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Abstract

:

Supercritical CO2 (SuCO2) dewatering can mitigate capillary tension and reduce wood collapse. In this study, Eucalyptus urophylla × E. grandis specimens were dewatered by SuCO2 at temperatures of 35, 40 and 55 °C, in pressures of 10 and 30 MPa, respectively, for 1h. Effects of temperature and pressure on dewatering rate, moisture content (MC) distribution and gradient, shrinkage and residual stress of wood after dewatering were investigated. The results indicate that the SuCO2 dewatering rate is much faster than that of conventional kiln drying (CKD). The dewatering rate increases with increasing of temperature and pressure; however, pressure has a significant influence, especially for the high-temperature dewatering process; the MC distribution after 1h dewatering is uneven and MC gradients decrease with reducing of mean final MC of wood. MC gradients along radial direction are much smaller than that in tangential direction; collapse of wood significantly reduces after dewatering due to SuCO2 decreasing the capillary tension, and residual stress of wood during dewatering is mainly caused by pressure of SuCO2, which decreases with increasing temperature. SuCO2 dewatering has great potential advantages in water-removal of wood prone to collapse or deformation.
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1. Introduction


Eucalyptus species are planted in large areas in China due to their short growth cycle and strong adaptability; they have become the most important plantation wood species, producing a wide range of renewable materials. Eucalyptus wood is mainly used as raw materials in pulp, paper and wood-based panels, such as plywood, fiber boards and particle boards [1,2]. Owing to having relatively good mechanical performance, recently there has been significant interest in increasing the amount of eucalyptus wood as a resource of higher value-added solid wood products [3,4,5]. However, eucalyptus woods are predominantly available from short rotation cycles, which are mainly composed of juvenile wood and small-diameter logs [6]. Thus, timbers and lumbers of eucalyptus species are inherently difficult to process due to their higher variability, high growing tensions and poor permeability. Particularly, some severe problems arise from the convective drying process, such as intense collapse, internal checks and high internal drying stresses, which are responsible for reducing the yield of timber manufacturing [3,7,8].



Wood physical and mechanical characteristics are intensively related to water [9,10,11,12,13]. Capillary tensions occurring in convective drying are responsible for collapse and internal checks of timbers from eucalyptus wood. Woods collapses when cell walls cannot resist the capillary tensions caused by free water rapid migrating from cell lumens [14,15,16,17,18]. Thus, solutions have been developed and tested to reduce or prevent severe collapse of eucalyptus wood [19,20,21]. One the one hand, drying wood at a low temperature as slowly as possible may relax internal tensions or promotes collapse recovery during convective drying. On the other hand, collapse and internal checks may be mitigated using special approaches, such as freeze-drying [22] or supercritical CO2 (SuCO2) dewatering [23], which may remove or eliminate the capillary tension during free water migration.



As is known, SuCO2 fluid is an excellent transfer medium, which has wonderful properties, such as excellent solubility and heat transfer, non-toxicity, non-flammability, high recovery rate and strong process selectivity medium. As a green wood processing medium, SuCO2 has been used successfully in wood industries, such as wood preservation, dying, extraction and thermochemical conversion due to its advantages of efficiency and environmental friendliness [24,25,26]. Conventional kiln drying (CKD) are widely used in the world, but resulting in excessive greenhouse gas and primary organic aerosols emissions for burning fossil fuel to obtain heat and steam [27], recently, dewatering wood using clean SuCO2 fluid has been reported [28]. The water-removing mechanism of SuCO2 fluid is attributed to the pressure difference between the CO2 of the supercritical phase and the gas phase. Dewatering wood using SuCO2 fluid differs from water evaporation in CKD of wood and may eliminate negative water tension maximally. Few collapses and cracks in wood were found after dewatering using SuCO2 [29,30,31]. Thus, this dewatering method has great potential in such timbers as eucalyptus and poplar prone to collapse. There were some studies [32,33,34] investigating wood dewatering using SuCO2, but few investigations were related to the refractory eucalyptus wood and the effect of SuCO2 on shrinkage and drying stress [35,36].



In the present paper, Eucalyptus urophylla × E. grandis wood was dewatered using SuCO2, at 35, 40 and 55 °C, in 10 and 30 MPa, respectively, for 1 h. The focus is, in particular, the systematical investigation into the interrelationship among temperature and pressure of SuCO2 and dewatering rate, moisture distribution, drying stress and shrinkage during dewatering, will provide theoretical and practical support for improving the yield of eucalyptus timber manufacturing.




2. Materials and Methods


2.1. Materials


Green wood of Eucalyptus urophylla × E. grandis was supplied from Guangxi Provence, China. The trees were turned into logs and sealed with plastic films, and then were delivered to the wood Lab of Nanjing Forestry University. Thereafter, the logs were processed into boards with dimensions of 25 (R) × 30 (T) × 1000 (L) mm; after that, the boards were produced into end-matched specimens of 25 (R) × 30 (T) × 100 (L) mm for the subsequent SuCO2 dewatering tests. The specimens were free of knots, and the initial moisture contents (MC) was about 110%.




2.2. Equipment


The main equipment is a SuCO2 dewatering device (DY221-50-06, Huaan Supercritical Fluid Extraction Co., Ltd., Nantong, China). It includes (1) a CO2 storage bottle; (2) a cooling circulating pump; (3) a big drying vessel (φ100, 5 L); (4) a small drying vessel (φ50, 2 L); and (5) and (6), two adsorption vessels (Figure 1). Liquid CO2 was stored in the storage bottle (1) and then was delivered to the dewatering device by the circulating pump (2). The temperature of the drying vessels was controlled by a heated mantle. During dewatering process, the drying vessels could control pressure from 0.1 to 30 MPa, and temperature from 30 to 70 °C. Other equipment included an electric heating oven (DHG-905386-III, Shanghai Cimo Medical Instrument Co., Ltd., Shanghai, China), an electronic balance, 0.001 g (Sincere Dedication of Science and Technology Innovation Company, Shanghai, China) and a vernier caliper (CD-20CPX, Mitutoyo, Japan, 0–200 mm/0.01 mm).




2.3. Dewatering Test


Each test had three end-matched specimens, whose mass and dimensions were measured prior to test. The specimens were inserted into the extraction vessel, and the dewatering tests were conducted according to the schedule in Table 1. For each run, the specimens were in full contact with SuCO2 for 60 min after the temperature and pressure reached the setting values. Then, the pressure of CO2 was decreased to atmospheric pressure (0.1 MPa) in 10 min due to escaping CO2 gas; thereafter, the specimens were taken out from the drying vessel for a further cessation of CO2 emission in room temperature. Finally, the specimens were used for the subsequent measurement of MC distribution, drying stress and shrinkage.




2.4. Moisture Content and Distribution Measurement


The initial MC prior to test and final MC after dewatering of wood were determined according to the China National Standard (GB/T 1931–2009). The MC samples were dried in an oven at (103 ± 2) °C until the absolute dry mass was obtained. MC was calculated according to Equation (1).



After dewatering, three 100-mm specimens were taken out from the vessels, and two 5-mm slices were cut from each specimen for MC and its distribution determination (Figure 2). Each slice was divided into 25 pieces via marking cross lines. Thereafter, the slice was cut into 25 wood blocks using a knife. The average MC and its distribution were determined using the exact MC of each block.


  W =    m 1  −  m 0     m 0    × 100 %  



(1)




where W is the MC, (%); m1 is the initial mass, (g); and m0 is the absolute dry mass, (g).




2.5. Shrinkage Measurement


In this study, the shrinkage of wood after dewatering was determined based on the area in transverse section of the specimen [37]. As shown in Figure 2, two 2-mm slices were sawed from each specimen and then were scanned into images (300 dpi; Bit depth: 24) by a scanner (CanoScan LiDe 700F). Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA) was used to measure the pixel of the scanned images. The area of each slice was determined using the pixel of the scanned image. The shrinkage of the slices was calculated using Equation (2).


  β =    P 0  −  P 1     P 0    × 100 %  



(2)




where β is shrinkage, (%); P0 is the pixel of the image of the initial slice sawing from two ends of specimen prior to dewatering, (px); and P1 the pixel of the image of the slice sawing from the specimen after dewatering, (px).




2.6. Residual Stress Measurement


The residual stresses after dewatering of wood were measured using the prong test (GB/T 6491-2012). As shown in Figure 2, one 10-mm thickness slice was sawed from the middle of specimen and was employed for residual stress test. The slice was cut into a sample with a prong shape as shown in Figure 3. The initial thickness S of the specimen and the length L of prong edge were measured using a caliper (0–200 mm/0.01 mm). Thereafter, the slices were dried in an oven at (103 ± 2) °C for 3 h and then placed in ventilation place at room temperature for 24 h. After conditioning, the final dimension of S1 was measured again using a caliper. The stress value Y is calculated using Equation (3):


  Y =   S −  S 1    2 L   × 100 %  



(3)




where, Y is the residual stress value, (%); S is the initial thickness of the slices, (mm); S1 the final thickness of the slices, (mm); and L is the prong length of slices, (mm).





3. Results and Discussion


3.1. Dewatering Rate


Figure 4 shows the dewatering rate of Eucalyptus urophylla × E. grandis specimens after 1 h SuCO2 dewatering. Moreover, the initial and final MCs of the specimens are also presented in the figure. The dewatering rate was compared with the drying rate of 5.5% per hour in CKD at 50 °C temperature and 84% relative humidity (RH) in previous study [35]. The dewatering rate using SuCO2 is 5.2 to 11.7 times that of CKD. Fast removal of water in wood is important for timbers, which can prevent attacks of insects, shorten drying time and reducing storage cost of materials. Thus, SuCO2 dewatering is beneficial for wood industry in these cases. For 10 MPa pressure, temperatures of 35, 40 and 50 °C dewatering, free water in wood was dewatered by 28.5, 32.6 and 34.8% per hour, respectively, and dewatering rate increased slowly with temperature rising. Similar results were also observed in dewatering at 30 MPa, 35 and 40 °C; however, in case of 55 °C, dewatering rate increased significantly. For the same temperature, dewatering rates increased more at higher pressure conditions. The average dewatering rate at 30 MPa is about 1.6 times to that at 10 MPa. All these findings suggest that dewatering using SuCO2 is much faster than CKD; pressure significantly affects dewatering rate, and temperature has minor effect on dewatering rate at lower pressure. This finding is in agreement with previous report [28]. However, the effect of temperature on dewatering rate became obvious at higher pressure of 30 MPa in this study.



Dewatering rate relates to concentrations of dissolved CO2 and wood permeability [38]. Higher pressure accelerates dissolving of CO2, increasing the concentrations of CO2 of the free water present in wood cell cavities [39]. During the decompression process, more CO2 gas bubbles are generated in the free water of wood cell cavities, which expel water quickly from wood. Additionally, wood permeability affects CO2 penetrating into wood and removal of water from wood. Wood permeability was improved by higher pressure of SuCO2 [40], which benefits from penetration of CO2 into wood and water removal from wood, thus resulting in higher dewatering rate at higher pressure of SuCO2 dewatering.




3.2. Moisture Content Distribution


Figure 5 shows the 2D and 3D distributions of MC after 1 h SuCO2 dewatering. The left and right part in Figure 5 indicates the status of MC after dewatering at 10 and 30 MPa, respectively. The mean final MCs and standard deviations of the 25 wood blocks in each dewatering test are shown in Figure 6. The standard deviations indicated as vertical bars present the MC gradients, which decline with decreasing of mean final MCs, showing that the larger MC gradients are present in the stage of higher mean final MC (10 MPa, 55 °C in Figure 6). Similar phenomena are also observed in Figure 5, especially for the conditions of 30 MPa.



The color gradients in Figure 5 show MC gradients of wood after dewatering. The color bands are the same or similar in radial direction compared with that in tangential direction, especially for the left part of 10 MPa pressure. This means that MC gradients along radial direction are much smaller than those in tangential direction. Moreover, MCs were higher in the central parts and lower in the surface parts of wood. MC gradients along tangential direction were greater, indicating water in wood was dewatered mainly in this direction. This result coincides with previous studies [32,36,41]. These phenomena could be explained by the bordered pits that control the water migration between connected cells. There are more bordered pits in radial cell walls of wood, resulting in further possible paths for water migration along tangential direction. During SuCO2 dewatering, the dissolved CO2 expands to bubbles of gas when releasing the pressure; free water is mainly expelled along tangential direction by bubbles of gas through the bordered pits connecting cell lumens towards the surfaces of wood.




3.3. Shrinkage


Figure 7 shows the effect of pressure and temperature on shrinkage of wood after 1 h SuCO2 dewatering. Theoretically, wood shrinks as MC decreases to fiber-saturated point (FSP); however, shrinkages of wood were observed after SuCO2 dewatering in each test when their MCs were over FSP (Figure 6). Collapse, an abnormal shrinkage, occurs when MC of wood is higher than FSP, which generally results in abnormal deformation. Severe collapses cause enormous loss of timber and high costs for industries. Therefore, the shrinkages in Figure 7 that occurred in each SuCO2 dewatering indicate collapse of wood. However, the collapses of wood are only between 0.8% and 0.25%, which are much smaller than that of 2.8% in CKD and 3.6% in oven drying [35]. These results suggest that SuCO2 dewatering may mitigate wood collapse and is in agreement with previous study [28]. Thus, SuCO2 dewatering is an effective technology for improving timber drying quality. The less severe collapse is mainly attributed to the mechanism of SuCO2 dewatering, which decreases capillary tension due to the fact free water in wood is expelled by CO2 bubbles during decompression [32]. Additionally, collapse increases significantly with temperature at higher pressure dewatering.




3.4. Residual Stress


Figure 8 is the residual stress of wood after 1 h SuCO2 dewatering test. The drying stresses at higher pressure were much greater than those at lower pressure and decreased with increasing temperature. These findings suggest that pressure mainly affects residual stress of wood in SuCO2 dewatering process. Uneven shrinkage of wood causes stresses when MC of wood is lower than FSP with great gradients [42,43]. However, greater moisture content gradients also resulted in greater stresses during drying under high-pressure steam conditions when MC of wood is above FSP [44]. In this study, greater MC gradients in 10 MPa dewatering (Figure 5 and Figure 6) resulted in smaller residual stresses, indicating residual stresses are caused mainly by pressure of supercritical CO2 when MC of wood is above FSP.





4. Conclusions


The results show that SuCO2 dewatering is much faster than that of conventional kiln drying (CKD). Both temperature and pressure have an effect on dewatering rate during SuCO2 dewatering, but pressure has a significant influence, especially on the high-temperature dewatering process. Moreover, the dewatering rate improves along with increasing temperature and pressure, while MC gradients of wood decline with decreasing wood mean final MC after 1 h dewatering. MC gradients along a radial direction are much smaller than that in a tangential direction and present uneven distribution in wood. The collapse of wood significantly reduces after dewatering due to capillary tension reduction caused by SuCO2. Residual stresses of wood during dewatering are mainly caused by the pressure of SuCO2, which decreases with increasing temperature. Owing to the fast dewatering rate and lowered collapse, SuCO2 dewatering has great potential advantages in water removal of wood prone to collapse or deformation. Although temperature and pressure affect the characteristics of dewatering, shrinkage and stresses of wood, pressure has significant impacts. Parameters of pressure and temperature should be optimized to obtain high-quality eucalyptus timbers but reduce operating costs.
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Figure 1. Supercritical CO2 dewatering system. (a) Sketch map and (b) localized photo. 
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Figure 2. Sketch map of sample cutting. 
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Figure 3. The prong processing and residual stress sample. 
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Figure 4. Effects of pressure and temperature on dewatering rate. 
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Figure 5. Distributions of wood final MC after 1 h SuCO2 dewatering. (a): 10 MPa/35 °C, (b): 10 MPa/40 °C, (c): 10 MPa/55 °C; (d): 30 MPa/35 °C, (e): 30 MPa/40 °C, and (f): 30 MPa/55 °C. 
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Figure 6. The mean MCs and standard deviations of six conditions after 1 h SuCO2 dewatering. 
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Figure 7. Effects of pressure and temperature on shrinkage. 
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Figure 8. Effects of pressure and temperature on residual stress. 
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Table 1. Parameters of supercritical CO2 dewatering process.






Table 1. Parameters of supercritical CO2 dewatering process.





	Process Parameter
	Value





	Supercritical temperature (°C)

Maximum pressure (MPa)
	35/40/55

10/30



	Minimum pressure (MPa)
	0.1



	Pressurization time (min)
	10~30



	Holding time (min)
	60



	Decompression time (min)
	10



	CO2 emission time (min)
	30
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