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Abstract

:

Due to their adaptability and low preparation costs, deep eutectic solvents (DESs) have been widely used in a variety of applications. For some potential industrial applications, developing new low-cost DESs is critical. Oxalic acid (OA), acetic acid (AA), urea (Ur), and glycerol (GL) were mixed in various molar ratios to make DES solutions, with choline chloride (ChCL) acting as the hydrogen bond acceptor (HBA). In this work, DES solutions were applied to wood samples of Oriental spruce (Picea orientalis) at 150 °C. The chemical structures of wood samples were significantly altered after impregnation with DES solutions, as revealed by Fourier transform infrared spectroscopy (FTIR). The hemicellulose and cellulose peaks increased around 1700 cm−1, while the lignin peak disappeared completely around 1500 cm−1. After the decay test, mass losses were lower than in the control samples. The decay tests revealed that the leached wood samples were more resistant to decay. DES-treated wood samples, on the other hand, decomposed at lower temperatures.
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1. Introduction


Green technology is currently one of the most important issues in all fields because it attempts to protect the environment and reduce the negative effects of human activity. The adoption of novel green solvents is the most critical issue, and deep eutectic solvents (DESs) have grown in popularity due to their strong association with ionic liquids (IL). Due to their unique properties, such as ease of synthesis, renewable resources, and low-cost raw materials, DESs have attracted significant scientific and industrial interest [1].



Ionic liquids are salts that are liquid at or near room temperature and are composed of organic cations and of inorganic or organic anions. They have several distinct properties that make them appealing for a variety of applications, including a low vapor pressure, high ionic conductivity, non-flammability, recyclability, catalytic activity, and chemical stability [2,3,4]. However, there are some disadvantages associated with the use of ionic liquids. One significant issue is that they are frequently non-biodegradable, which means that they can persist in the environment for an extended period of time. Furthermore, many ionic liquids have a high thermal stability, making them difficult to degrade or recycle. Finally, some ionic liquids are toxic to humans or the environment, so they must be handled with caution [5]. Given the drawbacks of IL, it is recommended to use DES systems formed by combining two types of compounds based on other liquid solvent systems [6]. DESs have the following advantages: a thermal and chemical stability, low vapor pressure, high dissolution rate, non-flammability, adaptability, and low melting point. Furthermore, DESs can be produced in a straightforward and cost-effective manner by combining and heating natural and/or widely available substances. As a result, DESs are less expensive, often biodegradable and water-neutral, and possess low or non-toxic characteristics [7]. In general, DESs are composed of hydrogen bond donors (HBD), such as amines, amides, carboxylic acids, polyols, and quaternary ammonium salts [8,9]. Choline chloride (ChCL) is a common ingredient in the manufacture of dietary supplements. It is inexpensive, biodegradable, and non-toxic. ChCL may be used in all species without restriction, according to Council Directive 70/524/EEC [10]. DESs are used in a variety of processes, including synthesis, electrochemistry, metal-catalyzed organic reactions, fossil fuels, nanomaterials, fermentation, biochemistry, separation, bio-industrial chemistry, and the processing and analysis of lignocellulosic biomass. DES research has grown significantly in recent years [11,12,13,14,15,16,17].



Some reviews of the treatment of lignocellulosic materials with DESs are available [18,19,20]. These studies, however, concentrated on cellulose delignification, isolation, modification [21,22,23,24,25] and lignin extraction [26,27,28]. Many specific characteristics of DESs are required for their industrial utilization. The biodegradation and ecotoxic effects of DES solvents used in green technology processes are not fully understood. Therefore, DESs must be thoroughly and critically evaluated before they can be mass-produced on a large scale. The available data on the biomaterial toxicity of DES constituents support the assumption that DESs are safe. However, the possibility of DESs having a synergistic effect with the substance used is not considered. DESs excel in a wide range of applications. Significantly, their wider industrial application is still very limited due to a lack of data on their corrosivity, biodegradability, and toxicity.



A few research works focusing on the antibacterial and antimicrobial activities of DESs have been reported [29,30,31,32]. However, no studies on the antifungal effects of DESs on wood have been conducted. This study looked into the potential synergistic antifungal action of four commonly used ChCL-based DESs that contained oxalic acid (OA), acetic acid (AA), urea (Ur), and glycerol (GL) as hydrogen donors. The information gathered could be used to forecast the impact of DESs on human health and the environment, as well as to fill knowledge gaps regarding their potential environmental impact.




2. Materials and Methods


2.1. Materials


Oriental spruce (Picea orientalis) sapwood with a density of 0.39 g/cm3 was used in this study. Samples with dimensions of 5 mm (radial, R) × 15 mm (tangential, T) × 30 mm (longitudinal, L) were prepared. Chlorine chloride (CL) (99%, 139.62 g/mol, Acros), oxalic acid (OA) (126.07 g/mol, Merck), acetic acid (AA) (60.05 g/mol, Merck), urea (Ur) (60.06 g/mol, Merck), and glycerol (GL) (92.09 g/mol, Sigma) with no further purification were used.




2.2. Preparing DESs


Several DESs were created by combining OA, AA, Ur, and GL with CL. The components were weighed using the appropriate molar ratios (Table 1). To improve dissolution, the mixtures were agitated in a water bath with a magnetic stirrer at various temperatures and air pressures (Table 1). After cooling to room temperature, none of the mixes precipitated, as previously reported for ChCL-based DESs using different acids. Instead, all mixtures resulted in clear, homogeneous solutions [33,34]. Table 1 lists the molar ratios and acids used to make the DESs.




2.3. Pretreatment of Wood with DESs


Spruce wood samples with dimensions of 5 × 15 × 30 mm3 were put into a separate beaker with 50 g of DESs and heated to 80 °C for an hour while under vacuum. During this process, no mixing was used. The wood samples were soaked in DESs for three hours at atmospheric pressure after the 1-h vacuum time. The untreated control samples were subjected to the same thermal stress, which consisted of keeping them at 80 °C under vacuum for 1 h. The samples were then kept at 80 °C until reaching a fully dry weight to calculate their weight gain. After over-drying, the DES-impregnated wood was referred to as DESsW. The weight percentage gain (WPG) achieved for DES1, DES2, DES3, and DES4, WPG was 97.63, 109.25, 73.13 and 81.01%, respectively. After the atmospheric pressure treatment, the samples were conditioned for 3 weeks, and the mass was recorded prior to performing the leaching test at 65% relative humidity and 20 °C in an air-conditioning cabinet.




2.4. Leaching and Decay Test


Prior to the decay test, half of the samples were subjected to a 14-day leaching test in accordance with the EN 84 standard to assess any reduction in the efficacy of decay resistance. A significant amount of DES leaching was observed from the wood samples after the leaching test. WPG values of wood samples after leaching were obtained as 1.82%, 2.67, 13.53 and 12.14% for DES1, DES2, DES3, and DES4, respectively. This demonstrates that DES materials do not chemically bond with wood and are removed by leaching with water.



The decay test was carried out in accordance with the EN 113 procedures, with minor adjustments to the sample diameters, Kolle flasks, and overall test duration. The study involved the cultivation of two fungal species, Trametes versicolor (white rot fungus) and Coniophora puteana (brown rot fungus), on a sterile malt-extract agar medium in petri dishes. The samples (leached (L) and unleached (UL)) were placed on the growing mycelium and incubated for 12 weeks at 20 °C and 70% relative humidity. The weight loss was determined by comparing the oven-dry weights before and after the decay test.




2.5. FTIR Analysis


The Bruker Optics Tensor 37 instrument was used to perform FTIR analyses on each sample group. A minimum of two measurements from the same surface area were taken with the ATR unit from the wood surface. The wave number range is 400–4000 cm−1, and the spectrum resolution is 4 cm−1 (Bruker Optics GmbH, Ettlingen, Germany).




2.6. TGA Analysis


The thermal stability of the PCM and PCMW was evaluated by a thermogravimetric analyzer (Perkin Elmer Pyris™ 1 TGA) at a scanning rate of 10 °C·min−1 in the temperature range of 20–500 °C under a sustained stream of nitrogen atmosphere. The graphics of the TG and DTG were drawn with the Origin 2019b program.





3. Results and Discussion


FTIR spectra of Spruce wood, Ur-ChCL (DES1), DES1-treated wood, GL-ChCL (DES2), DES2-treated wood, OA-ChCL (DES3), DES3-treated wood, and AA-ChCL (DES4), DES4-treated wood are depicted in Figure 1, Figure 2, Figure 3 and Figure 4, with the distinctive bands and their corresponding vibrational assignments.



The vibrational bands at 3329 and 3193 cm−1 corresponded to the stretching symmetric vibration of NH2 and the bending symmetric vibration of NH2 for DES1, indicating hydrogen bonding between choline and urea. Because urea and ChCL intermolecular hydrogen interactions are formed, the stretching vibration of NH2 at 1662 cm−1 and the asymmetric vibration of NH2 at 1606 cm−1 in the FTIR spectra of urea shifted to 1663 and 1623 cm−1, respectively, in the FTIR spectra of ChCL–urea DES [35,36,37]. The band at 1435 cm−1 of the DES1 that corresponded to CH3 was associated with ChCL [38]. In addition, the band located at 716 cm−1 was ascribed to the weak stretching of C = O, while 1144 cm−1 corresponded to the stretching asymmetric vibration of CN. According to the reference, H-bonds specifically occur between NH2 of urea and CL- of ChCL and between OH of ChCL and -C = O of urea, generating N-H…Cl and O-H…O [39]. The structure of the impregnated wood samples was completely changed. All the characteristic bonds of wood were lost, and new bonds were formed. No change was observed in the peak values of 3329, 3193, 1662, and 1606 cm−1; the peaks at 1411 and 1292 cm−1 disappeared, the peaks at 716 cm−1 decreased, and a new peak was formed at 1166 and 951 cm−1 in the impregnated wood samples.



In the case of the compound GL-ChCL, vibrational bands at 3314 cm−1 belonged to O-H stretching hydroxyl groups in the neat components, indicating the creation of intermolecular oxygen and chlorine H-bonds. The incorporation of ChCL by the surrounding glycerol molecules may be the cause of the DESs’ structure [36]. Vibrational bands at 2935 and 2880 cm−1 referred to a C-H stretching, 1478 cm−1 to the CH2 bending of an alkyl group, and 1410 cm−1 to a C-H deformation. Meanwhile, the peaks at around 1139 and 726 cm−1 corresponded to C-C-O asymmetric stretching and C-O symmetric stretching, respectively. Additional bands corresponding to C-O-H bending appeared at 1291 cm−1. After treatment of wood samples with DES2, new peaks were formed at 1039, 952, 943 and 864 cm−1, which were C-O vibrations in hemicellulose and cellulose, a C-H deformation in cellulose, and out-of-plane C-H out-of-plane aromatic lignin peaks, respectively.



According to Figure 3, the peaks at 1478, 1410, 1285, 1127 and 713 cm−1 were associated with ChCL, while peaks at 1724 and 826 cm−1 were from OA. This peak was attributed to the stretching vibration of the C=O group, which might have resulted from the esterification reaction between the oxalic acid and wood during the DESs’ treatment. Compared with DESs, a new band at 1186 and 952 cm−1 appeared in the DES3-treated wood spectra. The peaks denoted a C-O-C vibration in hemicellulose and cellulose, as well as a C-H deformation in the cellulose, respectively. Similar research using ramie fibers, cotton, and cellulose pulp processed by DES based on choline chloride and oxalic acid dihydrate has been reported [35,40].



Figure 4 compares the FTIR spectra of DES4 and DES4-treated wood. A double bond or carbon and oxygen monomer is shown for acidic acid: choline chloride at 1716 cm−1. There was no difference between the modified wood samples and the DES4 samples. Modified samples had similar peaks to DES4. A strong peak appeared at 1223 cm−1 in wood impregnated with DES4. The 1223 cm−1 band was assigned to C-O vibrations.



The spruce wood FTIR-ATR spectrum exhibited the same fundamental structure as wood samples (Figure 5). Strong primary OH stretching can be seen in peaks measuring 3342 cm−1, while C-H stretching in methyl and methylene groups can be seen in peaks measuring 2800 to 3000 cm−1. Another characteristic peak at 1735 cm−1, including acetyl groups in xylan and other non-conjugated carbonyls, a C = O stretch in xylan (hemicelluloses), a lignin aromatic skeletal vibration at 1508 cm−1, a lignin aromatic skeletal vibration at 1427 cm−1 with a C-H deformation at 1365 cm−1, and carbohydrates at 897 cm−1 were observed. The peak at 1265 cm−1 indicated C-O stretching of the lignin ring in guaiacyl units, and the peak at 1026 cm−1 denoted a C-O vibration of cellulose and hemicellulose.



The mass loss of untreated (control) spruce specimens was determined to be 42.8% for T. versicolor attack and 40.8% for C. puteana attack, respectively (Figure 6). T. versicolor attack resulted in weight loss of 17.14–11.82%, 31.79–10.92%, 32.05–7.44% and 12.00–7.44% for leached and non-leached Ur:CL-, OA:CL-, AA:CL-, and GL:CL-treated wood specimens, respectively. Meanwhile, after being exposed to C. puteana, leached and non-leached Ur:CL-, OA:CL-, AA:CL-, and GL:CL-treated wood specimens experienced a mass loss of 13.06–1.97%, 23.29–1.91%, 8.99–4.82% and 17.28–15.53%, respectively. Wood samples modified with DES solutions yielded WPG values ranging from 81.01 to 109.25%. The UL samples had significant chemical leaching during the decay test, resulting in a significant mass loss. Leached samples of T. versicolor and C. puteana had lower weight losses. The low weight losses in the leached samples suggest that the remaining wood material is sufficient to protect it from fungi attacks.



Figure 7 and Figure 8 present the TGA and DTG thermograms of DESs, while Figure 9 and Figure 10 show the TGA and DTG thermograms of spruce wood and DES-treated wood. The thermal decomposition of DESs occurred in two main stages for DES1 and DES4, three main stages for DES3 and one main stage for DES2. All DESs exhibited different thermal stabilities. The initial mass loss of DES1 before 223 ℃ was 34.47%, that of DES3 before 197 ℃ was 4.4 and 13.53%, that of DES4 before 253 ℃ was 38.96%, and DES2 lost about 99.64% of its weight at 283–290 ℃. The volatility or breakdown of HBD (Ur, OA, GL, and AA) and pyrolysis of ChCL, as well as their combination, cause the decomposition of DESs to occur mainly in the temperature range of 200–315 °C. The temperatures at which DESs completely decomposed (272, 283, 313, and 299 °C) are comparable to the complete decomposition temperature of neat ChCL, which is 302 °C. The sublimation temperatures of urea (132.9 °C), glycerol (219 °C), oxalic acid (125 °C), and acetic acid were greater than the initial decomposition temperatures of Ur: ChCL (223 °C), GL: ChCL (283 °C), OA: ChCL (197 °C), and AA: ChCL (253 °C) [39,41,42].



Wood thermal decomposition occurred in one main stage for DES1- and DES4-treated wood and in two main stages for DES2- and DES3-treated wood (Figure 10). The initial mass loss of DES1-treated wood before 184 °C was 19.11% and it was 45.71% for DES2-treated wood before 253 °C, 48.37% for DES3-treated wood before 256 °C and 14.87% for DES4-treated wood before 179 °C. At approximately 250 °C, DES2- and DES3-treated wood samples lost half of their weight. At 350 °C, spruce wood samples lost 81.69% of their weight. DES-treated wood samples degraded faster than control spruce samples. This is due to the fact that DES chemicals decompose at low temperatures.




4. Conclusions


Choline chloride (ChCL)-based DESs were prepared by mixing oxalic acid (OA), acetic acid (AA), urea (Ur), and glycerol (GL) as the hydrogen bond donor (HBD). Oriental spruce wood samples were exposed to these solutions at 150 °C. Then, some properties of wood were examined. Significant changes were observed in the chemical structures of wood samples impregnated with DES solutions. Significantly, an increase in hemicellulose and cellulose peaks around 1700 cm−1 was determined, while the lignin peak around 1500 cm−1 disappeared completely. Mass losses were reduced compared to the control samples after the decay test. However, high mass losses were observed in the unleached samples compared to the leached wood samples. This indicates that the DES solution was leached from the wood during the decay test. Samples treated with DESs provided significant resistance to the CP fungus. The weight losses observed in the leached samples of these DES solutions were 1.97 and 1.91%, respectively. These values are lower than the 3% weight loss required by the EN113 standard. While DES3 from the prepared DES samples was degraded in three stages, the other DES solutions were degraded in two stages. The initial decomposition temperature of the DES3 solution was 197 °C. While spruce wood reached a maximum weight loss at 350 °C in a single step, samples modified with DES solutions decomposed in two or three stages. DES1- and DES4-treated wood degraded in three stages. The findings indicate that ChCL-based DESs have a high potential as a low-cost, environmentally friendly wood-treatment agent.
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Figure 1. FTIR-ATR spectra of the DES1 (Ur:ChCL) and DES1-impregnated wood. 
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Figure 2. FTIR-ATR spectra of the DES2 (GL:ChCL) and DES2-impregnated wood. 
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Figure 3. FTIR-ATR spectra of the DES3 (OA:ChCL) and DES3-impregnated wood. 
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Figure 4. FTIR-ATR spectra of the DES4 (AA:ChCL) and DES4-impregnated wood. 
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Figure 5. Spruce wood’s FTIR-ATR spectrum (Control). 
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Figure 6. Mass loss (%) of control and DES-treated wood after 8 weeks of exposure to fungi. 
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Figure 7. The DESs’ TGA curves. 
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Figure 8. DTG curves of the DESs. 
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Figure 9. TGA curves of the DES-impregnated wood. 
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Figure 10. DTG curves of the DES-impregnated wood. 
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Table 1. The molar ratios, temperatures, and physicochemical property data for DES hydrogen bond donors (HBDs) and acceptors (HBAs).
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DESs

	
HBA

	
HBD

	
Molar Ratio

	
Temperature

(°C)

	
Density (g/cm3)

	
Viscosity (Pa.s)

25 °C






	
DES1

(Ur-ChCL)

	
Urea

	
ChCL

	
2:1

	
110

	
1.24

	
0.584




	
DES2

(GL-ChCL)

	
Glycerol

	
1:1

	
80

	
1.22

	
0.310




	
DES3

(OA-ChCL)

	
Oxalic acid

	
1:1.5

	
90

	
1.29

	
0.120




	
DES4

(AA-ChCL)

	
Acetic acid

	
2:1

	
70

	
1.21

	
0.045
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