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Abstract: Alkali lignin was processed by plasma and then used in modification of phenol formaldehyde resin in this study. Chemical structural changes of lignin which was processed by plasma as well as bonding strength, tensile property, curing performance and thermal property of the prepared phenol formaldehyde resin which was modified by the plasma processed lignin were analyzed. Results demonstrated that: (1) Alkali lignin was degraded after the plasma processing. The original groups were destroyed, and the aromatic rings collected abundant free radicals and oxygen-containing functional groups like hydroxyls, carbonyls, carboxyls and acyls were introduced into increase the reaction activity of lignin significantly. (2) The introduction of alkali lignin decreased the free formaldehyde content and increased bonding strength and toughness of the prepared phenol formaldehyde resin, especially after the introduction of lignin treated with plasma. (3) The introduction of alkali lignin led to high curing temperature for the prepared phenol formaldehyde resin, but that was reduced by the plasma processed alkali lignin. (4) The introduction of alkali lignin could also increase thermal stability of phenol formaldehyde resin, but that was modified by plasma processed alkali lignin was better than the unprocessed lignin. Based on the results, the plasma processed lignin was used to modify phenol formaldehyde resin, which could increase the strength and toughness of phenol formaldehyde resin significantly.
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1  Introduction

Urea formaldehyde resin, phenol formaldehyde resin and melamine formaldehyde resin are adhesives which are used mostly in wood industry at present. The consumption of them accounts for 60%–70% and even higher of total glue consumption in the man-made board industry [1–5]. Among them, phenol formaldehyde resin is widely applied in the production of man-made boards for outdoor use due to its high bonding strength, good durability, weather resistance, water resistance and aging resistance. It is the second major wood adhesive next to the urea formaldehyde resin. Phenol formaldehyde resin have several disadvantages of high curing temperature, long curing time and easy penetration when it is used in the production of man-made boards. Due to the high crosslinking degree and poor toughness, the cured phenol formaldehyde resin can cause poor impact resistance indirectly and easy to cause fractures [6–9]. Recently, the price of phenol rises quickly, which brings a huge pressure on the manufacturing enterprises of man-made boards for outdoor uses. In addition, during synthesis of phenol formaldehyde resin and the use of man-made boards are challenged with releasing of toxic gases [10–14]. These characteristics further restrict the application of phenol formaldehyde resin and hinder the development of man-made board industry. Hence, it has become a focus of attention to seek substitute of phenol.

Biomass-based copolycondensation technology is attracting more and more attentions, which increases the use of renewable raw materials significantly under the premise of resin performances. Most studies focus on the copolycondensation resins of soy protein [15,16], tannin [17,18], starch [19,20] with melamine formaldehyde resin, and some products have begun in industrial production. Lignin is the sole natural aromatic organic raw materials on earth which can be gained from renewable resources, and it has attracted increasing attentions in countries around the whole due to its unique characteristics of non-toxicity, low cost and easy biological decomposition. Lignin is composed of Guaiac-based, lilac-based and para-hydroxyphenyl-based structural units. Its molecules contain methoxyls, phenolic hydroxyls, alcohol hydroxyls, unsaturated double bonds, ether bonds and other functional groups, which provide a foundation for partial substitution of phenol in preparation of phenol formaldehyde resin adhesive [21–24]. So far, there are many studies on lignin modified synthetic resins, such as lignin-epoxy resin [25,26], lignin-polyurethane [27,28] lignin-acrylamide [29,30], and so on. As a waste from pulping and papermaking, alkali lignin is cheap and it brings extremely high economic values to the phenol formaldehyde resin adhesive which is prepared by alkali lignin [23–32].

Alkali lignin was treated with plasma and then used in the preparation of phenol formaldehyde resin. Moreover, chemical structural changes of lignin which was processed by plasma as well as bonding strength, tensile property, curing performance and thermal property of the prepared phenol formaldehyde resin which was modified by the plasma processed lignin were analyzed.

2  Materials and Methods

2.1 Materials

Formaldehyde solution (with a concentration of 37 wt %) was from Sinopharm Chemical Reagent Co., Ltd., China. Alkali lignin, brown powder (pH 10.5 in 50% aqueous solution), Nanjing Dulai Biological Co., Ltd., China. Other chemicals used in this work were also obtained from Sinopharm Chemical Reagent Co., Ltd., China. Poplar veneer with a size of 400 mm (length) × 400 mm (width) × 2 mm (thickness) and moisture content 8%–10%, was bought from Qunyou Wood Co., Ltd., Shandong, China.

2.2 Lignin Processed with Plasma

Dielectric barrier discharge (DBD) is an effective form to generate low-temperature plasma. It can generate low temperature plasmas with a large-volume and high-density in a wide air pressure. DBD is characteristic of no use of vacuum system, simple technology, easy-to-operate equipment, easy control and existence of insulating media between electrodes. It avoids partial discharge or arc discharge which is caused in the corona discharge process. The system has strong reliability and it is easy to realize large-scaled industrial continuous production. Hence, DBD plasma was chosen in this experiment. The alkali lignin was put in a glass container. To assure uniform and full reactions, lignin was paved in the container to increase the exposure area as much as possible. The DBD cold plasma (model: CTP-2000 K; medium: quartz glass; distance between medium: 8 mm) was opened and the power was adjusted to react for 5 min. At the end of reaction, lignin was stored under dry conditions for the next experiment (since plasma processing effect has timeliness, the lignin which was processed by plasma were used and tested in 1 h). The lignin was processed by plasma or not was recorded as PL and L, respectively.

2.3 Preparation of Phenol Formaldehyde Resins

Preparation of phenol formaldehyde resin (n(formaldehyde):n(phenol) = 1.3:1) was prepared accord to our previous study [33,34]. 94 parts of phenol, 20 parts of deionized water, 15.4 parts of formaldehyde, 2 parts NaOH (solid) and 5 parts of alkali lignin or plasma processed alkali lignin were charged into a three-neck 500 ml round-bottom flask equipped with a condenser, thermometer and a magnetic stirrer bar. The temperature was slowly increased to 90°C–92°C and kept for 60 min, and then the mixture was cooled to 45°C and a second 90 parts formaldehyde was added. The temperature was increased to 90°C again. After the water tolerance arrived to 150%, the mixture was then cooled to room temperature to obtain a reddish brown transparent resin. The mixture without adding lignin was recorded as PF. Lignin and plasma treated lignin were used in modification of phenol formaldehyde resin, and were recorded as L-PF and PL-PF, respectively.

2.4 Preparation of Three-Layer Plywood and Testing of Bonding Strength

A three-layer plywood with a size of 400 mm (length) × 400 mm (width) × 5 mm (thickness) was manufactured with the prepared phenol formaldehyde resins. Poplar veneers loaded resin (200 g/m2 for the double-sided), and then rested at room temperature for 15–20 min. The assembled poplar veneers were then put on a single-layer hot press (XLB type from Shanghai Rubber Machinery Plant). A plywood panel was gotten at the hot pressing parameters of 1.5 MPa at 130°C for 4 min. After conditioning at room temperature and relative humidity of 65 ± 5% for 1 day, the plywood was cut into a size of 100 mm (length) × 25 mm (width) × 5 mm (thickness). The wet shear strength in boiling water was measured according to Chinese National Standard (GB/T 17657-2013).

2.5 Tensile Property Test

With references to national standards GB/T 6344-2008, the prepared phenol formaldehyde resins were made into “dumb-bell” model as seen in Fig. 1 and then the tensile test was carried out. The difference between the fracture range in the tensile process and the original range was used to calculate the elongation.
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Figure 1: Tensile property test model and size

The calculation formula of elongation is:
Eb=L−L0L0×100%
where: Eb is the elongation at break (%);

L is the fracture range of specimens (mm);

L0 is the original range of specimens (mm).

2.6 Fourier Transform Infrared Spectroscopy (FT-IR)

0.001 g power of cured phenol formaldehyde resins was mixed well with 1 g KBr to prepare a pill. And then the pill was tested in a Varian 1000 infrared spectrophotometer USA within the range of 400–4,000 cm−1 with a 4 cm−1 resolution using 32 scans.

2.7 Differential Scanning Calorimetry (DSC)

A Perkin–Elmer differential scanning calorimeter (DSC 204F1, Rodgau, Germany) was used for investigation of thermal analysis. The test was performed from 25°C to 250°C at a heating rate of 10 °C/min. PYRISTM Version 4.0 software (Rodgau, Germany) was used for data treatment.

2.8 Thermogravimetric Analysis (TGA)

A thermogravimetric analyzer (TGA) (NETZSCH; Bavaria, Germany) was used for determine the thermal performance of the samples under N2 from 25°C to 700°C at a heating rate 10 °C/min.

2.9 Scanning Electron Microscopy (SEM)

Fractured surface sections of the cured phenol formaldehyde resins were tested using a Hitachi S-3400 N emission scanning electron microscope (SEM, Tokyo, Japan) operated at 12.5 kV.

3  Results and Discussion

3.1 FT-IR Analysis

FT-IR spectra of lignins are shown in Fig. 2. Lignin belongs to polyphenols and phenylpropane is the major structure of lignin. Lignin is composed of Guaiac-based, lilac-based and para-hydroxyphenyl-based structural units. The absorption peak at 3430.9 cm−1 was caused by the O-H stretching vibration and the absorption peak at 2932.1 cm−1 was caused by stretching vibration of C-H in -CH3 and -CH2 on the side chain of lignin. The peaks at 1602.9 cm−1 and 1511.1 cm−1 were attributed to the skeletal vibration of benzene rings. The peak at 1462.3 cm−1 was caused by the asymmetric bending vibration of C-H on CH3, indicating that lignin had methoxyls. The peak at 1386.3 cm−1 was caused by the stretching vibration of C-H on the benzene ring and the peak at 1272.3 cm−1 was the C-O stretching vibration on the guaiac-based rings. Peaks at 1217.7 cm−1 and 1125.8 cm−1 were caused by C-O stretching vibrations on the syringyl rings. The peak at 1038.7 cm−1 was caused by deformation vibration and out-of-plane bending vibration of C-H in the aromatic rings.
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Figure 2: FT-IR curves of lignin

After plasma treatment, the O-H absorption peak at 3430.9 cm−1 was strengthened, while the absorption peaks at 2932.1 cm−1 and 1462.3 cm−1 were weakened significantly. This reflected that phenylpropane units of lignin and groups (-CH2-, -CH3 and -OH) on branched-chains break. Meanwhile, the broken groups reacted to generate new compounds or reacted with nitrogen-containing and oxygen-containing free radicals which were produced during plasma treatment to form oxygen-containing functional groups, such as hydroxy, carbonyl, carboxyl and acyl groups. The increased contents of these polar functional groups made the molecular movement of lignin more actively. The peak at 1272.3 cm−1 moves to 1217.7 cm−1 (this is caused by the increase of lilac-based structural units), indicating that lignin degraded and chemical bonds broke into micro-molecular lignin after plasma processing. This was because under plasma processing, phenolic ortho-position was easier to be attacked by O to generate O free radicals, which could increase the lilac structures. Besides, the unique aromatic ring structures of lignin provided a place for gathering of lone pair electrons. The peak at 1602.9 cm−1 disappeared, while an equicohesive conjugated carbonyl absorption peak was developed at 1641.3 cm−1, indicating that plasma oxidized the hydroxide radicals into conjugated carbonyls. This increased the electron density and strengthened the reaction activity. This result was consistent with the research conclusions of Sahin [35] and Li [36].

In summary, lignin degraded after the plasma processing and the original groups were destroyed. The aromatic rings collected a lot of free radicals and introduced in oxygen-containing functional groups like hydroxy, carbonyl, carboxyl and acyl groups, thus increasing the reaction activity of lignin significantly.

FT-IR spectra of phenol formaldehyde resins are shown in Fig. 3. The strong and wide absorption band at 3430.9 cm−1 was the stretching vibration absorption peak of the associated hydroxyls. There were special C=C stretching vibration peaks of benzene ring skeletons at 1641.3 cm−1 and 1478.2 cm−1. The peak at 1239.3 cm−1 was the C-O stretching vibration peak on phenol rings. The peak at 1152.9 cm−1 was the stretching vibration peak of C-C which connected phenol rings and hydroxymethyl. It was the ether bond between benzene rings at 1011.5 cm−1. Therefore, degraded lignin had structures similar to phenol. It had extremely strong chemical activity with p-hydroxyphenyl diortho and guaiac-based single ortho-vacancy point, and could have substitution or condensation reactions with phenols and formaldehydes.
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Figure 3: FT-IR curves of phenol formaldehyde resins

Compared with PF, L-PF and PL-PF had following characteristics: (1) the stretching vibration absorption peak of C=C bond of benzene ring skeleton at 1641.3 cm−1 was weakened, while the absorption peaks at 1239.3 cm−1 and 1375.1 cm−1 were strengthened, which indicated that the phenolic ring had different benzene ring substituted structures by introducing in lignin. (2) The C-O stretching vibration peak on the phenolic ring had a blue shift, which was attributed to the reaction between lignin and hydroxymethyl of phenol formaldehyde resin. This reaction caused a steric hindrance that was difficult to form hydrogen bonds. Due to the inductive effect of active groups on lignin, the electron cloud density of the system increased, accompanied with growths of the force constant and frequency. So, the system made a blue shift. This proved that lignin participated in the synthetic reactions. Generally speaking, FT-IR curves of L-PF, PL-PF and PF showed the similar characteristics, because lignin participated in the synthetic reactions and increased the distance between ring and ring. As a result, the molecular symmetry was decreased and the dipole moment changed more in the vibration process, thus resulting in the weak FT-IR responses.

3.2 Physical and Chemical Properties of Phenol Formaldehyde Resins

Physical and chemical properties of phenol formaldehyde adhesives resins are shown in Tab. 1. Viscosity of unmodified phenol formaldehyde resin was 200 mPa ⋅ s, while the viscosities of L-PF and PL-PF were 420 mPa ⋅ s and 360 mPa ⋅ s, respectively. The viscosities of L-PF and PL-PF were increased significantly after lignin was introduced in. This was because: (1) Lignin might contain a certain amount of impurities that did not participate in synthetic reaction of resins. For example, starch and polysaccharide could increase viscosity of the resin system after they contacted with water. (2) The lignin had relatively high molecular weight and it had electrostatic force and hydrogen bond associations with above impurities, thus increasing viscosity of the resin system. (3) Benzene rings on the molecules of lignin had hydrophobicity and water showed slow affinity to the lignin molecules, thus increasing viscosity of resins. The viscosity of PL-PF was smaller than that of L-PF, because the lignin degraded after the plasma processing and its molecular weight was decreased to some extent.

Table 1: Properties of phenol formaldehyde resins
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In addition, the free formaldehyde contents of L-PF and PL-PF were 25.8% and 53.0% which were lower than that of unmodified phenol formaldehyde resin. The free formaldehyde could be decreased significantly by introducing in lignin, indicating that lignin served as the formaldehyde catching agent. Specifically, the free formaldehyde content in phenolic resin which was modified by plasma processed lignin decreased, indicating that the plasma processing could increase activity of lignin, and sites which participated in reaction were increased.

3.3 Bonding Strength of Phenol Formaldehyde Resins

According to the classical synthesis theory of phenol formaldehyde resin [37], the molar ratio between formaldehyde and phenol can influence the degree of crosslinking and polycondensation of resins greatly. When the molar ratio was low, the reaction products were O-hydroxymethylphenol and Para-hydroxymethylphenol. The content of Para-hydroxymethylphenol was the higher, which determined the higher proportion of linear structures of the final condensation and polymerization products. When the molar ratio was high, reaction products were di-hydroxymethyl phenol and tri-hydroxymethyl phenol. Besides, content of the tri-hydroxymethyl phenol increased with the increase of molar ratio. However, there was excessive high content of free formaldehyde when the molar ratio was too high. Hence, the molar ratio was determined n(formaldehyde):n(phenol) = 1.3:1 in this paper.

Results of bonding strength of phenol formaldehyde resins are shown in Fig. 4. The bonding strength of unmodified phenol formaldehyde resin was 1.01 MPa. While that of L-PF and PL-PF were increased by 16.8% and 29.7% to 1.18 MPa and 1.31 MPa. Firstly, it could be confirmed that the introduction of lignin could increase the bonding strength of phenolic resins. The bonding strength of L-PF was increased slightly, which was related with low reaction activity of unprocessed lignin as well as the high viscosity and wettability of phenol formaldehyde resin which was synthesized by unprocessed lignin. In the process of phenol formaldehyde resin modified by lignin, lignin reacted with formaldehyde to generate hydroxymethyl lignin. Subsequently, polycondensation occurred between the hydroxymethyl lignin and between hydroxymethyl-lignin and hydroxymethyl-phenol. There was a competitive relationship between hydroxymethylation of lignin and the hydroxymethylation of phenol. However, the reaction activity of lignin which was processed by plasma was high and the competitiveness of hydroxymethylation of lignin was not weak. There were enough hydroxymethyl lignin formed, which laid a foundation for the follow-up copolycondensation. In addition, the process of LPF bonding plywood can be divided into resinification stage and curing stage. In the resinification, the resin was under solution environment, where chemical reaction was of selectivity. But in the hot-pressing for plywood preparation process (curing stage), moisture was rapidly volatilized, and the curing reaction had no selectivity. So, the bonding strength of L-PF was increased, especially for PL-PF.
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Figure 4: Bonding performance of lignin-phenol-formaldehyde resins

3.4 Tensile Property of Phenol Formaldehyde Resins

The relation curves between tension and deformation of phenol formaldehyde resins are shown in Fig. 5. Due to the high phenolic ring stiffness and short lattice chain, high crosslinking density and large steric hindrance in resin molecules, the phenol formaldehyde resins are difficult to generate strains when they undertake external stresses, so its capacity of absorbing impact energy decreases. Additionally, phenol formaldehyde resins have moisture absorption because of the hydroxymethyl which do not participate in the reaction. The resins generate stresses and fatigues after frequent moisture absorption and desorption, finally becoming brittle [13,14].
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Figure 5: Relationship between tension and deformation of phenol formaldehyde resins

There was no evident yield phenomenon on the tensile failure curve of unmodified phenol formaldehyde resin. This was because the unmodified resin had high strength and brittleness after curing, but the stress had not reached the yield limit and it developed cracks inside and thereby break.

After lignin was introduced in, the resin deformation increased significantly, but the L-PF resin still had no evident yielding phenomenon at fracture, while the PL-PF resin showed evident yielding at fracture. Lignin belongs to a flexible long-chain molecule. Firstly, lignin could be connected with hydroxymethyl of phenolic resin, which could introduce in the flexible segments into spaces of rigid phenolic rings. Lignin had the larger intramolecular deformability than the original molecular chain which was connected by methylene, thus enabling to increase toughness. Secondly, hydroxymethyl which had not reacted in resin was consumed to some extent and the weakening moisture absorption increased toughness indirectly. However, lignin processed by plasma not only had relatively higher activity and more reaction sites, but also showed the higher polycondensation degree with phenolic resin and increased the toughness more compared to the original lignin.

Fracture surface micrographs of the cured phenol formaldehyde resins are shown in Fig. 6. The fracture surface of unmodified phenol formaldehyde resin is smooth, indicating that it had brittle fracture. There were scattered rough textures, concaves and pores on the fracture surface of L-PF resin, showing typical honeycomb morphology. It began to have brittle fractures. There were abundant concaves and pores on the fracture of PL-PF resin. Especially, there were large-scaled wrinkle and wave textures, indicating that resin absorbed a lot of energies and yields in the fracture process. This was typical characteristics of ductile failure. To sum up, lignin could improve the brittleness of phenol formaldehyde resins, especially what the lignin processed by plasma.
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Figure 6: Fracture surface micrographs of the cured phenol formaldehyde resins

3.5 Curing Performance of Phenol Formaldehyde Resins

Curing performance of phenol formaldehyde resins are shown in Fig. 7. The heat releasing peak temperatures of unmodified phenol formaldehyde resin and L-PF were 108.9°C and 137.8°C, and the curing temperature of L-PF was relatively high. So, the hot pressing temperature when preparing the man-made board was relatively high. Combining with the bonding strength results, although L-PF was superior to PF resin in term of bonding strength, it still had disadvantages of high hot pressing temperature and high viscosity. The heat releasing peak temperature of PL-PF was 120.9°C, which was between those between PF and L-PF. It was 16.9°C lower than that of L-PF. This was because activity of lignin was improved after plasma processing and the number of active functional groups was increased. So, it is easier to have condensation reactions in the system.
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Figure 7: DSC curves of phenol formaldehyde resins

The integral of DSC curves was calculated in Fig. 8. The x-axis was time and the y-axis was integral area. So, the curing degree curves of resins can be gained. Unmodified phenol formaldehyde resin took the shortest time to reach the same curing degree (50%), while that of L-PF was the longest.
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Figure 8: Curing degree of phenol formaldehyde resins

3.6 Thermal Property of Phenol Formaldehyde Resins

The TG/DTG curves of resins and parameters are shown in Fig. 9 and Tab. 2. The TG/DTG curves of PF, L-PF and PL-PF were basically consistent and they could be generally divided into three stages. Stage 1: 25–300°C. The mass loss ratios of PF, L-PF and PL-PF were 14.1%, 14.5% and 13.4%, respectively. In this stage, the system mainly generated steam and gases and volatilization of some micromolecular groups which had not participated in the reaction. Stage 2: 300–600°C. The mass loss ratios of PF, L-PF and PL-PF were 19.2%, 16.7% and 16.9%. This was a pyrolysis stage, when skeleton structure of the phenolic resin was destroyed. Oxygen-containing functional groups were degraded by heats to form amorphous carbon and generated volatile gases like H2O, CH4, CO and CO2 [38]. Weight loss of PF was relatively high. Since lignin in the system was mainly decomposed in Stage 1, mass loss ratios of L-PF and PL-PF in Stage 2 were relatively low. Stage 3: 600–700°C. The mass loss ratios of PF, L-PF and PL-PF were 3.9%, 2.7% and 2.8%, respectively. In this stage, degradable substances had been decomposed basically and TG curves tended to be stable, indicating the slow process of weight loss. In this process, carbon-containing substances continueed to dissociate and rearrange, which were developing toward graphitization, and the mass loss ratios were the minimum in three stages.
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Figure 9: TG and DTG curves of phenol formaldehyde resins

Table 2: TG parameter of phenol formaldehyde resins
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The final residual weights of PF, L-PF and PL-PF were 62.8%, 66.1% and 66.9%. In other words, PL-PF has the highest thermal stability, followed by L-PF. This proved that lignin could increase density of crosslinking network structures of the resin and thereby improve thermal stability of resin. The higher activity of lignin brought the higher density of crosslinking network structures and the higher thermal stability.

4  Conclusions

Alkali lignin was processed by plasma and then used in modification of phenol formaldehyde resin in this study. Results showed that:

(1) Alkali lignin was degraded after the plasma processing. The original groups were destroyed, and the aromatic rings collected abundant free radicals and oxygen-containing functional groups like hydroxyls, carbonyls, carboxyls and acyls were introduced into increase the reaction activity of lignin significantly.

(2) The introduction of alkali lignin decreased the free formaldehyde content and increased bonding strength and toughness of the prepared phenol formaldehyde resin, especially after the introduction of lignin treated with plasma.

(3) The introduction of alkali lignin led to high curing temperature for the prepared phenol formaldehyde resin, but that was reduced by the plasma processed lignin.

(4) The introduction of alkali lignin could also increase thermal stability of phenol formaldehyde resin, but that was modified by plasma processed lignin wasbetter than the unprocessed. Based on the results, the plasma processed lignin was used to modify phenol formaldehyde resin, which could increase the strength and toughness of phenol formaldehyde resin significantly.
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