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Abstract

:

In anti-wrinkle finishing, the crosslinking degree of fabric is mainly determined by wrinkle recovery angle, stiffness, and viscosity, these indicators can only reflect the finishing effect from a macro perspective, which cannot reflect whether the crosslinking is sufficient, and it is difficult to quantify the crosslinking degree. In this paper, we combined the Kjeldahl method with the Arrhenius formula and proposed a method to analyze the crosslinking degree of dimethyloldihydroxyethyleneurea (two-dimensional (2D) resin) with cotton cellulose during delayed-cure finishing for the first time. The nitrogen content of completed fabrics during storage was measured by the Kjeldahl method, and the reaction rate equation of the 2D resin and cellulose under normal temperature conditions was calculated. The results show that the nitrogen content is more suitable to indicate the crosslinking degree, and the apparent activation energy was 28.271 kJ/mol and the pre-finger factor was 0.622, which indicated that the 2D resin was prone to cross-linking with cotton fabrics during storage. During long-term storage, the relative errors between the calculated and measured values of the nitrogen content were within ±5%, and the accuracy was higher than the traditional evaluation method. The stability of 2D resins during the storage of delayed-curing finishing was also analyzed through this method.
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1. Introduction


In recent years, with improvements in people’s living standards, clothing performance requirements have increased gradually [1]. Clothing, such as shirts and suits, has high requirements in terms of garment shape, and the garment should not wrinkle before completion [2,3,4]. Therefore, a delayed-cure process is often used in garment manufacture, in which the fabric is padded with a crosslinking agent, and curing is undertaken after garment manufacture. Normally, fabric and garment factories are separated; the finishing agent is impregnated in the fabric factory and the garment is completed in the garment factory before being cured and shaped. The sensitized fabric is stored and transported, during which a slow cross-linking reaction occurs between the finishing agents and cellulose. Folds form wrinkles that are not removed easily, which affects the performance of the finished garment [5,6]. Therefore, an increase in the stability of the fabric during storage is of high research value, and delayed curing has become a topic of great interest in the field of anti-wrinkle finishing.



Since 2003, the delayed-cure procedure has been investigated by an increased number of researchers. Yuan [5] studied the delayed-cure processing technology of wool easy-care fabrics. Lam [7] improved the stability of the delayed-cure system by additive addition, such as triethanolamine. Yuan [6] conducted a range of experiments on the storage conditions of delayed-cure durable press finished fabrics. Li [8] highlighted problems in the processing of post-cure anti-wrinkle shirts with pure cotton; resin and cellulose pre-crosslinking during storage affected the shirt quality significantly. Future strategic research directions for delayed curing focuses on improvements in the storage stability of sensitized fabrics and the rapid and accurate evaluation of the crosslinking degree of delayed-cure finishing.



The following methods have been used to evaluate the delayed-cured storage stability of cotton fabrics and to measure the crosslinking degree of cotton fabrics during storage. (1) Cellulose degradation method [9], cellulose can be degraded by cellulase into glucose-based water-soluble sugar. The crosslinking degree can be analyzed by measuring the glucose concentration in the solution. The crosslinking reaction between the finishing agent and cellulose reduces the hydrolysis efficiency of cellulase. (2) Cellulose swelling method [10,11], the finished fabric is treated with a certain concentration of sulfuric acid, the fiber swells, gels, and the fabric stiffens. However, the finishing agent is crosslinked between the cellulose macromolecules, and its network structure will close the amorphous area of the cellulose, hinder the penetration and diffusion of sulfuric acid into the fiber, and affect the swelling and gelation of the fiber. Therefore, measurement of the bending stiffness of the fabric can determine the crosslinking degree between the finishing agent and cellulose. (3) Copper ethylene diamine viscosity method [12], the fabric is dissolved in a defined concentration of copper ethylene diamine solution, and the crosslinking degree between the cellulose and the finishing agent is determined by testing the solution viscosity. However, these three methods only reflect the finishing effect of the fabric from a macro perspective and cannot reflect whether crosslinking occurs or whether the crosslinking agent has completely reacted. (4) Cellulose dyeing method [13,14], after anti-wrinkle finishing, the crosslinking degree of cellulose is analyzed through changes in the hydrophilicity and directness of the cotton fiber. The polarity of the formed crosslinking bond is used to attract the oppositely charged substances, but this adsorption or rejection has no linear quantitative relationship, so it cannot accurately reflect the crosslinking degree. The above detection methods are mostly qualitative or semi-quantitative analysis, with low accuracy, and cannot quickly evaluate the storage stability of the delayed-cured cotton fabrics. Therefore, it is necessary to find an evaluation method to quickly detect the crosslinking degree and the storage stability.



This work uses the reaction kinetics and Arrhenius formulas to predict the storage stability of cotton fabrics after two-dimensional (2D) resin finishing and proposed the Kjeldahl method to evaluate rapidly the storage stability of cotton fabrics after delayed-cure finishing. The Kjeldahl method was used to analyze the crosslinking degree between N-methylol finishing agents and fabrics. The Kjeldahl method provides an accurate method to determine the total nitrogen in a compound or mixture [15,16,17]. Under a catalyst, the sample was digested with concentrated sulfuric acid to convert all organic nitrogen into inorganic ammonium salt (a), and the ammonium salt was converted into ammonia under alkaline conditions (b), which was distilled with steam and absorbed by excess boric acid solution (c). The boric acid solution was titrated by standard hydrochloric acid (d), the nitrogen content of the sample was calculated from the amount of hydrochloric acid (Scheme 1) [17]. The N-methylol finishing agent contains the characteristic element N. The nitrogen content of the finished fabrics that were stored at 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C was tested by the Kjeldahl method. Combined with the Arrhenius formula, the reaction rate equation at different temperatures was calculated as the change in N content. The degree of crosslinking of the cotton fabric after 2D resin finishing was evaluated by the reaction rate equation. The crosslinking mechanism between the 2D resin and cellulose is presented in Scheme 2 The rate equation was used to predict the crosslinking degree under storage at 20 °C and 30 °C, and the accuracy of the equation was verified by combining the actual measured values.




2. Experimental


2.1. Materials and Chemicals


Cotton fabric (100%) with133 warp yarns per 2.54 cm and 100 wefts per 2.54 cm, weighs 133 g/m2, desized, scoured by the supplier (Shandong Ruyi Group Co., Ltd. Jining, China). 2D resin (DM-3511), Catalysis agent (MgCl2·6H2O), Silicone smoothing agent (JF-5097) were purchased from Guangdong Demei Fine Chemical Co., Ltd., Foshan, China. Concentrated sulfuric acid, copper sulfate, potassium sulfate, boric acid, methyl red, bromocresol green, ethanol, hydrochloric acid (HCl), and sodium hydroxide were purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China.




2.2. Finishing Process of 2D Resin


We combined 2D resin (150 g/L), MgCl2·6H2O (30 g/L), and distilled water to form the finishing solution and added a silicone smoothing agent (JF-5097) 5 g/L.



The pro-cure process (pad-dry-cure method) involves the fabric being padded using a two-bowl horizontal laboratory padder (Yalinuo, China) to attain a wet pickup of 90%. Impregnated fabrics were dried at 100 °C for 3 min, then cured at 160 °C for 3.5 min.



The delayed-cure process involves the fabric being padded using a two-bowl horizontal laboratory padder to attain a wet pickup of 80%. Impregnated fabrics were dried at 60 °C (Control the wet pickup of 5~8%). Then, the fabrics were stored in the sealed bag at the corresponding temperature.




2.3. Nitrogen Content of Finished Fabric (Kjeldahl Method)


The samples were ultrasonically washed with deionized water of pH = 10 for 20 min (to remove the unreacted 2D resin), dried naturally, and equilibrated in a standard environment (the relative temperature is 25 ± 1 °C and relative humidity is 65 ± 2%) for 24 h.



The nitrogen content of the finished fabric was found according to the procedure of Ma et al. with slight modification [17]. We accurately weighed 0.5 g of the finished fabrics, cut them into pieces, and transferred them into a 500 mL nitrogen bottle. We then added 0.2 g copper sulfate, 6 g potassium sulfate, and 20 mL concentrated sulfuric acid to the bottle, transferred the solution to the nitrification furnace (Shanghai Xianjian Instruments Co., Ltd., Shanghai, China) for nitration (for the nitration method, set the first stage temperature to 300 °C, let it react for 20 min, then increase the temperature to 450 °C, continue the reaction until the color of the sample turns blue-green, at which time the nitration is complete). After the sample was completely nitrated, we continued heating for 0.5 h to ensure that the color does not fade. We removed the nitrogen bottle, after cooling, transferred it to the Kjeldahl nitrogen analyzer for distillation, and absorbed it with 0.2% boric acid. After the distillation was complete, titrated with a 0.1 mol/L hydrochloric acid standard solution (the indicator was 1 part of 0.1% methyl red ethanol solution and 5 parts of 0.1% bromocresol green ethanol solution for temporary use) was carried out, and the nitrogen content of the sample was calculated. We performed three parallel experiments and took the average value.



The nitrogen content was calculated according to Equation (1):


  X =      V 1  −  V 2    ∗ N ∗ 0.014     m ∗ 10     ∗ 100 %  



(1)




where X was the combined nitrogen content of the sample, %. V1 was the consumed volume of the hydrochloric acid standard solution of the sample, mL; V2 was the volume of sulfuric acid or hydrochloric acid standard solution consumed by the reagent blank, mL. N was the equivalent concentration of the standard hydrochloric acid solution and 0.014 was the ratio of 1 mL, 1 N sulfuric acid, or standard Hydrochloric acid solution equivalent to the grams of nitrogen. m was the mass of the sample, g.




2.4. Wrinkle Recovery Angles (WRA)


Wrinkle Recovery Angles were measured according to the AATCC Testing Method 66-2017e “Test Method for Wrinkle Recovery of Woven Fabrics: Recovery Angle”. Six samples in the warp direction (three face-to-face folds, three back-to-back folds) and six samples in the weft direction (three face-to-face folds, three back-to-back folds) were used for a total of 12, each set of three was averaged. Depending on the congruency, all warp readings were averaged and, separately, all weft readings.





3. Results and Discussion


3.1. Nitrogen Content and WRA with Storage Time


The cotton fabrics were finished with 2D resin and stored at 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. The WRA and nitrogen content of the fabric were tested daily and changes after storage were analyzed for 7 days. The results are shown in Figure 1.



From Figure 1, the changing trend of WRA with storage time is basically consistent with the change of nitrogen content. After storage for 1 day, the nitrogen content of the fabric at different temperatures changed slightly at ~0.05%. After storage for 3 days, the nitrogen contents increased at different temperatures. After storage for 7 days, the nitrogen content of the fabrics stored at 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C was 0.16%, 0.23%, 0.27%, 0.32%, and 0.36%, respectively (The specific data was referred to Tables S1 and S2). The combined nitrogen contents of the cotton fabric were influenced by storage time and temperature. As the storage time and temperature increased, the nitrogen content and WRA increased. When the temperature rises from 40 °C to 80 °C, the increase of WRA becomes larger. At the same temperature, with the extension of storage time, the change of WRA also increases. The changes in nitrogen content and WRA under different storage conditions conformed to the change law of a pseudo-first-order reaction [10,18], which served as the basis for the reaction kinetics and calculation of the Arrhenius formula.




3.2. Relationship between Nitrogen Content and WRA


In order to further analyze the relationship and correlation between nitrogen content and WRA and find the reason why nitrogen content is better than WRA to evaluate storage stability, we analyzed the change of WRA with nitrogen content as shown in Figure 2.



Figure 2 shows that at the same storage temperature, the nitrogen content and WRA increased gradually with an increase in storage time (such as 60 °C). Under different storage temperatures, the nitrogen content increased with an increase in storage temperature, which showed that the crosslinking degree between the 2D resin and cellulose increased, and the WRA of the fabric increased slightly. Overall, as the storage temperature increased, the 2D resin was more likely to crosslink with cellulose, which affected the storage stability of the sensitized fabric.



The curve of WRA and the nitrogen content showed a positive correlation, but the relationship was not linear. The main reason was that crosslinking between the 2D resin and cotton cellulose can occur in many ways [19,20,21]. Among them, single-end crosslinking did not cause a change in WRA, only when both ends were crosslinked with cellulose did the WRA increase. Therefore, the change of nitrogen content before and after finishing was a more feasible approach than the WRA to characterize the crosslinking degree of fabric accurately.




3.3. Calculation of Arrhenius Formula


The Arrhenius equation is an empirical formula for the relationship between the chemical reaction rate constants and the temperature established by Arrhenius of Sweden [22,23,24,25]. The premise of the Arrhenius empirical formula is that the activation energy Ea is a constant that is independent of temperature, which is consistent with the experimental results within a certain temperature range. The cross-linking methods of 2D resin and cellulose at different temperatures were consistent, so the Arrhenius formula was suitable for this cross-linking reaction.



(a) Calculation of the Rate Constant of Reaction. The crosslinking reaction between the 2D resin and cotton fabrics was characterized as a pseudo-first-order reaction. The reaction rate was dependent on the reactant concentration and temperature [26,27]. Under constant-temperature conditions, the equation was as follows:


  r = −   d  b 1    d t   = k  b 1    a   b 2    c   b 3    d   



(2)




where r is the reaction rate; k is the reaction rate constant; b1 is the concentration of 2D resin; b2 is the catalyst concentration; b3 is the concentration of hydroxyl groups in the fiber that is involved in the reaction; and a, c, and d is the reaction order. During delayed curing, the catalyst concentration remained unchanged before and after finishing, the fiber hydroxyl concentration remained almost unchanged, the reaction order was 1, and Equation (2) was simplified to Equation (3):


  r = −   d  b 1    d t   = k  b 1   



(3)







Equation (3) variables were separated and integrated into Equation (4):


  ln  b 1  − ln  b 0  = − k t  



(4)




where b0 is the mass concentration at the beginning of the reaction (t = 0), and b1 is the concentration of the finishing agent after storage for time t.



The change in 2D resin concentration during the reaction kinetics study is represented by the change in the nitrogen content of the fabric. b0 and b1 changed by Nm and Nm − N (Nm was 0.575% and was the nitrogen content of the fabric after padding, drying, and curing. N was the nitrogen content after storage time t). Therefore, Equation (4) was changed to Equation (5):


  ln    N m   − N     N m    =  − k t   



(5)







(b) Calculation of Activation Energy. The relationship between reaction rate and temperature is given by the Arrhenius formula [28,29,30], which is expressed as Equation (6):


  K = A  e  −   E a   R T      



(6)







The integral equation of Equation (6) is as follow:


  ln K = ln A −   E a   R T    



(7)




where K is the reaction rate constant, A is the pre-factor (which is also termed the frequency factor), Ea is the apparent activation energy, R is the molar gas constant (8.314 J/(mol·K)), and T is the absolute temperature (K).



From Equation (5), the reaction rate constant (k) can be calculated by measuring the nitrogen content of the fabric and substituted into Equation (7) to calculate the values of Ea and A. The reaction rate constant of the nitrogen content at any temperature was calculated, compared with the actual measured rate constant of nitrogen content, and the applicability of the Kjeldahl method to evaluate the delayed-cure stability was analyzed.




3.4. Reaction Rate of under Different Storage Conditions


For Equation (5), the nitrogen content at the different storage conditions in Figure 3 was analyzed to obtain the relationship between ln(Nm − N)/Nm and the storage time with linear fitting. The results are shown in Figure 3.



Figure 3 shows the nitrogen content after storage at 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C. The change of ln(Nm − N)/Nm was linear with storage time (The specific data was referred to Table S3). The fitting functions are: y = −0.0441x + 0.00623, R2 = 0.9889, y = −0.0646x + 0.0511, R2 = 0.9713, y = −0.0908x + 0.0035, R2 = 0.9965, y = −0.124x + 0.0243, R2 = 0.9853, y = −0.148x + 0.0174, R2 = 0.9934, where y is ln(Nm − N)/Nm and x is time. The slopes of the fitting functions are the reaction rates (k) under different storage conditions. Linear fitting verified that the cross-linking reaction between the 2D resin and cotton fabric conformed to the pseudo-first-order reaction equation.



The reaction rates (k) after storage at 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C were 0.0441, 0.0646, 0.0908, 0.124, and 0.148, respectively. Because the units of k and t in Equation (5) were (24 h)−1 and °C when substituted into Equation (7), the units needed to be converted to s−1 and thermodynamic temperature T. After the unit conversion, the reaction rate K and 1/T were analyzed, and the fitting equation in Figure 4 was Y = 3400.433X + 0.412, R2 = 0.9919 (The specific data was referred to Table S4). Therefore, combined with Arrhenius Equation (6), the Ea of a 2D resin combined with cotton fabric under these process conditions was 28.271 kJ/mol, and A was 0.662. The activation energy of this finish system was low, which indicated that the 2D resin was prone to cross-linking with cotton fabrics during storage.




3.5. Accuracy of the Reaction Rate Evaluation Method


According to the fitting equation between the temperature (1/T) and reaction rate constant (K) in Figure 4, the calculated reaction rates of cotton fabric treated with a 2D resin that was stored at 20 °C and 30 °C were 0.0217 (24 h)−1 and 0.0333 (24 h)−1, respectively. The measured nitrogen content of the fabric after storage at 20 °C and 30 °C for 5 days was 0.0477% and 0.0713%, respectively. By combining Equation (5), the rate equation of 20 °C and 30 °C was y = −0.0217x + 0.0219 and y = −0.0333x + 0.0314, where y is ln(Nm − N)/Nm and x is time.



Using these two rate equations, the nitrogen content of the finished fabric after long-term storage at 20 °C and 30 °C was predicted and compared with the measured nitrogen content of the fabric, and the crosslinking degree between the 2D resin and the fabric was analyzed [31]. The calculated and measured values of the nitrogen content, and WRA after long-term storage at 20 °C and 30 °C are shown in Table 1.



The nitrogen content increased with storage time, and the temperature increase also increased the crosslinking degree between the fabric and 2D resin. The nitrogen content of fabrics stored at 20 °C for 30 days reached 0.2542% and accounted for 44.21% of the nitrogen content (Nm = 0.575%) that was applied to the 2D resin on the fabric. The nitrogen content of the fabrics stored at 30 °C for 30 days was 0.3412%, and 59.34% of the nitrogen content applied to the fabric. This result indicated that the crosslinking degree of the 2D resin of cellulose was low, and the finished fabric should be stored at a low temperature for a long time during the delayed curing of the 2D resin. When the finished fabrics were stored for an extended period at 20 °C and 30 °C, the relative error between the calculated and measured values of the nitrogen content was within ±5%, which indicates that the Kjeldahl method and the Arrhenius formula was feasible for analyzing the crosslinking degree between 2D resin and fabric.





4. Conclusions


We analyzed the change in nitrogen content of the fabric before and after storage, combined with the Arrhenius formula, and proposed an accurate method to determine the crosslinking degree of cotton fabric with 2D resin in delayed-cure finishing. Compared with traditional evaluation methods, such as viscosity and WRA, this method had a simpler operation, more accurate data, and could be used for quantitative analysis. There was a linear correlation between the nitrogen content and WRA during storage, which indicated that the crosslinking degree can be predicted by measuring the nitrogen content. Under storage conditions of 40 °C, 50 °C, 60 °C, 70 °C, and 80 °C, the nitrogen content of the finished fabric was changed with time following the pseudo-reaction kinetics. With the Arrhenius formula, the calculated reaction rate equation of 2D resin combined with cotton fabric was Y = 3400.433X + 0.412, R2 = 0.9919, where Y is −lnK, X was 1/T. The apparent activation energy Ea was 28.271 kJ/mol and the pre-finger factor A was 0. This equation was used to analyze the nitrogen content of the finished fabric after long-term storage at 20 °C and 30 °C, and the relative error between the calculated and the experimental value was within ±5%, which showed that this method was suitable to analyze the degree of cross-linking between the fabric and 2D resin in delayed-cure finishing accurately. This analysis method is only applicable to the delayed curing of anti-wrinkle finishing with agents containing nitrogen, whether it can be applied to other anti-wrinkle finishing methods remains to be verified.
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Scheme 1. Reaction mechanism of the Kjeldahl method. 
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Scheme 2. Proposed crosslinking mechanism between 2D resin and cellulose. 
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Figure 1. Nitrogen content (a) and WRA (b) with storage time under different storage temperatures. 
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Figure 2. Relationship between nitrogen content and WRA. 
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Figure 3. Variation Fitting curves of ln(Nm − N)/Nm with storage time. 
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Figure 4. Fitting curves of −lnK and 1/T. 
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Table 1. Calculated and measured values of nitrogen content after long-term storage.
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Storage Conditions

	
Nitrogen Content (%)

	
Crosslinking Degree (%)

	
Relative Error

(%)

	
WRA (°)




	
Calculated

(CV)

	
Measured

(MV)

	
Calculated

(CV)

	
Measured

(MV)






	
20 °C

	
10 Days

	
0.1019

	
0.0972

	
17.76

	
16.90

	
−4.61

	
118 ± 5




	
15 Days

	
0.1506

	
0.1574

	
26.19

	
27.37

	
4.52

	
130 ± 3




	
20 Days

	
0.1942

	
0.1887

	
33.77

	
32.82

	
−2.83

	
140 ± 4




	
30 Days

	
0.2484

	
0.2542

	
43.20

	
44.21

	
2.33

	
145 ± 4




	
30 °C

	
10 Days

	
0.1486

	
0.1534

	
25.84

	
26.68

	
3.23

	
127 ± 3




	
15 Days

	
0.2140

	
0.2036

	
37.22

	
35.41

	
−4.86

	
139 ± 6




	
20 Days

	
0.2693

	
0.2745

	
46.83

	
47.74

	
1.93

	
158 ± 4




	
30 Days

	
0.3559

	
0.3412

	
61.90

	
59.34

	
−4.13

	
176 ± 5
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