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Abstract

The indoor environment of buildings is of fundamental importance for the health of people
and other living organisms residing in them. From this perspective, key factors include
indoor temperature, relative humidity and the concentration of CO2 or other pollutants.
These healthy indoor conditions are typically maintained through functional heating and
ventilation systems. However, in the case of indoor humidity, increasing moisture levels
when they are low can be relatively challenging. There are more energy-efficient solutions
that can be combined with ventilation systems. These include, for example, placing plants
and green walls in the interior, which have a significant impact not only on microclimatic
and acoustic conditions of the interior, but also on the overall psychological well-being of
occupants. Green elements contribute to the effective regulation of CO2 and certain other
harmful substances within the indoor environment. Another possible solution involves
the use of sorption-active materials in the form of cladding panels—elements capable of
functioning as indoor regulators, i.e., absorbing moisture and releasing it back into the
indoor environment when necessary. This study investigates the moisture behavior of
natural composites based on montmorillonite clay and straw fibers, as well as their possible
integration with green elements to create healthy indoor conditions for their inhabitants.
The developed clay composite can be classified as water and steam absorption class WSIII
according to DIN 18948—the moisture buffering capacity value was 152.73 g/m2 after
12 h. Based on the research results, it can be stated that these composites could serve
as interior cladding elements in synergy with green elements (Chlorophytum comosum,
Epipremnum aureum), ideally regulating the indoor microclimatic conditions, especially as
an effective solution for short-term humidity changes. The maximum difference in relative
humidity between the reference testing chamber (without green elements and clay plates)
and the chamber containing plant Chlorophytum comosum and three clay composite plates
was 23.04%.

Keywords: natural composite; sorption; moisture buffering value; green wall; microclimate
of interior
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1. Introduction
The quality of the indoor environment of buildings is a key factor influencing the

health of their inhabitants. Currently, there is a trend towards the construction of passive or
near-zero energy buildings, which exhibit very low thermal energy losses in both heating
and cooling. However, a frequent problem is the indoor microclimate, because natural air
exchange is limited in these buildings. Ventilation is typically achieved mechanically with
recuperation. As a result, problems frequently arise due to inappropriate levels of indoor
relative humidity—particularly when humidity is not regulated together with heating via
air-conditioning units, which is expensive and energy intensive. Air-conditioning units
are often used to adjust the indoor environment (especially for summer cooling), yet their
high energy demand makes them an unsuitable solution from an environmental point of
view. Their use to improve indoor environments leads to health problems of occupants,
such as the drying of mucous membranes, which negatively affects the overall health
of residents [1].

As shown by numerous studies, the indoor microclimate can be significantly stabilized
by using natural materials with a high sorption activity, such as unfired ceramics, clay
plasters and other materials [2,3]. Clay remains a widely used building material and a raw
material for given building materials. Today, about a third of the Earth’s population lives in
clay houses, predominantly in developing countries, where clay is an easily accessible raw
material for various building products [4]. Although this material was largely replaced by
concrete and other modern materials in the 20th century, society is increasingly returning to
clay construction, which represents healthy housing with a low impact on the environment.

Clay acts as a natural humidity regulator, significantly improving indoor comfort.
The effect is determined by the content and structure of given clay minerals in the soil.
Clay soils consist of a mixture of clay (plastic) minerals (kaolinite, montmorillonite, illite,
chlorite) and non-clay (non-plastic) minerals (quartz, micas, feldspar, limestone). Clay
minerals are a group of layered aluminosilicates (phyllosilicates characterized by their
fine-grained structure, high specific surface area and their ability to adsorb water and ions).
Their basic crystal structure consists of a combination of tetrahedral (SiO4) and octahedral
(AlO6 or MgO6) layers. These layers are combined into basic building units arranged as
1:1 (e.g., kaolinite) or 2:1 (e.g., montmorillonite and illite). The differences in structure
among clay minerals determine their ability to bind water, expand, exchange cations and
influence the transport properties of materials [5–7]. The formation of clay minerals is
associated with the chemical weathering of primary silicate minerals, especially feldspars
and micas. The process occurs in the presence of water, carbon dioxide and weak acids,
which disrupt the original structure of the minerals and lead to the formation of secondary
phases. The resulting clay minerals, such as montmorillonite, illite and kaolinite, are stable
compounds with varying degrees of crystallinity and chemical composition [8–10]. In terms
of the sorption behavior, the presence of hydroxyl groups, negative surface charge and
exchangeable cations play a significant role. While surfaces with hydroxyl groups show
a high affinity for water due to the formation of hydrogen bonds, purely silicate surfaces
are relatively hydrophobic. Minerals with an expandable structure (e.g., montmorillonite)
allow the entry of water molecules and ions into their interlayers, which leads to structural
expansion. This phenomenon is crucial for the water retention and swelling ability [5–7,11].

Clay minerals include the following groups: kaolinite (Al2O3·2SiO2·2H2O), mont-
morillonite (Al2O3·4SiO2·nH2O) and illite (nK2O·Al2O3·3SiO2·nH2O) (see Figure 1). The
kaolinite group consists of the two-layer clay minerals kaolinite (Al2O3·2SiO2·2H2O) and
halloysite (Al2O3·2SiO2·2H2O·2H2O). These minerals can be two- or three-layered, with
layer thicknesses, composed of Si-O tetrahedra and Al-(OH) octahedra, typically ranging
from 0.7 to 2 nm. In illite, potassium cations K+ are located between the three layers. The
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preferred ionic radius K tightly binds the individual triple layers, preventing welling. In
contrast, montmorillonite contains absorbed cations (e.g., Ca2+, Na+, Mg2+) between the
triple layer, surrounded by layers of water, which promotes swelling and increases the
distance between the triple layers to an average of 1.4 nm [12].

(a) (b) 

 
(c) 

 
Figure 1. Crystallographic description of kaolinite (a), illite (b) and montmorillonite (c) [13].

1.1. The Principle of Water Binding to Clay Minerals

The binding of water to clay minerals is the result of a combination of physicochemical
processes, with the efficiency depending on the crystal chemistry of the given mineral, the
type of its surfaces, the presence of exchangeable ions and external conditions such as the
relative humidity and temperature. Water can bind to clays on the surface (adsorption)
or in the interlayer space (intercalation) or be retained by capillary action in the pores
between aggregated particles [6,14]. On the surface of clay minerals, water binds through
hydrogen bonds, mainly to –OH groups (e.g., aluminol surfaces of the Al–OH type). This
primary bond allows the formation of monolayer sorption. Surfaces rich in Si–O–Si groups
(e.g., siloxane surfaces) are weakly polar and exhibit a low affinity for water. The ability
to bind water is therefore significantly higher on hydroxylated surfaces than on purely
silicate surfaces [5,15].

At a higher relative humidity, a multilayer structure of water molecules forms above
the surface. These layers are stabilized not only by hydrogen bonds between water
molecules, but also by dispersion (van der Waals) forces, which are necessary for maintain-
ing structures higher than one monomolecular layer. Without taking these interactions into
account, it is impossible to correctly model the sorption energetics or spatial arrangement
of water. In minerals with an expandable structure (especially montmorillonite), water
intercalates into the interlayers, where it binds to exchangeable cations (e.g., Na+, Ca2+).
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These ions create hydration shells, thereby increasing the distance between the layers and
causing structural swelling of the mineral. This type of bonding is partially reversible
and depends on the chemical composition of the clay, the type of ion present and its hy-
dration energy. Water may also bind only physically as a result of capillary absorption
in the pores [6,11,14,16].

The influence of clay minerals on the characteristics of final construction products
containing clay soil has been described by numerous authors. Portuguese scientists Lima
et al. monitored the behavior of three types of plasters containing different proportions of
clay minerals—kaolinite, illite and montmorillonite—and confirmed that the mineralogical
composition has a significant influence on the plaster properties such as water vapor adsorp-
tion, drying shrinkage and mechanical and thermal insulation properties. In their study,
illitic clay soil was evaluated as the most suitable raw material for the use in plasters [17].
Research by Altmäe et al. also confirmed significant differences in eight different clay–sand
plasters, studied in terms of sorption properties and water vapor permeability [18].

Due to this moisture behavior of clay soils, the negative phenomenon of shrinkage
can occur to varying degrees depending on the proportion of individual clay minerals.
When water evaporates, dimensional changes in the material can lead to shrinkage cracks.
This effect can be addressed by adding plant fibers or aggregates. Numerous studies have
demonstrated that adding such fibers effectively reduces crack formation [19–22]. Meglio
et al. investigated the effect of reinforcing adobe bricks with natural fiber. They found that
hemp reinforcement, in specific configurations, effectively limits shrinkage and enhances
the compressive strength of the adobe bricks, demonstrating a viable option for sustainable
construction materials [23]. Natural fibers can also improve the mechanical properties and
resistance of clay composites, as shown by Hurtado-Figueroa et al. [24], who tested rice
straw, and Koutouse et al. [25], who examined the effect of barley straw and date palm
fibers. In general, it can be stated that, by incorporating natural fibers and aggregates into
the clay soil matrix, it is possible to modify and improve selected properties of composites,
e.g., reducing water absorption to prevent shrinkage and improving mechanical properties.
The results of research on the hygrothermal behavior of composites composed of clay and
olive fibers show that the use of these bio composites can achieve significant energy savings
related to indoor humidification and drying processes [26,27]. However, there remains a
lack of fundamental research focused on the humidity behavior, hygroscopic properties
and durability of clay–fiber composites [28].

In addition to moisture adsorption, clay materials can also effectively adsorb air pol-
lutants, which is highly favorable for improving the indoor microclimate of buildings.
This ability has been described by numerous researchers. This is due to the porous struc-
ture, large specific surface area, excellent cation exchange capacity and the presence of
Brönsted and Lewis acids in clay minerals [29]. Darling et al. demonstrated the ability
of clay materials (paints) to reduce ozone concentrations indoors [30–32]. Hu et al. [33]
and Kausor et al. [34] described the ability of montmorillonite to adsorb heavy metals and
organic substances.

1.2. Healthy Building Environment

A healthy indoor environment can be effectively influenced already during the build-
ing design stage through the proper design and composition of the building structure (in-
cluding the materials used) and the optimization of air flow and ventilation [35,36]. Further-
more, the incorporation of indoor green elements, green facades or sorption-active materials
can help achieve these goals. The properties and functions of sorption-active clay-based
materials have already been described above. Another effective approach involves the use
of green facades and green interior elements, which positively influence a healthy indoor
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microclimate, improve acoustic conditions, absorb dust particles and other harmful sub-
stances and contribute to the occupants’ psychological well-being [37–39]. Improvements
in acoustic properties have been described by Davis, M. J. M. et al. and Azkorra, Z. et al.
from the perspective of sound absorption properties [40,41] and Peterková et al. from the
perspective of reverberation time [42]. Van Renterghem, T. presented a comprehensive
study on the positive effect of vegetation on noise perception [43]. These acoustic and
environmental benefits are significantly influenced by the appropriate selection of the green
wall system, the choice of suitable plants and the selection of the appropriate substrate [44].
This issue is addressed from a normative point of view by, for example, ÖNORM L 1133 [44].
Green plants are characterized by the process of photosynthesis, a set of chemical reactions
in which the energy of sunlight is absorbed and used to convert simple inorganic com-
pounds into organic substances, with oxygen produced as a by-product. The process of
photosynthesis can be expressed by the following simplified equation:

6CO2 + 12 H2O → C6H12O6 + 6O2 + 6H2O (1)

From an energetic point of view, photosynthesis increases the internal energy:
∆H◦ = +2870 kJ/mol. Therefore, photosynthesis plays an important role in mitigating
excess heat during the summer, both indoors and outdoors in buildings [45].

The aim of the research work carried out in cooperation between Brno University of
Technology and Technical University Vienna is to study the possibility of stabilizing the in-
ternal environment of buildings using a combination of sorption-active materials/elements
based on clay composites and green elements in order to keep the internal humidity within
40–60% throughout the day. The main aim is to find suitable materials that allow the humid-
ity to be regulated in the range of 35–55% (at 23 ◦C indoor temperature) using their sorption
activity. A suitable material should exhibit the steepest possible sorption curve in the range
of 35–55% relative humidity and demonstrate the greatest difference in humidity between
its limiting states (sorption capacity), enabling it to adsorb moisture at a high indoor rel-
ative humidity and release moisture at a low relative humidity. This article presents the
results of work in which, based on previous research [12], montmorillonite clay-based raw
materials and easily available straw fibers were selected as potential ecological materials
for bio composites with excellent sorption/desorption characteristics. These composites
can be further combined with green/active elements and conventional measures such as
ventilation or targeted indoor air exchange and treatment. The scientific contribution of this
research is primarily focused on the influence of the mineralogical composition of clay on
the moisture behavior of natural composites, as previously detailed [12]. Furthermore, the
novelty of this work is the combination of clay-based bio composites with green elements
to regulate indoor humidity, an area largely unexplored.

2. Raw Materials
Based on previous research results, locally available raw materials with a low environ-

mental impact (low carbon footprint) were selected for the development of sorption-active
composite materials. Clay (LB Minerals, Horní Bříza, Czech Republic) with a high content
of montmorillonite from LB Minerals, whose mining sites are located in the Czech Republic,
was chosen as the binder. The material was selected due to its low carbon footprint and
its ability to create a composite structure with a good ratio of sorption and mechanical
properties. Clay generally provides the coating of the reinforcing skeleton formed by the
filler and serves the primary function of controlling humidity in a given environment. The
filler was selected as a readily available natural agricultural fiber on the market—wheat
straw (ISO-STROH, Mitterfeld, Austria), which exhibits favorable moisture capacity, low
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bulk density and relatively good thermal insulation properties. The straw was supplied in
a dust-free and sorted form.

The basic characterization and determination of selected properties were performed
on the input raw materials (clay, straw fibers); see Figure 2 (see Part 2 below).

(A) (B) 

Figure 2. Photography of used raw materials; clay with organic filler ((A)—clay based on montmoril-
lonite; (B)—straw).

Based on the initial experiments [12], the optimal ratio of input raw materials to
produce test specimens was proposed in the volume ratio of 30:70—binder (clay)/filler
(natural fibers—straw). This ratio ensured a balance between an open pore structure and a
sufficient mechanical resistance of the test specimens. The specimens were prepared by
incorporating the filler into the clay slurry, with each raw material being dosed by weight.
The mixture was homogenized manually. The thoroughly mixed material was then placed
in special bottomless molds positioned on a fine grid to ensure sufficient air flow during
drying. The specimens were dried until their weight stabilized under laboratory conditions
(23 ◦C and RH 50%). These specimens were subjected to selected tests for the subsequent
verification of their properties, especially the possible use as sorption-active materials for
adjusting the indoor microclimatic conditions (see below). The specific composition of the
mixture, converted into weight doses for 1 dm3, is given in Table 1 below.

Table 1. Mixture composition.

Composition
of Mixture

Amount per 1 dm3 [g]

Filler Soil Water

62 261 328

3. Methodology
The methodology of the work was divided into several parts. The first part focused on

the characterization of selected properties of the raw materials. The second part involved
studying the plastic–clay dough to determine the optimal water content for the subsequent
preparation of hardened clay samples. The third part was devoted to the properties of hard-
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ened clay samples, including composites based on clay and straw fibers, by determining
selected physical and mechanical properties. For each test, at least three specimens were
subjected to the testing of selected properties according to normative procedures, and the
results were reported as the average values. At the final stage, a semi-scale experiment
was conducted. The produced composite samples were placed in plexiglass boxes with a
volume of 1 m3, together with green plants intended for green walls, to investigate moisture
behavior and the potential for regulating indoor humidity.

3.1. Input Raw Materials

Selected properties were determined on the input raw materials (clay, straw):

(a) Clay
- Chemical analysis was determined according to EN ISO 12677 [46] with the X-ray

fluorescence (XRF) method. The sample was dried, ground and sieved through
a 0.063 mm sieve. Next, the sample was melted with a flux (a mixture of lithium
tetraborate, lithium metaborate and lithium iodide) in a ratio of 1:10. The resulting
pearl was then subjected to XRF in a PANalytical Axios analyzer (Malvern Panalytical
Ltd., Malvern, United Kingdom).

- Microscopic analysis used a scanning electron microscope TESCAN MIRA3 XMU
(Tescan Group, a.s., Brno, Czech Republic) for depicting individual minerals.

- X-ray diffraction analysis used a PANalytical Empyrean device (Malvern Panalytical
Ltd., Malvern, UK) for the determination of qualitative composition.

- Determination of fines by flotation: A dried clay test sample weighing 200 g (m0) was
placed in water for 1 h to allow it to float. The sample was then placed on a sieve
with a mesh size of 0.063 mm and washed with water until the water ran clear. After
sieving, the clay retained on the sieve was dried in a drying oven at 105 ◦C, until
its weight stabilized, and then weighed (m1). For the content of fines smaller than
0.063 mm, R0.063 was determined using to the following relationship:

R0.063 = (m0 − m1)× 100/m0 (2)

(b) Straw
- The determination of loose density was performed according to EN 1097-3 [47] on samples

of straw with a volume of 1 dm3. For this measurement, straw was conditioned
at +23 ◦C and a relative humidity of 50%. The bulk density was calculated according
to Equation (3), where m is the mass of the sample material and V is the volume of the
test container:

ρ = m/V (3)

- The determination of the grain size of straw particles was performed through sieve
analysis according to EN 933 [48]. A standard set of sieves was used, consisting of
sieves with mesh sizes of 125; 63; 31.5; 16; 8; 4; 2; 1; 0.5; 0.25; 0.125; and 0.063 mm.
From the measured data, the percentage drop of each individual sieve was calculated
and the grain size curves were constructed.

3.2. Plastic Dough

A plastic dough was prepared from the clay in order to determine the following:

- Optimal moisture, wopt, was determined according to CSN 72 1074 [49], using a Pfeffer-
korn apparatus (Anderen Ltd., Stoke-on-Trent, UK); see Figure 3A. A 500 g sample was
used to prepare two malleable doughs with different moisture contents by gradually
adding water. These doughs were stored for 24 h in a desiccator, the lower part of
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which was filled with water. From each dough, five test cylinders were prepared using
a metal mold, with a diameter of (33 ± 0.5) mm and a height of (40 ± 0.5) mm. The
optimal deformation ratio for the test dough was determined to be d = 0.6.

(A) (B) 

Figure 3. Testing samples for determining (A) optimal moisture and (B) moisture buffering capacity.

The optimal moisture content was determined according to the following relationship (4),
where w1 is the moisture content of the first (harder sample) sample in %, w2 is the moisture
content of the second (more plastic) sample in %, d1 is the deformation ratio of the first
sample, d2 is the deformation ratio of the second sample and d = 0.6:

wopt = w1 + [(w2 − w1)× (d − d1)/(d2 − d1)] (4)

- Sensitivity to drying was determined according to Bigot SDB and according to
CSN 721073 [50]. The measurement was performed on 100 × 50 × 20 mm samples,
which were manufactured with optimal humidity and subsequently dried gradually.
The change in dimensions and humidity over time was continuously recorded. In
the end, the samples were dried at a temperature of 110 ◦C, and the critical humid-
ity wkb was determined from the measured values. The Bigot sensitivity to drying
coefficient (SDB) was determined according to the following relationship (5):

SDB = (wa − wkb)/wkb (5)

3.3. Hardened Clay Samples

For hardened clay samples, the following were then determined:

- The determination of bulk density, ρv, was performed according to CSN 72 2603 and EN
ISO 29470 [51,52], both in the fresh and the hardened/air-dry state (23 ◦C, 50% RH).

- Mechanical properties (flexural tensile strength and compressive strength) were deter-
mined according to CSN 72 1565-7 [53] and EN ISO 29469 [54]. The determination of
the compressive strength σm was carried out according to EN ISO 29469, through a
procedure suitable for measuring the strength of highly porous materials before their
critical deformations are reached. A test specimen with a thickness d was placed be-
tween the fixed pressing plates of the testing device and loaded at a rate of 0.1 d min−1.
The initial pressure acting on the specimen was 250 ± 10 Pa, with the compressive
force applied perpendicular to the parallel surface. The maximum compressive force
transmitted by the test specimen was then determined from the working diagram.
If the maximum force value corresponded to a deformation of less than 10%, the
compressive strength would be calculated. If the test specimens did not fail before
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reaching 10% deformation, the compressive stress at 10% deformation was calculated.
The compressive strength was expressed according to (6), where Fm is the maximum
compressive force and A0 is the cross-sectional area of the test specimen:

σm =
(

Fm × 103
)

/A0 (6)

The tensile strength, σpo, was tested on five dried test beams measuring 20 × 20 × 120 mm.
The evaluation was carried out according to the following Equation (7), where F is the
force at the moment of failure, l is the distance of supports, b is the width of the cross-
section of the test specimen and h is the height of the cross-section of the test specimen:

σpo = (1.5 F × l)/
(

b × h2
)

(7)

- Sorption properties were determined according to EN ISO 12571 [55] at 23 ◦C, at different
relative humidity levels: 33, 53, 75, 85 and 98% RH. Sorption/desorption curves
were compiled based on the weight changes in specimens after reaching equilibrium
humidity, starting from either dry or saturated states.

- The moisture buffering capacity for pure clay was measured using a modified methodol-
ogy based on DIN 18948 [56], NORDIC TEST methodology [57] and ISO 24 353 [58].
Due to the nature of the clay sample, circular samples with a diameter of 180 mm
and a thickness of 15 mm were used (see Figure 3B). Testing conditions were adjusted
to simulate indoor environmental conditions, as the target function of the material
was to serve as a sorption-active element in buildings. Humidity cycling was per-
formed in a climatic chamber at a temperature of +23 ◦C in the range of relative
humidity levels of 35% and 65%. According to DIN 18948, the amount of moisture
absorbed/released by the material in g/m2, denoted G(t), was determined at given
time intervals. Subsequently, the moisture buffering capacity, MBV, was determined
as the ratio of the amount of moisture that the material absorbs or releases over a
given time, G(t), and the difference in relative humidity in the environment to which
the material is exposed, in % (∆RH).

- Shrinkage for pure clay: This measurement was performed on circular samples con-
ditioned under laboratory conditions (23 ◦C, 50% RH) to determine the moisture
buffering capacity, with the sample’s areal dimensions measured prior to testing.
These dimensions were measured immediately after the test specimens were prepared
and again after drying under laboratory conditions. Shrinkage was calculated based
on the changes in the dimensions of the specimens.

3.4. Composites

Composites were produced by first mixing clay with a specified amount of water
and adding straw, followed by a thorough homogenization. Plate-shaped samples were
produced, and selected properties were determined on test specimens in the same manner
as hardened clay test samples.

The following tests were performed on the test samples after drying and weight
stabilization (23 ◦C, 50% RH):

- The determination of bulk density, ρv, was performed according to CSN 72 2603 and EN
ISO 29470 [51,52], both in the fresh and hardened/air-dry state (23 ◦C, 50% RH).

- The determination of compressive strength, σm, compressive stress at 10% strain was
performed according to EN ISO 29469 [54].

- The determination of the thermal conductivity, λ, was performed using a non-stationary
method in the state of practical humidity (23 ◦C/50%RH).
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- The determination of the sound absorption coefficient, α, was performed according to
ISO 10 534-1 [59], a method based on the creation of standing waves in an interference
tube. From the measured values, single-digit values of the weighted sound absorption
coefficient αw [-] were determined based on EN ISO 11 654 [60]. Based on these values,
the test specimens were subsequently classified into sound absorption classes.

- The determination of sorption properties according to EN ISO 12571 [55] was carried out
in the same way as for hardened clay test specimens.

- Determination of moisture buffering capacity: The measurement was performed (similarly
to clay) using a modified method based on DIN 18948 [56], NORDIC TEST [57] and ISO
24 353 [58]. Humidity cycling was performed in a climatic chamber at a temperature
of +23 ◦C in the range of relative humidity of 35 and 65%. The evaluation was
performed from the perspective of all three tested methodologies, while the desorption
dependence was also determined for composite samples (according to ISO 24 353).

- Shrinkage for composites was measured in the same way as for hardened clay test
specimens, according to CSN 72 1073 [50].

3.5. Small-Scale Experiment

A small-scale experiment was designed to investigate the interaction between plant
transpiration, substrate evaporation and the moisture-regulating behavior of clay panels
(bio composites—clay with straw). The aim was to evaluate the extent to which clay panels
are able to buffer high humidity levels under semi-real conditions and release them again
when humidity decreases. The aim was to investigate whether the use of clay panels in
indoor spaces, combined with plants, has a measurable effect on relative humidity.

For this purpose, two identically configured, airtight test boxes made of Plexiglas,
with an internal volume of 1 m3 each, were compared (see Figure 4). During the test period,
one box contained only a plant with a substrate, while the second box also contained a
defined number of clay panels with dimensions 100 × 280 mm on an aluminum frame.
Both boxes were positioned in front of a north-facing window. To avoid the influence of
direct and indirect sunlight and temperature-related distortion, the window was fitted
with a frosted glass film. The room temperature was set between 22 ◦C and 24 ◦C using an
air conditioner.

The temperature and relative humidity were continuously recorded in both chambers
at two-minute intervals using two HygroClip2 devices (brand: Rotronic; Bassersdorf,
Switzerland), which had been calibrated beforehand in Rotronic hygrogen (brand: Rotronic;
Bassersdorf, Switzerland). The air was exchanged daily at 10:30 a.m. using regulated
compressed air, whereby the air fed in could be used at the same time to specifically reduce
the humidity, thus lowering the relative humidity to 50%. An integrated pressure relief
valve enabled the controlled discharge of excess air when the dry compressed air was
blown in.

- Plant and substrate selection: Based on preliminary tests [61], two indoor plant
species were selected for the experiments: Chlorophytum comosum (spider plant) and
Epipremnum aureum (ivy arum). The leaf area of both plant species was measured
photometrically using the smartphone app “LeafByte”. C. comosum and E. aureum were
cut to approx. 800 cm2 so that two individuals of the same species had a comparable
leaf area.

A mixture of 90 vol.% clay granules (manufacturer: Seramis; Mogendorf, Germany)
and 10 vol.% vermiculite was used as the plant substrate. Both substrates were sieved to a
grain size of 4–7 mm using DIN ISO 3310-1 [62] and ISO 565 [63] analysis sieves.
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Figure 4. Experimental setup.

This resulted in two independent test series with different plants. The plants were
planted three weeks before the start of the experiment in PVC pots with a diameter of 12 cm
and a height of 10.5 cm. Each pot was filled with 550 mL of the respective substrate.

- Test procedure: At the start of the test run, the plants were watered to a volumetric
water content of 20% in the substrate. Depending on the test, one, two or three clay
plates were taken from the climate chamber, measured gravimetrically and placed
on a corresponding holder inside one of the two test boxes. The clay plates were pre-
conditioned in a climate chamber Feutron-model 3623-21 (Feutron Klimasimulation
GmbH, Langenwetzendorf, Germany) in accordance with DIN 18948 at 23 ◦C and 50%
relative humidity [56]. Both boxes were then sealed, and data recording was started.

The following day, at 10:30 a.m., the relative humidity in the boxes was abruptly
reduced to 50% using compressed air. This marked the start of the actual measurement
phase. Over the next six days, the humidity was lowered again to 50% at 10:30 a.m. each
day. After completing the series of measurements, the chamber was opened, and the
experiment was ended. Both the clay plates and the pots with substrate and plants were
weighed. Three series of measurements were carried out for each plant species, each with
one, two and three clay plates.

Since the measurements were carried out successively in two chambers only, always
in the chamber with the plant and in the chamber with the plant and plate, it was necessary
to exclude side effects, especially small temperature fluctuations (despite the measures
described above leading to their elimination). Therefore, data analysis was performed using
the ANOVA test on the data obtained from the chamber without clay, which represented
the reference conditions. This test was intended to confirm or exclude the hypothesis that
the measurement is influenced by side effects, which is crucial for further reproducibility
of the obtained results.

4. Results and Discussion
This section presents the results of the measurements performed on both the input

raw materials, hardened clay samples and the composites (clay with straw) made from
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them. At least three test samples were subjected to a testing of the selected properties with
regard to normative procedures, and the evaluation was then performed as the average
value from these measurements.

4.1. Characteristics of Input Raw Materials

A test sample of the selected montmorillonite clay was subjected to a determination of
key properties. The chemical composition of the clay is shown in Table 2 below.

Table 2. Chemical composition of clay [%].

Chemical Compound SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Na2O

Percentage amount 56.57 19.80 1.40 12.49 1.39 3.21 2.70 0.36

As expected, there were mainly silicon and aluminum oxides identified, with smaller
amounts of iron, magnesium, potassium and calcium oxide. The mineralogical composi-
tion is visible in the XRD analysis (Figure 5), where mainly the minerals kaolinite, illite,
montmorillonite, quartz and micas were detected.

 

Figure 5. X-ray diffraction analysis of clay (K—kaolinite, I—illite, M—montmorillonite, O—quartz).

Scanning electron microscopic (SEM) analysis of the pure clay confirmed the presence
of individual kaolinite, montmorillonite and illite minerals in the layers. An example of an
SEM image of the clay is shown in Figure 6, where the presence of kaolinite, montmorillonite
and a fine structure of illite is evident. The image shows a distinct laminar and foliated
microstructure of clay. A complex system of layered flakes and plate-like aggregates
can be observed, which is typical for minerals of the kaolinite and illite group. These
aggregates are characterized by relatively compact plates with well-developed surfaces
and occasionally sharper edges. Locally, an exfoliation and loosening of the layers occurs,
which is a characteristic manifestation of the presence of smectites, i.e., montmorillonite.
This structure is particularly evident in the form of finely wavy edges, irregularly flaking
fragments and micropores forming between the individual lamellae.
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Figure 6. Image of clay from a scanning electron microscope (SEM).

The proportion of fine particles (R0.063) in the pure clay, characterized by an increased
content of montmorillonite, was equal to 20.96%.

The loose density and grain size curves were determined on three samples of straw.
Straw had a loose density of 80.86 ± 3.63 kg/m3. The results of the sieve analysis are
presented in Figure 7, showing that approximately 15% of the straw particles are smaller
than 1 mm.

Figure 7. Sieve analysis of straw.

4.2. Characteristics of Plastic Dought

The optimum moisture content for the plastic dough of montmorillonite clay was
determined as wopt 50.58 ± 0.06% and SDB 2.89 ± 0.16. Based on these values, it can be
concluded that this clay is specified as very sensitive to drying.
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4.3. Characteristics of Hardened Clay Samples

Three test samples of specified dimensions were subjected to bulk density measure-
ments in the fresh state and under standard laboratory conditions (23 ◦C/50%RH). The
average value of bulk density in the fresh state was 1800 ± 5.16 kg/m3; the bulk density in
the dry state was 1580 ± 4.27 kg/m3.

Mechanical properties were determined on five hardened test specimens of given
dimensions of pure clay. The average value of the flexural tensile strength was
0.91 ± 0.04 MPa, and the average value of the compressive strength was 8.47 ± 0.18 MPa.

The shrinkage of pure montmorillonite clay was tested for five test specimens. The
average value with the standard deviation was 14.81 ± 0.44%.

The determination of sorption properties and moisture buffering capacity was per-
formed on three hardened clay samples.

The evaluation of sorption properties and moisture buffering capacity is presented
for comparison in Section 3.4, where the results for both pure clay and the composite
(clay + straw) are presented.

Table 3 below provides an overview of the average property values determined for
hardened clays.

Table 3. Evaluation of selected properties of hardened clay samples.

Property Average Value with Standard Deviation Unit

Density—fresh state 1800 ± 5.16 kg/m3

Density—hardened state 1580 ± 4.27 kg/m3

Compressive strength 8.47 ± 0.18 MPa
Flexural tensile strength 0.91 ± 0.04 MPa
Shrinkage (linear) 14.81 ± 0.44 %

4.4. Overview of Results Determined on Composites

Three test samples of specified dimensions were subjected to bulk density measure-
ments in the fresh state and under standard laboratory conditions (23 ◦C/50% RH). Ad-
ditional measurements were performed on the samples after conditioning, including the
determination of the thermal conductivity, sound absorption coefficient and mechanical
properties—the tension at 10% deformation. These tests were conducted primarily to assess
their potential use as interior cladding elements. The results are given in Table 4. Based on
these results, it can be concluded that the average values obtained for the basic physical,
mechanical and thermal insulation and acoustic properties are sufficient for their use as
cladding elements intended for indoor humidity regulation. The measured thermal con-
ductivity of the composite material (λ = 0.1277 ± 0.0002 W/(m·K)) indicates significantly
improved thermal insulation properties compared to conventional interior cladding materi-
als. According to the available literature, the thermal conductivity of gypsum plasterboards
is typically around 0.25 W/(m·K), while conventional lime–cement plasters exhibit values
in the range of 0.7–1.0 W/(m·K) [64,65]. In terms of acoustic performance, an improvement
is also evident—the weighted sound absorption coefficient αw = 0.45 corresponds to class
A according to EN ISO 11654, whereas standard gypsum boards usually reach αw values
of approximately 0.10–0.15, corresponding to class E [60]. These results demonstrate that
the composite material exhibits a combination of favorable thermal insulation and sound
absorption characteristics, making it suitable for interior applications aimed at enhancing
both thermal comfort and acoustic quality.
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Table 4. Evaluation of selected properties.

Property Average Value with Standard Deviation Unit

Density—fresh state 910 ± 10.04 kg/m3

Density—hardened state 790 ± 9.43 kg/m3

Thermal conductivity 0.1277 ± 0.0002 W/(m·K)
Sound absorption weighed/class 0.45/A -
Compressive stress at 10% strain 782.4 ± 8.76 kPa
Shrinkage (linear) 1.85 ± 0.23 %

The determination of sorption properties was carried out through the same method
as for pure hardened clay, using desiccators with solutions at a given relative humidity
according to EN ISO 12571 [55]. The results are plotted in the form of sorption and
desorption curves in Figure 8. The positive effect of adding natural fibers (straw fibers)
into the clay matrix with regard to the sorption activity of the composite material can
be observed, caused by an increase in open porosity. Based on these results, it can be
concluded that the material exhibits a suitable sorption activity, making it suitable for use
in indoor humidity regulation.

Figure 8. Sorption properties of pure clay and composite.

Furthermore, the determination of moisture adsorption as a function of time was
carried out using a modified methodology. In this procedure, the samples were first
exposed to an environment at 23 ◦C and 35% relative humidity until their weight stabilized
and were then placed in an environment at 23 ◦C and 65% relative humidity. The change in
weight was recorded at defined time intervals. The results were evaluated according to
DIN 18948 [56] and are presented in Table 5.

Table 5. Evaluation of moisture buffering capacity [g/m2].

Sample/Hours 0.5 1 3 6 9 12
Mixture (clay + straw) 18.88 ± 1.72 31.15 ± 2.42 64.23 ± 2.51 97.67 ± 1.74 128.48 ± 1.28 152.73 ± 0.75
Pure clay 27.24 ± 0.10 39.30 ± 0.34 82.56 ± 2.63 128.16 ± 4.44 169.17 ± 5.89 202.32 ± 6.99
Requirement WS III ≥6.5 ≥13.0 ≥26.5 ≥40.0 - ≥60.0

Note: According to ISO 24 353 expression, the results are identical, only they are given in kg/m2.

As can be seen in Table 4, all samples (composites, pure clay) can be classified as WS III
(water and steam absorption class). Pure clay exhibits a higher moisture buffering capacity.



Buildings 2025, 15, 4230 16 of 25

The developed clay composite had a value of the moisture buffering capacity after 12 h of
152.73 ± 0.75 g/m2.

The moisture capacity values (MBVs) were further determined and are listed in
Table 6. Since the standard cycling/conditioning of samples according to the NORDTEST
methodology was not used for this experiment, the results cannot be directly classified
under that standard. However, it can be assumed that the samples would fall within
the excellent level. The obtained average values of the moisture buffering capacity for
the composite made of clay with a higher proportion of montmorillonite and straw are
very good. These values even exceed those published by Palumbo et al. [66], whose bio
composite samples exhibited MBVs ranging from 2.49 to 2.73 g/∆RV/m2.

Table 6. Determination of average moisture capacity values [g/∆RV/m2].

Sample/Hours 0.5 1 3 6 9 12
Mixture (clay + straw) 0.63 1.04 2.14 3.26 4.28 5.09
Pure clay 0.91 1.31 2.75 4.27 5.64 6.74

The results were further used to determine the moisture sorption/desorption rate
[kg/(m2·h)] according to ISO 24 353 [58]. The results are presented in Table 7 and Figure 9.

Table 7. Determination of average moisture sorption/desorption rate [kg/(m2·h)].

Sample/Hours 0.5 1 3 6 9 12
Mixture (clay + straw) 0.0378 0.0312 0.0214 0.0163 0.0143 0.0127
Pure clay 0.0545 0.0393 0.0275 0.0214 0.0188 0.0169

Figure 9. Moisture sorption rate.

4.5. Overview of Results Determined in Boxes (Clay Composite with Green Elements)

Next, Figures 10 and 11 show the temporal progression of relative humidity and
temperature during the measurement period for E. aureum and C. comosum, respectively,
with one, two and three clay plates. RH_1 and Temp_1 correspond to the measured values
in the chamber without clay plates, while RH_2 and Temp_2 represent the values in the
chamber with clay plates.
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Figure 10. Relative humidity and temperature trends—E. aureum.

The measurements initially show clear differences in the evaporation performance
of the plant species studied. In the first 48 h after the start of measurement, the average
relative humidity in the reference chamber was 79.58% for E. aureum (ivy), while C. comosum
(spider plant) reached a value of 84.35%. Over the entire period, the average maximum
value for E. aureum was 92.38%, and for C. comosum it was 96.21%. Since the same substrate
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mixtures were used for all experiments, the results indicate that C. comosum has a higher
evaporation rate.

Figure 11. Relative humidity and temperature trends—C. comosum.

Table 8 shows the results of the ANOVA test for the humidity values in the chambers
without clay plates between C. comosum and E. aureum. Since the p-value for the plant
effect was <0.001, the null hypothesis was rejected. This shows that there are statistically



Buildings 2025, 15, 4230 19 of 25

significant differences between the humidity values of the C. comosum and E. aureum in the
chamber without a clay plate.

Table 8. Statistical analyses of C. comosum and E. aureum.

ANOVA-Test f-Statistic p-Value η2 df (Between, Within)

Plants 77.303 <0.001 (1.6 × 10−18) 0.003 (1, 25,204)

The temporal progression of humidity also supports this finding. While humidity
decreases slowly in E. aureum, C. comosum shows a significantly faster decline, which could
indicate a higher water consumption at the beginning. The drier substrate then leads to a
comparatively more significant reduction in evaporation.

Figures 12 and 13 show the humidity difference between the reference chamber,
equipped with only one plant and the chamber with additional clay plates. The difference
was calculated as follows: chamberplant—chamberplant+plate. A clear difference in humidity
was observed between the test chambers. The difference increased with the number of clay
plates, with the difference between one and two plates being significantly greater than that
between two and three plates (see Table 8).

Figure 12. Humidity differences, ∆RH, between the chambers—E. aureum.

At the start of all experiments, there was a positive difference in air humidity, i.e., the
air humidity in the chamber with clay panels was lower than in the reference chamber. This
indicates that the clay panels initially absorbed moisture from the air, which is consistent
with the previous results for clay panels. The absolute difference in relative humidity
reached a maximum value of just under 20% RH for E. aureum with three clay panels, while
C. comosum was significantly above 20% RH due to the higher initial humidity, resulting
in a higher evaporation. The other maximum values are listed in Table 9. In general,
it was found that the difference between the chambers increased with increasing initial
air humidity.
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Figure 13. Humidity differences, ∆RH, between the chambers—C. comosum.

Table 9. Maximum difference in RH (%) between reference chamber and measuring chamber.

Plant One Clay Plate Two Clay Plates Three Clay Plates
E. aureum 6.61 15.42 20.36
C. comosum 9.28 19.59 23.04

However, negative differences were also observed. These occurred immediately after
the injection of dry compressed air for up to 3 h, but also over longer periods at later
measurement times. Short-term negative differences can be explained by the short-term
evaporation of the clay panels when low humidity is blown in, which means that the
increase in humidity in the chamber with clay panels was slower than in the reference
chamber after the humidity was reduced. Longer negative phases are probably related to
the saturation of the clay panels and the evaporation capacity of the plants. As shown in
Figure 9, the boards can store a limited amount of water depending on the air humidity.
If the air humidity drops as a result of the introduction of compressed air, desorption or
evaporation occurs, especially at low air humidities and evaporation rates of the plants.
This effect is particularly evident in the experiments with only one clay plate, which releases
moisture into the ambient air from the second day of measurement onwards. With several
clay plates, this phenomenon shifts further towards the end of the measurement due to the
larger storage mass.

In general, the difference between the air humidity levels during the desorption of the
clay plates is significantly lower than the absorption at high air humidity levels. However,
it is to be expected that the desorption rate will continue to increase at even lower air
humidity levels.

The weight of the clay plates at the end of the measurement was higher than the initial
weight in all test series. The evaluation shows that the difference between the initial and
final weights consistently depends on the final humidity: the higher the final humidity, the
greater the weight gain of the clay plates. On average, the weight gain compared to the
conditioned clay plate was 1.02% or 2.28 g, with a maximum of 1.71% or 3.75 g at a high
final moisture content of 69.02% in the chamber with clay slab and a minimum of 0.45% or
1.05 g at a low final moisture content of 57.26%.
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5. Conclusions
The aim of the research was to study the moisture behavior of environmentally friendly,

natural composites based on clay and natural fibers, including the study of their interaction
with green elements, which represent a unique and ecological solution to the problem of
unsuitable indoor conditions. The goal was to design a sorption-active material that would
improve indoor microclimatic conditions, such as regulating relative humidity and possibly
other parameters of the indoor environment. In practice, this material should be comple-
mented with green elements that serve as an additional source of moisture where indoor
humidity is insufficient and therefore unsuitable for maintaining a healthy environment.

For the development of this material, clay with a higher proportion of montmorillonite
was used. Due to its crystallography, it is able to bind a larger amount of water molecules
into its structure compared to, e.g., kaolinitic or illitic clays. This behavior was confirmed in
the conducted and published work. However, montmorillonite clay exhibits high volume
changes when moisture content changes. Montmorillonite clay showed a shrinkage of
approximately 14.81% and also contained a large amount of mixing water, as the wopt

reached a value of 50.6%, which is approximately double the optimum moisture content
exhibited, for example, by brickmaking clays, where the optimum moisture content is
usually in the range of 20–25%. Therefore, a natural fibrous binder from agriculture was
added to this clay to eliminate this effect.

Based on the results obtained in this experiment, it can be stated that the resulting
composite exhibits good basic physical, acoustic and thermal insulation properties, espe-
cially with regard to interior cladding elements. It was confirmed that adding fibers to the
clay matrix leads to a slight increase in open porosity, as well as a reduction in bulk density,
which leads to an improvement in thermal insulation and sorption properties. In the case of
this type of clay, which is highly sensitive to drying, the addition of natural fibers leads to a
substantial reduction in the shrinkage. The addition of a natural filler reduced shrinkage
from 14.81% to just 1.85%, i.e., by approximately 87.5% overall. This should significantly
contribute to the manufacturability of, for example, cladding elements made from this
composite in larger dimensions and significantly reduce the complexity of production in
the area of drying.

Based on the study of moisture behavior, the developed clay composite can be clas-
sified as class WSIII (water and steam absorption class) according to DIN 18948, with a
moisture buffering capacity of 152.73 g/m2 after 12 h. The evaluation of the moisture buffer-
ing capacity indicated that the samples of the developed mixture would be classified as
“excellent” according to NORDTEST methodology (even considering the modified testing
approach), as the moisture buffering capacity after 8 h exceeded 2 g/∆RV/m2.

Overall, it can be stated that the final composite exhibits similar properties, including
sorption capacity and other parameters in terms of moisture sorption rate, to those of pure
clay and significantly higher than those of materials made from common types of clay
containing a predominant proportion of illite or kaolinite. In this case, however, it is also
necessary to take into account the fact that the parameters are given in kg/m2 (g/m2) and
the sorption properties are given in % by weight. When converted to volumetric moisture,
the sorption capacity is even higher overall.

A small-scale experiment was conducted to verify the effectiveness of the moisture
regulation of these environmentally friendly clay composites in combination with green
elements (E. aureum, C. comosum). The results confirmed the potential of clay composites
as short-term humidity regulators. Regarding the plants used, the variant combining
C. comosum with two or three composite plates performed better. In Figures 10–13, it is
evident that composite materials are able to sorb moisture and limit the negative increase
in humidity in the space where there is a significant moisture source. This fact is evident



Buildings 2025, 15, 4230 22 of 25

especially from the first cycles, where the greatest effect of composites placed in chambers is
evident. This effect logically subsequently decreases with the decreasing moisture content
in the boxes, which is always pushed out of the chambers partially after 24 h by compressed
dry air. The maximum difference in relative humidity between the reference chamber and
the chamber containing both C. comosum and clay plates was measured at 23.04%.

In conclusion, it can be stated that these developed elements could serve as indoor
cladding elements in synergy with green elements that will ideally regulate the microcli-
matic conditions of the interior, especially as a solution for short-term humidity changes
in the interior, e.g., bedrooms and bathrooms. Their good thermal insulation and acoustic
properties would also be an added value for the interior.
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