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Abstract   

 

Every day a wide amount of wastes is generated and landfilled, without giving them any new use. 

Among these wastes, biomass gathered from nature, as agricultural or forest wastes are found. 

From collecting and treating this biomass, a new composite can be obtained, reducing its 

environmental footprint. In this context, the present study focuses on the use of lignin produced 

from a bio-residue collected from the Trasimeno lake (Italy), to form gypsum-based plasters for 

building applications. Several compositions were formulated considering two types of gypsum, 

different in purity and mechanical strength. The goal was to maximize the lignin content in a 

gypsum matrix maintaining acceptable mechanical and thermo-physical performance. Lignin 

weight contents ranging from 0% (100% gypsum) to 100% (0% gypsum) were taken into account, 

considering also the proportions: 30-70%, 50-50%, 70-30%. Thermo-acoustic and mechanical 

characterization of these materials was carried out for the first time. Results showed that the 

thermal conductivity of the composites was closer to the only-lignin ones, resulting in promising 

thermal insulation results for building application. However, from an acoustical point of view, 

when increasing the lignin content, acoustic insulation decreased. In terms of mechanical 

performance, gypsum building plaster exhibited an improved performance with 50 and 70% 

lignin content, significantly outperforming all other studied gypsums. 

 

Keywords: lignin; biomass; gypsum; building material; waste; plaster; bio-based material; 

energy efficiency; acoustic. 
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 Introduction 

 

Nowadays, it is well known that the building sector is responsible for a large share of the energy 

consumption and greenhouse emissions in the whole planet. The United Nations Environment 

Programme reveals that buildings use around 40% of the global energy, 25% of the global water, 

40% of the global resources, and they also emit approximately 1/3 of the greenhouse emissions 

[1]. The Emission Database for Global Atmospheric Research [2] shows that China, USA, and 

the European Union are the leading regions in the world in terms of CO2 emissions. All the 

available data and the incipient and real climate change effects in the world confirm the 

importance of reducing the energy requirements in this key sector. In this context, the 

International Energy Agency (IEA) [3] recommends to improve the building envelope 

particularly leveraging massive improvements of material-related research and industrialization, 

including the exhaustive characterization of natural solutions [4,5]. Above all, materials, 

construction systems, and the passive initial design of the buildings are crucial for deeply reducing 

energy consumption [3]. Furthermore, by the end of 2020, all new European buildings will have 

to be nearly zero-energy, according to the Energy Performance of Buildings Directive [6], where 

renewable sources need to be fully exploited, achieving at the same time good rates of interior 

comfort. In these circumstances, the use of sustainable materials for building envelopes or 

constructive systems should be also encouraged, to generate an overall constructive process with 

reduced energy consumption. 

 

To contribute to sustainable development, the inclusion of biomass wastes or by-products in 

building materials represents an excellent way to face this challenge. Several studies were focused 

on evaluating the potential of these by-products to be used as building material components [7–

10]. Approaches to decrease disposal impacts lead researcher to draw attention to thermal and 

acoustic insulating materials using recycled materials [8]. Furthermore, agricultural residues such 

as rice husk or slag on iron tailing powder from metal industry were developed in gypsum 

composites [9,10]. Likewise, previous research showed a wide range of developed applications, 

as insulation elements [8,11,12], composites with gypsum, rammed earth or cement for building 

envelopes [11–14] or panels as a whole constructive system [15,16]. Biomass is usually included 

in building construction materials as leaf fibres, wood aggregates, reeds, or seeds, among others. 

All of them present lower environmental impact than traditional materials [17], requiring less 

industrial and technology transformations and therefore, improving the LCA of the final 

product/material [18] when compared, for instance, to classic or enhanced concretes [19]. At the 

same time, when bio-residues, such as wood waste or fibres are implemented, promising thermal 

and acoustical comfort can be achieved [20–22]. Morales-Conde et al. [20] stated that considering 

the same residue content addition, wood shavings within the gypsum composite conferred a lower 
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thermal conductivity than compound containing sawdust. From the acoustic point of view, 

Brencis et al. [21], concluded that sound absorption coefficient is higher when longer hemp fibres 

are added. On the other hand, D’Alessandro et al. [22] reported that coconut fibres and perlite in 

plants soil substrate, for green wall envelopes in indoor environment applications, have an 

absorption up to 80% at frequencies higher than 1000 Hz. Within this context, green envelopes 

themselves are also receiving increasing attention as promising sound insulators or absorbers for 

both interior and exterior envelope purposes, where the soil substrate plays an important role [22–

24].  

 

In general terms, gypsum is an economic and easily workable material, conferring good properties 

in terms of thermal and acoustic outfitting, providing pleasant room comfort, as well as good fire 

protection. Serrano et al. [25] studied multi-layered PCM gypsum composites, showing that 

microencapsulated PCMs decrease thermal conductivity hence increasing the heat capacity. 

Currently, gypsum based plasters in construction are used for interior wall coating and moulding 

prefabricated plasterboards. To achieve best performance, several properties and parameters need 

to be considered. The kneading water amount is crucial for its workability and is determinant in 

its mechanical resistance when hardened. Also, parameters like particle size distribution of 

additives and their amounts included in the mixture will influence thermo-acoustic properties 

[16]. When an experiment with recycled material is tackled, the variables within the 

manufacturing process become of great importance [26]. Nevertheless, once hemihydrate gypsum 

is hardened, its behaviour against water vapour is still a matter that needs to be further analysed. 

The physical performance will be closely subjected to the gypsum type used and especially in 

indoor spaces characterized by large humidity contents. Considering a worst case scenario with 

high humidity content and low ventilation, condensation and mould growth can appear on the 

surfaces of the material, softening it and therefore compromising its mechanical and insulation 

performance. Previous studies described different manners to achieve an enhanced gypsum water-

resistant material, from synthetic resins, inorganic salts, bitumen, wax, or carbon nano-materials 

[27–30]. Researchers showed how the sound absorption of gypsum foams depends on the density 

(less density, better sound absorption), as well as on the fibre reinforcement used (e.g. 5-10 mm 

hemp fibres) for improving the mechanical behaviour of gypsum [21,31]. The behaviour of a 

sound insulation gypsum foam depends on the structure of the fibres and its chemical 

compositions (fibre variety, fertilisation rates, etc.) [11]. The use of short fibres increases the 

density, because of their higher concentration and compactness [21]. Some configurations of 

gypsum plasterboards with wood waste in form of shavings or sawdust also improve the acoustic 

performance compared to reference samples, being even improved when regular perforations are 

created, reducing the reverberation time of an existing space [32]. For instance, due to their 



4 
 

microstructure and porosity, cork granules present very effective thermal and acoustic properties 

in gypsum composites [33,34]. 

 

Among several biomasses that can be incorporated in building materials, lignin deserves a special 

attention. As one of the main components of lignocellulose together with cellulose and 

hemicellulose, lignin is one of the most abundant natural organic polymers on earth, only 

exceeded by cellulose, which gives structural integrity to plants. It is presented as one of the major 

cell wall components of plants such as cereals or sugar, and wood (hardwood or softwood) 

[25,28,29]. Hemicellulose is the main responsible for moisture absorption and biological 

degradation, far more than cellulose. Lignin is, instead, the agent generating adhesion in the wood 

structure, with a rigidifying and bulking action. 

 

Nowadays, 98% of lignin, typically from paper and pulp mills, is mostly burned as a low-value 

fuel to generate heat and electricity s [35,36]. Efforts are being done to replace this traditional 

application technique with other methods to produce biofuels or building products from it. Some 

authors demonstrated that lignin improves the physical and mechanical behaviour of gypsum-

based bio-composites [13,37]. Thus, the successful substitution of phenol-based glues with lignin 

was demonstrated. These glues, coming from petroleum, are the commonly used resins to 

manufacture construction materials as plywood or OSB, generating wooden indoor building 

products. For example, Kalami et al. [38] formulated a 100% lignin-based resin with similar 

characteristics and performance of a commercial phenol. In another application, microstructural 

characteristics of lignin were investigated as an addition to soil, obtaining a more stable structure 

comparing to natural silt [39]. The feasibility of incorporating differently treated lignin in 

agricultural waste fibreboards as natural adhesives was studied by other authors [21,37]. The main 

target was to generate softwood fibre composite panels. The incorporation of 20% purified Kraft 

lignin improved both strength and water resistance properties of the panel, being a hot pressing 

process necessary in order to promote the thermal adhesion between lignin and the fibres around 

200ºC [40]. Furthermore, other studies proved that the presence of lignin subjected to certain 

chemical modifications can reduce the flammability of the polymers and their composites [41]. 

The use of this pre-treated material is beneficial from an environmental point of view, being a 

recyclable and renewable source, that can avoid the use of synthetic resin binders [21]. This 

substitution represents a suitable way to generate a green composite, considering lignin as a waste 

product, increasing the use of raw by-products from a renewable biomass material [37].  

 

In this work, a by-product, i.e. a vegetable fibre, is post-processed and used in powder form for 

the production of plasters. Including additions to gypsum plaster significantly influences the 

hydration reactions [26,42]. Depending on the gypsum type, higher or lower water content is 
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required to achieve the same consistency. A water addition is usually necessary when the particle 

size of the additive or by-product has a diameter close to gypsum particles size [26]. 

 

Based on literature [11,13,42] about biomass materials, the present experiment was defined. The 

main objective of this study is to increase the value of lignin biomass by-product by incorporating 

it in a construction material such as gypsum building plaster and a gypsum binder. The added 

value from lignin will confer of the bonding strength property of  this bio polymer [43] waste to 

improve the gypsum performance as well as reducing the CO2 emissions.  
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 Materials and methods 

 

2.1. Materials 

 

Two different pre-mixed gypsum-based plaster product were used in this study. The first one 

(called gypsum “Scagliola”) is a gypsum building plaster, a hemihydrate gypsum with a purity 

>50%, supplied by Gras Calce (Italy). It has a particle size lower than 0.2 mm. According to the 

manufacturer, it has a minimum flexural resistance of 1 N/mm2, fulfilling with the minimum of 

the European Standard EN 13279:2008-1 [44] and, according to the 89/106/CEE Directive, it is 

classified as Euroclass A1 (without fire contribution due to its organic material minor content of 

1%). The second gypsum (a gypsum binder called “Iberyola E-35”) is also a hemihydrate gypsum 

but with a purity higher than 90%, commercialized by Joaquim Closas Sabadell (Spain) and 

supplied by Placo Saint Gobain. According to the manufacturer, the particle size distribution has 

2% particles smaller than 0.2 mm. Its properties include a flexural and compressive strength of 

3.5 N/mm2 and 7 N/mm2, respectively, and it is classified also as Euroclass A1 without fire 

contribution. The properties of both gypsums are presented in Table 1. 

 

Table 1. Properties of the gypsum (according to the manufacturers) 

Property Gypsum Scagliola Iberyola E-35 

Designation according to EN 

13279:2009-1 

B1 

(Gypsum building plaster) 

A (Gypsum binders for 

direct use or further 

processing) 

Water to plaster ratio 70-80% 80% 

Chemical name 
Calcium sulphate 

hemihydrate 

Calcium sulphate 

hemihydrate 

Chemical composition CaSO4 ꞏ 1/2H2O CaSO4 ꞏ 1/2H2O 

Min. Gypsum purity (%) >50 92 

Initial setting time (minutes) >20 10 

Flexural Strength (MPa) ≥1 3.5 

Compressive Strength (MPa) ≥2 7 

Particle size distribution (mm) <0.2 <2% at 0.2 

Apparent bulk density of the 

powder (g/cm3) 
- 0.64 

Bulk density of the plaster (g/cm3) 1.1 (±10%) - 

Fire reaction A1 A1 

pH - >6 
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Thermal conductivity coefficient, 

(W/(mꞏK))  (23ºC, 50% RH) 
0.39 0.30 

Water vapour resistance factor (µ) - 6 

 

The lignin used in this work derives from the plant Phragmites Australis, a bio-residue from the 

Lake Trasimeno area (Italy). The material was firstly milled in order to obtain homogeneous size 

chips (3-5 cm). At a later stage, the biomass product was pre-treated through steam explosion by 

using a severity factor (LogR0) equal to 4.4 (7.3 min and 222°C). In this way, a water insoluble 

substrate mainly rich in cellulose and lignin was produced and further processed through a 

microwave-assisted organosolv method using Ɣ-valerolactone (GVL). The lignin was isolated 

from the GVL solution by water precipitation and condensation cycles, resulting in a treated 

product suitable to develop a novel bio-based material. This process was carried out without the 

addition of any further chemicals and successfully modified in a one-pot route through a cleaner 

process, by using a sustainable and circular procedure. Based on the SEM analyses, the obtained 

lignin was composed by nanoparticles of regular spherical shape and dimensions ranging from 

0.1 to 1.0 μm, as well as large clusters of nanoparticles produced by the recovery and drying 

processes performed after precipitation.  More details about the lignin production process and 

characterization procedure can be found elsewhere[45]. 

 

2.2. Experimental procedure 

 

Different gypsum/lignin mixtures were tested, without any admixture, from 100% gypsum to 0% 

gypsum (100% lignin) with the following weight relations, 70-30%, 50-50%, 30-70%. In the 

design of the experiment, it was planned to maintain a water/powder ratio of 0.8, according to the 

technical recommendation from the gypsum manufacturers. However, the first trials showed that 

the lignin required more water addition in order to obtain acceptable workability. Thus, finally 

the water/lignin ratio used during the experiments ranged from 0.8 to 1.14, increasing 

water/gypsum content when lignin percentage increased (Table 2). 

 

Table 2. Nomenclature and sample formulations (percentages in weight of the powder fraction) 

Sample types  
Gypsum 

Scagliola (%) 

Iberyola E-35 

(%) 
Lignin (%) 

Ratio 

water/powder 

100 G 100 - - 0.8 

100 I - 100 - 0.8 

100 L - - 100 1.14 

70 G - 30 L 70 - 30 0.8 
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50 G - 50 L 50 - 50 0.8 

30 G - 70 L 30 - 70 0.92 

70 I - 30 L - 70 30 0.8 

50 I - 50 L - 50 50 0.8 

30 I - 70 L - 30 70 0.92 

 

Several sample dimensions were considered for these experiments depending on the test to be 

performed. Cylinders of 100 mm and 30 mm diameter and 20 mm height were prepared. Two 

replicates were done of each sample, where different measurements were carried out in the same 

samples for thermal and acoustic tests. Three prisms of 4x4x16 cm3 were prepared in order to 

carry out flexural and compressive strength tests.    

 

The procedure to mix the gypsum with lignin was developed following the indications from the 

European Standard EN 13279-2:2014 [46]. First of all, lignin and gypsum powders were mixed 

together and then water was added. In mixtures where the lignin content was high, more water 

was added to the powder mixture, varying the water/gypsum ratio. The procedure can be seen in 

Figure 1. The mixture was introduced in the mould and the samples were removed after one day. 

Then, they were stored in a ventilated room for 7 days, with temperature and humidity control, at 

23 ºC ± 2 °C and 50% ± 5%, respectively. After this period, thermal, acoustical and mechanical 

tests were performed in the hardened samples. 

 

   

(a) (b) (c) (d) 

Figure 1. Process of mixing gypsum, lignin and water; (a) material preparation; (b) mix gypsum 

and lignin powder; (c) mixed powders; (d) water addition to the powders 

  

2.3. Experimental methodology 

 

The workability of each mixture was tested immediately after the mixing process by means of 

rubber cone-shape moulds of 40 mm height and 75 mm inner diameter. According to EN 13279-

2:2014 [33], the gypsum flow value should be between 150 mm and 210 mm in order to have a 

fluid and workable consistency.  
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After measuring each specimen with a calliper to obtain the real volume, V(m3) and weighing it 

with a scale model KERN 572 (precision 0.001 g), to obtain its mass m (kg), the density was 

calculated  

 

To measure thermal properties, a constant temperature and humidity inside the environmental 

chamber was necessary. For this study two conditions were defined. The temperature was the 

same in both cases, having a set point of 20±2 ºC, while relative humidity was set at 30% and 

70%. Before starting the thermal measurements, the samples were conditioned in the climatic 

chamber until they had a constant weight, to ensure that the desired conditions for each 

experiment were achieved. To reach the desired conditions, samples remained 24 hours in the 

chamber until they reached 30% of RH, while 48 hours were needed to reach the equilibrium at 

70% to perform the measurements at these conditions. To test the thermal properties of the 

samples, in both test conditions (20 ºC ± 0.3 ºC. and 30% or 70% RH), the samples remained 7 

days in the climatic chamber. An ATT DM 340 SR climatic chamber (external dimensions 875 

mm × 1786 mm × 1765 mm) was used for this experiment. This chamber is equipped with a test 

compartment (601 mm × 810 mm × 694 mm) inside which it is possible to obtain a temperature 

and humidity controlled environment in the range -40 to 180 °C ±0.3 °C and 10 to 98% ±3% 

relative humidity (RH). 

 

The Transient Plane Source method (TPS) was used to test thermal conductivity (k), thermal 

diffusivity (α), and volumetric heat capacity (ρcp) following the ISO 22007-2 standard [47]. This 

method is a non-destructive test originally developed for plastic materials, which has however 

largely been used for simultaneously measuring the three thermal properties in the above, in 

several construction materials [48–50]. In this test, the cylindrical samples with a 100 mm 

diameter and 20 mm thickness were analysed by using a Hot Disk 2500S apparatus from Hot Disk 

AB in a single-sided analysis. A Kapton sensor 5501 with a 6.4 mm radius was specifically 

selected to match sample size and material properties. The sensor was sandwiched between the 

sample and a reference insulation material with known thermo-physical properties (thermal 

conductivity of 0.036 WꞏmK and thermal diffusivity of 0.69 mm2/s). 

A minimum of three measurements were carried out for each sample, waiting at least 30 minutes 

between each test, i.e. the necessary time interval to guarantee perfectly random test residuals in 

the least square fitting procedure, and consequently, the complete dispersion of the heat wave 

from the previous test. The parameters considered for the hot disk measurements were, depending 

on the sample, a heating power 8-15 mW and a measuring time of 40-80 s. During all the 

experiments the ambient conditions were 20 ºC ± 0.3 ºC. Figure 2 shows the samples and the hot 

disk set up in the climatic chamber.  
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(a) 

 

(b) 

Figure 2. Thermal measurements with the Hot disk device. (a) Hot disk measurement inside the 

environmental chamber, and (b) conditioning of the samples inside the climatic chamber 

 

In order to characterize the acoustic performance of the new composites, sound absorption and 

sound insulation were investigated. Both these tests were carried out by means of a Brüel & Kjӕr 

impedance tube, model 4260 (Figure 3). The absorption performance of the samples was 

quantified in terms of absorption coefficient (α), which indicates the part of the acoustic energy 

of the incident wave that is absorbed by the sample. Transmission loss (TL) was quantified for 

determining the acoustic performance of the samples in terms of insulation properties. According 

to the ISO 10534-2 [51], these measurements are based on the two (α) and the four microphones 

method (TL). 

 

In order to cover a wide range of frequencies in the acoustic studies, two impedance tube 

configurations were used. The large one allows to measure frequencies from 100 to 1600 Hz, 

requiring cylindrical samples of 100 mm diameter base. The small one measures a frequency 

range from 500 to 6400 Hz and uses smaller samples (30 mm diameter). In both cases two 

cylindrical samples of 20 mm thickness were used. In all measurements, the flat surface of the 

samples needs to be perpendicular to the tube in order to let all the sound waves approach the 

sample with the same angle. In each gypsum-lignin composition, every analysis was tested three 

times, taking an average result for both absorption and transmission loss.  

 

 

(a) (b) 

Figure 3. Impedance tube configuration for the absorption coefficient (a) and the transmission 

loss, and (b) measurement. 
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To complete the absorption coefficient test, the environmental conditions of the room were 

continuously monitored in terms of atmospheric pressure, air temperature and relative humidity. 

These data were used as inputs for the experimental procedure. Later on, the microphones were 

calibrated and the samples were placed within the tube. In the next task, the signal-to-noise ratio 

was evaluated and finally the transfer function calibration was carried out before running the tests. 

The transmission loss of the samples was measured by means of the two-load method, which can 

be considered as an extension to four microphones of the previously presented transfer function 

method for sound absorption. In this case, the sample was placed in the middle of the tube and 

the acoustic field was measured before and after the sample itself. Once again, the environmental 

parameters were checked and introduced in the software and the microphones were calibrated. 

After that, two measurements were carried out with rigid and an anechoic tube termination to 

allow defining the background noise calibration. This procedure was repeated once the samples 

were placed in the tube, both in small and large configurations.  Furthermore, sound absorption 

coefficient and transmission loss were measured at two different relative humidity conditions, 

namely 30% and 70%, with a constant temperature of 20±2 °C.  

 

The mechanical characterization of the samples was carried out by means of flexural and 

compressive tests. For this purpose, according to the Standard EN 13279-2:2014 [46], prismatic 

specimens of 40×40×160 mm3 were used. Three samples were produced for the gypsum mixes, 

and two samples for the composite mixtures. A small quantity of lignin was available which 

allowed to produce only one prismatic sample for 30%I – 70%L and 70%I-30%L.  The specimens 

were first broken in their central part in the flexural test and then each of two halves was used for 

measuring the compressive strength of the samples. These measurements were carried out with a 

Controls Advantest 9 universal servo-controlled testing machine, with two different heads for 

flexural and compressive tests (Figure 4). For flexural tests and for compressive tests of weaker 

specimens, the 15 kN frame was used to achieve high precision. On the contrary, when the 

compressive strength of pure “Iberyola” gypsum was tested, the 250 kN frame was needed to 

break the samples.  

The test velocity was chosen between 50 N/s for both flexural and compressive tests. 

 

In order to calculate the maximum load for flexural and compressive measurements, Eq. 2 and 

Eq. 3 were used:  

𝑅 𝐿/ 4𝑊 𝐹  Eq. 2 

𝑅 𝐹
𝑆 Eq. 3 

where Rf is the flexural strength (N/mm2), Ff is the maximum flexural load (N), Rc is the 

compressive strength (N/mm2), L is the distance between the supports in the three-point bending 
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test configuration (100 mm2), S is the contact sample surface (40 x 40 mm) and W the elastic 

modulus of sample’s cross-section (403/6 mm3). 

 

(a) (b) (c) 

Figure 4. (a) Universal machine of 15 kN (left) and 250 kN (right); specimens placed on 15 kN 

frame for (b) flexural and (c) compressive tests. 

 
 

 Results 

 
3.1. Physical tests 
 

Figure 5 presents the consistency of all considered fresh mixtures. Although both fresh gypsum 

mixtures use similar water/gypsum ratio, the gypsum “Scagliola” is less fluid than “Iberyola”, but 

still with an acceptable workability. It is worth noting that both gypsum mixtures prepared in this 

study fall within the range of 150-210 mm prescribed by the European standard [46]. 

 

In detail, when preparing the pure lignin mixture, more water was required to obtain similar 

consistency to the gypsum mixtures. All other composite mixtures present quite similar 

consistency between them, being all of them very plastic, and keeping the shape of the cone mould 

used. Moreover, the composite mixtures do not fulfil the gypsum regulation consistency range, 

having all of them a diameter below 150 mm.  
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100 G – Ø 14.5 cm 100 I – Ø 20 cm 100 L - Ø 12 cm 

   

50 G – 50 L – Ø 8 cm 50 I – 50 L – Ø 8 cm 70 G – 30 L – Ø 8 cm 

   

70 I – 30 L Ø 8 cm 30 G – 70 L Ø 8 cm 30 I – 70 L Ø 8 cm 

Figure 5. Consistency of the composite samples where Ø is the diameter of the fresh mixture. 

 

About a month later the preparation of the mixtures, once the samples were hardened, through a 

visual inspection a colour variation among the samples and different damages were observed.  

Concerning the colour, samples with higher lignin content presented a darkest brown colour than 

the ones with lower lignin content. No representative colour difference was noticed between the 

two types of gypsum in the composite samples. On the other hand, generally, the samples with 

higher lignin content were affected by mould and a high level of shrinkage. Specifically, the 

biological problem mostly affected the samples with 100% lignin; while this was less important 

in the samples with other compositions. This affection was previously reported in the literature 

when biomass is used in building materials. For example, Antunes et al. [52] also found biological 
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contamination in their rice-husk earth composite, most notably in samples with higher rice husk 

content.  

 

Apart from the lignin content, also the gypsum type seems to affect the development of mould 

(Figure 6 and Figure 7). In fact, the samples using gypsum “Scagliola” show more mould than 

the other ones. 

 

Other than the general shrinkage problem observed in Figure 8, some samples show a marked 

cracking that eventually led them to fracture. The ones affected are 50% gypsum Scagliola-50% 

lignin, 30% Iberyola-70% lignin, and 100% lignin. 

 

   

100% Iberyola 100% Gypsum Scagliola 100% Lignin 

   

70% Gypsum Scagliola – 

30% Lignin 

50% Gypsum Scagliola – 

50% Lignin 

30% Gypsum Scagliola – 

70% Lignin 
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70% Iberyola – 30% Lignin 50% Iberyola – 50% Lignin 30% Iberyola – 70% Lignin 

Figure 6. Summary of experiment samples after 28 days of hardening process. 

(a) 

 

(b) 

 

(c) 

Figure 7. (a) 100% lignin sample. (b) Comparison between 100% lignin slabs (below) and 30% 

Gypsum Scagliola -70% lignin (up). (c) Comparison of the moulds affection between 30% 

lignin and 70% Gypsum Scagliola (left) or 70% Iberyola (right). 

   

   

Figure 8. From left to right: 100% lignin samples; curved shapes and cracks. Comparison 

between mould, gypsum and lignin cylindrical samples. 

 

Figure 9 presents the thermal results obtained using the Hot disk equipment. The measurements 

were performed in each sample, studying how the low (30%) and high (70%) relative humidity 

can affect the bio-based composite thermal characterization. In this regards, it needs to be 
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commented that the sample of 100% L at 30% humidity it is not considered in this analysis since 

it was too damaged that thermal measurements could not be performed. 

 

Both gypsums used have similar thermal conductivity, around 0.47±0.02 W/(mꞏK), while lignin 

has a much lower value, around 0.20±0.01 W/(mꞏK). These values are about one order of 

magnitude lower than those of the reference insulation material used in the one-sided experiment, 

so they can be considered as acceptable, although the similar diffusivity value compels us to 

present the results with care. Yet since the aim of the work is to present a comparative study of 

the different mix designs, all results are presented and discussed in the following. Most of the 

composites developed in this study, have thermal conductivity values close to the one of lignin; 

with the exception of the 70% “Iberyola-E35”-30% lignin mixture, which had a thermal 

conductivity between the values on the above (0.37±0.02 W/(mꞏK)). 

 

Quite a different picture results from the thermal diffusivity analysis. First, the two gypsums have 

different thermal diffusivity, being that of “Iberyola-E35” higher than that of Gypsum 

“Scagliola”. Lignin has a much lower thermal diffusivity, only 0.17±0.01 mm2/s. Again, the 

composites have similar properties to that of lignin. In this case, all mixtures have a thermal 

diffusivity between 0.18 and 0.24 mm2/s, except for the two mixtures with 70% gypsum, which 

show values around 0.32 mm2/s. 

 

Finally, the volumetric heat capacity of the samples shows a variability between 0.75 MJ/(m3ꞏK) 

and 1.30 MJ/(m3ꞏK). In this case, it is difficult to find a clear trend between the type of gypsum 

used and the composition of the different mixtures. Nevertheless, it can be appreciated that 

volumetric heat capacity in most cases show lower values at higher relative humidity. 

 

Concerning the effect of relative humidity, in general, no significant differences could be 

observed among the different tests carried out on the different samples. Indeed, the values of 

thermal conductivity, diffusivity, and volumetric heat measured upon conditioning at 30% and 

70% RH are usually equal within the experimental error. 
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(c) 

Figure 9. Thermal properties of gypsum/lignin samples. (a) thermal conductivity, (b) thermal 
diffusivity, (c) volumetric heat capacity 

 

Table 3 shows that the results obtained in this study are very similar to other found in the literature 

[53–55] where bio-based materials were included in gypsum or plaster. 

 

Table 3. Properties of composite building materials using bio-based products.  
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conductivi
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ce 

Gypsu

m 

Biocomposi

te 
0.6 10 

Palm 

fibres 
--- 3 

0.177 (at 

20-30 ºC*) 
[53] 

Gypsu

m 

Cork-

gypsum 

composite 

0.8 10 Cork 10 2.27 - 3.87 0.19* [33] 

Earth 
Earth 

plaster 
--- --- Wheat 25 --- 

0.33 (at 25 

ºC dry 

basis) 

[53,54] 
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Earth 
Earth 

plaster 
--- --- Barley 25 --- 

0.29 (at 25 

ºC dry 

basis) 

[53,54] 

Earth 
Earth 

plaster 
--- --- 

Wood 

shaving 
25 --- 

0.28 (at 25 

ºC dry 

basis) 

[53,54] 

Gypsu

m, sand 

and 

lime 

Gypsum 

mortar - 

composite 

0.9 5 Palm 1.5 2.58 

0.29 

(21ºC+2 

RH 45% 

+10 ) 

[55] 

Gypsu

m, fly 

ash, 

silica 

fume 

and 

cement 

Gypsum 

based 

composite 

0.55 15 

Sorghu

m straw 

fibre 

5 22.50 0.287* [56] 

(*temperature or humidity not specified in the referenced paper) 

 

The results reported in the performed thermal test, do not follow the building materials literature 

trend when increasing moisture content. This occurrence suggests that some samples could have 

a low water vapour permeability, having a poor hygroscopic capacity. When humidity increases 

in any hygroscopic material, the pores of the material absorb the water vapour and hence the 

density of the composite as well as the thermal conductivity, increase [57]. Several authors 

reported thermal conductivity variation in relation with the moisture content of insulation 

materials [58–60], validating that, when the moisture content of the material increases, the thermal 

conductivity of the material also increases. 

 

3.2. Acoustic properties 

 

Figure 10 represents the sound absorption values of the samples in the frequency range from 100 

Hz to 6200 Hz. In general, α ranges are from 0.05 to 0.26, mostly related to frequency variation. 

In nearly most part of the samples, the highest sound absorption values are observed at lower 

frequencies. In particular, the 30%I-70%L sample shows the highest absorption coefficient (0.26) 

at about 600 Hz. 

 

Regarding the relative humidity influence, a higher water content (after conditioning at 70% RH) 

is always associated to a non-negligible, although small decrease of sound absorption values. 



20 
 

In terms of pure material mixtures, lignin presents better values of absorption coefficient than 

gypsum at lower frequencies, from 100 to 1600 Hz. However, the trend is switched at higher 

frequencies (from 1600 to 5600 Hz) where differences as high as 0.05 can be observed between 

the pure gypsum and the lignin mixture.   

 

Comparing all composites, the first type of gypsum “Scagliola” presents absorption values higher 

than “Iberyola- E35”, considering the average results at all frequencies. 

Regardless relative humidity influence, from the frequency range 1600 to 4600 Hz, composites 

containing “Iberyola- E35” had α lower than 0.1. While composites with “Scagliola” is above this 

value. The best absorption values (almost 0.30) are obtained when using higher percentages of 

lignin, especially with “30%G-70%L”. Similar values, although at higher frequencies (from 3600 

to 6200 Hz) were also reached by the “70%G-30%L” sample, suggesting that a proper 

optimization of the mix design could be carried out depending on the specific noise sources.  
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(c) 

 

 (d) 

Figure 10. Absorption coefficient of gypsum-lignin samples: (a) Samples using Gypsum 

“Scagliola” combined with lignin at 30% of RH; (b) Samples using Gypsum “Scagliola” 

combined with lignin at 70% of RH; (c) Samples using “Iberyola- E35” combined with lignin at 

30% of RH; (d) Samples using “Iberyola- E35” combined with lignin at 70% of RH. 

 

During the transmission loss experimental part, some cracks arose in the 100 mm large discs, in 

particular in samples 100% L, 30% I-70% L, 50% I – 50% L, and 70% I – 30% L. Consequently, 

these samples could not be tested in the large tube configuration and only transmission spectra 

from 1000 to 6400 Hz are here presented in Figure 11. 

 

The general trend follows the mass law, governing transmission loss, where TL increases when 

the frequency is higher. Both gypsums are better performing than the lignin composite itself. 

Nevertheless, combined with lignin, the Gypsum “Scagliola - G”, presents better insulation values 

than “Iberyola-E35 - I”. In general, samples with more content of lignin exhibit lower acoustic 
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insulation. When a higher frequency spectrum is taken into consideration, the general trend is to 

increase or to maintain the value.  

 

By taking a closer look at the 100% compositions, higher insulation values are shown at higher 

frequencies in gypsum Gypsum “Scagliola - G”. However, when lignin is added, “Iberyola” 

gypsum changes its behaviour and presents higher transmission loss at high frequencies, reaching 

up to 60 dB. Above all from 4900 to 6500 Hz stand out the samples 50%I-50%L and 70%I-30%L 

at 30% RH.  

 

With the increase of relative humidity to 70%, the TL results are lower. In general, the difference 

between results at 30% and 70 % RH is approximately between 5 and 10 dB, which is in line with 

the values reported in previous studies [61,62].  

 

Observing that higher lignin content present worse acoustic insulating results, 50% lignin content 

probably would be a reasonable choice. It could be said that since the Gypsum “Scagliola-G” 

probably has a higher porosity, it absorbs more humidity than “Iberyola-I” gypsum and because 

of its higher mass density, it is a better acoustic insulator. 
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(b) 

 
(c) 

 
 (d)  

Figure 11. Transmission loss of gypsum-lignin samples: (a) Samples using Gypsum “Scagliola” 

combined with lignin at 30% of RH; (b) Samples using Gypsum “Scagliola” combined with 

lignin at 70% of RH; (c) Samples using “Iberyola- E35” combined with lignin at 30; (d) 

Samples using “Iberyola-E35” combined with lignin at 70% of RH. 
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Generally, the analysed samples do not show a competitive behaviour in terms of sound 

absorption in comparison with usual absorbing materials used in construction, which can easily 

reach a coefficient of 1 for specific frequencies. However, the introduction of lignin allows to 

obtain higher values compared to similar gypsum plasterboards [28]. Concerning sound 

transmission loss, also in this case the obtained behaviour appears consistent with the values from 

previous literature studies [63]. Bouzit et al. [63] also compared the absorption coefficient and 

transmission loss of two gypsum powders and plasters. They prepared a plaster using the same a 

water/gypsum ratio as the present research, namely 0.8. They obtained a very flat absorption 

coefficient in relation with the frequency, being the results between 0.05 and 0.1, whereas, in the 

present research, both gypsum composites presented a higher absorption coefficient, from 1600 

Hz the average α is 0.15. On the other hand, in Bouzit et al. [63] samples, one gypsum goes from 

30 to 40 dB, while the other from 40 to 50 dB, depending on the frequency. In the present study, 

transmission loss results at 30% RH are similar, from 30 to 40 dB. 

 

In this case, the addition of lignin, probably characterized by a higher porosity than gypsum, 

reduces the capacity of the composite to reduce the propagation of sound waves. 

Nevertheless, in some cases there are exceptions; when relative humidity is increased at 70%, the 

composition with 50% Gypsum “Scagliola - G” gypsum and 50% Lignin – “L” presents better 

insulating properties than those that just have 30% of lignin content. 

 

3.3. Mechanical test results 

 

Figure 12 shows the flexural and compressive strength results in relation with the density of each 

composite sample, evaluated on the available samples. Generally, in the flexural measurement, 

all the lignin and composite samples broke during the equipment preload, having break loads 

around 0.30 – 0.40 kN. As expected, 100% gypsum samples presented better results than those 

ones including lignin. The gypsum “Iberyola -E35” exhibit around 20% improvement compared 

to Gypsum “Scagliola”, confirming the initial data from the manufacturers. Nevertheless, the 

“Iberyola” gypsum-lignin composition “70%I-30%L” is the lignin composite that presented very 

interesting results, with a flexural strength of 3.46 N/mm2. Unlike the others, this sample did not 

break at the preload state, having a good performance.  

A similar trend to flexural test results is observed for compressive testing.  The only composite 

that present outstanding results is “70%I-30%L” sample, exhibiting a compressive strength of 

4.37 N/mm2. At the same time, both 100% gypsums presented around 40% performance 

difference between them. Besides, even though “Iberyola-I” gypsum has remarkable compressive 

strength when it is mixed with 30% lignin, Gypsum “Scagliola-G” has higher compressive 
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strength values when lignin content increases (70% and 50%). For example, in samples containing 

70% of lignin, Gypsum “Scagliola-G” has double compressive strength than “Iberyola-I”. 

 

 

Figure 12. Density, flexural (Rf) and compressive (Rc) strength obtained for different 

compositions of gypsum-lignin. 

 

From a general point of view and according to the Standard EN-13279-2 [46], construction 

gypsums should have values higher than 1 N/mm2 for flexural and 2 N/mm2 for compressive 

strength. For this reason, among all the material composites with lignin, only the “70I-30L” mix 

achieves the performance suitable for its application as a building material. Furthermore, all the 

mechanical results are directly related with the material density, where higher lignin content 

results in lighter composite materials.  

 

 Discussion 

 
In this section, the results are further discussed and compared in order to identify specific 

relationships and correlations among the selected mix designs and the obtained mechanical, 

thermal, and acoustic performance. In this view, Table 4 shows the obtained density, compressive 

strength and thermal conductivity values of each sample. As can be seen, both thermal 

conductivity and compressive strength tend to increase along with the density of the composites. 

However, a particular behaviour was observed in composite sample 70% I - 30 %L which 

obtained the highest density, but did not present the highest thermal conductivity nor the highest 
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compressive strength. This could suggest that an enhanced bonding during the hardening process 

occurred in gypsum Iberyola-E35 composites for low amounts of lignin, but without a stronger 

cohesion among the components.  Also, it is interesting to observe how compressive strength and 

thermal conductivity change in relation with the specific type of gypsum. Gypsum “Iberyola-

E35”, indeed, is associated to the highest compressive strength in absence or with 30% of lignin. 

Gypsum “Scagliola”, however, seems to have a better interaction with higher lignin percentages, 

maintaining higher mechanical performance while reaching similar thermal conductivity 

compared to the pure lignin sample. For instance, 30%G – 70% L has a higher compressive 

strength (1.68 N/mm2) and lower thermal conductivity (0.20 W/(mꞏK)) than 50% I – 50% L (1.32 

N/mm2 and 0.21 W/(mꞏK)). This is even more important if it is considered that 50 and 70%-lignin 

gypsum “Scagliola” composite nearly reach the minimum compressive strength value of 2 N/mm2 

required for construction gypsum.  

 
Table 4. Comparison of thermal conductivity, density and compressive strength. 

 

Composite 
Density 

(g/cm3) 

Compressive 

strength 

(N/mm2) 

Thermal 

conductivity 

(W/(mꞏK)) 

30%  

RH 

70%  

RH 

G
yp

su
m

 
S

ca
gl

io
la

 

100 G 1.030 6.38 0.47 0.48 

70 %G – 30% L 0.837 1.71 0.24 0.24 

50% G – 50% L 0.772 1.78 0.23 0.24 

30%G – 70% L 0.781 1.68 0.20 0.20 

Ib
er

yo
la

   
   

E
-3

5 

100 I 1.032 10.39 0.47 0.42 

70% I - 30 %L 1.077 4.37 0.37 0.38 

50% I – 50% L 0.817 1.32 0.21 0.22 

30% I – 70% L 0.774 0.80 0.19 0.20 

L
ig

n
in

 

100 L 0.816 1.52 - 0.20 

 

The acoustic performance of the samples is strictly dependent on the frequency. Samples with 

100% lignin present the lowest transmission loss, between 10 and 20 dB, being lower at higher 

relative humidity. Both gypsum samples present similar transmission loss at middle frequencies 

around 40 dB at 30% RH, and 30 dB at 70% RH. 

 

In order to better understand the potential of the different plasters produced in this study for 

building applications, the samples that fulfil or nearly reach the minimum compressive strength 
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of 2 N/mm2 required in the Standard are selected and compared from a thermo-acoustic point of 

view. In Figure 13 the selected compositions, i.e. 30% G – 70% L, 50% G – 50% L, 70 %G – 

30% L and 70% I - 30 %L, are compared in terms of density, average thermal conductivity and 

average acoustic transmission loss or acoustic absorption. As expected, higher densities produce 

an increase in the capability of the sample to transmit heat and to block the propagation of sound. 

Acoustic absorption, on the other hand, does not seem to be linearly influenced by density 

variations, since in this case, properties such as surface porosity are expected to play the major 

role on the observed sound dissipation effect. In most cases, the conditioning at higher relative 

humidity corresponds to higher acoustic insulation and lower absorption performance. However, 

the effect of water content is not significant from the thermal point of view. Results from Figure 

13 highlight the need to optimize the lignin content in the plasters based on the specific 

application. In more detail, lower lignin percentages produce a denser compound with higher 

sound insulation and heat transfer capability. Lower gypsum rates, on the other hand, allow to 

produce a more thermally insulating compound, which could be useful for reducing the amount 

of heat transferred through the building walls, and eventually, with the proper surface porosity, 

better dissipate airborne noise in the indoor. 

 

 

 

Figure 13. Correlation between average thermal and acoustic properties of gypsum lignin 

composites. 50% G – 50% L, 70 %G – 30% L and 70% I - 30 %L studied at 30% relative 

humidity. 
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 Conclusions 

 

In this work, a vegetable fibre from waste driftwood residues was post-processed and used as raw 

material in gypsum-based plasters. To this purpose, two kinds of gypsum, i.e. Gypsum 

“Scagliola” and “Iberyola – E35”, were used to produce nine composites characterized by 

different contents of lignin (0, 30, 50, 70, and 100% in weight). These composites were later 

compared in terms of their mechanical, thermal and acoustic performance in a comprehensive 

multi-physics experimental campaign aimed at evaluating their potential performance in building 

applications. 

 

In general, the gypsum/lignin composites showed suitable thermal insulation results compared to 

similar indoor cladding materials, although only a few compositions (those with at least 70% 

gypsum) could fulfil the mechanical requirements for gypsum wallboards.  

 

Results show that increasing lignin contents produced lower thermal conductivity and diffusivity 

values, and improved the overall heat insulation capacity of the composites. High lignin contents 

produced samples with improved acoustic absorption, particularly in the case of “Scagliola” 

gypsum. Lower lignin contents, on the other hand, were always associated to higher sound 

insulation performances. In most cases, the conditioning procedure at 30% and 70% relative 

humidity did not seem to significantly affect the thermal behaviour of the samples, although it 

was shown to produce non negligible effects on the overall acoustic performance of the samples: 

higher water content almost always resulted in higher transmission loss and lower absorption 

coefficient values. 

 

Additionally, a low resistance of these composites to mould growth under normal temperature 

and relative humidity conditions was also observed. A further mineralization procedure could be 

used to reduce this detrimental phenomenon and its propagation. 

 

Overall, the results presented in this study showed that the introduction of a limited weight 

percentage of lignin (up to 30% on the final weight of the composite) represents a promising 

solution for producing low-cost, eco-friendly plasters for indoor applications in buildings. Results 

also showed the need to optimize the lignin content as a function of the specific application. 

Higher lignin contents could be useful for reducing the amount of heat transferred through the 

building walls, and better dissipate airborne noise, while lower lignin percentages will produce a 

denser compound with higher sound insulation and heat transfer capability. 
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