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Abstract: As the most favorable alternative to petroleum-based polymers, polylactic acid (PLA) which is the most promising degradable polymer has attracted increasing attention. However, the addition of cellulose to improve its strength often results in a reduction in its toughness. In this work, microscale cellulose is first prepared from pulp fibers by using a deep eutectic solvent, and then is used as the reinforcement of PLA. A microcrystalline cellulose (MCC)/PLA sheet with uniform texture is obtained by the solution mixing, melt blending, hot-pressing and cold-pressing process. The effects of MCC on the crystallization, thermal stability and mechanical properties of the PLA matrix were studied. Upon the addition of 1% cellulose fiber, the tensile strength of MCC/PLA composite sheet increased by 27%, and the elongation at break did not shown an evident decrease. The strength enhancement mechanism was elucidated using scanning electron microscopy, differential scanning calorimetry, and dynamic thermomechanical analysis. The energy dissipation during the deformation process and the compatibility of AMCC and rougher surface of MCC play important role in the strength enhancement. Additionally, UV spectroscopy showed that the composite material absorbed some ultraviolet light. Our results show that the combined use of a deep eutectic solvent and solution mixing is an effective approach for improving the strength of PLA while maintaining its toughness.
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1  Introduction

With the increasing emergence and importance of environmental problems, various measures for environmental protection have been proposed such as strict restrictions on the use of plastics. Polylactic acid is the currently most widely commercially used degradable biomass polymer and is expected to become a common substitute for petroleum-based non-degradable polymers. It has been used in electronic parts [1], engineering plastics [2], 3D printing material [3], agricultural mulch films [4], packaging materials [5], and automotive interiors [6] due to its excellent renewability, biodegradability, biocompatibility, and non-toxicity [7]. However, polylactic acid shows the disadvantages of poor roughness and low crystallization rate that give rise to the loss of mechanical properties and narrow operational temperature range [8,9].

To overcome these shortcomings, the addition of cellulose to polylactic acid has been investigated in recent research. As the world’s most abundant renewable material, cellulose is widely found in the cell walls of biomass such as bamboo, wood, cotton, hemp and crop straws. It has the characteristics of low cost, high specific strength, and good biocompatibility [10–12]. Some progress has been made in the addition of cellulose to the polylactic acid matrix [13–15], with the obtained composites divided into the categories of large-scale diameter and micro-nano-scale composites according to the size of the cellulose. For the large-scale diameter composites, the use of fibers that are visible to the naked eye is preferred in a composite structure or blend using fibers from sources such as cotton [16,17], hemp [18,19], bamboo [20], wood [21] and other debris. Micro-nano diameter composites are obtained by the combination of the polymer with the fibers mainly transformed from cellulose raw material into the micro-nano scale by physical or chemical means [22–24]. Usually, the large-scale diameter composites are less expensive but the performance of the composite material is somewhat unsatisfactory. By contrast, it has been shown that the addition of micro-nano fibers to polylactic acid not only can improve its mechanical properties but also its crystallization performance [25,26].

The improvement of the performance of polylactic acid by the addition of micro-nano fibers has been reported in previous studies [27,28]. However, the practical use of the micro-nano-cellulose composites has been restricted by the difficulties encountered in the production of micro/nano cellulose. For example, the preparation of micro/nano cellulose by the commonly used TEMPO oxidation or sulfate methods involves the use of sodium hypochlorite and leads to the generation of harmful gases such as hydrogen chloride and chlorine gases. Thus, micro/nano-cellulose production is not environmentally friendly. Additionally, due to its easy agglomeration during blending with polylactic acid, an uneven distribution of cellulose in the composite is obtained. This leads to the decrease in the performance of the resulting composite material, such as greater brittleness and lower strength. Wang et al. [29] prepared the polylactic acid/polyaniline/nanocrystalline cellulose nanocomposite film by the solution casting method. It was found that the addition of cellulose increases the strength and modulus by 38.1% and 89.1%, respectively, but the elongation at break is reduced by 27.3%. Zhang et al. [30] blended MCC with PLA and activated biochar, and the obtained composite material showed increased strength; however, this increase was accompanied by an even greater reduction in the toughness.

In recent years, attractive simple and green methods for the preparation of micro/nano cellulose fibers have been developed. Reports in the literature [31,32] show that the use of a deep eutectic solvent (DES) is an effective approach for the preparation of micro-nano cellulose fibers. DESs are two-component or three-component eutectic mixtures composed of hydrogen bond acceptors (such as quaternary ammonium salts) and hydrogen bond donors (such as amides, carboxylic acids, and polyols) in a certain stoichiometric ratio. The freezing point of a DES is significantly lower than the melting point of each component of the pure substance, and it usually displays the properties of a liquid solvent [33]. By using a DES, nano-cellulose can be prepared rapidly, efficiently and at low cost in a simple, green and pollution-free process. Commonly used eutectic systems are combinations of hydrogen bond donor compounds and organic salts, such as the oxalic acid dihydrate/choline chloride system (melting point 80°C), and the urea/choline chloride system (melting point 90°C), that due to their low melting point enable easy preparation of nano-cellulose with simple processing conditions [34]. However, acidic systems show slightly stronger processing capability and enable the efficient extraction of the lignin in the wood fiber to obtain cellulose with higher purity. Additionally, acidic systems can also swell the cellulose, breaking the links between the component molecular chains and the fibrillation barriers. In an alternative approach to improving the uniformity of cellulose distribution in plastic matrix, the solution mixing method [35,36] has been studied. A part of the plastic is first dissolved in the solvent, and then mixed with fibers. Then, after the removal of the solvent, the mixture was further mixed with the remaining matrix plastic.

In the present study, the deep eutectic solvent and solution mixing methods were combined in order to improve the performance of the cellulose/polylactic acid composite and specifically to obtain a favorable balance of the tensile strength and toughness of polylactic acid. Pulp fibers were first reduced to the micro scale using a deep eutectic solvent and then were distributed in the polylactic acid matrix by the solution mixing method. To further improve the compatibility between the cellulose and polylactic acid matrix, a coupling agent modification was performed for the obtained microcellulose fibers. The results of present study suggest that the combination of the deep eutectic solvent and solution mixing methods enables preparation of bio-composites with improved performance.

2  Experimental and Methods

2.1 Materials

The poplar pulp board treated with sulfate was selected as the raw material. The polylactic acid (PLA, 2003D, D-lactic acid: 1.4%, L-lactic acid: 98.6%, granular, density 1.24 g/cm3, melt index 5.0–7.0 g/10 min) has a digital mean molecular weight (Mn) and a mean weight (MW) of ∼150,000 and ∼200,000 Da, respectively, and was provided by Nature works (USA). Analytically pure 3-aminopropyl triethoxysilane (APS) was provided by Shanghai McLean Biochemical Technology Co., China. Analytical pure methylene dichloride was provided by Tianjin Fuyu Fine Chemical Co., China. Analytical pure oxalic acid dihydrate was provided by Tianda Chemical Reagent Factory, Tianjin, China. Analytical pure choline chloride was provided by Tianjin Guangfu Institute of Fine Chemicals, China.

2.2 Reduction of Pulp Fiber to Microcellulose with Deep Eutectic Solvent (DES)

The pulp board was cut into small pieces and broken into flocculent fibers using a shredder. The flocculent cellulose fibers were oven-dried at 103°C for 8 h. Choline chloride and oxalic acid dihydrate were mixed in the molar ratio of 1:1 in a flask at 90°C for 2 h and a clear DES was obtained. The dry pulp fibers were added to the flask containing DES. After continuously stirring at 80°C for 2 h, the mixture solution was rinsed with deionized water four times to remove DES and the cellulose aqueous solution was adjusted to 0.5 wt%. Next, the solution was treated with an ultrasonic plant grinder (Scientz-18 N, power: 800 W, Ningbo, China) for 30 min. Then, the ultrasonic cellulose fibers were freeze-dried, and then reduced by a grinder (FZ102, Tianjin, China) to obtain microcellulose powder (MCC).

2.3 Modification of Microcellulose with APS

The APS coupling agent was first mixed with an ethanol/water (ratio of 90/10) solution at the concentration of 10% (based on the total mass of ethanol/water mixture). The obtained microcellulose powder was added to water to prepare a cellulose suspension. Then, the ethanol/water/APS mixture solution was added to the microcellulose aqueous suspension. After stirring at room temperature for 2 h, the APS/ethanol/water/cellulose mixture was heated at reflux at 90°C for 3 h. After the solution was cooled to room temperature, ethanol and APS were removed with deionized water rinsing and vacuum filtration. The APS-modified cellulose aqueous solution was treated with the ultrasonic plant grinder for 30 min, and then was freeze-dried and grinded to the micro scale to obtain modified cellulose (AMCC).

2.4 Prepare Cellulose-Reinforced PLA Composite Sheet

The prepared MCC or AMCC was added to dichloromethane. After even mixing, some of PLA particles of the formulation were added. The mixture was continuously stirred at room temperature for 2 h to dissolve the PLA particles. After the cellulose/PLA mixture solution was obtained, the dichloromethane was evaporated and recycled in a fume hood. The cellulose/PLA mixture was oven dried for 8 h and then broken into powder. The obtained dry powder was continuously mixed with the remaining PLA and melt-compounded in a torque rheometer (Polylab OS, Thermo Fisher Scientific, China). The melt blend of cellulose/PLA was first pre-pressed in a frame at 180°C for 3 min under 0 MPa and then hot-pressed for 5 min under a pressure of 5 MPa at the same temperature. After cooling to room temperature, a sheet with the dimensions of 10 cm × 10 cm × 0.4 mm was obtained. The ratio of PLA to the modified or unmodified cellulose was 100/0.5, 100/1, and 100/2.

3  Characterization

3.1 Fourier Transform Infrared Spectroscopy

A Fourier transform infrared spectrometer (FTIR, Nicolet 6700, Thermo Fisher Scientific Instruments Co., USA) with an attenuated total reflection accessory was used to measure the chemical properties of MFC powders. The sample was placed on the sample table and the pressure tower was adjusted to a suitable position for testing. The scanning range was 400 cm−1 to 4000 cm−1. The resolution was 4 cm−1 and the number of scans was 32.

3.2 X-ray Diffraction

The crystal structure and crystallinity of the MFC, AMFC and original pulp fibers were examined using an X-ray diffractometer (XRD, D/MAX 2200, Rigaku Instruments Co., Japan). A copper target was used for the experiment, the X-ray wavelength was 0.154 nm, the scanning angle range was 5–45°, the scanning speed was 5°/min, the test step was 0.006°, the tube current was 30 mA, and the tube voltage was 40 KV. The relative crystallinity of the sample was calculated according to

 CrI=I200−IamI200×100(1)

where CrI is the relative crystallinity (%), I200 is the maximum intensity of the absorption diffraction peak of the 002 crystal plane, and Iam is the minimum peak intensity between the diffraction absorption peaks of the 101 and the 002 crystal planes [37].

3.3 Scanning Electron Microscopy

The samples of PLA and its reinforced composites were first gold-sprayed in the vacuum coating machine and then an scanning electron microscope (SEM, EM-30 Plus, Korea Coolsham Company, Korea) was used to observe their surface and tensile cross-section. The scanning voltage was 10 kV.

3.4 Tensile Property Test

A universal testing machine (CMT-5504, Shenzhen Xinsansi Material Testing Co., China) was used to measure the tensile properties of PLA and the cellulose-reinforced PLA composite. According to the reference standard GB/T1040.2-2006 (Determination of plastic tensile properties), the test piece was cut into a dumbbell-shape. The length of sample was 75 mm, the narrow part width was 5 mm, the gauge length was 25 mm, and the tensile speed was 5 mm/min. Eight specimens were used for testing in each group.

3.5 Differential Scanning Calorimetry

The crystallinity of PLA and its reinforced composites was analyzed by differential scanning calorimetry (DSC, Q20, TA Company, USA). The samples (3–5 mg) were first heated from 30°C to 200°C at a rate of 10 °C/min and were held at 200°C for 5 min. Then, temperature was rapidly reduced to 30°C and held for 5 min. The samples were then again heated to 200°C at a rate of 10 °C/min.

3.6 Thermogravimetric Test

Thermogravimetric (TG) analysis of the MFC/PLA composites was carried out using a thermogravimetric analyzer (Q50, TA Company, USA). The test temperature ranged from 30°C to 700°C, and the heating rate was 10 °C/min. To prevent the oxidative degradation of the sample, the test was performed in nitrogen atmosphere at a nitrogen flow rate of 40 ml/min.

3.7 Dynamic Thermomechanical Analysis

The thermo-tensile properties of PLA and MFC/PLA composites materials were tested using a dynamic thermomechanical analyzer (DMA, Q800, TA Company, USA). The test sample was a long strip with the dimensions of 30 mm × 10 mm × 0.4 mm. The testing temperature range was 25°C–120°C, the heating rate was 3 °C/min, the frequency was 1 Hz, and the amplitude was 15 μm.

3.8 Transmittance Test

The transmittance of the MFC/PLA composite sheet was measured using a UV-visible photometer (Cary 100, Agilent, USA). The UV-visible light wavelengths were scanned in the range of 190–900 nm at an interval of 1 nm.

4  Results and Discussion

4.1 Characteristics of MCC and APS-Modified MCC

To explore the microscopic changes of the cellulose before and after the APS modification, scanning electron microscopy was performed (Figs. 1a–1c). After undergoing the DES treatment, the pulp fiber cellulose morphology changed from long fiber filaments to rod (Fig. 1b). This is because together with the ultrasonication treatment, DES breaks the links between the component molecular chains and fibrillation barriers through wetting and swelling. Image analysis software was used to obtain the distribution of the cellulose aspect ratio as shown in Fig. 2. It is observed from the figure that the peak aspect ratio prior to the modification was 4, but other aspect ratios values were also observed. After modification, the peak aspect ratio of cellulose was still 4, and the distribution was more concentrated. It is also observed that the surface of the fiber treated with the eutectic reagent is rough, but becomes relatively smooth after the modification by APS. This may be due to the adhesion of APS to the surface of MCC that achieves the same polarity as the polylactic acid matrix through hydrogen bonding with the surface and is expected to improve the compatibility between the cellulose and the PLA matrix.
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Figure 1: SEM images of (a) pulp fiber (b) MCC and (c) AMCC; (d) FTIR spectra of APS-modified MFC (AMCC) and unmodified MCC; (e) XRD of MCC, AMCC and pulp fiber (PULP)
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Figure 2: Normal distribution of the cellulose aspect ratio before and after modification

Fig. 1d shows the change in the functional groups of MCC after APS modification. The characteristic peaks of cellulose are detected in both MCC and modified MCC spectra at 1640 cm−1 and 1430 cm−1 corresponding to the hydroxyl (-OH) and the vibration of the alkyl group (-CH2), respectively. After APS modification, these two peaks become weak and a new peak appears at 1277 cm−1 corresponding to the C-Si-O bond. This is attributed to the reaction between cellulose and APS as shown in Scheme 1, indicating the successful modification of cellulose. Because of the modification by APS, the hydroxyl groups on the cellulose chain were reduced, decreasing cellulose agglomeration. The weakened cellulose interactions and the generated C-Si-O are expected to enhance the bonding between the cellulose and the PLA matrix.
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Scheme 1: APS-modified MCC

Fig. 1e shows the XRD patterns of cellulose used to examine its crystallinity. Before and after the APS treatment, the same characteristic peaks representing the type I crystal structure were observed at 14.7°, 16.8° and 22.3°. The crystallinity of raw pulp fiber was calculated as 51.32%. After eutectic treatment, the crystallinity is increased to 62.82%, and rose monotonically to 65.45% after APS modification. It has been pointed out in a previous study that ultrasonication cannot increase the cellulose crystallinity [12]. Rather, the increase in the cellulose crystallinity arises mainly from the effect of the eutectic agent on the amorphous region of the cellulose chain. These treatments are beneficial for improving the reinforcement effect.

4.2 Tensile Properties of Cellulose-Reinforced PLA

Fig. 3 shows the results of the elongation at break, tensile strength, and tensile modulus of PLA and its reinforced composites. After the addition of 0.5% MCC to PLA, the tensile strength increased from 56 MPa for PLA to 67 MPa for the MCC/PLA composite, corresponding to an increase of approximately 20%. Meanwhile, the tensile strain at break changes negligibly. This combination of properties is superior to most materials reported in the literature for which the improvement in the strength was accompanied by the decreased in the elongation at break [29,30]. The DES treatment can retain the toughness and provide tensile enhancement to the obtained MCC/PLA composite. With the increase in the fiber content from 0.5% to 1%, the elongation at break decreased from 7.07% to 6.38% and the tensile strength increased to 71.06 MPa, corresponding to an increase of approximately 27% relative to the pure PLA. However, when fiber content increased further to 2%, the tensile property of the MCC/PLA composite sheet did not show further improvement. This may be due to the uneven distribution of MCC.

[image: images]

Figure 3: Elongation at break, tensile strength and tensile modulus of neat PLA and PLA/MCC composites

Unlike MCC, the APS-modified cellulose did not endow the AMCC/PLA composite with enhanced tensile property, as manifested by a larger reduction in both elongation at break and the modulus, and a smaller increase in the tensile strength relative to PLA. This unexpected result may be due to the reduced aspect ratio of the modified cellulose. In addition, the smoother surface of AMCC is not conducive to preventing pull-out from the PLA matrix.

4.3 Microstructure of PLA Composites

Figs. 4a, 4c and 4e show the cross-sections of the 0.5%, 1%, and 2% AMCC/PLA composite materials. APS undergoes hydrolysis and its methoxy functional group becomes a hydroxyl group, and then undergoes dehydration condensation reaction with cellulose, and the C-Si-O bond is formed on the cellulose. This reduces the hydroxyl groups on the surface of cellulose, so that the polarity of cellulose is reduced, and its compatibility with the polylactic acid matrix is improved. A smaller gap between the modified cellulose AMCC and PLA matrix is observed and the cellulose surface is torn. This shows that the strength of the bonding between the modified cellulose and the polylactic acid is greater than that of the hydrogen bond bonding among the modified cellulose molecules. Therefore, the fracture occurs on the modified cellulose.

[image: images]

Figure 4: SEM of the fractured surfaces of AMCC-PLA composites: 0.5% (a), 1% (c), 2% (e); MCC-PLA composites: 0.5% (b), 1% (d), 2% (f)

Figs. 4b, 4d and 4f show the cross-sectional scanning electron micrographs of the PLA composite materials reinforced with unmodified cellulose (0.5%, 1%, 2%). The broken sections of the MCC/PLA composite show a weaker MCC-PLA connection compared to AMCC-PLA due to the incompatibility of cellulose and PLA. Together with the above-described analysis of mechanical properties (Fig. 2), these results indicate that the unmodified cellulose has a better reinforcement effect than the modified cellulose. This may be attributed to its rougher surface (Fig. 1b). The polylactic acid matrix ensures good contact between the surfaces by covering the rough cellulose surface, and prevents the fracture of the adhesive joint by dissipating energy under stress [38]. Thus, more energy is required to pull MCC out of the matrix. Even though the interface compatibility between AMCC and PLA is better than that between MCC and PLA, the former consumed less energy than MCC/PLA during breaking.

Generally, although the interface compatibility of the APS-modified cellulose has been further improved, the roughness of the fiber surface is reduced, and at the same time, the content of the fibers with a high aspect ratio that exert a reinforcing effect is reduced. As a result, although modified cellulose has a certain enhancement effect, the enhancement effect is not as high as that for the unmodified cellulose.

4.4 DSC Analysis

Fig. 5 shows the DSC thermal analysis results for the neat PLA and its composites. The obtained glass transition temperature (Tg), cold crystallization temperature (Tcc), melting temperature (Tm1, Tm2), cold crystallization enthalpy (ΔHcc), and melting enthalpy (ΔHm) obtained by DSC are summarized in Tab. 1. In this study, the crystallinities of PLA and its composite materials are calculated as follows:

χsample%=(ΔHm−ΔHcc)/ΔHm0×100%(2)

where ΔHm0
is the melting enthalpy of PLA for 100% crystallization and is 93.7 J/g.
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Figure 5: DSC thermograms of neat PLA, MCC/PLA composites: 2nd heating run

Table 1: DSC results for neat PLA and pulp fiber-reinforced PLA composites
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With the addition of pulp cellulose, Tcc decreased due to the effect of heterogeneous nucleation. Pulp fiber plays a role of a heterogeneous nucleus in PLA and promotes the cold crystallization of the PLA chains at lower temperatures. The neat PLA shows a single crystal melting peak, while its composite material shows a double melting peak (Fig. 5). This is because at a lower scan rate, there is sufficient time to melt the thinner crystal, and then reach the higher second melting peak. The addition of pulp fiber promotes recrystallization at higher temperatures. This indicates that MCC promotes the crystallization of PLA, including cold crystallization and recrystallization. Even though in the present study, the overall crystallinity of PLA did not show an increase upon the addition of cellulose, the change in the peak indicates the presence of crystallization. The Tm2 of the composites is much higher than that of PLA, which is beneficial for improving the mechanical properties of the MAF-reinforced PLA at high temperature.

An examination of the DSC curves shows that both neat PLA and its composites have a crystallization peak at approximately 120°C. For polymer composites, the change in Tg is caused by the physical or chemical change that constrains the polymer chain. This is usually caused by the interaction between the polymer matrix and cellulose. Compared to neat PLA, the Tg of the MCC/PLA composites increased by approximately 0.43–0.93°C, indicating the absence of a significant interaction between the PLA matrix and the fiber.

4.5 DMA Analysis

As shown in Fig. 6a, compared to neat PLA, the storage modulus (E′) of the composite increases by approximately 50% or higher at 30°C. For both unmodified and modified cellulose, with increasing cellulose content, the E′ of the resulting composite rose. Compared to the unmodified cellulose, the increase obtained using modified cellulose is lower at the same concentration, which is similar to the results for the mechanical properties. The addition of cellulose limited the mobility of the polymer chain, leading to a rapid E′ drop for the neat PLA and its composites at nearly 50°C. For reinforced composites, E′ rose slightly at 105°C and then declined due to the obvious cold crystallization. Compared to the modified cellulose composites, the composites with unmodified cellulose present higher E′ values. This is because that the unmodified cellulose has a higher aspect ratio and rougher surface, necessitating higher energy input to separate it from the matrix.
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Figure 6: Dynamic mechanical analysis of neat PLA and pulp/PLA composites: (a) storage modulus, (b) tan(δ)

The tan(δ) curves (Fig. 6b) show that due to the addition of cellulose, the composite material presents a sharper and more intense peak than the neat PLA, except for the composite obtained with the addition of 2% AMCC. This indicates that the loss modulus of cellulose-reinforced PLA had a larger proportion of viscoelasticity in the composites than PLA. Thus, the composites obtained in this work did not present a great decrease in toughness unlike the other composites reported in the literature [39].

4.6 TGA and DTG Analysis

Fig. 7 shows the TGA and DTG test curves of pure PLA and its composite materials. Compared to PLA, the cellulose-reinforced composites thermally degraded at a relative lower temperature, albeit at a lower rate (Fig. 7b). With the increase in the cellulose content, the maximum degradation temperature of the composite materials did not evidently decrease. The lowest maximum degradation temperature of the composites is 354°C, which is 6°C lower than that for pure PLA. A similar phenomenon was reported in a previous study [26]. The decrease in the lowest maximum degradation temperature is due to the lower initial degradation temperature of the MCC that leads to decreased thermal stability of the composite upon MCC addition. The TG results for AMCC are similar to those for MCC, indicating that APS modification did not change the thermal behavior relative to MCC.
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Figure 7: Thermal stability of neat PLA and PLA/MCC composites: (a) TGA and (b) DTG curves

4.7 Transparency Analysis

Fig. 8a shows the transparency test results of polylactic acid and its composite materials. When the PLA sheet is placed on the school badge, the effect of the film is essentially negligible, demonstrating that the neat PLA shows the best transparency among the samples. Fig. 8b shows the photograph of the 2% unmodified cellulose reinforced PLA composite film. When it is spread on the black table, the black background is almost invisible. When it is placed on the school badge, the school badge can be seen (Fig. 8f), indicating that the obtained composite film exhibits a certain haze.
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Figure 8: Digital images of (a) neat PLA, (b) 2% MCC/PLA in black background, (c) 0.5% and (d) 2% AMCC/PLA in crest, (e) 0.5% and (f) 2% MCC/PLA in crest; (g) UV spectrophotometer test results; (h) neat PLA and (i) 1% MCC/PLA (j) 2% MCC/PLA composite film under a UV lamp

The result obtained using the UV spectrophotometer (Fig. 8g) shows that the transmittance of pure PLA reached 90% and then the transmittance was reduced to 40% upon addition of 0.5% unmodified cellulose. When the unmodified cellulose content increased to 2%, the transmittance of the composite film further decreased to approximately 20%. This is due to the bifurcation of the cellulose filaments and their non-uniform distribution in the PLA matrix.

When the modified cellulose was added, the transmittance of the AMCC/PLA composite films was higher compared to that of the composites with the unmodified cellulose. This is because that the APS modification treatment improved the uniformity of cellulose distribution and thus increased light transmittance. Figs. 8h–8j show the fluorescence of the films. When 300 nm ultraviolet light passes through the neat PLA film, the fluorescent watermark of RMB appeared clearly (Fig. 8h). By contrast, when the ultraviolet light was transmitted through the 1% MCC/PLA and 2% MCC/PLA composite film, the UV color correspondent reaction on the RMB watermark is not observed (Fig. 8i). This is attributed to the network-like cellulose structure formed in PLA with the gap between the cellulose nets absorbing ultraviolet light, so that no fluorescence color reaction on the RMB characters occurred.

5  Conclusion

In the present study, a deep eutectic solvent was used to treat the pulp fibers and strongly reduce the size of the cellulose fibers. The cellulose was mixed with PLA by the solution mixing method to improve its distribution uniformity. The composites were successfully prepared by melt-blending and hot-pressing. Due to the presence of cellulose (0.5%–1%), the tensile strength and tensile modulus of the polylactic acid composite materials were significantly improved while the elongation at break of the neat PLA was retained. Contrary to expectation, the APS-modified cellulose did not provide better reinforcement than the unmodified cellulose. Both the thermal stability and the total crystallinity of polylactic acid decreased upon the addition of cellulose. It is concluded that the rougher surface and larger aspect ratio of MCC give rise to the improved tensile property and storage modulus. The cellulose-reinforced PLA composite film shows a certain degree of transmittance, and the APS-modified fiber presents better transmittance due to its more uniform distribution. The combination of a deep eutectic solvent treatment and solution mixing is an effective method for the preparation of high-performance cellulose-reinforced PLA composites.
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