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Abstract: The pine cone is an important forest product for the Portuguese economy. However, it is
associated with environmental impacts, such as the generation of waste and the increased risk of
forest fires. The objective of this research is to valorise waste from the production of Pinus pinaster
Aiton in the form of natural dyes. The pine cone extracts were characterised in different alkaline
solutions (1%, 5% and 10% NaOH) in order to evaluate the dyeing process on cotton knitwear, using
the CIELab coordinates. The dyed samples were also subjected to light and water fastness tests. The
extracts showed an increase in solids content with increasing alkalinity and a reduction in antioxidant
content. The phenol content increased in the extract with 5% but decreased with the 10%
concentration. All the dyes expressed a pink colour, but with different shades. About the L*
coordinate (luminosity), the colours became lighter as the NaOH increased. n the a* coordinate, all
the samples had a reddish colour and, in the b* coordinate, all the samples had a yellowish colour.
About light and water fastness, all the samples lost colour, but in the water test it was not noticeable.

Keywords: Forest waste; Pine cone; Natural dyes; Valorisation; Cotton dyeing

1. Introduction

The use of Pinus pinaster Aiton pine cones as a raw material for natural textile dyes is a
sustainable and innovative alternative for forest management. This pine cone is common in several
regions of Portugal, where pine forests cover approximately 1 million hectares, making it the second
largest forest formation in the country. In 2015, Pinus pinaster Aiton occupied 713.300 hectares,
equivalent to 22.1% of mainland Portugal's forest area. It is estimated that this area will increase to
between 727.000 and 789.000 hectares by 2030 [1]. These species are of great economic and social
importance to Portugal, as they are widely used by various sectors of industry. Among the main
economic activities in the Portuguese forestry sector, pine cone production stands out. The pine cone
production of Pinus pinaster averages 1188.2 kg/ha, with a total of 602.7 thousand tonnes per year [1].
Despite its economic importance, it also produces a significant amount of forestry waste. In terms of
waste production, this species has an estimated annual production of around 543.867 tonnes [2].
These residues, when discarded in the forest, significantly increase the ignition potential of the forest
floor. In studies, forest residues with pine cones added ignited 94% of the time, compared to only
17% without cones. The presence of cones results in higher flame heights and longer flaming
durations, indicating greater fire intensity [3]. According to Borges et al. (2021) [4] pine cones are
highly flammable and burn more quickly than the leaves of other species due to their lower moisture
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content, emphasising that this biomass when discarded contributes to the accumulation of
combustible material in forest areas, increasing the risk of fires. Effective forest management,
including the removal or valorisation of residual biomass such as pine cones, is essential for
mitigating fire risks. In Portugal there is already a ‘BioValchar’ project exploring the possibility of
converting this biomass into biochar, which can be used to improve soil quality and reduce fire risk
[5].

Pine bark is also often discarded contains high levels of polyphenols, a lignocellulosic material
with high added value and potential for several applications [6]. It is estimated that around 15% of
the mass of pine cones results in unused residual biomass [7]. With around 37% cellulose, the bark is
viable for extracting microfibrillated cellulose (MFC) [8]. It can also provide tannins for use in resins
and foams [9]. These valorisations reduce waste and promote a circular economy by converting it
into useful products. Despite these possibilities, many forestry products, namely pine cones, are still
discarded without significant economic or environmental benefit [10]. The extraction of textile dyes
from this material makes the most of a little-used waste and reduces the environmental impact of the
textile industry, which usually uses synthetic dyes. This practice supports cleaner production in the
textile industry, one of the most polluting in the world, responsible for 10% of greenhouse gas
emissions and almost 20% of drinking water contamination. In the European Union, the sector ranks
fourth in environmental and climate impact and third in water and soil consumption, according to a
global life cycle assessment [11].

The importance of natural dyes lies mainly in their ability to reduce the environmental impact
of textile production. These materials break down more easily than synthetic dyes, reducing long-
term pollution in water and soil, thus highlighting their importance in sustainable textile production
[12]. It is also important to notice that they replace hazardous chemicals, minimising waste and
reducing water consumption, thus promoting sustainable practices and contributing to ecological
solutions in dyeing processes [13]. Studies on natural dyes from marigold flowers offer alternatives
to synthetic dyes, reducing environmental damage. The use of these dyes, together with mordants
such as lime, favours sustainability in textile dyeing practices [13]. Natural dyes can be derived from
a variety of sources, including plants, minerals and animals, and chemically are compounds such as
flavonoids and tannins [14]. Depending on their chemical composition, these colourants can be water-
soluble, stable to water and light, characteristics that make them suitable for textile applications.
Compounds such as tannins and anthraquinones can also act as mordants, increasing their
functionality [15-17]. Colours obtained from natural dyes include yellow (isoflavones), orange
(aurones), red and blue (anthocyanins), as well as shades of brown, grey, black and blue [15,17].

In addition to the ecological benefits, the valorisation of pine cones can boost local economy and
open up new opportunities for rural and small-scale producers. The forest sector, including pine cone
harvesting, can generate employment opportunities in rural areas, contributing to local economies
[18]. The use of pine cones is in line with sustainable forest management, which is essential for
maintaining biodiversity [18]. Small producers can diversify their sources of income by incorporating
pine cone products selling, reducing their dependence on traditional timber markets [19]. Collecting
and trading these pine cones for processing into natural dyes can encourage sustainable production
practices in line with the principles of the circular economy and the bioeconomy. Involving local
communities in the pine cone market can foster social cohesion and the collective management of
forest resources [18].

Faced with environmental challenges such as forest fires and pollution in the textile industry, it
is crucial to look for alternatives that balance ecological preservation and economic development.
This study investigates the potential of natural dyes to replace chemicals, valuing underused
resources and promoting innovative practices in the textile industry. The aim is to demonstrate the
potential of pine cone waste in Portugal as a raw material for natural dyes, promoting its value and
supporting the sustainable management of forest waste.

2. Materials and Methods
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This study used waste pine cones from the production of Pinus Pinaster Aiton pine cones. The
pine cones were collected in December 2022, in Viseu—Portugal region. The samples were dried in
an oven at 65 °C, ground in a cutting mill (RETSCH SM 300) and strained in a sieve shaker (RETSCH
5200), with the 500 um to 2 mm particle sizes selected for the tests. The dye was extracted from this
material, and the pH, solids content, phenol and antioxidant content were quantified in the extracts
before the fabric dyeing. An interlock (2740/3) 100% cotton from Tintex-textiles® was used as the
textile substrate. All the experimental procedures for extraction and dyeing process characterisation
were carried out in triplicate.

2.1. Dye Extraction

To extract dyes from plants, the use of sodium hydroxide (NaOH) solutions as a solvent is the
method most used by the textile industry, but it depends on the type of dye and the chemical
properties of the plant. NaOH is mainly used due to its ability to disrupt plant cell walls and
solubilize compounds [20] that have an acidic or slightly polar character [21], such as flavonoids,
anthocyanins and chlorophylls. Three extractions were carried out, each with a different
concentration of NaOH, 1%, 5% and 10%, based on the mass of the residue used in the test. First, 40
g of shredded pine cones were placed in a 500 mL flask, together with extractable solutions and
distilled water relative to mass and humidity. Then, these mixtures were placed in a thermostatic
bath at 70 °C for 1 hour with ultrasound. After cooling, they were decanted and kept at 4 °C to avoid
contamination or deterioration.

2.2. Dye Characterisation

The pH measurement (pH 8, from the XS brand) was performed by soaking the extracts in
distilled hot water, 1:20, after filtration. The solids content of the extracts was analysed using a
moisture analysis with infrared heating (MB120 OHAUS EUROPE GMBH), according to equation 1,
where TS is the solid content and Ta the moisture content:

TS (%) = 100 - Ta (1)

O evaluates the phenolic compounds in the extracts, the adapted Folin-Ciocalteu
spectrophotometric method was used with gallic acid as reference [22] using a Perkin-Elmer UV-VIS,
model T-9100, spectrophotometer. It was possible to calculate the phenol content (%) according to
equations 2 and 3, where Ce is the extract concentration (g/L), Ved is the volume of diluted extract (L),
Ve the extract volume (L) and Cag is the concentration of gallic acid obtained by the calibration curve:

TSxV,
Ce=—"T"¢ (2)
Cagx1073

= e (100-Ts)

Phenols (%) = o 2100 (3)

To determine the antioxidant capacity of the extract, a colorimetric method was carried out with
2,2-Diphenyl-1-picrylhydrazyl (DPPH) [23]. The reaction was monitored by the decay of DPPH at
517 nm, in the Spectro-photometer (Perkin-Elmer UV-VIS, model T-9100), in the presence of the
antioxidant ascorbic acid, in known concentration. The antioxidant content was calculated according
to equation 4, where Caa is the concentration of ascorbic acid (mg/L) obtained by the calibration curve

and Ce is the solids concentration of in the analysed extract solution (g/L):
Caa x1073
Ce x100 @)

Fourier transform infrared spectroscopy (FTIR) (FTIR-UATR Two Spectrophotometer from

Antioxidant content (%) =

PerkinElmer) was used for materials characterisation, namely, to evaluate the extraction process and
characterise the extracts. The spectra were obtained using the software PerkinElmer Spectrum
Version 10.4.1, selecting the wavenumbers between 4000 cm and 400 cm?, with a resolution of 4 cm-
1, with 10 scans for each sample.

2.3. Dyeing Test
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For the dyeing test, the discontinuous method was used. The dyeing of the cotton knit samples
was carried out using only the pinecone extracts as dyes, with a liquor ratio of 1/15 (mass of dry
textile product/mass of dyeing solution). Cotton knit samples of 5 + 0.5 g were mixed with the dyeing
liquor (2% g dry extract/g textile sample) in a 500 mL beaker and placed in a heating bath at 60 °C for
30 minutes. Once the dyeing stage was finished, the dyed textile samples were washed first with cold
water, then, with water at 40 + 5 °C and with the soap agent Cottoblanc STM (CHT, Tiibingen,
Germany) [24] followed by cold water.

2.4. Quality Control of the Dying Process

To quantitatively evaluate the dyeing process, measurements were made on cotton fabrics dyed
with the pine cone extracts, using a spectrophotometer (CM-25cg Konica Minolta), evaluating the
reflectance of the surface as a function of the wavelength of the emitted radiation. The
spectrophotometric method applied to fabrics coloured with natural dyes has proven to be a reliable
tool for accurate quantification of colour intensity [25]. Results were evaluated according to CIELab
coordinates, as described in ISO 105A05:1996 [26].

2.5. Colour Fastness to Light and Water

The light fastness test was completed in the Q-SUN xenon arc test chamber following ISO 105-
B02:2014 [27]. In this method, AE was calculated, which consists of the colour difference between the
initial samples and those exposed to artificial light (full spectrum sunlight), as described by ISO 105 —
A05:1996 [26]. The standard ISO 105-E01:2013 [28] was used for the water fastness. For the evaluation
of the fabric colour variation, a spectrophotometer CM-25cg Konica Minolta was also used. In this
method, AE* was also calculated, according to ISO 105— A05: 1996 [26].

3. Results

3.1. Pine Cone Extract Analysis

To carry out the research proposal, three alkaline extractions were carried out on pine cone
production waste, which was characterised and tested to assess its potential for dyeing cotton
meshes. As can be seen in, an increase in pH can be observed with increasing concentrations of
NaOH, which was expected as sodium hydroxide is a strong base. The pH of extracts is one of the
main factors affecting the reactivity of dyes and the shade and yield of the dyeing process [29]. The
sodium hydroxide solutions used as solvents in the extractions maintain an alkaline pH, which is
positive as it increases the stability of the dye and consequently promotes good dyeing results [29].
A gradual increase in the solids content of the extracts can be observed as the alkalinity of the
extraction solution increases. Sodium hydroxide is a base strong enough to form salts with phenols,
the phenolates, and consequently increase the solids content in the samples [30]. At alkaline pH,
phenolic compounds and flavonoids, which are commonly found in plant extracts, tend to undergo
structural modifications that increase the availability of colouring molecules, resulting in more
intense hues, although they may be less stable to light and washing. Alkaline conditions can induce
autoxidation and dimerization of flavonoids, leading to the formation of higher molecular weight
species that may alter their colour properties [31].

Table 1—Characterisation of pine cone extracts.

Solvent
concentration pH Solids (%) Phenols (%) Antioxidant (%)
(NaOH)

M SD M SD M SD M SD
1% 9.9 0.01 1.0 001 23 1.2 232 02
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5% ‘12.3 0.01 1.2 0.01 121 0.5 11.7 0.2
10% ‘12.8 0.01 1.6 001 94 0.4 10.3  0.01

Note: M — Mean SD — Standard deviation
The content of phenolic compounds is characteristic of the dye that influences dyeing, that is,
the reactivity of the dye with the cotton mesh. Phenolic compounds are classified by their original

structure, their biological function and their chemical nature. They are divided into classes, according
to their number of phenolic rings and the structures that connect these rings, namely phenolic acids,
flavonoids, lignans, stilbenes and other phenolic compounds (tannin) [31]. The by-product of the pine
cone is a material rich in polyphenols [32], such as tannins and flavonoids and these are chromophore
molecules [33] responsible for the natural dye in textile dyeing. Tannins are polyphenols with
variable molecular weight, which differ from most other natural phenolic compounds [34]. They are
compounds soluble in hot water that could precipitate proteins from solutions and are widely used
in the tanning industry. In addition to being natural dyes, they help in the affinity of cotton mesh
with other dyes. When mixed with other natural dyes they rise to different shades such as yellow,
brown, grey and black. Tannins are generally classified into two groups: hydrolysable (pyrogallol)
and condensed (proanthocyanidins). The former group is characterised as having a portion of sugar
and organic acids and upon hydrolysis produce gallic acid and ellagic acid. Condensed tannins are
the most abundant in the tree bark [16].

In Figure 1 it is possible to observe that extracts obtained with 1% NaOH contain (M 2.3% SD
1.2) phenolic compounds, however, when the alkalinity of the extraction solution increases, to 5% of
NaOH, the phenolic content value practically increases fivefold (M 12.1% SD 0.5). With the 10%
NaOH extraction solution, there was a decrease in the number of phenols (M 9.4% SD 0.2). According
to Filho et al. [34], tannins in alkaline solutions show a positive relationship with increasing
concentrations of NaOH up to 8%. In fact, of all the extractions, the one carried out with the 5% NaOH
solution had the highest percentage of phenols. Concentrations above 8% of NaOH induce some
degradation reactions that can influence the decomposition of phenolic compounds [35].

Antioxidants, even in small concentrations, delay or inhibit the action of oxidant agents on the
remaining compounds present in the extract [36,37]. Their role is to capture free radicals and inhibit
or interrupt oxidative reactions [38]. These compounds may be ascorbic acid (vitamin C), carotenoids
and/or phenolic compounds. Antioxidants are divided into two groups: the ones that can prevent
oxidation that occurs with free radicals, donating a hydrogen atom or electrons to stabilise the
substance, and the second group, molecules that inhibit oxygen reactions and convert
hydroperoxides into non-radical species, also absorbing UV radiation. There are more than 8000
phenolic compounds in plants which act as antioxidants [39]. The results show that with the increase
of NaOH in the extraction solution there was a decrease in the content of antioxidants extracted
(Figure 1). Pine cones are rich in flavonoids, with high representativity of the bioflavonoid class.
Flavonoids are powerful antioxidants, capable of preventing deterioration due to the action of free
radicals in extract [40].
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Figure 1. Solids, phenols and antioxidants content of Pine cone extracts.
3.2. Materials Characterisation by FTIR

3.2.1. FTIR Analysis of the Original Pine Cone and the Extracted Pine Cone

To assess the extractable components of pine cone waste, a comparative FTIR analysis was
carried out on the pine cone waste and the pine cone extracted with 1% NaOH, dried (60 °C). The
spectra obtained were normalised at 1028 cm-1, the range in which cellulose is the main component.
The pine cone spectra are shown in Figure 2. Comparing the original and extracted pine cones, it is
possible to observe a reduction in transmittance at the 2920 and 2850 cm-1 peak in the extracted pine
cone, due to extraction with NaOH which intensifies the chemical modifications of the lignocellulosic
structure, making the extracts richer in compounds with CH2 bonds [41]. Increased NaOH
concentrations lead to the release of aliphatic compounds from lignin [42]

The peaks around 1750-1600 cm! are in an important spectral zone for phenolic compounds, as
they are characteristic of aromatic C=C vibrations, C=O stretching vibrations of acid groups,
quinonoid rings of quinones and conjugated ketones [43,44]. It can be seen that the samples have
peaks in these bands, particularly the phenolic compounds, which have C=C vibrations in the
aromatic ring [44].

The peaks in the bands in the 1300-1020cm-! range in both samples correspond to C-O stretching
vibrations in ethers or hemiacetals, or C-O in alcohols, polysaccharides or lignin. In aromatic
compounds, bands in this range can be associated with deformation vibrations of the aromatic ring.
The deformation modes of the benzene ring (or other aromatic rings) are common in the 1300 to 1400
cm-! range [44].

Pine cone extracted 1%  ——Pinecone
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Figure 2. -FTIR spectra of the original pine cone and the pine cone extracted with 1% NaOH.

3.2.2. FTIR Comparative Analysis of the Three Extracts (1%, 5%, 10% NaOH).

According to the spectrum obtained for the extracts with different concentrations of NaOH
(Figure 3), dried at (60 °C). The spectra obtained were normalised in the 1600 cm™ band, which is the
range where polyphenols are theoretically the majority compound. The bands at 2920-2850 cm-!
correspond to the stretching vibrations of methyl (-CHs) and methylene (-CH,-) groups [43]., present
in aliphatic chains and organic compounds in the pine cone's lignocellulosic matrix [42].The increase
in transmittance in these bands indicates a greater presence of methylene and methyl groups,
resulting from the partial degradation of lignin and hemicellulose under alkaline treatment. High
concentrations of NaOH intensify the chemical modifications to the lignocellulosic structure, making
the extracts richer in aliphatic compounds. Alkaline treatment breaks down the cell wall, increasing
the availability of soluble organic compounds such as modified lignin and dissolved polysaccharides
[42].

The transmittance range of 1420-1200 cm-! is associated with C-O stretching and C-H and C-H,
deformation in polysaccharides [44]. Phenolic groups and aromatic bonds in lignin involve vibrations
in the aromatic structure. The reduction in transmittance indicates the degradation of hemicellulose
and lignin with increasing NaOH concentration, due to the breaking of chemical bonds by the
alkaline treatment [42].

The bands between 1000-1200 cm-! are attributed to C-O-C stretching (glycosidic bonds) and C-
O stretching (alcohols and ethers) [45] present in cellulose and hemicellulose, as well as phenolic
groups and aromatic bonds in lignin The continuous presence of peaks in this range suggests that
structures rich in C-O-C and C-O bonds, such as cellulose, lignin and some polysaccharides, remain
even after alkaline treatment [42]. This indicates that although NaOH partially degraded the
lignocellulose, some chemical bonds of these compounds are still present in the alkaline extracts of
the pine cone.

The peaks in the 1200-1000 cm™ bands, present in the three samples, are generally related to C-
O stretching ethers, but also due to deformation vibrations in aromatic compounds, which change
depending on the structure of the substance Several antioxidants and phenolic compounds, such as
certain flavonoids, have ethers and alcohols in their structure, such as quercetin and rutin, which
have ether bonds and hydroxyl groups. Some polyphenols, such as cate-chins, have phenolic groups
that act similarly to alcohols [46].

The band at 780 cm-! is generally associated with out of plane deformation of C-H bonds in
aromatic structures (such as lignin's benzene rings), phenolic groups attached to aromatic rings and
vibrations of lignin's aromatic skeleton [44]. Alkaline treatment with NaOH promotes the partial
breaking of lignin's ester and ether bonds, releasing phenolic units and more exposed aromatic
groups. This can result in an increase in the intensity of the band at 780 cm, since more aromatic
structures contribute to this absorption. The increase in the band at 780 cm™ after the addition of
NaOH indicates structural modifications in the lignin, including greater exposure of aromatic and
phenolic groups due to partial degradation of the lignocellulosic structure. This behaviour confirms
that alkaline treatment directly influences the chemistry of pine cone biomass, favouring the release
of modified lignin compounds [42]
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Figure 3. FTIR spectra for the extracts obtained with 1%, 5% and 10% NaOH.

3.3. Cotton Dyeing Test

It was established that the application of the NaOH extractable solutions resulted in the
acquisition of a pink hue by fabric specimens. However, it was observed that the colour exhibited
variability in intensity across the samples, with the extracts obtained from higher alkalinity solutions
demonstrating a slight reduction in intensity. The L* value for 1% NaOH extract was recorded as (M
71.1, SD 1.3), while for 10% NaOH extract, it was (M 74.5, SD 1.4) (Table 2). The behaviour of the
specimens dyed with 5% NaOH extractables was found to be very similar to that of the 1% ones. The
intensity of the colour is dependent on some factors, including the pH, type and concentration of
phenols, their degree of polymerization, temperature, and bath time [47] According to Chatlopadhyay
[48], certain dyes exhibit enhanced reactivity with cotton in an alkaline environment; however, if the
pH is excessively high, fixation diminishes due to the negative charge of the cotton mesh, resulting
in incompatibilities. Consequently, as the NaOH concentration increases, the pH of the extracts also
rises, avoiding the adhesion of the pinecone extract dye to the fabric. The light colour is a common
drawback of natural dyes when their molecules exhibit low affinity for textiles. This phenomenon
occurs due to the ionisation of the cellulosic hydroxyl groups in the cotton mesh that encounter water,
resulting in negative charges that repel the dye molecules [48]. A visual analysis of the tanned
specimens revealed non-uniform dyeing, characterised by the presence of white spots. These spots
may be attributed to inadequate dissolution or diffusion of the dyes within the bath (Figure 4).

)

A .-,._ NLi ¥ =l
(Y : .

1% NaOH 5% NaOH 10% NaOH

Figure 4. Cotton mesh dyed with pine cone extracts (1%, 5%, 10% NaOH).

All the samples presented a* coordinate positive, representing a reddish tone (Table 2) due to
the tannins. They are widely used to produce red dyes [48]. In coordinate b*, all samples were
positive, that is, they expressed a yellowish hue. However, among the samples dyed with pine cone
extract, the one with the concentration of 1% NaOH (M13.3, SD 1.1) was more yellowish and the
sample dyed with 10% NaOH (M 10.3, SD 0.5) became less yellow. As emphasized by Jadhav [49]
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compounds belonging to the flavonoid class, such as flavanones and flavanols, are responsible for
the yellow colour [50].

Table 2. Colour characteristics after dyeing with pine cone extracts obtained with different concentrations of

NaOH.
Dyeing L* a* b*
M SD M SD M SD
1% 71.0 1.3 13.6 0.6 13.3 1.1
5% 71.1 1.1 13.7 0.2 12.0 0.7
10% 74.5 1.4 134 0.5 10.3 0.5

INote: M — Mean; SD — Standard deviation.

One method to measure a dye's ability to tint materials is the evaluating of the relative colour
strength which quantifies the absorbed electromagnetic radiation in the visible region (350 to 750
nanometres). This parameter relates the absorption (K) and scattering (S) coefficients of a dyed
sample, relatively to a standard, at the same wavelength. The ratio K/S is calculated from reflectance
(R), according to Kubelka-Munk equation [51] . Figure 5 shows the colour strength variation of fabrics
dyed with different dyes extracted with different NaOH concentrations (1%, 5%, 10%) across a range
of wavelengths (350-750 nm). It is noticed a higher colour strength with the samples dyed with 1%
and 5% extracts, but all with a peak in the visible region around 520 nm, corresponding to a colour
perceived likely magenta or reddish to the human eye. At this wavelength, higher K/S values indicate
higher colour strength, namely a darker ap-appearance of the fabric, showing that not only the
pigments are important for the dyeing process, but also other organic compounds, like antioxidants,
to allow a better tinting of the specimen. The K/S values at this wavelength are 0.62, 0.60 and 0.45 for
samples dyed with 1%, 5%, 10% extracts, respectively. Values of K/S above 1 point out to strong
colour strength for deep or dark colours, between 0.5-1.0, medium colour strength and below 0.5,
lighter colours. Again, and comparing with the previous data for L*, a* and b¥, it is noticed that the
colours are not dark, but with the specimens dyed with 10% extracts, becoming lighter.

Colour Strength

350 400 450 500 550 Ul 650 700 750

Wavelength (nm)

Figure 5. Colour strength of cotton meshes dyed with the pine cone waste extract obtained with different
concentrations of NaOH. P 1% extraction with 1% NaOH; P 5% extraction with 5% NaOH; P 10% extraction with
10% NaOH.
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3.4. Colour Fastness Test to Light

During use, textiles are exposed to external factors, such as light, water, and sweat, among others
that imply colour degradation. Colour fastness refers to the resistance of textile colours to external
factors and is one of the main reasons for quality flaws and consumer satisfaction. Increasing
durability allows longer-life products, avoiding the generation of waste and the promotion of circular
economy, namely reuse, rental and repair services for textiles, thus creating new business
opportunities [52].

Light fastness tests are carried out to measure the changes in the dyed fabric when exposed to
artificial light that simulates sunlight. In this process, light energy is absorbed by the dyed molecules
that are broken down or rearranged, especially in the un-saturated groups of the chromophores,
changing their interaction with electromagnetic radiation and therefore their appearance. This
mechanism is different for each cotton mesh and dye, mainly due to the oxidation of dyes when
exposed to light and temperatures [53].

In the lightfastness tests, the colorimetric properties L*, a*, and b* were evaluated after the dyed
fabrics were exposed to stress factors, and the corresponding differences (AL¥, Aa*, Ab*) were
analysed for each parameter (Table 3). Under all light exposure conditions, the AL* values were
positive, indicating a lightening of the fabric colours. Samples dyed with extracts obtained using 10%
NaOH showed the greatest fading, reflected in a higher AL* value (M = 7.4; SD = 0.7). Conversely,
fabrics dyed with extracts prepared with 1% NaOH exhibited the smallest colour intensity changes,
with a significantly lower AL* (M = 5.5. SD 0.4). These results suggest a direct relationship between
the NaOH concentration used during extraction and the colour stability under light exposure. With
increasing NaOH concentration, a greater sensitivity of the samples to exposure to light was
observed. This effect was characterized by an increase in Ab* values, indicating a more yellowish
tone, and a reduction in Aa* values, reflecting a decrease in the reddish tone.

Table 3. Variation of L*, a* b* and E* in the colour fastness to light.

Dyeing AL* Aa* Ab* AE*
M SD M SD M SD M SD
1% 55 0.4 4.1 0.4 37 03 5.1 0.1
5% 57 1.9 42 05 4.6 0.8 5.7 1.1
10% 7.4 0.7 -5.7 0.4 3.8 0.5 6.7 05

INote: M —-Mean; SD - Standard deviation

This result can be visually observed in dyed knit samples, where differences in colour intensity
and tone are evident after exposure to light. In samples dyed with extracts obtained using 10% NaOH,
a more pronounced lightening can be seen, reducing further colour wear. This change is consistent
with the elevated AL* values, reflecting a significant loss of initial saturation. On the other hand, the
fabrics dyed with extracts prepared with 1% NaOH maintained a visual appearance closer to the
original colour, with less lightening and greater uniformity, corroborating the lower AL* values
(Figure 6). These contrasts reinforce the brightness between the NaOH concentration used in the
removal process and the visual stability of the colours in the dyed fabrics. Flavonoids are susceptible
to photodegradation under alkaline conditions, with varying rates depending on the specific
compound [53].
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5% NaOH ¥ 10% NaOH

Figure 6. Cotton knits dyed with different concentrations of NaOH (1%, 5%, 10%) after wear caused by the light

fastness test.

The values observed for AE*, the overall colour fastness to light, were between 2 and 10, which
means that the difference in colour before and after light irradiation on the fabric, it is perceptible
through close observation [54], which means that the difference in colour before and after light
irradiation on the fabric, it is noticeable at first glance. As before, the dyed fabrics with 10% NaOH
extractive noticed the greater change, (M 6.7, SD 0.5) the dyed with 1% NaOH extractive had the
smallest chromatic difference (M 5.1, SD 0.1) (Figure 7).

8.0
70 I
6.0 :
5.0 1
& 40 '
= 4.
3.0
20
10
0.0
1% NaOH 5% NaOH 10% NaOH
AE  ==perceptible through close observation

Figure 7. Analysis of the AE* of colour fastness to light.

The colour strength shows a significant decrease in the samples after their exposure to light
(Figure 8), with lower values of K/S through all the spectra. Namely, it is noticed the disappearance
of the shoulder around 520 nm, again with the specimens dyed with 1% and 5% extracts with similar
behaviour. The colour strength, given by K/S, decreased to 0.37, 0.36 and 0.20, showing again the
consequences in the dye degradation in the colour fastness to light.

350 100 450 500 550 =00 650 700

Wavelength (nm)

Figure 8. Colour intensity of cotton meshes dyed with the pine cone waste extract obtained with different
concentrations of NaOH. P 1% extraction with 1% NaOH; P 5% extraction with 5% NaOH; P 10% extraction with

10% NaOH, and cotton meshes dyed with the pine cone waste extract obtained with different concentrations of
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NaOH exposed to the light fastness test. P 1%F extraction with 1% NaOH; P 5% F extraction with 5% NaOH; P
10% F extraction with 10% NaOH.

3.5. Colour Fastness Test to Water

Another external factor that greatly influences the colour resistance of the cotton mesh is water.
For this reason, the colour fastness test on water was carried out. As in the light fastness test, the
samples were analysed in the spectrophotometer, before and after the fastness test, as previously
described. In all samples, AL* was positive, showing lighter colours after immersion in water.
Samples dyed with pine cone extract with 1% NaOH showed less variability in colour intensity (M
0.2, SD 0.7) (Table 4). The variation in red/green tones, indicated by Aa*, presents negative values,
meaning a very subtle loss of the red tone. Regarding Ab*, all samples showed positive results,
indicating a more yellowish tone. The results from all three coordinates indicate that the samples
were somewhat affected by water as the NaOH concentration increased upon dye extraction. The
variability of colour fastness to water occurs because the cellulosic cotton mesh in contact with water
forms negative charges that repel the dye molecules [55].

Table 4. Variation of L*, a* b* and E* in the colour fastness to water.

Dyeing AL* Aa* Ab* AE*
M SD M SD M SD M SD
1% 0.2 0.7 -0.2 0.4 0.8 0.1 0.7 0.2
5% 1.2 0.2 -0.3 0.1 0.9 0.3 0.9 0.1
10% 12 0.2 -0.4 0.1 1.1 0.1 1.1 1.1

INote: M — Mean; SD — Standard deviation.

When visually analysing the dyed fabrics after exposure to water, no significant differences in
relation to the original colour are noticeable to the naked eye (Figure 9).

Figure 9. Cotton mesh dyed with different concentrations of NaOH (1%, 5%, 10% NaOH) after wear caused by
the water fastness test.

The total chromatic variation, AE¥, in the samples immersed in water, was lower than that
obtained in the light fastness tests, meaning that the pine cone dyes are more resistant to water than
light. The AE* (Figure 10) of all samples were less than or equal to 1, which in the human eye visual
perception metric indicates that the differences in colours are not perceptible by human eyes (line
presented in the graphic of [54].
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Figure 10. Analysis of AE* of color fastness to water.

4. Conclusions

This study investigates the valorisation waste pine cones from the production of Pinus Pinaster
Aiton into natural dyes for cotton dyeing, obtained by alkaline extraction with different percentages
of NaOH. The dyeing process produced soft, pleasant colours and different shades, depending on
the concentrations of NaOH used in the extraction. However, the effect on the intensity of the colour
produced was found to be uneven, with the colour becoming lighter as the NaOH concentrations
increased. Sodium hydroxide was found to influence the chemical composition of the extract and,
consequently, the dyeing process. This reaction can be attributed to the difference in pH, which is
responsible for the reduction and/or increase in the state of aggregation of the dye molecules induced
by the presence of high concentrations of electrolyte. It was found that as the alkalinity of the
extraction solution increased, the content of solids and phenols increased, but the opposite trend was
noted for antioxidants, which are compounds that help protect and stabilise the colour. Analysis of
the surface by FTIR revealed the removal of functional groups rich in hydroxyl groups from the pine
cone, such as phenols, and extracts richer in organic acids, flavonoids, catechins and antioxidants.

The experiment involved the dyeing of cotton knit with extracts obtained from varying
concentrations of NaOH, ranging from 1% to 10%. The results demonstrated that the specimen dyed
with the 1% NaOH extract exhibited a darker appearance and a more intense yellow hue. In contrast,
the cotton mesh treated with 5% NaOH extracts demonstrated a reddish tint, while those treated with
10% NaOH extracts showed a less yellowish colouration. The red shade attained in all dyeing
solutions was found to be similar. In terms of dye fastness to light, all samples exhibited sensitivity
to the photo-degradation process, with a noticeable chromatic shift. The samples underwent a
transition from a reddish hue to a greenish and yellowish tone. In water fastness, a loss of colour was
observed, imperceptible to the human eye. Samples dyed with the extract from pine cone waste
demonstrated sensitivity to artificial light, while exhibiting enhanced resistance to water.

The present study demonstrated that the dye extraction process with a 1% NaOH solution
yielded superior outcomes in terms of the dyeing process and in the resistance to light and water
fastness tests, thus promoting a more environmentally friendly process for the valorisation of pine
cone waste. The research conducted indicated that extracts from the pine cone by-product are a
promising source for use as a natural dye for cotton dyeing. These lignocellulosic materials are
renewable, abundantly available, and unfortunately wasted, and therefore can be obtained at
relatively low costs from a wide variety of resources, such as forest waste.

This is an innovative and sustainable approach to forest management, as in addition to utilising
pine cone waste, this process helps to reduce the biomass available, which reduces the risk of forest
fires. Transforming waste into high-value products, such as natural dyes, not only reduces
environmental effects, but also strengthens the circular economy and encourages more sustainable
production practices. In addition, replacing synthetic dyes with natural alternatives reduces the
pollution linked to the textile industry, benefiting both the environment and human health. The
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implementation of this solution could boost public policies that encourage the bioeconomy in
Portugal and encourage collaboration between industry and academia in optimising processes for
extracting and fixing natural textile dyes.
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Abbreviations

The following abbreviations are used in this manuscript:

pH Potential of Hydrogen

K Absorption

S Scattering

DPPH 2,2-Diphenyl-1-picrylhydrazyl

NaOH Sodium hydroxide

pH Potential of Hydrogen

FTIR Fourier transform infrared spectroscopy
R Reflectance

TS Solid Content

Ta the moisture content

Ta the moisture content

Ved volume of diluted extract

Ve extract volume

Cag concentration of gallic acid
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