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Abstract

:

In this research, the modification of different polyester structures (fabrics and knits) by the biopolymer chitosan was studied to evaluate the effects of the polyester structure and treatments on the particulate pollution of wastewater. The pristine polyester and the chitosan-polyester fabric and polyester knit composites were washed cyclically with standard ECE A detergent at 60 °C. The laser diffraction technique was used to characterize the particle size of the washing wastewaters from the 1–5, 6–10 and 1–10 wash cycles. In addition, the total solids (TS), total suspended solids (TSS), total dissolved solids (TDS), turbidity and chemical oxygen demand (COD) were also determined, according to standard procedures. The obtained results show the influence of the polyester fabrics and polyester knit structures and chitosan-polyester composites on the particle size distribution (PSD) in the washing wastewater. Differences in the values of the characteristic parameters, especially the span value and shape factor (k) of the individual curves, are visible, indicating the release of particles during the washing process. The experimental results show that the laser diffraction technique is suitable for characterizing the particle dimensions of the washing wastewater for different pristine polyester structures and chitosan-polyester composites. Modification with chitosan has been shown to provide potential protection against the release of microplastic particles into the environment.
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1. Introduction


A problem of global proportions, in the last decade, is the presence of microplastic particles (MP) in the environment (water, air, soil, rocks). Synthetic textiles containing polymers release microplastic particles and fibrils into wastewater posing a threat to the environment [1,2,3,4]. It is estimated that about 30% of these particles reach the environment through the washing process for polyester textiles [5] and through non-woven PP, PE, or HDPE fibers in flushable wet wipes and sanitary towels [6]. The tendency to release these particles depends on the properties of the textile, the technological and lifetime stages, and physical damage during the washing process.



In order to reduce the proportion of released particles, it is necessary to work on prevention and it is particularly important to choose a procedure to modify polyester textiles. Functional substances, for e.g., softener, pectin, chitosan, etc., create a film aimed at covering the surface and preventing the release of particles [7,8].



The prevention and reduction of particle release includes taking into account the influence on fibers, yarns and fabrics; functionalization, for example with the biopolymer chitosan; and the use of optimal conditions during the washing process, in accordance with the Sinner cycle [9,10,11]. Chitosan and chitosan-based compounds have adsorption abilities for heavy metals and the ability to remove phosphates, nitrate and heavy metals from wastewater [12,13,14,15,16,17,18]. Treating the textile material with chitosan increases the breaking force and its resistance to deformation, increases the wetting ability of the material and the hydrophilicity, the material acquires antimicrobial properties, static electricity charging and the amount of particles released from the material can be reduced [9,19].



Despite the protective effect of the material, functional particles can have multiple effects on the composition of washing wastewater as individual particles or potential vectors. Therefore, it is important to optimize their selection and modification processes to achieve good interaction with the material, biodegradability and non-toxicity. The importance of this approach is confirmed by the load level of textile washing wastewater, which contains organic, inorganic and biological components that may be present in the solution as soluble or suspended particles [20].



In the context of water pollution by microplastic particles, which is the subject of numerous pieces of research today, experimental data on the size distribution of the particles in different wastewaters can be an important parameter for the characterization, prevention of pollution and, finally, for the selection of wastewater treatments [21,22,23].



Since particle size distribution is a useful method for characterizing washing wastewater, it is possible to establish a relationship between the parameters in this curve and other parameters used to characterize wastewater, such as COD, suspended solids, color and turbidity [24]. Therefore, research efforts are focused on using particle size data to better understand numerous processes and describe various phenomena [25].



Consequently, the aim of this research is to compare the properties of washing wastewater from pristine polyester structures and chitosan-polyester composites resulting from the modification of polyester knit and polyester fabric, focusing on the content and distribution of the particles. The characteristic distribution diameters, namely D10, D50 and D90, obtained from the PSD curves were compared with other standard parameters (conductivity, turbidity, TS, TSS, TDS and COD) for wastewater characterization.




2. Materials and Methods


2.1. Materials


A standard white polyester fabric, PN-01, in plain weave (purchased from CFT, Center for Testmaterials BV, Vlaardingen, The Netherlands) and a polyester weft knit, MRF-0008 (from WFK, Germany), were used for the study.



The surface weight of the fabric was 156 g/m2, with a density of 27.7 threads/cm in the warp direction and 20 threads/cm in the weft direction.



The surface weight of the knit was 139 g/m2, with a horizontal density (Dh) of 16 stiches/cm and vertical density (Dv) of 21 stiches/cm.



A Sonowave ultrasonic cutter (TTS400, Rome, Italy) was used to prepare the samples, with a dimension of 30 × 50 cm, to avoid the influence of the protruding thread edges in the samples during the modification and washing processes.



Modification of Polyester Fabric and Knit with Chitosan


The polyester fabric and knit were modified with a chitosan solution (0.5%) by impregnation in a Benz stenter. Low molecular weight (LMW) chitosan in physical form at 85% deacetylatation (supplied by Aldrich®, San Diego, CA, USA), was prepared according to a step procedure [15]. After impregnation, the chitosan-polyester composites (fabric and knit) were dried at 90 °C for 40 s and cured at 130 °C for 20 s.





2.2. Washing Process


The washing process was carried out according to the standard HRN EN ISO 6330:2021 in a Rotawash device (SDL Atlas, Rock Hill, NC, USA), in a solution with 1.25 g/L standard detergent (ECE A phosphate-free reference detergent), the composition of which is shown in Table 1.



Each polyester fabric and knit was washed before and after modification with chitosan in different washing cycles at a bath ratio of 1:7 at 60 °C for 30 min, followed by four rinses with water at a bath ratio of 1:8. The collected composite washing wastewater after 1–5 washing cycles, 6–10 wash cycles and a total of 1–10 washing cycles, with detergent and rinse cycles with water were used for further analysis.




2.3. Methods


The standard methods (pH, conductivity, turbidity, TS, TSS, TDS and COD) [26] and particle size analysis [27] were used for the characterization of the washing wastewaters after the 1–5 washing cycles, the 6–10 washing cycles and the total of the 1–10 washing cycles for the pristine polyester structures and chitosan-polyester fabric and chitosan-polyester knit composites.



2.3.1. Standard Methods for Washing Wastewater Characterization


The pH and conductivity of the washing wastewater were measured with a multimeter (SevenCompact™ Duo S213), the pH was measured with an electrode from InLab Expert Pro-ISM® and the conductivity with InLab® 731-ISM. Calibration was performed with puffer pH 4.01, pH 7.00, pH 9.21, using InLab® Solutions, Mettler Toledo and a standard solution of 84 µS/cm from BDH Prolabo. The TSS, TS and TDS were determined according to standard filtration and gravimetric procedures. The turbidity was measured as NTU using the nephelometric method HRN EN ISO 7027-1: 2016 with a turbidity meter, Hach TL 2350. The chemical oxygen demand (COD) was determined with a Thermoreactor CR 2200 (WTW, Xylem Analytics) and a photometer (PhotoLab S6, WTW, Xylem Analytics, Germany GmbH, Bremen, Germany).




2.3.2. Laser Diffraction Method for Particle Size Characterization


A particle size analyzer (PSA 1090 LD, Anton Paar, Graz, Austria) was used for the diffraction of all the washing wastewater that was recorded and analyzed, which involves a complex algorithm that compares the measured values with the theoretical value based on the Fraunhofer diffraction theory. The result from the measurement is the distribution function presented as a statistical curve that allows for the determination of numerous parameters that provide important information about the particles present in the observed dispersed system. A detailed explanation of the parameters can be found in a previous study [25]. In this research, the characteristic diameters, D10, D50 and D90, the shape factor and span value determined from the PSD curve are used for particle characterization of the washing wastewater. All measurements were performed in replicate series with five measurements in water as a solvent, with the stirrer speed and pump speed set to medium.






3. Results and Discussion


This research focuses on particle content and particle size characterization to evaluate the particles of textile and non-textile origin released from pristine polyester fabric and polyester knit structures and chitosan-polyester fabric and knit composites, during the washing process with standard ECE A detergent at 60 °C. The analysis of the particle content and particle size using selected parameters was carried out in a detergent solution and wastewater after 1–5, 6–10 and a total of 1–10 washing and rinsing cycles.



Measuring solids and particles can be critical in assessing water quality profiles, especially washing wastewater as a dispersion system. When measuring solids to determine water quality, it is important to emphasize that solids come in a variety of physical forms and that different measurement principles can provide different types of information. This is particularly important for particulate matter in textile wastewater, which represents microfiber pollution. Parameters, such as turbidity, total suspended solids (TSS) and total dissolved solids (TDS), provide information about the type and amount of particles present in the solution.



Turbidity is an optical parameter to determine the clarity of water and is directly related to the amount of particles scattered throughout the water. Turbidity and TSS are related; turbidity can be used to indicate changes in the TSS concentration of water, but not to provide a particular measurement of those solids, because turbidity is purely a measurement of relative clarity. The TDS refers to the fraction of particles and ions that can pass through a filter with a pore size of 2 µm and represents the total concentration of these dissolved solids in a certain volume. Turbidity is the clarity of the water, expressed by the NTU, TDS and TSS measurements shown as the total concentration of the solids in a volume, but the PSD as a laser diffraction present results on the number, surface or volume distribution. The conversion from numbers to volume or vice versa is possible, but the conversion of volume results from laser diffraction to a numerical basis can lead to undefined errors. The results from this conversion show large differences in the mean sizes of the particles present in the system, especially for microfiber particles. The particle size distribution results in this paper were used as a superposition of five consecutive measurements for the volume distribution function [22,25].



The washing process is a complex system, and it is important to characterize the detergent solution to determine its influence on the particle content in washing wastewater. The standard ECE A detergent is a phosphate-free detergent, as shown in Table 1. It contains organic and inorganic substances necessary for the washing process. A non-soluble substance is sodium aluminosilicate, zeolite 4A as a builder, which is responsible for water softening and alkaline pH.



The results of the particle size distribution, as a volume distribution for the detergent solution, are shown in Figure 1.



Based on the volume distribution function, the D10, D50, D90 for particles smaller than 10, 50 and 90 µm, the mean size, the shape factor (k) and span were determined. These results and the physicochemical properties of the reference detergent ECE A solution, as shown in Table 2, correspond to the composition of the detergent given in Table 1.



The mean size of the particle diameters for the detergent solution is 22.715 µm, while the diameter ratio expressed as the span value is 1.61.



The detergent bath with 1.25 g/L consists mainly of soluble components, which is evident from the TDS/TSS ratio of 3.52. The other characterization parameters, pH, conductivity and turbidity, also agree with the composition as well. The detergent solution belongs to the easily degradable wastewaters, as shown by the COD value of 119 mg O2/L, and as such does not pose a major threat to the environment.



Washing wastewater where, in addition to detergents, there are also polyester fabrics exposed to all the parameters in the Sinner cycle, represent a more complex system for particle analysis.



3.1. Characteristics of Washing Wastewater from Pristine Polyester Fabric and Polyester Knit Structures


Pristine polyester fabric and polyester knit structures exposed for a certain time to the action of detergent components, mechanical agitation and temperature in the washing device release a certain amount of particles, which is reflected in the results of particle content and particle size analysis.



Washing wastewater from pristine polyester fabric and polyester knit characterizes the pH value in the range of 8.12–8.24, which corresponds to the alkaline medium created by the detergent ingredients, the conductivity values range from 717 to 733 µS/cm and the COD values indicate the readily degradable components in the wastewater, especially in the washing wastewater of the pristine polyester knit, Table 3.



The results from the physicochemical analysis of the washing wastewater from the pristine polyester fabric and polyester knit, expressed by the particle content, are grouped in Table 4.



Since the focus of the research is on the determination of the particle content in the complex system of washing wastewater, in which the composition of the detergent plays an important role, further analysis was carried out using the TDS/TSS ratio, which was compared with the same ratio in the detergent solution.



In contrast to the detergent solution, which consists mainly of soluble components, as can be seen from the TDS/TSS ratio of 3.52, the TDS/TSS ratio of the washing wastewater is 4.84, 6.52 and 5.43 for pristine polyester fabrics and 3.78, 3.43 and 3.93 for pristine polyester knit structures.



Considering the same parameters from the Sinner cycle for both systems, the obtained ratio can be related to the structural features and surface of the polyester fabric and polyester knit. The tactile properties of the fabric and knit structures are different, namely the rough surface of polyester fabric in comparison to the smooth polyester knit. This results in some differences in the observed relationships as the function of the number of wash cycles are specific, especially for polyester fabric. The turbidity values for the polyester knits are higher than that of the polyester fabric, which is consistent with its structural properties.



The results of the particle size distribution in the washing wastewater for the 1–5, 6–10 and 1–10 washing cycles for pristine polyester fabrics and polyester knit structures are shown as the volume distribution in Figure 2 and Figure 3.



Both distribution curves are bimodal, and the differences are visible in the small particle size region. The particle size distribution curve for the pristine standard polyester fabrics in washing wastewater covers the particle range of 0–100 µm, with a larger range for the smaller number of wash cycles (1–5). Compared to the particle size range for the detergent solution, which extends up to 60 µm, a higher degree of particle contamination is observed in the first cycles, which is consistent with previous studies [28,29].



The range of particle sizes for the pristine standard polyester knit in the washing wastewater does not show large differences for the wash cycles. This is especially true for very small particle sizes of 0–2 µm, which are highlighted separately in Figure 3.



The characteristic parameters in the distribution curves for the pristine standard polyester fabrics and polyester knit structures in washing wastewater were determined, and the results for the values of D10, D50, D90, the shape factor (k), mean size and span are shown in Table 5 and Table 6, confirming the difference in the behavior of different materials in the washing process regardless of the same parameters in the Sinner cycle.



The mean particle size for polyester fabrics is much higher in wastewater from the first wash cycles 1–5 than for the polyester knit. All the particle diameters for the polyester fabrics and polyester knit are the same in the washing wastewater for cycles 1–10. The diameter ratio, expressed as the span values (2.018 and 2.051), shows that it is consistent for knits and not significantly different for the number of cycles performed (1–5, 6–10) from the total number of 10 cycles. The span values for the range are greater than those for the detergent solution (1.609). This indicates that there are much fewer particles with a diameter of less than 10 µm. In the washing cycles analyzed, the polyester fabrics and knits are exposed to the action of the detergent, but since the structures are not soiled, undissolved particles from the detergent are adsorbed on the fabrics, or agglomeration and formation of larger particles in the bath occur.



Finally, it is important to emphasize that the detergent ingredients do not have a cleaning effect, but the result of their interaction with the polyester fabrics and knits may be agglomeration or the formation of deposits. Such deposits, formed by mechanical agitation, can be released from the surface as impurities of various origins.




3.2. Characteristics of Washing Wastewater from Chitosan-Polyester Fabric and Chitosan-Polyester Knit Composites


Numerous studies [8,11] have shown that polyester fabrics modified with chitosan have higher tensile strength and resistance to deformation, improved material wettability and hydrophilicity, have better antimicrobial properties, static electrical charging, and are less prone to fibril and the release of other particles. Given the interaction of chitosan with polyester, achieved by coating and thermal fixation, the gradual release of chitosan particles is expected, which does not represent an additional burden on wastewater. The proof of concept in this research was to evaluate the particle content in the effluent from washing chitosan-polyester fabric and chitosan-polyester knit composites through 1–5, 6–10 and 1–10 cycles. The standard characteristics of these wastewaters are listed in Table 7 and Table 8.



The results indicate differences in the TDS/TSS ratio, as well as the turbidity, which may be an indicator of contamination of these systems by potentially released particles.



The TDS/TSS ratio was calculated with the aim of determining the dominance of the influence of the structural features, surface area, and the influence of chitosan modification of the polyester fabric and polyester knit composites. The determined TDS/TSS ratios are significantly different from those of the pristine polyester fabric and knit and have different values depending on the number of washing cycles. The highest values of 7.96 and were obtained for the small number of washing cycles with chitosan-polyester fabric and 8 for the chitosan-polyester knit for the 1–10 cycles, respectively.



Considering the surface differences between the polyester fabric and polyester knit, the same effect of the modification was not expected, which these results confirm. The turbidity of the washing wastewater cycles 6–10 was higher for both chitosan-polyester composite structures than after the 1–5 and the total of 10 cycles. Such differences in the turbidity of the wastewater from the washing of polyester pristine fabrics, characterized by higher values, were not recorded/determined. This increase can be attributed to the washing resistance of the chitosan-polyester composite structures. After the 6–10 cycles, it is possible that the chitosan layer on the surface of the polyester fabric and knit hydrolyzes slightly and leads to an increase in turbidity.



The results of the particle size distribution in the washing wastewater from the 1–5, 6–10 and 1–10 wash cycles from the chitosan-polyester composites (fabric and knit) are shown as the volume distribution in Figure 4 and Figure 5.



The particle size distribution in the washing wastewater from chitosan-polyester composites differs significantly in shape from the previously presented curves. The distribution in particle size in the washing wastewater from chitosan-polyester knit structures ranges up to a particle size of 500 µm, indicating the presence of larger particles in the effluent.



Both distribution curves are multimodal, and differences are visible throughout the whole particle size range for both composites, fabric 0–200 µm and knit 0–500 µm. Compared to the particle size range for the detergent solution, which extends to 60 µm, a higher degree of particle contamination is observed in all washing cycles. The range of particle sizes for the chitosan-polyester knit composite in the washing wastewater shows large differences for the wash cycles. This is especially true for particle sizes at 120–500 µm, for the 1–5 and 1–10 wash cycles, where the bimodality of the curves is visible, see Figure 5.



The characteristic parameters in the distribution curves for chitosan-polyester composites (fabrics and knit) in the washing wastewater were determined, and the results for the values of D10, D50, D90, the mean size, shape factor (k) and span are shown in Table 9 and Table 10.



The results confirm the differences in the behavior of chitosan-polyester fabric and knit composites in different washing cycles, regardless of the same parameters in the Sinner cycle.



Washing wastewater from chitosan-polyester fabric composites has much higher values for the D50, D90, and the mean size compared to the wastewater from chitosan-polyester knit composites for all washing cycles, except for the particle diameter D10, which is smaller for wash cycles 6–10 and 1–10. The diameter ratio, expressed as the span values, is much higher for the chitosan-polyester knit composite wastewater and increases with the wash cycles, while the shape factor decreases which confirms the presence of larger particles in the system.



Since it is a modification with a biopolymer, if particles are released, probably agglomerates, they will not create significant pollution because they are of biological origin and are easily degradable.



These results confirm the fact that the classical parameters for physicochemical analysis are not sufficient for the characterization of particulate matter. Therefore, it is also necessary to determine the size of the particles, so that this complex system can be influenced preventively by installing a filter in the washing machine, or if microfibers enter the sewage system, it is possible to remove them in pretreatments or in primary treatment.





4. Conclusions


This research is focused on modifying polyester fabrics and knits with chitosan to reduce the release of particles during the washing process. To evaluate the effectiveness of the modification, the particle content in the washing wastewater from the 1–5, 6–10 and 1–10 cycles for chitosan-modified and pristine polyester fabrics and knits were compared.



The TSS value was used as an indicator of the degree of solid particle loading in the washing wastewater and the laser diffraction method was used to determine the particle size distribution and characteristic parameters for the particles.



Comparing the obtained PSD functions in the washing wastewater from pristine and chitosan-modified polyester structures, differences in the values for the characteristic parameters of each curve become visible, indicating the release of particles during the washing process.



The variation of PSD in the washing wastewater from chitosan composites depends on the structure of the polymer, the interaction of chitosan with the structure, the durability of the modification through specific washing cycles, the suspended solids, the particle size distribution in the wash bath and the parameters for the washing process. Washing wastewater from chitosan-polyester fabric composites has much higher values for the D50, D90 and the mean size compared to the wastewater from chitosan-polyester knit composites. The shape factor is less than 1 for wash cycles 6–10 and 1–10, confirming the presence of larger particles in the washing wastewater from chitosan-polyester knit composites.



The presence of larger particles in the washing wastewater from chitosan-polyester composite sites can be considered a positive result, as the removal of larger particles is easier and already occurs during the pretreatment and initial treatment of effluent. It is also possible to retain larger MP and microfiber particles through filters in washing machines and in this way preventive measures are being taken to protect the environment.
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Figure 1. Particle size distribution function of detergent solution. 
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Figure 2. Particle size distribution function in washing wastewater of the pristine polyester fabrics. 
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Figure 3. Particle size distribution function in washing wasteawater of the pristine polyester knits. 
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Figure 4. Particle size distribution function in washing wastewater of the chitosan-polyester fabric composite. 
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Figure 5. Particle size distribution function in washing wastewater of the chitosan-polyester knit composite. 
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Table 1. Composition of the reference detergent ECE A.






Table 1. Composition of the reference detergent ECE A.





	Ingredient
	W (%)





	Linear sodium alkyl benzene sulfonate
	9.7



	Ethoxylated fatty alcohol C12–18 (7 EO)
	5.2



	Sodium soap
	3.6



	Anti-foam DC2-4248S
	4.5



	Sodium aluminum silicate zeolite 4A
	32.5



	Sodium carbonate
	11.8



	Sodium salt of a copolymer from acrylic and maleic acid
	5.2



	(Sokalan CP5)
	3.4



	Sodium silicate (SiO2:Na2O = 3.3:1)
	1.3



	Carboxymethylcellulose
	0.8



	Diethylene triamine penta (methylene phosphonic acid)
	9.8



	Sodium sulfate

Water
	12.2



	Σ
	100.0
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Table 2. Physicochemical characteristics and parameters of the PSD function of the detergent solution.
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Detergent Solution ECE A




	
Physicochemical Characteristics

	
Parameters of PSD Function






	
pH

	
7.92

	
D10 (µm)

	
3.76 ± 0.6




	
æ (µS/cm)

	
757.90

	
D50 (µm)

	
20.80 ± 2.3




	
Turbidity (NTU)

	
61.00

	
D90 (µm)

	
37.31 ± 2.3




	
TS (mg/L)

	
674.00

	
Shape factor

	
1.170




	
TSS (mg/L)

	
132.50

	
Mean size (µm)

	
22.715




	
TDS (mg/L)

	
466.00

	
Span

	
1.61




	
COD mg O2/L

	
119
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Table 3. Physicochemical characteristics of the washing wastewater from pristine polyester fabrics and polyester knit structures (expressed by basic parameters).






Table 3. Physicochemical characteristics of the washing wastewater from pristine polyester fabrics and polyester knit structures (expressed by basic parameters).





	
Pristine Polyester

	
Washing Cycles

	
pH

	
æ (µS/cm)

	
COD

(mg O2/L)






	
fabric

	
1–5

	
8.14 ± 0.02

	
717.80 ± 2.62

	
210.33 ± 4.78




	
6–10

	
8.12 ± 0.02

	
733.23 ± 1.99

	
154.75 ± 4.16




	
1–10

	
8.20 ± 0.01

	
729.07 ± 2.06

	
210.33 ± 4.78




	
knit

	
1–5

	
8.24 ± 0.01

	
733.00 ± 3

	
79.5 ± 2.65




	
6–10

	
8.21 ± 0.04

	
719.00 ± 17

	
74.16 ± 3.12




	
1–10

	
8.13 ± 0.09

	
732.00 ± 9

	
67.66 ± 2.15
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Table 4. Physicochemical characteristics of the washing wastewater from pristine polyester fabrics and polyester knit structures (expressed by particle content).






Table 4. Physicochemical characteristics of the washing wastewater from pristine polyester fabrics and polyester knit structures (expressed by particle content).





	
Pristine Polyester

	
Washing Cycles

	
Turbidity (NTU)

	
TS (mg/L)

	
TSS (mg/L)

	
TDS (mg/L)






	
fabric

	
1–5

	
46.04 ± 2.18

	
637.40 ± 31.51

	
106.67 ± 24.04

	
515.00 ± 25.17




	
6–10

	
44.46 ± 13.71

	
621.00 ± 28.51

	
83.33 ± 29.63

	
542.50 ± 80.98




	
1–10

	
59.62 ± 3.20

	
585.00 ± 21.21

	
91.11 ± 10.18

	
495.00 ± 12.91




	
knit

	
1–5

	
73.53 ± 3.45

	
561.67 ± 19.01

	
123.61 ± 6.36

	
459.67 ± 15.50




	
6–10

	
69.6 ± 5.76

	
575.00 ± 24.64

	
141.39 ± 20.79

	
486.3 ± 23.86




	
1–10

	
70.27 ± 4.12

	
585.00 ± 10.58

	
128.33 ± 3.63

	
504.67 ± 10.40
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Table 5. Parameters of the PSD function of washing wastewater from the pristine polyester fabric structure.
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Pristine Polyester Fabric




	
Washing Cycles

	
1–5

	
6–10

	
1–10






	
D10 (µm)

	
3.127 ± 0.06

	
2.483 ± 0.06

	
2.416 ± 0.08




	
D50 (µm)

	
22.913 ± 0.09

	
12.873 ± 0.91

	
12.588 ± 1.03




	
D90 (µm)

	
47.313 ± 0.23

	
26.840 ± 1.50

	
27.124 ± 2.71




	
Mean size (µm)

	
25.701

	
15.424

	
15.741




	
Shape factor, k

	
1.082

	
1.160

	
1.111




	
Span

	
1.930

	
1.873

	
2.018











[image: Table] 





Table 6. Parameters of the PSD function of washing wastewater from the pristine polyester knit structure.






Table 6. Parameters of the PSD function of washing wastewater from the pristine polyester knit structure.





	
Pristine Polyester Knit




	
Washing Cycles

	
1–5

	
6–10

	
1–10






	
D10 (µm)

	
1.889 ± 0.06

	
2.046 ± 0.07

	
2.028 ± 0.06




	
D50 (µm)

	
9.647 ± 1.21

	
10.144 ± 1.22

	
11.054 ± 1.49




	
D90 (µm)

	
21.938 ± 2.44

	
22.792 ± 1.80

	
24.484 ± 2.73




	
Mean size (µm)

	
11.1993

	
11.71

	
12.63




	
Shape factor, k

	
1.135

	
1.115

	
1.115




	
Span

	
2.018

	
2.051

	
2.034
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Table 7. Physicochemical characteristics of washing wastewater from chitosan-polyester fabrics and knit composites (expressed by basic parameters).






Table 7. Physicochemical characteristics of washing wastewater from chitosan-polyester fabrics and knit composites (expressed by basic parameters).





	
Chitosan-Polyester

Composite

	
Washing Cycles

	
pH

	
æ (µS/cm)

	
COD

(mg O2/L)






	
fabric

	
1–5

	
7.90 ± 0.13

	
765.52 ± 35.18

	
164.83 ± 42.74




	
6–10

	
7.93 ± 0.08

	
762.02 ± 25.26

	
159.62 ± 20.47




	
1–10

	
8.22 ± 0.17

	
766.52 ± 4.50

	
135.78 ± 10.63




	
knit

	
1–5

	
8.23 ± 0.01

	
755.00 ± 10

	
54.33 ± 4.63




	
6–10

	
8.35 ± 0.08

	
726.00 ± 7

	
75.55 ± 3.36




	
1–10

	
8.27 ± 0.07

	
752.00 ± 4

	
68.11 ± 4.12
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Table 8. Physicochemical characteristics of washing wastewater from chitosan-polyester fabrics and knit composites (expressed by particle content).






Table 8. Physicochemical characteristics of washing wastewater from chitosan-polyester fabrics and knit composites (expressed by particle content).





	
Chitosan-Polyester

Composite

	
Washing Cycles

	
Turbidity (NTU)

	
TS (mg/L)

	
TSS (mg/L)

	
TDS (mg/L)






	
fabric

	
1–5

	
25.89 ± 10.31

	
636.60 ± 24.15

	
64.44 ± 11.25

	
513.17 ± 28.81




	
6–10

	
43.85 ± 27.08

	
633.00 ± 31.32

	
96.56 ± 16.90

	
516.83 ± 26.48




	
1–10

	
29.10 ± 4.35

	
595.25 ± 17.02

	
81.56 ± 15.70

	
541.50 ± 78.69




	
knit

	
1–5

	
21.23 ± 1.00

	
567 ± 12.12

	
73.61 ± 8.51

	
511.00 ± 6.08




	
6–10

	
50.33 ± 0.67

	
594.0 ± 35.60

	
105.11 ± 34.29

	
473.33 ± 10.07




	
1–10

	
30.20 ± 1.1

	
589.00 ± 21.00

	
64.89 ± 11.04

	
522.33 ± 5.86
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Table 9. Parameters for the particle size distribution function in the washing wastewater from the chitosan-polyester fabric composites.






Table 9. Parameters for the particle size distribution function in the washing wastewater from the chitosan-polyester fabric composites.





	
Chitosan-Polyester Fabric Composite




	
Washing Cycles

	
1–5

	
6–10

	
1–10






	
D10 (µm)

	
9.659 ± 0.15

	
4.284 ± 0.25

	
11.399 ± 0.39




	
D50 (µm)

	
32.499 ± 1.12

	
22.686 ± 1.07

	
41.900 ± 1.91




	
D90 (µm)

	
68.216 ± 1.42

	
55.660 ± 1.14

	
84.743 ± 4.36




	
Mean size (µm)

	
38.715

	
29.531

	
49.872




	
Shape factor, k

	
1.356

	
1.208

	
1.346




	
Span

	
1.806

	
1.806

	
1.765
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Table 10. Parameters for the particle size distribution function in the washing wastewater from the polyester-chitosan knit composites.






Table 10. Parameters for the particle size distribution function in the washing wastewater from the polyester-chitosan knit composites.





	
Chitosan-Polyester Knit Composite




	
Washing Cycles

	
1–5

	
6–10

	
1–10






	
D10 (µm)

	
16.151 ± 1.00

	
3.178 ± 0.08

	
4.917 ± 0.11




	
D50 (µm)

	
72.885 ± 4.44

	
31.472 ± 1.56

	
46.710 ± 1.11




	
D90 (µm)

	
197.974 ± 2.11

	
96.715 ± 1.14

	
168.924 ± 1.13




	
Mean size (µm)

	
97.423

	
44.488

	
71.303




	
Shape factor, k

	
1.132

	
0.933

	
0.909




	
Span

	
2.501

	
2.976

	
3.513
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