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Abstract: The dyeing industry is considered one of the most polluting industries. Thus, several
researchers have focused on studying the possibilities of natural textile dyeing. The objective of this
paper was to optimize the microwave extraction process for Juglans regia bark residues in order to
dye acrylic fabrics. Hence, at first, the following extraction conditions were studied: microwave
power, pH, extraction duration and concentration of dry mass. Flavonoid and tannin content was
measured each time. Moreover, the obtained extracts were used for dyeing acrylic fibers with
microwave assistance, and the corresponding color yield (K/S) was measured. Then, the microwave
extraction process already developed was optimized; a response surface design was established using
Minitab 19 software. The optimal extraction conditions were found to be: microwave power = 850,
pH = 3 and extraction time = 4 min. Finally, dyed and undyed acrylic were characterized by infrared
(FTIR) spectroscopy in order to distinguish the effect of this natural dye on the external layer of the
acrylic fiber.

Keywords: sustainable process; natural dyeing; process optimization

1. Introduction

Consumers, as well as textile and fashion researchers, are becoming increasingly
interested in the notion of sustainable textiles. Indeed, several alternatives are becoming
available on the market to make sustainable clothing. In order to make a sustainable
textile, it is important to ensure that all the manufacturing and finishing stages it undergoes
meet this criterion. Among these steps, particular interest was given in this study to the
dyeing of clothes with natural dyes extracted by the application of modern and sustainable
methods [1,2].

Textile dyeing is a very polluting industry. It has a detrimental effect on the environ-
ment and generates toxic and dangerous wastes. Searching for cleaner dyeing and finishing
processes is increasingly becoming a priority for manufacturers and textile researchers. In
this context, natural dyes and their extraction methods have become the subject of several
recent studies [3–5]. Natural dyes are renewables, biodegradables and they can replace the
synthetic dyes already used in the textile dyeing industry since they will lead to cleaner
and more sustainable processes [6,7]. Natural dyes can be extracted from several natural
resources such as plants, animals and minerals.

Juglans regia. L is a leafy tree with an initially brown bark that turns grayish in color
with age. The residues of Juglans regia bark are rich in phenolic compounds such as gallic
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tannins, hydrolyzable tannins, phenolic acids and flavonoids [8]. It should be noted that
flavonoids and tannins are compounds and could be a source of natural dye for textile use.
Streamlining the extraction mechanism for a particular source of natural color is a very
important step in optimizing the results of a dye. For this, it is necessary to develop the
notion of extraction, as well as the different parameters that could react to this operation.

Extraction is a procedure applied to extract from plants their reserves of essential
oils, pigments, etc. [9–11]. Plant products are usually divided in water but sometimes in
portal solvents, which have growing polarity. Solvation is expressed by a strong affinity
between a carrier fluid and the active molecules frozen in a solid medium. Therefore, it
is a solid–liquid interaction of different kinds depending on the solute, and the solvent
and covers different phenomena such as ion–dipole interactions (Na+/water), hydrogen
bonds (alcohol/water) or van der Waals bonds (methane/cyclohexane). This interaction
designates the extraction mechanism [12].

Conventional extraction techniques have been applied for many years. However,
several drawbacks have been noted regarding their energy and solvent consumption and
high cost. Thus, to avoid the drawbacks of conventional extraction processes, modern
techniques have appeared, namely extraction by infusion, percolation, microwave en-
ergy [1,2,13], ultrasonic energy [14,15], etc. Several researchers have argued that microwave
extraction is more effective than other methods, primarily because it is fast, economical,
inexpensive, etc. Hence, special interest was given to microwave extraction in this study.
Indeed, it is a method that eliminates solutes from a solid matrix into a solvent. It grants
energy-saving factors and quick processing durations, which result in a decrease in labo-
ratory and manufacturing costs and the enhancement of product yields and uniformity,
leading to products having high quality compared with other extraction methods [13,16].

In this paper, microwave-assisted extraction of natural dye from residues of Juglans
regia barks will be studied in order to be optimized. Evaluation of the results will be
based on the estimation of flavonoid and tannin content in the extracts under the various
extraction conditions, as well as on the dyeing quality of the acrylic fabrics.

2. Materials and Methods
2.1. Textile Material

The acrylic fabric used in this study was purchased from a local market in
Ksar Hellal, Tunisia.

2.2. Preparation of Plant Material

The plant material contains bark residues of Juglans regia collected from the Fernena
region. At first, it was washed with water, then dried at room temperature in the dark,
in order to preserve the integrity of the constituents as much as possible. Finally, it was
ground in a grinder to obtain a smooth powder.

2.3. Microwave Extraction Process

A mass equal to 0.5 g of crushed Juglans regia bark residues is dissolved in 100 mL of
water. The extraction was carried out using a microwave at a power of 350 W for a period
of 3 min. At the end of the microwave extraction process, the extract was filtered to remove
the remaining plant material. A liquid extract ready for dyeing was thus obtained.

2.4. Microwave Dyeing Process

The dyeing technique used consists of impregnating the textile material in the Juglans
regia bark residues aqueous extract prepared according to the following parameters: mi-
crowave power = 350 W; plant mass = 0.5 g in 100 mL of water; duration = 3 min in
the microwave.
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2.5. Determination of the Content of Colored Compounds
2.5.1. Determination of the Content of Flavonoids

The level of flavonoids is estimated by the AlCl3 method [17]. Catechin is used as
standard, and the quantity of flavonoids is estimated in (mg EQ/g) of Juglans regia bark
residue dry extract.

2.5.2. Determination of the Content of Condensed Tannins

This test is based on the condensation of polyphenolic compounds with vanillin in an
acid medium. It is specific for flavones3-ols [18]. The condensed tannin concentration is
calculated from the regression equation of the catechin standard curve (0–1 mg/mL) and
expressed in milligrams of the extract weight (mg EQ/g E) [17].

2.5.3. Determination of the Content of Hydrolyzable Tannins

This method is based on a reaction with ferric chloride. The mixture of the tannic
extract with the ferric chloride reagent causes the complexion to turn purple-red, resulting
in the formation of ions. The concentration of hydrolyzable tannins is calculated from
the regression equation for the standard gallic acid curve (0–1 mg/mL) and expressed in
milligrams of the weight of the extract (mg EQ/g E) [19].

2.6. Dyeing Quality Evaluation

Color yield (K/S) and colorimetric coordinates (L*, a*, b*) were estimated by a Spec-
tro Flash SF300 spectrophotometer, with illuminant D65 at a 10◦ observer angle and
400–700 nm scan. Data were analyzed by Data Master software (Data Color 121 Inter-
national, USA).

2.7. Dyeing Fastness Properties

The fastness properties of the dyed acrylic fabrics were estimated, namely the washing
fastness (ISO 105-CO2, 1989), rubbing fastness (ISO 105-X12, 2016) and light fastness (ISO
105-B01, 2015).

2.8. Spectral Infrared Characterization (FTIR)

The sample was subjected to electromagnetic radiation with wavelengths between 2.5
and 25 µm. Fourier-transform infrared spectra (FTIR) were registered between 4000 and
400 cm−1 using a Perkin Elmer® spectrophotometer.

2.9. Statistical Analysis

Minitab provides numerous data files based on concrete scenarios covering different
sectors and fields of study [20,21]. The technique of experiment design aims to optimize the
effects of selected variables on the response studied. The experimental matrix, statistical
and graphical analysis were established on the basis of Minitab19 software (Ver. 19.0,
U.S. Federal Government Commonwealth of Pennsylvania, 134 USA).

3. Results and Discussion
3.1. Development of a Microwave Extraction Process

In this section, standard extraction conditions are set at: pH = 5; microwave power = 350 W;
duration = 3 min; dry mass = 5 g; water volume = 1000 mL; and bath ratio = 1/40. The
flavonoid (F), condensed tannin (Tc) and hydrolyzable tannin (Th) content, as well as the
color yield (K/S), was measured for each parameter variation.

3.1.1. Effect of the Extraction Microwave Power

The evolution of flavonoid, condensed tannin and hydrolyzable tannin content as
a function of microwave power is presented in Figure 1(a1). Based on this figure, it can
be observed that the highest content of flavonoids, condensed tannins and hydrolyzable
tannins was reached at a microwave power of 1000 W. The color yield evolution of acrylic as
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a function of microwave extraction power is presented in Figure 1(a2). Based on this graph,
the positive impact of an increase in extraction power on the dyeing quality of the acrylic
fabrics could be confirmed. This parameter reaches a value close to 14 at a microwave
power equal to 1000 W. This could be explained by an increase in the content of compounds
responsible for coloring at this high power, namely the content of flavonoids and tannins.

Figure 1. Cont.
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Figure 1. Effect of microwave power (a), pH (b), duration of extraction (c) and dry mass of Juglans
regia bark residues (d) on the concentration of phenolic compounds of the extract and the color yield
(K/S) of acrylic fabrics.

3.1.2. Effect of the Extraction pH

The evolution of flavonoid, condensed tannin and hydrolyzable tannin content as a
function of pH is presented in Figure 1(b1). Referring to this figure, it can be noticed that
the content of flavonoids gradually increased as the pH increased. It reached a maximum
value close to 4 mg/mL at pH = 7, so it can be concluded that the extraction of flavonoids
was more favorable in a basic medium, unlike the content of tannins, which reached its
maximum at pH = 3. The evolution of the color yield (K/S) of the acrylic fabrics as a
function of the extraction pH is presented in Figure 1(b2). From this graph, it can be
realized that the color yield of the acrylic fabrics increased in the acidic medium and
reached a maximum with a value of K/S close to 17 at pH = 3. This could be explained by
the fact that the affinity of the acrylic fibers for the extract of Juglans regia bark residues was
better in the acid medium.

3.1.3. Effect of the Extraction Duration

The evolution of flavonoid, condensed tannin and hydrolyzable tannin content as a
function of duration extraction is presented in Figure 1(c1). Based on this graph, it can be
noted that the flavonoid and tannin content reached significant values with an extraction
duration of 4 min. Thus, the longer the extraction duration, the higher the flavonoid and
tannin content. The color yield (K/S) evolution of the dyed acrylic fabrics at different
extraction durations is presented in Figure 1(c2).

Based on this graph, it can be distinguished that the duration positively influenced
the dyeing quality result. Indeed, a color yield (K/S) of the acrylic fabric close to 14 for
an extraction duration of 5 min was reached. This could be explained by the high contact
time of the extraction solvent with the plant matrix, which led to an increase in the colored
compound content and therefore to an increase in the resulting coloration.

3.1.4. Effect of the Dry Mass of Juglans regia Bark Residues

The evolution of flavonoid, condensed tannin and hydrolyzable tannin content as a
function of the dry mass of Juglans regia bark residues is presented in Figure 1(d1). Based
on this graph, it can be observed that the maximum flavonoid, hydrolyzable tannin and
condensed tannin content was obtained for an amount of dry mass equal to 7 g/L. The
color yield (K/S) evolution of dyed acrylic fabrics as a function of the dry mass of Juglans
regia bark residues is presented in Figure 1(d2). From this graph, it can be seen that (K/S)
increased according to the concentration of the dry mass up to a value of 7 g of the bark
residue’s powder. In this interval, the quantity of vegetable matter that formed in the
reaction medium was increasing, resulting in an improvement in the absorption of the dye
by the fiber and consequently an increase in the coloring yield.
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3.2. Optimization of the Microwave Extraction Process
3.2.1. Response Surface Design

Experimental designs make it possible to simultaneously analyze the effects of input
variables (factors) on an output variable (response). These experimental plans consist
of a series of tests (or tests) during which the input variables are intentionally modified.
Data are collected for each trial. The experimental plans make it possible to identify the
conditions of the processes and the components of the products that influence the quality
and thus determine the parameters of the factors offering optimal results [20,21]. The
response surface design is an experimental design method used by software (MINITAB
Ver. 19.0, US Federal Government Commonwealth of Pennsylvania, USA). It has been used
to model and optimize the experimental conditions of the microwave extraction process.
Evaluation of the quality of the natural dye extracted from the Juglans regia bark residues is
achieved based on the measurement of the color yield of the acrylic fabric dyed with the
extract obtained each time [22].

The factors studied in this section are: microwave power P = 150–500 and 850 W;
duration of extraction t = 0.5–2 and 4 min; pH = 3–7 and 9. The established response surface
design is described in Table 1.

Table 1. Response surface design.

N◦ Factors Response
pH P(W) t (min) K/S

1 3 500 4 15.8
2 7 150 0.5 10.7
3 7 500 2 12.9
4 9 500 0.5 12.7
5 7 850 4 13.7
6 3 500 0.5 13.0
7 9 850 2 12.7
8 7 150 4 10.9
9 7 500 2 12.9

10 9 500 4 12.8
11 3 850 2 15.0
12 7 500 2 12.9
13 9 150 2 12.8
14 7 850 0.5 13.2
15 3 150 2 11.2

3.2.2. Establishment of the Mathematical Model

Owing to multiple regression analysis on the experimental data, the model of the ex-
pected response could be expressed by the following quadratic polynomial (Equation (1)):

K/S = 8.34 − 0.303 pH + 0.01380 P(W) + 1.292 t (min) + 0.0714 pH × pH − 0.000006 P(W) × P(W) − 0.042 t
(min) × t (min) − 0.000822 pH × P(W) − 0.1453 pH × t (min) + 0.000201 P(W) × t (min)

(1)

The correlation coefficient R2 corresponding to Equation (1) is equal to 93.11%. This
parameter provides information on the degree of predictability of a mathematical model.
Indeed, a value of 100% implies a perfect prediction, while a value of 0% indicates a null
prediction of the model. For this case, the correlation coefficient R2 observed was equal to
93.11(%), which implied that the proposed model was highly predictable and made sense
in this statistical study.

3.2.3. Main Effects Diagram of Microwave Extraction Conditions

The diagram of the main effects related to the color yield (K/S) of the acrylic dyed
by the extract of Juglans regia bark residues as a function of three factors (pH, power and
duration of extraction) is described in Figure 2a. From this graph, it can be observed that:



Sustainability 2022, 14, 4134 7 of 11

- The power positively affected the dyeing quality of the acrylic fabrics from 150 to
500 W. This effect decreased from 500 to 850 W.

- From 0.5 to 2 min, the duration of the extraction slightly affected the dyeing
quality obtained.

- The pH intensely affected the dyeing quality of the acrylic fabrics from 3 to 7. This
effect became quite significant from a neutral pH to a basic pH.

Figure 2. Cont.
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Figure 2. Principal main effects graphic (a), interaction diagram (b), contour plots (c) and response
optimization (d) for the color yield (K/S) of the dyed acrylic fabrics.

3.2.4. Analysis of the Effects of the Main Interactions

The purpose of this analysis was to study the degree of interactions between the
different factors considered (duration, pH and extraction power). The effects of the main
interactions are described in Figure 2b. Based on this figure, it can be deduced that there
was a strong interaction between pH, duration and extraction power.

3.2.5. Contour Plots

The study of the contour plots provided a simple method of optimizing the processing
rate and identifying interactions between variables. In fact, a contour graph displayed
a two-dimensional view of the surface, where the points with the same response were
connected to produce contour lines of constant responses.

The contour graphs relating to the color yield (K/S) of the dyed acrylic are shown
in Figure 2c. The main information that could be drawn from this graph concerns the
distribution of the color yield (K/S) as a function of the extraction parameters studied,
namely pH, power P (W) and duration of extraction t (min).

3.2.6. Response Optimization

Based on Figure 2d, it can be deduced that the maximum color yield response (K/S)
of acrylic was of the order of 17 for the following optimal extraction conditions: microwave
power = 850 W, pH = 3 and extraction duration = 4 min.

3.2.7. Validation of Optimal Extraction Conditions

The results obtained following the application of optimal extraction conditions were in
agreement with the theoretical result suggested by the diagram of the optimization response.
Indeed, the color yield (K/S) related to acrylic was measured and found to be around 16.88.
Thus, the validation of the proposed theoretical model could be confirmed experimentally.

3.3. Fastness Properties Estimation

The extraction process optimized allows fairly high coloring yields to be obtained.
However, it would be interesting to check the fastness of these dyes before considering
the extract obtained as being effective coloring. The fastness of dyes is the resistance of a
material to the change of color following external applications. Among the types of fastness,
washing, rubbing and light are the most important. In general, most natural dyes have
moderate fastness to washing and poor fastness to light. The results of fastness tests of
the acrylic samples dyed with the colored extract obtained under the optimal microwave
extraction conditions are presented in Table 2.
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Table 2. Dyeing fastness of dyed acrylic fabric.

Fiber Sample
Rubbing Fastness Light

Fastness
Washing
FastnessWet Dry

Acrylic 3 3 3 5

According to this table, excellent fastness to washing was obtained, and acceptable
fastness to rubbing and light were observed. Hence, it can be deduced that the optimal
extract is a promising source of dye for acrylic fiber.

3.4. Spectral Infrared Characterization (FTIR) of Dyed and Undyed Acrylic Fabrics

Infrared spectrometry is a common technique for identifying functional groups present
in molecules. The infrared spectra relating to dyed and undyed acrylic are shown in
Figure 3.

Figure 3. Infrared spectra of undyed and dyed acrylic fabrics.

The FTIR spectrum of the bleached acrylic fiber exhibited characteristic absorption
bonds, i.e., a resonance peak at 1620 cm−1 attributed to the stretching of -C-N, a strong
peak at 1668 cm−1 due to the stretching vibration of carbonyl -CO groups in amide, a peak
at 2200 cm−1 due to the presence of the nitrile group −C ≡ N and a broad absorption band
from 3206 to 3362 cm−1 attributed to the stretching of −NH and −OH [23].

All of the above-mentioned characteristic peaks of the acrylic fabric were observed in
the spectrum of the dyed acrylic sample, with noticeably lower intensity compared to those
of the undyed fiber. This observed shrinkage may be due to the involvement of amine
groups of acrylic in the interaction with dye molecules [6]. However, the band at 3000 cm−1

could probably be due to -C-H stretching in the aromatic compounds (i.e., polyphenols in
the dye extract) [24]. Additionally, the band at 1645 cm−1 could be attributed to the C = C
stretching vibration of aromatic rings in flavonoids and amino acids [25].

4. Conclusions

In this paper, a sustainable extraction process of natural dye from Juglans regia bark
residues was optimized in order to dye acrylic fabrics. Optimal extraction conditions under
microwave radiation were found to be: extraction power = 850 W; pH = 3 and extraction
duration = 4 min. For these conditions, the color yield (K/S) of the dyed acrylic fabric could
reach a value of 17 by exhibiting excellent fastness to washing and acceptable fastness to
rubbing and to light.
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