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Abstract

:

The classical production of microfibrillar cellulose involves intensive mechanical processing and discontinuous chemical treatment in solvent-based media in order to introduce additional chemical surface modification. By selecting appropriate conditions of a pulsed plasma reactor, a solvent-free and low-energy input process can be applied with the introduction of microcrystalline cellulose (MCC) and maleic anhydride (MA) powders. The plasma processing results in the progressive fibrillation of the cellulose powder into its elementary fibril structure and in-situ modification of the produced fibrils with more hydrophobic groups that provide good stability against re-agglomeration of the fibrils. The selection of a critical ratio MA/MCC = 2:1 allows separating the single cellulose microfibrils with changeable morphologies depending on the plasma treatment time. Moreover, the density of the hydrophobic surface groups can be changed through a selection of different plasma duty cycle times, while the influence of plasma power and pulse frequency is inferior. The variations in treatment time can be followed along the plasma reactor, as the microfibrils gain smaller diameter and become somewhat longer with increasing time. This can be related to the activation of the hierarchical cellulose structure and progressive diffusion of the MA within the cellulose structure, causing progressive weakening of the hydroxyl bonding. In parallel, the creation of more reactive species with time allows creating active surface sites that allow for interaction between the different fibrils into more complex morphologies. The in-situ surface modification has been demonstrated by XPS and FTIR analysis, indicating the successful esterification between the MA and hydroxyl groups at the cellulose surface. In particular, the crystallinity of the cellulose has been augmented after plasma modification. Furthermore, AFM evaluation of the fibrils shows surface structures with irregular surface roughness patterns that contribute to better interaction of the microfibrils after incorporation in an eventual polymer matrix. In conclusion, the combination of physical and chemical processing of cellulose microfibrils provides a more sustainable approach for the fabrication of advanced nanotechnological materials.
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1. Introduction


The plasma processing of fibers offers an ecologically-friendly method for surface activation and functionalization of the fibers. The plasma-induced surface modification and interface engineering benefits from solvent-free handling of the reactive species and in-situ formation of the coupled materials through a combination of physical processes. The plasma phase is a complex state where particles of a gaseous phase are converted through radical reactions into a variety of active species, i.e., excited atoms and molecules, ionized moieties, electrons, free radicals and ionic complexes. As an advantage, the laboratory set-ups for plasma modification can be smoothly scaled-up towards (semi-)industrial units for fast and flexible processing of materials. Therefore, plasma treatment has been increasingly used as a green technology to enhance the sustainability of lignocellulosic materials [1].



The plasma modification of cellulose was studied under inert conditions in order to verify the changes in surface conditions. In particular, surface ablation and changes in surface morphology were observed in combination with morphological changes and small reduction in fiber width [2]. The exposure to oxygen plasma induces localized decomposition with the formation of highly functionalized molecules. The bulk of the fibers was selectively changed, where the crystalline zones remained unaffected through the plasma treatment with consequent variations in physical and chemical properties [3]. Ultimately, the depolymerization of cellulose in a non-thermal atmospheric plasma was achieved for the conversion into glucose units [4]. The active species created from a plasma with reactive gasses, e.g., when exposed the oxygen and sulfur hexafluoride, allows creating patterned nanostructures on the cellulose fiber surfaces with both changes in surface chemistry and topography that are needed to change the hydrophilic properties of cellulose into hydrophobic properties [5]. As a result, the plasma (pre-)treatment in combination with gaseous reactants, such as oxygen, ethylene or silane, allows the surface adhesive properties to adapt when used as filler in composite materials and/or changes the hydrophilicity and attachment of bacteria [6]. The hydrophobic modification of more complex cellulose structures can be achieved using CCl4 as plasma, acting solely on the surface without modifying the bulk structure [7]. Alternatively, the surface modification of cellulose through chemical grafting with maleic anhydride is commonly used as a compatibilization step when mixing cellulose into more hydrophobic matrix materials, but it is usually conducted by wet-end chemical processing [8].



Microfibrillated cellulose (MFC) is a form of nanocellulose that is converted into elementary fibrils, which is usually achieved through an intensive mechanical processing involving high internal shear stresses and energy requirements [9]. The post-step functionalization of cellulose nanomaterials can then be implemented by plasma modification [10]. This has been frequently implemented for cellulose nanocrystalline materials [11,12]. The submerged liquid plasma processing was recently used for the fibrillation of cellulose in combination with ultrasonic treatments in inert argon or reactive oxygen/nitrogen environments to improve the dispersibility in water mixtures [13]. In contrast, the present work starts from dried powders of cellulose and reactive maleic anhydride monomers introduced in a pulsed plasma process, which allows for the simultaneous fibrillation of the cellulose structure and stabilization by chemical grafting of maleic anhydride.




2. Experimental Details


The microcrystalline cellulose (MCC, Merck, Germany) was introduced together with maleic anhydride (MA) as a powdery monomer. The precursors were inserted into a sealed glass tube that was degassed several times and were later connected to the inlet of the plasma reactor. An amount of the monomers was selected according to a ratio MA/MCC = 2:1 (e.g., 2 g of MA and 1 g of MCC) in order to obtain sufficient overload of the polymer relative to the fibrous material.



A cylindrical-shape glass container was used as a vacuum chamber that was connected to a monomer gas inlet and pump and surrounded by a copper coil driven by an RG generator. In a pulsation mode, the power is switched on and off in micro-second intervals, and their ratio becomes important to calculate effective power. The ratio has mainly an effect on the retention time of the functional groups in the plasma. In general, the higher toff time increases deposition thickness, while higher ton times lead to significant monomer fragmentation and loss of functional groups. The plasma conditions were selected for the creation of the MCC and in-situ surface modification with MA according to a pulsed plasma processing. Therefore, the maximum power of 20 W and fixed pulse frequency 820 Hz were applied. The output of the pulsed plasma process is characterized by a selection of the cycling times, including the plasma-on time (i.e., cycling time for creation of active species) ton = 25 µs and the plasma-off-time (i.e., cycling time for reaction and recombination) toff = 1200 µs.



A characterization of the cellulose materials after plasma processing was completed by optical microscopy (LOM), attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR), atomic force microscopy (AFM) and X-ray photon spectroscopy (XPS).




3. Test Results


The morphology of pulsed-plasma processed MCC is illustrated in Figure 1, including optimized plasma processing conditions that allow for the in-situ fibrillation of the cellulose structure. The processing of pure MCC resulted in the formation of particles (Figure 1a), resembling the sizes and morphologies of the original powder. It is evident that the plasma processing has no influence on the particle properties, and surface modification is not possible, except for some changes that may be introduced at the surface. However, agglomeration of several particles has not been observed. In the case of a ratio MA/MCC = 2:1 (Figure 1b), an impressive morphology develops where the single particles fibrillate into several separated elementary cellulose fibrils. This morphology was only observed at a critical weight ratio, where the presence of MA is favorable for the stabilization and dispersion of the single fibrils. The fibrillation process obviously proceeds depending on the processing time, where the hierarchical cellulose structure starts to open up after a processing time of 10 min, while the single fibrils become looser and form a more complete fibrillar network structure after longer processing time (Figure 1c). Likely, the presence of MA allows for the diffusion in the gaseous phase within the cellulose structure (more specific the amorphous zones), and the interaction of activated species in the plasma phase allows for simultaneous surface modification and formation of a dense MFC network.



The variations in chemical structure of the cellulose are confirmed by ATR-FTIR spectra of the processed fibers (Figure 2). The carbonyl region is characterized by a shift in the C=O band of closed-ring maleic anhydride (1800 cm−1) for the original MA, towards an esterified C=O band (1750 cm−1) for the plasma-processed MFC/MA. This confirms the chemical surface modification of the cellulose surface, with an esterification reaction localized near the hydroxyl groups of the cellulose. The structural variations in cellulose are observed near the C–O–C/C–OH band region (1060 cm−1), which suggests variations in crystallinity of the processed MFC. The sharper bands and narrowing of the band are typical for structural variations that include reorientation or confinement of the backbone in cellulose structure into a more ordered phase. The fibrillation of the cellulose during plasma processing may likely result in the removal of more disordered cellulose zones and the creation of fibrils with an enhanced structural organization.



The XPS results of the high-resolution C1s peak are compared in Figure 3 for the plasma-polymerized MA and MFC/MA. The typical peaks for MA plasma polymers include 1 hydrocarbons (285.0 eV, C–C, CHx); 2 carbon in alpha position of anhydride/carboxylic acids, esters (285.6 eV, C–C=O); 3 carbon single bonds to oxygen (286.6 eV, C–O); 4 carbon double bonds to oxygen (287.9 eV, C=O); 5 anhydride groups, carboxylic acid, ester groups (289.5 eV, O=C–O–C=O, O–C=O). The calculation of atomic concentrations based on the surface area beneath the respective peaks indicates significant differences for pure MA compared to MFC/MA. The peak 1 is representative of hydrocarbons formed through monomer fragmentation and is lower for the MFC/MA compared to pure MA, as the likeliness for crosslinking in the pure plasma polymer between single MA moieties reduces in the presence of MFC. Alternatively, the peak 2 indicative for esterification reaction is significantly enhanced for MFC/MA due to favorable chemical surface modification of the cellulose with MA. Finally, the peak 5 representing closed-ring anhydride groups is slightly lower for the MFC/MA than for pure MA as a confirmation for the ring-opening reaction and esterification. However, the intensity ratio of peak ratio 3 (C–OH) relatively to peak 4 (O–C–O) is lower for plasma-modified MFC than for pure cellulose (which should be around 5:1), confirming that an important amount of the cellulose C–OH disappears through ring-opening and esterification with MA.




4. Conclusions


The simultaneous fibrillation of cellulose and surface modification with maleic anhydride (MA) has been successfully demonstrated during a pulsed plasma polymerization process of MA, after selecting the optimized plasma processing conditions and a critical ratio of cellulose / MA monomer. The fibrillation is gradually visualized by an opening of the fine fibrillar structure of cellulose and stabilization of the dispersion state of the fibrils. The chemical surface modification of the cellulose fibrils through the esterification reaction with MA has been demonstrated by additional chemical analysis. The characterization of surface modification agrees between XPS and FTIR spectra, while the latter also suggests variations in phase ordering of the cellulose molecules after processing. As such, the feasibility of plasma processing as a sustainable approach for the fabrication of microfibrillated cellulose has been demonstrated.
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Figure 1. Optical microscopy of (a) original MCC, (b) starting of the fibrillation of the cellulose particles after plasma processing under optimized conditions with a ratio MA/MCC = 2:1 (processing time t = 10 min), (c) formation of and MFC/MA network of surface-modified fibrillated cellulose with AFM inset (10 × 10 µm2), under optimized conditions with a ratio MA/MCC = 2:1 (processing time t = 30 min). 
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Figure 2. Detail of the ATR-FTIR spectra in different wavenumber regions (a) 2000–1500 cm−1, or (b) 1200–900 cm−1, for (i) MA, (ii) MCC and (iii) modified MFC/MA after plasma processing. 
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Figure 3. Atomic concentration of different functionalities present in the high-resolution C1s peak obtained by XPS analysis for MA (black bars), and MFC/MA (grey bars). Peak numbers 1, 2, 3, 4, 5 are explained in the text. 
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