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Abstract

:

Climate change, biomass utilization, and bioenergy recovery are among the biggest current global concerns. Wood is considered an environmentally benign material. Nevertheless, it must be processed for desired applications. Upon thermal treatment ranging from 180 °C to 280 °C, under low oxygen concentrations, wood becomes a material with improved dimensional stability, resistance to fungal attacks, grindability, hydrophobicity, and storage stability. Several strategies for wood treatment have been investigated over the course of the past decades, including the use of steam, nitrogen, smoke, vacuum, water, and hot oil. The goal of this work is to investigate the influence of pressure and atmosphere on the torrefaction of poplar. Through a systematic analysis of poplar wood samples treated under reduced pressures and different atmospheres, while keeping the same heating profile, it was possible to establish that changes observed for mass loss, color change, wood composition (via TGA/DTG analysis), functional groups (via FTIR), elemental analysis, and X-ray diffractograms relate directly to known reaction pathways occurring during torrefaction. Changes observed under reduced pressures have been associated with the relative concentration of oxygen in the reaction atmosphere and to the reduced diffusion times experienced by reactive by-products during the treatment. Conversely, extended diffusion times resulted in more significant changes for reactions carried out under N2, water vapor, and air.
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1. Introduction


Despite its abundant use in construction, the exposure of untreated wood to the elements results in degradation, primarily promoted by fungal attacks. Wood treatment by torrefaction at 180–240 °C is considered a low environmental impact process, without the addition of chemicals. It is therefore viewed as a promising alternative to chemical treatments for the enhancement of the local biomass, with improvement of stability [1,2], durability [3,4], and its economic potential. Wood torrefaction is becoming increasingly popular in Europe. Despite the latest progress, there is still a lack of process control and property uniformity of torrefied samples [1]. During wood thermal treatments, even for well-known wood species, cracking and delamination are often observed due to uneven treatment across the heated material. Torrefaction conditions are usually established empirically, without a full comprehension of individual factors, such as reaction atmosphere and pressure.



Torrefaction increases hydrophobicity [5], darkness [6], and stability, and decreases the high heating value (HHV) of woody biomass [7]. Torrefaction is often applied to wood boards. Chemically, the process consists of crosslinking and condensation when higher temperatures are employed, while extensive bond scission prevails at lower temperatures [8]. Hemicelluloses are completely degraded during severe torrefaction [9], with a higher susceptibility for hemicelluloses from hardwood [10]. A slight increase in cellulose crystallinity is observed when torrefaction is carried-out at low temperatures and sharply decreases at high temperatures, revealing a competitive behavior between the degradation of crystalline versus amorphous cellulose [11]. The main wood torrefaction products are solids, condensables, and non-condensable volatiles [12].



Despite several literature reports [13,14], the fundamentals of the chemical transformations during torrefaction under different conditions are not yet fully elucidated. Hydrophobicity has been studied for torrefaction carried out at temperatures higher than 240 °C in the presence of water [15]. In a different study, lignin derivatives have been detected on the surface of pine wood samples treated at 225–350 °C [13].



Several studies have evaluated the torrefaction products obtained under inert (N2, vacuum) and oxidative (O2, CO2, steam, air) atmospheres, with scattered results reported. Because torrefaction is highly dependent on the biomass used and the temperatures employed, it is exceedingly difficult to compare results reported in different published articles focusing on various biomasses and adopting a multitude of reaction conditions. In many reports, it has been mentioned that the atmosphere is significantly less impactful on torrefaction products than temperature, and for temperatures lower than 240 °C, the properties of biomass torrefied under different atmospheres is not statistically different [12,16,17,18,19,20,21,22]. Additionally, there are many accounts of lower ash content in detriment of an increase in gas products yielded when CO2 is used during torrefaction [17,18,19,20,21,22], as well as an increase in fixed carbon content [23].



For experiments evaluating the effect of O2 during torrefaction, it has been reported that increasing O2 concentrations result in lower degradation temperatures to achieve a desired mass loss, more extensive degradation rates, better product properties [18,24,25], and lower solid yields in detriment of liquid products [26,27]. Similar trends have been observed when steam is employed [28,29]. For experiments carried out under a vacuum, it has been shown that products with a larger higher heat value (HHV) are obtained due to better diffusion of lower molecular weight degradation fragments and products [12], and that torrefaction is dominated by surface oxidation [30].



Herein, a systematic evaluation of the atmosphere effect on poplar wood torrefaction under consistent and comparable heating conditions is proposed. The atmospheres evaluated in this study are N2, air, water vapor, and reduced pressure (200 hPa, 300 hPa, 500 hPa, and 600 hPa, resulting in O2 concentrations of 4%, 6%, 8%, and 10%, respectively). The careful investigation of the atmosphere effect on torrefaction at a molecular level gives an improved understanding of the chemical transformations that occur, allowing for specific parameter controls in order to obtain products with desired properties. All torrefied products were analyzed with respect to their compositional evolution by colorimetric measurement, thermogravimetric analysis (TGA), elemental analysis, Fourier-transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD). The results indicate that steam and higher concentrations of Oxygen result in a more significant change of the torrefaction process.




2. Material and Methods


2.1. Materials and Thermal Treatment Conditions


Poplar (Populus nigra), with an average density of 400–500 kg m−3, was used in this study. The samples were cut from the same board according to the fiber orientation in specimens of 20 mm3 × 100 mm3 × 300 mm3 (tangential × radial × longitudinal) for experiments carried out in a conductive oven, and of 20 mm3 × 70 mm3 × 600 mm3 (tangential × radial × longitudinal) for experiments carried out in a convective oven. All samples were stored at 103 °C prior to the experiments described herein.



Industrially, the production of thermally modified wood is performed at 200–240 °C, until reaching 8–10 wt.% of mass loss [31]. For this reason, the heat treatment in this study was conducted at 235 °C. The temperature was initially increased to 105 °C at 0.2 °C min−1 followed by a 30 min isothermal to remove any moisture adsorbed onto the samples and the initial mass was precisely record. Subsequently, the temperature is increased to 170 °C at 0.2 °C min−1 and held for 30 min. Industrially, this stage avoids cracking [32]. Finally, the temperature was increased to 235 °C at 0.2 °C min−1 and maintained for 1000 min. Mass loss (ML) is calculated as follows:


  M L    ( % )  =    M i  −  M t     M i    × 100  



(1)




where Mi corresponds to the anhydrous mass and Mt corresponds to the final mass of the sample.



Experiments in both ovens were performed on two boards simultaneously. The vacuum conductive oven used pressure levels varying from 200 hPa to 600 hPa, with oxygen concentrations of 4%, 6%, 8%, 10%, and 12%.




2.2. Experimental Devices


Reduced pressure treatments were conducted in a conductive oven with pressures in a range of 200–1000 hPa. Pictures of this system are shown in Figure 1. The conductive experimental system (Figure 1) is composed of an electrically heated unit, a control unit, and a vacuum pump. Poplar boards are sandwiched between electrically heated metal plates. A total of three samples can be simultaneously treated. Thermocouples were inserted between the metal plates and in direct contact with the sample. A computer with monitoring software controlled and recorded temperature and mass during the process. Instantaneous mass is recorded during the treatment with 1 s intervals and a precision of 1 g.



Thermal treatments under various atmospheres were conducted in a convective oven (Figure 2). The convective unit is able to evenly treat 10 boards simultaneously. The system can be swept by different pre-heated gases at 30 L min−1. Volatiles, mixed with the sweeping gases, are bubbled through water.




2.3. Characterization


Colorimetric readings were performed with a CR-410 Konica Minolta device [33]. The results reported herein correspond to the average of three readings performed on different locations of each sample. L* represents the black–white axis (where L* = 0 corresponds to total black and L* = 100 corresponds to pure white). a* represents the green–red axis (where positive values correspond to red and values lower than 0 correspond to green), while b* represents the blue–yellow axis (where positive values correspond to yellow and negative values correspond to blue).   Δ  E *    is expressed by the following equation [33].


  Δ E =      (   L t *  −  L i *   )   2  +    (   a t *  −  a i *   )   2  +    (   b t *  −  b i *   )   2    =     ( Δ  L *  )  2  +   ( Δ  a *  )  2  +   ( Δ  b *  )  2     



(2)




where subscripts “i” and “t” represent raw and treated samples, respectively.



A Q50 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) was used for all TGA experiments using a platinum pan to determine the pyrolysis characteristics of biomass samples. A sample size of ~5.0 mg was used for TGA experiments, with a N2 flow of 20 mL min−1. The samples were heated from 50 °C to 105 °C, followed by a 10-min isothermal step. The samples were then heated from 105 °C to 800 °C at 20 °C min−1. The carrier gas was changed to air at 600 °C to clean the pan. The derivative of each TGA curve (DTG) was calculated on Origin 9 and the curves were smoothed using a 10-point average.



FTIR was used to evaluate structure changes in the samples. A Nicolet IS10 spectrometer containing a Germanium 1126 Crystal was used. Sixteen scans were collected per run with a spectral resolution of 4 cm−1 in the spectral region of 400–4000 cm−1. FTIR was used to determine how the reaction atmosphere during torrefaction affects six specific bonds, namely C-O-C, C(sp3)-H, C(sp2)-H, O-H, C=C, and C-O.



Elemental analysis was conducted on a Flash 2000 Organic Elemental Analyzer with CHNS-O. The results were processed with the software Eager Xperience (EX). Each sample was burned in the furnace for 12 min. EDS experiments were conducted on a JSM-760F Field Emission Scanning Electron Microscope (JEOL, Peabody, MA, USA) equipped with an EDS detector. Grinding greatly affects the topography and morphology of wood samples when observed with SEM; therefore, it is practically impossible to distinguish features that are the result of the thermal treatments applied from the direct physical effect of grinding.



An Empyrean Malvern PANalytical Powder X-ray Diffractometer was used to collect diffraction patterns of all samples with 5° < 20 < 60°. The output data is the average of 10 diffractograms averaged together. The intensity of the diffraction angle of amorphous cellulose (Iam) was determined from the minimum intensity in the 20 region of 17.5°–19°. The maximum intensity in the 200 plane (I200) was determined from the maximum intensity in the 2Ɵ region of 21.5°–23°. The crystallinity index (CrI) was calculated according to Equation (3).


  C r I    ( % )  =    I  200   −  I  a m      I  200     × 100  



(3)









3. Results and Discussion


3.1. ML


Good durability and retention of mechanical properties are achieved with MLs ranging from 10 wt.% to 15 wt.% [34,35]. To verify the requirements for construction and furniture applications, the averaged MLs of all samples are reported in Table 1. All treatment conditions achieve the target degradation level. Experimental mass loss varies between 12.81 wt.% and 16.48 wt.%. No clear trend can be reported between the treatment atmosphere and the global biopolymers’ degradation. The investigation of the experiments conducted under reduced pressure shows that even with pressure increasing from 200 hPa to 600 hPa (increasing O2 concentration), no clear change on the ML is detected. In fact, the influence of pressure on the torrefaction of wood is significantly complex. Pressures of 200–300 hPa extract small volatile molecules from wood’s pores and vessels resulting from the degradation of major wood constituents, preventing re-polymerization reactions. Higher pressure (500–600 hPa) eliminates only smaller fragments and corresponds to a higher oxygen concentration. The competition of these two phenomena significantly modifies the treatment transformation conditions.



When vacuum and nitrogen treatments are compared, the following speculations could be suggested. Small molecule volatiles, such as acetic acid and furfural produced from hemicelluloses’ degradation, catalyze biomass degradation. Torrefaction under reduced pressure rapidly removes volatiles. The higher ML observed under N2 is possibly the result of an acetic acid by-product in the system. For experiments under air, it was anticipated that the presence of O2 would promote oxidation of lignin, cellulose, and hemicelluloses, increasing the rate of degradation and ML evolution. The trends observed did not match this expectation. It is worth mentioning that the difference between ML for the different samples is not statistically persuasive given the data dispersion.




3.2. Color Change


Changes in wood color are typically associated with chemical modifications resulting from the action of temperature combined with pressure, moisture, and oxygen in the air. The combination of these factors can create an environment conducive to the depolymerization of cellulose and lignin, resulting in chemical changes in the sample [36]. Figure 3 shows ∆L*, ∆a*, and ∆b for poplar wood samples treated under reduced pressure at different levels. There is an overall decrease in ∆L* when the pressure during the treatment goes from 200 hPa to 600 hPa. Negative ∆L* (as reported in Figure 3) represents darkening of the thermally treated samples with respect to their untreated counterpart. Although minimal differences are observed for ∆L*, there is an overall tendency of lower ∆L* values for higher pressures utilized during the treatment.



Indeed, when wood is thermally treated under reduced pressure, there is no stream of gas flowing during the experiment, which creates a stale atmosphere at a constant, pre-set pressure. The different levels of reduced pressure utilized during the experiment are obtained by the partial suppression of air inside the reactor. Therefore, increasing pressures represent an increase in the remaining Oxygen and moisture content inside the reactor. It is believed that the residual oxygen in the reactor is responsible for promoting oxidation and degradation of polysaccharides, such as cellulose and hemicelluloses, therefore increasing the relative concentration of lignin left in the treated sample. Due to the natural dark-brown color of lignin, samples that are richer in lignin exhibit a darker color, and are reflected in lower ∆L* values. The removal of oxidized/degraded polysaccharide fragments is facilitated by the reduced pressure. Any gaseous products formed during the experiment are immediately removed by the action of the vacuum pump employed in order to keep a consistent pre-set pressure throughout the experiment. It is therefore logical that darkening increases (lower ∆L* values) for higher pressures employed during experiments conducted under reduced pressure, as observed in Figure 3.



Unlike for ∆L*, the different values measured for ∆a* (green/red) and ∆b* (yellow/blue) aren’t statistically different across the samples analyzed (Figure 3), revealing that the main component responsible for the color changes observed is ∆L*. ∆E (Figure 3) increases as pressure increases. From the expression presented in Equation (2), lower ∆L* values lead to higher ∆E numbers. As expected, the trend observed in ∆E (Figure 3) correlates well with the results presented and shows that color change is indeed dominated by ∆L* behavior.



Similarly, when the thermal treatment is conducted under different atmospheres, the color change is dominated by ∆L* behavior, with a lower contribution from ∆b*, as observed in Figure 4. The color change results suggest that a more oxidative atmosphere, such as water vapor and air, results in darker samples, corroborating the idea that oxidation/degradation of polysaccharides leads to samples with a higher relative lignin content. Indeed, for torrefaction under a water vapor atmosphere, lower ∆L* and higher ∆E values are obtained than for samples treated under an unreactive N2 atmosphere (Figure 4). The color change is significantly more pronounced when the treatment is carried out under the highly oxidative air atmosphere (Figure 4). Indeed, chromophores, such as colored quinoids, can be generated under oxidizing conditions and can catalyze depolymerization and degradation [37]. The darkening of wood under heat treatment has also been attributed to the decrease of hemicelluloses [38]. Shao-Ni Sun et al. have suggested that, upon thermal treatment, the β-O-4′ bonds in lignin convert into ketones [39].




3.3. Thermogravimetric Analysis


With the objective of investigating the effect of different atmospheres on the torrefaction of poplar wood and the reaction pathways involved in the process, a thermogravimetric analysis (TGA) and its derivative (DTG) have been performed. TGA and DTG results of samples treated in a conductive vacuum oven and a convective oven with different atmospheres are shown in Figure 5 and Figure 6, respectively. The TGA curves (Figure 5a and Figure 6a) reveal that degradation of poplar wood happens primarily at 200–400 °C. Figure 5a and Figure 6a show the differences of the degradation rate with the different atmospheres used. Untreated poplar degrades much faster than the treated samples. That change can be associated with the continuous degradation and removal of volatiles and lower molecular weight (Mw) degradation by-products. For the torrefied samples, these degradation by-products were partially removed during torrefaction, resulting in a decreased weight loss during TGA.



As seen in Figure 5a, the TGA profiles of samples treated under reduced pressure are very similar in the 100–600 °C range, with the only noticeable difference being the maximum of the main DTG peak at ~370 °C (Figure 5b), which is associated with cellulose degradation [40]. Aside from the sample treated at 200 hPa, the absolute intensity of the DTG peak maximum is higher when the samples are treated at lower pressures. The breadth of the DTG signal is associated with the relative crystalline cellulose content [41]. At a lower pressure, volatile fragments are more easily removed, leaving behind a material with a higher relative concentration of crystalline cellulose.



For samples treated under different atmospheres, the maximum degradation also occurs between 200 °C and 400 °C (Figure 6a). Interestingly, the sample treated under N2 exhibits a faster degradation than the one treated under water vapor, while the lowest degradation rate is detected for the sample treated under air. That translates into a shift of the temperature at the DTG maximum. The DTG maximum for samples treated under water vapor and air shifts respectively to 361 °C and 368 °C. The upward shift in the DTG maximum temperature could be rationally explained by the possible repolymerization of oxidized fragments. De-polymerization and re-polymerization are known competing processes during the thermal degradation of ligno-cellulosic biomass [42,43]. Indeed, rationally, under oxidative/reactive atmospheres, it is possible that sample fragments are easily oxidized and re-polymerized, resulting in more stable by-products.




3.4. FTIR


FTIR was used to monitor specific functional groups in heat-treated poplar. Figure 7 shows a section of the FTIR spectrum (4000–3000 cm−1) for wood samples treated under pressures ranging from 200 hPa to 600 hPa. This region specifically includes hydrogen bonded O-H [44]. A pronounced signal at 3370 cm−1 can be observed in Figure 7a, attributed to the O-H bond of hydroxyl groups. This signal has a characteristic broad shape due to the intermolecular and intramolecular hydrogen bonds of carbohydrates [45]. The OH signal decreases significantly when comparing the untreated sample and the samples treated at different pressures (Figure 7), indicating that significant degradation of carbohydrates, such as cellulose and hemicelluloses, is achieved under a vacuum. No significant changes in the OH peak are detected for the different pressures used (Figure 7b–f).



Figure 8 shows a section of the FTIR spectrum of poplar wood treated under different pressures. This region contains many bands attributed to different groups from wood components. The signal at 1659 cm−1 (Figure 8a) is attributed to conjugated CO in quinines and to carbonyl stretching in hemicelluloses. That signal completely disappears for samples treated under different reduced pressures (Figure 8b–f). This is associated with the deacetylation of hemicelluloses, releasing acetic acid, which catalyzes depolymerization of cellulose through acid hydrolysis [44,46].



The bands of 1594 cm−1 and 1508 cm−1, referring to the C=C stretching of substituted aromatic rings in lignin [47], also disappear in the spectrum of samples treated under different pressures (Figure 8), indicating that lignin is also degraded during the thermal treatment. Ozlem et al. [46] proposed that the cleavage of carbon chains in lignin is responsible for the absence of the characteristic peak in the spectra of treated poplar [48]. The break down of lignin can also be associated with the disappearance of the bands at 1463 cm−1, 1423 cm−1, and 1382 cm−1, assigned to CH3 asymmetric stretch, CH2 scissoring, CO stretch, and CH deformation, respectively [49]. The 1266 cm−1 band, which also completely disappears after heat treatment under different pressures, is characteristic of CH bending and CO stretch, demonstrating degradation of lignin and cellulose upon torrefaction at reduced pressures [49].



The bands less affected by oxygen concentration are 1157 cm−1, 1121 cm−1, 1055 cm−1, and 1034 cm−1, associated with COC vibrations in carbohydrates, COH deformation, and CO vibrations in carbohydrates and lignin, respectively [46]. The signals in the 1200–900 cm−1 region are associated with xylose [50]. The presence of these signals in all heat-treated samples (Figure 8b–f) indicate that these characteristic groups of cellulose and hemicelluloses are not completely degraded. Interestingly, for the sample treated under a pressure of 500 hPa (approximately 10% oxygen concentration—Figure 8e), there is an increase of the signals at 1200–900 cm−1 in comparison to other heat-treated samples (Figure 8b–d,f). Despite the experiments being reproducible, there are few clues that could help explain this behavior. It is possible that a competition between the hydrolysis of carbohydrates and recondensation of monosaccharides takes place during the thermal treatment. These two processes can be affected by the presence of Oxygen, with recondensation being favored at 500 hPa. Further studies with model compounds could help better elucidate the specific effect of Oxygen concentration on the thermal degradation mechanism of ligno-cellulosic materials.



A different behavior is observed for samples treated in a convection oven under N2, water vapor, and air (Figure 9). The intensity of the signal at 3370 cm−1 visibly decreases for more oxidative atmospheres (Figure 9b–d), such as water vapor and air, with treatment under air exhibiting the lowest intensity for that signal. This indicates that water and Oxygen in the air contribute to the dehydration (loss of O-H) from lignin, cellulose, and hemicelluloses [51]. The peaks at 1800–900 cm−1, primarily associated with the C-O stretch, decrease upon thermal treatment (Figure 9e versus Figure 9f–h), but remain practically unchanged across the different atmospheres used (Figure 9f–h). The heat-catalyzed hydrolysis and the subsequent dehydration of hydrolyzed sugar units from carbohydrates explain the decrease in the CO stretch. This process seems to be primarily controlled by heat and is little affected by the oxidative nature of the atmosphere used.




3.5. Elemental Analysis


When analyzing the results from the elemental analysis, all treated samples displayed lower H/C and O/C than the untreated sample (Table 2), denoting that the thermal treatment, regardless of the specific atmosphere used, results in both the loss of oxygenated compounds and increase in unsaturations (loss of H/dehydration). Additionally, for samples treated under the vacuum at different pressures, a very clear trend of increase in the H/C ratio can be seen for increasing pressures (Table 2). That trend can be associated with processes, such as delignification and loss of aromatics, which incur in the loss of a higher amount of C in comparison to H. Since H/C increases with pressure, it can be inferred that these processes are directly dependent on oxygen concentration. It is possible that the breakdown of lignin is catalyzed by oxygen. With more extensive degradation of the lignin backbone, C can be lost in the form of CO2 and CO, increasing H/C.



Similarly, apart from the sample treated under 300 hPa, there is an overall decrease in O/C with increasing pressure (Table 2), indicating that a higher concentration of oxygen in the treatment atmosphere promotes a more extensive reaction/degradation of the wood sample accompanied by the loss of oxygenated compounds and leaving a higher C content with respect to O. It is very likely that a more oxidative treatment environment removes -OH (and O) groups in the form of H2O via dehydration and condensation reactions. The polycondensation of certain byproducts can directly be responsible for repolymerization processes, gradually leading to products with lower O/C.



For the different atmospheres, following the same reasoning employed for the different pressures, an increase in H/C is expected for more oxidative atmospheres. Indeed, H/C for the sample treated under N2 is lower than for samples treated under water vapor and air. Contrary to what was observed under reduced pressures, a slight increase in O/C is observed for samples treated under more oxidative atmospheres. In this case, it is possible that the absence of a vacuum resulted in an extended contact time between reactive oxygenated fragments initially formed and the rest of the sample, resulting in oxygen-rich, non-volatile by-products and therefore, increasing the final O/C with respect to the sample treated under the inert atmosphere. It is worth noting that very little difference has been observed in H/C and O/C between samples treated under water vapor and air. The EDS results of two selected samples treated under N2 and air confirm the trend observed by the elemental analysis, which indicates an increase in the O/C ratio for samples treated under the more oxidative air atmosphere.




3.6. XRD


Structural changes in wood components have been assessed by means of XRD. Based on the diffractograms obtained (Figure 10), the crystallinity index of each sample has been calculated and is shown in Table 3. When poplar is treated under reduced pressure (200–500 hPa), there is very little variation of the crystallinity index with respect to the untreated samples (RAW), and there is no recognizable trend between pressure and crystallinity. Indeed, the crystallinity index for samples treated under a reduced pressure varied from 74.67% (300 hPa) to 79.07% (400 hPa). Since the crystallinity measured by XRD is directly associated with the structure of cellulose, the minimal variations observed could indicate that cellulose is minimally modified under reduced pressure due to the reduced diffusion time of by-products. When the treatment is not conducted under reduced pressure, there is a clear increase in crystallinity from 74.54% (RAW) to 78.56% (N2) that could be attributed to an extended diffusion time of the by-products and resulting side reactions, ultimately leading to further degradation of amorphous cellulose and accounting for a higher relative concentration of crystalline cellulose. When the treatment is performed under oxidative atmospheres (water vapor and air), the increase in crystallinity is more pronounced (80.40–80.63%), revealing that amorphous cellulose is more affected under these conditions. As mentioned previously, the samples treated under water vapor and air exhibit very similar crystallinity.





4. Conclusions


Herein, the effects of pressure and atmosphere on the torrefaction of poplar wood was elucidated. The trends observed for mass loss, color change, wood composition (via TGA/DTG analysis), functional groups (via FTIR), O/C and H/C, and XRD allowed for the interpretation of possible reaction pathways occurring during wood thermal treatment under different conditions. Changes observed under reduced pressures have been associated with the relative concentration of oxygen in the reaction atmosphere and to the reduced diffusion times experienced by reactive by-products during the treatment. Conversely, an extended diffusion time resulted in more significant changes for reactions carried out under N2, water vapor, and air. In the absence of a vacuum, no significant difference has been observed for samples treated under water vapor and air, but more oxidative atmospheres (air and water vapor) exhibit further change/degradation in comparison to other atmosphere conditions and under the same temperature regime. Finally, the changes observed were attributed to known processes, such as dehydration, condensation, hydrolysis, and oxidation.
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Figure 1. Conductive vacuum reactor. 
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Figure 2. Convective multi atmosphere reactor. 
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Figure 3. ∆L*, ∆a*, ∆b*, and ∆E for poplar samples treated under reduced pressure at 200–600 hPa. 
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Figure 4. ∆L*, ∆a*, and ∆b*, and ∆E for samples treated under Nitrogen, water vapor, and air atmospheres. 
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Figure 5. (a) TGA and (b) DTG for poplar treated at reduced pressures. 
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Figure 6. (a) TGA and (b) DTG for poplar treated under varying atmospheres. 
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Figure 7. Section of the FTIR spectra of (a) untreated poplar and (b–f) poplar treated at reduced pressures. 
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Figure 8. Section of FTIR spectra of (a) untreated poplar and (b–f) poplar treated at reduced pressures. 
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Figure 9. 4000–3000 cm−1 section of FTIR spectra of (a) untreated poplar and poplar treated under (b) N2, (c) water vapor, and (d) air; 1800–900 cm−1 section of FTIR spectra of (e) untreated poplar and poplar treated under (f) N2, (g) water vapor, and (h) air. 
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Figure 10. X-ray diffractograms of poplar samples treated under (a) reduced pressure and (b) different atmospheres. 
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Table 1. ML of poplar wood samples for each treatment employed.
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Torrefaction Conditions

	
ML (%)






	
Reduced pressure experiments




	
200 hPa

	
15.16 ± 0.12




	
300 hPa

	
13.44 ± 0.06




	
400 hPa

	
13.22 ± 0.41




	
500 hPa

	
13.30 ± 0.52




	
600 hPa

	
14.24 ± 0.26




	
Different atmospheres

	




	
N2

	
16.48 ± 0.59




	
Water vapor

	
14.97 ± 0.98




	
Air

	
12.81 ± 0.24
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Table 2. Elemental analysis results for poplar samples treated under different pressures (200–600 hPa) and atmospheres (N2, water vapor, and air).
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	Wood Sample
	H/C
	O/C





	RAW
	2.4735
	1.0407



	200 hPa
	1.6602
	0.9946



	300 hPa
	1.7020
	0.7924



	400 hPa
	2.0165
	0.8282



	500 hPa
	2.1593
	0.8099



	600 hPa
	2.3050
	0.7924



	N2
	1.3219
	0.5919 (0.4938) a



	Water vapor
	1.3861
	0.6268



	air
	1.3830
	0.6261 (0.5364) a







a EDS measurement.
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Table 3. Calculated crystallinity index for poplar wood samples torrefied under different pressures (200 hPa to 600 hPa) and different atmospheres (N2, water vapor, and air).






Table 3. Calculated crystallinity index for poplar wood samples torrefied under different pressures (200 hPa to 600 hPa) and different atmospheres (N2, water vapor, and air).





	Sample
	Crystallinity Index (%)





	RAW
	74.54



	200 hPa
	76.72



	300 hPa
	74.67



	400 hPa
	79.07



	500 hPa
	77.06



	600 hPa
	73.06



	N2
	78.56



	Water Vapor
	80.63



	Air
	80.40
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