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Abstract: The textile industry generates large volumes of waste throughout its production process. Most of this waste is colored, therefore, discoloration is an important step toward recycling and reusing this waste. This study focused on the chemical reductive discoloration of textile waste composed of cotton dyed with reactive dye. The experimental design demonstrated the significant influence of the concentration of reducing agent and time of reaction on the degree of whiteness of the cotton fibers. The concentration of the alkaline agent was not significant in the process. The optimization of the reaction conditions lead to Berger degree of 50.5 ± 3.5. The discolored cotton was chemically recycled through dissolution in ionic liquid 1-ethyl-3-methylimidazolium chloride and regeneration in film form in water. The microstructure of the regenerated cellulose films was evaluated by Scanning Electron Microscopy (SEM) indicating complete dissolution and uniform regeneration. The discoloration process reduced the polymerization degree and crystallinity index of the cotton fibers but retained the cellulose I structure. The dissolution and cellulose regeneration process results in transparent films with an amorphous structure. The thermal behavior, evaluated by thermogravimetric analysis, indicated that residues and regenerated film presented a main decomposition step. The maximum decomposition rate temperature of the regenerated films was approximately 40°C lower than the cotton fibers, which correlates well with the reduction in polymerization degree and amorphous structure. In general, the study demonstrated that textile cotton waste dyed with reactive dyes can be chemically discolored to form transparent and amorphous films, contributing to the development of sustainable strategies for the textile industry.
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1  Introduction

Cotton is the most used natural fiber in the textile industry, representing 30% of total fiber production in the world [1]. The various stages of industrial cotton processing, such as spinning, weaving, and brushing, generate a large amount of solid waste. Most of these solid wastes are dyed by reactive dyes, which form a covalent bond with the cellulose in the fiber, imparting excellent fastness properties with relative ease of application [2]. These wastes have low added value and can be incinerated to generate heat or electricity energy. However, in the case of dyed waste, harmful gases can be released during incineration. If landfilled, the release of dye components during the degradation of the textile substrate can contaminate soil and water [2,3]. This is considered the least favored waste management method [4].

A promising alternative for reusing dyed cotton waste, which is mostly composed of cellulose, is the production of regenerated cellulose through chemical recycling. The dissolution of cellulose in ionic liquids, especially imidazole types, has gained prominence due to its dissolution efficiency and the possibility of recovering the solvent, resulting in a more sustainable and less harmful process to the environment [5,6]. As waste can have different colors, standardization can be done with a color removal procedure for more efficient use. Although some studies have used pre-and post-consumer cotton waste to obtain regenerated cellulose fibers or films using ionic liquids [1,7], the influence of color removal on physicochemical properties is poorly understood.

Discoloration of colored cotton fabric residues dyed with reactive dyes can be achieved through alkaline reduction [7]. A traditionally alkaline agent is sodium hydroxide, which breaks the covalent bond between the dye and cotton fiber via hydrolysis. The sodium hydrosulfite, in contrast, is responsible for the reduction reaction that will destroy the chromophore [8,9]. Although reduction reaction is well established in the textile field, literature is scarce regarding the single or joint effect of the time and concentration of reagents (reducing and alkaline agents) on the discoloration result. Optimization studies of reductive discoloration can lead to low reaction times and smaller amounts of reagents, which implies milder process conditions, reduced costs, and effluents with lower chemical loads, which is relevant for the textile sector.

In this work, reductive discoloration of dyed cotton waste from the textile brushing process was evaluated using an experimental design varying the reagents concentration and time of reaction. From the best discoloration condition, chemical recycling was performed by dissolving discolored cotton in ionic liquid and regeneration in transparent films. In addition to optimizing reaction conditions, the novelty of this study lies in the use of discolored waste to obtain regenerated cellulose via ionic liquid and to evaluate the effect of discoloration on crucial properties such as degree of polymerization, crystallinity, and thermal behavior.

2  Methodology

2.1 Materials

A green-colored cotton waste from the textile brushing process was donated by a company located in Apiúna (Brazil). The choice of pure cotton waste to be discolored is justified by its high cellulose content, which is relevant for efficient subsequent chemical recycling. The trichrome of the green dye is presented in Table 1.
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Commercial cotton fiber (Cremer®, hydrophilic, H2O2 bleached, free of any optical brightener) was used as a white standard. The reagents used in the reductive decolorization were sodium hydroxide P.A. (Ciacco) and sodium hydrosulfite P.A (Exodus Científica). The ionic liquid 1-ethyl-3-methylimidazolium chloride ([EMIM]Cl) (Sigma-Aldrich) was used for the dissolution of the cellulose and an aqueous solution of cuproethylenediamine 1 M (CUEN) (Sigma-Aldrich) was used for the determination of the degree of polymerization.

2.2 Chemical Treatment Discoloration

The chemical discoloration of the cotton waste was performed based on the NBR 13538 standard [10].

Samples of cotton waste (0.2 g), previously dried for 30 min at 60°C in an air renewal and circulation oven (New Lab, NL 82-81), were inserted in a 200 mL solution composed of sodium hydroxide (NaOH) and sodium hydrosulfite (Na2S2O4) at specific concentrations. The experiments were conducted under constant magnetic stirring, in a glycerin bath at 85°C. After the discoloration procedure, the samples were dried at 60°C for 30 min.

A full factorial experimental design 23 was conducted with repetition at the central point and axial points, to develop a statistical model to determine the conditions of the process that maximize the color removal and, consequently, achieve a higher degree of whiteness (Berger degree). Through this experimental design, the effects of the following factors on the Berger degree were evaluated: concentration of Na2S2O4 (x1) and NaOH (x2), as well as discoloration time (x3), according to the levels presented in Table 2.
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The relevance of these reagents as variables was highlighted in the recent study by Wang et al. [9], who evaluated the individual use of NaOH, dithionite, and the two reagents combined in the decolorization of cotton with different chromophores. The authors set the reaction time at 80 min and the temperature at boiling or 80°C. In the present study, the temperature was set at 85°C, a condition usually used in industry and presents energy savings compared to the boiling temperature. Therefore, all discolorations were carried out with both reagents and the isolated and interaction effects of the variables were statistically evaluated. The experimental design generated in this study and the statistical analysis of the results obtained were performed using the Statistica® 12.0 software, with a significance level (α) of 5% and a confidence interval of 95%.

2.3 Degree of Whiteness

The degree of whiteness of the discolored fibers was measured in terms of Berger degree in a reflectance spectrophotometer (DATACOLOR 500) using illuminant UV D65/10 and 9 mm opening. The commercial cotton fiber sample was used as a white standard. The measurements were performed at four different points of the samples.

2.4 Dissolution and Regeneration of Cellulose

For dissolution, a sample of 0.09 g cotton from the best condition of the reducing discoloration was added to 3 g of ionic liquid [EMIM]Cl. The mixture was heated at 110°C in a glycerin bath and stirred for 2.5 h [11]. Then, the cellulose solution was poured into a 5 cm diameter Petri dish and spread evenly to form a homogeneously thick film. The coagulation of the cellulose occurred after 15 mL of deionized water was added to the solution and remained for 15 min. The solidified cellulose film was washed several times with deionized water until the ionic liquid was completely removed and then dried at 60°C for 30 min.

2.5 Scanning Electron Microscopy (SEM)

The morphology of the surface and cross-section of the regenerated film was evaluated by Scanning Electron Microscopy (SEM). The SEM images were performed using a scanning electron microscope JEOL (model JSM-6390LV). The samples were placed on carbon disks with gold coating before obtaining the images.

2.6 Degree of Polymerization (DP)

The degree of polymerization of the cotton fibers and the regenerated films was evaluated following the ASTM D1795-13/2021 standard. The previously dried samples of fibers or films (0.018 g) were added to 17.5 mL of deionized water and 17.5 mL of 1 M of copper (II) ethylene-diamine solution (CUEN) in an Erlenmeyer-containing sphere glass. The system was stirred in an orbital shaker (NL-343-01, New Lab) under a nitrogen atmosphere for 3 h at 150 rpm and a temperature of 25°C. After this period, 7 mL of the mixture was transferred to the viscometer Cannon-Fenske n° 75 and kept in a water bath at 25°C to measure the flow time. The DP was obtained by Eq. (1).


DP=(η)×190
(1)

where (η) is the intrinsic viscosity, calculated from Eq. (2).


logηspc=log⁡η+k×η×c
(2)

In Eq. (2), ηsp is the specific viscosity, c is the polymer concentration (g/dL), and k is Martin’s constant.

The specific viscosity is determined from the relative viscosity (ηrel), which correlates the outflow time of the CUEN-cellulose solution (t) and the outflow time of the CUEN solution (t0), as Eq. (3).


ηsp=ηrel−1=tt0−1
(3)

2.7 X-Ray Diffraction (XRD)

XRD studies of the samples were carried out using an X-ray diffractometer (MiniFlex600 model, Rigaku) operating at 45 kV and 40 mA. The diffraction intensity was measured in the reflection mode at a rate of 0.1°/min for 2 (θ) = 5 – 90° [12]. The crystallinity index was calculated by Segal’s method using Eq. (4).


CrI=I200−IamI200×100
(4)

where I200 is the height intensity of the crystal plane (at 22.6° of 2θ for cellulose I, and 20.2° of 2θ for cellulose II), and the Iam refers to the minimum intensity of diffraction attributed to amorphous cellulose between planar reflections (110)/(200) and (1–10)/(110) for celluloses I and II, respectively [13].

2.8 Fourier Transform Infrared Spectroscopy (FTIR)

The identification of functional groups in the structure of cotton fibers and regenerated films was performed by FTIR in Attenuated Total Reflection (ATR) mode in Cary 660 FTIR equipment (Agilent Technologies, Denver, CO, USA), in the range of 4000–400 cm−1 and resolution of 4 cm−1.

2.9 Thermogravimetric Analysis (TGA)

The thermal stability of the cotton samples and regenerated films was evaluated using a STA 449-F3 Jupiter (Netzsch, Selb, Germany). Samples with approximately 10 mg were heated from room temperature to 600°C, at a rate of 10°C.min−1, under a nitrogen atmosphere with a flow rate of 60 mL.min−1.

3  Results and Discussion

3.1 Chemical Treatment Discoloration

According to the experimental design, reducing discolorations were performed using sodium hydrosulfite and sodium hydroxide at different concentrations and times of reaction. Table 3 shows the results of the measurements of Berger degree using commercial cotton fiber as a standard.
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The highest Berger degree was obtained for the treatment 13 (35.96 Berger degrees), which indicated that the conditions used in this discoloration reaction (48 g/L Na2S2O4, 16 g/L NaOH and 60 min) resulted in cotton fibers with a degree of whiteness closest to the standard.

The effect of the dependent variables (concentrations and time of reaction) on reducing discoloration is shown in Table 4. The linear variables that presented an isolated effect were time, with the greatest effect, and Na2S2O4 concentration. The other variables, linear and quadratic and interaction, did not show significant effects.
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The reaction time had a positive effect on the Berger degree, indicating that more time is needed to remove the color. This may be related to the difficulty of accessing dyes covalently linked to cellulose since the morphology of the cotton fiber is complex and arranged in layers in the structure of the cotton fiber [14]. However, increasing the reaction time can also compromise the fiber, reducing the degree of polymerization.

On the other hand, Na2S2O4 concentration had a significant negative effect. This means that increasing the concentration results in a lower degree of reduction in discoloration, possibly due to over-reduction, excessive damage to the material, or the formation of unwanted by-products.

Under the conditions studied, the NaOH concentration was insignificant for the color removal reaction. This result indicates that the lowest level of NaOH concentration studied (10 g/L) is sufficient for the reduction reaction. This explanation is corroborated by the negative sign of the effects of this variable, which despite not being significant, are both negative. Despite being a component that must be present in the cotton discoloration process, lower concentrations of NaOH reduce the risk of cellulose degradation and favor a better resistance of the cellulose material obtained in the subsequent dissolution process.

The analysis of the response surface of the interaction between time and sodium hydrosulfite, shown in Fig. 1, indicates that, regardless of the test time employed, the concentration of Na2S2O4 exhibits a beneficial effect by increasing the concentration until it reaches 48 g/L. However, the Berger degree declines for higher values, indicating that Na2S2O4 becomes detrimental to the process, as demonstrated by the negative significant effect value. In addition, the interaction surface confirms the positive effect of time, revealing that longer test times are associated with greater discoloration.

[image: images]

Figure 1: Graph of variable interactions between Na2S2O4 and time

The ANOVA analysis (Table 5) proves that the isolated linear effects of time and Na2S2O4 concentration have a statistically significant interference in the degree of whiteness, based on the 95% confidence level. This means that these variables have an important impact on the response studied. The ANOVA analysis resulted in a coefficient of determination (R2) of 0.85287, indicating that about 85% of the variability in the degree of whiteness can be explained by the variation of the proposed factors (time of reaction, NaOH concentration and Na2S2O4 concentration), with low external interference and good reproducibility to green reactive dye. This information is relevant because a high R² value indicates that the factors considered in the model can explain a large part of the variability observed in the response studied. The values obtained in the analysis of the curvature of the quadratic predictive model (Eq. (5)) demonstrated a good fit for the observed data. Thus, it can be considered that the model allows predicting values of discoloration of reactive green dye-cotton for several intermediate values of the studied factor, under conditions imposed by the independent variables (x1, x2, and x3). The 15% difference between the experimental data and the predicted values (R2) can be adjusted by choosing the dye color without color deviation in the final product. Furthermore, analyzing the residual variance, the lack of fit test was not significant (p-value > 0.05) for the prediction model, implying that the experimental data were well adjusted.
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The simplified regression predictive model (coded variables) was obtained by excluding non-significant regression coefficients for predicting the Berger degree (Eq. (5)).


y=14.52−6.16x12+8.16x2
(5)

where x1 represents the encoded sodium hydrosulfite concentration and x2 represents the encoded time.

Desirability is a statistical technique often used in process optimization, aiming to find the optimal combination of independent variables that simultaneously satisfy the desired criteria for the dependent variables. It allows different criteria to be considered and combined into a single desirability function, making it easier to find the optimal operating point [15]. In the context of chemical decolorization, desirability was employed to optimize the process, i.e., to find the ideal concentrations of the independent variables (Na2S2O4, NaOH, and reaction time) that provide the best possible Berger degree. The optimum point, determined by desirability analysis (Fig. 2), corresponds to concentrations of 42.6 g/L of Na2S2O4, 22 g/L of NaOH, and a time of 90 min.
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Figure 2: Application of desirability to optimize the Berger degree

The experiment was repeated in duplicate, resulting in a Berger degree of 50.5 ± 3.5, validating these reaction conditions. Fig. 3 shows a comparative image between the original residue (a) and the discolored residue under optimal conditions, providing visual evidence of the success achieved in discoloration. Therefore, 42.6 g/L of Na2S2O4, 22 g/L of NaOH, and 90 min of reaction were selected to study the recycling of discolored waste by regenerating cellulose into films after dissolution in ionic liquid. Using the optimized sample in recycling is relevant considering the application of cellulose regenerated films since the greater whiteness degree tends to result in greater transparency.
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Figure 3: Green residue (a) discolored green residue (b) and regenerated film of the discolored green residue (c)

Li et al. [2] decolorized cotton fabric waste dyed with dark blue reactive dyes and achieved a decolorization efficiency of 90.9% after 90 min of treatment using 25 g/L of Na2S2O4, but at a temperature of 90°C. Bigambo et al. [16] discolored fabrics dyed with reactive dyes and post-consumer denim fabric, using 30 g/L of Na2S2O4, and 40 g/L of NaOH at a temperature of 80°C for 1 h. This treatment removed part of the dyes reactive agents (Black 5, Blue 19, and Red 228) of dyed fabrics. To obtain a more efficient decolorization, these authors employed a combined treatment involving H2SO4/Na2S2O4/H2O, resulting in the production of white regenerated fibers through the Lyocell/NMMO process.

It is noteworthy that the chromophore groups and active groups of the reactive dyes influence the discoloration process, as pointed out by Wang et al. [9]. Therefore, the obtained conditions are optimized for green reactive dye, which has more than one chromophore group. Substrates with other colors and containing a single chromophore group may require milder conditions.

3.2 Dissolution and Regeneration of Cellulose

After the dissolution of the discolored waste in ionic liquid, the cellulose was regenerated using water as an antisolvent and formed a transparent and macroscopically homogeneous film (Fig. 3).

The morphology of the regenerated films from discolored cotton was investigated by SEM and the results (Fig. 4) show a predominantly regular, dense, and homogeneous microstructure, with no evidence of pores and undissolved fibers.
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Figure 4: SEM images of cellulose films at (a) Surface morphology at 100× magnification, (b) Surface morphology at 1000× magnification, (c) transverse morphology at 100× magnification, and (d) transverse morphology at 1000× magnification

3.3 Degree of Polymerization (DP)

The DP values of the green residue, discolored residue, and its regenerated film are shown in Fig. 5.
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Figure 5: Degree of polymerization (DP) of green and discolored waste samples and their regenerated film

The results indicate that the DP of discolored waste was significantly (p < 0.05) lower than green waste. This means that the discoloration process affected the cellulose molecular chain, leading to depolymerization and compromising the structural integrity of the cellulose-containing material.

The regenerated film also presented a significant reduction in DP compared to the discolored waste, which was the cellulose raw material. This phenomenon occurs due to the interaction between the ionic liquid and the cellulose molecular chains during the dissolution stage. This interaction leads to the breaking of hydrogen bonds, both intramolecular and intermolecular [17,18]. During the regeneration process, changes involve the rearrangement of molecular chains into smaller structures, the formation of amorphous molecular structures, and the degradation of cellulose, resulting in a reduced DP [19,20].

The results are consistent with the literature [21]. For example, Li et al. [2] investigated the discoloration of cotton waste dyed with reactive dyes, which presented a DP of 1327. For the regenerated films, the values observed corroborate the DPs demonstrated by De Silva et al. [1], who used textile waste as a source of cellulose and 1-allyl-3-methylimidazolium chloride, [AMIM]Cl, for the dissolution process at 100°C. The DP obtained for the regenerated film in this study was 550.

3.4 X-Ray Diffraction (XRD)

The XRD profiles revealed distinct characteristics for the residues and the regenerated cellulose film, as illustrated in Fig. 6. The green residue and the discolored residue exhibited diffraction angles typical of cellulose I (2θ) around 14.8°, 16.6°, 22.4°, and 34.5°, corresponding to the crystallographic planes (1–10), (110), (200) and (004), respectively [22,23]. The green and discolored residue’s crystallinity index (CrI) was 78.0% and 74.5%, respectively. This reduction in CrI of the discolored residue corroborates the lower degree of polymerization obtained for this sample. On the other hand, in the regenerated cellulose film, a broad peak at 2θ = 20.6° was observed in the XRD patterns, indicating an amorphous structure [24] The formation of amorphous films upon dissolution in ionic liquids has been corroborated by previous studies [25,26]. According to Sundberg et al. [26], the rapid regeneration process solidifies the disordered state of cellulose molecules in the ionic liquid solution, preventing recrystallization.
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Figure 6: XRD patterns of the green residue, discolored residue samples, and their regenerated film

3.5 Infrared Spectroscopy (FTIR)

The FTIR spectrum of the discolored residue and the regenerated film are shown in Fig. 7. For all samples, a wide absorption band between 3100–3600 cm−1 was identified, corresponding to the elongation vibration of the OH groups, indicating the presence of inter-and intramolecular hydrogen bonds in the cellulose chains [22]. Symmetrical elongation vibration of −CH was observed at 2900 cm−1 [23] and deformation of CH2 groups at 1430 cm−1.
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Figure 7: FTIR spectra of the green residue, discolored residue samples, and their regenerated film

The absorption band at 1313 cm−1 in the regenerated film is associated with CH2 shear vibration. These results suggest that intramolecular hydrogen bonds containing O6 have been destroyed [27]. The absorption bands in the range of 1064 cm−1 are related to the vibration of the anhydroglucose ring C-O-C [28]. The strong absorption band at 1027 cm−1 is attributed to the characteristic elongation of the C-O-C bonds. In addition, the band at 894 cm−1 is associated with the amorphous region of cellulose, corresponding to the β bond of cellulose [1].

The absorption bands at 1430, 1162, 1111, and 893 cm−1 are important for the analysis of cellulose crystallinity and the changes that occur during the dissolution process [29]. The characteristic bands of cellulose I at 1430, 1162, and 111 cm−1, present in the residue sample, were not found in the cellulose film sample. On the other hand, the band at 1420 cm−1, present in the film spectrum, is characteristic of cellulose II and amorphous cellulose [23]. In addition, the most significant and well-defined band at 893 cm−1 confirms the absence of cellulose I in the regenerated cellulose film and is also related to amorphous cellulose [29]. Based on these results, it can be stated that the regenerated cellulose film is composed mostly of amorphous cellulose, corroborating the data obtained in the XRD analysis.

3.6 Thermogravimetric Analysis (TGA)

The thermal behavior of the green and discolored waste samples and the regenerated film was investigated by TGA and the weight loss (TG) and weight loss derivative (DTG) results are presented in Fig. 8a,b, respectively.
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Figure 8: TG (a) and DTG (b) of the green residue, discolored residue sample and their regenerated film

The first stage of mass loss occurred between 70°C and 170°C in both samples and is attributed to the water desorption process due to the moisture absorbed [23]. The second stage is associated with the depolymerization, dehydration, and decomposition of cellulose [22]. As described in Table 6, the initial temperature (Tonset) of the decomposition process for the green and discolored residue sample was higher than the regenerated film. The maximum decomposition rate temperature (Tmax) occurred at 387°C for the waste samples and 345°C for the regenerated film. Thermal stability is closely linked to crystallinity, as cellulose pyrolysis gradually progresses from the non-crystalline zone to the crystalline zone [1,30]. According to Wang et al. [30], cellulose samples with lower crystallinity start to degrade at lower temperatures due to the formation of a liquid intermediate, reducing activation energies and accelerating dehydration reactions. Therefore, the cellulose in the green and discolored waste sample showed a higher decomposition temperature and greater stability than the regenerated cellulose film, which showed an amorphous structure after the dissolution process. In the main stage of degradation, the mass loss was 77% and 71% for the green and discolored residue, respectively. For the regenerated film, a mass loss of 52% was observed. The reduction in mass loss of the regenerated film can be attributed to the prevalence of amorphous regions in the samples [7]. As shown in Table 6, it is noted that the percentage of residual mass at 600°C in the discolored residue (6%) was lower than that in the green residue (15%). This disparity may be associated with the discoloration process suffered by discolored residue. The carbon residue at 600°C was higher for the regenerated film, which may be linked to the non-crystalline content; in other words, an increase in non-crystalline content could lead to a higher carbon yield [21].
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4  Conclusion

This study evaluated the discoloration of dyed cotton waste using the chemical reductive method. The time of reaction and concentration of the reducing agent have a statistically significant interference in the degree of whiteness. Through optimization, a Berger degree of 50.5 ± 3.5 was achieved after discoloration of the green cotton waste. Compared to the properties of the original residue, the discolored residue showed a lower degree of polymerization and degree of crystallinity but maintained the structure of type I cellulose. Thermal stability was little affected by the discoloring process. The film obtained from the dissolution of discolored cotton in ionic liquid presented transparency, homogeneity, and a smooth surface. SEM images confirmed the complete dissolution of cellulose in the film. The regeneration process resulted in amorphous films and in thermal stability and degree of polymerization lower than the discolored residue, but similar to commercial cellulose products.

These findings are relevant to the advancement of knowledge in the area of textile discoloration, providing valuable information for the development of more efficient and sustainable strategies for treating reactive dye residues on cotton substrates. This approach can pave the way for improvements in the treatment of textile waste and contribute to reducing the environmental impact associated with the inappropriate disposal of reactive dyes.
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Table 1: Green dye trichrome

Trade name Nome colour index (CI) % m/m
Yellow GD ULTRA CORAFIX Not available 1.8
Intense red ME4B conc. Reactive red 195 0.0150
Navy blue TIAFIX AFGB Reactive blue 250 1.2
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Table 3: Measurements of the degree of whiteness (Berger degree) of the reductive discoloration tests with
the coded levels of the studied variables and a complete 2* factorial experimental planning matrix with

varying central point*

Tests Na,S,0, (g/L) NaOH (g/L) Time (min) Berger degree
1 -1 (40.8) -1 (12) -1 (40) 3.01
2 1 (55.2) -1 (12) -1 (40) 13.12
3 -1 (40.8) 1 (20) -1 (40) 0.45
4 1 (55.2) 1 (20) -1 (40) 0.05
5 -1 (40.8) -1 (12) 1 (80) 6.79
6 1 (55.2) -1 (12) 1 (80) 16.16
7 -1 (40.8) 1 (20) 1 (80) 23.04
8 1 (55.2) 1 (20) 1 (80) 12.86
9 -1.5 (37.2) 0 (16) 0 (60) -3.05
10 1.5 (58.8) 0 (16) 0 (60) 2.52
11 0 (48.0) -1.5 (10) 0 (60) 16.10
12 0 (48.0) 1.5 (22) 0 (60) 8.71
13 0 (48.0) 0 (16) 1.5 (90) 35.96
14 0 (48.0) 0 (16) -1.5 (30) -3.92
15 0 (48.0) 0 (16) 0 (60) 18.30
16 0 (48.0) 0 (16) 0 (60) 16.31
17 0 (48.0) 0 (16) 0 (60) 10.34

Note: * in brackets are the real variables of Na,S,0, and NaOH concentrations and reaction time.
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Table 6: Results from thermogravimetric analysis of discolored residue sample and regenerated cellulose film

Sample Tonset (CC)  Thax CC)  Tenaset (CC) Weight loss (%) Residue at 600°C (%)
Green residue 282 389 364 77 15
Discolored residue 288 385 345 71 6

Discolored residue film 258 345 323 52 17
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Table 4: Effect of the studied variables on discoloration

Source of variation Effect

(1) Na,S,04, g/L(L) 2.7608
Na,S,0,, g/L(Q)° -12.3168"
(2) NaOH, g/I(L) —2.2024
NaOH, g/L(Q) —1.0546
(3) Time, min(L)" 16.3264"
Time, min(Q) 2.1587
Na,S,04 by NaOH -7.5150
Na,S,0,4 by time -2.6300
NaOH by time 7.1450

Note: * Significant effect (ANOVA, 5% significance for Berger degree), ® Linear effect; © Quadratic effect.
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Table 2: Levels of the variables studied and experimental design matrix

Variables Level (-1.5) Level (—-1) Level (0) Level (+1) Level (+1.5)
X1 (NayS,04, g/L)  37.5 40.8 48.0 55.2 58.8
X, (NaOH, g/L) 10 12 16 20 22

x; (Time, min) 30 40 60 80 90
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Table 5: ANOVA of the 2° factorial experimental design complete with a central point

Source of variation SS GL MS F p

(1) Na,S,04 g/L(L) 23.819 1 23.8188 1.38801 0.359936
Na,S,04, g/L(Q) 324.923 1 324.9234 18.93445 0.048967
(2) NaOH, g/L(L) 15.158 1 15.1580 0.88331 0.446508
NaOH, g/L(Q) 2.382 1 2.3821 0.13881 0.745243
(3) Time, min(L) 832.973 1 832.9729 48.54032 0.019986
Time, min(Q) 9.981 1 9.9813 0.58165 0.525342
Na,S,0,4 by NaOH 112.950 1 112.9504 6.58203 0.124240
Na,S,0, by time 13.834 1 13.8338 0.80615 0.464016
NaOH by time 102.102 1 102.1020 5.94985 0.134886
Lack of fit 217.898 5 43.5796 2.53954 0.306272
Pure error 34.321 2 17.1604

Total SS 1714.227 16

Note: SS = quadratic sum; GL = degrees of freedom; MS = mean squared; F = test F; p = p-value.
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