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Abstract: In the anti-wrinkle finishing of cotton fabrics, the decreased dyeability of the finished
fabrics has always been a difficult problem. A new anti-wrinkle finishing mode was developed to
solve this problem by changing the finishing sequence of fabric dyeing and anti-wrinkle. In this
research, the partial oxidization of raffinose with sodium periodate generated multiple aldehydes,
which acted as multifunctional cross-linkers and endowed cotton fabrics with anti-wrinkle and
hydrophilic properties. The structural characteristics of oxyRa were analyzed by FTIR and I3C-NMR.
Through response surface methodology (RSM), the finishing model of oxyRa was established from
the influencing factors of catalyst concentration, pH, curing temperature and time, and the optimized
finishing process: the catalyst concentration was 20.12 g/L, pH was 4.32, curing temperature was
150 °C and curing time was 120 s. Under this condition, the predicted wrinkle recovery angle (WRA)
of the finished fabric was up to 249.76°, Tensile strength (TS) was 75.62%, Whiteness index (WI)
was 70.69. Importantly, comparing the anti-wrinkle and dyeing performance of the fabric with
anti-wrinkle and then dyeing and anti-wrinkle after dyeing, the oxyRa-treated fabrics showed better
dyeing properties compared with previously reported dimethyldihydroxyethylene urea (DMDHEU),
glutaraldehyde (GA), and 1,2,3,4-butanetetracarboxylic acid (BTCA). Analysis of the combined
mechanism of different finishing agents and cellulose, demonstrated the reason why oxyRa can be
used to change the order of dyeing and anti-wrinkle finishing.

Keywords: oxidized raffinose; polyaldehyde derivatives; anti-wrinkle finishing; dyeing; RSM;
cotton fabric

1. Introduction

Cotton fabric has become one of the most widely used textile materials because of its
wear comfort, hygroscopicity, breathability and softness [1,2]. Nevertheless, cotton fabrics
readily form creases during home laundering which is undesirable for users. Because
there are not enough covalent bonds in the cellulose chains, the original H-bonds in cotton
cellulose will break and new H-bonds form under friction, resulting in cotton fabric having
poor anti-wrinkle properties [1,3,4]. In order to meet the application and use requirements
of cotton fabrics, chemical cross-linking finishing agents must be applied as anti-wrinkle
finishing for cotton fabrics.

In the chemical crosslinking anti-wrinkle finishing method of cotton fabrics, cot-
ton fabrics are given excellent anti-wrinkle properties mainly through the etherification
crosslinking of aldehyde groups and the esterification crosslinking of polycarboxylic acids.
The etherification crosslinking of aldehyde groups is mainly represented by dimethylol
dihydroxyethylene urea (DMDHEU) and glutaraldehyde (GA) [3,5]. The esterification
crosslinking of polycarboxylic acid is mainly represented by 1,2,3,4-butanetetracarboxylic
acid (BTCA) [6-8]. The reaction between cotton and crosslinker in anti-wrinkle finishing
is a kind of complex multiphase reaction. The aldehyde and carboxylic groups of those
agents form ether bonds by combining with the hydroxyl groups of cellulose to give
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cotton fabric anti-wrinkle properties. In the finishing process, the micro-pore size and
internal surface area of the fiber are reduced, resulting in a decrease of the hydrophilicity
and dyeability [9-11]. Therefore, anti-wrinkle finishing is usually carried out after dyeing
or printing. In order to adapt to the trend of the clothing market toward small batch
and multi-variety development, it is required that the dyeing process can be carried out
after anti-wrinkle finishing. Therefore, it is necessary to develop a new type of anti-
wrinkle finishing agent, which can greatly improve the hydrophilicity and dyeability of
the finished fabric.

Raffinose is the most well-known trisaccharide in Nature, being widely found in
natural plants and in many vegetables (cabbage, cauliflower, potato, beet, onions, etc.),
fruits (grapes, bananas, kiwi, etc.), rice (wheat, rice, oats, etc.). The seeds of some oil crops
(soybeans, sunflower seeds, cottonseeds, peanuts, etc.) also contain varying amounts of
raffinose. Raffinose is composed of galactose, fructose and glucose. To our knowledge,
sodium periodate selectively cleaves the vicinal hydroxyls in carbohydrates to yield alde-
hyde groups [5,12-15]. The aldehyde group can be used as the reactive group to combine
with the hydroxyl groups of cellulose to achieve anti-wrinkle properties. At the same time,
the hydroxyl group of raffinose is introduced into the fiber as the reaction progresses to
improve the hydrophilicity and dyeability of the finished fabric. Based on this mechanism,
we have established the idea of changing the sequence of anti-wrinkle and dyeing finishing.

In this study, raffinose was partially oxidized by sodium periodate to obtain oxyraffi-
nose (oxyRa), which was applied as an anti-crease finish for cotton fabric. The aldehyde
content of oxyRa was titrated with hydroxylamine hydrochloride, and the structural char-
acteristics were analyzed by FTIR and '*C-NMR. The optimized finishing process was
established through response surface methodology (RSM), the four influencing factors
being catalyst concentration, pH, curing temperature and time. Furthermore, we compared
the anti-wrinkle and dyeability of cotton fabric treated with oxyRa, DMDHEU, glutaralde-
hyde and BTCA, and studied the combined mechanism of different cross-linking agents
and cellulose to analyze the reasons for the different dyeing properties.

2. Materials and Methods
2.1. Materials

Cotton cloth (100%) with 155 warp yarns per 2.54 cm warp and 79 wefts per 2.54 cm
weft, weighing 113 g/m?, was desized, scoured by the supplier (Shandong Ruyi Group
Co., Ltd., Jining, China). Raffinose-5H;0 (Ra), hydroxylamine hydrochloride, magnesium
chloride, sodium hypophosphite monohydrate, and sodium hydroxide were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Sodium periodate was
purchased from Shanghai Mclean Biochemical Technology Co. Ltd. (Shanghai, China).
Three crosslinking agents—glutaraldehyde (25% solution, Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China), DMDHEU (Dymatic Chemical Reagent Co. Ltd., Guangzhou,
China), and BTCA (J&K Scientific Ltd., Beijing, China)—were used. All chemicals were of
reagent grade and used without further purification.

2.2. Methods
2.2.1. Preparation of the oxyRa

Periodate oxidation of raffinose was carried out according to a literature procedure
with slight modifications [5,13]. In brief, raffinose (17.83 g, 0.03 mol) was dissolved in
300 mL of water and NalOy (32.0 g, 0.15 mol) was added. After the reaction mixture was
stirred in dark at 20 °C for 24 h, barium dichloride (18.32 g) was added and the entire
mixture was stirred at 10 °C for 24 h to allow complete precipitation. The mixture was
filtered, and the liquor containing the polyaldehyde derivative was obtained. The resulting
solution was kept in a deep freezer at —20 °C and then dried by lyophilization to obtain
oxyRa powder.
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2.2.2. Aldehyde Content

Estimation of aldehyde content was performed by chemical titration. OxyRa (0.1 g)
was dissolved in 25 mL of 0.25 N hydroxylamine hydrochloride solution and two drops of
methyl orange indicator (0.05% solution) were added. The solution was allowed to stand
for 2.0 h and then titrated with a 0.1 N sodium hydroxide solution until the solution turned
from red to yellow. Taking the volume of sodium hydroxide solution consumed as the
x-coordinate and the pH value as the y-coordinate, a curve with one folding points was
obtained. The folding point was AV (mL) of NaOH. The aldehyde group content (mmol
C=0H/g oxyRa) was calculated using Equation (1):

_ AV x 0.001 x NNaOH
w

B

)

where AV is the volume of NaOH consumed (mL), ny,0p is the concentration of NaOH
(mol/L), w is the dry sample weight.

2.2.3. FTIR Analysis

Fourier transform infrared spectroscopic analysis of raffinose (Ra) and oxyRaffinose
(oxyRa) was carried out using an IRaffinity-1S instrument (Shimadzu. Suzhou, China)
using the KBr pellet method with 32 scans for each sample at a resolution of 4 cm~! in the
scanning range of 4000-400 cm 1.

2.2.4. 13C NMR Analysis

The chemical structures of Ra and oxyRa were confirmed by 3C-NMR recorded on
a AM-400 spectrometer (Bruker, Beijing, China). The samples (0.05 g) were dissolved in
0.5 mL of deuterated water (D,0).

2.2.5. Anti-crease Treatment of Cotton Fabric

The fabric sample was first immersed in an aqueous solution containing either oxyRa
or DMDHEU, or glutaraldehyde, or BTCA with other auxiliary reagents and then padded
with two dips and two nips using a two-bowl horizontal laboratory padder (Aaliruo,
Guangzhou, China) to attain a wet pickup of 90%. Impregnated fabrics were dried and
then cured under specific conditions in a curing oven manufactured by Rapid Precion
Machinery Co. Ltd. (Xiameng, China).

2.2.6. Properties of Treated Fabrics

Before the measurement, the samples were conditioned at 25 £ 1 °C for 4 h under
conditions of relative humidity 65 £ 2%. Wrinkle recovery angle was measured on an SDL
Atlas MOO3A tester (Guangzhou, China) according to AATCC Testing Method 66-2003.
Each sample was measured 5 times in the weft (f) and warp (w), and the average value of
each group was taken.

Tensile strength was determined by an electronic fabric strength tester in accordance
with ASTM Testing Method D-1424-1996, and tensile strength retention rate was calculated
using an untreated cotton fabric as a control:

TS = I * 100% 2)
Ty
where T; is the tensile strength (cN) after treatment and T}, is the tensile strength (cN)
before treatment. All mechanical properties were measured five times in the warp and
weft directions.

Whiteness index (WI) of the treated fabrics were determined by AATCC Test Method
110-2005. A Datacolor 650® Bench top spectrophotometer (Suzhou, China) was used to test
four different positions, calculating the average of every sample.
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2.2.7. Dyeing

In order to evaluate differences in hydrophilicity of anti-wrinkle finished fabrics, the
fabrics and fabrics with anti-wrinkle finishing were dyed by C. I. Reactive Brilliant Red
EC-3GL (Dichloro-s-triazine dye) at 60 °C for 90 min, sodium sulfate and sodium carbonate
need to be added during the dyeing process. The K/S (color strength) and AE of the dyed
fabrics were measured by ASTM D2244-16 (Standard practice for Calculation of Color
Tolerances and Color Differences from Instrumentally Measured Color Coordinates).

3. Results and Discussion
3.1. Partial Oxidization of Raffinose by Sodium Periodate

In the present work, oxidation of raffinose were carried out using the 1:1, 1:2, 1:3,
1:4 and 1:5 molar ratio of raffinose to sodium periodate, which effectively cleaves gly-
cols to more than two aldehyde groups (Scheme 1). In Scheme 1b, if vicinal diols in
the raffinose molecule are partially cleaved by periodate oxidization without causing
molecular fragmentation, the oxidized raffinose derivative contains multiple aldehyde
groups [11,13,15,16]. Structurally, oxyRa was a formaldehyde-free anti-wrinkle finishing
agents, and the polyaldehyde raffinose derivatives containing multiple aldehyde groups.

(a) Oxidation of diols to dialdehyde with sodium periodate.
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Scheme 1. Oxidation mechanism of sodium periodate.

The aldehyde content obtained with different molar ratios of raffinose to NalO4 was
measured using the hydroxylamine hydrochloride method, and the results are shown in
Figure 1. It can be seen that the NalO4 concentration had a strong influence on the aldehyde
content of oxyRa. When the molar ratio of Ra to NalO, was 1:4, the aldehyde content
was the highest after 24 h reaction time. This may be because the molecule of raffinose
contains two glucose 6-membered rings and one fructose 5-membered rings, according to
the literature, one part of the glucose ring requires two parts of NalO4 to completely oxidize
(open the ring to form a dialdehyde group) and one part of the fructose ring requires one
part of NalOy4 to completely oxidized [13,17,18]. In the oxidation process, the glucose ring
was easily oxidized by sodium periodate, and the ring-opening reaction occurs, and the
reaction was faster. Although the fructose ring consumes a small amount of NalOy, it was
more difficult to be oxidized than the glucose ring. Then, the selection of the molar ratio
was considering at 1:4.
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Figure 1. Aldehyde content of the oxyRa with difference ratio of NalOy.

3.2. Structure Analysis of oxyRa

The various functional groups in the compounds have different characteristic ab-
sorption peaks when irradiated in the infrared spectrometer. The Ra and the oxyRa were
scanned at 4000400 cm~! by Fourier transform infrared spectroscopy, and the characteris-
tic absorption spectra are shown in Figure 2.

1712

4

-CHO
\\ Stretching
Ra vibration peak

1 n 1 L 1 " 1 n 1 n 1 1 1 1 1

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavelength(cm'1)
Figure 2. FTIR spectrum of Ra and oxyRa.

By analyzing its characteristic absorption peaks in Figure 2, the change of functional
groups before and after oxidization of Ra can be known. The intensity of the oxyRa
peaks at 2937 and 2914 cm ! significantly weakened, proving that the position of -CH,
changed during the reaction and removal of -CH, may also occurred to form formic
acid [Scheme 1a]. The typical C=0 stretching peak of oxyRa occurs at 1712 cm~!, while Ra
has no absorption peak at this wavenumber which indicates that there were no aldehyde
groups in the molecule. The 925 and 800 cm ™! peaks were the asymmetric stretching
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vibration peaks of pyran rings, and the peak of oxyRa obviously disappeared. This proved
that the glucose ring undergoes a ring opening reaction during oxidation.

From previous studies, we expected oxyRa to be a mixture of isomers and hemiacetals.
The structural 13C-NMR analysis results of one of the hemiacetal derivatives and raffinose
was shown in Figure 3.

CH,OH

""\/J—o\ O o—< O, O
> AR \l 7, Wore 4 \CH;OH
‘ ( ‘ (;OH OH OH
0 e} o} [¢]

OxyRa (III)

Mm‘ Wy MAMM
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I
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180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

Figure 3. 13C.NMR spectrum of Ra and oxyRa. ((a) is oxyRa, (b) is Ra).

Comparative analysis of the 13C-NMR spectra of Ra and oxyRa in Figure 3 confirms
that hemiacetal structures were indeed present in the oxyRa molecules. Figure 3a is the
nuclear magnetic resonance spectrum of Ra, which exhibits an asymmetrical trisaccharide
structure. The integral of the peak at 168 ppm fits well with the structure characterized by
a free -CHO group, as shown in Figure 3b. This also demonstrates that Ra was successfully
oxidized to the desired polyaldehyde derivative using five equivalents of NalOy [11,13,19].

3.3. Anti-Wrinkle Finishing Process Optimized by Response Surface Methodology (RSM)

In order to determine the optimum anti-crease technological conditions for oxyRa-
finished cotton fabric with the pad-dry-cure method, the effects of magnesium chloride
concentration, pH value, curing temperature and curing time on the anti-crease property
were measured through a RSM central composite Box-Behnken Design (BBD) [20,21]. A
response surface model (RSM) with four factors and three levels was designed using the
Design Expert 11.0 software (Apple Computer Inc., Cupertino, CA, USA) and the levels of
each factor are shown in Table 1. According to the 29 sets of test process parameters, the
cotton fabric was finished with oxyRa. The results are recorded in Table 2, and regression
analysis was performed on the data obtained.

WRA was selected as the response value, and the multiple regression analysis was
performed according to the response surface test results, and the quaternary quadratic
regression equation of WRA and catalyst concentration (X;), pH value (X;), curing temper-
ature (X3), and curing time (X4) was obtained as follows: Y = 260.13 + 20.39X; — 2.99X;, —
2.04X3 — 3.41X4 — 5.78X1 Xy + 3.37X1 X3 + 0.47X1 Xy — 2.27X5X3 + 0.82X,X4 + 3.86X3Xy —
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25.00X12 — 7.07X5% — 14.99X5% — 3.89X,2. The analysis of variance and significance of the
overall model are shown in Table 3.

Table 1. Factors, design codes and levels of the BBD.

Design Level
Factor Design Code
-1 0 +1
MgCl, (g/L) X1 16 20 24
pH Xz 3 4 5
Curing Temperature (°C) X3 150 160 170
Curing Time (s) X4 120 150 180
Table 2. Experimental design and results of the BBD.

Samples X1 Xo X3 Xy WRA (f + w)/(°) TS (%) WI
1 20 4 170 120 240.33 63.3 58.11
2 24 4 150 150 239.00 74.4 69.78
3 20 4 150 120 250.87 79.1 72.29
4 16 3 160 150 202.07 60.1 67.21
5 20 4 160 150 261.09 73.7 67.24
6 16 4 150 150 215.32 76.8 74.07
7 20 5 170 150 227.80 61.9 61.96
8 16 5 160 150 206.43 73.9 68.12
9 20 4 160 150 259.49 74.1 67.61
10 20 5 150 150 232.70 73.6 72.71
11 20 4 160 150 259.49 74.1 67.61
12 20 4 150 180 234.22 68.5 69.40
13 20 3 150 150 239.11 69.0 67.81
14 20 4 170 180 239.11 69.3 67.83
15 20 4 160 150 259.49 74.1 67.61
16 20 3 160 180 246.42 63.5 68.47
17 24 4 160 180 250.10 73.6 67.02
18 24 3 160 150 261.18 71.4 67.88
19 16 4 160 120 208.62 74.1 69.29

20 24 5 160 150 242.07 73.7 68.22
21 24 4 160 120 252.22 71.2 68.08
22 20 5 160 180 248.44 73.6 65.02
23 20 3 170 150 243.28 62.5 60.12
24 24 4 170 150 236.66 63.1 64.31
25 20 5 160 120 255.26 75.5 67.71
26 20 3 160 120 256.50 70.5 68.75
27 16 4 170 150 199.51 65.3 63.43
28 20 4 160 150 261.09 73.7 67.24
29 16 4 160 180 204.61 69.9 62.69

From Table 3, the F value of the regression model is 26.54, and the p value was less
than 0.0001, indicating that the quadratic model which used in the experiment was very
significant. p value of X;, X;? and X32 were all less than 0.0001, indicating that their
influence on the WRA was an extremely significant. p value of X4 and X,? was less than
0.05, indicating that they have a significant effect on the WRA, while the p values of X»,
X3, and X42 were all greater than 0.05, that was, there was a small significant effect on the
WRA. p values of the interaction items (XX, X1X3, X1Xg, X2X3, X5X4, and X3X,) were all
greater than 0.05, indicating that the interaction item has no significant effect on WRA,
which means that the relationship between four factors and the WRA was not a simple
linear relationship. Therefore, according to the influence on the WRA, the order of the four
factors from high to low was: X; > X4 > Xy > X3.
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Table 3. ANOVA table for WRA.
Sum of Mean F -Value
Source Squares df Square Value I,:rob >F
Model 10363.90 14 740.28 26.54 <0.0001
X3 4988.62 1 4988.62 178.83 <0.0001
Xz 107.16 1 107.16 3.84 0.0702
X3 50.14 1 50.14 1.80 0.2014
X4 139.40 1 139.40 5.00 0.0422
X1Xo 137.71 1 137.71 494 0.0433
X1X3 45.36 1 45.36 1.63 0.2230
X1 Xy 0.89 1 0.89 0.032 0.8606
XoX3 20.57 1 20.57 0.74 0.4050
XoXy 2.66 1 2.66 0.095 0.7622
X3Xy 59.52 1 59.52 2.13 0.1662
X2 4054.32 1 4054.32 145.33 <0.0001
X2 323.96 1 323.96 11.61 0.0042
X532 1456.70 1 1456.70 52.22 <0.0001
X42 98.01 1 98.01 3.51 0.0819
Residual 390.55 14 27.90
Lack of Fit 387.48 10 38.75 50.45 0.0009
Pure Error 3.07 4 0.77
Cor Total 10754.46 28
R? = 0.9637 Rygi? = 0.9274 Adeq Precision = 17.319

The lack of fit can indicate the difference between the model and the results, the p
value of the model’s lack-of-fit item is 0.051, satisfying the condition of being greater than
0.05, and indicating that the lack of fit item is not significant and there is no lack of fit
factor. It also proves that the equation can be used to predict the WRA and analyze the
anti-wrinkle property of the finished fabric. When the coefficient of determination (R?) is
close to 1, means that higher the fit and more practical of this model. The R? of the model
is 0.9560, indicating that the fit is good and can be used to predict the WRA of the fabric.
The corrected coefficient of determination (Radjz) is 0.9121, which means that the model
can predict 91.21% of the response value change.

According to the obtained quaternary quadratic regression equation, WRA’s 3D
response surface plots of the four factors were made by Design Expert 11.0, and the result
is shown in Figure 4. The Figure 4a—f respectively show the WRA’s dynamic changes of the
four influencing factors in the process of finishing cotton fabric with oxyRa finishing agent,
and the optimal value range of each factor. The slope of the curved surface can reflect the
influence of two factors on the response value, the smoother the slope of the curved surface
was mean that the interaction of the two factors had less influence on the WRA, while the
slope was steeper, the opposite was true. The shape of the contour line in the figure can
also indicated the strength of the interaction between the two influencing factors. If the
contour line was elliptical, it means that the interaction between the two factors is strong,
and if the contour line was circular, it means the interaction between the two factors was
not significant.

From the six response surface Figure 4a—f, the interactions between the concentration
of MgCl, and pH value, curing temperature, and curing time were relatively strong, and
the effect on the WRA was more significant. As the concentration of MgCl, was increased
from 16 to 24 g/L, the change of WRA increases at the beginning stage and then decreases,
indicated that excessive MgCl, cannot keep WRA increasing. When the amount of catalyst
was 20 g/L, the WRA of treated fabric was the maximum. This was because the cross-
linking reaction between the oxyRa and cotton cellulose may be achieved under the action
of a certain pH and catalyst and a certain curing time and temperature. In contrast, the
interaction between pH and curing temperature, curing time, and the interaction between
curing temperature and curing time has little effect on the WRA.
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Figure 4. 3D surface plot for WRA with 4 factors. ((a) is WRA’s dynamic changes of the MgCl, and pH, (b) is WRA’s
dynamic changes of the MgCl, and Curing Time, (c) is WRA’s dynamic changes of the MgCl, and Curing Temperature,

(d) is WRA’s dynamic changes of the pH and Curing Temperature, (e) is WRA’s dynamic changes of the pH and Curing

Time, (f) is WRA’s dynamic changes of the Curing Temperature and Curing Time).

In Figure 4, the model’s prediction of the optimal finishing process of WRA was the
catalyst concentration was 20.12 g/L, pH was 4.32, curing temperature was 150 °C and
curing time was 120 s. Under this condition, the predicted WRA of the finished fabric was
up to 249.76°, TS was 75.62%, WI was 70.69 (ANOVA table for TS and WI were shown in
the experimental supplementary files.). According to this process parameter, we conducted
three sets of repeated experiments to verify the correctness of the prediction process. The
obtained WRA was 245.23°, TS was 71.13%, and WI was 68.11, these experimental results
were similar to the predicted results, indicated that the regression model can effectively
predict the anti-wrinkle performance of oxyRa finished fabrics, and also verified the
reliability of the fabric anti-wrinkle finishing model established by RSM.

3.4. Anti-Wrinkle Finishing and Dyeing of the Fabrics

The anti-wrinkle and dyeing properties of fabrics treated with oxyRa, DMDHEU,
glutaraldehyde, and BTCA with the pad-dry-cure method were summarized in Table 4.
No. 1, 3, 6, 9, 12 were the fabrics with anti-wrinkle finishing only. No. 2 was the fabric
with dyeing only. No. 4, 7, 10, 13 were the fabrics with dyeing, and then with anti-
wrinkle finishing. No. 5, 8, 11, 14 were the fabrics with anti-wrinkle finishing, and then
with dyeing.

From No. 1 and 3 in Table 4, it was evident that the WRA of the oxyRa-treated fabric
were obviously better than reference, being 245.23°, a 106.87% increase over the control.
This was equivalent to DMDHU-treated fabrics (247.25°), much lower than WRA of GA-
and BTCA-treated fabric (251.21° and 262.64°), which indicated that oxyRa can cross-link
with the cotton fabric to impart anti-wrinkle properties to the fabric. This was because the
aldehyde groups of oxyRa were combined with the hydroxyl groups of cotton cellulose to
form hemiacetals or acetals, and a network structure was formed inside the fiber to reduce
the relative slippage between the cellulose [12,22,23], thereby improving the anti-wrinkle
properties of the fabric.

No. 4, 7, 10, 13 were the fabrics with dyeing, and then with anti-wrinkle finishing, the
anti-wrinkle performance of the finished fabric was obviously decreased compared with
No. 2, and the color of the fabrics were deepened, and the k/s value increased. It can also
be seen from Figure 5 that the apparent color of the fabric becomes darker. This shows the
defect of the processing technology of dyeing first and then finishing, and it was also the
reason we designed the anti-wrinkle first and then dye process.
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Table 4. Properties of fabrics treated with oxyRa, DMDHEU, GA and BTCA.
No Samples Curing Curing WRA () TS (%) WI K/s AE
) Temperature (°C) Time (s)
1 Reference 150 120 118.54 100.00 83.15 / /
2 Reference-1 150 120 129.35 98.50 / 19.63 0
3 OxyRa ? 150 120 245.23 64.90 62.35 / /
4 OxyRa-12 150 120 207.15 60.01 / 24.02 2.43
5 OxyRa-2 2 150 120 238.43 58.07 / 13.88 3.49
6 DMDHEU 2 160 120 247.25 65.82 68.42 / /
7 DMDHEU-1 @ 160 120 219.74 60.07 / 24.39 1.96
8 DMDHEU-2 2 160 120 230.32 61.73 / 6.91 8.46
9 GA?2 150 120 251.21 64.54 71.84 / /
10 GA-12 150 120 212.53 66.40 / 20.17 0.43
11 GA-22 150 120 229.42 65.93 / 8.02 7.29
12 BTCAP® 180 120 262.64 58.88 68.13 / /
13 BTCA-1b 180 120 211.85 54.73 / 23.52 1.99
14 BTCA-2b 180 120 229.16 53.89 / 1.78 16.40

2 used 20.12 g/1 MgCl,-6H,0 as the catalyst, and  used 20.12 g/L NaH,PO,-H,O as the catalyst. The pH of all finishing agents was 4.32.

Figure 5. K/S and apparent color of treated fabrics.

From No. 5, 8, 11, 14, after anti-wrinkle finishing and dyeing finishing, the difference
in WRA of the four fabrics were small, but the k/s value of the fabrics dyed after oxyRa
finishing was 13.88, which was significantly higher than that of the fabrics finished with
DMDHEI, GA and BTCA, and the AE value was the smallest. This means that after the
fabric was finished with oxyRa, the color of the fabric was deeper and closer to the reference
(No. 2). From Figure 5, the apparent color of the No. 5 sample was also deeper than No. §,
11, and 14, indicating that the hydrophilicity of the fabric after DMDHEU, GA and BTCA
finishing was decreased, and it was not easy to combined dyes, which made the fabric
difficult to dye. It was because that there were covalent binding reactions between the
crosslinking agents and the hydroxyl groups of the fibers during the finishing process, in
which some of the hydroxyl groups reacted, so the number of hydroxyl groups that can
form hydrogen bonds with the dye was decreased. This can be further analyzed from the
combination mechanism of reactive dye, crosslinkers and fibers in Scheme 2.

It would be interesting to understand the mechanism of the reactive dye and four
crosslinking agents with cotton cellulose, and analyze the effects of changes in hydroxyl
contents in the finishing and dyeing process (Figure 4a—e) [13,17,18]. From the combination
mechanism that dyeing and anti-wrinkle finishing agents have a competitive relationship
with the hydroxyl groups of cellulose, and the hydroxyl content of cellulose was reduced
after the combination [24-27]. In Figure 4a, the reactive groups (halogen atom-chlorine)
of the reactive dye undergoes the covalent bonding reaction with the hydroxyl groups of
the cellulose, which reduces the hydroxyl content of the fiber. In the reaction of oxyRa
with the cellulose hydroxyl group (Figure 4b), the hydroxyl group itself was introduced
into the fiber chain. Thus, the number of hydroxyl groups in the treated fabric did not



Appl. Sci. 2021, 11, 4641

11 0of 13

decrease significantly, the key to be able to apply the anti-wrinkle finishing to the fabric
before the dyeing process. After DMDHEU, GA and BTCA were combined with cellulose,
the number of hydroxyl groups consumed was more than that of the hydrophilic groups
introduced with the molecule, resulting in serious decrease in hydrophilicity and poor
color staining of the fabric. Therefore, their dyeability was in order of high to low: oxyRa >
BTCA > DMDHEU > GA.
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Scheme 2. Reaction mechanism of the reactive dye and four crosslinking agents with cellulose.
((a) was the reaction mechanism of the reactive dye EC-3GL, (b—e) was the reaction mechanism of
OxyRa, Ga, DMDHEU and BTCA).

4. Conclusions

We successfully prepared a new type of anti-wrinkle finishing agent, which solved
the problem of reduced dyeability of cotton fabric after anti-wrinkle finishing. Partially
oxidized raffinose polyaldehyde derivatives (oxyRa) was prepared by oxidation with
sodium periodate. FTIR and '3C-NMR proved that the molecular structure of oxyRa
contained aldehyde groups, and the content of aldehyde groups was 17.54 mmol/g. The
optimal finishing process and the best finishing effect of oxyRa were predicted by the
RSM, the correctness of the predicted results was verified through the corresponding
experimental process, and oxyRa finished fabric has good WRA, ST, WI. In addition, the
analysis of the k/s value and the apparent color of the fabric after anti-wrinkle finishing
with different finishing agents shows that the k/s of the oxyRa-finished fabric was the
highest, which was also the closest to the reference compared to DMDHEU, GA and
BTCA. Anti-wrinkle property of oxyRa-treated fabrics was obtained by the reaction of
an ether bond, formed by dehydration and condensation between the aldehyde group of
oxyRa and the hydroxyl group of cellulose. The dying properties of oxyRa-finished fabric
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were improved because hydroxyl groups were added to raffinose while the hydroxyls of
cellulose were consumed in the etherification reaction.
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