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Abstract: The reduction of the hygroscopicity of wood fibers was investigated through a Thermal Treatment (TT) on wood chips performed before the defibering process. The TT and defibering tests were both carried out on a continuous pilot at semi-industrial scale. The thermal treatment study of wood chips, equivalent to a low temperature pyrolysis, was achieved for four conditions (280°C–320°C) for a duration of 10 min. Mass quantification of solids, condensables and gases (FTIR) at the outcome of the thermal treatment allowed to achieve the mass balances for each condition. The increase of the reactor temperature from 280°C to 320°C leads to a lower solid yield (94%–82%) while gaseous (1%–3.8%) and condensable (3%–11%) products increase significantly. Thermally treated wood samples were afterwards successfully defibered in different conditions to produce suitable fibers for insulation panel production. The aim of the study is also to evaluate the effects of the TT on the lowering of energy consumption necessary for the defibering process while producing good quality fibers. Energy consumption during defibering process shows a significant decrease with the increase the TT severity. Fiber morphology is affected by TT and the morphological quality of the fibers decreases as TT severity increases. The mass percentage of dust was also quantified as a quality marker of produced fibers. Measurements of equilibrium moisture (at 20°C and 65% RH) of the different materials (wood chips before and after TT, produced fibers) show a significant effect of the TT on wood chips hygroscopicity (8.2% for untreated wood to 4.1% for TT at 320°C). However, the effect of the TT on the hygroscopicity reduction of thermally treated wood fibers is drastically less significant due to breaking of the wood structure during defibering process.
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Nomenclature



	Ci(X)
	Concentration of the gas X for the ith measure



	Di(X)
	Size distribution (%wt) with the ith sieve size of the X sample



	EMC
	Equilibrium moisture content (%)



	MX
	Mass of the component X (g)



	MB
	Mass balance (%)



	MDF
	Medium density fiberboard



	QX
	Flow of the gas X (L/min at STP)



	SEM
	Scanning electron microscopy



	t
	Sampling time (s)



	TT
	Thermal treatment



	TTP
	Thermal treatment process



	V(X)
	Volume of the X gas produced (L at STP)



	ηsolid
	Solid yield (%wt)



	280C
	Wood sample thermally treated at 280°C



	295C
	Wood sample thermally treated at 295°C



	310C
	Wood sample thermally treated at 310°C



	320C
	Wood sample thermally treated at 320°C




1  Introduction

Natural fibers are a solution to energy and environmental problems caused by global warming, highlighting its renewability, biodegradability and the abundance of resources [1]. Wood fibers are widely used in several applications such as polymer reinforcement, insulation panels, MDF, etc. [2]. Despite many advantages, wood has some drawbacks due to its hygroscopic behavior. The hygroscopicity of wood leads to a decrease in dimensional stability, insulation performance, and durability against fungi [3–6]. One well-known method to limit this hygroscopic behavior is the Thermal Treatment Process (TTP), similar to torrefaction or low-temperature pyrolysis, which allows improving some physical properties.

TTP occurs between 180°C and 340°C at atmospheric pressure, in the absence of oxygen [7,8]. Various papers have been published about TTP for different issues such as energy [5,7,9–11] and material applications (wood used in construction field [12–15] and wood composites [16–19]). The evolution of wood properties after Thermal Treatment (TT) is induced by chemical modifications depending on the treatment severity (combination of two parameters, namely, temperature level and duration [20]). The TTP makes the wood’s color darken [4,5], affects mechanical properties [6,12,21], and therefore decreases the energy necessary for grinding [8,9,11,21–24]. It has also been shown that TTP affects the polarity of wood leading to a best compatibility of wood with thermoplastic (non polar materials) which allows to avoid utilization of coupling agent (i.e., maleic acid) in wood plastic composite [16–19,25]. The thermally treated wood loses its fibrous structure when exposed to a severe treatment [22]. The reduction of the fibrous and tenacious nature of wood mainly results from the degradation of hemicelluloses matrix and cellulose depolymerization [3]. Therefore, less energy is required for the defibering process which leads to more brittle and shorter fibers.

Water in wood is located in two different places: in the cell cavities as free water and the cell walls as bound water. Bound water is attracted by wood constituents that contain hydroxyl groups through hydrogen bonding. Free hydroxyl groups are mainly located in hemicellulose chains and the non-crystalline region of the cellulose. During the TTP, the crystallinity index of cellulose increases [3,26]. Hemicelluloses are the most impacted molecule under 250°C [27], with the appearance of dehydration and depolymerization reactions [8,26,27]. At this temperature level, a decomposition of hydroxyl groups easily accessible to water occurs, mostly releasing condensables and gases such as CO and CO2. In a previous study, Windeisen et al. [28] showed a decrease in hydroxyl and acetyl groups (responsible for the acetic acid formation) contents in the wood after a TTP at 180°C–220°C for 4 to 6 h. Thereby, wood loses a part of its hydrophilic nature, and its durability against fungi is improved. The Equilibrium Moisture Content (EMC) is significantly reduced (by 30%–40% at 280°C for 15–60 min) [29].

Overall, it can be assumed that the effect of the TTP of wood and wood fibers/flour on different characteristics (hygroscopicity, color, mechanical properties, grindability, compatibility with polymers…) is widely studied and described in literature. Nevertheless, it still remains a lack of information regarding the quality of fibers produced from thermally treated wood neither on the effect of the defibering process on the hygroscopic behavior of wood fibers.

The aim of the present study was therefore to analyze a global process including two steps, TTP and defibering process, in order to evaluate the feasibility and the interest of the TTP as an industrial improvement way of fibers quality (hygroscopicity reduction) and to reduce the defibration energy. Products yields (solid, condensable, gas) and energy consumption were measured during TTP whereas measurement of defibering energy consumption was performed during defibering tests. Finally, the impact of the TTP on the hygroscopic behavior of raw and thermally treated wood chips and wood fibers as well as on the wood grindability and on the fibers quality were evaluated and discussed. Moreover, all experiments were performed on continuous pilot at middle scale (>5 kg/h), allowing to collect more reliable technical data suitable for upscaling analysis.

2  Materials and Methods

2.1 Sample Preparation

2.1.1 Thermal Treatment Process

Spruce wood chips (48% in moisture content) from the industrial PAVATEX (wood fiber insulation panels producer) were used as the test material in this study. Wood chips (≈25 kg per test) were oven-dried for one week at 80°C ± 5°C.

2.1.2 Defibering Process

Samples used for the defibering process were virgin spruce wood chips and thermally treated wood chips at different temperatures (280°C, 295°C, and 320°C).

2.2 Thermal Treatment Pilot

TTs of spruce chips were carried in a continuous middle-scale screw reactor-based at LERMAB in Epinal (France). The reactor allows to perform TTs up to 400°C for a period of up to 30 min. The matter flow rate is fixed at 4 kg/h for wood chips to keep a good homogeneity of the treatment and not overload the screw. Tests were performed at 280°C, 295°C, 310°C, and 320°C for a residence time of 10 min. These temperatures were used as set points for the four independent heating elements. Experimental sample temperature history is continuously measured during tests with four thermocouples placed along the screw in the middle of each heating zone. Fig. 1 shows the TT device.
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Figure 1: Sketch and picture of the screw reactor device

The reactor is sealed and TTs were carried out under a nitrogen flow (5 L/min at STP). The following physical values were measured for each test to carry out mass balances: input and output mass, the composition of the gases (μGC), the total flow of gas (volumetric flowmeter), treatment temperatures, etc. The mass balance of the experiment was calculated using Eq. (1):


MB=MTT+Mgas+McondMWood∗100
(1)

In the equation above, MTT is the mass (kg) of the wood chips thermally treated collected, Mgas is the mass (kg) of produced gases, Mcond is the mass of condensables collected and MWood is the input mass (kg) of dry wood chips. Mass balance is close to 100% for each test. However, the ‘missing matter’ in the balance is related to the condensation and deposition of condensables in the process at cold spots. The solid yield ηsolid (%wt) of the experiment was calculated using Eq. (2):


ηsolid=MTTMwood∗100
(2)

2.3 Gas Analysis

The gases (mix of carrier gas and produced gases) were sent through a gas condensation system to trap condensables and particles. Clean and dry gases are then analyzed with a μGC (SRA INSTRUMENTS Gas Analyzer R-3000) which is regularly calibrated using gas standards bottles for following gases: CO, CO2, CH4, C2H2, C2H4 and C2H6. The values of concentrations of the different gases as a function of time given by the gas analyzer were used to evaluate the volume of gases produced during experiments following expression (3):


V(X)=∑in⁡(Ci(X)+Ci+1(X)Ci(N2)+Ci+1(N2)QN2 ∗ t)
(3)

In Eq. (3), V(X) is the volume of the gas X produced during the experiment (L at STP), n is the number of measures, Ci(X) is the concentration of the gas X for the ith measure given by μGC analysis (%), 
QN2
is the nitrogen flow (L/min at STP), and t is the sampling time (s).

2.4 Defibering Pilot

Defibering tests were carried out at the FCBA located in Grenoble (France) on a mechanical defibering pilot (20 kg/h) from ANDRITZ. Fig. 2 shows the mechanical defibering pilot.
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Figure 2: Defibering pilot

Untreated wood and thermally treated wood (280°C, 295°C, and 320°C) were defibered (≈20 kg/sample). During defibering tests, the energy required for defibration is measured. Fibers morphology depends on the discs’ airgap of the refiner. The smaller the airgap, the more the fiber is defibered, and the higher the power consumed by the pilot is. The airgap was adjusted for every sample of wood thermally treated to obtain fibers with approximately the same morphology (valued by an experienced technician from FCBA). The airgap needed to be adjusted due to changes in wood properties caused by the TTP.

2.5 Moisture Recovery

Wood samples were firstly oven-dried at 103°C for 48 h and weighed with a three digits’ balance. Samples were then placed in a climatic chamber at 20°C and 65% RH for 14 days (until EMC is reached). The moisture recovery test is done on untreated/treated wood chips and produced fibers three times for each sample to obtain reproducibility between measures. EMC (%) was calculated using expression (4):


EMC=(Meq+Mdry)Mdry∗100
(4)

Meq is the mass of the sample at equilibrium and Mdry is the mass of the dry sample (g).

2.6 Particle Size Quality and Particle Size Contents

The wood fibers particle size was measured with a mechanical sieve (RETSCH AS200) to evaluate the size of fibers. The different sieves sizes used are 3.5, 1.7, 1 mm, 850, and 500 μm. About 10 grams of each sample of dry fibers were weighed and placed in the mechanical sieve for 10 min. The content of each sieve was weighed. The experiment was repeated three times for each sample for repeatability. The size distribution was calculated as a mass percentage with the expression (5):


Di(X)=MiM(X)∗100
(5)

Di(X) is the size distribution (%wt) with the ith sieve size of the X sample, Mi is the mass (g) of the ith sieve content, and M(X) is the mass that was introduced in the mechanical sieve.

The morphology of fiber surface was also examined in this study using Scanning Electron Microscopy (SEM) analysis (Hitachi TM3000).

3  Results and Discussion

3.1 Treatment Temperature

The TT temperature at the heart of the reactor (closest to the matter) is measured for each heating zone. The treatment temperature is lower than the set temperature due to wood heating, heat losses and the coolers located on either side of the reactor. The treatment temperature remains stable during the test in each heating zone and is reported in Fig. 3.
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Figure 3: Temperature of wood as a function of time and distance from reactor inlet during the TT

The final treatment temperature varies from 270°C for a set point of 280°C to 313°C for a set point of 320°C. The standard deviation for the four heating zones is approximately 10°C, 6°C, 3°C, and 2°C respectively from the first to the fourth zone. The outcome of each test showed that the size of wood chips decreases and that wood color darkens by increasing the temperature due to the degradation reactions on hemicelluloses and the oxidation of wood products such as quinones [4,5]. Wood chips are transported in the reactor by a screw that crushes them to a smaller size. Grindability of wood is improved by TT, in accordance with results found in the literature [8,9,11,21–24]. The homogeneity of the treatment was evaluated by cutting wood samples and checking the homogeneity of the in-depth coloration.

3.2 Mass Balances

Mass balances for each experiment are obtained by the method described in the TT pilot part. Fig. 4 shows the influence of the temperature on the distribution of the product during TTP. Since solid is the major product (i.e., Fig. 4a), Fig. 4 has been resized (Fig. 4b) by fixing the beginning value of the vertical axis at 75% to improve the readability of the graph.
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Figure 4: Evolution of wood products during TT of spruce chips at different temperatures

First of all, the global mass balance for the different experiments is in the range of 96% to 99% showing the accuracy of the results.

The increase of the TTP severity conducts to lower the solid yield in favor of condensables and gases products:
•   Condensables gases are composed of water and many organic condensables such as acetic acid, furfural, formic acid, methanol, lactic acid and phenol, resulting from the degradation of cellulose and hemicelluloses [8,26–28,30];

•   Non-condensables gases are mainly composed of CO and CO2. Light hydrocarbons (CH4, C2H2, C2H4, C2H6) and H2 are also produced as traces (less than 0.02% compared with total gas production).

When the treatment temperature increased from 280°C to 320°C, the solid yield decreased from 94% to 82% and the production of gases and thus condensables increased from 1% to 3.8% and 3% to 11%, respectively. These results are in complete agreement with the literature [8,11].

3.3 TTP Produced Gases

Volumes produced of the different gases during the treatment were acquired by the method described in the gas analysis part. As shown in Fig. 5a, the molar proportion of CO increased with TTP temperature to the detriment of CO2 content. Nevertheless, Fig. 5b shows that CO and CO2 gas flow increased with TTP severity. Indeed, an increased temperature leads to favor the degradation of hemicelluloses and more particularly the hydroxyl groups accessible to bound water [27].
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Figure 5: Evolution of gases production during TT of spruce chips as a function of temperature (with (a) in %wt and (b) in L/kg)

A slight amount (0.02%) of CH4 gas is detected from a temperature level of 310°C and goes up to 0.12% at 320°C. At this temperature level and for a short residence time, it can be deduced that only hemicelluloses start to be depolymerized. The decomposition of cellulose and lignin occurs at temperatures above 330°C [27].

3.4 Energy Consumption

To evaluate energy consumption during TTP according to temperature, a reference measurement was introduced for each condition. Indeed, before each experiment, the total power supply for heating elements was recorded two hours before beginning tests (“Power reference” curve). As expected, the power required to maintain the reactor temperature is dependent of the temperature and increases from 630 to 770 W between 280°C and 320°C (i.e., Fig. 6). During tests, the power needed to maintain the reactor temperature is recorded (“Power test” curve). The power needed for TTP was afterwards obtained by difference following Eq. (6):


PowerTTP=Powertest–Powerreference
(6)
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Figure 6: Heating power and energy delivered to wood during TT tests

The energy needed for TTP (“Energy TTP” curve) is then expressed in kJ/kg by dividing the “Power TTP” curve by the dry inlet biomass flow.

It can be observed that energy required for the TTP is temperature dependent and is in the range of 440 to 450 kJ/kg. These values are slightly lower than the one described by Colin [31] in the range of 520 to 550 kJ/kg for the same biomass mass loss. It also appears that TTP energy decreases slightly between 310°C and 320°C which could be attributed to exothermicity of biomass pyrolysis at higher temperature as ever referred in literature [32]. Nevertheless, values for biomass pyrolysis enthalpy reported in literature are widely variable [33–36] which does not allow to compare our results.

The energy needed for defibering process was also recorded during experiments and are reported in Fig. 7. The results show a drastic decrease from 720 kJ/kg (untreated wood) to 133 kJ/kg (TT at 320°C), showing the positive and very significant effect of TTP ever reported in literature [21–23]. A reduction of 24%, 33%, and 81% in power defibering consumption is measured during the defibration of wood samples treated respectively at 280°C, 295°C, and 320°C. For comparison, Colin et al. [11] reported a decrease of 82% in the energy required for at a mass loss of 25%, which is close to the 18% mass loss obtained with TT conditions of 320°C. This drastic reduction in defibering energy consumption is due to the extensive degradation of wood mechanical properties through to TTP [6,12,21]. The thermal degradation of hemicelluloses matrix and cellulose depolymerisation leads to the reduction of the fibrous and tenacious nature of wood [3,22].
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Figure 7: Energy required for defibering and TT processes as a function of temperature

In order to evaluate the interest of the TTP to save defibering energy, the sum of energies required for both steps are reported in Fig. 7. It clearly appears that only the higher TT severity allows to save energy.

3.5 Particle Size of Wood Fibers

Particle size of wood fibers samples was measured using a mechanical sieve to assess fibers quality. Fig. 8 shows the particle size distribution of wood fibers after the mechanical sieve process. This method is not optimal for the characterization of wood fibers because fibers fall vertically into the lower sieve floor but it can give an idea of fine particles content. Fibers morphology will be characterized more finely later.
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Figure 8: Particle size distribution of wood fibers with different sizes of sieves

At first, it can be seen in Fig. 8 that the particle size lower than 0.5 mm decreased from 38% for virgin fibers to 33% and 29% for wood treated at 280°C and 295°C. The particle size lower than 0.5 mm was about 42% for wood treated at 320°C. These results have to be qualified by visual observations. Indeed, in the case of virgin wood, particle size lower than 0.5 mm are represented by fine fibers of almost 1 mm length, whereas in the case of TT material, fibers are less observed in favor of dust (shorter length/width ratio). A second results which is observed is the reduction of the longest fibers proportion with the severity of the TTP. Fibers longer than 3.5 mm are no more present in fibers produced from TT material. This phenomenon can easily be explained by the reduction of mechanical properties and flexibility of wood with TTP, as described in the literature [8,9,11,21–24].

3.6 Equilibrium Moisture Content

The EMC of wood chips and fiber samples stabilized at 20°C and 65% RH was measured and the results obtained were summarized in Fig. 9. The EMC of wood chips decreased steadily from 8.2% for untreated wood to 4.1% at 320°C. It can be related to the depolymerization of carbohydrates, which reduces the amount of hydroxyl groups contained in holocellulose as the temperature of the TT increases [12,26–28]. In addition, the relative increase in the proportion of crystalline cellulose complicates the accessibility to water of hydroxyl groups [3,26]. Belgacem et al. [26] also assumed that repolymerization of lignin can reduce water accessibility on hydroxyl groups through increased cross-linking between lignin molecules.
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Figure 9: EMC of wood chips and fibers stabilized at 20°C 65% RH

EMC values of fibers produced from virgin wood and the virgin wood show quite similar results which was expected. For treated samples, it appears that defibering process leads to an increase of the material hygroscopicity since fibers EMC is higher than the one of the TT chips in the same conditions. It therefore shows that defibering process limits the positive effect of the TT on the hygroscopicity reduction. This point can be attributed to the fact that defibering process leads to the appearance of new accessible hydroxyl groups.

Fig. 10 shows a SEM picture of fibers obtained from TT wood chips at 295°C. It highlights the completely destructured surface of the fibers. It is therefore assumed that the lignin layer (obtained by repolymerization of lignin during TT [26]) on the surface of TT wood chips is destructured during the defibering process, leading to a redistribution of hydrophilic groups of the secondary wall of fiber cells, making the surface more hydrophilic. Moreover, the degradation of the fiber structure provides a higher porosity, which is also favorable for water adsorption.
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Figure 10: SEM picture (×200) of TT fibers surface (295°C)

4  Conclusion

In this study, the TT of wood chips was performed on a middle scale pilot (>5 kg/h) with a TT duration of 10 min for each temperature condition. The accuracy of the obtained results regarding gas analysis and pyrolysis product distribution was validated by mass balance calculation (in the range of 96% to 99%). The increase of the reactor temperature from 280°C to 320°C leads to a lower solid yield (94%–82%) while the gaseous (1%–3.8%) and condensable (3%–11%) products increase significantly. The main gaseous product after liquid condensation is represented by CO2 and CO being present in lower quantities.

The thermally treated wood chips were then defibered in a middle scale pilot (20 kg/h) to confirm the feasibility of fiber production from TT material. The energy consumption of both steps was measured. The energy required for TTP increases slightly with TT severity, from 440 to 450 kJ/kg. Energy required for the defibering process decreases drastically with TT severity. A decrease of 24%, 33%, and 81% is calculated for TT of 280°C, 295°C, and 320°C, respectively. The evaluation of the global two-step process energy consumption reveals that only the most severe conditions allow to save energy. The analysis of the size distribution shows a global decrease in fibers size with the TT severity. The most severe treatment leads to the production of short length fibers, mainly composed of dust and probably more suitable for WPC production than for applications like MDF or insulation panels. The measurement of the hygroscopicity of the produced materials reveals the positive effect of TT on wood chips EMC, which decreases from 8.2% for untreated wood to 4.1% for TT at 320°C (after storage at 20°C and 65% RH). Nevertheless, it also observed that defibering process leads to an increase of hygroscopicity of fibers because of degradation of the wood structure and the appearance of new hydroxyl groups on the fiber surface. Only the highest TT severity improves significantly the hygroscopicity in comparison with untreated fibers.

The initial main objectives of TTP studied in this paper were the reduction of fiber hygroscopicity of as well as the saving of energy consumption of the defibration step. Results obtained reveal that only the TT at 320°C allow to reach these targets. Nevertheless, the fibers produced under these conditions do not seem to be suitable for MDF or insulation panel applications because of their too short length. Considering these results, the interest of TTP for wood fiber improvement is more relevant for WPC production than for applications such as MDF or insulation panels, especially since the TTP leads also to the improvement of wood compatibility with thermoplastic polymers. The future path of this study is to investigate the production of reinforced WPC with TT fibers produced under high severity conditions.
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