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Highlights

What are the main findings?

• Degradation of the turmeric matrix by chemical (acids, oxidants, enzymes) or physical
(ultrasound, microwaves) agents breaks carbohydrate cross-links, releasing starch,
amylose, amylopectin, and consequently curcumin.

• Microwave-assisted extraction and dyeing with eco-friendly additives (ethanol, kojic
acid) achieve high curcumin uptake, especially on polyacrylonitrile and cellulose
acetate fibers, which exhibit excellent color fastness (grade 5).

What is the implication of the main finding?

• Microwave-assisted extraction is an efficient, eco-friendly method achieving 78.35 ± 2.62%
curcumin recovery, suitable for sustainable natural dyeing.

• The strong affinity and durability of curcumin on synthetic fibers (fastness grade 5)
suggest hydrophobic interactions and microwave effects enhance dyeing performance
and color retention.

Abstract: Classical and modern methods are used to release curcumin by degrading the
polysaccharides found in the turmeric powder matrix. Classical methods use chemicals as
acids (HCl, H2SO4, CH3COOH), oxidants (H2O2, kojic acid), and enzymes (amylase type)
that can degrade amylose and amylopectin from starch. The modern applied methods con-
sist of the degradation of the polysaccharides in the turmeric powder during eco-friendly
processes assisted by ultrasound or microwaves. The extraction medium can consist of
only water, water with a solvent, and/or an oxidizing agent. The presence of curcumin in
turmeric powder is confirmed by FTIR analysis. The UV–VIS analysis of the extracts allows
the determination of the efficiency of modern extraction processes. The release of curcumin
from turmeric is highlighted quantitatively by colorimetric measurements for the obtained
extracts, using a portable DataColor spectrophotometer. The comparison of the results leads
to the conclusion that microwave-assisted extractions are the most effective. These extracts
are able to dye many types of textile fibers: wool, cotton, hemp, silk, polyacrylonitrile,
polyamide, polyester, and cellulose acetate. CIELab and color strength (K/S) measurements
indicate that the most intense yellow colors are obtained on polyacrylonitrile (b* = 86.32,
K/S = 15.14) and on cellulose acetate (b* = 90.40, K/S = 14.17).
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1. Introduction
The source of curcumin is the rhizomes of the plant, which is included in the class Lil-

iopsida, subclass Commelinids, order Zingiberales, Family Zingiberacese, Genus Curcuma,
and Species Curcuma longa [1].

Turmeric rhizomes and turmeric powder obtained by processing the rhizomes are used
in the food, pharmaceutical, and medicine industries, due to their bioactive properties [2].
The intense yellow color of turmeric widens its scope of application in the textile industry
to ensure dyeing with curcumin, which is considered a natural dye named according to the
Color Index as C.I. Natural Yellow 3 [3,4].

Turmeric contains a mixture of carbohydrates (69.4%), proteins (6.3%), fats (5.1%),
minerals (3.5%), 3.5% essential oil, 2.5 to 6% curcuminoids, and 5.7% oleoresin [5,6]. The
curcuminoids present in turmeric are demethoxycurcumin (curcumin II), bisdemetho-
xicurcumin (curcumin III), and cyclocurcumin. The main characteristics of curcumin are
the following: it is an orange-yellow crystalline powder, insoluble in water but soluble in
ethanol, ketones, acetic acid, and chloroform. Solubility depends on the nature and concen-
tration of the solvent used. Solvents also influence the maximum absorption wavelength of
curcumin, as follows: between 420–425 nm in ethanol, at 430 nm in methanol, or between
415–420 nm in acetone [7,8].

The yellow-orange color of curcumin is influenced by the pH of the liquid medium,
being bright yellow at pHs between 2.5–7 and reddish at pH > 7, due to degradation to
ferulic acid, a reddish compound [8].

The fluorescence of curcumin depends on the wavelength at which the emission was
made and on the nature of the solvent used for solubilization; fluorescence transmission
is recorded at different wavelengths, λmax [8–10]: (a) 549 nm in the presence of ethanol;
(b) 524 nm with acetonitrile; (c) 557 nm for Triton X-100 micellar solution; (d) 460 or 488 nm
for toluene. Upon irradiation at λmax > 400 nm, curcumin produces simplex oxygen (in
toluene or acetonitrile) and photogenerates superoxide (in toluene and ethanol).

Curcumin, this valuable component of turmeric, must be extracted from the base
matrix in order to be used in dyeing processes in the textile industry. The release of
curcumin can be achieved by the degradation of carbohydrates or by the dissolution of fats.

The carbohydrates in turmeric are actually polysaccharides of the amylose and amy-
lopectin type present in starch. Amylose is a linear polysaccharide in which α-1,4 glycosidic
bonds link the glucose molecules to each other. In contrast, amylopectin is a branched
polysaccharide based on α-1,6 glycosidic bonds in the branching points and α-1,4 bonds
in the linear portions [10–13]. The degradation of the two polymers consists of breaking
these glycosidic bonds during acid, alkaline, or enzymatic hydrolysis [10–14]. Instead,
the processes assisted by microwaves, ultrasound, or supercritical fluid release curcumin
by dissolving fats, curcumin and/or by destroying the architectural structure of turmeric
caused by physical stimuli such as ultrasonic waves or electromagnetic waves [15–19].

Considering the presentation of the dye source, the literature exhibits the following
techniques for the extraction of natural dyes from vegetable sources [3,4,14–19]: fermenta-
tion; squeeze; cold aqueous extraction; hot aqueous extraction; extraction in alkali; acid
extraction; extraction assisted by enzymes; solvent extraction; extraction in the presence of
microwaves; extraction in the presence of ultrasound; super critical fluid extraction. Taking
into account the frequency of their use and the simplicity/complexity of the extraction
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mechanism, these methods could be grouped into two categories: (a) conventional methods,
easy to perform using simple extraction agents; (b) non-conventional/modern methods,
more complex and with a very high extraction efficiency [20–23].

Curcumin extraction methods can be characterized as follows:

1. The conventional methods of extracting curcumin from turmeric powder are based
on the action of simple chemical substances (acids, oxidants, enzymes), which degrade
the points of connection between curcumin and the other components included in
the turmeric matrix. At certain temperatures and durations, these substances swell
the starch until the macromolecular chain splits at several points, releasing amylose,
amylopectin, maltose, or glucose.

2. Unconventional/modern methods for curcumin extraction involve the use of mi-
crowaves or ultrasound; these methods are faster and more effective than classi-
cal methods [16–22]. Typically, the extraction of curcumin can be performed in
the presence or absence of a solvent. Ethanol, ethyl acetate, acetone, benzene,
dichloromethane, or dimethyl sulfoxide can be used as solvents. Curcumin is strongly
non-polar, which is why it can also dissolve in non-polar solvents. In this sense, the
following hydrophobic products can be used: sunflower oil, soybean oil, and linseed
oil [18].

Being readily available and relatively easy to extract, curcumin can be used in textile
dyeing, as a possible natural alternative to synthetic dyes. Studies in the literature indicate
the use of curcumin (in powder or extract form) in dyeing cotton [24–27], silk [28–30],
wool [31], and synthetic fibers [32]. However, the efficiency of the extraction process,
the stability of the pigments obtained and their behavior in contact with different textile
materials (natural and synthetic) remain aspects that require in-depth research.

In this context, the main objective of the present study is to investigate effective
methods for the extraction of curcumin from turmeric powder, as well as to evaluate its
potential as a coloring agent for various textile materials.

The novelty of the article lies in highlighting the degradation mode of the turmeric
matrix from different extractive systems containing classical (acids, oxidants) or ecological
substances (enzyme, ethanol, and kojic acid). The release of curcumin (Natural Yellow
3) is achieved by classical methods and by modern methods (assisted by microwaves
or ultrasound).

A novel approach is introduced for evaluating curcumin release from the turmeric ma-
trix through polysaccharide degradation, using both qualitative (iodometric method) and
quantitative (FTIR, UV–VIS, and CIELab) analyses. Notably, the CIELab method, typically
applied to solid supports, was adapted to be applicable to liquid extracts, highlighting the
innovative nature of this approach.

The qualitative method used (iodometric method) highlight the degraded forms of
the starch in the turmeric powder, by changing the color depending on the type of complex
formed between the starch residues and the iodine species found in the I2/KI solution.

Quantitative methods such as FTIR, UV–VIS, colorimetry show that the processes
assisted by microwaves are the most effective, regardless of whether the extraction medium
contains water, water + ethanol, water + kojic acid, or water + kojic acid + ethanol.

For a complete analysis of the extracts, two methods are used: UV–VIS and CIELab,
because they complement each other:

• The UV–VIS method provides information about the chemical composition and con-
centration of active substances in the extract, indicating the absorption peaks specific
to the compounds present;

• The CIELab method provides information about the color of the extract, being useful
for monitoring the visual appearance and correlating the color with the quality of the
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product. Although this method is specific only to solid supports, it has been adapted
and applied to liquid extracts under controlled conditions.

The dyeing capacity of fibers depends on the dyeing method used, the nature of
the dye, the nature and composition of the fibers, the affinity of the dye for the fibers,
and the dyeing parameters. Curcumin shows affinity for a large number of fibers, of
different origins: natural (cotton, hemp, wool, silk), synthetic (polyacrylonitrile, polyamide,
polyester), and artificial (cellulose acetate). This property could be particularly useful in
the case of fiber dyeing but especially in the case of dyeing mixed textile materials, which
contain a fibrous mixture, in different proportions.

2. Materials and Methods
2.1. Materials and Chemicals

Turmeric powder is used as a source of curcumin. The substances H2SO4, HCl,
CH3COOH, H2O2 (Merck KGaA, Darmstadt, Germany), kojic acid (Ellemental, Oradea,
Romania), and Beisol HTS (CHT Group, Tübingen, Germany) enzyme are used as such
with their concentrations as supplied.

Natural and synthetic fiber fabrics are used as textile supports for dyeing: wool, cotton,
silk, hemp, polyamide, polyester, cellulose acetate, and polyacrylonitrile (Melana (RIFIL,
Săvines, ti, Romania)).

The fabrics utilized in the tests exhibit the following specific weights: 258.24 g/m2

for wool, 160.84 g/m2 for cotton, 34.85 g/m2 for silk, 260.0 g/m2 for hemp, 64.5 g/m2

for polyamide, 62.7 g/m2 for polyester, 82.36 g/m2 for cellulose acetate, and 190.36 g/m2

for polyacrylonitrile.

2.2. Extraction Processes

The extraction processes of curcumin from turmeric powder are carried out under the
following conditions:

1. Classical extraction methods are based on extraction in water, in an acidic medium, in
an oxidizing medium, or in the presence of enzymes. It is the first time that oxidizing
agents (such as H2O2 and kojic acid) are used in the extraction process of a natural
dye. In these methods, the amount of 0.1 g of turmeric powder is used, to which
100 mL of water + 0.1 mL of starch degradation agent (acids/oxidants/enzyme) is
added, at different temperatures and contact times, imposed by the extraction method
adopted (Figure 1). HCl, H2SO4, and CH3COOH are used as acids. The green areas
in Figure 1 indicate the eco-friendly agents used in the extraction processes, such as:
water, oxidants (H2O2 and Kojic acid), and the amylase type enzyme (Beisol HTS, a
bacterial amylase that resists temperatures close to boiling).

 

Figure 1. Agents used in the classic methods of curcumin extraction from turmeric powder.

2. Modern extraction methods are based on the use of physical stimuli (MW and US),
in the presence of eco-friendly agents (water, ethanol, and kojic acid).
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In each extraction process, the amount of 0.1 g of turmeric powder is used, to which
100 mL of water and 0.1 mL of agent for starch degradation (kojic acid) or for dissolving
curcumin (0.1 mL of ethanol) are added, in the presence of MW or US (Figure 2).

 

Figure 2. Modern extraction methods assisted by microwaves or ultrasound.

The conditions for the realization of these eco-friendly methods of extracting curcumin
from turmeric are the following:

1. Microwave-assisted extraction method: frequency of 2450 MHz, power 650–750 W,
for 10 min (coding MW-1 to MW-4);

2. Ultrasound-assisted extraction method: 20 KHz, US emitted continuously for 10 min
(coding US-1 to US-4):

3. Ultrasound-assisted extraction method: 20 KHz, US emitted intermittently (impulses
every 2 s), for 10 min (coding USi-1 to USi-4).

2.3. Methods of Analysis

The analysis methods used were the following:

1. FTIR analysis to highlight the presence of curcumin in turmeric powder; FTIR analysis
is performed on a FTIR IR Affinity-1 Schimadzu spectrophotometer (Japan); the
spectra are recorded in the range 4000–400 cm−1 (with 250 scans). After recording, IR
absorption spectra are overlaid using Spectragryph software, version 1.2.

2. Iodometric method: the qualitative analysis of the extract involves highlighting starch,
amylose, amylopectin, and maltose using the iodine test, because their presence
equates to the degradation of the turmeric matrix and the release of curcumin.

3. UV–VIS analysis to characterize the extracts. For this analysis, a Shimadzu UVmini-
1240 UV–VIS spectrophotometer (Shimadzu Corporation, Kyoto, Japan) is used, which
allows the measurement of absorbance in the 0–5 a.u. range using a cell of 3 mL
volume. The cuvettes used in the experiments are made of quartz, with a length of
1 cm. The efficiency of ultrasound and microwaves in extraction processes can be
calculated using the maximum values of UV–VIS absorbances, related to wavelengths
from 420 nm, according to Equation (1):

E = [(Aextractive system − Awater extraction)/Aextractive system] × 100 (1)

where: E = the efficiency of the extractive system [%]; Aextractive system = absorbance of the
extractive system [a.u.]; Awater extraction = absorbance of the obtained extract, only in water.

4. Dyeing of textile fibers: 1 g of textile material and the mixture of 100 mL water + 0.1 g
turmeric powder + 0.1 mL ethanol and 0.1 g kojic acid are subjected to microwave
action (750 W, 10 min) when the extraction steps are carried out simultaneously
with the dyeing. The textile materials used are wool, cotton, hemp, natural silk,
polyacrylonitrile, polyamide, polyester, and cellulose acetate fibers.
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In microwave-assisted dyeing processes, the temperature of the dye bath is measured
using a non-contact infrared thermometer (through the transparent door of the microwave
equipment) to approximate the thermal conditions influencing the processes. Tempera-
tures are recorded at specific intervals, particularly after the first minute of irradiation
(approximately 54 ◦C) and at the end of the 10 min treatment (approximately 98 ◦C). Due
to equipment limitations, direct measurement of the surface temperature of the textiles
is not feasible. These values provide an estimate of the thermal environment inside the
reaction vessel.

Although the surface temperatures of the fabrics remain unmeasured, the recorded
solution temperatures serve as valuable reference points for understanding the thermal
contribution to each process. It is acknowledged that thermal and non-thermal effects
act synergistically, and their exact separation is not possible under the current experimen-
tal conditions.

The dyeing performance of textiles with curcumin extracts is evaluated based on
several parameters, including washing and rubbing stability. The tests used are as follows:

- ISO 105-C06 test [33] for the evaluation of color fastness to washing of dyed textiles (at
40 ◦C, for 30 min, hydromodulus 50:1). The tests are carried out on a textile washing
tester manufactured by Thwing-Albert in the United States of America.

- ISO 105-X12 test: Textiles—Color fastness test—Rubbing resistance is used for the
evaluation of resistance to rubbing (dry and wet) [34]. This test evaluates the color
fastness and integrity of dyed or colored fabrics. The rubbing action is carried out on
a Pattering Tester (Computext, Budapest, Hungary).

These tests are essential to ensure the durability and quality of the dyeing.
For both tests, a gray scale is used to evaluate the coloration of undyed fabrics, which

plays a well-defined role in each test. In the case of the washing test, a gray scale is also
used to evaluate the discoloration of the dyed sample, due to washing.

5. Colorimetric measurements of extracts and dyed textile supports. For this purpose, a
DataColor Check II Plus spectrophotometer (DataColor AG, Luzern, Switzerland) is
used to determine the color strength (K/S) and the CIELab colors quantities: lightness
(L*), position on the red–green axis (a*), position on the yellow–blue axis (b*), and
chroma/saturation (C*).

The portable DataColor Check II Plus spectrophotometer operates in diffuse reflection
mode, equipped with d/8◦ optical geometry (diffuse illumination, 8◦ observation angle),
standard illuminant D65, standard observer 10◦, 4 mm aperture, and SCI (specular compo-
nent included) measurement option. The device was calibrated before each work session
with the standards provided by the manufacturer.

The colors of the extracts and of the dyed textile samples, respectively, are assessed
as follows:

• Measurement of the color of liquid extracts: For the determination of the color of
liquid extracts, 30 mL volumes are used, introduced into a transparent glass beaker,
with smooth walls, used consistently for all samples. The container is placed on a
white fundal, to ensure a uniform optical background. The measuring head of the
spectrophotometer is applied perpendicularly to the side wall of the beaker, at the
same point for all measurements. The outer surface of the container is cleaned before
each determination, to prevent unwanted reflections.

This method, although adapted to an apparatus designed for measurements on solid
surfaces, allows the comparative evaluation of chromatic changes between liquid extracts,
under controlled conditions.
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• Measurement of the color of dyed textile materials: The textile samples were con-
ditioned for 24 h in a standardized atmosphere (20 ± 2 ◦C and 65 ± 5% relative
humidity), then placed on a flat white surface (same for all samples), with the fabric
completely smoothed, to eliminate the influences of wrinkles or texture on the mea-
surement. The measuring head of the apparatus is applied perpendicularly to the
textile surface, in at least five different points, representative of the color uniformity.
For each sample, the arithmetic mean of the values obtained is calculated.

In both cases (extracts and textiles), five replicates are recorded to ensure statistical
reliability. The colorimetric values are recorded in the CIELab space, being expressed by
the three components: L* (lightness, from 0 = black to 100 = white), a* (red–green axis),
and b* (yellow–blue axis). These data are used for the comparative evaluation of the color
changes between the samples subjected to different treatments.

6. Statistical analysis: All experimental determinations are carried out in five indepen-
dent replicates (n = 5). Results are expressed as arithmetic mean ± percentage error,
in order to evaluate the precision of the applied methods.

The percentage error for each measurement is calculated using the following Formula (2):

Percentage error (%) = [(individual value − mean)/mean] × 100 (2)

For each data group, the average percentage error is calculated and used as an indicator
of measurement reproducibility and accuracy. The graphical representations include error
bars whose length reflects the magnitude of the percentage error, allowing for a visual
assessment of data variability. All calculations and graphical representations are performed
using Microsoft Excel.

3. Results
3.1. Mechanism

The turmeric matrix contains curcumin, curcuminoids, carbohydrates, resin, fats, and
other components, as binding elements; all of these keep the curcumin and curcuminoids
immobilized, as in a network. The degradation methods of the network inside turmeric
coincide with the cleavage methods of starch because carbohydrates predominate in the
turmeric matrix [11–16].

Regardless of the extraction method used in this work, the principle of curcumin
extraction is based on the splitting of the matrix/starch, which causes the initial architec-
tural structure in turmeric to be disturbed, to break the bonds in the polysaccharides, to
form voids that facilitate the penetration of the solvent, the dissolution oleoresins, and re-
lease/extraction of curcuminoids/curcumin. The curcuminoids in turmeric are made up of
90% curcumin, i.e., a mixture of yellow dyes: diferuloylmethane/Curcumin I (C.I. Natural
Yellow 3, C.I. 75300), monodexmethoxycurcumin, and bisdesmethoxy-curcumin [16,19].

3.2. FTIR Analysis

The presence of curcumin in turmeric powder is confirmed by the FTIR spectro-
scopic method; the spectrum of turmeric powder closely resembled that of pure curcumin
(Figure 3) [16].

In Figure 3, the FTIR spectra of pure curcumin and powder turmeric are included to
compare their spectral profiles and highlight the structural and compositional differences
between an isolated bioactive substance and the complex plant matrix from which it comes.
These two spectra are analyzed in the 400–4000 cm−1 range, an interval that covers both the
molecular fingerprint region and the vibrations characteristic of polar functional groups.
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Figure 3. FTIR spectra for turmeric powder (blue spectrum) and pure curcumin (red spectrum).

In the region 400–1750 cm−1, the spectrum of pure curcumin is dominated by intense
and well-defined bands, attributed to stretching vibrations of carbonyl groups (C=O,
around 1630 cm−1), of the C=C double bonds in the conjugated aromatic system (1514 cm−1

and 1600 cm−1), as well as of the C–O and C–C bonds (1000–1370 cm−1) [16,35–39]. The
presence of these high-intensity bands reflects the purity of the sample and the high
concentration of curcumin, without significant interference from another compound.

In contrast, the spectrum of turmeric powder shows the same bands characteristic
of curcumin, but with significantly lower intensities. This indicates a limited presence
of curcuminoids within the plant matrix. The decrease in absorption is attributed to a
spectral dilution effect caused by non-specific major compounds (such as starch, maltose,
dextrin, and other polysaccharides). These compounds, although they do not contribute
significantly in the relevant spectral regions, interfere with the signal by masking or blurring
the characteristic absorption bands of curcumin.

In the range of 1750–4000 cm−1, the spectrum of turmeric shows significantly more
intense absorption bands compared to that of pure curcumin. The most pronounced and
broad band appears around 3427 cm−1 and is attributed to O–H stretching vibrations
(specific to hydroxyl compounds such as starch, maltose, and dextrin, as well as water
bound within the polysaccharide network) and N–H stretching vibrations (from amino
acids and proteins). The bands observed in the region of 2854–2923 cm−1, associated with
aliphatic C–H vibrations, are more prominent in turmeric than in pure curcumin, indicating
the presence of carbohydrate chains and other plant-derived constituents that are absent in
purified curcumin [37].

In the region 1750–4000 cm−1, the spectrum of pure curcumin is relatively weak due
to the limited number of hydroxyl groups and the absence of auxiliary compounds such as
polysaccharides or structural water. Thus, the differences in intensity in this range support
a simpler and more specific molecular composition in the case of pure curcumin, compared
to the compositional complexity of raw turmeric.

Overall, the FTIR spectra reveal significant compositional differences between the two
samples. Pure curcumin is distinguished by intense and clear absorptions in the fingerprint
region (400–1750 cm−1), while powdered turmeric shows stronger absorptions in the region
1750–4000 cm−1, due to polar compounds and polysaccharides present in the plant matrix.

These results demonstrate the efficiency of the FTIR method in revealing the relative
chemical composition, allowing clear differentiation between a purified bioactive substance
and a complex plant raw material, as well as semi-quantitative estimation of the presence
of curcumin in turmeric.

3.3. Qualitative Analysis of the Extract

The qualitative analysis of the extract is based on the iodometric method; the reagent
used in the iodometric method (iodine test) is the triiodide I3

−, which exists in the solution
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obtained from the dissolution of solid elemental iodine, in a concentrated solution of
alkaline iodide (potassium iodide). This test consists of identifying starch degradation
compounds using a few drops of I2/KI solution. The blue color indicates the presence of
amylose that forms helices where more iodine molecules gather, generating this specific
color. In this sense, the following steps are taken: 1 mL of extract is mixed with 10 mL
of distilled water and two drops of I2/KI solution. The coloration obtained indicates
the degradation stage of the turmeric matrix (which includes carbohydrates/starch, as in
Figure 4) so indirectly indicates the efficiency of curcumin release.

Figure 4. The colors of starch degradation forms, highlighted with an I2/KI solution.

It is known that starch is a polymer, more specifically an insoluble polysaccharide,
composed of amylose and amylopectin. The action of degradation of this polymer leads to
compounds that give different colors, in the presence of I2/KI solution [40], (Figure 4).

These stages of degradation of starch in turmeric powder occur during enzymatic hy-
drolysis. When an acid is used to release curcumin, then the degradation of polysaccharides
results in glucose, as the final product [40].

3.3.1. Extraction of Curcumin from Turmeric Using H2SO4 and H2O2

The blue color indicates the presence of amylose and the purple color indicates amy-
lopectin/amylodextrin, knowing that starch is composed of 20% amylose and 80% amy-
lopectin. The presence of amylose can also be determined by UV–VIS analysis when an
absorption peak is obtained on the UV–VIS spectrum, at ~570 nm. These colors are not
observed in extracts obtained by simply mixing turmeric powder with water because the
two components of starch are immobilized in the network with the help of oleoresin, fats,
and other components.

The results of the iodometric method indicating the degradation of starch in the
curcumin matrix (Figure 5) are illustrated by the colors in test tubes 1–4, in which there
are 1 mL extract + 10 mL water + 2 drops of I2/KI. Figure 5 indicates that the extraction
of curcumin and implicitly the presence of degraded starch is higher when the extraction
process is carried out by boiling for 10 min (in test tubes 4).

  
(a) (b) 

Figure 5. The results of the I2/KI test in the case of extraction from 0.1 g turmeric + 100 mL water +
0.1 mL H2SO4 (a) or with 0.1 mL H2O2 (b); test tube codes: test tube 1 = initial extract (after magnetic
stirring at 300 RPM); test tube 2 = the extract after 48 h cold storage; test tube 3 = the extract after
boiling for 2 min; test tube 4 = the extract after boiling for 10 min.
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3.3.2. Extraction of Curcumin from Turmeric Using Kojic Acid

Kojic acid is a chelating agent obtained from several species of fungi, particularly
Aspergillus oryzae, which has the common Japanese name koji. It is known as 5-Hydroxy-2-
(hydroxymethyl)-4H-pyran-4-one or 2-Hydroxymethyl-5-hydroxy-γ-pyrone, it has molecu-
lar mass, 142.11 g/mol, boiling point of 152–155 ◦C, acidity (pKa = 9.40), and considerable
solubility in water.

Kojic acid is also an eco-friendly oxidizing agent. By replacing H2O2 with kojic acid,
results are obtained that confirm its ability to degrade starch, but in a longer time than
H2O2. This fact is explained on the basis of the reduced ability to oxidize and destroy the
macromolecular chain of starch compared to H2O2. The colors of the solutions in the last
test tubes (Figure 6) indicate that kojic acid has determined the degradation of the turmeric
matrix, a fact observable by the presence of the starch that gives the blue coloration with
the I2/KI solution, up to maltose (in the last test tube).

 

Figure 6. Iodometric method results in the case of extraction from 0.1 g turmeric + 100 mL
water + 0.1 g kojic acid after boiling for 0; 2′, 5′, 13′, 20′, 30′, and 32 min at 100 ◦C.

3.3.3. Enzyme Assisted Extraction

An eco-friendly alternative to any classic extraction method is extraction assisted
by one or more enzymes. The most commonly used enzymes in different extractive
systems [41–43], to destroy or hydrolyze part of the constituents of plant cell walls, are
the following:

1. cellulases—to hydrolyze cellulose and release cellobiose and glucose molecules when
the hydrolysis is complete;

2. hemicelluloses—to hydrolyze hemicelluloses that produce simple sugars or oligosaccharides;
3. α—amylases—to degrade starch; it acts on the 1–4 glycosidic bonds producing hy-

drolysis into dextrin fragments and finally into maltose molecules;
4. glucoamylases—to hydrolyze the glycosidic bond in starch and dextrin;
5. mixture of xylanases + cellulases—to degrade the linear polysaccharide xylan into

xylose and cellulose into cellobiose and glucose, respectively;
6. pectinases—to hydrolyze the different types of pectins, releasing uronic acids;
7. proteases—to hydrolyze proteins that release peptides, amino acids.

The mechanism of enzyme-assisted extraction is based on the selectivity and ability of
the enzymes to hydrolyze certain components of the cell wall and to damage or even destroy
the architectural structure of the cell wall of the plant used as a natural dye source. In the
enzyme-assisted extraction process, working conditions such as enzyme concentration,
temperature, pH, substrate particle size and extraction time are very important, they
significantly influence the extraction power.

In this work, the effect of an amylase (Beisol HTS) in the extraction process of curcumin
from turmeric powder is studied (Figure 7). The colors of the extracts in Figure 7 illustrate
the degradation of starch from the turmeric powder, in the case of using 0.1–0.5 mL Beisol
HTS enzyme.
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(a) (b) 

Figure 7. Results of the qualitative analysis of starch degradation from turmeric powder, in the case
of using 0.1–0.5 mL of Beisol HTS enzyme (the volume of Beisol HTS being indicated directly on
the test tubes): (a) after 10 min of boiling 0.1 g turmeric powder + 100 mL water + 0.1–0.5 mL Beisol
HTS; (b) after 24 h of cold storage of the extract obtained by boiling for 10 min in the presence of
the enzyme.

Compared to the extraction variants, shown in Figure 6, the extraction of curcumin
in the presence of the Beisol HTS enzyme (Figure 7) leads to much superior results; for
0.1 mL enzyme, a weak blue-brown coloration is obtained, and for 0.2 mL Beisol HTS, the
blue coloration disappears as a result of the transformation of starch into compounds with
lower molecular mass, which are colorless or white (as indicated in Figure 4).

Figure 7 indicates that the extraction process performed with the enzyme is very highly
effective because the curcumin-blocking starch in turmeric powder is highly degraded,
even in the presence of a small amount of enzyme (0.1 mL); as the amount of enzyme
increases, starch degradation is more pronounced, leading to the formation of erythrodex-
trin + maltose (reddish-brown colors in the last two tubes indicate starch degradation to
erythrodextrin + maltose) [40].

3.3.4. Unconventional Extractions Assisted by Microwaves or Ultrasound
Microwave Assisted Extraction; Comparisons with Classical Methods

In order to more easily observe the efficiency of microwave-assisted extraction, the re-
sults of the qualitative analysis of starch degradation are exhibited in Figure 8 together with
other classic extractions carried out in this work (with water, HCl, CH3COOH, Beisol HTS).

  
(a) (b) 

Figure 8. Results of the iodometric method in the case of curcumin extraction at 100 ◦C for 3 min (a)
and 10 min (b) in: water (1); water + 0.1 mL HCl (2); water + 0.1 mL CH3COOH (3); water + 0.1 mL
Beisol HTS (enzyme) (4); water in the presence of microwaves (5).

The obtained results (Figure 8) indicate that the most effective extraction method is
the one assisted by microwaves.

The efficiency of microwave curcumin extraction is superior to any classical process
involving the use of water as a solvent: 1 min of microwave irradiation at 750 W leads to the
same percentage of extracted curcuminoids (approximately 60%) as 1 h by the conventional
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extraction method. Microwave-assisted extraction of curcuminoids is fast and effective
because the dielectric heating generated by microwaves causes a degradation of the matrix
that kept curcuminoids immobilized; the prerequisites are created for their extraction with
the help of solvents that can easily penetrate through the cracks resulting from matrix
degradation [19].

In order to analyze the efficiency of extractions assisted by ultrasound or microwaves,
from 0.1 g of turmeric powder, a series of experiments are carried out, which are coded as
in Table 1.

Table 1. Coding of extraction systems assisted by ultrasound or microwaves.

Extractive Systems
Codes for Extractions Assisted by:

US USi MW

100 mL water US-1 USi-1 MW-1
100 mL water + 0.1 mL ethanol US-2 USi-2 MW-2
100 mL water + 0.1 g kojic acid US-3 USi-3 MW-3

100 mL water + 0.1 g kojic acid +
0.1 mL ethanol US-4 USi-4 MW-4

Qualitative analysis indicates that the best extractions result in the presence of mi-
crowaves (Figure 9); in the last four tubes, the coloration of the extracts in the presence of
I2/KI indicates the significant degradation of carbohydrates/starch in the turmeric powder
and thus indirectly indicates the release of curcumin.

 

Figure 9. The result of the qualitative analysis for each extractive process assisted by ultrasound
or microwaves.

The information from the literature indicates that the presence of a cosolvent (especially
ethanol) leads to an enhanced extraction both in ultrasound-assisted processes [17,44–46] and
in microwave-assisted processes [16,19,47,48], regardless of the source of the natural dye.

The influence of the solvent in the curcumin extraction process is explained in the litera-
ture [49–51] as follows: the role of a solvent is either to dissolve reactants (non-participative
role) or to be a source of acid (proton), base (remove protons), or as a nucleophile that can
donate a single pair of electrons (participative role). The studies that made comparisons
between the extraction efficiencies in the presence of ultrasound/microwaves, indicates sig-
nificant influences of the working conditions (frequency and intensity/power of irradiation,
duration, temperature, presence/absence of a solvent, and especially its nature) [52–54].
Similar conclusions are obtained when all the UV–VIS spectra of the extracts resulting from
the processes assisted by US or MW are analyzed. The presence of ethanol determines
the increase of maximum wavelength (λmax), in all extractive systems, regardless of the
nature of the physical stimuli (US or MW). Kojic acid determines the release of curcumin
at 420 nm or 425 nm probably depending on how the extraction is performed: US, USi, or
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MW. In the extractive systems USi-3 and MW-3, amylose appears at λmax = 590 nm and
585 nm, respectively (Table 2). The presence of amylose indicates the degradation of starch
from turmeric, thus the release of curcumin.

Table 2. Maximum wavelengths (in nm) specific to curcumin and amylose, in UV–VIS analysis.

Extractive Systems
λmaxim for curcumin/λmaxim for amylose

US USi MW

100 mL water 425/- 415/- 420/560
100 mL water + 0.1 mL ethanol 430/- 420/- 425/590
100 mL water + 0.1 g kojic acid 420/- 420/590 425/585

100 mL water + 0.1 g kojic acid +
0.1 mL ethanol 425/590 420/575, 590 425/590

When both ethanol and kojic acid exist in extractive systems, curcumin is released at a
wavelength equal to the arithmetic mean of the maximum wavelengths given by ethanol
and kojic acid, respectively, i.e., at 425 nm in US-4 and MW-4 and at 420 in USi-4 (Table 2),
respectively. This fact proves an equal influence of the two additions from these extractive
systems. Amylose appears in these three extractive systems at λmax = 590 nm in US-4 and
MW-4 and at 575 and 590 nm in USi-4, respectively.

Table 2 indicates that amylose is present in the solution only in US-4, USi-3, USi-4, and
MW-1 up to MW-4. Microwaves, even in the absence of an oxidant or a solvent, manage to
quickly destroy the turmeric matrix, which favors the release of curcumin. It follows that
the extraction processes assisted by microwaves are the most effective.

Extraction Mechanism—Assisted by Ultrasound

The effects of ultrasound-assisted extraction can be explained based on the classic
mechanism by which ultrasound acts in a heterogeneous medium [55–60], liquid–solid
(turmeric); the action of ultrasound is mainly due to the effect of acoustic cavitation,
the implosion of air/gas bubbles inside the turmeric, when the so-called “hot spots”
are obtained, micro-jets of liquid that bombard the solid part encountered in the path,
producing erosion, turbulence, and certain destructive effects to it. In this way, cracks
can be created in the architectural structure of turmeric and internal reorganizations; the
penetration of the solvent through these cracks causes the solubilization of the curcumin
and its release into the solution/extract. In addition, the micro-jets resulting from the
implosion of the turmeric gases cause significant turbulence associated with significant
mass transfer.

During ultrasonication and acoustic cavitation, friction/shearing forces appear at the
separation surface between turmeric and the liquid mass, which can break certain bonds
in the starch (a natural polymer with a high molecular mass) making a depolymerization
reducing the adhesion between the turmeric components; In this way, the curcumin can be
released and solubilized by the solvent in the extraction bath.

Extraction Mechanism—Assisted by Microwaves

Microwave-assisted curcumin extraction is based on the classical principle of the
action of microwaves: under the influence of a fluctuating electromagnetic field, water
becomes electrically charged (with positive charges on H atoms and with a negative charge
on oxygen) and continuously tries to reorient itself according to that electromagnetic field
generated by the microwave oven; from these reorientations, water molecules continuously
collide with neighboring molecules, developing friction energies and therefore heat [16,61].
The temperature of the extractive system (water + turmeric) increases extremely rapidly,
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causing the pressure inside the turmeric to increase and finally cracking/destruction of
the architectural structure of the turmeric. In fact, the effect of microwaves is due to heat
transfer, even the “thermal shock” that occurs in the first minute of irradiation.

3.4. Characterization of the Extracts by Colorimetric Measurements

For the chromatic evaluation of the liquid extracts, the portable spectrophotometer
DataColor Check II Plus, equipped for measurements in diffuse reflection mode and
optimized for color control applications, is used. Given that this device is not designed
for transmission measurements (which are specific to solutions in UV–VIS cuvettes), an
alternative approach was adopted that involves analyzing the color by reflectance from the
liquid surface.

The choice of this method allows the comparative monitoring of color variations
between samples, in a practical and reproducible way. However, it should be noted that
the method has certain limitations: measurement through the walls of a glass container can
introduce minor errors caused by internal reflections, the thickness of the glass, or possible
optical imperfections. Also, in the case of very light or very dark solutions, the contrast
with the background can influence the perception of the instrument.

However, under conditions of a well-controlled methodology, the results obtained are
relevant for the chromatic comparison between samples treated differently, even if they are
not directly equivalent to those obtained by transmission spectrophotometry.

The use of DataColor Check II Plus offers the advantage of a fast, stable reading and
standardized measurement parameters, which makes this method suitable for comparative
applications in the color analysis of natural extracts.

3.4.1. CIELab Values of Extracts Obtained by Applying Conventional Methods

The extracts obtained from the listed extractive systems, of 1 g/L (0.1 g turmeric
in each extractive system: 100 mL water, 100 mL water + 0.1 mL HCl, 100 mL water +
0.1 mL CH3COOH, 100 mL water + 0, 1 mL Beisol HTS) are evaluated using colorimetric
measurements (Figures 10 and 11): L*, a*, and b*. The meaning of these quantities is as
follows: L* = lightness, a* = color position on the red–green axis, and b* = color position on
the blue–yellow axis.

Figure 10. Lightness (L*) values of extracts from each extractive system (initial water volume: 100 mL,
volume of analyzed extract: 30 mL), with error bars representing percentage error.
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Figure 11. The a* and b* values of the extracts obtained in different extractive systems (initial water
volume: 100 mL, volume of analyzed extract: 30 mL), with error bars representing percentage error.

The results are exhibited in Figures 10 and 11 where, for comparison, the results from
microwave irradiation (650 W) are also exhibited. It is observed that the highest values
of L* are obtained at 20 ◦C, which means that at this temperature, curcumin extraction is
poor. As two extraction parameters (time and temperature) increase, the lightness values
decrease as curcumin is released from the turmeric powder. The most effective extraction
method is the one assisted by microwaves (at 650 W, 0.1 g turmeric in 100 mL water): the
lightness decreases extremely much, both at 3 min and especially at 10 min of irradiation.
The decrease in lightness is accompanied by an increasingly pronounced yellow hue, or by a
yellow coloration with bluish hues, depending on the direction of chromatic variation along
the blue–yellow axis. The yellow coloration of the extracts is accompanied by either reddish
or greenish undertones, depending on the chromatic displacement along the red–green
axis (Figure 11).

3.4.2. CIELab Values of Extracts Obtained by Applying Modern Methods

The extraction processes assisted by ultrasound, and especially those assisted by
microwaves, cause the evaporation of a certain volume of water from the extractive system,
which is why, for a fair comparison, only volumes of 30 mL of each extract obtained are
used in this article, to measure and appreciate its color.

Figure 12 shows the CIELab values of the extracts obtained in the presence of
continuously emitted ultrasound and some additives (solvent/ethanol, oxidant/kojic
acid) in extractive systems US-1 to US-4, compared to the reference extractive systems
(without ultrasound).

Figure 12. Color characterization of extracts obtained from the continuous action of ultrasound
(20 kHz, 10 min) on extractive systems consisting of 100 mL water + 0.1 g turmeric powder +
0.1 mL ethanol or 0.1 g kojic acid (volume of analyzed extract: 30 mL), with error bars representing
percentage error.
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All ultrasound-assisted extractive systems generate more strongly colored extracts,
with lower lightness values (L* ranging 1.37 to 1.09) and with higher b* and C* values
(b* ranging 1.52 to 2.13 and C* varying 1.7 to 2.49)) than those obtained in the reference
extractive system (without ultrasound) (L* = 1.37, b* = 1.4 and C* = 1.78). This fact confirms
the effectiveness of ultrasound in extraction processes. The continuous action of ultrasound
on the extractive systems in Figure 12 causes the degradation of the turmeric matrix and
the release of curcumin, which gives the yellow coloration to the extracts.

The highest saturation/chroma is obtained when using kojic acid, in the presence of
ultrasound, probably due to the synergistic effect of the partnership between an oxidant
(kojic acid) and ultrasound.

In the case of intermittent ultrasound action (with pulses every 2 s), the results of
colorimetric measurements are indicated in Figure 13.

Figure 13. Characterization of the colors of the extracts obtained from the alternative action of
ultrasound (20 kHz, with pulses every 2 s, duration 10 min), on the extractive systems consisting of
100 mL water + 0.1 g powdered turmeric + 0.1 mL ethanol or 0.1 g kojic acid (volume of analyzed
extract: 30 mL), with error bars representing percentage error.

As in the case of continuously emitted ultrasound, the results are also more favor-
able than in the case of the reference extractive system, with the extracts having higher
values for C*, a*, and b*. After comparing the results of ultrasound-assisted extractions
(Figures 12 and 13), it is observed that intermittent ultrasound leads to brighter/saturated
extracts (C* ranging 2.29 to 2.55), more yellow, with reddish hues (b* ranging 1.8 to 2.13 and
a* varying 1.37 to 1.75). The explanation of this more effective behavior has to do with the
cavitation phenomenon that is forced to repeat more times than in the case of continuous
irradiation; in this case, the ultrasound pulses at 2 s intervals and thus several implosions
of the cavities take place, i.e., hits with the liquid microjets (formed after the implosion) in
the turmeric matrix, causing cracks.

The microwave-assisted extraction processes (at 750 W, for 10 min) leads to the follow-
ing values for the CIELab color quantities (Figure 14):

1. The extracts are more colored, having lower lightness values (L* ranging 1.09 to 0.96)
than the reference extract (without MW, L* = 1.37);

2. The yellow color with reddish hues is more pronounced (b* ranging 1.47 to 1.74 and
a* varying 1.08 to 1.60) than that of the reference extract (b* = 1.4 and a* = 1.1);

3. Higher chroma/saturation for each extract obtained in the presence of microwaves (C*
ranging 2.01 to 2.22), compared to the saturation of the reference extract (C* = 1.78).
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Figure 14. Characterization of the colors of the extracts obtained from the action of microwaves (750 W,
10 min), on extractive systems consisting of 100 mL water + 0.1 g turmeric powder + 0.1 mL ethanol
or 0.1 g kojic acid (volume of analyzed extract: 30 mL), with error bars representing percentage error.

4. Discussion
4.1. Efficiency of Ultrasound and Microwave in Extraction Processes of Curcumin from Turmeric

To evaluate the efficiency of curcumin extraction under the action of physical stimuli
(US and MW), extractions are performed in control baths (“blind baths”), in the absence of
the textile material. These baths contain the same proportions of water, turmeric, ethanol,
or kojic acid (depending on the extractive system used) as in the usual dyeing conditions
and are subjected to the same irradiation regime.

After dilution, the extracts obtained using two modern extraction techniques (US-
assisted extraction and MW-assisted extraction) are subjected to spectrophotometric analy-
sis. Both the extraction method and the composition of the extraction medium influence the
spectroscopic behavior of curcumin, particularly the position and intensity of its maximum
absorbance, typically observed in the 420–425 nm range in the presence of ethanol. Notably,
higher absorbance values are recorded for the extracts obtained via MW-assisted extraction,
suggesting a more effective disruption of the turmeric matrix and an increased release of
curcumin under these specific experimental conditions (Figure 15).

  
(a) (b) (c) 

Figure 15. Absorption curves of extracts resulting from modern extraction processes: (a) US-assisted
processes (continuously emitted US); (b) US-assisted processes (intermittently emitted US); (c) MW-
assisted processes; (same codes as in Table 1; dilution factor 3).

Figure 15 shows that microwave irradiation is effective in rapidly breaking down
the turmeric matrix, even in the absence of an oxidizing agent (kojic acid) or a solvent
(ethanol). This effective disruption of the turmeric structure significantly enhances cur-
cumin release, indicating that microwaves alone serve as a powerful tool for promoting
compound extraction through non-conventional means.

Table 3 exhibits the absorbance values of the initial extracts, determined at the maxi-
mum wavelengths specific to curcumin, which, according to the data in Table 2, are situated
in the 415–430 nm range. As discussed in Section 3.3.4, these values are influenced by the
type of physical stimulus applied (ultrasound or microwave) as well as by the presence of
additives—namely, an oxidizing agent and a solvent—in the extraction system.
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Table 3. Absorbance of initial extracts obtained by ultrasound- and microwave-assisted extraction, at
the maximum wavelength of curcumin.

Extractive System
Extract Absorbance ± Standard Deviation

US USi MW

100 mL water (without additives) 0.1540 ± 0.0051 0.2238 ± 0.0075 0.2283 ± 0.0076
100 mL water + 0.1 mL ethanol 0.2284 ± 0.0076 0.2331 ± 0.0078 0.2801 ± 0.0093
100 mL water + 0.1 g kojic acid 0.1819 ± 0.0061 0.2318 ± 0.0077 0.3043 ± 0.0100

100 mL water + 0.1 mL ethanol +
0.1 g kojic acid 0.1987 ± 0.0066 0.2302 ± 0.0077 0.3336 ± 0.0100

The data in Table 3 and Figure 15 indicate that the highest absorption value is recorded
for the extractive system consisting of 100 mL water + 0.1 mL ethanol + 0.1 g kojic acid,
which is irradiated with MW. In this case, according to the efficiency calculation, a value of
78.35% is obtained.

Regardless of the extraction system used, microwave-assisted extraction processes
yield higher values for efficiency, from 68.37% to 78.35% (Table 4). The lowest values
(53.11–69.38%) are obtained when the extraction processes are assisted by continuously
emitted US.

Table 4. Efficiency of extraction systems assisted by ultrasound or microwaves.

Extractive System US USi MW

100 mL water (without additives) 53.11 ± 1.78 68.73 ± 2.27 68.37 ± 2.29
100 mL water + 0.1 mL ethanol 68.38 ± 2.29 69.02 ± 2.31 74.22 ± 2.48
100 mL water + 0.1 g kojic acid 60.30 ± 2.02 68.84 ± 2.30 76.27 ± 2.55

100 mL water + 0.1 mL ethanol +
0.1 g kojic acid 63.66 ± 2.13 68.63 ± 2.30 78.35 ± 2.62

For the extraction of a natural dye, these values are very high (usually the extraction
efficiency does not exceed the value of 55%) and are due to the action of microwaves,
which, due to the thermal shock related to dielectric heating, causes swelling and then
degradation/cracking of the turmeric matrix and release of curcumin.

Thermal shock is also responsible for the appearance of fluorescence, both in the case
of extracts and textile supports dyed in the presence of microwaves [16].

4.2. Color Characteristics of the Dyed Textile Materials

Extractive systems composed of turmeric, water, ethanol, and kojic acid are applied as
dyeing media in the treatment of various textile substrates. The dyeing efficiency of textile
substrates can be evaluated by the magnitude of the color strength (K/S) value.

In the case of the simultaneous MW-assisted extraction and dyeing process, the K/S
values obtained from the dyed textiles are used to evaluate color strength and, by extension,
reflect the amount of curcumin absorbed by the textile fibers. According to the Kubelka–
Munk theory, the K/S value is directly related to the amount of dye absorbed, as it is derived
from the reflectance (R), which decreases with increasing dye concentration. Therefore,
higher K/S values indicate a higher absorption of curcumin into the fiber during the
MW-assisted process. The color strength can be influenced not only by the availability of
curcumin in the dye bath, but also by its molecular interaction with the textile substrate
and the stability of the compound upon microwave irradiation. In MW-assisted dyeing,
thermal and non-thermal effects can influence fiber–dye interactions, as reflected in the
K/S value.
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Knowing that turmeric/curcumin has affinities that depend on the nature of the textile
support, in this work both materials made of natural fibers and those made with synthetic
fibers are tested/dyed. The dyeing processes are carried out in the presence of microwaves,
and the results are indicated in Table 5 and Figure 16.

Table 5. Evaluation of the color dimensions of the dyed samples.

Sample
CIELab Colorimetric Values 1 Color

Strength
K/S

Color Codes

L* a* b* C* RGB 2 HEX 3

Wool 69.76 ± 0.38 10.87 ± 0.06 67.55 ± 0.38 68.42 ± 0.38 10.93 ± 0.06 224, 138, 29 #e08a1d
Cotton 81.05 ± 0.45 5.40 ± 0.03 66.93 ± 0.37 67.15 ± 0.37 3.60 ± 0.02 241, 204, 28 #f1cc1c

Silk 88.26 ± 0.49 −8.48 ± 0.05 51.70 ± 0.29 52.39 ± 0.29 1.97 ± 0.01 225, 221, 98 #e1dd62
Hemp 81.10 ± 0.45 −1.89 ± 0.01 38.11 ± 0.21 38.15 ± 0.21 1.28 ± 0.01 190, 164, 94 #bea45e

Polyacrylonitrile 81.58 ± 0.45 −6.13 ± 0.03 86.32 ± 0.48 86.53 ± 0.48 15.15 ± 0.08 255, 248, 39 #fff827
Polyamide 85.94 ± 0.48 −11.44 ± 0.06 57.87 ± 0.32 58.97 ± 0.32 3.06 ± 0.01 217, 212, 48 #d9d430
Polyester 89.70 ± 0.50 −15.02 ± 0.08 59.91 ± 0.33 61.75 ± 0.34 2.83 ± 0.01 248, 247, 7 #f8f707

Cellulose acetate 90.39 ± 0.50 −16.35 ± 0.09 90.40 ± 0.50 91.87 ± 0.51 14.17 ± 0.07 255, 255, 69 #ffff45
1 The values L*, a*, b*, C*, and K/S are dimensionless. 2 RGB—Color codes in the digital system (Red, Green,
Blue). 3 HEX—Color codes in the hexadecimal system.

 

Figure 16. The aspects and color strengths of dyed samples during processes assisted by microwaves;
(each sample rests on a white background, and the photograph is taken under natural light).

The dyeing and extraction of curcumin were carried out simultaneously in a neutral
pH environment (approximately 7), without the use of acidic or alkaline solutions. The
choice of a neutral environment was determined by the need to ensure the stability of
curcumin during both stages, since in acidic or alkaline environments curcumin can un-
dergo degradation or color changes. It is also important to note that although the pH of the
solution was kept constant at 7, interactions between curcumin and the textile substrate
can locally influence the pH of the solution, which can have an impact on the adsorption
of the dye on the fibers. These interactions can vary depending on the nature of the fiber,
and local changes in pH can influence the efficiency of the curcumin extraction and fixation
process. Therefore, the absence of direct pH monitoring represents a potential source of
variation in the results obtained.

The values exhibited in Table 5 represent the arithmetic means obtained under the
conditions described in Section 2.3—Methods of Analysis, along with the corresponding
standard deviations resulting from the colorimetric measurements.

Dyeing various textile substrates (wool, cotton, hemp, silk, polyacrylonitrile, polyamide,
polyester, and cellulose acetate) with curcumin, materials that differ in terms of origin,
chemical structure, and affinity for the dye, leads to the obtaining of various shades of
yellow, from lighter to darker tones.
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The complete color evaluation is based on both the analysis of the perceived color and
the coloring power of each textile support following dyeing with curcumin from the extract.
While the color perception—in terms of lightness, tones, and saturation—is highlighted by
the values of the CIELab colorimetric quantities (L*, a*, b*, C*), the absorption efficiency of
curcumin is expressed by the color strength (K/S).

The color assessment of each textile support is carried out taking into account the
following rules: low lightness means dark color; high b* values indicate strong yellow
colors; a high chroma value (C*) indicates increased color saturation, which means that
the shade is more intense, more vivid and more defined; high K/S values mean that the
coloring power is high, due to the high affinity of the dye for the fibers in the textile support.

Analyzing the data in Table 5, it is shown that curcumin generates pronounced yellow
colors on polyacrylonitrile (K/S = 15.14, L* = 81.58, b* = 86.32, and C* = 86.53), cellulose
acetate (K/S = 14.17, L* = 90.39, b* = 90.40, and C* = 91.87) and wool (K/S = 10.93, L* = 69.76,
b* = 67.55, and C* = 68.42).

The K/S evaluates the degree of absorption of curcumin on different textile substrates.
The highest color strengths are obtained on polyacrylonitrile (K/S = 15.14) and cellulose
acetate (K/S = 14.17), which suggests that their dyeing mechanisms involve hydrophobic
interactions between curcumin and the synthetic or semi-synthetic fibers. Comparing
with the K/S values obtained for polyamide (3.06) and polyester (2.83), synthetic fibers
considered to be more hydrophobic and non-polar than polyacrylonitrile and cellulose
acetate, it is shown that the dyeing could also be due to the dissolution of curcumin in the
synthetic polymer as in a solvent, if the physical structure of the polymer allows this. The
ordered structures and high degrees of crystallinity of polyester and polyamide negatively
influence the absorption of curcumin, which is evidenced by the lower K/S values than in
the case of polyacrylonitrile.

In fact, in the MW-assisted dyeing process, the coloration performance of textile mate-
rials is influenced by a combination of thermal and non-thermal effects, whose proportions
and manifestations vary depending on the chemical structure of the textile substrate. The
thermal effect, resulting from the rapid heating of the system under electromagnetic radia-
tion, contributes to the acceleration of both the extraction and fixation reactions of the dye.
The non-thermal effects, caused by the direct interaction of microwaves with molecules
in the solution and within the substrate, include increased mobility of polar molecules
from turmeric, accelerated extraction of curcumin from turmeric powder, the formation
of excited states that may enhance the reactivity of the dye, and, in certain cases, a tem-
porary reorganization of the fiber’s polymeric structure, which facilitates dye penetration
and fixation. The intensity and relevance of these effects differ according to the chemical
composition, polarity, and the ability of each fiber to interact with the electromagnetic field,
which explains the variations in K/S values observed after dyeing.

Following microwave irradiation (750 W, 10 min), textile substrates made of polyacry-
lonitrile and cellulose acetate exhibited significantly higher color strength compared to
natural fibers and other synthetic substrates tested. This behavior can be attributed to the
ability of these polymers, under specific thermal conditions, to facilitate the dissolution
of the nonpolar dye (curcumin) present in turmeric. At temperatures near their glass
transition point (Tg), the amorphous regions of polyacrylonitrile and cellulose acetate
become sufficiently flexible to allow partial diffusion and solubilization of the pigment
within the polymer matrix. In contrast, natural fibers (such as cotton, hemp, or wool) retain
the colorant mainly through surface adsorption and hydrogen bonding, leading to weaker
dye–fiber interactions. This distinct fixation mechanism explains the experimental color
intensity hierarchy observed and highlights the potential of semi-synthetic and synthetic
fibers for natural dyeing processes under microwave irradiation.
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4.3. Fastness Properties

The results of the washing and rubbing tests (dry and wet) reflect the quality of the
dyed samples. Curcumin extracts used in microwave-assisted dyeing lead to superior
fastness properties evidenced by high grades (between 4 and 5) awarded according to
the two gray scale assessments, both for washing fastness and color fastness to rubbing
(Table 6).

Table 6. Results of fastness properties.

Sample

Color Fastness to Washing
Color Fastness to Rubbing

Change in
Color

Staining

Cotton Wool Dry Wet

Wool 4-5 4-5 4-5 4-5 4-5
Cotton 4 4 4 4-5 4

Silk 4-5 4-5 4-5 4-5 4
Hemp 4 4 4 4 4

Polyacrylonitrile 5 5 5 5 5
Polyamide 4-5 4-5 4-5 4-5 4
Polyester 4-5 4-5 4-5 4-5 4

Cellulose acetate 5 5 5 5 4-5

5. Limitations
- A significant limitation of this study is the lack of direct monitoring of the surface

temperature of the textile material during the simultaneous extraction and dyeing
process assisted by microwaves. While the temperature of the extraction solution was
measured (reaching approximately 54 ◦C after the first minute and 98 ◦C at the end
of the 10 min process), the surface temperature of the textile materials could not be
monitored due to the constraints of the microwave equipment used. This limitation
restricts the ability to fully isolate thermal from non-thermal effects in the process.

- Although UV–VIS analysis confirmed the presence of curcumin in turmeric extracts,
using the characteristic absorption signal at 420 nm and 425 nm, the main limitation of
this study is the absence of a selective analytical technique, such as HPLC, that would
have allowed for a more specific identification of curcumin.

- One limitation of the present study lies in the absence of a true control dyeing experi-
ment using separately pre-extracted curcumin. Although blind baths without textile
support were included to observe the extractive capacity of the system, this does not
fully isolate the dyeing efficiency from the extraction process. Future studies should
include dyeing trials with standardized curcumin extracts, applied independently, in
order to better distinguish between the extraction and fixation mechanisms involved
under microwave-assisted conditions.

- Although the dyeing process was conducted in a neutral pH environment to mini-
mize pH-related effects on curcumin, the lack of direct pH monitoring during both
the extraction and dyeing processes may limit the comprehensive understanding of
how pH influences curcumin stability and dyeing behavior. Future studies could
incorporate real-time pH monitoring to better assess the impact of pH variations on
both extraction efficiency and dyeing outcomes

6. Conclusions
This study was not limited to curcumin extraction but extended the research to its

application in textile dyeing, demonstrating the potential of using curcumin as a natural
dyeing agent on both natural and synthetic fiber materials.

Curcumin is a natural yellow dye (C.I. Natural Yellow 3) found both in turmeric
rhizomes and in turmeric powder. The extraction of curcumin from turmeric powder
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depends on the classical or unconventional extraction method and the presence or absence
of an agent/solvent in the extraction system.

Classical extraction methods involve the use of water as a solvent in the absence or
presence of a chemical agent that can destroy the starch in the turmeric matrix, thus making
possible the release/extraction of curcumin. Such agents tested were HCl, concentrated
CH3COOH, H2O2, Beisol HTS enzyme, and kojic acid.

Unconventional extraction methods based on the action of physical stimuli can crack or
even destroy the matrix in turmeric, releasing more curcumin. In this work, the extraction
efficiencies are tested in the presence of ultrasound and microwaves.

The qualitative assessment (observation of the intensity of the blue color in the pres-
ence of the I2/KI mixture) but also the quantitative one (UV–VIS analyses and CIELab)
indicate that the microwave-assisted method is preferable.

Microwave-assisted extraction processes lead to higher results as evidenced by the
CIELab values obtained for the extracts (colorimetric parameters ranging as follows: L*
from 1.09 to 0.96, a* from 1.08 to 1.6, and b* from 1.47 to 1.74) compared to the extracts
obtained under the same conditions but without microwaves. The extracts obtained under
the action of microwaves (10 min) show high values for saturation/chrome (C* ranging
from 2.01 to 2.022), which indicates more vivid yellow colors.

The efficiencies of ultrasound-assisted extractions depend on the way they are emit-
ted and on the additions in the extraction system (solvent/ethanol, oxidant/kojic acid):
between 53.11 and 68.38% in the case of continuous ultrasound and from 67.73 to 69.02%
in the case of intermittent ultrasound (every 2 s). In the case of using microwaves for
the extraction of curcumin from turmeric powder, the best option is the one in which
the extraction system contains small amounts of ethanol and kojic acid (the efficiency
being 78.35%).

The curcumin exhibits a strong affinity for both synthetic fiber and natural fiber textiles.
However, the most intense yellow hues are obtained on polyacrylonitrile (K/S = 15.14,
L* = 81.58, b* = 86.32, C* = 86.53) and cellulose acetate (K/S = 14.17, L* = 90.39, b* = 90.40,
C* = 91.87), which also show the best fastness properties.

This study demonstrates the potential of using microwave-assisted extraction and
dyeing processes for curcumin extraction and textile dyeing. Both thermal and non-thermal
effects of microwaves contribute synergistically to the overall process and although the
exact separation of these effects could not be achieved due to technical limitations, the
results indicate an efficient dyeing performance with curcumin. Future studies should
explore ways to monitor temperature during microwave treatments and evaluate the
individual contributions of thermal and non-thermal effects.

Author Contributions: Conceptualization, V.P. and A.-D.A.; methodology, V.V.; software, G.P.;
investigation, A.-D.A., G.P. and V.V.; writing—original draft preparation, A.-D.A. and V.P.; writing—
review and editing, V.P.; visualization, V.P., A.-D.A., G.P. and V.V. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The study presented in this article was conducted within the frame of the Centre
for Research and Innovation in Textiles and Fashion Industry SMART-Tex-IS from Gheorghe Asachi
Technical University of Iasi, Romania.



Fibers 2025, 13, 73 23 of 25

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Chattopadhyay, I.; Biswas, K.; Bandyopadhyay, U.; Banerjee, R.K. Turmeric and curcumin: Biological actions and medicinal

applications. Curr. Sci. 2004, 87, 44–50.
2. Jia, S.; Sun, Y.; Li, L.; Wang, R.; Xiang, Y.; Li, S.; Zhang, Y.; Jiang, H.; Du, Z. Discrimination of turmeric from different origins in

China by MRM-based curcuminoid profiling and multivariate analysis. Food Chem. 2021, 338, 127794. [CrossRef] [PubMed]
3. Chungkrang, L. Environmental friendly synthesis of natural dyes and pigments. Int. J. Chem. Stud. 2020, 8, 2398–2402. [CrossRef]
4. Yusuf, M.; Shabbir, M.; Mohammad, F. Natural Colorants: Historical, Processing and Sustainable Prospects. Nat. Prod. Bioprospect.

2017, 7, 123–145. [CrossRef] [PubMed]
5. Kamble, K.J.; Ingale, V.M.; Kaledhonkar, D.P. Comparative study of curcumin extraction from turmeric varieties grown in

Maharashtra. Afr. J. Food Sci. 2011, 5, 780–789. [CrossRef]
6. Thangavel, K.; Dhivya, K. Determination of curcumin, starch and moisture content in turmeric by Fourier transform near infrared

spectroscopy (FT-NIR). Eng. Agric. Environ. Food 2019, 12, 264–269. [CrossRef]
7. Sharma, A.; Dikshit, M.; Tiwari, R.C.; Sharma, V.B. Haridra-Curcumin the active principle. World J. Pharm. Res. 2021, 10, 357–362.

[CrossRef]
8. Bagchi, A. Extraction of Curcumin. IOSR J. Environ. Sci. Toxicol. Food Technol. (IOSR-JESTFT) 2012, 1, 01–16. [CrossRef]
9. Chignell, C.; Bilski, P.; Reszka, Z.; Motten, A.; Sik, R.; Dahl, T. Spectral and photochemical properties of curcumin. Photochem.

Photobiol A Chem. 1994, 59, 295–302. [CrossRef]
10. BeMiller, J.N. (Ed.) Starches: Molecular and Granular Structures and Properties. In Carbohydrate Chemistry for Food Scientists,

3rd ed.; AACC International Press: St. Paul, MN, USA, 2019; pp. 159–189.
11. Maniglia, B.C.; Silveira, T.M.G.; Tapia-Blacido, D.R. Starch isolation from turmeric dye extraction residue and its application in

active film production. Int. J. Biol. Macromol. 2022, 202, 508–519. [CrossRef]
12. Seung, D. Amylose in starch: Towards an understanding of biosynthesis, structure and function. New Phytol. 2020, 228, 1490–1504.

[CrossRef] [PubMed]
13. Cole, M.; Eggleston, G.; Triplett, A. New Starch Methodology to Measure Both Soluble and Insoluble Starch. Adv. Sugar Crop Proc.

Conv. 2016, 1, 150–177.
14. Sahne, F.; Mohammadi, M.; Najafpour, G.D.; Moghadamnia, A.A. Enzyme-assisted ionic liquid extraction of bioactive compound

from turmeric (Curcuma longa L.): Isolation, purification and analysis of curcumin. Ind. Crops Prod. 2017, 95, 686–694. [CrossRef]
15. Braga, M.E.M.; Moreschi, S.R.M.; Meireles, M.A.A. Effects of supercritical fluid extraction on Curcuma longa L. and Zingiber

officinale R. starches. Carbohydr. Polym. 2006, 63, 340–346. [CrossRef]
16. Popescu, V.; Astanei, D.-G.; Burlica, R.; Popescu, A.; Munteanu, C.; Ciolacu, F.; Ursache, M.; Ciobanu, L.; Cocean, A. Sustainable

and cleaner microwave-assisted dyeing process for obtaining eco-friendly and fluorescent acrylic knitted fabrics. J. Clean. Prod.
2019, 232, 451–461. [CrossRef]

17. Quoc, L.P.T. Ultrasound-assisted extraction of phenolic compounds from red turmeric (Curcuma zanthorrhiza). Bull. Transilv. Univ.
2019, 12, 107–116. [CrossRef]
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