature and moisture, and transpiring plants raise
humidity in a closed chamber. Part of any observed signal may
thus be a humidity artefact, which is why simultaneous
logging of temperature and relative humidity is part of error
control rather than an optional extra. If the real data show a
humidity rise during plant runs, report its magnitude here and
whether it was corrected.
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CAM rhythm as a systematic bias in species comparisons:
CAM plants such as S. trifasciata open their stomata mainly at
night and close them during the day to conserve water
(Borland et al., 2009; Liittge, 2004). A daytime or illuminated
test therefore closes the stomatal uptake pathway of
Sansevieria while leaving it open for the C; species S. wallisii
and E. aureum. A low k for Sansevieria under light should thus
be read as ‘a poor remover in daytime conditions’ rather than
‘a poor remover’. The dark treatment (P1D) turns this
limitation into a testable question. Interpret the measured P1 vs
P1D result here. If nocturnal uptake is confirmed, placement of
CAM plants in bedrooms, which are closed at night and
contain VOC sources such as paint, furniture and textiles,
would have a physiological rationale rather than being a
popular myth

Implications for real rooms: Extrapolation by calculation
reinforces the proportional view of botanical air cleaning. A 30
m’ bedroom with an air-exchange rate of 0.5 h™' receives about
15 m* h™" of outdoor air; matching this with plants of median
CADR would require roughly 650 plants. This agrees with
Cummings and Waring (2020) and with Indonesian regulation,
which lists ventilation, source control and sealing of exposed
furniture surfaces, not plants, as the measures for indoor VOC
(Ministry of Health of the Republic of Indonesia, 2011).
Indoor plants are best regarded as aesthetic and psychological
complements to ventilation rather than substitutes for it.

Recommended protocol: Based on the above, a replicable
nine-step protocol is proposed for school and low-resource
laboratories (Table 8).

Table 8. Corrected protocol for low-cost phytoremediation
chamber experiments

Step |Action Rationale
Leak-test the chamber with CO, .
Leakage otherwise]
tracer  decay  before  any]| .
1 . . dominates the|
experiment; repair if ki greatly| deca
exceeds the expected plant & Y
Record > 6 h of clean-chamberDeﬁnes the noisel
2 baseline; compute ¢ and LOD = ©
3o floor
3 Compute fyin With Eq. (5) before|Guarantees
data collection; run for > 2 X f,;, |detection power
Include an empty-chamber (Kl)sep arates leak,
4 wall and substrate]
and a substrate-only (K2) control | .
sinks
.. 'Well-mixed
5 Use a low-speed mixing fan remise of Eq. (1)
Control and record lighting; test
6 CAM plants in the dark and CsAvoids CAM bias
lants in light, or both in both
Detects
4 Log temperature and RHjtranspiration
simultaneously artefacts on MOS|
sensors
Comparable across|
Report k& and CADR, not|
8 . volumes and
percentage reduction durati
urations
9 Normalise CADR by total leaffRemoves
area specimen-size bias
Limitations

First, the MOS sensor responds to the aggregate of organic
compounds and is not compound-specific; reported values are
ppm-equivalent responses rather than analytical concentrations
obtained by gas chromatography. Second, three replicates per
treatment is the minimum for ANOVA and limits power to
detect small differences. Third, the 1 m® chamber does not

represent a real dwelling; extrapolation to rooms is by CADR
calculation, not field measurement. Fourth, biodegradation
products were not measured, so irreversible degradation
cannot be distinguished from reversible surface sorption.
Finally, the detectability analysis relies on the CADR
distribution synthesised by Cummings and Waring (2020) and
on the noise of one sensor unit. These limitations do not
weaken the methodological conclusion, which is derived from
the performance limits of the measurement system itself.

CONCLUSION

A low-cost 1 m® acrylic chamber with tracer-verified tightness
(0.0187 + 0.0006 h™') and a characterised MOS VOC sensor
(LOD 0.453 ppm,; relative detection limit 9.0%) was built and
validated for phytoremediation testing. First-order detectability
analysis shows that a 30-min protocol yields a theoretical
plant-attributable reduction of only 1.14% at median plant
performance, and that at least 4.1 h are required for a median
plant to exceed three standard deviations of sensor noise.
Failure to detect VOC reduction under short protocols is
therefore an artefact of measurement design, not evidence
against phytoremediation. Valid species comparisons
additionally require subtraction of leak and substrate
contributions through controls and explicit handling of the
CAM stomatal rhythm. Add one sentence on the measured
species comparison. The proposed nine-step protocol and the a
priori criterion of Eq. (5) are transferable to any low-resource
laboratory. Future work should use smaller chambers (50—100
L), five or more replicates, overnight logging over full 24-h
cycles and cross-calibration against gas chromatography.
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