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Abstract

:

Deep eutectic solvents (DES) are new ‘green’ solvents that have a high potential for biomass processing because of their low cost, low toxicity, biodegradability, and easy recycling. When Loblolly pine trees are harvested, their branches with needles are typically left in brush piles and decompose very slowly. Exploring the effect of DES pretreatment on waste pine needles was the goal of the present work. Loblolly pine needles were treated with three types of DES to prepare the biomass for enzymatic hydrolysis to glucose, a subject not readily found in the literature. The resulting products were analyzed by Fourier transform infrared spectroscopy, fiber analysis, and high-performance liquid chromatography. Glucose yields after pretreatment and hydrolysis were found to be six times that for untreated biomass with two of the DES. Fiber analysis indicated removal of lignin, hemicellulose, and ash from the needle biomass. Enhanced glucose yield was due to removal of lignin and disruption of biomass structure during pretreatment, so that the pretreated biomass was rich in cellulosic content. Based on the results shown in this study, among the three types of DES, formic acid:choline chloride and acetic acid:choline chloride pretreatment had better potential for biomass pretreatment compared to lactic acid:choline chloride.
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1. Introduction


Environmentally sustainable sources that provide tangible fuels and materials rather than electricity are needed in the world economy. Comprised of biopolymers of cellulose, hemicellulose, and lignin, lignocellulosic biomass have the potential to be such a resource [1]. Production of biofuels is feasible by fermenting cellulose and hemicellulose (polysaccharides) into ethanol or butanol, provided that an optimized pretreatment of the biomass to separate out lignin has occurred [2]. Biofuels made from biomass provides unique environmental and economic strategic benefits, and it can be considered a safe and clean liquid fuel alternative to fossil fuels [3]. Nevertheless, the biomass must be subjected to pretreatment processes to liberate the sugars needed for fermentation. Lignin removed by pretreatment can also be used for various industrial and biomedical applications, including biofuels, chemicals and polymers, and the development of nanomaterials for drug delivery [4].



Loblolly pine (Pinus taeda), also known as southern yellow pine, has a rapid growth rate and is one of the most abundant species in the United States [5]. It has significant commercial importance in the pulp and paper industry, as well as for construction. When harvested, branches with their needles are typically left in brush piles, while the tree trunks are transported for use. The needles are thus left as a waste product. The needles have a significantly different structure and lignin content compared to the wood and do not readily compost into the soil [6]. If these needles were harvested, they could constitute a resource for producing biofuel or other bioproducts that do not require extensive grinding. Dilute acid pretreatment for pine needles has been studied by Slathia et al. [7]. A continuous pyrolysis of pine needles at 500 °C was successfully proven to produce bio-oil by Mandal et al. [8]. However, a “green” low-temperature pretreatment method for processing them prior to hydrolysis is needed. If safe and simple enough, such a method could possibly be implemented at a local depot, prior to shipping to a biorefinery. If performed near the harvesting site, the volume of material to be transported would be reduced.



Some ecofriendly alternative solvents for pretreatment are called deep eutectic solvents (DES). DES have low volatility, non-flammability, a wide liquid range, non-toxicity, biocompatibility, and biodegradability [9]. They can be simply prepared at high purities from readily obtainable materials. In addition, DES are valuable in biofuel processing because they do not typically inactivate enzymes [10]. They are less sensitive to water content than some solvents, such as ionic liquids, which makes their use more practical with the wet biomass that is generally present at field sites [9]. They are an alternative to the most common method for the separation of cellulose and lignin in biomass, the Kraft process. The Kraft process is not particularly environmental-friendly, since it releases sulfur-containing volatile organic compounds into the atmosphere [11].



The present work investigated the pretreatment of Loblolly pine needles with different DES solvents for separation of lignin and cellulosic components of the biomass, characterizing the products. In this study, mass yield from the pretreatment was calculated and the Fourier transform infrared spectroscopy (FTIR) spectra of the two solid products from the separation analyzed. Enzymatic hydrolysis was performed to find the glucose yield from the pretreated biomass. Fiber analysis was also completed to find the composition of samples before and after pretreatment, using a National Renewable Energy Laboratory (NREL) compositional analysis procedure. High-performance liquid chromatography (HPLC) analysis of carbohydrates and insoluble lignin analysis using ultraviolet-visible (UV) spectroscopy were also used to characterize the samples. Work on DES pretreatment on pine needles, which have a structure quite different from pine wood, is not available in the literature.




2. Materials and Methods


2.1. Raw Materials and Chemicals


Loblolly pine needles were collected from the branches of 28-year-old Loblolly pine trees that had been harvested in Ruston, LA, USA, with the help of Weyerhauser, Inc., employees and then refrigerated. Fiber analysis indicated that the untreated pine needles consisted of 26.2% cellulose, 19.4% hemicellulose, 39.6% lignin, 12.0% extractives and 2.7% ash (inorganics). Choline chloride powder (BioReagent, suitable for cell culture, ≥98%), formic acid (reagent grade, ≥95%), acetic acid (reagent grade, ≥99.7%), lactic acid solution (reagent grade, ≥85%), sulfuric acid (reagent grade, 95–98, cellulase (powder) from Trichoderma reesei ATCC 26921, hemicellulase (powder) from Aspergillus niger, and cellobiase (liquid) from Aspergillus niger, were purchased from Millipore Sigma (St. Louis, MO, USA). Sodium azide, 99% min, and sodium citrate dehydrate, 99.0% min, were purchased from Alfa Aesar (Ward Hill, MA, USA). Denatured ethanol (90.5%) was purchased from Duda Energy (Decatur, AL, USA). Nylon membrane discs size 0.45 μm were bought from Foxx Life Sciences (Salem, NH, USA).




2.2. Synthesis of DES


Three types of DES solvent were prepared for pretreatment of pine needle biomass. These were chosen on the basis of their non-toxicity and likelihood for effectiveness in pretreatment [10]. The formic acid:choline chloride DES (FA:CC) was prepared by mixing the formic acid (hydrogen bond donor) and choline chloride (hydrogen bond acceptor) in the mole ratio of 2:1; lactic acid:choline chloride DES (LA:CC) was prepared by mixing lactic acid with choline chloride in the mole ratio of 10:1; and acetic acid:choline chloride (AA:CC) in the mole ratio of 2:1. After mixing the two components, mixtures of the solvents were placed in an orbital shaker at 200 RPM at 60 °C for 20 min, and were kept for 20 min more if necessary, until the solution was clear. The clear DES solvents were then stored at room temperature and remained transparent and liquid for several weeks until they were used. In addition, the pHs of the three DES were measured (Table 1).




2.3. Preparation of Biomass for Pretreatment


Pine needles were dried at 60 °C for 24 h, prior to milling. Milled biomass was sieved with numbers 14 and 25 mesh filters to obtain the appropriate size (~1 mm diameter particles) for pretreatment and stored in a closed plastic bag until use.




2.4. Pretreatment of Pine Needles Using DES


Dried and sieved biomass of a mass of 3 g was mixed with 30 g of each of the three types of DES: FA:CC (2:1 ratio), LA:CC (10:1 ratio), AA:CC (2:1 ratio) in separate flasks with a magnetic stirrer for continuous stirring and kept in the preheated oil bath for 1 h at 125 °C. Time and temperature were chosen as the minima found to be effective in prior work [12]. The flask with this solution mixture was connected to a condenser to collect liquid from the vapor of the slightly volatile DES in order to maintain the solvent volume constant. Standard errors for the results were found from triplicates of the samples that were pretreated at 125 °C for 1 h.




2.5. Separation of Biomass and DES


2.5.1. Filtration


Once the pretreated biomass was cooled, biomass was separated from the DES solution using nylon membrane filters (0.44 mm) and a mesh filter membrane. Initially, nylon membrane filters and mesh filters were dried in a drying oven for 30 min and stored in a desiccator. A filtration unit was set up by connecting a Buchner funnel with a filter and a filtration flask to a vacuum pump. Pretreated biomass with the solvent was allowed to pass through the mesh filter; filter cake (filtride) from the filtration was rinsed with 25 mL of ethyl alcohol to wash away any remaining DES on the residues by magnetically stirring for 20 min and filtering with the same mesh filter.



The filtride (biomass) from the above filtration was rinsed with 75 mL of deionized water by magnetically stirring at 50 °C for 20 min. Rinsing with deionized water was undertaken three times to remove DES left on the biomass. Finally, rinsing with deionized water was repeated for another 24 h at 50 °C to obtain biomass without any DES. A 0.44 mm nylon filter was used to separate the rinsed biomass with deionized water using a vacuum pump. Filtered biomass was dried at 105 °C for 24 h prior to weighing, to ensure all moisture was removed.




2.5.2. Lignin Precipitation


Filtrate from the vacuum filtration, which was expected to have lignin, DES, and ethyl alcohol was collected into a flask, then 175 mL of deionized water was added to precipitate lignin and separate it from DES, ethyl alcohol and deionized water. Precipitated biomass was separated using a nylon membrane filter and a vacuum pump. After separation, precipitate was dried at 105 °C for 24 h prior to weighing. All the procedures were repeated three times to get triplicates to provide details on measurement error.





2.6. Fourier Transform Infrared Spectroscopy (FTIR)


A Mattson Genesis II FTIR (Mattson Technology, Fremont, CA, USA) was used to obtain the spectra of pretreated biomass samples. This third-generation infrared spectrometer has a high signal-to-noise ratio, high accuracy for wave numbers, and an error range less than 0.01 cm−1. As the standard method to prepare solid samples for FTIR spectrometry is to use KBr pellets, 1 mg of sample was mixed with 100 mg of KBr and a pellet was made with a pellet holder press by applying pressure. Single beam spectra of the samples were collected by running 32 scans with resolution 2 cm−1 from wave number 3000 to 800 cm−1. FTIR analysis was performed on both the raw biomass, pretreated biomass, and precipitated biomass. Data analysis of obtained spectra was performed using OMNIC software to allow accessing the spectra and calculating peak areas. Table 2 shows the vibrations specifically used to evaluate cellulose and lignin content of the samples. Cellulose vibrations used were 1160 cm−1 and 1425 cm−1 for type I/type II amorphous stretching and crystalline cellulose, respectively. The lignin vibration used was at 1515 cm−1.




2.7. Enzymatic Hydrolysis


NREL’s enzymatic saccharification of the lignocellulosic biomass LAP 009 protocol was followed to understand the saccharification of cellulose from pretreated biomass in order to determine the maximum digestibility possible [15]. Biomass after pretreatment was dried at 105 °C in a drying oven for 24 h. A sample of 0.1 g of ground biomass was mixed with 5 mL of sodium citrate buffer of pH 5.05, and 100 μL of 2% sodium azide solution. The total volume was brought to 10 mL by adding an appropriate amount of deionized water as described in the NREL protocol. Subsequently, cellulase, hemicellulase, and cellobiase were added at a concentration of 5, 14 and 50 units per 0.1 g of sample, respectively. The mixture of biomass, buffer, sodium azide, and enzyme cocktail was placed in the orbital shaker set at 200 RPM at 50 °C. As per the NREL protocol, samples were collected at 24 h, 48 h, and 72 h prior to filtering through a 0.45 μm syringe filter and stored in the refrigerator at 4 °C prior to HPLC analysis. Glucose yield is calculated as a fraction of cellulose present in biomass that was recovered as glucose. The glucose yield was obtained using Equation (1).


  %   glucose   yield =   0.9 ∗ 10   mL   v o l u m e   h y d r o l y s i s ∗ g l u c o s e   c o n c e n t r a t i o n    g  mL      (  c o r r e c t e d   w i t h   b l a n k s  )    g   p r e t r e a t e d   s u b s t r a t e ∗   f r a c t i o n   c e l l u l o s e   i n   p i n e ∗   m a s s   y i e l d   p r e t r e a t m e n t        



(1)







The correction factor that accounts for the conversion from the biopolymer cellulose to the monomer glucose is 0.9.




2.8. Carbohydrate Analysis Using High-Performance Liquid Chromatography (HPLC)


The cellulose, hemicellulose, and lignin content of all the raw and pretreated samples were determined by quantitative saccharification with acid hydrolysis and subsequent HPLC analysis, using NREL protocols LAP/TP-510-426 18 through 22 [16]. For raw biomass, ethanol extraction was carried out to remove the non-structural components of the biomass prior to acid hydrolysis and thus the biomass fraction regarded as extractives was removed from the raw biomass. For pretreated samples, the extractives component was assumed to have been removed during the pretreatment process, so that these samples directly progressed to acid hydrolysis for compositional analysis.



The concentrations of glucose, xylose, arabinose, galactose, and mannose were quantified using an HPLC (ThermoFisher Scientific, Waltham, MA, USA) equipped with refractive index detector and an Aminex HPX-87P column 300 × 7.8 mm, (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The column temperature was maintained at 80 °C and the flow rate was 0.6 mL min−1 (DI water). Each experiment was performed in triplicate. Total cellulose release upon acid hydrolysis was determined as the sum of cellobiose and glucose and the total hemicellulose release was determined as the sum of xylose, galactose, arabinose, and mannose. The sum of acid insoluble and acid soluble lignin was represented as total lignin content available in each sample.




2.9. Acid Soluble Lignin Analysis


The NREL fiber analysis procedure was followed to measure acid soluble lignin from the biomass after acid hydrolysis [16]. A UV-2401PC spectrophotometer (Shimadzu Corporation, Kyoto, Japan) was used to analyze acid soluble lignin in the biomass. Once the biomass was pretreated it was hydrolyzed with 70% H2SO4 and, with the hydrolysis, lignin in the sample was dissolved. Subsequently, 3000 μL of this sample was measured and diluted 10 times with deionized water. With deionized water as a blank, analytes (lignin) in the sample were measured by absorbance at a wavelength of 260 nm.




2.10. Soxhlet Extraction


Non-structural materials from the biomass must be removed from the biomass prior to compositional analysis to prevent any obstructions in later analytical procedures. Water soluble and ethanol soluble extractives in the biomass were removed by Soxhlet extraction. Biomass of weight 3 g was placed in a thimble and 200 mL of ethyl alcohol transferred into a conical flask. The thimble with biomass was inserted carefully into a Soxhlet siphon tube and kept above the conical flask with ethyl alcohol. The whole setup was kept in an oil bath at 80 °C for 24 h, and after 24 h biomass from the thimble was taken out and the loss of biomass measured. The percentage of extractives removed was then calculated.





3. Results and Discussion


3.1. Mass Yield from Deep Eutectic Solvents (DES) Pretreatment


When Loblolly pine needles were treated with the DES acetic acid:choline chloride 3:1 molar ratio (AA:CC), the percentage of mass yield for the biomass was 61.25%, with a standard error of 2.63%. This mass yield was high when compared to the biomass yields for pretreatment with lactic acid:choline chloride 10:1 molar ratio (LA:CC) and formic acid:choline chloride 2:1 molar ratio (FA:CC) (Figure 1). Average mass yield with LA:CC was lower than FA:CC at 49.55%, however the standard error for LA:CC was 8.32%, so no difference can be confirmed. Mass yield for FA:CC was low because more of the solids were solubilized, leading to a higher mass of the precipitate from the filtrate. Heat required was 0.31 kW-h for the pretreatment process, which is relatively low as more energy can be produced with resultant glucose concentration [17].



When the biomass was treated with glycerol as a control, no reaction was observed and the biomass remained the same as raw biomass. This result made it clear that the heat treatment alone (1 h at 125 °C) had no effects on biomass, unlike the pretreatment with DES. Extractives in the biomass were removed using the Soxhlet extraction procedure from NREL and were found to be about 26.10% of raw biomass.



After the separation of biomass filtrate was precipitated by the addition of deionized water, the mass of precipitated biomass (lignin precipitate) was higher when the biomass was treated with FA:CC, at 31.56% with a standard error of 1.75%. It was 20% with a standard error of 2.87% in the case of LA:CC and 17.51% with a standard error of 0.76% with AA:CC. Thus, larger amounts of lignin can be separated from the biomass when it is pretreated with FA:CC and LA:CC compared to AA: CC. A visual inspection of the pine needles treated with FA:CC and LA:CC appeared to show a greater extent of biomass breakdown compared to AA:CC. FA:CC pretreatment may be more effective because it has a lower pKa value than the other DES [12].




3.2. Fourier Transform Infrared (FTIR) Analysis of Pretreated Loblolly Pine Needles and Precipitate from Deionized Water


FTIR analysis of raw and pretreated biomass elucidated the transformation in biomass composition and structure in the process of DES pretreatment. FTIR spectra of raw and pretreated biomass are shown in Figure S1. The resulting spectra show more pronounced vibrations for the pretreated samples at 1425 cm−1 (native type 1 cellulose) and 1160 cm−1 (amorphous stretching of cellulose type I and type II) indicating the pretreated biomass contained considerable amounts of crystalline and disordered cellulose (Figure S1). These findings suggest that the structure of the pretreated biomass was altered, possibly leading to improved enzymatic saccharification. The intensity of the vibration at 1515 cm−1, from the lignin aromatic ring skeletal stretch, appears to have decreased somewhat, suggesting that some lignin may have been removed.




3.3. Enzymatic Hydrolysis


To evaluate the efficiency of the DES pretreatment to enhance the cellulose accessibility to hydrolytic enzymes, the rates of conversion of cellulose into glucose during enzymatic hydrolysis of raw and pretreated biomass were measured. The glucose yields (the ratio of glucose liberated by enzymatic hydrolysis to glucose that exists as cellulose in the raw or pretreated biomass) as a function of hydrolysis time for pine needles are shown in Figure 2.



Glucose yield versus enzymatic hydrolysis time is shown in Figure 2, for samples after pretreatment in various DES for 1 h at 125 °C, as well as for raw biomass. Little difference can be seen among the glucose yields from the samples pretreated with different DES, but a low concentration of glucose was liberated for the pine needles that did not undergo any DES pretreatment. This result indicates the necessity of pretreatment preceding enzymatic hydrolysis to change some structural characteristics of pine needles and to increase cellulose accessibility to hydrolytic enzymes in order to provide high sugar yield, due to the recalcitrant lignocellulosic structure of the biomass. Time of hydrolysis did not make a substantial difference in glucose yield, suggesting that a short hydrolysis time would suffice or possibly that a lower concentration of enzyme could have been used. The glucose yield for the LA:CC pretreatment was slightly lower than those for the other pretreatments. The chromatograms from HPLC analysis of the sugars from enzymatic hydrolysis (Figure 3) illustrates the increased sugar concentration in the pretreated biomass.



An enzymatic hydrolysis time of 24 h was investigated by Oh et al. (2020) for similar DES used in pretreatment of pine wood powder [18]. In this study, LA:CC and FA:CC were found to be quite effective in releasing sugars, but AA:CC to be less so. Differences between the types of biomass structures may account for the ineffectiveness of AA:CC for pretreatment of powdered wood. Oh et al. (2020) reported slightly lower β basicity solvatochromic parameters for the more effective DES, which may also influence their usefulness [18].




3.4. Fiber Analysis


Figure 4 shows the results for fiber analysis for raw and DES pretreated pine needles. In each case, a higher proportion of cellulose exists in the pretreated biomass than in the raw. The ratio of cellulose to lignin for the pretreated biomass is greater than or equal to that for the raw biomass. Lignin tends to impede enzymatic hydrolysis of biomass, both by blocking enzyme access to cellulose and by inhibiting the enzyme [19]. Thus, the pretreated biomass with a higher cellulose content should be more suitable for obtaining sugar from the enzymatic hydrolysis process, as indeed was seen in the previous sections’ results. A lower proportion of hemicellulose (comprising for untreated pine needles 21% xylose, 62% galactose, 0% arabinose, and 17% mannose) was found in the DES pretreated biomass. This effect can be seen in the smaller amounts of xylose in the enzymatic hydrolysis liquid from DES pretreated biomass, as shown in Figure 3. All extractives were removed by the pretreatment, and their impeding of hydrolysis may have a minor effect on sugars produced.



In addition, the pretreated biomass has less ash (inorganics) compared to the raw pine needles. These findings suggest that in addition to removal of extractives, the lignocellulosic structure was disrupted, with a portion of the lignin and hemicellulose no longer shielding the cellulose in the biomass. For rice husks, beech wood, loblolly pine, tree heather, and gum rockrose, other researchers have reported lignin removal with DES pretreatment [10,20,21,22]. Lignin has also been reported to be effectively removed from maritime pine wood sawdust and pine wood powder [18,23]. However, the wood particles in sawdust are very different in structure compared to pine needles. Data on pine needle DES pretreatment is not available in the literature, making the present study unique.





4. Conclusions


Despite its recalcitrance, pine needle biomass had the potential to act as a substrate for pretreatment with DES. From the mass yields and fiber analysis results obtained it was clear that the extractives and some portion of the lignin, hemicellulose, and ash were removed from the samples with DES pretreatment. Enzymatic hydrolysis data showed that DES pretreatment enhanced the glucose yields significantly after enzymatic saccharification compared to the untreated pine needles. FTIR analysis of DES-pretreated biomass samples suggested that the enhanced glucose yield was due to removal of lignin and disruption of the biomass structure during pretreatment, so that the pretreated biomass was rich in cellulosic content. Based on the results shown in this study, among the three types of DES, FA:CC and AA:CC pre-treatment had better potential for biomass pretreatment compared to LA:CC.
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Figure 1. Mass yield and precipitated biomass with 3 types of deep eutectic solvent (DES). 
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Figure 2. Glucose yield of Loblolly pine needles untreated and pretreated with 3 types of DES at 125 °C for 1 h. Standard error bars are shown. 
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Figure 3. Chromatograph of enzymatic hydrolysis liquid. 
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Figure 4. Composition of pine needles and pretreated pine needles from fiber analysis. 
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Table 1. Deep eutectic solvents and their pH values.






Table 1. Deep eutectic solvents and their pH values.





	Hydrogen Bond Donor
	Hydrogen Bond Acceptor
	Molar Ratio of DES
	pH of DES
	pH of DES Diluted 10% with Water
	pH of DES Diluted 90% with Water





	Formic acid
	Choline chloride
	2:1
	−0.92
	0.70
	1.24



	Lactic acid
	Choline chloride
	10:1
	−0.60
	0.54
	1.91



	Acetic acid
	Choline chloride
	2:1
	0.47
	1.01
	1.84
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Table 2. Wavenumber vibration assignments and references.






Table 2. Wavenumber vibration assignments and references.





	Wavenumber (cm−1)
	Band Assignment
	Reference





	1160
	Amorphous stretching of cellulose type I and type II
	(Shi and Li, 2012) [13]



	1425
	Crystalline cellulose
	(Raj et al., 2015) [14]



	1515
	Lignin aromatic ring skeletal sketch
	(Raj et al., 2015) [14]
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