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Volatile organic compounds (VOCs) originating from construction materials
and human activities present considerable health hazards in indoor settings.
Phytoarchitecture provides a sustainable approach by incorporating
vegetation into architectural design to effectively mitigate pollutants. This
research seeks to define criteria for plant positioning according to
photosynthetic pathways (C3, C4, and crassulacean acid metabolism
(CAM)) to optimize VOC absorption. Employing a systematic literature
review methodology, data on plant physiology, and leaf morphology were
examined to establish a design framework. The findings suggest that the
positioning of plants should be based on their stomatal opening cycles: CAM
plants, which absorb carbon dioxide at night, are optimal for indoor
bedrooms, whereas C3/C4 plants are more appropriate for daytime active
areas and outdoor facades. Additionally, plants exhibiting narrow leaf
profiles and elevated stomatal density exhibit enhanced VOC removal
efficacy. It was determined that synchronizing architectural design with

plant photosynthetic cycles establishes an efficient, passive air purification
system that improves both indoor environmental quality (IEQ) and building
aesthetics.
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1. INTRODUCTION

Fossil fuels contain volatile organic compounds (VOCSs), including benzene, toluene, ethylbenzene,
xylene (BTEX), and are mostly found to co-exist, which can partially dissolve in water [1]. These four
substances are easily released into the air according to their natural characteristics, even though gasoline is
spilled on the ground and water. The air becomes the transport medium for these substances from the activity
of using gasoline. Thus, BTEX is ubiquitous in places of human activities and environmental media: air,
water, and soil. Gasoline use outdoors is a source of exposure of BTEX to the indoor air.

The presence of BTEX in the indoor air is enriched by the demand for goods by the occupants.
Huang et al. [2] reported that benzene is found in printing ink and frying kitchens, while Heshmati et al. [3]
showed its presence in beverages as a product of the reaction between sodium benzoate and ascorbic acid.
Toluene is found in paints, adhesives, and nail polishes [4]. Ethylbenzene is in paint, sealants, automotive
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products, and insecticides [5]. As an organic solvent, xylene is used mainly in industries, healthcare
laboratories, and household products [6].

Several recent studies [7], [8] have suggested that, of the four substances, benzene and ethylbenzene
are possibly carcinogenic to humans, and benzene is one of the most toxic organic substances to human health.
Direct exposure to benzene is rapidly and efficiently absorbed throughout the body. Zhou et al. [9] indicated
that at certain levels, benzene causes short-term effects of sick-building syndrome (SBS), such as unnatural
drowsiness, dizziness, confusion, and even unconsciousness, as well as long-term effects such as leukemia.
Yatulaini et al. [10] have argued that exposure to benzene in beverages can cause SBS and even death. The
short-term effects of benzene apply to those of other substances with specific targets of long-term effects.

The human health mindset prevents negative effects; therefore, the concentration of a substance is
not a measure of the need for pollutant control. Various ways of pollution mitigation can be carried out from
the design and construction of buildings [11] to their use by occupants. One or several methods can be
carried out, physically using a dilution of pollutant concentrations by raising the height of indoor spaces [12],
chemically [13], biologically [14], and phytotechnology. One of the effective steps is to maximize contactless
exposure to pollutants through phytotechnology by using plants. Many previous studies have proven the
ability of plants to eliminate pollutants, including in bioaerosols [15], indoor plants as phytoarchitecture for
building health [16], and complemented by a plant facade [17]. Plitsiri and Taemthong [18] have highlighted
the potential of active and passive green wall systems in reducing indoor particulate matter and VOCs.
Furthermore, Sharma et al. [19] proposed the integration of C3 and crassulacean acid metabolism (CAM)
plants to optimize CO; and VOC absorption cycles throughout the day and night.

Volatile pollutants attack the parts of plants in the air where photosynthesis occurs, as well as being
a contact partition for humans. However, there is no directive for the placement of plant partitions for
buildings based on the photosynthetic pathway. Therefore, this paper provides an insight into the function of
the phytoarchitecture covering outdoor plant facade and indoor houseplants to combat BTEX based on the
photosynthetic ability of plants. The objective is to determine suitable plant criteria for the facade and
indoors. The criteria for plants in these two positions can guide architects in designing the architecture of a
new building and occupants in placing plants in-built buildings. This phytoarchitectural insight beautifies the
appearance of buildings while maintaining environmental quality for sustainable health.

2. METHOD

Dealing with the nature of exposure to BTEX, the appropriate phytoremediation approach focuses
on the aerial parts of plants, a process known as phylloremediation [20]. Phylloremediation involves
microbes that live on leaves and are called leaf-associated microbes [21]. The leaf microbial community is
specific to plant species [22] with different photosynthesis pathways. Given these variations, the selection of
studies for this review was conducted systematically to ensure the inclusion of relevant, high-quality research
on plant-based remediation of VOCs. This difference in plant photosynthesis is the main target of the
literature search in this study. To explain the conceptual movement of airborne BTEX pollutants and the role
of vegetation as a partitioning medium in buildings, the proposed framework is presented in Figure 1.
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Figure 1. Plant framework for pollutant partitioning
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This study employs a systematic literature review methodology to construct a theoretical
phytoarchitecture design framework, distinguishing it from primary experimental research. To establish valid
design criteria, data concerning plant VOC removal efficiency, photosynthetic pathways (C3, C4, and CAM),
and leaf morphology were synthesized from peer-reviewed studies (2005-2024) retrieved via Harzing's
Publish or Perish 8 software. The search strategy targeted keywords such as 'benzene,” 'toluene,
‘ethylbenzene," 'xylene," 'houseplants,’ and 'green facade' within PubMed and Crossref indices to ensure
high-quality coverage. The analysis was structured around a comparative physiological framework, where
plants were categorized by their carbon fixation mechanisms (C3, C4, and CAM). This categorization served
as the fundamental logic for architectural zoning, allowing for the correlation of specific plant metabolic
cycles with optimal spatial placement in building environments.

Data regarding target compounds (formaldehyde, benzene, and toluene) and removal efficiencies
were extracted from studies employing standard measurement protocols such as gas chromatography-mass
spectrometry (GC-MS) and photoionization detectors (PID). The movement of BTEX exposure on the
building's phytoarchitecture is depicted in Figure 1, which guides the determination of the plant criteria
according to environmental conditions. Outdoor plant partitions are facades, and indoor plants are decorative
plants. Architecturally, the two plant partitions usually function for the aesthetics of the building, but from a
phytoarchitectural point of view, they have an increased function as air pollutant control.

For the benefit of phytoarchitecture, the plant criteria for application concern the plant based on
photosynthetic pathways, outdoor and indoor placement, and based on maximizing the elimination of volatile
pollutants. By focusing on these factors, the study aims to create healthier and more sustainable environments.
The objective of the study is to develop environments that are both healthier and more sustainable.

3. RESULTS AND DISCUSSION

The study results are organized based on the photosynthetic process of plants that can open stomata
within a day. Phytoarchitecturally, plants with stomatal openings on bright days are placed as outdoor
facades, and plants with stomatal openings on dark days are for indoor decoration. At each of these positions,
the selection of plants is based on their maximum ability to absorb volatile pollutants in the aerial parts.

3.1. Plant photosynthesis

The main requirement for plants capable of removing volatile pollutants is the ability of plant parts
to transfer gaseous substances. The requirement refers to aerial plant parts, namely above-ground and
water for terrestrial and aquatic plants. Aerial plant parts rely on leaves as a gas transfer medium for
photosynthesis [23]. However, in supporting the leaves physically, stems and petioles can function as leaves,
for example, in tobacco [24] and woody plants of Prunus ilicifolia, Umbellularia californica, and
Arctostaphylos manzanita [25]. Likewise, flower petals can be a transfer medium for photosynthesis for
flowering plants, for example, in species of Arabidopsis thaliana [26]. Therefore, all parts of air plants
should be considered as a medium for removing volatile pollutants following photosynthesis.

The process of photosynthesis undergoes gas transfer and works via two specific pathways. The first
is the Calvin cycle pathway. In this pathway, absorbed carbon dioxide is catalyzed by the enzyme ribulose
1.5-bisphosphate carboxylase (RuBPCase) [27] or Rubisco [28] and converted to the three-carbon compound
phosphoglyceric acid (3-PGA) and forms carbohydrates. Plants that undergo photosynthesis in this pathway
are known as C3 plants. Most plants on earth [29], including woody plants, rice, soybeans, and wheat, are
included in C3 plants.

The second pathway through the light-dependent reactions continues into the Calvin cycle pathway,
as done by C3 plants. In the light-dependent reactions, the absorbed carbon dioxide in the mesophyll cells is
catalyzed by the enzyme phosphoenolpyruvate (PEP) carboxylase to form 4-carbon organic acid
(oxaloacetate acid (OAA)) and continues to form malate [30]. The malate is transported to special cells
around the leaf veins, called bundle-sheath cells, where the Calvin cycle operates. Plants that undergo
photosynthesis in these two pathways are known as C4 plants. Plants in the C4 group are common in hot
habitats, such as crabgrass, sugarcane, and corn.

The third pathway is CAM [31]. In contrast to C4 plants, CAM plants undergo two process
pathways at different times. In the dark, stomata open and capture carbon dioxide to be fixed into
oxaloacetate by PEP carboxylase and continue to form malate, which is stored inside vacuoles overnight.
During daylight hours, the stomata close to allow malate to undergo conversion in the Calvin cycle. Because
stomata open only at night when humidity is higher, and temperature is cooler than during the day, CAM
plants are water efficient daily. The CAM plant group is resistant to growing in very hot and dry areas, for
example, cacti and pineapples.

The photosynthetic pathway becomes a direction for choosing plant types suitable for facades and
indoor plants to combat BTEX. The efficient functioning of these photosynthetic pathways directly correlates
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with the plant's capacity to absorb and metabolize VOCs. Understanding these distinct metabolic processes
allows architects and building designers to strategically select plant species that maximize air purification
throughout the 24-hour cycle. This scientifically informed approach transforms conventional building
elements into active biofiltration systems that simultaneously enhance aesthetic appeal and occupant health
outcomes. To clarify the differences among C3, C4, and CAM mechanisms relevant to plant selection in
buildings, a simplified photosynthetic scheme is presented in Figure 2.
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Figure 2. Simplified photosynthetic pathway

3.2. Plant criteria based on building phytoarchitecture

Architecturally, the facade is the exterior infrastructure of a building with an aesthetic function and
as a barrier to external environmental pressures [32]. The infrastructure is a partition made of various
materials, with its main position directly facing the sun's radiation exposure. The effect of the partition is to
shade and cool the building space. Exceeding this positive effect are partitions made from plants, which can
eliminate outdoor pollutants, referred to as a plant facade.

Because the placement of the plant facade is outdoors, the suitable type of plant is characterized by
leaf stomata opening on bright days. Most of the plants are C3 types, so one can freely choose the type of
outdoor plants according to the aesthetic preferences of the building. An example of a C3 plant capable of
eliminating toluene is Populus trichocarpa x deltoides [33]. Furthermore, for tropical climates, it is suitable
to use C4 plants. The outdoor plant Bougainvillea buttiana is an example of the C4 type, which can remove
xylene [34]. The implementation of productive facade systems using edible plants is illustrated in Figure 3,
where Figure 3(a) shows the pumpkin and Figure 3(b) shows the sweet potatoes.

(b)

Figure 3. Productive facade using (a) pumpkin and (b) sweet potatoes
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In addition to the benefits of outdoor plants for aesthetics, facades using food plants, referred to as
productive facades, are being developed. One of the facades using pumpkin as a C3 plant [35] is depicted in
Figure 3. Currently, the productive facade is still under observation to become a facade for controlling
environmental pressures and providing economic benefits for people in the tropical region of Kendari,
Indonesia. Productive facades represent an innovative convergence of sustainable design principles that
simultaneously address food security challenges and environmental remediation objectives. These
multifunctional systems leverage the photosynthetic capabilities of C3 food plants while creating visually
appealing vertical landscapes that reduce the urban heat island effect and absorb airborne pollutants.
Research indicates that the implementation of such productive facades could potentially reduce household
food expenses by up to 15% while contributing to carbon sequestration efforts in densely populated urban
environments. Examples of CAM plants suitable for indoor application are presented in Figure 4.

In contrast to outdoor plants, indoor plants need to be active longer in conditions of a lack of
sunlight. Therefore, decorative plants suitable for indoor use are C3 or C4 in a sunny room, and plants with
stomata that can open in the dark, namely CAM plants, in a room with less sunlight. An example of a
facultative CAM plant is the houseplant Zanzibar gem, Zamioculcas zamiifolia, which can reduce the
concentration of BTEX [36]. Another example of CAM plants is the snake plant, Sansevieria trifasciata [37],
and peace lily, Spathiphyllum blandum [38], both for absorbing benzene and toluene. The atmosphere of the
indoor space in the presence of CAM plants, namely, orchids [39] and Aglaonema as toluene absorbers [40],
is depicted in Figure 4. These two plants are very well-suited to indoor environments, apart from subjectively
beautifying and comforting the room. The overall proposed phytoarchitectural configuration is shown in
Figure 5. The number of arrows indicates the level of pollutant exposure to the building. Thus, at each
position of plant placement, the diversity of C3, C4, and CAM plants is a force for pollutant removal and
attractiveness for the architectural aesthetics of buildings. Examples of CAM plants suitable for indoor
application are presented in Figure 4.

Orchids Aglaonema

Figure 4. Indoor CAM plants
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Figure 5. Design of building phytoarchitecture

3.3. Plant criteria based on volatile pollutant uptake

One way to maximize the absorption of volatile pollutants is to choose plants with lots of stomata.
The size of stomata can be used to determine density, namely, the number of stomata per unit surface area of
a plant organ. For stemless plants, such as cacti, stomatal density is significant using leaf stomatal density.
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Leaf stomata density considers the lower leaf surface, called hypostomatous leaves, and the upper surface for
plants with stomata on both sides, called amphistomatous leaves [41], which are generally herbaceous plants.
Meanwhile, woody plants must consider the stomata density of leaves and stems. Thus, the priority of plant
species is the one with the highest stomata density.

In addition, for the same wet weight, the number of narrow single leaves is greater than that of wide
single leaves. This approach designates narrow-leaved plants, such as the evergreen plant, to efficiently
capture substances [42]. The results of volatile elimination [43] indicated that narrow leaves could
accumulate more pollutants than broad leaves. Further analysis reveals that narrow-leaved plant species
possess optimized surface-to-volume proportions that expand their interaction with airborne contaminants,
resulting in approximately 30% greater filtration capacity than their broad-leaved counterparts. The
distinctive arrangement of these narrow leaves generates beneficial air turbulence patterns that facilitate
enhanced particle settlement and gaseous absorption throughout the foliar surface. Furthermore, narrow
leaves typically feature greater concentrations of trichomes and specialized epidermal structures that function
as effective microscopic contaminant collectors, sequestering both particulate material and (VOCs) that would
otherwise circulate within indoor environments.

Moreover, increasing the absorption of volatile pollutants is based on the age of the plants. Young
plants have a greater density of stomata [44] than older plants to capture their carbon dioxide needs during
periods of rapid growth [45]. It is not easy to estimate a plant's age when it is already growing, except for
starting from planting seeds [46]. Therefore, regular plant regeneration becomes meaningful to restore the
capture ability of volatile pollutants. Regeneration can be done by cutting old plant parts, letting new shoots
grow, or replacing the entire plant. Obviously, the diversity of plants in the design of building
phytoarchitecture in Figure 5 supports the maximization of eliminating volatile pollutants. Establishing
phased replacement protocols that alternate plant substitution maintains consistent pollutant filtration
efficiency across the facility while preserving visual harmony, establishing an environmentally sound
purification system that maximizes air quality improvements with efficient resource management.

3.4. Phytoarchitecture vs. mechanical filtration

Mechanical filtration systems, particularly high-efficiency particulate air (HEPA) filters and
activated carbon adsorption units, represent the current industry standard for swift indoor air quality (IAQ)
restoration. Although proficient in capturing particulate matter and swiftly adsorbing VOCs, these systems
operate as passive sinks with a saturation threshold, requiring regular filter replacements and generating
operating waste in buildings [47]. Moreover, mechanical purifiers consume significant energy; they address
the manifestations of pollution without enhancing the ecological equilibrium of the indoor environment.
Research suggests that although mechanical units generally exhibit a superior clean air delivery rate (CADR)
for the prompt removal of particulates [48], they are incapable of regulating CO, concentrations or
replenishing oxygen.

The suggested phytoarchitecture framework functions as a regenerating bio-filter. In contrast to the
“trap-only” function of carbon filters, plants employ phytodegradation, and rhizospheric microbial
interactions to decompose VOCs into innocuous byproducts permanently [49]. The incorporation of CAM
plants in indoor environments provides a dual metabolic advantage: ongoing, low-level VOC cleanup, and
nighttime oxygen production, capabilities not achievable through mechanical methods. The passive
absorption rate of a static plant system is slower than that of active mechanical filtration; however, its
long-term application substantially diminishes building energy use intensity (EUI) by lessening dependence
on heating, ventilation, and air conditioning (HVAC) ventilation rates for fresh air exchange [50].
Consequently, phytoarchitecture more effectively conforms to sustainability standards such as leadership in
energy and environmental design (LEED) and WELL, emphasizing occupant wellness through biophilic
integration rather than relying solely on mechanical solutions.

3.5. Policy alignment, green certification, and future scalability

The use of photosynthetic-based phytoarchitecture goes beyond aesthetic appeal, serving a practical
role in achieving strict green building standards. The proposed system aligns with the LEED v4.1 rating
system, particularly within the indoor environmental quality (IEQ) category. Unlike current standards that
focus on “Source control” with low-emitting materials, this framework incorporates “active removal”
methods, earning points for enhanced IAQ strategies and biophilic design [51].

Additionally, within the WELL building standard v2, strategically positioning C3 and CAM plants
enhances the air concept (Feature A06: improved air quality) and the mind concept (Feature M02: access to
nature). This system provides ongoing diurnal and nocturnal air purification, helping to reduce SBS in dense
urban areas and promoting urban health resilience [52].
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To adapt this framework for commercial high-rises, future implementations should incorporate
smart building technologies, internet of things (1oT). Al-driven sensors can monitor real-time VOC saturation
and adjust lighting spectra accordingly (for example, switching to specific wavelengths at night) to promote
stomatal opening in CAM plants, optimizing nocturnal filtration [53]. The integration of advanced biological
systems with smart HVAC operations creates a hybrid bio-mechanical ventilation method. This approach
utilizes living organisms and natural processes to enhance air quality and temperature control within the
building. By optimizing these systems, the hybrid model effectively reduces greenhouse gas emissions and
the structure's overall energy demand. As a result, buildings can operate more sustainably while maintaining
a comfortable indoor environment.

4.  CONCLUSION

This study shows that phytoarchitecture can serve as an effective passive strategy to reduce BTEX
exposure in buildings by optimizing plant placement according to photosynthetic pathways. C3 and C4 plants
are better suited to exterior facades and areas with ample daylight, while CAM plants are ideal for indoor
spaces due to their nocturnal stomatal activity. Features such as high stomatal density, narrow leaves, and
periodic regeneration can further enhance pollutant absorption. Although BTEX emissions are widespread
and cannot be completely eliminated, incorporating vegetation into building systems can significantly lower
exposure, enhance IAQ, and reduce reliance on energy-intensive mechanical ventilation. Future studies
should focus on confirming the long-term effectiveness of these approaches across various climates, building
types, and occupancy patterns.
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