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Abstract  

 This study explores a novel sulfonation method for analyzing blue-dyed fabrics containing reactive, 

direct and indigo dyes. The proposed method accurately distinguishes indigo fabrics by converting indigo 

blue into indigo carmine using concentrated H2SO4, resulting in distinct spectral analysis through UV-

Visible spectrophotometry. Generally, UV-Visible spectroscopy shows absorption peak characteristics 

influenced by analyte and environmental properties, leading to broadening and wavelength shifts. 

Therefore, statistical analysis of peak characteristics, including center, centroid, Full Width at Half 

Maximum (FWHM), height and L/R ratio, was performed on the obtained spectra to facilitate 

comprehensive quality evaluation of indigo-dyed fabrics. The proposed method demonstrated good 

precision and accuracy, with %RSD values indicating excellent repeatability and reproducibility, 

contingent on consistent sample preparation, narrow analyte peaks and minimized background signals. 

Furthermore, this method was applied to analyze the collected indigo-dyed fabrics from Sakon Nakhon 

Province, revealing the center value (611.79 nm) as a precise marker for indigo dye, with a narrow control 

range (607.02 - 616.56 nm) and a low coefficient of variation (CV) of 0.26 %. Moreover, centroid, L/R 

ratio and FWHM significantly contributed to fabric classification and quality assessment. This research 

offers valuable insights to improve indigo fabric production in Sakon Nakhon Province, leading to more 

reliable authentication and quality control of the natural indigo-dyed industry. 

Keywords: Indigo dyed fabric, Indigo carmine, Indigo blue, Sulfonation, Peak characteristics, Reactive 

dye, Direct dye  

 

Introduction 

 The majority of textiles worldwide are composed of cellulose fibers, including cotton, hemp, bamboo, 

linen and rayon [1,2]. Dyeing these fibers for blue hues primarily employs 3 categories: Direct, reactive, 

and vat dyes. Each type possesses distinct dyeing processes and mechanisms for color attachment to the 

fiber. Consumer awareness regarding the textile industry environmental impact has surged in recent years 

[3,4]. Consequently, interest in naturally dyed textiles, particularly indigo-dyed fabrics, sourced from local 

producers has escalated [5]. Natural indigo-dyed fabric refers to textiles colored with the natural indigo dye 

extracted from the leaves of the Indigofera plant [6,7]. This centuries-old practice is renowned for producing 

vibrant, deep blue shades with distinctive characteristics [3].  

The natural indigo-dyed fabric holds significant value and global recognition, with Sakon Nakhon 

Province being renowned for its expertise in producing such textiles [8]. However, the deceptive use of 
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unrelated colors for dyeing, known as color mislabeling, significantly undermines the integrity of natural 

indigo-dyed fabrics. This deceptive practice can erode consumer trust, resulting in dissatisfaction and a loss 

of confidence in authentic products [9]. Building consumer confidence involves employing scientific 

methods to examine and verify distinctions between natural indigo and alternative blue dyes, ensuring the 

quality and authenticity of the products. 

Identifying various dye types in textiles, particularly those present in indigo-dyed fabrics, relies on 

sophisticated instruments deeply rooted in the field of textile chemistry. UV-Vis spectrophotometry plays 

a pivotal role in scrutinizing how dye molecules absorb light across both ultraviolet and visible spectrums, 

thereby facilitating the differentiation of dyed fabrics [10-12]. High-performance liquid chromatography 

(HPLC) within chromatography efficiently separates dye components. Simultaneously, microscopy 

provides intricate insights into the structure and dispersion of dye particles within fibers. Fourier transform 

infrared spectroscopy (FTIR) proves instrumental in distinguishing the functional groups of each dye type 

[13,14]. Additionally, mass spectrometry ensures an accurate analysis of dye molecular structures [15]. 

However, the choice of a specific method depends on factors such as the type of dye under consideration, 

the desired level of detail and the available resources. 

Identifying indigo blue in fabrics through sulfonation exploits a captivating chemical principle. 

Concentrated sulfuric acid, a potent oxidizing agent, achieves 2 crucial effects. Firstly, it aggressively 

attacks and cleaves the cellulose fibers in the fabric, transforming them into a water-soluble cellulose sulfate 

solution [16,17]. This step serves dual purposes: Exposing dye molecules for analysis and providing 

insights into the composition of fabric and potential adulteration with synthetic fibers. Secondly, 

concentrated sulfuric acid undergoes a unique reaction with indigo blue, the primary dye in these fabrics, 

converting it into a structurally similar compound called indigo carmine [11,18]. Importantly, unlike indigo 

blue, indigo carmine is readily soluble in water, making it easily quantifiable using UV-Visible 

spectrophotometry [19]. Moreover, UV-Visible peak analysis encounters challenges due to broader peak 

of band spectrum and susceptibility to solvent matrix interference, complicating precise identification of 

indigo carmine through conventional methods [41,42]. However, the statistical methods were employed in 

this research for integrating the UV-Visible peak analysis of indigo carmine, enhancing differentiation 

despite solvent matrix interferences [39,40]. Therefore, this research aims to use sulfonation to assess the 

quality of naturally indigo-dyed fabrics in Sakon Nakhon Province, contributing to decision-making, 

transparency, sustainable dyeing practices and empowering local communities by providing quality control 

tools for potential market benefits. 

 

Materials and methods 

Materials and chemicals  

Cotton yarn with a count of 22/40 utilized was from Thai Spinning Company Limited (Thailand). The 

blue reactive dyes (RD 1 and RD 2) used were Indafix brand (KCB Textile Company Limited, Thailand). 

The blue direct dye 1 (DD 1) and commercial indigo dye 2 (CID 2) were obtained from Samphao Brand 

(Siwasumpan Company Limited, Thailand). The blue direct dye 2 (DD2) used was from Thep Phanom 

brand (Thailand). The commercial indigo dye 1 (CID 1) was purchased from Lazada (Thailand). The natural 

indigo dye (ND) was supplied by the Ban Don Koi weaving group in Phanna Nikhom District, Thailand. 

Sodium dithionite and calcium hydroxide were bought from Loba Chemie (India). Dimethyl sulfoxide 

(DMSO) and sulfuric acid (98 %w/w) were obtained from Carlo Erba (Italy). Indigo blue (IB) was 

purchased from Acros Organics (Belgium). Calcium hydroxide was bought from Loba Chemie (India). The 

51 natural indigo-dyed fabric samples were supplied by the producer in Sakon Nakhon Province. 
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Instrumentation 

A UV-Vis spectrophotometer employed to analyze the spectrum of the solution of blue-dyed fabrics 

was the Go Direct SpectroVis Plus model from Vernier Science Education (USA). The color parameters of 

the blue-dyed fabrics were measured using the MiniScan EZ 4000 portable spectrophotometer from 

HunterLab (USA). 

 

The process of dyeing cotton with indigo dyes using a chemical reducing agent 

The synthetic indigo dyeing was adapted from John and Angelini [20]. The cotton fabrics dyed with 

IB, CID 1 and CID 2 were named FIBC, FCID 1 and FCID 2, respectively. The process began with 

preparing a dye bath by dissolving 2 g of indigo dye, 5 g of calcium hydroxide and 6 g of sodium dithionite 

in 500 mL of warm water. The mixture was mixed by stirring until it acquired a characteristic yellowish-

green color. Clean cotton yarn (10 g) was soaked in the dye bath for 10 min to ensure thorough dye 

absorption. Afterward, the yarn was squeezed and removed from the dye bath. Exposure to air induced the 

oxidation of the colorless leuco indigo in the fibers back into the vibrant indigo blue pigment, thereby 

permanently coloring the cellulose. The repetition of the dyeing cycle 5 times enhanced the resulting deep 

blue shade. Finally, the dyed fibers were thoroughly rinsed with clean water to remove any residual dye or 

chemicals, and a mild detergent wash further ensured their cleanliness. Once dry, these naturally indigo-

dyed fibers were ready for further analysis. For the chemical reducing process used with the natural dye 

(ND), 80 g of indigo paste was used in the dye batch, following the same procedure as for other indigo 

dyes. The ND-dyed cotton fabric was labeled FNDC. 

 

The process of dyeing cotton with natural indigo dye using a natural reducing agent 

The process of natural indigo dyeing was demonstrated by Sunanta and Srinathom [21]. It was 

provided by mixing 80 g of indigo paste, 250 mL of lye (pH 13 - 14) and 250 mL of tamarind juice in a 

container. The mixture was added with 50 g natural sugarcane sucrose. Afterward, the mixture underwent 

fermentation at 40 °C until the indigo blue was reduced to indigo white, typically taking 1 - 2 h and resulting 

in a yellowish-green color. The cotton yarn (10 g) was cleaned in water for 10 min and then gently squeezed 

it. The fibers were then plunged into the indigo dye solution, allowing the indigo white to bind. Upon 

exposure to air, the indigo white oxidized and re-formed into indigo blue, permanently attaching to the 

fibers. This process imparted various shades of blue onto the cellulose fibers. The dyed-cotton yarn was 

repeated the dyeing process 5 times to achieve the dark blue shades. Finally, the dyed-cotton yarn was 

rinsed with clean water 3 times. Afterward, it was washed with detergent and dried prior to determination 

process. The cotton fabrics dyed with ND using the natural reducing agent was named FNDN. 

 

The process of cotton dyeing with reactive dyes 

The cotton yarn dyeing process with reactive dye was demonstrated by the KCB Textile Company 

Limited (Thailand) [22]. The cotton yarn (10 g) was pre-washed in warm water to remove impurities. 

Meanwhile, 5 g of reactive blue dye and 5 g of sodium chloride (NaCl) were accurately measured and 

dissolved in 500 mL of warm water (40 - 50 °C) in a beaker, stirring until completely dissolved. The 

prepared dye solution was then carefully poured into the designated dyeing container. The 10 g cotton yarn 

was immersed in the dye bath for optimal color absorption and stirred continuously for 15 min, followed 

by a 45-min dwell time. Finally, the dyed yarn was rinsed thoroughly to remove excess dye, washed with 

a mild detergent in warm water and air-dried in a shaded area. The cotton fabrics dyed with RD 1 and RD 

2 were named FRD 1 and FRD 2, respectively. 

 



Trends Sci. 2021; 21(9): 8043   4 of 16 

The process of cotton dyeing with direct dyes 

The of dyeing process of blue direct dye was demonstrated Siwasumpan Company Limited (Thailand) 

[23]. It involved dissolving 5 g of dye and 15 g of NaCl in 1 L of hot water. Following this, 10 g of cotton 

yarn were introduced into the dye bath and simmered for 30 min. After simmering, the yarn was twisted to 

remove excess dye and allowed to air-dry. Subsequently, the fibers were washed with detergent to remove 

any remaining chemicals and rinsed with clean water until the rinse water ran clear. Finally, the dyed-cotton 

fabric was tested with the sulfonation method. The cotton fabrics dyed with DD 1 and DD 2 were named 

FDD 1 and FDD 2, respectively. 

 

DMSO extraction method 

Indigo blue analysis the blue dyed-yarn samples were prepared by extraction with dimethyl sulfoxide 

(DMSO). This method is recognized to extract indigo blue from sample [11]. The procedure involved 

weighing 0.10 g of the blue dyed-yarn sample into an extraction glass bottle, adding 10 mL of DMSO and 

sonicating in an ultrasonic bath for 20 min. Subsequently, the extract solution was separated from the fiber. 

Afterward, the spectrum of the extract solution was analyzed using a UV-Visible spectrophotometer to 

characterize each type of blue dye present in the cotton yarn. Solutions with absorbance values above 0.80 

were diluted with distilled water to bring them within the optimal range for analysis [19]. The resulting 

spectra were then used to identify and characterize the different types of blue dyes present. 

 

Sulfonation method 

The blue dyed-yarn samples were prepared by digesting with sulfuric acid (98 %w/v) [19]. The 

procedure was performed by weighing 0.10 the blue dyed-yarn sample into Erlenmeyer flask, added 5.0 

mL of concentrated sulfuric acid (98 %w/w), and incubated in the fume hood for 10 min. After that, the 

digestant was poured into cold water in a beaker. The cool digestant solution wad added into a volumetric 

flask and adjusted the volume to 100 mL with distilled water. The sample solution was analyzed the 

spectrum with a UV-Visible spectrophotometer for characterizing each kind of blue dye which was dyed 

in the cotton yarn. The solutions with absorbance values above 0.80 were diluted with distilled water to 

bring them within the optimal range for analysis. The resulting spectra were then used to identify and 

characterize the different types of blue dyes present. 

The analysis of 51 indigo dyed-fabric samples which were collected from the producers in Sakon 

Nakhon Province were similarly prepared with the sulfonation method. The spectrum of each indigo-dyed 

fabric sample was analyzed the peak characteristics. The data was provided the control chat for evaluating 

the quality of indigo-dyed fabric samples. 

 

Method validation  

The precision of the proposed method was evaluated using tests for repeatability and reproducibility. 

Repeatability was determined by preparing 10 replicates of a specific indigo-dyed fabric sample using the 

sulfonation method and recording their absorption spectra. Subsequently, reproducibility was assessed by 

creating 5 replicates of the sample using the sulfonation method on 3 different days. The relative standard 

deviation (RSD) was calculated for each measurement set to ascertain both precision parameters. The 

accuracy of the proposed method was assessed in by applying the sulfonation method to indigo carmine 

and indigo blue standards. The experiment involved treating samples as follows: A = 0.10 g cotton yarn, B 

= 23.3 mg (5 μmol) indigo carmine standard, C = 13.1 mg (5 μmol) indigo blue standard, D = 0.10 g cotton 

yarn with 23.3 mg indigo carmine standard and E = 0.10 g cotton yarn with 13.1 mg indigo blue standard. 

All samples underwent treatment using the sulfonation method, and their spectra were determined using 
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UV-Visible spectrophotometry to analyze the peak characteristics of indigo carmine. The peak 

characteristics of indigo carmine from all treatments were used to evaluate the accuracy of the data from 

the collected indigo-dyed fabrics. Furthermore, the presence of indigo carmine in the sample solution was 

confirmed by adjusting to basic conditions. This was achieved by transferring 2 mL of the sample solution 

into a test tube and adding 8 mL of 2 M NaOH. If indigo carmine is present, the solution will change to a 

yellow color [43,44]. 

 

Color analysis 

The CIELAB color space method thoroughly evaluates blue-dyed fabric colors. Lightness (L*) gauges 

brightness, with higher values indicating lighter shades. The green-red axis (a*) and blue-yellow axis (b*) 

reveal color components, respectively. Chroma (C*) measures color intensity, higher values indicating 

vividness. Hue angle (h*) identifies specific color tones. The MiniScan EZ 4000 portable spectrophotometer 

from HunterLab was used to analyze these parameters in blue-dyed fabric samples. 

 

Spectrum characterization  

The UV-Visible spectrum of a solution of blue-dyed fabric samples was analyzed using OriginPro 

software version 2019. Various technical terms relevant to spectrum characterization were employed, 

including center, centroid, FWHM, L/R ratio and peak height [24-26]. The center and centroid parameters 

helped identify the dominant wavelength, with center being suitable for symmetrical peaks and centroid 

offering greater accuracy for broader or asymmetrical ones. FWHM represents the width of a peak at half 

its maximum intensity, facilitated the differentiation of overlapping peaks and the estimation of peak purity. 

The L/R ratio (left half width/right half width of peak ratio) assessed peak symmetry, with values closer to 

1 indicating higher symmetry. Peak height, denoting the maximum absorbance value, enabled the 

comparison of peak intensities.  

The integration of these technical terms allowed for a comprehensive characterization and 

differentiation of peaks within UV-Visible spectrum of the blue-dyed fabric sample solution based on their 

position, width, symmetry and intensity. However, thorough spectrum characterization requires considering 

the specific application, individual peak characteristics and visual inspection. 

 

Data analysis 

The integration of spectrum was carried out by using OriginPro Version 2019 (OriginLab 

Corporation). The data analysis was carried out using SPSS version 19.0 (SPSS Inc.). For comparing the 

peak characteristics of different blue-dyed fabrics, the 1-way analysis of variance (1-way ANOVA) was 

used, followed by the Duncan’s multiple comparison test at p < 0.05. 

 

Results and discussion 

Characterization of blue dyed-fabric with colorimetry 

The CIELAB color space was used to scrutinize the color characteristics of a diverse array of blue-

dyed fabrics, evaluating parameters such as lightness (L*), the green-red axis (a*), the blue-yellow axis (b*), 

chroma (C*) and hue angle (h*) (Table 1). Noteworthy findings emerged across these parameters, revealing 

significant variations among dyed fabrics. FNDC exhibited the highest L* value (49.56, indicative of 

relative lightness), while FRD 2 displayed the lowest (15.99). Generally, indigo vat-dyed fabrics 

demonstrated higher L* values compared to reactive and direct-dyed fabrics. Concerning the a*, fabrics, 

excluding FRD 2, clustered around 0, indicating a balanced presence of green and red hues. FRD 2 exhibited 
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a positive a* value (4.76), signifying a slight shift towards redness. Significant differences were noted in 

the b*, with FDD 1 presenting the most negative b* value (–30.06, denoting intense blue color). Indigo vat-

dyed fabrics typically exhibited lower b* values, indicating stronger blue chroma. The C* values ranged 

from 19.26 to 27.14, indicating moderate to high saturation. The h* values clustered around 260 - 270 °C, 

highlighting a dominant blue hue for most fabrics [27].  

 The results highlight the influence of dyeing methods on fabric color. Indigo-dyed fabrics generally 

have lighter shades and a more prominent blue color [28,29]. The fabrics dyed with indigo showed unique 

characteristics, possibly due to different dye formulations or dyeing processes [30]. Meanwhile, the reactive 

and direct dyed fabrics have distinct color profiles, indicating variations in color components or dyeing 

conditions. Despite these distinctions, all blue-dyed fabrics share a similar blue tone [29]. Categorizing 

each type of blue-dyed fabric cannot depend solely on colorimetry but requires integrating data from other 

tools [27]. 

 

Table 1 The color parameters of each blue dyed-fabrics. 

Kinds of dye Dyed fabrics 
Color parameters 

L* a* b* C* h 

FIBC 
 

23.51 ± 1.23c –0.011 ± 0.001e –20.15 ± 0.46de 20.16 ± 0.45ab 269.00 ± 0.92d 

FNDC 
 

49.56 ± 1.27e –3.71 ± 0.08a –18.90 ± 0.69f 19.26 ± 0.68a 258.88 ± 0.52a 

FNDN 
 

23.53 ± 1.14c –0.32 ± 0.01d –22.35 ± 0.20c 22.35 ± 0.20c 269.71 ± 0.70d 

FCID 1 
 

48.58 ± 0.84e –3.48 ± 0.03b –20.82 ± 0.57d 21.11 ± 0.56b 260.50 ± 0.23b 

FCID 2 
 

21.37 ± 0.30bc –0.011 ± 0.002e –21.21 ± 0.29cd 21.21 ± 0.29bc 270.02 ± 0.23d 

FRD 1 
 

19.75 ± 0.68a –1.20 ± 0.07c –19.36 ± 0.36df 19.39 ± 0.37a 266.46 ± 0.16c 

FRD 2 
 

15.99 ± 0.49a 4.76 ± 0.20g –18.34 ± 0.49f 18.95 ± 0.52a 284.54 ± 0.36g 

FDD 1 
 

32.79 ± 0.71d 0.96 ± 0.02f –30.06 ± 0.54a 30.07 ± 0.55e 271.54 ± 0.29e 

FDD 2 
 

19.99 ± 0.56b 5.30 ± 0.10h –26.61 ± 0.26b 27.14 ± 0.27d 281.27 ± 0.15f 

Note: The letters a, b, c, d, e, f and g indicate statistically significant differences in column (p < 0.05). 

 

 

Characterization of blue dyed-fabric with DMSO extraction method 

 DMSO extraction method is a recognized method for preparing indigo-dyed fabric for determining 

indigo blue with UV-Visible spectrophotometry and other methods [11,32]. The results showed that the 

color of the extract solutions of all blue-dyed samples were appeared similar blue shade color (Figure 1). 

This finding is difficult to classify the types of blue dye by observing with eyes. The analysis by UV-Visible 

spectrophotometry revealed that reactive and direct dyed fabrics exhibit broad peaks within the 500 - 650 

nm wavelength range, lacking clear maximum absorption colors [12]. In contrast, indigo-dyed fabrics 
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display narrow peaks centered at 618 nm, suggesting a deep blue color attributed to a sharp peak of indigo 

blue [31]. 

 

 

 

Figure 1 Spectrum of blue-dyed fabric solutions prepared by extracting with DMSO: (A) reactive and 

direct dyed fabrics and (B) indigo-dyed fabrics. 

 

 The analysis of spectra from blue-dyed fabrics, extracted using DMSO (Table 2), revealed significant 

variations in color characteristics associated with different dyeing methods. The indigo-dyed fabrics (FIBC, 

FNDC, FNDN, FCID 1 and FCID 2) statistically demonstrate higher center and centroid values around 618 

nm (indigo peak in DMSO) compared to reactive and direct-dyed fabrics, excluding FDD peak 2 (p < 0.05).  

Examination of the indigo blue peak revealed several noteworthy characteristics. The peak exhibited 

a broad absorption band ranging from approximately 510 to 680 nm with asymmetrical sides. Additionally, 

there was an elevation in the baseline ranging from 380 to 510 nm compared to the baseline ranging from 

680 to 900 nm. This uneven baseline, it was combined with matrix effects in the sample solution. This can 

affect the distribution of the indigo blue peak and hinder the precise determination of the peak width at its 

base [42]. Therefore, the FWHM values was utilized to characterize the distribution of the indigo blue peak, 

providing a reliable measure of peak width even in the presence of baseline variations.  

This characteristic enhances their effectiveness in accurately pinpointing the indigo peak, supported 

by their lower FWHM values. The right-skewed L/R ratios observed in indigo fabrics contrast with the left-

skewed ratios found in others, and height values do not impact parameters. These finding indicated that the 

analysis of peak characteristics could be used to classify of blue dyes in the extract solution. The statistical 

data were carried out to evaluate the potential of this method for identifying the indigo blue in the blue-

dyed fabric samples. However, the analysis of indigo blue with this method has several important 

requirements. First, all samples must be prepared under identical conditions. Second, the indigo blue peak 

must be narrow absorption band, with an intensity exceeding the baseline. Finally, minimal interference 

from sample matrices is crucial. While DMSO effectively emphasizes color differences, and aiding in fabric 

type identification [11,33]. It is crucial to consider factors such as its cost, potential toxicity and limitations 

in dye identification within the analytical process. 
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Table 2 Characteristics of the spectrum of blue dyed-fabrics prepared by extracting with DMSO. 

Kinds of 

dyed-fabrics 

Characteristics of peak 

Center 

(nm) 

Centroid 

(nm) 

FWHM 

(nm) 
L/R ratio Height (Abs) 

FRD 1 578.60 ± 0.87b 583.35 ± 3.73b 122.44 ± 2.41d 0.84 ± 0.02a 0.26 ± 0.01a 

FRD 2 565.35 ± 0.05a 570.30 ± 1.53a 126.09 ± 3.41e 0.80 ± 0.05a 0.55 ± 0.01g 

FDD 1 (peak 1) 610.15 ± 0.05c 588.99 ± 0.63c 105.19 ± 0.87c 1.81 ± 0.02d,e 0.37 ± 0.02c 

FDD 1 (peak 2) 669.94 ± 0.05e 671.64 ± 0.09e 43.68 ± 0.05a 1.36 ± 0.01b 0.36 ± 0.01b 

FDD 2 610.15 ± 0.05c 588.99 ± 0.63c 105.19 ± 0.87c 1.81 ± 0.02c,d,e 0.37 ± 0.01c 

FIBC 618.74 ± 0.05d 604.89 ± 0.71d 71.38 ± 0.93b 1.75 ± 0.03c,d 0.40 ± 0.01d 

FNDC 618.47 ± 0.40d 604.34 ± 0.16d 71.99 ± 0.80b 1.77 ± 0.02c,d,e 0.53 ± 0.01f 

FNDN 618.74 ± 0.05d 603.53 ± 0.34d 72.10 ± 1.12b 1.82 ± 0.04e 0.62 ± 0.01h 

FCID 1 618.74 ± 0.05d 604.76 ± 0.16d 71.08 ± 0.74b 1.74 ± 0.02c 0.39 ± 0.01d 

FCID 2 618.73 ± 0.04d 604.31 ± 0.28d 71.93 ± 0.72b 1.77 ± 0.02c,d,e 0.51 ± 0.01e 

Note: The letters a, b, c, d, e, f, g and h indicate statistically significant differences in column (p < 0.05). 

 

 

Characterization of blue-dyed fabric with sulfonation method 

The sulfonation method is different from the DMSO extraction method. It was developed for 

identifying the indigo-dyed fabric by derivatizing indigo blue to be indigo carmine [19]. Figure 2 showed 

the distinct spectral signatures of different dye types. Fabrics dyed with reactive and direct dyes with 

reactive and direct dyes, prepared through the sulfonation method, commonly manifest a blue or violet 

color. This coloration is associated with the absorption of light, and spectrophotometric analysis typically 

indicates peak absorbance in the 544 - 595 nm range. Meanwhile, indigo-dyed fabrics exhibited peak 

absorbance at 610 - 614 nm, also within the blue range of indigo carmine [18,34]. 

Furthermore, the findings revealed that the solutions from indigo-dyed fabrics turned yellow upon 

NaOH treatment. On the other hand, the solutions from direct and reactive-dyed fabrics did not change to 

be a yellow color. Upon exposure to NaOH, indigo carmine undergoes deprotonation, transforming from 

its blue acidic form to a yellow salt form [43]. During this reaction, NaOH reacts with acidic hydrogen ions 

in the dye, giving water and the sodium salt of indigo carmine [44]. These outcomes authenticate the 

efficacy of the sulfonation method in converting indigo blue from indigo-dyed fabrics into indigo carmine, 

providing an alternative method to distinguish indigo-dyed fabrics from other blue-dyed fabrics. 

 



Trends Sci. 2021; 21(9): 8043   9 of 16 

 

Figure 2 Spectrum of blue-dyed fabric solutions prepared using the sulfonation method: (A) reactive and 

direct dyed fabrics, (B) indigo carmine prepared from indigo-dyed fabrics, and (C) indigo carmine testing 

with NaOH. 

 

 

Table 3 illuminates unique spectral characteristics associated with the indigo carmine peak in fabrics 

dyed using various indigo dye types, differentiating them from fabrics dyed with reactive and direct dyes. 

The indigo carmine maxima consistently exhibit a blue-shift across diverse sources (608.53 - 613.47 nm), 

distinctly differing (p < 0.05) from those observed with reactive and direct dyes (595.23 - 569.17 nm and 

551.30 - 544.53 nm). This consistent blue shift signifies a hypsochromic shift in indigo dyes, compared to 

the more intricate structures of reactive and direct dyes [35,36]. 

The analysis revealed that there was no significant difference (p > 0.05) in the FWHM values of 

indigo carmine peaks across fabrics dyed with various types of indigo dye (ranging from 88.38 to 90.11 

nm). However, the FWHM of the reactive and direct-dyed fabric solutions (ranging from 107.63 to 160.84 

nm) was significantly broader than that of the indigo-dyed fabric solutions (p < 0.05). The asymmetry 

factor, calculated from the L/R ratio of the peaks, showed that the L/R ratio for indigo carmine peaks ranged 

from 1.15 to 1.28, representing a substantial increase compared to reactive and direct dyes (which ranged 

from 0.90 to 0.77). This signifies heightened asymmetry in the peak shape, characterized by a sharper ascent 

on the leading edge. These findings align with the intrinsic properties of indigo carmine and its distinct 

chromophore structure, distinguishing it from the complex structures found in reactive and direct dyes 

[18,35,36]. 

Accordingly, the sulfonation method shows promise in differentiating indigo-dyed fabrics from those 

dyed with reactive and direct dyes. The unique spectral attributes, such as a continual shift towards blue, 

reduced FWHM values and an elevated asymmetry factor, function as distinguishing indicators. The 

characterization of the indigo carmine peak can be used to identify indigo-dyed fabric. Furthermore, this 

method serves as a primary screening method through a simple reaction involving treatment with NaOH. 

It offers a cost-effective alternative to the DMSO extraction method. However, it requires proper conditions 

to minimize the effects of matrices in the solvent, similar to the DMSO extraction process. 
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Table 3 Characteristics of the spectrum of blue dyed-fabrics prepared with sulfonation method. 

Kinds of 

dyed-fabrics 

Characteristics of peak 

Center 

(nm) 

Centroid 

(nm) 

FWHM 

(nm) 
L/R ratio 

Height 

(nm) 

FRD 1 595.23 ± 0.40d 601.36 ± 0.59c 107.63 ± 1.42b 0.90 ± 0.003b 0.30 ± 0.018de 

FRD 2 569.17 ± 1.12c 580.21 ± 0.84b 146.49 ± 0.44c 0.90 ± 0.003b 0.36 ± 0.013f 

FDD 1 551.30 ± 0.87b 583.71 ± 2.74b 160.84 ± 6.59d 0.77 ± 0.025a 0.11 ± 0.003a 

FDD 2 544.53 ± 2.24a 570.06 ± 0.85a 140.57 ± 0.88c 0.66 ± 0.034a 0.30 ± 0.009de 

FIBC 610.20 ± 0.79e 608.53 ± 0.79e 90.01 ± 0.25a 1.15 ± 0.032c 0.33 ± 0.024ef 

FNDC 611.53 ± 0.75e 607.41 ± 2.38e 88.38 ± 1.55a 1.24 ± 0.061cd 0.18 ± 0.010b 

FNDN 611.03 ± 0.40e 607.19 ± 1.35e 89.56 ± 1.63a 1.21 ± 0.032cd 0.26 ± 0.007c 

FCID 1 613.47 ± 0.81e 608.96 ± 1.14e 90.11 ± 2.78a 1.24 ± 0.061cd 0.071 ± 0.0005a 

FCID 2 610.80 ± 1.20e 604.29 ± 0.15e 89.55 ± 0.01a 1.28 ± 0.004d 0.27 ± 0.010cd 

Note: The letters a, b, c, d, e and f indicate statistically significant differences in column (p < 0.05). 

 

Method validation of the proposed method 

The precision assessment of the sulfonation method for analyzing indigo-dyed fabric samples 

involved evaluating various peak characteristics and calculating their relative standard deviation (%RSD). 

Table 4 presents results from both intra-day and inter-day analyses, including repeatability and 

reproducibility tests. The FWHM values were 100.76 ± 4.30 nm for intra-day and 102.59 ± 1.62 nm for 

inter-day analyses. The %RSD values for repeatability and reproducibility tests were 4.27 and 1.58 %, 

respectively. The center and centroid values demonstrated high precision, with %RSD values ranging from 

0.10 to 0.87 %. Similarly, the R/L ratio and height measurements exhibited acceptable %RSD values, 

indicating good repeatability and reproducibility. These consistent and reliable findings highlight the 

reliability of the sulfonation method in precisely characterizing indigo carmine peaks from the indigo-dye 

fabric sample. 

 

Table 4 Precision of the sulfonation method for analyzing the indigo-dye fabric sample.  

Peak 

characteristics 

Values Precision (%RSD) 

Intra-day analysis Inter-day analysis Repeatability Reproductivity 

FWHM (nm) 100.76 ± 4.30 102.59 ± 1.62 4.27 1.58 

Center (nm) 613.05 ± 0.62 613.34 ± 0.95 0.10 0.15 

Centroid (nm) 602.07 ± 0.93 608.05 ± 5.27 0.15 0.87 

R/L ratio 134.35 ± 6.51 131.75 ± 2.33 4.84 1.77 

Height (abs) 0.17 ± 0.0081 0.17 ± 0.0080 4.76 4.97 

 

Figure 3 shows the spectral analysis of indigo carmine derived through the sulfonation method across 

various treatments (A = cotton yarn, B = indigo carmine standard, C = indigo blue standard, D = cotton 

yarn spiked with indigo carmine standard, E = cotton yarn spiked with indigo blue standard). It was 

observed that all treatments exhibited consistent spectra, emphasizing the reliability of the proposed 

method. Treatment with NaOH resulted in a yellow color in all solutions, confirming the successful 
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conversion of indigo blue to indigo carmine. This finding highlights the efficacy of the proposed method 

even with complex matrices in the solution [41,42]. 

 

 

Figure 3 Accuracy verification of the proposed method: (a) spectra of indigo carmine derived from different 

substrates prepared using the sulfonation method, (b) indigo carmine solution before treatment with NaOH, 

and (c) indigo carmine solution after treatment with NaOH. 
  

An intriguing observation from Table 5 is the comparison of the FWHM of the indigo carmine 

standard (treatment A) peak with those resulting from different treatments (B, C and D). The observed 

discrepancies in peak width underscore the influence of matrix effects, a well-understood phenomenon in 

UV-Visible spectrophotometry. The sulfonation process, which involves treating cellulose with 

concentrated sulfuric acid, introduces sulfonic acid groups into the cellulose polymer chains. This chemical 

modification creates a more complex sample matrix during analysis, potentially broadening the peaks of 

the obtained indigo carmine compared to the pure standard. Despite the broadening effect, the measured 

center, R/L ratio and height values of indigo carmine peaks across all treatments remain statistically similar 

(p > 0.05). 

Furthermore, the comparison of peak attributes from treatments B, C, D and E to those of indigo-dyed 

fabrics (Table 6), all falling within acceptable control ranges, further supports the method’s reliability. 

However, variations in peak center shifts and width among fabric samples underscore the necessity of 

meticulous statistical evaluation for effective screening and quality assessment. To enhance accuracy, 

especially for suspected non-authentic fabrics, leveraging complementary techniques alongside UV-Visible 

spectrophotometry is advisable, ensuring comprehensive and reliable testing outcomes consistent with 

spectroscopic analysis principles [39,40]. 

 

Table 5 Accuracy of the sulfonation method for analyzing the indigo-dye fabric sample. 

Treatments 

Peak characteristics 

FWHM 

(nm) 

Center 

(nm) 
R/L ratio 

Center 

(nm) 

Height 

(abs) 

A n.d. n.d. n.d. n.d. n.d. 

B 86.69 ± 0.42a 610.60 ± 0.20a 1.25 ± 0.011a 603.36 ± 1.04a 0.70 ± 0.021a 

C 89.26 ± 0.53b 610.14 ± 0.046a 1.27 ± 0.021a 604.23 ± 0.041a 0.72 ± 0.009a 

D 89.76 ± 0.71b 610.15 ± 0.036a 1.27 ± 0.017a 605.35 ± 0.091a 0.71 ± 0.007a 

E 89.26 ± 0.53b 610.14 ± 0.046a 1.28 ± 0.015a 605.23 ± 0.041a 0.69 ± 0.010a 

Note: The letters a and b indicate statistically significant differences in column (p < 0.05) and n.d. = not 

detected. 
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Characterization of indigo dyed-fabric fabric samples 

The examination of peak characteristics in meticulously prepared indigo-dyed fabrics by utilizing 

sulfonation and UV-Visible spectrophotometry was applied to study the quality of natural indigo-dyed 

fabrics (n = 51) from the producer in Skon Nakhon Province (Table 6). The results showed that the center 

value (611.79 nm) in the red spectrum is a precise marker for indigo dye, highlighted by its consistency 

shown through a narrow control range (607.02 - 616.56 nm) and low CV (0.26 %). This parameter 

distinguishes indigo colors and identifies specific types, such as indigo carmine (around 610 nm), from 

other blue dyes. However, slight variations in the center value may arise from differences in fabric matrices 

and dyeing processes [5,19]. 

The closely aligned centroid (609.31 nm) is highly sensitive to FWHM but maintains a narrow control 

range (601.11 - 617.52 nm) and low CV (0.45 %). This alignment reflects both color purity and adherence 

to rigorous analytical principles. The L/R ratio (1.17) suggests peak symmetry, further supported by the 

control range (0.98 - 1.36). However, a higher CV (5.45 %) indicates some variability, highlighting the 

importance of considering peak shape symmetry in analysis. 

The crucial FWHM (94.71 nm) exhibits variability within the control range (84.28 - 105.13 nm) but 

boasts a low CV (3.67 %), emphasizing consistent width measurement. The independence of the method 

from color intensity is demonstrated by the fact that peak height does not affect the values of center, 

centroid, FWHM, or L/R ratio. This comprehensive approach empowers the classification and evaluation 

of indigo-dyed fabrics, providing valuable quality assessment across various color intensities. 

 

 

Table 6 The statistical analysis of peak characteristics obtained from the spectra of indigo-dyed fabric 

samples. 

Statistics parameters 
Characteristics of peak (n = 51) 

Center (nm) Centroid (nm) FWHM (nm) L/R ratio 

Average value (𝑋̅) 611.79 609.31 94.71 1.17 

Standard deviation (σ) 1.59 2.73 3.47 0.06 

CV (%) 0.26 0.45 3.67 5.45 

Control range     

-Lower values (𝑋̅ – 3σ) 607.02 601.11 84.28 0.98 

-Upper values (𝑋̅ + 3σ) 616.56 617.52 105.13 1.36 

Correlation with peak height (r) 0.652 0.650 0.066 0.416 

 

 

The data obtained through spectrum analysis forms the foundation for quality control assessments. 

Peak characteristics, including center, centroid, L/R ratio, and FWHM, are meticulously analyzed, and 

control charts for each parameter are provided for a comprehensive evaluation [24-26,37]. Figure 4 

illustrates that most indigo-dyed fabric samples conform to the defined control limits for center, centroid, 

FWHM and L/R ratio. However, a small number of samples deviate from these standards, as shown in 

Figure 5, suggesting the possible use of alternative dye colors. This enhanced method, empowered by 

sulfonation, effectively serves as an initial classifier for distinguishing types of indigo-dyed fabrics from 

blue-dyed fabrics. For samples outside the control limits, further verification using other techniques such 

as FT-IR and HPLC will be carried out. 
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Figure 4 Control chart of (A) center, (B) centroid, (C) FWHM, and (D) L/R ratio of indigo-dyed fabric 

samples (n = 51). 

 

 

Figure 5 Spectrum of (A) the out-of-control value samples and (B) the in-control value samples. 

 

 

Conclusions 

The study introduces and evaluates a novel sulfonation technique tailored to differentiate blue-dyed 

fabrics containing reactive, direct and indigo dyes. This method efficiently derivatizes indigo blue into 

indigo carmine, leading to unique spectral features that are crucial for identifying indigo-dyed fabrics. UV-

Visible spectrophotometry confirmed the effectiveness of this approach in spectral discrimination. The 

proposed method served as an initial quality control classifier, and statistical analysis of peak characteristics 

such as Center, Centroid, FWHM and L/R ratio established control charts for indigo fabrics, enabling 

comprehensive quality evaluation. The accuracy and reliability of this method depend on several factors, 
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including consistent sample preparation, obtaining narrow and intense analyte peaks and minimizing 

background signals from sample matrices. Accordingly, the proposed method demonstrated good precision 

and accuracy. Deviations observed in some samples suggested the presence of alternative dyes, warranting 

further verification using complementary techniques. This research offers valuable insights into the 

production of indigo-dyed fabrics in Sakon Nakhon Province, providing promising methods for fabric 

authentication, provenance studies and quality control. The proposed method enhances authenticity, 

improves quality assurance and contributes to the overall success of the indigo-dyed fabric production 

chain. 
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