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Abstract: Microfibrillated cellulose (MFC) is often added to polylactic acid (PLA) matrixes as a reinforcing filler to obtain fully-biodegradable composites with improved mechanical properties. However, the incompatibility between MFC and the PLA matrix limits the mechanical performance of MFC-reinforced PLA composites. In this paper, DL-lactic acid-grafted-MFC (MFC-g-DL) was used to improve the compatibility with PLA. Reinforced composites were prepared by melt extrusion and hot-cold pressing. The tensile strength of the PLA/MFC-g-DL composite increased by 22.1% compared with that of PLA after adding 1% MFC-g-DL. Scanning electron microscopy (SEM), differential scanning calorimetry (DSC), and dynamic thermomechanical analysis (DMA) were used to explore the enhancement mechanism. The energy dissipation in the MFC network and the improved compatibility between PLA and MFC-g-DL played important roles in the reinforcement. The SEM results showed that there was a closer combination between PLA and MFC-g-DL. The DSC results showed that the addition of cellulose changed the glass transition temperature, melting temperature, and crystallization temperature of PLA. The TG results showed that the initial and maximum decomposition temperature were lower than those of PLA. The ultraviolet spectra showed that the composite had good transparency at a low concentration of MFC-g-DL.
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1  Introduction

Cellulose is a renewable, degradable, and biocompatible material that can be easily obtained from wood, crop straw, and many other plants [1]. After the physical or chemical treatment of cellulose, four different products with a high specific strength and high modulus can be obtained: cellulose nanocrystals (CNC), cellulose nanofibers (CNF), microcrystalline cellulose (MCC), and microfibrillated cellulose (MFC) [2,3]. Many studies have shown that composites with better mechanical properties can be obtained by adding cellulose [4–8]. Among these kinds of cellulose fibers, MFC retains both crystalline and non-crystalline regions. Compared with CNF, MFC requires a lower energy consumption during its preparation. Compared with MCC, MFC is more environmentally friendly and does not require acid treatment [9,10]. A series of composites containing MFC have been obtained [11–14].

The shortage of petroleum resources and serious pollution caused by non-degradable petroleum-based plastics have promoted the applications of biodegradable materials. As a completely biodegradable plastic, polylactic acid (PLA) has been vigorously developed [15]. The preparation of cellulose-reinforced PLA composites also has attracted extensive attention, but there are crucial problems to solve to obtain composites with better performance [16]. Firstly, hydroxyl groups on the surface of cellulose lead to its aggregation in polymer matrixes and also give it a high polarity, which leads to poor compatibility with non-polar polymers; therefore, the number of hydroxyl groups in cellulose must be reduced. Chemical modification is an often-used method with remarkable effects [17–21]. Lee et al. [22] converted the hydrophilic groups on CNCs into alkyl groups via nucleophilic substitution with alkyl bromide. The alkylated CNCs-reinforced PLA nanocomposites had good thermal stability, tensile strength, Young’s modulus, and barrier properties due to the better dispersion and higher hydrophobicity of CNCs in non-polar environments. Jamaluddin et al. [23] prepared an acetylated PLA/CNF composite with good transparency and improved mechanical properties without reducing the thermal stability of PLA.

To toughen brittle polylactic acid (PLA) composites, Qian et al. [24] modified bamboo cellulose nanowhiskers (BCNW) with (3-mercaptopropyl) trimethoxysilane and then combined them with a PLA matrix. The elongation at break of the PLA/BCNW composite was 250.8%, while it was only 12.35% for the untreated composite. Surface modification can reduce cellulose aggregation and promote the uniform dispersion of cellulose in polymer matrixes [25,26]. Although chemical modification methods have achieved good results, the modification processes often involve many reaction steps and produce environmental pollution [27]. In addition, after the chemical treatment of cellulose, the composites are often prepared by solvent casting [22–24,28–33], but this method is unfavorable to the environment and difficult to expand its production.

Another difficulty is induced by moisture contained within cellulose. PLA is sensitive to moisture, so it must be removed because wet cellulose tends to severely agglomerate during oven drying. Some special drying methods, such as freeze-drying, spray-drying, and supercritical CO2 drying have been used to remove moisture [34–36], but these methods are often expensive and difficult to industrialize. The efficient drying of nanocellulose at a low cost to reduce agglomeration remains a major challenge that restricts the use of cellulose in composites. Moreover, the addition of cellulose can improve some properties of PLA, but it may negatively impact other properties. Therefore, how to reduce these negative impacts is an urgent problem to solve [24,37–40].

In this study, a new method was developed to reduce the agglomeration of MFC in a PLA matrix and improve their interfacial compatibility. MFC was grafted with DL-lactic acid monomer, oven-dried at 60°C, and then mixed with PLA. PLA/MFC-g-DL composites were prepared by hot-cold pressing. Both the mechanical and thermal properties of the cellulose-reinforced PLA composites were significantly improved by this green and facile method, and the high transparency of PLA was maintained.

2  Experimental

2.1 Materials

The polylactic acid (PLA, 2003 D, 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) had a number average and weight average molecular weight of ∼150,000 Da and ∼200,000 Da, respectively, and was provided by Nature Works (USA). Microfibrillated cellulose (MFC), with 75% water content, was produced by Saigelu Chemical Industry Company, Japan. DL-Lactic acid (analytically pure), 85%–90%, 90.08 (weight-average molecular weight) was supplied by Macklin of China. Zinc acetate (analytically pure) was purchased from Aladdin of China.

2.2 Modification of MFC with DL-Lactic Acid

Before the grafting reaction, an MFC suspension with a concentration of 1% was prepared and treated using an ultrasonic cell crusher (Scientz-18 N, power: 800 W, Ningbo, China) for 30 min. Then, 200 ml MFC suspension, 100 g DL-lactic acid, and 0.1 g zinc acetate were successively added to a flask. The flask was assembled into a distillation unit, and the oil bath temperature was set to 170°C. Upon increasing the temperature, the water in the MFC suspension was continuously discharged. After about 200 ml of distilled water was collected, the reaction was continued for 20 min and then cooled to room temperature. The product was washed with deionized water and filtered three times to remove unreacted DL-lactic acid. The collected product was further prepared into a suspension with a concentration of 1% and named MFC-g-DL. The MFC-g-DL suspension was placed in a glass Petri dish and dried in an electrothermal blow-drying box at 60°C, and then processed into powder by a pulverizer.

2.3 Preparation of Cellulose-Reinforced PLA Composite Film

Before preparing the composite, PLA was dried in an electrothermal blow-drying box for 12 h at 60°C. MFC-g-DL powder and PLA were melted and compounded in a conical twin-screw micro-extruder (JZSZ-10A Wuhan, Wuhan Ruiming Experimental Instrument Manufacturing Co., Ltd., China). The PLA/MFC-g-DL mixture was hot-pressed for 3 min at 180°C under 0.1 MPa and then 5 min at the same temperature under 5 MPa pressure, and then cooled to room temperature. The film with dimensions of 10 cm × 10 cm × 0.4 mm was obtained. The proportion of MFC-g-DL and MFC in the composite film was 0.5%, 1%, 2%, 3%, and 4%, respectively. Using the same preparation method, a PLA film was prepared as a control sample.

3  Characterization Methods

3.1 Fourier-Transform Infrared Spectroscopy

The chemical properties of MFC were analyzed by a Fourier-transform infrared spectrometer (FTIR, Nicolet 6700, Thermo Fisher Scientific Instruments Co., USA). The scanning range was 400 to 4000 cm−1.

3.2 Tensile Property Test

The tensile properties of PLA and its composites were analyzed by a universal testing machine (CMT-5504, Shenzhen Xinsansi Material Testing Co., China) according to the reference standard GB/T 1040.2-2006 (Determination of plastic tensile properties).

3.3 Differential Scanning Calorimetry

The crystallization behavior of PLA and its composites was analyzed by differential scanning calorimetry (DSC, Q20, TA Company, USA). The samples were first heated from 30°C to 200°C at a rate of 10 °C/min and then held at 200°C for 5 min. Then, the temperature was rapidly lowered to 30°C and held for 5 min. The samples were then re-heated to 200°C at a speed of 10 °C/min.

3.4 Thermogravimetric Analysis

The thermal stability of PLA and its composites were analyzed by a thermogravimetric analyzer (Q50, TA Company, USA). The test temperature range was 30°C–450°C, and the heating speed was 10 °C/min.

3.5 Dynamic Thermomechanical Analysis

The thermomechanical properties of PLA and its composites were analyzed by a dynamic thermomechanical analyzer (DMA, Q800, TA Company, USA). The sample dimensions were 30 mm × 10 mm × 0.4 mm. The test temperature range was 25°C–120°C, the heating speed was 3 °C/min, the frequency was 1 Hz, and the amplitude was 15 μm.

3.6 Transmittance Test

The transmittance of PLA and its composites was measured by a UV-visible spectrophotometer (Cary100, Agilent, USA). The scanning wavelength range was 190–900 nm with an interval of 1 nm.

3.7 Microstructure Observation by Scanning Electron Microscopy

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

4  Results and Discussion

4.1 Characteristics of MFC and DL-Lactic Acid-Modified MFC

Scheme 1 shows the molecular model for the chemical reaction of the MFC-grafted DL-lactic acid monomer. The esterification reaction started after gradually removing water from the mixture of the MFC suspension and lactic acid. Then, lactic acid units were grafted onto the surface of MFC. Fig. 1 shows the infrared spectra of ungrafted and grafted MFC (MFC-g-DL). A new absorption peak appeared in the spectrum of MFC-g-DL at 1740 cm−1, which corresponded to −COO-, which was not observed in the ungrafted MFC. This indicated that the esterification reaction between MFC and DL-lactic acid occurred.
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Scheme 1: DL-Lactic acid-modified MFC
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Figure 1: FTIR spectra of MFC-g-DL and MFC

4.2 Tensile Properties of PLA and Its Composites

Fig. 2a shows that the tensile properties of PLA were improved by introducing MFC-g-DL at a suitable amount. When 0.5% and 1% MFC-g-DL were added, the tensile strength of PLA MFC-g-DL composites increased by 23% and 22.1%. The enhancement of MFC-g-DL was much greater than that of MFC because of the improved compatibility between MFC-g-DL and PLA. However, as the concentration increased, this strengthening gradually weakened due to the uneven distribution of excessive cellulose in the PLA matrix. Agglomeration occurred and caused stress concentration in the composite. The same trend was observed in the tensile modulus (Fig. 2b). Fig. 2c shows that both MFC-g-DL and MFC decreased the elongation at break of the composite, which is similar to previous results in the literature [39,40].
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Figure 2: Tensile properties of PLA and its composites: (a) Tensile strength, (b) tensile modulus, and (c) elongation at break

Grafted cellulose was more easily dispersed in the PLA matrix; therefore, the composite could accommodate more cellulose. A significant decrease in tensile properties occurred at 2% MFC-g-DL, however, 1% for MFC. Overall, when the concentration of MFC-g-DL was set at 0.5% and 1%, the PLA/MFC-g-DL composites showed improved tensile strength and modulus.

4.3 DSC Analysis

Fig. 3 shows the DSC results of PLA and its composites. The glass transition temperature (Tg), cold crystallization temperature (Tcc), melting temperature (Tm1, Tm2), cold crystallization enthalpy (ΔHcc), and melting enthalpy (ΔHm) obtained from DSC are summarized in Table 1. The crystallinities of PLA and its composites were calculated as follows:


χsample%=(ΔHm−ΔHCC)/ΔHm0×100%
(1)

where ΔH0m is the melting enthalpy of 100% crystalline PLA (93.1 J/g).
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Figure 3: DSC curves of PLA and its composites

The DSC results are summarized in Table 1.
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Compared with pure PLA, the Tg of all PLA/cellulose composites increased slightly because the addition of cellulose may have hindered the segmental flexibility of PLA chains [41]. The Tcc of PLA/cellulose composites was lower than that of PLA, indicating that cellulose promoted the crystallization of PLA at lower cellulose concentrations [42]. Double melting is common in many semi-crystalline polymers. The main mechanisms are (i) the presence of more than one crystallographic form; (ii) the presence of crystalline lamellar populations characterized by different thicknesses or perfection; (iii) simultaneous melting and recrystallization [43]. The Tm1 and Tm2 of the PLA composites were higher than that of PLA, except for PLA/0.5% MFC. This indicated that the reinforcement by grafted MFC or a sufficient amount of ungrafted MFC improved the thermal stability of PLA. The addition of cellulose improved the crystallinity of PLA to varying degrees at a low concentration. This observation suggests that MFC acted as a nucleating agent for PLA and promoted the crystallization of PLA. This phenomenon is consistent with the conclusions reached in most literatures [44–46]. The role of MFC-g-DL was significantly greater than that of MFC. The decreased crystallinity and the higher Tcc of the composites may have been caused by the higher cellulose concentration, which limited the mobility of PLA molecular chains [47,48].

4.4 TGA and DTG Analysis

The TGA and DTG curves of pure PLA and its composites are shown in Fig. 4. The initial decomposition temperature (Toneset), maximum decomposition temperature (Tmax), and Mass loss obtained from TG are summarized in Table 2. The Tonset and Tmax of PLA were 308°C and 358°C, respectively. Compared with PLA, these two temperatures of the cellulose-reinforced composites were lower due to the addition of cellulose because the initial decomposition temperature of cellulose was about 250°C–300°C [27]. MFC-g-DL and MFC-reinforced PLA composites showed similar degradation temperatures, which indicated that grafting did not change the thermal decomposition behavior of MFC.
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Figure 4: Thermal stability of PLA and its composites: (a) TGA curve and (b) DTG curve
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4.5 DMA Analysis

Fig. 5a shows the effect of the cellulose concentration on the storage modulus of PLA. The storage modulus of PLA was about 5000 MPa, which decreased after reaching the glass transition temperature. The addition of MFC and MFC-g-DL to the PLA matrix increased the storage modulus considerably, indicating that cellulose acted as an efficient reinforcement in the polymer [49]. When 0.5% MFC was added, the storage modulus increased by more than 10%, and MFC-g-DL resulted in a greater increase (nearly 20%) than MFC. This was consistent with the tensile strength and tensile modulus results and was due to the better interfacial compatibility between MFC-g-DL and the PLA matrix.

The tanδ curves (Fig. 5b) show that due to the addition of cellulose, the composite presented a sharper and more intense peak than PLA. This indicated that the loss modulus of cellulose-reinforced PLA had a larger viscoelastic proportion in the composites than PLA. Thus, the composites obtained in this work did not present a large decrease in toughness, unlike other composites reported in the literature [44].
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Figure 5: Dynamic mechanical analysis of PLA and its composites: (a) Storage modulus and (b) tanδ

4.6 Transparency Analysis

The UV spectra showed that PLA had good transparency. When 0.5% and 1% MFC-g-DL were added, there was no obvious effect on the transparency of PLA (Fig. 6a). Fig. 6a also shows that when these two films with different MFC-g-DL concentrations were used to cover the school’s emblem, the school emblem was still visible. However, MFC reduced the transparency from 100% to 75% and 70% at concentrations of 0.5% and 1%, respectively, likely due to MFC agglomeration and the loose interface with the matrix [50].
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Figure 6: (a) Digital images of the composite placed over the school emblem, and (b) (c) UV spectra

4.7 Microstructure of PLA Composites

Interfacial compatibility is one of the most important factors determining the properties of composites. MFC-g-DL provided the composite with higher tensile properties than MFC. As expected, the better interfacial bonding between MFC-g-DL and the PLA matrix was observed in Fig. 7. These results showed that modifying MFC with DL-lactic acid improved its interfacial compatibility with PLA, so as to obtain cellulose-reinforced PLA composites. However, higher concentrations of cellulose no longer enhanced the tensile strength of PLA, which was mainly caused by the agglomeration of cellulose in PLA.
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Figure 7: SEM images of PLA and its composites

5  Conclusions

In this study, DL-lactic acid monomer was introduced to modify MFC to improve its compatibility with a PLA matrix. Reinforced composites were obtained by melt extrusion and hot-cold pressing. Due to the presence of MFC-g-DL, the tensile strength and tensile modulus of PLA were improved. The addition of cellulose promoted PLA crystallization and improved its thermal stability. The light transmittance of the PLA/MFC-g-DL composite film was better than that of the PLA/MFC composite film at the same concentration. This method is environmentally friendly and has a facile procedure.
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Table 1: DSC results of PLA and its composites

Sample I, O T CCO) 1mi (°C) Tnp (°C) AH.(J/g) AH.(J/g) X(%)
PLA 60.09 117.43 158.40 163.68 34.98 38.48 3.8
PLA/0.5%MFC-g-DL  64.06 118.68 161.21 163.42 29.38 37.48 8.7
PLA/0.5%MFC 62.67 112.15 158.48 162.99 31.79 37.17 5.8
PLA/1%MFC-g-DL 61.31 105.99 169.511 - 26.62 35.90 9.9
PLA/1%MFC 64.17 111.75 164.93 170.37 32.19 36.97 5.1
PLA/2%MFC-g-DL 61.23 129.30 161.04 — 31.35 33.79 2.6
PLA/2%MEFC 62.81 131.51 161.39 — 16.0 20.24 4.6
PLA/3%MFC-g-DL 62.43 129.30 161.04 — 17.23 19.45 2.4
PLA/3%MEFC 62.17 132.06 161.28 — 21.78 23.55 1.9
PLA/4%MFC-g-DL 61.55 125.77 160.49 — 23.62 29.01 5.8
PLA/4%MFC 62.89 132.06 161.28 — 30.7 32.92 2.4
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Table 2: Thermal stability analysis of PLA and its composites

Sample Tonset (°C) Tnax (°C) Mass loss (%)
PLA 308.21 358.75 98.41
PLA/0.5%MFC-g-DL 292.64 338.98 98.35
PLA/0.5%MFC 291.71 338.45 98.56
PLA/1%MFC-g-DL 290.21 339.12 97.93
PLA/1%MFC 290.25 337.98 97.98
PLA/2%MFC-g-DL 289.41 338.52 97.85
PLA/2%MFC 288.51 338.49 98.56
PLA/3%MFC-g-DL 287.45 337.79 98.95
PLA/3%MFC 287.01 337.96 98.76
PLA/4%MFC-g-DL 254.68 334.52 97.88
PLA/4%MFC 278.41 338.48 98.64
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