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Abstract
Thermal insulation materials are an essential part of energy efficient buildings. By reducing energy consumption, thermal insulation contributes to saving fossil fuel and reducing carbon emissions. Furthermore, declining fossil resources and growing concern about CO2 emissions are important driving forces for research on bio-based materials. With the present study we aim to provide the basis for a significant improvement of the efficiency of thermal insulation in terms of minimizing the carbon footprint by developing the technology for producing a novel, green type of high-performance thermal insulation panel.
The materials used in this study, namely microfibrillated, lignin-free cellulose (MFC) and microfibrillated cellulose with 8.5% lignin content (MFLC), were used because of their different surface-chemical properties. MFLC shows a significantly lower polarity than MFC. (Poly)-furfuryl alcohol was used as crosslinker.
For MFC, the addition of furfuryl alcohol results in an increase in variability of the modulus of elasticity, with a trend towards higher values, whereas yield stress does not change significantly. In the MFLC, an increase in modulus of elasticity (MOE) is visible. As opposed to MFC, a clear improvement is also seen for yield stress.
1.
Materials and methods
The materials used in this study are MFC from essentially lignin-free bleached wood pulp with low hemicellulose content purchased from the University of Maine. In parallel, organosolv-pulped beech wood-derived microfibrillated cellulose with 8.5 % lignin content and substantial hemicellulose content is termed MFLC.
Aqueous fibril slurries were adjusted to a solid content of 4% (mass content). Furfuryl alcohol and appropriate aliquots of maleic anhydride (5% with regard to the respective amount of furfuryl alcohol used) were added to the slurry, resulting in ratios of fibrils to furfuryl alcohol of 0.00, 0.03, 0.06, 0.11, 0.20, 0.33, and 0.50. After mixing with an Ultra Turrax device, the mixtures were placed in an oven at 80°C for 24 h. Thereafter, the mixtures were transferred to 2 ml Eppendorf tubes and frozen in a freezer at -80°C. Finally, the frozen slurries were lyophilized. The freeze-dried samples are shown in Figure 1.
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Figure 1. Samples of freeze-dried MFC and MFLC with different content of furfuryl alcohol
Characterization was carried out with Scanning electron microscopy (SEM), ATR-Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and compression testing with a Zwick-Roell, equipped with a 500N load cell.
2.
Characterisation
Scanning electron microscopy (SEM) was carried out with gold-coated specimens in a Quanta™ 250 FEG from FEI in high-vacuum secondary electron mode.

ATR-Fourier-transform infrared spectra of the foams were obtained with a Perkin- Elmer Frontier FT-IR spectrometer equipped with an attenuated total reflection (ATR) Zn/Se crystal. Each specimen was cut out of the foam variants and scanned twice from 4000 cm-1 to 650 cm-1 at 4 cm-1 resolution to calculate an average spectrum. Processing of the spectra was performed with Perkin Elmer Spectrum software for baseline correction and normalisation.

Thermogravimetric analysis (TGA) was carried out using a Netzsch Thermogravimetric Analyzer (NETZSCH TG 209 F1 Iris, Germany). Two specimens from each group, which weighed between 2 and 3 mg, were placed into a TGA crucible (Al2O3).

3.
Results
SEM reveals an open-porous structure for foams from both fibril variants with no obvious differences in terms of characteristic fibril size or morphology (Figure 3).

The effect of furfuryl alcohol is shown in Figure 3. The spheres which are visible in the 5 µm magnification of the MFC indicates non-wetting of furfuryl alcohol on the material, whereas this cannot be seen for the MFLC variant (Figure 3, right side).

As it can be seen in Figure 2 (left side), the addition of furfuryl alcohol results in a broad variability of the modulus of elasticity for the MFC variant, with a slight trend towards higher values with higher ratios of furfuryl alcohol and fibrils. This cannot be said for the yield stress, since there is no significant effect visible.

In the MFLC variant, as it can be seen in Figure 2 (right side) the increase in modulus of elasticity (MOE) also shows a high variability, but an increase in MOE is even clearer. The yield stress of the MFLC variant is improved with an optimum at 33% furfuryl alcohol content.
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Figure 2: MOE and yield stress of MFC and MFLC with furfuryl alcohol addition
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Figure 3: SEM images of freeze-dried MFC (left side, a) and c)) and MFLC (right side, b) and d)) with furfuryl alcohol with different magnifications

4.
Conclusions

In good accordance with earlier studies using e.g. compounds of MFCL and PLA or polycaprolactone, an improvement in compatibility between MFC and non-polar substances was achieved by the presence of non-cellulosic wood polymers in MFLC. This resulted in a better integration of the polymer into the fibrillar cellulose matrix of freeze dried materials, leading to a significantly improved reinforcement in terms of compression strength compared to conventional MFC from bleached wood pulp.
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