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A B S T R A C T   

This study focuses on implementing a novel approach in which clay 3D-printed matrices were 
designed as a passive comfort solution to enhance indoor moisture buffering and air quality. 
Liquid Deposition Modeling additive manufacturing and parametric design were implemented to 
develop the components, which were characterized for having an increased specific surface 
exposed to air and moisture per volume unit, which showed to significantly enhance moisture 
buffering. This revealed a clear linear relationship between the two parameters. Additionally, the 
components showed a significant increase in the practical Moisture Buffering Value (MBV) and 
mass reduction compared to a solid clay reference. Furthermore, this research analyzed the in
fluence of two stabilization techniques on the moisture uptake capacity of the samples, i.e. 
thermal treatment at different temperatures between 600 and 1000 ◦C and mixing with calcium 
hydroxide paste within the 10–40 % range. Finally, the morphological (scanning electron mi
croscopy) and crystallographic (X-ray diffraction) analyses of the samples show a correlation 
between microstructural modifications and the variations of moisture uptake capacity and MBV. 
In addition, nitrogen adsorption-desorption measurements revealed that sample porosity 
decreased as the temperature of the thermal treatment increased, showing a correlation with the 
decrease of practical MBV.   

1. Introduction 

Using building materials as passive moisture regulators represents an environmentally sustainable and energy-efficient strategy for 
mitigating indoor humidity fluctuations, thus improving indoor environmental quality [1–3]. 

Typical building materials such as gypsum, lime, wood, clay, and concrete can absorb and retain moisture from the surrounding air. 
The Moisture Buffer Value (MBV) is a key performance indicator that quantifies the capacity of a material or component to absorb and 
release moisture under standard room temperature (T) and relative humidity (RH) conditions [4]. Conventional building materials 
(gypsum [5,6], lime [7,8], wood [9,10], and concrete [11–13]) exhibit moderate MBV values, from 0.6 to 1.5 g/(m2 %RH) [4,14,15], 
while some others (paper, textiles, and clay) can potentially reach higher values [4,16]. 
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Most of the recent research focuses on enhancing the MBV of materials used in indoor walls. This enhancement aims to achieve 
exceptional MBV values (>3 g/(m2 %RH)) to enable passive control of indoor humidity, thus reducing mechanical ventilation and 
preventing mold growth [15,17,18]. In this sense, numerous studies [6,7,13,19–23] have already demonstrated that incorporating 
hygroscopic or microporous sorbents in plasters can significantly augment the MBV of materials and composites. 

Despite MBV might increase up to 6–15 g/(m2 %RH) [24,25] by adding chemicals or aggregates to the plaster recipe, the appli
cation at the building scale faces the limitation of having at most 3–4 walls and the ceiling as available surfaces. 

At the same time, exploiting the thickness of the absorbing layer has limitations due to the resistance of moisture transport in 
building materials. Indeed, typical values of the moisture diffusivity are in the order of <10− 10 m2/s, and the mass transfer Biot number 
is higher than 10 [26]. Consequently, the effective penetration depth of moisture lies in the order of 10− 3 m for daily moisture var
iations and 10− 2 m on a seasonal scale [27–29]. Using moisture buffering materials with a layer depth thicker than the moisture 
penetration depth will produce negligible or null effects for indoor moisture control (daily fluctuations). Moreover, this approach can 
potentially lead to using a large amount of material with no justified environmental impact. 

Increasing the available surfaces, for instance, generating geometries more complex than flat surfaces, is a path still underexplored 
by the scientific academy. Extended surfaces gain the interaction of moisture with the buffering material, proportionally contributing 
to mass transfer. 

In this research, we exploit additive manufacturing to explore the potential of complex geometries in enhancing moisture control 
using building materials. The benefit is the rational use of materials to improve component functionality and aesthetics with an 
oriented design of surfaces and structures [30]. 

3D printing with Liquid Deposition Modeling (LDM) [31–34] is an emerging technique in the building sector for large-scale ap
plications [35–42]. LDM is a printing process in which a fluid/dense material is extruded through a nozzle to construct an object by 
depositing layers on each other. Unlike other printing techniques, any object manufactured with LDM is sensible to mixture 
composition and drying or curing operations required for long-term durability. LDM relies on material plasticity, tensile strength, and 
viscous properties to produce self-supporting structures. Unlike concrete, gypsum, or lime, clay has mechanical and viscous properties 
fitting the technological constraints of this technology [31,43–47]. 

In addition, unfired clay exhibits favorable hygroscopic properties for indoor moisture buffering and the possibility of exploiting 
natural resources locally. Clay performs better buffering than conventional building materials, with MBV between 1.5 and 4 g/(m2 % 
RH) [16]. However, it requires stabilization to guarantee long-term, safe usage. The application of molded products made from dried 
clay is practically impossible due to the low strength of clay samples in the dried state and the loss of integrity with the transition to 
plastic mass upon direct contact with water. 

Various stabilization methods and techniques can prevent erosion and cracking of clay artifacts based on mechanical, chemical, and 
thermal treatments. Only the last two are suitable for clay 3D-printed objects based on LDM techniques. For example, applying a 
thermal treatment with oven temperatures set up to 900–1000 ◦C reduces the apparent porosity and increases the indirect tensile 
strength to 5–8 MPa [48,49]. On the other hand, including some mineral activators in the clay/water composition may lead to similar 
results with reduced environmental impact [50–52]. In both cases, equilibrium moisture uptake and related transport properties may 
change. 

Complex geometries generated by the 3D printing of clay have found interesting applications in multiple sectors and for different 
goals, e.g., enhancing heat transfer [53] and heat storage [54] or functionalized bricks with enhanced thermal [44,45,55] and hy
groscopic [36] properties. 

However, printing complex shapes generates issues related to the feasibility of the geometry and long printing durations [56]. For 
example, gyroid geometries are triply periodic minimal surfaces with a very high surface area-to-volume ratio requiring 
high-resolution constraints (2 mm extruder nozzle and 1 mm printing layer height) as well as relatively long printing time (higher than 
4 h) [57,58]. 

This research work focuses on two main objectives. The first is to produce indoor components with complex geometries and 
increased surface areas to enhance their moisture buffering properties, measured by assessing the practical MBV value. The second is to 
compare the impact of two different stabilizing procedures on the component hygroscopic performance (thermal versus chemical clay 
treatment). Although this research uses a conventional material (clay) and well-established additive manufacturing technologies, the 
novelty relies on the combination of both and the final goal: in fact, there are very few previous publications in the literature dealing 
with the application of 3D printing in exploiting geometrical complexity to address indoor moisture buffering [30]. 

2. Methodology 

The research methodology followed an experimental approach combining materials science, computational design, additive 
manufacturing, and laboratory assessment. Firstly, to fully leverage clay moisture absorption capabilities, the component design 
pursued the strategy of increasing surface exposure to the indoor environment. The result was a prototype of a cladding-wall 
component with complex geometrical features generated using parametric and algorithmic design strategies with Grasshopper for 
Rhinoceros. 

The geometrical structure was then manufactured with LDM 3D printing, always using the same original clay with some variations 
on its composition and treatments to investigate the impact on functional properties (especially moisture buffering). 

Testing produced samples under controlled temperature and humidity conditions determined moisture buffering capabilities and 
influences generated by material composition, material micro/nanostructure, and the component macro-structure. 
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2.1. Samples and materials definition 

2.1.1. Main strategy for maximizing surface area 
Sample geometry maximizes the macroscopic surface area exposed to indoor air by having macrostructures that work as a 3D 

scaffold with interconnected open pores, enabling internal air circulation. Based on a visual algorithm implemented in Grasshopper, a 
parametric iteration allowed for modifications of the geometrical features while maximizing macroscopic surface area (Sa as defined in 
equation (1)). The sample geometry results from overlapping two layers with different printing path typologies (L1 and L2), as shown 
in Fig. 1a). The rationale behind this design is to have morphologies with increased surface area and to minimize printing time, using a 
single uninterrupted printing path both on the xy plane and z direction. Typology (L1) generates linear voids, allowing air circulation 
along x and z or y and z depending on the layer orientation. Typology (L2) results from an algorithm implementing a differential 
growth simulation of a curve inside the domain, using Kangaroo and Anemone plugins for Grasshopper (supplementary information 

Fig. 1. Samples design definition and disposition within a room.  
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S2). 
Final 3D geometry results from alternating the two printing paths along the z direction, particularly using a layer pattern L1-L1-L2- 

L2. As shown in Fig. 1a, the final component results from overlapping 16 layers, each 3 mm thick, with a total height of 48 mm. 
Equation (1) estimates Sa considering the total length of the printing path (Lpath equal to 32.25 m for all the 16 layers), the perimeter 

of the printing profile perimeter (Pprofile approximated by the rectangular shape 4 by 3 mm), and the contact zones generated by the 
layer overlapping areas (Iarea). The last reduces the available surface directly exposed to air, hence not allowing moisture transfer with 
the gas side. 

Sadigital =
(
Lpath ∗ Pprofile

)
− Iarea (1)  

2.1.2. 3D-LDM manufacturing 
The LDM 3D printer Delta WASP 40100 manufacturing instructions, enclosed in the G-code of the 3D mesh, were generated directly 

from the Grasshopper algorithm [31,56]. This workflow replaces the slicing procedure, avoiding the additional step in a separate 
software while enabling a seamless transition from digital modeling to the manufacturing process. This described approach has the 
advantage of increasing geometrical accuracy. 

The manufacturing constraints were the printing path, the nozzle diameter (4 mm), the printing speed (1800 mm/min), the 
printing flux (18 %), and the gross printing volume (137 × 137 × 48 mm [3]). However, the sample drying process determines a 
significant shrinkage. Hence, final gross dimensions differ from post-printing, as well as from the digital. 

After measuring the shrinkage on the xy plane and along z (as reported in Table 2 for each sample), the surface area after 
manufacturing was re-calculated considering the total shrinkage factor (Sfx,y,z) as shown in equation (2). 

Samanufacturing =
[(

Lpath ∗ Pprofile
)
∗
(

Sfx,y,z

)]
− Iarea (2)  

2.1.3. Main strategy related to clay stabilization 
Due to the post-processing requirement to achieve shape stability and long-term integrity, this study undertakes a comparative 

analysis of two distinct treatments, focusing on comparing the effect of hygroscopic properties. In particular, evaluating moisture 
buffering and equilibrium moisture uptakes against material morphology and composition modifications. The comprehensive eval
uation encompasses X-ray diffraction, Scanning Electron Microscopy (SEM), and energy-dispersive X-ray spectroscopy. The first 
analysis explores the influence of thermal treatment when firing clay-printed components at 600, 700, and 800 ◦C. In view of practical 
application, this approach is justified by the known effects of thermal treatments on the mechanical properties of clay-based products 
e.g., increase of elastic modulus [59,60] and flexural strength [61,62], also allowing long-term integrity upon contact with water due 
to the loss of hydroplastic behavior. 

The second analysis assesses the influence of incorporating a mineral binder, specifically calcium hydroxide paste, Ca(OH)2, at 
varying mass percentages within 10–40 %. Previous works already proposed the latter approach concerning different applications of 
clay-based materials for building [51]. Furthermore, it is known that adding calcium hydroxide to clay increases the material resis
tance to deformation under loading [63], which is also beneficial in view of practical applications of 3D-printed components. 

2.2. Testing 

2.2.1. Moisture Buffer Value (MBV) measurement 
The practical Moisture Buffer Value (MBVpractical) is a key performance indicator, representing the amount of moisture transported 

in or out of a material per frontal exposed area over a specific period and in response to variations in the relative humidity of sur
rounding air. The MBVpractical was evaluated according to the NORDTEST protocol [4] using a climatic chamber ATT DM340 for 
temperature and humidity control. Anyscales THB-3000 ± 0.05 g scale measured mass variations at the beginning and the end of each 
step of the humidity cycle. 

Before starting the MBV test, samples were preconditioned at 50 % RH and 23 ◦C until their mass stabilized (equilibrium achieved 
in 72 h, with a 0.001 % mass variation according to ISO 12571:2021). After preconditioning, the samples were exposed to 5 humidity 
cycles of 24 h at a constant temperature of 23 ◦C. Each cycle consisted of 8 h at 75 % RH, followed by 16 h at 33 %. Fig. 2 and Table 1 
display the effective environmental conditions during preconditioning and the moisture buffer test cycles. 

Table 1 
MBV test conditions. Average temperature Tavg, relative humidity during each phase of the test RHavg, and variation during sorption (ΔRHabs) and desorption (ΔRHdes).  

Interval Cycle RHavg [%] Tavg [◦C] ΔRHdes [%] ΔRHabs [%] 

Absorption C1 72.38 22.64 42.70 – 
Desorption 29.67 23.58 – 41.38 
Absorption C2 71.05 22.88 40.26 – 
Desorption 30.79 24.05 – 43.86 
Absorption C3 74.65 23.32 41.06 – 
Desorption 33.59 23.67 – 40.61 
Absorption C4 74.20 23.48 39.40 – 
Desorption 34.80 23.25 – 40.25 
Absorption C5 75.05 23.27 42.20  
Desorption 32.85 23.55 – –  
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Furthermore, the MBV measurements involved thirteen samples, where one served as a control reference to evaluate MBV vari
ations. The control reference (B0) had a regular full box geometry, while residual twelve were 3D printed and had the same digital 
geometry we called SDG (Fig. 1a). 

2.2.2. Equilibrium moisture uptake 
The moisture sorption isotherms were determined with a climatic chamber ATT DM340 at 33 %, 53 %, 73 %, 83 %, and 90 % RH, 

with a temperature of 23 ◦C, in both adsorption and desorption mode to evaluate the presence of hysteresis. 
The samples were kept in the climatic chamber and weighed every 24 h until reaching the equilibrium condition at each RH step. 

Equation (3) shows the definition of equilibrium moisture content (u). 

u =
meq − mdry

mdry
(3)  

Where meq is the equilibrium mass of the sample at a certain RH and mdry is the mass of the dry sample (ISO12570:2018). 
According to ISO 12571:2021 standard, the equilibrium criteria u < 0,001 % after 3 consecutive days was used, while the dry mass 

value results from drying samples at 105 ◦C in a ventilated oven for at least 20 h. 

2.2.3. Composition, microstructure and morphology 
The composition of the starting clay used in this work was assessed by energy dispersive spectroscopy (EDS); the probe was 

Table 2 
Macroscopic data of 3D printed dry samples.  

Sample Name Material Size [cm] Shrinkage 
[%] 

Wall 
[mm] 

Massdry 

[g] 
Sexposed 

[cm2] 
Aspecific 

[cm2/g] 
ρapparent [g/ 
cm3] 

xy z 

B0 Unfired Clay 14.0 × 14.0 x 
4.0 

– – – 1398 381 0.27 1.88 

SDG_Ref Unfired Clay 12.7 × 12.7 x 
4.5 

14.1 6.3 5.3 911 3702 4.06 1.26 

SDG_T600◦C Fired Clay 12.7 × 12.7 x 
4.5 

14.1 8.3 5.4 892 3715 4.16 1.26 

SDG_T700◦C 12.7 × 12.7 x 
4.5 

14.1 8.3 5.3 850 3715 4.36 1.20 

SDG_T800◦C 12.7 × 12.7 x 
4.5 

14.1 8.3 5.5 825 3702 4.52 1.16 

SDG_M10 % 
_1 

Unfired Clay with Ca(OH)2 

10–40 % wt 
12.3 × 12.3 x 
4.3 

19.4 10.4 5.3 682 3728 5.06 1.05 

SDG_M10 % 
_2 

12.3 × 12.3 x 
4.3 

19.4 10.4 5.6 712 3451 4.89 1.09 

SDG_M20 % 
_1 

12.4 × 12.4 x 
4.3 

18.1 10.4 4.7 581 3481 5.91 0.88 

SDG_M20 % 
_2 

12.4 × 12.4 x 
4.3 

18.1 10.4 4.9 614 3430 5.64 0.93 

SDG_M30 % 
_1 

12.2 × 12.2 x 
4.3 

20.7 10.4 5.6 704 3461 4.86 1.10 

SDG_M30 % 
_2 

12.2 × 12.2 x 
4.3 

20.7 10.4 5.8 693 3418 4.96 1.08 

SDG_M40 % 
_1 

12.1 × 12.1 x 
4.3 

22.0 10.4 5.8 697 3434 4.83 1.11 

SDG_M40 % 
_2 

12.1 × 12.1 x 
4.3 

22.0 10.4 6.1 703 3369 4.82 1.12  

Fig. 2. Temperature and relative humidity conditions during the MBV test with the climatic chamber ATT DM340.  
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incorporated in the scanning electron microscopy (SEM) equipment (see below). 
X-ray diffraction (XRD) using an equipment with Bragg-Brentano camera geometry and Cu Kα incident radiation (wavelength of 

0.15405 nm) (Malvern PANalytical X’Pert PRO diffractometer) was performed on the samples to investigate the crystalline structure. 
The voltage and filament current were 40 kV and 30 mA, respectively. Each sample was pulverized before the analysis. The step 
counting time and the step size were set at 1 s and 0.02◦, respectively. The 2θ range used for such measurements was from 10 to 70◦. 
The data from the obtained spectra were analyzed, and phase identification was carried out by using the X-Pert HighScore Software 
with PCPDF database. 

Morphological characteristics of as-such and thermally- or chemically-treated materials were investigated by SEM (JCM 6000Plus 
Versatile Benchtop SEM, JEOL) under an accelerating voltage of 5 kV. Samples were sputter-coated with a thin layer of chromium (less 
than 10 nm) before being inspected by SEM. 

To further investigate the thermal influence on the clay sample’s nanoporous structure, N2 adsorption/desorption isotherms were 
measured at − 196 ◦C (Quantachrome Autosorb 1C). SDG samples were previously outgassed at 100 ◦C to remove water and other 
atmospheric contaminants. From N2 isotherms, specific surface area (SSABET) was measured by Brunauer-Emmett-Teller (BET) mul
tipoint method in the 0.05–0.20 relative pressure range; total porous volume (VTOT) was measured at p/p0 = 0.97, and cumulative 
mesopore volume curves were obtained by applying BJH method to adsorption branch. Microporous volume (VMICRO) was calculated 
by De Boer t-plot analysis. 

3. Results and discussion 

The utilization of additive manufacturing presents an opportunity to optimize mass utilization per unit volume. For instance, 
comparing the control full-volume reference configuration (B0) with the 3D-printed counterparts (SDG), which have similar overall 
volumes (784 cm3 vs. 704 cm3), a reduced mass of the dry component was achieved: approximately 35 % for the SDG-reference 
(unfired clay), about 39 % for the SDG_T (thermal treatment), and roughly 51 % for the SDG_M (chemical treatment). 

The reduction in mass achieved through the designed SDG 3D printing pathway is closely linked to the increased macroscopic 
surface area directly exposed to air, which ranges from 0.27 cm2/g (reference configuration B0) to 4–6 cm2/g in the various SDG 
configurations. Additional mass reduction for the SDG_T is attributed to increased water loss at higher firing temperatures. Conversely, 
for the SDG_M, the introduction of Ca(OH)2 significantly altered clay composition, resulting in lighter printed components due to the 
reduced bulk density of the paste. 

Despite the set configuration of the 3D printer was consistent, the wall thickness of the final samples exhibited different values. In 
cases where the SDG configurations necessitated no alteration to the clay composition (unfired clay and thermal treatment), the 
printed wall thickness remained relatively uniform (average value of 5.3 ± 0.1 mm). Samples based on SDG_M configuration, which 
required the addition of CaOH2 and water, had an average wall thickness of 5.5 mm, with a higher deviation equal to ±0.5 mm 
(measurements in supplementary information S1). 

Each of the SDG configurations required a total printing path of 32.25 m. This extensive path accounts for a total potential printed 
surface of 0.41 m2 per component, ~21 times greater than the control reference sample B0 surface of 0.02 m2. However, the surface in 
contact between each printing layer of clay limits the effective exposure to air. Considering this surface limitation, the SDG config
urations exhibit a surface of 0.33–0.37 m2. 

3.1. MBV results 

Fig. 3a reports the results of the MBVpractical for each of the tested samples. The reference full and solid volume (B0) of unfired clay 
has an MBV of 3.27 g/(m2 %RH). Thanks to a surface 21 times higher, the MBV of the printed SDG configuration, using the same clay of 
B0 without any treatment, achieved 10.38 g/(m2 %RH), representing the highest value experienced in this study. 

As expected, both the implemented strategies to increase the long-term stability of clay negatively impacted buffering 
performances. 

The thermal treatment significantly reduces the Moisture Buffer Value (MBV), and the extent of reduction follows the trend of the 
temperature increase during the applied thermal treatment. Specifically, the MBV decreased sharply to 5.93 to 2.43 g/(m2 %RH) as the 
temperature varied from 600 ◦C to 800 ◦C. This reduction in MBV, as indicated in Fig. 3a, leads to a final value even lower than the 

Fig. 3. Results of practical MBV measurements through the NORDTEST protocol on different produced samples.  
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unfired control reference B0 3.27 g/(m2 %RH). This behavior is associated with the dehydroxylation of clay at elevated temperatures 
[64]. The heat treatment effectively minimizes the quantity of bound water within the crystalline microstructure of the clay, conse
quently reducing the overall dry mass of the material. Furthermore, the thermal process prompts microstructural changes, also 
diminishing internal porosity (see BET analysis in section 3.3.1) and decreasing moisture transportation capabilities. These changes 
adversely impact macroscopic performances assessed through the MBV evaluation, producing a less porous material with lower 
moisture-absorbing capacity (section 3.2) because of the decomposition of layered structure in clay minerals. 

As regards the mixes with Ca(OH)2, the viscosity of the material influences printability, which requires manual adjustments of 
water content between 6 and 10 % to allow good printing quality. This process was not systematically explored, generating a 
disturbance in the Ca(OH)2 trend of Fig. 3, and will be the topic of further studies. 

3.2. Equilibrium moisture uptake 

Fig. 4 shows the influence of the stabilization methods, thermal versus chemical treatment, in terms of adsorption capacity vari
ation on different samples. Supplementary information S3 reports the exact values of the isotherms with the monitored temperature 
and relative humidity within the climatic chamber. To comply with the equilibrium constraints defined in ISO 12571:2021 over the 
different RH steps, a testing period of two months was necessary. 

Fig. 4a, in particular, depicts the significant reduction of adsorption capacity associated with clay firing temperature (600 ◦C, 
700 ◦C, and 800 ◦C) when compared with reference clay (just dried at 105 ◦C). In all cases, a hysteresis loop is well evident, resulting in 
higher moisture uptake during the desorption stage than the adsorption values. The increased firing temperature does not affect the 
hysteresis, except for humidity higher than 80 %, reducing the difference between the moisture capacity in adsorption and desorption. 

On the contrary, Fig. 4b shows that the inclusion of Ca(OH)2 has a much less prominent effect on reducing moisture adsorption 
capacity, resulting in an overlap of all different adsorption and desorption curves. The hysteresis area reduces as the Ca(OH)2 content 
increases, thus reducing the differences between adsorption and desorption values. 

This trend, together with the MBV analysis and the morphological assessments, indicates that using Ca(OH)2 leaves a material with 
characteristics much more similar to unfired clay, preserving hygroscopic performances while stabilizing the internal structure. 

3.3. Materials morphology and microstructures 

3.3.1. Effect of thermal treatment 
The assessment of oxide composition (wt.%) by EDS revealed the presence of SiO2 (31.3 %), CaO (31.0 %), F2O3 (17.6 %), Al2O3 

(13.3 %), MgO (2.4 %), Na2O (0.3 %) and C (4.1 %). 
Fig. 5 presents the morphological analysis of the clay using SEM. SEM photographs exhibit microstructural changes between dried 

and fired clay at different temperatures. 
Dried clay at 105 ◦C (Fig. 5a and b) is characterized by lamellar and small-plate crystals. The structure remains similar when the 

clay is treated at 600 ◦C (Fig. 5c and d). These microstructures, composed of thin and lamellar plates, are associated with the presence 
of kaolinite and montmorillonite [65]. The microstructure remains essentially the same up to 900 ◦C: the typical platy-like crystals are 
well visible, and the surfaces exhibit a significant roughness as sintering has not started yet. 

Fig. 4. Sorption/Desorption isotherms: a) the influence on adsorption and desorption isotherm and related hysteresis after clay stabilization with a thermal treatment 
at 600, 700, and 800 ◦C; b) the influence on adsorption and desorption isotherm and related hysteresis when clay composition is modified using 10 %, 20 %, 30 % and 
40 % of Ca(OH)2 in mass. 
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The sintering process begins to be observed at 900 ◦C (Fig. 5k and l), and densification becomes more evident as the treatment 
temperature increases. Fig. 5l shows the presence of sintering necks, yielding an evident densification of clay particles, and at 1000 ◦C, 
a smoother surface with much less roughness can be seen (Fig. 5m). 

Fig. 6 reports the XRD patterns obtained from the analysis of dried and sintered clay undergoing thermal treatments at different 
temperatures. 

Fig. 5. Different SEM images show morphological modifications of the samples when the firing temperature varies from 600 to 1000 ◦C. In particular, pictures on the 
left a), c), e), g), i), k), and m) show the sample morphology with a magnification of 10,000× when the temperature is respectively 105 ◦C, 600 ◦C, 700 ◦C, 800 ◦C, 
850 ◦C, 900 ◦C, and 1000 ◦C, while the pictures on the right, b), d), f), h), j), l), and n), show the influence of the same thermal treatments but with a magnification 
of 100,000×. 
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The dried and fired clay XRD patterns show Quartz α as a major component. Quartz α has a trigonal structure, which is stable at 
room temperature until 573 ◦C. When the temperature increase leads to an α→β quartz inversion at around 600 ◦C, the structure 
changes in hexagonal, but when the quartz β is cooled below 573 ◦C it transforms rapidly again to quartz α [65]. 

Other crystalline phases detected in the starting material are calcite (CaCO3), kaolinite (Na0.3Al4Si6O15(OH)6⋅4H2O), and mont
morillonite ((Na,Ca)0.3(Al,Mg)2Si4O16(OH)2⋅xH2O). A summary of crystalline phases is reported in Table 3. 

The intensities of the peaks related to the calcite phase progressively decrease as the temperature increases; at 800 ◦C (Fig. 6d), only 
one peak at 2ϑ = 29.3◦ was detected for calcite with a significantly lower intensity compared to the samples treated at lower tem
peratures. This happens because of the decarbonation of calcite upon temperature increase, starting from 650 ◦C up to 850 ◦C [59]. 

However, phase decomposition and phase transformation reactions occur during thermal treatments, leading to kaolinite dehy
droxylation [66] once the temperature is higher than 500 ◦C and disappearing from the XRD patterns at higher temperatures. 

According to the XRD patterns reported in curves b), c), d), and e) of Fig. 6, the characteristic peak associated with montmorillonite 
at 2ϑ = 19.72◦ [67] progressively decreases in intensity as the heating temperature increases above 700 ◦C [68]. 

At the firing temperature of 850 ◦C (Fig. 6e), Quartz α remains the predominant phase, but Calcium mica (Al3Ca0.5Si3O11) and 
Gehlenite (Ca2Al2SiO7) appear as well. Gehlenite is a metastable phase, and the degree of its crystallinity increases within the tem
perature range of 900–1000 ◦C while it reduces at higher temperatures [69,70]. 

The formation of gehlenite begins with the thermal decomposition of calcite and kaolinite, leading to the generation of lime and 
metakaolinite. These reactive phases subsequently react to form gehlenite [71]. At 900 ◦C and 1000 ◦C, the formation of Diopside 
(CaMgSi2O6) starts as well. This mineral is a common metastable high-firing phase whose presence is related to the composition of the 
raw clay. 

Diopside appears after a reaction between three oxides: CaO originated from calcite, MgO from montmorillonite, and SiO2 from 
kaolinite in the clay [72]. Diopside is typically identified from 900 ◦C and is more abundant at 1000 ◦C [70,73], consistent with our 
experimental findings. 

The effect of the thermal treatment on the porous properties of the SDG clay was further investigated by means of N2 adsorption 
measurements at 77 K, the results of which are gathered in Fig. 7 and Table 4. The samples treated at T ≤ 800 ◦C show Type II isotherms 
with narrow H3 hysteresis loop, the latter disappearing for T = 1000 ◦C. The loop shows a lower limit of the desorption branch located 
at the cavitation-induced p/p0 (ca. 0.4), as typically observed for agglomerates of plate-like particles containing slit-shaped pores [74]. 
Furthermore, the N2 isotherms of the samples do not show any evident steep initial portion at low relative pressure, indicating a limited 
microporosity of the samples. Actually, some intra-particle microporosity (i.e. pore width <2 nm) may be expected due to the presence 
of montmorillonite, but the interlayer spacing of montmorillonites exchanged with small metal cations (such as Na+, Ca2+ and K+) is 
usually too small to be fully accessible to N2 at 77 K [75]. Therefore, the measured SSABET values are predominantly due to particles 
external surface and mesoporosity. In the case of clays, mesopores (2–50 nm in diameter) are mainly due to interparticle pores 

Fig. 6. Results of XRD measurements for samples stabilized with a thermal treatment. XRD pattern of a) dried clay and clay treated at b) 600 ◦C, c) 700 ◦C, d) 800 ◦C, 
e) 850 ◦C, f) 900 ◦C, g) 1000 ◦C. 

Table 3 
Name, chemical formula, and reference code (from ICDD PDF database) of the phases identified in XRD measurements.  

Compound Name Chemical Formula Reference Code 

Quartz α SiO2 01-085-0462 
Kaolinite Na0.3Al4Si6O15(OH)6⋅4H2O 00-029-1490 
Montmorillonite (Na,Ca)0.3(Al,Mg)2Si4O16(OH)2⋅xH2O 00-012-0232 
Calcium Mica Al3Ca0.5Si3O11 00-046-0744 
Gehlenite Ca2Al2SiO7 01-089-5917 
Diopside CaMgSi2O6 01-075-1092 
Calcite CaCO3 01-086-2334 
Calcium Hydroxide Ca(OH)2 01-084-1265  
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produced by the microstructural arrangement of the clay mineral particles [76]. 

3.3.2. Effect of mixing with Ca(OH)2 
Fig. 8 shows the morphological influence of Ca(OH)₂ on clay microstructure. The presence of Ca(OH)₂ is associated with observing 

additional extremely fine particles, which are absent in the image of the as-such dried clay (Fig. 5a). The lamellar microstructures of 
clay are preserved regardless of the amount of Ca(OH)2; kaolinite and montmorillonite still exist, as confirmed by the XRD analysis 
(Fig. 9). There are no significant variations among the XRD patterns, and in particular, the peaks associated with the presence of 
kaolinite and montmorillonite are still present. In addition, as expected, new peaks were associated with the presence of Ca(OH)₂ in the 
mixes (see Table 3) where calcium hydroxide was added in an amount equal to or above 20 wt% (Fig. 9d–e). The peaks associated with 
this phase increase as the amount in the mix increases. 

The XRD and SEM analysis demonstrated that the clay morphology when adding Ca(OH)2 does not change too much if compared 
with dry clay. Indeed, as shown in Fig. 9, adding the calcium hydroxide preserves the presence of two important elements, kaolinite 
and montorillonite. These two crystalline phases are important for the hygroscopic properties of moisture uptake to the clay [77]. 
Differently, high-temperature thermal treatment leads to deep degradation of these two structures (especially kaolinite) as well as 
decrement of porosity, yielding degradation of moisture uptake capability. 

4. Conclusions 

This study investigated the potential of 3D-printed clay components as a sustainable solution for passive indoor moisture buffering. 
By comparing innovative 3D designs with traditional full-volume unfired clay blocks, we examined the influence of stabilization 
procedures on hygroscopic properties, moisture buffering capacity, porosity, and morphology. 

Additive manufacturing using LDM technology significantly increased the practical MBV of different components, elevating the 
macroscopic surface area exposed to the indoor air from 3.27 to 10.38 g/(m2 %RH), as the macroscopic surface area increased from 
0.27 to 4.06 cm2/g. Achieved MBV values are classified as excellent or more, according to the NORDTEST protocol. 

Various thermal treatments of 3D-printed components resulted in decreased equilibrium moisture uptake and reduced MBV, 
reaching 5.93 and 2.43 g/(m2 %RH), respectively at 600 ◦C and 800 ◦C. In this regard, nitrogen adsorption-desorption measurements 
confirmed a decrease in the material nanoporosity, consistently with the functional assessment (MBV decrement with firing tem
perature). Alternatively, incorporating Ca(OH)₂ into the clay composition led to less degradation of equilibrium moisture uptake and 
buffering performance compared to thermal treatment. XRD and SEM analyses showed that adding Ca(OH)₂ did not significantly alter 
the clay morphology compared to unfired clay. Unlike thermal treatment, adding calcium hydroxide within 40 % preserved the 
presence of clay components for water affinity, kaolinite, and montmorillonite. Conversely, high-temperature thermal treatment led to 
significant degradation of these structures, particularly kaolinite. The results achieved in this paper motivate further investigations 
following the approaches proposed addressed to final use in a real building scenario. 

Fig. 7. Analysis of porosity: (a): N2 adsorption/desorption isotherms at 77 K of dried clay (black circles) and clay treated at 600 ◦C (red triangles), 700 ◦C (green 
diamonds), 800 ◦C (blue stars) and 1000 ◦C (gray squares); BJH mesopore size distribution (inset). (b) correlation of SSABET and MBV with temperature of the thermal 
treatment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Porous properties as obtained from N2 isotherms at 77 K.  

Sample SSABET/m2 g− 1 VTOT/cm3 g− 1 VMICRO
a/cm3 g− 1 

SDG_ref 28 5⋅10− 2 3⋅10− 3 

SDG_600 ◦C 21 4⋅10− 2 3⋅10− 3 

SDG_700 ◦C 14 4⋅10− 2 2⋅10− 3 

SDG_800 ◦C 8 2⋅10− 2 1⋅10− 3 

SDG_1000 ◦C 2 5⋅10− 3 0  
a As calculated by De Boer t-plot analysis. 
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Fig. 8. Different SEM images show morphological modifications of clay when different amounts of Ca(OH)2 have been added to the mixture. From a) to d), the mass 
content of Ca(OH)2 is 10 wt%, 20 wt%, 30 wt%, and 40 wt%. All magnifications in the images are 10,000×. 

Fig. 9. Results of XRD measurements for samples stabilized with Ca(OH)₂. XRD pattern of a) dried clay and clay with Ca(OH)₂ with mass percentages of b) 10 %, c) 20 
%, d) 30 %, e) 40 %. 
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