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HccnegoBanne GU3HKO-XUMHYECKHX CBOMCTB pa3padoTaHHBIX
KOMIIO3UIL[UOHHBIX KpacuTe/iel /i TePMHUEeCKOro KpauleHusi, NpUuMeHsieMbIX
MPH OTAe/IKe TKaHeH ¥ BOJIOKOH

Kacbimoea Manuka Hocup Ku3u

0oKmopaHm

T'ocydapcmeeHHo20 yHUmMapHo2o npeonpusmus @au ea mapakkuém, TawkeHmckutl
20Cy0apcmeeHHbIl mexHuuecKull yHugepcumem

Pecnybauka Y36ekucmat, 2. TawukeHm

Hezmamosa Komuaa CatiudcaHoHa

0-p mexH. HayK

cm. Hayu. comp ['ocyoapcmeeHHo20 yHumapHozo npeonpusimust dax ea mapaxkuém, TawkeHmcKuil
20CydapcmeeHHblIil mexHuuecKull yHugepcumem

Pecnybauka Y36ekucmat, 2. TawkeHm

Ab6ed Hoodupa CatiubicaHogHa

0-p mexH. HayK, npog., oupekmop

T'ocydapcmeenHbiti uHcmumym daw 8a mapakkuém npu TawKeHMCcKoM 20Cy0apcmeeHHOM
mexHU4eckom yHueepcumeme umenu Mcaama Kapumoea

Pecnybauka Y36ekucmat, . TawkeHm

Abstract

The article presents extended results of comprehensive studies on the physicochemical
regularities of the thermal dyeing process of fabrics based on protein fibers using composite dyes
containing salts of polyvalent metals and phenolic derivatives. Particular attention is paid to
2y CoCl,, CuSO,,

NiCl,), as well as process parameters such as temperature and dyeing duration, on the formation of

investigating the influence of the nature of polyvalent metal salts (Fe,(SO

color characteristics, intensity, depth, and fastness of natural silk coloration.

Experimental results have shown that the composition of the dyeing system plays a decisive
role in determining the quality of coloration. It has been established that the most effective system
is based on iron (III) sulfate and resorcinol, which ensures uniform, rich, and durable colors with
high resistance to physicochemical Bo3geiicTBus. It is demonstrated that increasing the dyeing
temperature and prolonging the treatment time of the material in the dye solution enhance the
diffusion of the dye into the fiber structure, leading to increased color intensity, greater depth of
shade, and improved performance properties.

The obtained results have practical significance and can be used in the development of
resource-saving and environmentally friendly technologies for dyeing natural silk, as well as other
protein-based textile materials, using next-generation composite dyes.

AHHOTaLUsA

B cratbe MpeacCTaB/I€eHbl pACIIMPEHHBIE PE3Yy/IbTdThl KOMITJIEKCHBIX I/ICCJ'Ie,[[OBaHI/Iﬁ Cl)I/IBI/IKO-
XUMHUUYeCKHX 3aKOHOMepHOCTEﬁ rponecca TepMHUYeCKOro KpdameHus TKaHel Ha OCHOBe Oe/IKOBBLIX
BOJIOKOH C TMPpUMEHEHHWEM KOMITO3UIIMOHHbIX KpaCHTEHEﬁ, cogepKalux COJIM TI0/IMBAJIEHTHBIX
MeTa/lJIOB U (bEHOJILHbIe IMMPOU3BOAHLBIE. Ocoboe BHUMaHUe YAe/IeEHO U3YyUYE€HUIO BJ/IUAHUA TIPUPOALI

cosei To/MBasieHTHbIX MeTawios (Fe,(SO CoCl,, CuSO,, NiCl,), a Take TeXHOIOTHYECKUX

4)3;
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rapaMeTpoOB TIpoljecca — TeMIlepaTypbl U MPOAO/KATETbHOCTH KpallleHUsi — Ha (opMUpOBaHUe
I[BETOBBIX XapaKTePUCTHK, WHTEHCUBHOCTb, TyOWHY W YCTOHUYMBOCTH OKPACKW HATypajbHOTO
11eJIKa.

OKCIlepyMeHTa/IbHble pe3y/bTaThl [T0Ka3asiu, YTO COCTaB KPACU/IBHOM KOMIIO3ULIMM OKa3blBaeT
pelaroiriee B/MSIHME Ha KaueCTBO OKpAIIMBaHWs. YCTAHOBJEHO, uTo Haubosee 3¢deKTHBHOIM
SIBJISIETCSI CHCTeMa Ha OCHOBe cysbdara skene3a (III) u pesopiHa, obecreunBaroiias mosyueHne
PaBHOMEPHBIX, HACBIIIEHHbIX U YCTOWYMBBIX OKPACOK C BBICOKMMHU I10Ka3aressiMM MPOYHOCTHU K
(U3MKO-XMMUUEeCKUM Bo3ZlelicTBUAM. [loKaszaHO, uTO TOBBbIIIEHHME TeMIlepaTypbl Mpoliecca
KpallleH!s1 ¥ yBe/IMueHHe BpeMeHH BbI/Iep)KKM MaTeprasia B KpaCUJIbHOM PacTBOpPe CIIOCOOCTBYIOT
ycuneHnro auddysun Kpacutens B CTPYKTYpy BOJIOKHA, UTO TPUBOAUT K YBeJIUYEHHIO
WHTEHCUBHOCTHU OKPACKH, TTyOMHBI LIBeTa U Y/IYULIEHHIO 3KCIUTyaTallMOHHBIX XapaKTePUCTHK.

[TonyueHHbIe pe3y/bTaTbl UMEIOT MPAKTUUECKYI0 3HAUMMOCTb U MOTYT OBbITh HCITO/b30BaHbI
npu pa3paboTke pecypcocbeperarmiux M 3SKOJTOTUYECKH 0e30TacHbIX TeXHOJOTHM KpallleHus
HaTypa/IbHOTO I1Ie/IKa, a TaKXXe JPYTHUX OeKOBBIX TEKCTH/IbHBIX MATepUAOB C MCIIOb30BAHUEM
KOMIIO3UIIMOHHBIX KPACUTe/IeH HOBOTO TIOKOJIEHUSI.

Keywords: protein fibers, natural silk, thermal dyeing, composite dyes, polyvalent metal
salts, iron(IIl) sulfate, resorcinol, hydroquinone, color characteristics, color fastness, resource-
efficient technology.

KnioueBble c0Ba: OeslkOoBble BOJIOKHA, HAaTypasbHBIM ILeJIK, TepPMHUECKOoe KpallleHue,
KOMITIO3ULIMOHHbIE KPaCcHTe/d, COMM TO/MBajeHTHBIX MeTalnoB, cynbdar xenesa (III), pesopuus,
T'MJPOXUHOH, LIBETOBBIE XapaKTePUCTUKH, IIPOUYHOCTh OKPACKH, pecypcocOeperaroijasi TEXHOIOTHSL.

Introduction

Under conditions of intense market competition, achieving a wide color gamut and high
quality of finished textile products is one of the key requirements of the textile industry. During
service, textile materials are exposed to various external factors, including washing, abrasion, and
sunlight. Therefore, developing an accessible method for preserving the brightness, color saturation,
and color fastness of dyed textile materials during their use is of considerable importance [1-3].

The dyeing process includes the diffusion of the dye to the fiber surface, its adsorption onto
the surface, diffusion into the fiber structure, and fixation within the fiber. This sequence constitutes
the mechanism of dye formation on textile fibers. Insoluble azo dyes are capable of penetrating
textile materials through capillary action and diffusion processes, resulting in intensive coloration.

Dyes are synthesized directly within protein-based fibers and fabrics through the coupling of
azo and diazo components, represented by naphthol compounds and diazonium salts, respectively.
During the dyeing process, protein-based fabrics are impregnated with an alkaline solution of the
azo component, dried, and subsequently treated with an aqueous solution of the diazo component at
pH 7-9 under cold conditions. In addition, azogen systems, which collectively refer to the azo and
diazo components used for the in situ synthesis of water-insoluble azo dyes, are widely employed.
This dyeing technique is known as cold (ice) dyeing and consists of treating fabrics impregnated
with an alkaline azo-component solution in a cooled diazonium salt solution, followed by squeezing
and aging until the azo-coupling reaction is completed.
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In this method, the dye is synthesized directly within the fiber from intermediate compounds.
Since the resulting dye is insoluble in water, the dyed material exhibits excellent fastness to wet
treatments [4].

However, pretreatment with an alkaline azo-component solution makes this method
unsuitable for dyeing natural silk. Conventional methods of dyeing natural silk with direct dyes do
not provide sufficiently durable dark shades. Natural silk is commonly dyed with reactive dyes in
either alkaline or acidic media. Dyeing in alkaline media provides high color fastness but carries the
risk of degradation of the protein fibers due to the action of alkaline solutions at elevated
temperatures. In acidic media, the dye is fixed to the fiber mainly through ionic and intermolecular
interactions rather than covalent bonds, as occurs during alkaline dyeing [5].

Therefore, the most rational approach to the coloration of natural silk is the development of
dyeing compositions based on polyvalent metal salts capable of forming colored compounds
directly within the fiber structure.

The objective of this study was to investigate the physicochemical properties of newly
developed composite dyes for thermal dyeing applied in the finishing of protein-based fabrics.

Materials

The objects of the study included protein fibers and fabrics, polyvalent metal salts, copper
sulfate, iron acetate, nickel chloride, cobalt chloride, sodium acetate, sodium nitrite, resorcinol,
sulfuric acid, hydrochloric acid, nitric acid, industrial waste products, and selected inorganic and
organic ingredients.

Research Methods

Experimental investigations were carried out throughout the study. The physicochemical
properties of the components were determined using chemical, refractometric, and titrimetric
analytical methods. The technological characteristics were evaluated using standardized methods,
instruments, and equipment in accordance with the relevant GOST standards adopted in the CIS
countries.

Results and Discussion

Fibroin, the principal protein component of natural silk, contains a limited set of amino acid
residues in its polymer chain, consisting primarily of glycine, alanine, serine, and tyrosine. The
amino groups of these amino acids possess lone pairs of electrons on the nitrogen atom, enabling
the formation of coordination or covalent bonds with metal ions. The presence of primary amino
groups in the polymer substrate also allows diazotization to produce highly reactive diazonium
salts. The coupling of diazonium salts with phenols or aromatic amines results in the formation of
colored compounds [6-7].

The study investigated the influence of various polyvalent metal salts on the coloration of
natural silk organza fabric. The introduction of alkaline earth, transition, and rare-earth metal
cations into the dyeing process significantly increased dye uptake, color intensity, color fastness,
and the tensile strength of the silk fibers [8-10].
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Table 1 presents the color shades obtained for dyed protein-based fabrics using different
polyvalent metal salts.

Table 1.
Color shades obtained for dyed protein-based fabrics

Dyed samples Polyvalent metal salts
Fe,(SO,); (resorcinol)

Fe,(SO,); (Dyeing with a daily solution, resorcinol)

Fe,(SO,); (pyrocatechin)

CoCl, (resorcinol)

CuSO, (resorcinol)

NiCl, (resorcinol)

The experimental investigations were carried out in several stages:

1. Evaluation of the dyeability of the selected fabric using polyvalent metal salts in
combination with resorcinol and hydroquinone.

2. Investigation of the hue and color intensity obtained with different polyvalent metal salts.

3. Study of the effect of dyeing temperature on the color intensity of the fabrics.

4. Evaluation of the possibility of obtaining stable coloration on natural silk under resource-
efficient processing conditions using polyvalent metal salts.

To investigate changes in the color intensity of natural silk materials, the following polyvalent

metal salts were selected: Fez(SO C0C12, CuSO,, and NiClZ, with the aim of identifying the most

D3
effective and colorfast dyeing system. Laboratory experiments were performed using organza, a
thin, matte, stiff, and transparent fabric made of natural silk, as the model substrate.

The dyeing process was carried out under laboratory conditions. The initial dyeing
temperature was 40°C in a solution containing a polyvalent metal salt and the dihydric phenol
resorcinol (1,3-dihydroxybenzene, m-dihydroxybenzene). The temperature was gradually increased

to enhance dye diffusion into the fiber structure [9-10].
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The maximum dyeing temperature was 90°C, and the samples were maintained at this
temperature for 60 min. In experiments involving iron(Ill) sulfate, parallel studies were also
performed using hydroquinone as a reaction accelerator. In this case, the dyeing solution was aged
for 24 h at room temperature before use.

The results presented in Table 1 demonstrate the coloration of natural silk organza using
different polyvalent metal salts. The range of colors obtained depends primarily on the nature of the
metal ion. As shown by the first entries in Table 1, dyeing with Fe,(SO,), in the presence of
resorcinol produced different color intensities despite identical dyeing times. Organza dyed for 60
min in a freshly prepared solution exhibited lower color intensity than samples dyed in a solution
aged for 24 h. Furthermore, the dyeing composition prepared from Fe,(SO,), and hydroquinone
resulted in a pronounced change in the color palette accompanied by a decrease in color intensity.

Based on these results, the iron(III) sulfate-resorcinol system was selected for further
investigation as the most effective dye-fixing composition. The subsequent stage of the study
focused on evaluating the effect of dyeing time on the intensity of the resulting coloration.

Table 2.
Color shades obtained for dyed protein-based fabrics

Dyed samples Polyvalent metal salts
Fe,(SO,); (resorcinol), 90°C, 3 min

Fe,(SO,), (resorcinol), 90°C, 5 min

Fe,(SO,); (resorcinol), 90°C, 7 min

Fe,(SO,); (resorcinol), 90°C, 10 min

Fe,(SO,); (resorcinol), 90°C, 30 min

At this stage of the study, dyeing was carried out under the same temperature conditions
(initial temperature 40°C and maximum temperature 90°C), while the fabric holding time was
varied at six intervals ranging from 3 to 50 min.

The results presented in Table 2 indicate that a dyeing time of 7 min is sufficient to obtain a
color shade comparable to that achieved after 60 min of dyeing. By varying the dyeing time of
natural silk in a solution containing a single polyvalent metal salt, it was possible to obtain a wide
range of color shades. As the dyeing time decreased, the dyed fabrics exhibited progressively lighter
yellowish-brown tones accompanied by a reduction in color depth and intensity.
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In the next stage of the study, changes in color intensity were investigated by dyeing the
samples in a boiling dye solution based on iron(III) sulfate, while varying the holding time from 3
to 50 min.

Table 3.
Color shades obtained for protein-based fabrics dyed with composite dye formulations

Painted samples Painting conditions
Fe,(SO,); (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,); (resorcinol), 90 °C, 3 min

Fe,(SO,), (resorcinol), 90 °C, 3 min

Fe,(SO,); (resorcinol), 90 °C, 3 min

Table 3 presents the results of dyeing carried out without preliminary heating. Under these
conditions, the dyed fabrics exhibited brighter colors with lighter shades than those obtained by
gradual heating, where the dyeing temperature was increased from 40°C to 90°C. As the holding
time of the fabric in the dye bath decreased, the color gradually changed from deep, saturated dark
shades to lighter and brighter tones. The samples dyed for 50, 30, and 10 min showed no
pronounced differences in color intensity; however, they differed in shade depth from the other
samples. A sharp decrease in color depth was observed when the dyeing time was reduced to 7 min.
With a further reduction in dyeing time, the fabrics developed more muted, earthy color tones.

The dyeing duration also had a significant effect on the hue of the samples. As the dyeing
time decreased, reddish shades gradually appeared, while the deep green coloration progressively
shifted toward reddish tones.

The subsequent stage of the investigation focused on evaluating the influence of dyeing
temperature on the color characteristics of the samples while maintaining a constant dyeing time.

The experiments were performed using the selected iron(IIl) sulfate system under two
different temperature regimes: (I) gradual heating from 40°C to 60°C and higher over a period of 10
min, and (II) dyeing in a preheated solution maintained at 60°C and above for 10 min. It should be
noted that resorcinol was used as the fixing component in all experiments.

18



Ne 9 (150) £ UNIVERSUM: cenms6pb, 2026 2.

A TEXHWYECKWE HAYKM

Table 4.
Color shades obtained for protein-based fabrics dyed with composite dye formulations
Dyed fabric Dyeing conditions Dyed fabric Dyeing conditions
samples
Fe_v(SO;),-
(rezortsin) Fex(SOas
(rezortsin)
GO 1D
G/ 60C 10 min
400C
Fc:‘( S()i)" Fex(S04)s
(rezortsin) (rezortsin)
e 1min E
6/ 70°C 10 min
A0
Fex(S0a)s “ex(SO
(rezortsin) (IB'; ;Z((;n'g_':l)._")
NoUee 10min N
u/ 6 ROC 10 man
are

Comparison of the dyeing results obtained by gradually increasing the temperature from 40°C
to 60°C over 10 min with those obtained under identical conditions at the maximum temperature of
90°C revealed a pronounced color transition from deep, saturated dark green to lighter golden
shades. Furthermore, dyeing under continuous temperature increase resulted in enhanced color
intensity and greater shade depth.

Based on the results presented in Table 4, it can be concluded that the temperature gradient
has a significant influence on the dyeing process. The increase in dyeing temperature, together with
continuous heating, promotes higher color intensity and deeper shades in the dyed samples.
Stepwise temperature elevation produced brighter and lighter colors with a characteristic luster over
the entire temperature range, whereas higher dyeing temperatures resulted in considerably greater
color depth and saturation. The possibility of obtaining stable coloration at the minimum
temperature of 40°C was also investigated.

Additional experiments were carried out under constant-temperature conditions (40°C) while
varying the holding time in the dye bath from 10 to 60 min. The objective of this stage was to
evaluate the feasibility of dyeing at the minimum temperature and to investigate the effect of dyeing
time on color development under these conditions. The corresponding results are presented in Table
5.
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Table 5.
Color shades obtained for protein-based fabrics dyed with composite dye formulations

Dyed fabric samples Dyeing conditions

Fea(S04)s3
(rezotain)

e 40°C 10 min

Fea(SO1)s
(cezantain)

a 40VC 20 min

Fea(S04)3
(rezortzin)

u 40°C 30 min

Fea(SO1)s
(rezontsin)

u 40°C 40 min

Fea(S0a)s

B 40°C 50 min

The results presented in Table 5 confirm the existence of a minimum effective dyeing
temperature for natural silk treated with a resorcinol solution containing polyvalent metal salts,
which is sufficient to produce dark, highly intense colors with considerable shade depth. These
findings also demonstrate the feasibility of dyeing natural silk fibers while maintaining high color
intensity and shade depth even under relatively low-temperature conditions.

Conclusion

The study established that the principal factors influencing the shade depth of dyed fabrics are
the dyeing temperature and the holding time of the material in the dye bath. The use of polyvalent
metal salt solutions at elevated temperatures makes it possible to obtain and maintain bright,
saturated, and durable colors on dyed textile materials.

The duration of the dyeing process also has a significant effect on color brightness and
saturation. As shown in Table 5, both parameters increase progressively with increasing holding
time of the fabric in the dye bath, resulting in deeper and more intense coloration.
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