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Abstract: (1) Background: Supercritical CO2 fluid (SCF-CO2)-assisted impregnation presents advan-
tages on loading active drugs to polymer substrates, since it enables the realization of a drug-loaded
polymer without any solvent residue. Besides, CO2 gas and drugs can be recycled and utilized again.
Resveratrol-loaded diacetate fiber by SCF-CO2-assisted impregnation was done to give diacetate
fiber biological activity function for enhancing its added value. (2) Methods: The effect of SCF-CO2

temperature, pressure and treatment time on loading ability (LA) of resveratrol onto diacetate fiber
was explored by ultraviolet visible spectrophotometer. The variation of structure and property of
diacetate fiber was analyzed by characterization instruments. (3) Results: LA had been increasing
with SCF-CO2 treatment time, temperature and pressure when SCF-CO2 was above 70 ◦C, 12 MPa.
The inhibiting rate of resveratrol to free radicals was affected positively by SCF-CO2. After resveratrol
was impregnated by SCF-CO2 it appeared some small white granular substances on the surface of
diacetate fiber. It had a good interaction between resveratrol and molecular chain of diacetate fiber.
(4) Conclusions: Resveratrol was well-loaded onto the diacetate fiber by SCF-CO2 assisted impregnation.

Keywords: diacetate fiber; supercritical CO2 fluid; resveratrol; loading ability

1. Introduction

Cellulose acetate is an important derivative of cellulose with molecular formula
[C6H7O2(OCOCH3)X(OH)3−X]n, where X is regarded as degree of substitution(DS) of
acetyl, and n is degree of polymerization. According to the definition of fiber by ISO/FDIS
2077:2013 (E), the content of acetyl in cellulose diacetate is between 74% and 92% when X
is within the range of 2.28~2.49. The diacetate fiber is an important regenerated cellulose
fiber, the output of which is second only to viscose fiber. The fabric processed by diacetate
fiber has bright color and appearance, is soft and comfortable to touch, lustrous and has
good elasticity, no static electricity and pills. The performance is close to mulberry silk and
suitable for close wear. So, it is often used to make high-end garments. The price is also
lower than cupra fiber.

With the upgrading of consumption people are not only satisfied with fiber materials
comfort, but also expect fiber materials to possess certain functions, such as antibacterial
properties [1] and antioxidation [2]. Bioactive drugs that maintain and moisturize the skin
are not only added to skin care products, but also used in clothing fabrics. For instance,
vitamin C was added into textile in the form of microcapsules, thyme essential oil was
applied to linen–cotton fabric using the padding method, herbal extracts and essential oils
were loaded onto cotton and silk by utilizing pad-dry-cure method and micro-spraying
method [3–5]. If bioactive drugs can be effectively impregnated into diacetate fiber by
proper processing technology to give cellulose acetate a biologically active function, it will
enhance the added value of diacetate fiber greatly.

Among the developed manufacturing processes, bioactive textiles mainly adopt the
blending spinning method [6], sol-gelatin technology [3] and microcapsule technology [7].
The blending spinning method means the drug was added into spinning dope for melt
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spinning or wet spinning (≥85 ◦C). It can mix more bioactive drugs (2–10%), but it is
not suitable for processing heat-sensitive components. Besides, the mixing of drugs can
easily affect the performance of fiber. The sol-gel was prepared by an emulsion hardening
technique, and microcapsules protect bioactive drugs through a coating system [8–10].
These involve various physical or chemical reactions and the use of organic solvents. So,
the manufacturing processes are long and usually finished on the fabric by padding and
coating, resulting in the worse feel of textile after washing. Specially, bioactive diacetate
fiber is usually processed by electrostatic spinning technology, which uses electrostatic
force to stretch fibers from a viscoelastic polymer solution. Different kinds of bioactive drug
can be added into the polymer solution such as chitosan, gallic acid, vitamin A, vitamin
E [11–13]. But the prepared diacetate fibers are nanosized and processed into mat instead
of fabric. Besides, the electrostatic spinning technology is not applicable to industrial
production. A more efficient method is needed to manufacture bioactive diacetate fiber.

Supercritical CO2 fluid (SCF-CO2) technology is a green processing technology. When
the temperature and pressure are respectively above 31.1 ◦C and 7.37 MPa, CO2 gas can
be transformed into supercritical fluid. This has a good solvability close to liquid and
diffusivity close to gas and can dissolve or carry small molecule drugs into the surface and
interior of substrates [14]. After the pressure drops, SCF-CO2 changes into gas, escapes
from the substrate and is recovered, but drugs remain in the substrate, and finally give
the substrate corresponding function [15,16]. The whole process is simple, green and
environmentally friendly without involving the use of organic solvents. More importantly,
the functional drug loading ability and its distribution onto the substrate can be regulated
simply through changing temperature, pressure, and treatment time [17]. So, SCF-CO2
technology can be regarded as a better method to manufacture bioactive diacetate fiber
compared to traditional processing methods.

In this work, diacetate fiber was utilized as substrate and resveratrol with the functions
of whitening, moisturizing, anti-oxidation and anti-ultraviolet ray protection. This is
regarded as a bioactive drug, which has been added into health and skin care products.
Firstly, resveratrol was dissolved in SCF-CO2. Then, the solubilized resveratrol was carried
into the diacetate fiber through SCF-CO2. Thus, an investigation of the impregnation
of diacetate fiber with resveratrol in SCF-CO2 was done. The effect of processing time,
temperature and pressure of SCF-CO2 on the loading ability of resveratrol onto diacetate
fiber and the change of structure and properties of diacetate fiber treated by SCF-CO2 were
studied carefully to provide some effective information for processing bioactive or other
functional diacetate fibers with SCF-CO2.

2. Materials and Methods
2.1. Materials

The utilized resveratrol (CAS: 501-36-0) was purchased from Aladdin Co., Ltd. (Shang-
hai, China) in an analytical reagent grade. The chemical structure of the resveratrol is
shown in Figure 1. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) (CAS: 1898-66-4) was provided
by Suzhou Ketong Biomedical Technology Co., Ltd. (Suzhou, China). Filament tow of
diacetate fiber (2.7 dtex/f, DS = 2.45) after a full pretreatment was supplied by Nantong
Cellulose Fibers Co., Ltd. (Suzhou, China). Carbon dioxide (purity ≥ 99.8 vol.%) was
purchased from Chengxing Industrial Gas Supply Co., Ltd. (Suzhou, China).
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2.2. Impregnation of Diacetate Fiber with Resveratrol in SCF-CO2

The supercritical system used for impregnation; its schematic diagrams were in the
literature [18], as shown in Figure 2. Firstly, resveratrol with 5.0% by mass of diacetate fiber
was utilized and was put at the bottom of the impregnation unit (7) with a free volume
of 2 L, which connected with pipeline by small holes. The mass of diacetate fiber was
around 4.0–5.0 g and trapped on the yarn rack, which was stood in the impregnation
unit (7). There was no touching between resveratrol and diacetate fiber. After a well seal
of the supercritical system, CO2 gas was supplied from a gas cylinder (1) and entered
into the system, which began pressurizing (4) and heating up (5) until the set points that
were monitored by pressure transducer (12) and thermometer (13) respectively. The fluid
was circulated (10-11-7-8-9-10) at a ratio of 1:10. Namely, the circulation pump (10) was
opened every 10 min to make the fluid circulate for 1 min throughout experiment, in
order to dissolve resveratrol adequately. When the treatment time was up the pressure
relief valve (17) was opened slowly and the pressure of impregnation unit (7) was released
totally around 12 min. At the same time the heating (5) was stopped. Then, the fluid was
transformed into CO2 gas and was recycled (15) simultaneously. Finally, resveratrol-loaded
bioactive diacetate fiber was taken out from the impregnation unit (7).
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Figure 2. Schematic diagram of the supercritical system for diacetate fiber impregnation: (1) CO2

cylinder, (2, 6, 8, 9, 11, 17, 19) Valves, (3) Cooler, (4) Liquid pump, (5) Pre-heater, (7) Impregnation
unit, (10) Circulation pump, (12) Pressure transducer, (13) Thermometer, (14) Micrometering valve,
(15) Separator, (16) Cleaner, (18) Sampling tube, (20) Collecting units, (21) Gas flowmeter [18].

2.3. Quantitative Evaluation of LA of Resveratrol onto Diacetate Fiber in SCF-CO2

The resveratrol loaded onto the diacetate fiber was extracted four times continuously
by ultrasonic extraction method, and 20 mL ethanol was used as the extraction solvent
at room temperature. The obtained extraction solution was transferred into a 100.0 mL
volumetric flask. The extracted diacetate fiber was dried at 90.0 ◦C for 4.0 h and conditioned
in a dryer for 24.0 h for mass measurement.

A construction of the calibration curve for quantitative evaluation of LA of resver-
atrol onto diacetate fiber was performed by preparing solutions of standard concentra-
tion. Resveratrol and ethanol were regarded as solute and solvent respectively. The ab-
sorbance of resveratrol in ethanol was measured by an ultraviolet visible spectrophotometer
(TU-1810, Beijing Purkinje General Instrument Co., Ltd., Beijing, China) and the range
of wavelength was 190.0 nm to 400.0 nm. Then, the calibration curve was built linearly
with the characteristic absorbance against the resveratrol concentrations. The measured
ultraviolet visible spectra and calibration curve were shown in Figure 3. A regression
equation for quantitative measurement of the resveratrol with a characteristic absorbance
at 306.0 nm was presented in Equation (1).

C = 0.0085 × A (1)

C is the concentration of resveratrol (g L−1). A represents the characteristic absorbance
at 306.0 nm, corresponding to the concentration of resveratrol. Proportional peak height
and a linear calibration curve in a concentration range from 2.0 × 10−4–6.0 × 10−3 g L−1

were shown with high linearity (r2 = 0.9994).
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Finally, the concentration of resveratrol in the collected solvent of ethanol was known
from Equation (1) according to A at 306 nm. Then, LA of resveratrol onto diacetate fiber was
obtained with Equation (2), by knowing the concentration of resveratrol in the extraction
solution and the mass of the utilized diacetate fiber. The relative standard deviations for
determination of the LA were within 1.7%.

LA =
C × V

G
(2)

where LA refers to the loading ability of resveratrol against utilized diacetate fiber (g g−1).
C represents the concentration of resveratrol (g L−1). V is the volume of ethanol with
resveratrol in the volumetric flask, and the volume of 100.0 mL was used. G is the mass of
extracted diacetate fiber (g).

2.4. Free Radical Inhibiting Ratio Assessment of Resveratrol

The free radical inhibiting experiment was adopted to evaluate the functional stability
of resveratrol after being treated by SCF-CO2. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was
regarded as the free radical. Firstly, 4.0 mg of DPPH was dissolved in 80.0 mL ethanol,
which was stored in a dark condition after 5.0 min of ultrasonic oscillation. A total 2.0 mL
ethanol solution with DPPH and 1.0 mL pure ethanol were added into one small tube.
After mixing thoroughly, we monitored the absorbance A2 at 517 nm on an ultraviolet
visible spectrophotometer. Secondly, 20.0 mg of resveratrol was dissolved in 20.0 mL
ethanol. It added v µL ethanol solution with resveratrol into the second small tube, which
also had stored 2.0 mL ethanol solution with DPPH and (1000-v) µL pure ethanol. After
mixing thoroughly for 30 min, it measured the absorbance A3 of the solution at 517 nm
in the second small tube. The values of v were respectively 20, 40, 60, 80, 100. The free
radical scavenging rate was evaluated according to Equation (3). The procedure was done
in duplicate.

I =
A2 − A3

A2
× 100% (3)

where I was for the free radical inhibiting ratio of resveratrol (%). A2 was the characteristic
absorbance of DPPH solution with no resveratrol at 517 nm. A3 was the characteristic
absorbance of DPPH solution with the corresponding dosage gradient of resveratrol at
517 nm.

2.5. Characterization and Analysis of Diacetate Fiber

The structure and property of resveratrol-loaded diacetate fiber was characterized by
a series of characterization instruments. The surface morphology was observed by using
a scanning electron microscope (SEM) (Quanta-250, FEI Corporation, Brno, Czech Republic).
The sample was put on the conductive adhesive for gold spray treatment and different
magnifications were set. The chemical structure was analyzed by fourier transform infrared



Materials 2022, 15, 5552 5 of 12

(FT-IR), which was recorded by a Nicolet 5700 spectrometer (Thermo Nicolet Corporation,
Waltham, MA, USA) using the method of a potassium bromide (KBr) disc. The sample
was firstly cut into powder, then mixed with KBr in an agate mortar and pressed into the
tablet and dewatered under infrared light. The range was 4000~500 cm−1. The aggregation
structure was performed by an X-ray diffraction (XRD) instrument (D/max-2550 PC, Rigaku
Corporation, Tokyo, Japan). The sample was cut into powder, then made into a loose flat
form and performed. Cu-Ka rays was used. The operating current was 150 mA, and
operating voltage was 40 kV, 2θ was in a range of 5~60◦. The thermostability was analyzed
by a thermogravimetric differential thermal synthesis analyzer (TG/DTA 6300, Japan NSK
Ltd., Tokyo, Japan). The sample was cut into powder and dried, and placed in the analyzer
under nitrogen protection at 100.0 mL/min. The heating rate was 10 ◦C/min, and the
temperature range was 30–700 ◦C. Tensile fracture strength was confirmed by a double-arm
universal material testing machine (INSTRON-3365, Wistron corporation, Flower Mound,
TX, USA). The pre-tension for testing was set to 0.20 cN. The tensile speed was set to
20 mm/min. The clamping distance was set to 20 mm. Each sample was tested 50 times to
get average value.

3. Results and Discussion
3.1. The Effect of SCF-CO2 Treatment Time on LA of Resveratrol onto Diacetate Fiber

The resveratrol dissolved in SCF-CO2 was continuously penetrated into diacetate
fiber under the influence of a concentration gradient between SCF-CO2 and diacetate fiber,
so that the LA of resveratrol onto diacetate fiber will be changed with the extension of
treatment time. It is necessary to explore the effect of SCF-CO2 treatment time on LA. The
treatment times were set to 30 min, 60 min, 90 min, 120 min, 150 min, 180 min, 240 min.
The temperature and pressure were respectively 80 ◦C, 16 MPa. The variation of LA with
SCF-CO2 treatment time was described in Figure 4.
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It can be seen that LA increased with SCF-CO2 treatment time. When the time was
30 min, LA was 0.0369 mg/g. When the time was 240 min LA had increased to 0.21 mg/g.
The reason why the LA had been increasing over time might be that SCF-CO2 has a good
swelling and penetrating effect on diacetate fiber. Diacetate fiber has the microstructure of
a large amorphous area, a relatively small crystalline grain size and imperfect crystallization.
Besides, the movement of molecular chain and chain segments is relatively free in the
diacetate fiber crystal area. The non-uniform side groups of acetyl group and hydroxyl
group are arranged into a relatively random manner along the macromolecular chain [19].
Finally, diacetate fiber can be swollen and penetrated easily. SCF-CO2 extracts functional
drugs from raw materials or carries them into substrate such as spices, dyes, antibacterial
agent to realize various applications. For these processes the swelling and penetrating of
fluid into substrate played a great role [20,21]. Based on the above, SCF-CO2 entered the
diacetate fiber continuously under swelling and penetrating, which improved the amount
of resveratrol entering the diacetate fiber.
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3.2. The Effect of SCF-CO2 Treatment Temperature and Pressure on LA of Resveratrol onto
Diacetate Fiber

The LA was mainly related to the solubility according to the previous experiment
results, and the higher solubility resulted in higher LA of the drug onto fiber [18]. Besides,
the swelling and penetrating of fluid could accelerate the passage of drug into substrate [22].
The temperature and pressure were the most critical factors for solubility or swelling [14],
which determined the LA of resveratrol onto diacetate fiber. So, it was prerequisite to
discuss the effect of SCF-CO2 treatment temperature and pressure on LA. It can be known
that LA had been increasing with SCF-CO2 treatment time. However, the structure and
property of diacetate fiber might be seriously damaged if the treatment time were too long.
If diacetate fiber was to be impregnated by SCF-CO2 for too long a time it would become
less efficient. Hence, we chose 90 min of treatment time to analyse the effect of SCF-CO2
treatment temperature and pressure on LA of resveratrol onto diacetate fiber. The too-high
temperature and pressure of SCF-CO2 might easily destroy the property of diacetate fiber
because of swelling and penetrating. Therefore, SCF-CO2 treatment temperatures were
set as 60 ◦C, 70 ◦C, 80 ◦C, 90 ◦C, and the SCF-CO2 treatment pressures were set as 8 MPa,
12 MPa, 16 MPa, 20 MPa. The variations of LA with SCF-CO2 treatment temperatures and
pressures are described in Figure 5.
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Figure 5. Effect of SCF-CO2 treatment conditions on the LA of resveratrol onto diacetate fiber: (a) 
SCF-CO2 treatment temperature; (b) SCF-CO2 treatment pressure. 

The effect of treatment temperatures on LA under different SCF-CO2 pressures was 
depicted in Figure 5a. It shows LA decreased a little with increasing temperature when 
the pressure was 8 MPa. LA decreased until 70 °C and increased with increasing 
temperature above 70 °C when the pressure was respectively 12 MPa, 16 MPa, 20 MPa. It 
can be seen that LA decreased at the beginning and increased subsequently with 
increasing SCF-CO2 treatment temperatures, except when the pressure was 8 MPa. One 
reason is that the variation of LA was positively related to solubility, a higher solubility 
resulted in a higher LA. The solubility was closely related to SCF-CO2 temperature, which 
decreased with increasing SCF-CO2 temperature under transition pressure [23]. Transition 
pressure was usually 10–12 MPa. So, the decreasing solubility with increasing 

Figure 5. Effect of SCF-CO2 treatment conditions on the LA of resveratrol onto diacetate fiber:
(a) SCF-CO2 treatment temperature; (b) SCF-CO2 treatment pressure.

The effect of treatment temperatures on LA under different SCF-CO2 pressures was
depicted in Figure 5a. It shows LA decreased a little with increasing temperature when the
pressure was 8 MPa. LA decreased until 70 ◦C and increased with increasing temperature
above 70 ◦C when the pressure was respectively 12 MPa, 16 MPa, 20 MPa. It can be seen
that LA decreased at the beginning and increased subsequently with increasing SCF-CO2
treatment temperatures, except when the pressure was 8 MPa. One reason is that the
variation of LA was positively related to solubility, a higher solubility resulted in a higher
LA. The solubility was closely related to SCF-CO2 temperature, which decreased with
increasing SCF-CO2 temperature under transition pressure [23]. Transition pressure was
usually 10–12 MPa. So, the decreasing solubility with increasing temperature caused
a decreasing LA when the pressure was 8 MPa. When the pressure was above 12 MPa,
LA still decreased with SCF-CO2 temperature going up from 60 ◦C to 70 ◦C, but increased
from 70 ◦C to 90 ◦C. The reason could be that the fluid density reduced with increasing
temperature in a small scale at a constant SCF-CO2 pressure. It resulted that the swelling
and penetrating of SCF-CO2 to diacetate fiber got worse, which affected the entry of
resveratrol into cellulose acetate. However, when the temperature was above 70 ◦C the
swelling of SCF-CO2 was greatly enhanced. The solubility of resveratrol also increased with
increasing temperature. Under the combined effect of the two factors, LA was improved
when SCF-CO2 temperature raised up from 70 ◦C to 90 ◦C.

The effect of SCF-CO2 treatment pressure on the LA was described in Figure 5b. It can
be seen that LA increased with increasing pressure under different SCF-CO2 temperatures.
One reason was that density of CO2 was enhanced with increasing pressure so that the
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solubility of resveratrol in SCF-CO2 was improved. A higher solubility resulted in a higher
LA. The other reason was that the swelling and penetrating of SCF-CO2 into diacetate fiber
caused it to become enlarged with increasing fluid density. It resulted that more resveratrol
entered into the diacetate fiber. Finally, LA was increasing with SCF-CO2 pressure.

3.3. Free Radical Inhibiting Ratio of Resveratrol to DPPH after Being Treated by SCF-CO2

If resveratrol was soaked in SCF-CO2 it might affect the activity of resveratrol. So,
it was necessary to explore the bioactive functions of resveratrol after being treated by
SCF-CO2, which was evaluated by inhibiting rate of resveratrol to DPPH. It showed that
the horizontal coordinate was the concentration of resveratrol added to the DPPH and the
vertical coordinate was the inhibiting rate of resveratrol to DPPH in Figure 6. It can be
noticed that the inhibiting rate of resveratrol treated by SCF-CO2 to DPPH was slightly
higher than untreated sample. This suggests that bioactive function of resveratrol was not
affected after being treated by SCF-CO2. The higher inhibiting rate may be due to that
SCF-CO2 played a role in purification of resveratrol. Although the utilized resveratrol was
analytically pure there still existed several impurities after synthesis with different kinds
of organic solvents, which could be dissolved and taken away by SCF-CO2 with a good
solubility to non- or low-polar compounds. Finally, the improved purification of resveratrol
resulted in the higher inhibiting rate of resveratrol to DPPH.
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Figure 6. The inhibiting rate of resveratrol to DPPH: (1) Untreated resveratrol; (2) Resveratrol treated
by SCF-CO2 at 80 ◦C, 20 MPa, 90 min.

3.4. Structure and Property of Resveratrol-Loaded Diacetate Fiber
3.4.1. Distribution Pattern of Resveratrol on the Surface of Diacetate Fiber

The distribution pattern of resveratrol on the surface of diacetate fiber was observed by
SEM, which were magnified by 1000 times and 3000 times respectively, as shown in Figure 7.
It can be seen that the diacetate fiber was a triangular-shaped fiber with deep grooves and
convex edges. The morphology had no distinct change, but the surface smoothness was
significantly improved after SCF-CO2 treatment. Because CO2 molecules were non-polar
molecules, SCF-CO2 had a good dissolving effect on oils and fats according to the principle
of similar compatibility [24]. With the circulation of SCF-CO2, the oil particles on the surface
of diacetate fiber were dissolved and separated from the surface of the diacetate fiber. The
impurities were also taken away. Finally, the smoothness of diacetate fiber was improved.
However, after resveratrol was loaded onto diacetate fiber there appeared some small white
granular substances on the surface of diacetate fiber, which was resveratrol. This suggests
that dissolved resveratrol entered into diacetate fiber in SCF-CO2, but after decompression
resveratrol was precipitated in the form of small white granules.

3.4.2. Chemical Structure of Resveratrol-Loaded Diacetate Fiber

The variation in chemical structure of diacetate fiber loaded with resveratrol was
investigated by FT-IR, as shown in Figure 8. The peaks is assigned to O-H stretching
vibration and C=O stretching vibration respectively in the range of 3100 cm−1–3700 cm−1
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and 1800 cm−1–1700 cm−1. The asymmetric and symmetric stretching vibration of C-H
bonds of -CH3 groups, -CH2- groups are respectively around 2963.8 cm−1, 2880.1 cm−1.
The asymmetric and symmetric stretching vibration of C=O bonds in ester groups are about
1761.4 cm−1, 1643.0 cm−1. The peak at 1387.8 cm−1 is the bending vibration of C-H bonds
in an -O(C=O)-CH3 group. The peak about 1248.7 cm−1 is the stretching vibration of C=O
bonds of acetyl group. The peaks at 1161.1 cm−1, 1039.7 cm−1, 900.6 cm−1 are respectively
C-O-C asymmetric bridge stretching of glucose ring bridge groups, C-O-C stretching of the
pyranoid ring, wagging vibration of C-H bonds [25,26].
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SCF-CO2 at 80 °C, 20 MPa, 90 min; (3) Impregnation of diacetate fiber with resveratrol in SCF-CO2 
at 80 °C, 20 MPa, 90 min. 
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Figure 8. FT-IR spectra of diacetate fiber: (1) Untreated diacetate fiber; (2) Diacetate fiber treated by
SCF-CO2 at 80 ◦C, 20 MPa, 90 min; (3) Impregnation of diacetate fiber with resveratrol in SCF-CO2 at
80 ◦C, 20 MPa, 90 min.

It can be noticed from Figure 8 that the intensity of O-H stretching vibration of diacetate
fiber treated by SCF-CO2 decreased. After impregnation with resveratrol the intensity of
O-H stretching vibration of diacetate fiber was weakened further. The intensity of sym-
metric stretching vibration of C=O bonds in ester groups at 1643.0 cm−1 also decreased.
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The results of FTIR show that the original hydrogen bonds between the molecular chains
of diacetate fiber, treated only by SCF-CO2, were partially broken. The impregnation of
resveratrol further destroyed the hydrogen bond. This suggests that SCF-CO2 weaken the
interaction between molecular chains of diacetate fiber and had a plasticizing effect on
diacetate fiber. When resveratrol was impregnated into diacetate fiber, there occurred the
hydrogen bond interaction between resveratrol and diacetate fiber so that the intensity of
O-H stretching vibrations decreased further. In addition, the hydrogen bond interaction
between C=O bonds in ester groups of diacetate fiber and the O-H bonds of resveratrol
resulted in the decreased intensity of stretching vibration of C=O bonds.

3.4.3. Aggregation Structure of Resveratrol-Loaded Diacetate Fiber

The variation of aggregation structure of resveratrol-loaded diacetate fiber was inves-
tigated by XRD, as shown in Figure 9. It can be observed that there were two apparent
diffraction peaks at 2θ = 9.639◦ (210), 2θ = 19.361◦ (021). There existed a large proportion of
non-crystal area in diacetate fiber, and the diffraction peaks were wide and not sharp. This
indicated that the crystal phase was incomplete. It had been calculated that the crystallinity
of untreated diacetate fiber, diacetate fiber treated by SCF-CO2, resveratrol-loaded diacetate
fiber was respectively 29.93%, 23.32%, 18.81%. From the spectra a decreasing intensity
of diffraction peak was observed at 2θ = 9.639◦ when diacetate fiber was treated only by
SCF-CO2. The intensity also descended at 2θ = 19.361◦ after resveratrol was impregnated
into diacetate fiber by SCF-CO2. This suggests that it had a plasticizing effect on diacetate
fiber in SCF-CO2, which was further strengthened when resveratrol was impregnated into
diacetate fiber by SCF-CO2. Finally, it resulted in the decreasing intensity of the diffraction
peak and the ordered structure of molecular chain of diacetate fiber partially transformed
into a disordered structure. The fundamental reason for this was that the entry of CO2
small molecules and resveratrol weakened the interaction between diacetate fiber molecular
chains, which was also verified by FT-IR.
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Figure 10. TG-DTG curve of diacetate fiber (1) Untreated diacetate fiber; (2) Diacetate fiber treated 
by SCF-CO2 at 80 °C, 20 MPa, 90 min; (3) Impregnation of diacetate fiber with resveratrol in SCF-
CO2 at 80 °C, 20 MPa, 90 min. 

3.4.5. Tensile Breaking Strength of Resveratrol-Loaded Diacetate Fiber 
The tensile breaking strength of diacetate fiber is illustrated in Table 1, and the 

variation rate means the drop percentage in breaking strength of treated diacetate fiber 
against the untreated sample. It was observed that tensile breaking strength of diacetate 

Figure 9. XRD patterns of diacetate fiber:(1) Untreated diacetate fiber; (2) Diacetate fiber treated by
SCF-CO2 at 80 ◦C, 20 MPa, 90 min; (3) Impregnation of diacetate fiber with resveratrol in SCF-CO2 at
80 ◦C, 20 MPa, 90 min.

3.4.4. Thermal Degradation of Resveratrol-Loaded Diacetate Fiber

The variation of thermal degradation of untreated diacetate fiber, treated diacetate
fiber, and resveratrol-loaded diacetate fiber is shown in Figure 10. It can be seen that the
differences of initial decomposition temperature were small for the three samples from the
TG curve. However, the thermal weight loss rates were changing, which were respectively
89.72%, 90.48%, 92.89% through diagraph analysis. Meanwhile the maximum decomposi-
tion rate for the three samples were respectively 26.66%/min, 27.61%/min, 28.74%/min,
and the corresponding temperatures were 365.4 ◦C, 366.1 ◦C, 367.1 ◦C from DTG curve.
This suggests that the thermal weight loss rate and the maximum decomposition rate for
untreated diacetate fiber were lower than two other samples treated by SCF-CO2, which
were the highest for resveratrol-loaded diacetate fiber. The results indicated that the ther-
mostability of diacetate fiber treated only by SCF-CO2 decreased slightly. When resveratrol
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was impregnated into diacetate fiber by SCF-CO2 the thermostability of diacetate fiber
was reduced further. From the results of FT-IR spectra and XRD patterns it can be known
that the intensity of O-H stretching vibration was weakened between molecular chains of
diacetate fiber and a decreasing crystallinity was occurred when resveratrol was impreg-
nated into diacetate fiber by SCF-CO2. This indicated that the variation of microstructure
of diacetate fiber resulted in a slight decrease in thermal stability.
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3.4.5. Tensile Breaking Strength of Resveratrol-Loaded Diacetate Fiber

The tensile breaking strength of diacetate fiber is illustrated in Table 1, and the variation
rate means the drop percentage in breaking strength of treated diacetate fiber against the
untreated sample. It was observed that tensile breaking strength of diacetate fiber treated by
SCF-CO2 decreased slightly, which declined further after diacetate fiber was impregnated
with resveratrol. The reason was that the variation of microstructure of diacetate fiber
after being treated. FTIR and XRD showed some hydrogen bonds were destroyed and the
ratio of crystalline regions of diacetate fiber after treatment was scaled down. This meant
that the interaction between diacetate fiber molecular chains was weakened, which caused
a decrease in the tensile breaking strength of diacetate fibers.

Table 1. Tensile breaking strength of diacetate fiber samples.

Sample Tensile Breaking Strength (cN) Variation Rate (%)

(1) 3.20
(2) 2.97 −7.19
(3) 2.07 −35.31

Remark: (1) Untreated diacetate fiber; (2) Diacetate fiber treated by SCF-CO2 at 80 ◦C, 20 MPa, 90 min;
(3) Impregnation of diacetate fiber with resveratrol in SCF-CO2 at 80 ◦C, 20 MPa, 90 min.

4. Conclusions

High-efficiency, green, environmentally friendly SCF-CO2 was utilized to prepare
bioactive diacetate fiber. The processing condition for resveratrol-loaded diacetate fiber and
its variation of structure and property were investigated. An increased SCF-CO2 treatment
time, temperature, and pressure resulted in a raised LA. Anti-free radical property of
resveratrol after being treated by SCF-CO2 was improved. When the SCF-CO2 was 80 ◦C,
20 MPa, 90 min resveratrol could be well impregnated into diacetate fiber. However, it
had a negative effect on microstructure and macro performance of diacetate fiber. This
suggests that SCF-CO2 can be regarded as an effective method to prepare bioactive or other
functional diacetate fiber, but that the suitable processing conditions need to be explored
further in the future.



Materials 2022, 15, 5552 11 of 12

Author Contributions: Conceptualization, W.Z., J.L. and M.S.; methodology, W.Z.; software, W.Z.;
validation, W.Z., J.L. and M.S.; formal analysis, J.L.; investigation, W.Z.; resources, M.S.; data curation,
W.Z.; writing—original draft preparation, W.Z.; writing—review and editing, W.Z., J.L. and M.S.;
visualization, W.Z.; supervision, M.S.; project administration, M.S.; funding acquisition, M.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Z.; Wang, F.; Bai, X.E. Research Progress of Antibacterial Fiber and Fabric Used in Clothing. Adv. Mater. Res. 2011, 332–334,

1790–1793. [CrossRef]
2. Ghaheh, F.S.; Khoddami, A.; Alihosseini, F.; Jing, S.; Ribeiro, A.; Cavaco-Paulo, A.; Silva, C. Antioxidant cosmetotextiles: Cotton

coating with nanoparticles containing vitamin E. Process Biochem. 2017, 59, 46–51. [CrossRef]
3. Cheng, S.Y.; Yuen, M.C.W.; Kan, C.W.; Cheuk, K.K.L.; Chui, C.H.; Lam, K.H. Cosmetic textiles with biological benefits: Gelatin

microcapsules containing vitamin C. Int. J. Mol. Med. 2009, 24, 411–419. [PubMed]
4. Walentowska, J.; Foksowicz-Flaczyk, J. Thyme essential oil for antimicrobial protection of natural textiles. Int. Biodeterior. Biodegrad.

2013, 84, 407–411. [CrossRef]
5. Chandrasekaran, K.; Anbumani, N.; Priyal, V.V. Analysis of eco-friendly medicinal herb extracts and essential oil applications on

textile products for healthcare applications. Indian J. Tradit. Knowl. 2015, 14, 481–487.
6. Mathis, R.; Mehling, A. 6—Textiles with cosmetic effects A2. In Handbook of Medical Textiles; Bartels, V.T., Ed.; Woodhead

Publishing: Sawston, UK, 2011; pp. 153–172.
7. Son, K.; Yoo, D.I.; Shin, Y. Fixation of vitamin E microcapsules on dyed cotton fabrics. Chem. Eng. J. 2014, 239, 284–289. [CrossRef]
8. Fei, B.; Xin, J.H. N,N-diethyl-m-toluamide–Containing Microcapsules for Bio-Cloth Finishing. Am. J. Trop. Med. Hyg. 2007,

77, 52–57. [CrossRef]
9. Teixeira, C.S.N.R.; Martins, I.M.D.; Mata, V.L.G.; Filipe Barreiro, M.F.; Rodrigues, A.E. Characterization and evaluation of

commercial fragrance microcapsules for textile application. J. Text. Inst. 2012, 103, 269–282.
10. Sousa, V.I.; Parente, J.F.; Marques, J.F.; Forte, M.A.; Tavares, C.J. Microencapsulation of Essential Oils: A Review. Polymers 2022,

14, 1730. [CrossRef]
11. Wu, Y.; Huang, L.; Wang, J.; Wei, N. Preparation and Properties Research on Electrostatic Spinning Acetate/Chitosan Composite

Fiber. In Advanced Graphic Communications, Packaging Technology and Materials; Ouyang, Y., Xu, M., Yang, L., Ouyang, Y., Eds.;
Springer: Singapore, 2016; pp. 801–808.

12. Phiriyawirut, M.; Phaechamud, T. Gallic Acid-loaded Cellulose Acetate Electrospun Nanofibers: Thermal Properties, Mechanical
Properties, and Drug Release Behavior. Open J. Polym. Chem. 2012, 2, 21–29. [CrossRef]

13. Taepaiboon, P.; Rungsardthong, U.; Supaphol, P. Vitamin-loaded electrospun cellulose acetate nanofiber mats as transdermal and
dermal therapeutic agents of vitamin A acid and vitamin E. Eur. J. Pharm. Biopharm. 2007, 67, 387–397. [CrossRef] [PubMed]

14. Champeau, M.; Thomassin, J.; Tassaing, T.; Jerome, C. Drug loading of polymer implants by supercritical CO2 assisted impregna-
tion: A review. J. Control. Release 2015, 209, 248–259. [CrossRef]

15. Milovanovic, S.; Hollermann, G.; Errenst, C.; Pajnik, J.; Frerich, S.; Kroll, S.; Rezwan, K.; Ivanovic, J. Supercritical CO2 impregnation
of PLA/PCL films with natural substances for bacterial growth control in food packaging. Food Res. Int. 2018, 107, 486–495.
[CrossRef] [PubMed]

16. Zhu, W.; Fan, Y.; Zhang, C.; Cai, C.; Long, J.; Shi, M. Impregnation of viscose substrate with nicotinamide in supercritical carbon
dioxide. Text. Res. J. 2018, 89, 3475–3483. [CrossRef]

17. Costa, V.P.; Braga, M.E.; Duarte, C.M.; Alvarez-Lorenzo, C.; Concheiro, A.; Gil, M.H.; de Sousa, H.C. Anti-glaucoma drug-loaded
contact lenses prepared using supercritical solvent impregnation. J. Supercrit. Fluids 2010, 53, 165–173. [CrossRef]

18. Zhu, W.; Shi, W.; Shi, M.; Long, J.-J. Solubility and loading ability of benzene derivative drugs onto viscose substrate in
supercritical carbon dioxide and their release behavior in solvent. J. Clean. Prod. 2020, 255, 120200. [CrossRef]

19. Workt, R.W. The Effect of Variations in Degree of Structural Order on Some Physical Properties of Cellulose and Cellulose Acetate
Yarns. Text. Res. J. 1949, 19, 381–393. [CrossRef]

20. Nikitin, L.N.; Gallyamov, M.O.; Vinokur, R.A.; Nikolaec, A.Y.; Said-Galiyev, E.E.; Khokhlov, A.R.; Jespersen, H.T.; Schaumburg, K.
Swelling and impregnation of polystyrene using supercritical carbon dioxide. J. Supercrit. Fluids 2003, 26, 263–273. [CrossRef]

21. Kazarian, S.G. Supercritical fluid impregnation of polymers for drug delivery. In Supercritical Fluid Technology for Drug Product
Development; CRC Press: Boca Raton, FL, USA, 2004; pp. 343–364.

22. Kazarian, S.G.; Brantley, N.H.; West, B.L.; Vincent, M.F.; Eckert, C.A. In situ Spectroscopy of Polymers Subjected to Supercritical
CO2: Plasticization and Dye Impregnation. Appl. Spectrosc. 1997, 51, 491–494. [CrossRef]

http://doi.org/10.4028/www.scientific.net/AMR.332-334.1790
http://doi.org/10.1016/j.procbio.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19724879
http://doi.org/10.1016/j.ibiod.2012.06.028
http://doi.org/10.1016/j.cej.2013.11.034
http://doi.org/10.4269/ajtmh.2007.77.52
http://doi.org/10.3390/polym14091730
http://doi.org/10.4236/ojpchem.2012.21004
http://doi.org/10.1016/j.ejpb.2007.03.018
http://www.ncbi.nlm.nih.gov/pubmed/17498935
http://doi.org/10.1016/j.jconrel.2015.05.002
http://doi.org/10.1016/j.foodres.2018.02.065
http://www.ncbi.nlm.nih.gov/pubmed/29580511
http://doi.org/10.1177/0040517518813683
http://doi.org/10.1016/j.supflu.2010.02.007
http://doi.org/10.1016/j.jclepro.2020.120200
http://doi.org/10.1177/004051754901900701
http://doi.org/10.1016/S0896-8446(02)00183-3
http://doi.org/10.1366/0003702971940765


Materials 2022, 15, 5552 12 of 12

23. Chimowitz, E.; Pennisi, K. Process synthesis concepts for supercritical gas extraction in the crossover region. AIChE J. 1986,
32, 1665–1676. [CrossRef]

24. Marsal, A.; Celma, P.J.; Cot, J.; Cequier, M. Supercritical CO2 extraction as a clean degreasing process in the leather industry.
J. Supercrit. Fluids 2000, 16, 217–223. [CrossRef]

25. Cao, Y.; Wu, J.; Meng, T.; Zhang, J.; He, J.; Li, H.; Zhang, Y. Acetone-soluble cellulose acetates prepared by one-step homogeneous
acetylation of cornhusk cellulose in an ionic liquid 1-allyl-3-methylimidazolium chloride (AmimCl). Carbohydr. Polym. 2007,
69, 665–672. [CrossRef]

26. Ramesh, S.; Shanti, R.; Morris, E. Plasticizing effect of 1-allyl-3-methylimidazolium chloride in cellulose acetate based polymer
electrolytes. Carbohydr. Polym. 2012, 87, 2624–2629. [CrossRef]

http://doi.org/10.1002/aic.690321010
http://doi.org/10.1016/S0896-8446(99)00031-5
http://doi.org/10.1016/j.carbpol.2007.02.001
http://doi.org/10.1016/j.carbpol.2011.11.037

	Introduction 
	Materials and Methods 
	Materials 
	Impregnation of Diacetate Fiber with Resveratrol in SCF-CO2 
	Quantitative Evaluation of LA of Resveratrol onto Diacetate Fiber in SCF-CO2 
	Free Radical Inhibiting Ratio Assessment of Resveratrol 
	Characterization and Analysis of Diacetate Fiber 

	Results and Discussion 
	The Effect of SCF-CO2 Treatment Time on LA of Resveratrol onto Diacetate Fiber 
	The Effect of SCF-CO2 Treatment Temperature and Pressure on LA of Resveratrol onto Diacetate Fiber 
	Free Radical Inhibiting Ratio of Resveratrol to DPPH after Being Treated by SCF-CO2 
	Structure and Property of Resveratrol-Loaded Diacetate Fiber 
	Distribution Pattern of Resveratrol on the Surface of Diacetate Fiber 
	Chemical Structure of Resveratrol-Loaded Diacetate Fiber 
	Aggregation Structure of Resveratrol-Loaded Diacetate Fiber 
	Thermal Degradation of Resveratrol-Loaded Diacetate Fiber 
	Tensile Breaking Strength of Resveratrol-Loaded Diacetate Fiber 


	Conclusions 
	References

