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Preprocessing with air classification, followed by a hybrid biochemical/thermochemical conversion scheme, was utilized to improve the quality of short rotation woody coppice (SRWC) for biofuels production. Air classification improved sugar release during enzymatic hydrolysis by 6–12% for poplar and willow coppice respectively. Total theoretical sugar release for these hardwood coppices was ~70%, which suggests that they could be utilized for biochemical conversion. Improved sugar yields after air classification were tied to compositional changes of reduced ash and extractives which can neutralize dilute acid pretreatment and inhibit fermentation. However, air classification was shown to have little to no effect on pyrolytic thermochemical conversion as it removed material without returning a significant improvement in liquid yield. It was also shown that pyrolysis of biochemical conversion lignin rich residue gives liquid yields comparable to whole tree (without any fractionation) pyrolysis, with a higher quality oil that has ~60% reduced total acid number. Using this combined biochemical/thermochemical conversion strategy can improve yields of fermentable sugars and pyrolysis liquid above 80%, instead of the 60% yield of sugars or bio-oil when using a single conversion strategy. Overall, it has been shown that preprocessing and hybrid conversion pathways are a viable strategy for maximizing biorefinery viability.
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INTRODUCTION

In an effort to shift the world's energy paradigm away from finite petroleum resources there has been an increased focus on renewable energy, fuels, and chemicals. Biomass fills a unique role in this paradigm because, as the only carbon based renewable energy source, it is uniquely suited to the production of liquid fuels and chemicals. Other renewable energy sources, such as solar, wind, and hydro are effective for electricity production but are not amenable to the direct production of liquid and solid products. To produce these renewable fuels and chemicals it will be necessary to utilize the billion tons of residual biomass available in the United States (US Department of Energy, 2011). Currently, there exists two distinct pathways for biomass conversion; biochemical and thermochemical, and the choice of which one to use comes down to the inherent properties of the available biomass (Williams et al., 2017). This work makes an effort to bridge the gap between biochemical and thermochemical processes and identify strategies to effectively utilize short rotation woody coppice (SRWC), represented by hybrid poplar and shrub willow, for a hybrid (combined biochemical and thermochemical) conversion scheme.

Coppicing involves cutting the stand down just above the ground after 1 year to promote rapid growth of smaller stems that can be harvested every 3 years over a 20 year period (Volk et al., 2006). Coppicing also allows for high energy yields per acer (Njakou Djomo et al., 2015), maximized growth potential through active root systems (Mitchell, 1992; Al Afas et al., 2008), and an increased harvesting frequency as compared to short rotation forestry (Kauter et al., 2003). Coppice crops have recently been considered for both biochemical (Dou et al., 2017b) and thermochemical conversion (Dou et al., 2017a). Advantageously, these resources have compositional properties between traditional lignocellulosic (pine) and herbaceous (corn stover) feedstocks (Williams et al., 2016) which could make them well suited to a hybrid biochemical/thermochemical conversion. While clean chips of poplar and willow have been identified to have favorable carbohydrate contents for biochemical conversion processes (Volk et al., 2006; Sannigrahi et al., 2010), excessive leaf and bark material can negatively impact conversion (Wyman et al., 2009; Dou et al., 2017b). Additionally, higher lignin content of leaves and bark is a compositional aspect that should be considered, high lignin lends itself to thermochemical conversion processes; conversely, the higher ash contents in bark and leaves may cause problems with high temperature conversion (Carpenter et al., 2017; Zinchik et al., 2018).

One key benefit of a hybrid conversion pathway is the ability to more easily produce a combination of platform chemical precursors and fuel, derived from biomass based sugars and lignin rich residue respectively (De Wild et al., 2014; Ragauskas et al., 2014). Biomass derived sugars can either be fermented to ethanol and blended with fuel (the traditional use) or transformed into building blocks for high-value materials like p-xylene (Williams et al., 2012; Chang et al., 2014), toluene (Green et al., 2016), and butanol (Nigam and Singh, 2011). The lignin rich hydrolysis reside, on the other hand, is typically combusted for biorefinery power generation or used as a local animal feed supplement. Another option for this lignin rich residue is conversion into a bio-oil that could be further upgraded liquid transportation fuel. This paper will evaluate the effectiveness of converting hybrid poplar and shrub willow to sugars (through enzymatic hydrolysis) and bio-oil (through fast pyrolysis). In addition, SRWC anatomical fractions (separated by hand and using air classification as a preprocessing step) were passed through each conversion process to understand how anatomical fractionation alters conversion yields. Finally, a hybrid pathway, where the lignin rich residue from biochemical conversion was utilized for bio-oil production through fast pyrolysis, was also explored. Utilizing lignin rich residues from pulp and paper processes has only recently been demonstrated at scale (De Wild et al., 2014). To the best of the authors' knowledge, no studies have focused on the fast pyrolysis of lignin rich residue from a biochemical conversion process; in particular, not for emerging energy crops like poplar and willow.

MATERIALS AND METHODS

Materials Sourcing

Hybrid poplar (P. deltoides × P. nigra.), from a 3 year coppice with 5 year old roots, was harvested July 14, 2017 from Kootenai County, Idaho using a New Holland FR 9080 forage harvester with a FB130 coppice header producing chip dimensions around 1′′ × 2′′ × ½′′. Shrub willow was harvested September 5, 2017 from Jefferson County, New York from Celtic Energy Farms plots using the same harvesting method as the poplar. Once received, approximately 200 kg of each of material was divided into representative subsamples using a custom rotary splitter. Each subsample consisted of 2.5–3.5 kg of wet material for air classification, anatomical fractionation, characterization, and conversion. Moisture content for air classification was 45.4% for hybrid poplar and 52.6% for shrub willow. Processed samples were dried at 105°C for 24–30 h using a high performance horizontal air flow drying oven (SHEL LAB, model no. FX28-2, Cornelius, OR). Samples not processed within a week were stored frozen at −20°C.

Biomass Fractionation

Air classification (AC) was performed on wet chips using a 2x Air Cleaner equipped with an Iso-flow dewatering infeed shaker (Key Technologies, Walla Walla, WA). Air classification separates the samples into two fractions (light and heavy) by passing material over a screen covered fan. The lighter fraction (primarily low quality fines, leaves, and bark) is blown upward and pneumatically conveyed into a separate container than the heavy fraction, which passes over the fan. Several air velocities were tried until a flow rate was found that removed the majority of the leaves and bark but retained the majority of the chips (~4.7 m/s).

Additionally, anatomical fractions were separated by hand to create a clean chip fraction (white chips without any bark), and an unclean mix (the fraction containing leaves, twigs, branches, free bark, chips with bark, and fines). This separation of clean chips and an unclean mix was chosen to represent the best possible fractionation scheme. Both air classification and anatomical fractionation was done in triplicate for all samples and the results of the different fractionation methods can be seen in Table 1. It should also be noted that this table also contains the results of the residual lignin rich residue that is left over after biochemical pretreatment.


Table 1. Mass fractions on a dry basis for hybrid poplar and shrub willow fractionation methods.
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Sample Preparation

Samples were ground to pass a 2.0 mm screen using a Thomas Model 4 Wiley knife mill (Thomas Scientific, model no. 3375-E55, Swedesboro, NJ) based on ASTM E1757-01 for compositional analysis and biochemical conversion. Samples were further ground to pass a 200 μm sieve (Retsch ZM 200) for thermochemical conversion analyses. To prepare samples for pyrolysis approximately 1 g of material was compressed into a 16 mm square custom die with rounded corners at approximately 20,000 lbf for 1 min using a Carver press (3853-0C, Carver Inc.).

Chemical Characterization

Compositional analysis was performed following the standard Laboratory Analytical Procedures for Compositional Analysis developed at NREL (Sluiter et al., 2010). The details of the procedure are summarized below. Extractives were removed using an accelerated solvent extractor (ASE) 350 (ThermoFisher, Scientific, Waltham, MA) three times with both water and ethanol. Water soluble non-structural sugars and organic acids content was determined by high performance liquid chromatography (HPLC) after acid hydrolysis (using 72% sulfuric acid to make a 4% acid solution and autoclaving at 121°C for 1 h followed by filtering through a 0.25 μm filter). Organic acids were analyzed on an Aminex HPX-87H column (BioRad Laboratories, Hercules, CA), with a column temperature of 55°C, using a diode array detector, a mobile phase of 0.01 M sulfuric acid, and a flow rate of 0.6 mL min−1. After neutralization with calcium carbonate, sugars were analyzed on an Aminex HPX-87P column (BioRad Laboratories, Hercules, CA) with a column temperature of 85°C using a refractive index detector, a mobile phase of 18 MΩ ultrapure water, and a flow rate of 0.6 mL min−1. Duplicate injections were performed for all samples. Acid-soluble lignin was determined by measuring absorbance at 320 nm with an ultraviolet-visible spectrophotometer (Varian Cary 50, Agilent, Santa Clara, CA) and calculating the concentration using Beer's Law with an extinction coefficient of 30. Protein was determined by measuring percent nitrogen using a LECO TruSpec CHN (St. Joseph, MI) and then multiplying that value by a nitrogen-protein conversion factor of 4.6.

Thermochemical Conversion

Microwave enhanced fast pyrolysis was used for thermochemical conversion and is described here in brief with further details found in Klinger et al. (2016). The experimental apparatus consists of a quartz tube surrounded by an insulated microwave cavity (furnace) that can be independently heated (up to 550°C) on one end and is cooled with dry ice on the other end, while being purged with N2. A 3 kW SM1250D model microwave generator (MKS Instruments, Andover, MA) was used in combination with a waveguide and microwave auto-tuners to focus a microwave beam onto 3 g samples (comprised of three one gram pellets described above) inside the cavity to achieve fast pyrolysis heating rates. An infrared camera (A655sc with 25° lens, FLIR) was used to monitor sample temperature during the reaction. In a typical experiment a region of interest at least 20 × 15 pixels (325 μm/pixel) was recorded to track the spatial and temporal temperature distribution. This spatial distribution varied by no more than 20–30°C during any given video frame. A virtual instrument developed in LabVIEW (National Instruments, Austin, TX) was used to control the microwave power applied to the sample. Product vapors and gases are swept through the dry ice cooled section of the quartz tube to a filter that recovers condensable vapors while permanent gasses are passed through a digital gas flow meter (FMA-4312, Omega Engineering) and gas analyzer (7905A, Nova Analytical Systems). Gas analysis uses thermal conductivity for H2, an electrochemical sensor for O2, and NDIR infrared detection for CO, CO2, CH4, and total hydrocarbons (HC). Char is weighed after each reaction for a complete mass balance. Experiments were run in triplicate (or greater).

Bio-oil quality analysis was performed by ALS Environmental for carbon, hydrogen, nitrogen (CHN) using ASTM – D5291, for water by Karl Fischer using ASTM – E1064, and for acid number by ASTM – D3339.

Biochemical Conversion

Dilute acid pretreatment was performed by accelerated solvent extraction using 1 wt% sulfuric acid at 160°C. Enzymatic hydrolysis was conducted using a modified version of the procedure described in Selig et al. (2008). Pretreated solids were enzymatically hydrolyzed by adding 1.0 g of dry biomass (dried at 105°C) to a 50 mL incubation flask with 5 mL of 0.1 M citric acid buffer (pH 4.8), 100 μL of 2% sodium azide solution, and the appropriate amount of nanopure water to reach a final reaction volume of 10 mL. Enzymes were added at 20 mg/g dry biomass for Cellic® CTec2 (Novozymes, Franklin, NC, USA) and 2 mg/g biomass for Cellic® HTec2. The density of all solutions and biomass were assumed as 1 g/mL. Enzyme and substrate blanks were prepared as controls. To investigate sugar release kinetics 150 μL aliquots of liquor were removed after 6, 12, 24, 48, 72, and 120 h of incubation at 50°C, filtered through a 0.2 μm filter, and analyzed for monomeric sugars using HPLC (Agilent HPLC Model 1260; Agilent Technologies; Santa Clara, CA). Sugars were analyzed on an Aminex HPX-87P column (BioRad Laboratories; Hercules, CA) with a column temperature of 85°C using a refractive index detector, a mobile phase of 18 MΩ ultrapure water, and a flow rate of 0.6 mL/min. Duplicate injections were performed for each sample. Each feedstock was analyzed through dilute acid pretreatment and enzymatic hydrolysis in triplicate. The sugars evaluated for this study, defined as the “Theoretical Yield” included the sum of released glucose, xylose, galactose, arabinose, mannose, and cellobiose divided by those sugars present in the pretreated material multiplied by 100.

RESULTS AND DISCUSSION

Biochemical Conversion With Air Classification

A partial suite of the compositional analysis for the whole tree, air classified, and hand fractionated clean chips for hybrid poplar and shrub willow can be seen in Table 2. From this data it is clear that fractionation of SRWC provides several benefits for biochemical conversion. In this data, the clean chips material is comprised of the hand separated fraction of white wood chips that represent the best possible feedstock for biochemical conversion due to low extractives and high sugar. Air classified material approaches clean chips in terms of lower ash, fewer extractives, and increased sugars content; however, even with the removal of leaves, the lower quality of the remaining bark content attached to twigs, branches, and chips is still evident in the composition. Decreasing ash can lead to more effective dilute acid pretreatment, because ash can neutralize the acid, and reducing extractives typically increases enzymatic activity. Air classification boosted the hybrid poplar total sugar content above 59%, which is generally agreed upon as suitable for biochemical conversion (Davis et al., 2013). Additional compositional analysis data can be found in the supporting information for these same samples.


Table 2. Compositional analysis of hybrid poplar, shrub willow, and their air classified fractions.
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The effects of air classification and hand separation on enzymatic hydrolysis can be seen in Figure 1 with hybrid poplar in panel A and shrub willow in panel B. The results presented here are for the theoretical yield, which is the amount of sugar released over the amount of sugar contained in the sample based on hydrolysis time. It is important to note that preprocessing steps like air classification can increase total sugar content, which means that hydrolyzing a gram of air classified material can ultimately release more sugar than hydrolyzing whole tree material, given the same theoretical yield. Unsurprisingly, for both materials the hand separated “clean” material gave the best conversion results with a yield of about 75% of the theoretical maximum for coppices. However, while clean chips of each coppice material gave similar maximum sugar yields the “whole” materials gave significantly different results; with hybrid poplar releasing 67% of the available sugars compared to 57% for the shrub willow. This drastic difference in sugar yields could be explained by the fact that the willow samples contained a greater amount of both ash and extractives, which inhibit pretreatment and hydrolysis, respectively. These results for hand separated coppice are in agreement with work performed by Dou et al. (2017b). It can also be seen that air classification improves enzymatic hydrolysis yield for both feedstocks. Improved results can be tied directly to decreased ash and extractives content in each of the samples (Table 2). Air classification removes basically all of the leafy material (and some of the bark in the case of hybrid poplar) which decreases the extractives content significantly. Error bars on the enzymatic hydrolysis data are significant (>5%) on a few of the data points due to the runs being performed in triplicate. These small sample size error bars make a strict interpretation of the results difficult. When considering potential improvements achievable by using air classification it is useful to consider the average error of for a larger enzymatic hydrolysis sample size. The average error for EH results across all 36 of the samples (which were run in triplicate) was 3.7%. If the sugar yield data is interpreted through a lens of ~4% error it becomes clear that air classification makes a significant improvement. At 4% error air classified material is generally comparable to clean chips and better than whole tree material, especially for shrub willow.
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FIGURE 1. Biochemical conversion of whole and fractionated (A) hybrid poplar and (B) shrub willow.



Thermochemical Conversion With Air Classification

Initial pyrolysis experiments investigated the potential benefits of air classification on fast pyrolysis. Theoretically, air classification could remove ash species and improve liquid yields. However, it should be noted that the thermochemical specification of <1% ash is not met (Jones et al., 2013) and more preprocessing would be required in order to upgrade SRWC to a conversion ready feedstocks. Results from the pyrolysis of whole tree hybrid poplar as well as hand separated material and both heavy and light air classified samples can be seen in Table 3. It can be seen that the whole hybrid poplar has a liquid yield of 59.81% while the clean chips and unclean mix yielded 65.28 and 50.84% liquid, respectively. The heavy fraction of material separated by air classification showed a significant decrease in ash based on compositional analysis (Table 2) but gave a liquid yield of 60.56% that was not statistically different than the whole tree sample. The light fraction of the air classified material had a liquid yield of 48.86% which was within error for the unclean mix sample. It can also be seen in Table 3 that char and gas yields for the air classified material followed the same trends shown by the hand separated material. Overall, pyrolysis of air classified material showed the expected trends based on the composition but there was no significant benefit to air classification when the total liquid yields were weighted by the mass fraction of material in each bin (i.e., Table 1). Additional data on the effect of varying air classification fan speed on pyrolysis yield can be seen in the supporting information; however, the results mirror what is seen in the manuscript.


Table 3. Pyrolysis yields for whole, hand fractionated, and air classified hybrid poplar for the mean and (standard deviation).
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Feedstock Preprocessing Combined With Hybrid Conversion

Biochemical conversion exhibits a much greater sugar release after air classification preprocessing compared to the modest increase in pyrolytic liquid from thermochemical conversion of SRWCs. Additionally, the pyrolysis oil quality has potential to be improved when processing lignin rich leaf and bark residue separated by air classification and/or lignin rich residue from biochemical conversion.

Pyrolysis yields from the whole tree, hand separated clean chips and unclean mix, and biochemical conversion residue for both poplar and willow can be seen in Table 4. As expected, the clean chips had the highest liquid yields (of around 65%) while the unclean mix (which contains everything that is not clean chipped material) had the lowest liquid yields (around 50%). The whole tree material gave intermediate oil yields of 55–60% for the willow and poplar, respectively. These intermediate oil yields are expected to be close to the yields for the clean chips given that the bulk each material is made of heartwood instead of bark and leaves. Leftover lignin rich residue from the biochemical conversion process gave oil yields similar to that of the whole tree material. However, char yields for the lignin rich residue were significantly higher than the whole material. This is likely the case because lignin is largely responsible for char-forming reactions when compared to cellulose and hemicellulose (Evans et al., 1986; Sharma et al., 2004; Patwardhan et al., 2011). Interestingly, the biochemical conversion residues produced less char residuals than previous studies on lignin, possibly because of the removal of extractives and inorganics. In this sense, the biochemical pathway acts as a pretreatment stage for the thermochemical conversion. In addition, previous studies have noted that differential thermogravimetric curves of lignin from enzymatic hydrolysis look more like natural lignin than organosolv lignin and may reflect the relatively high yield compared to prior work (Cho et al., 2012).


Table 4. Liquid, char, and gas yields from various fractions of hybrid poplar and shrub willow.
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Apart from simply maximizing pyrolysis liquid yields it is important to understand something about the quality of the bio-oil. However, there is still very little consensus on what constitutes a high quality bio-oil; to date, primary measurements of bio-oil quality have centered on reduced acidity, as measured by the total acid number (TAN), reducing water content, and reducing oxygen content. For this work bio-oil quality metrics can be seen in Table 5. The TAN is highest for clean chips and whole tree materials and decreases slightly for unclean (leaf and bark rich) material. The TAN can be seen to have decreased significantly for the biochemical conversion residue. This indicates that the quality of the bio-oil produced from these waste products has at least some of the key qualities for a higher value oil. It also appears that the majority of the nitrogen resides in the lignin rich fractions of the coppice but there is no clear trend related to water content or carbon content based on the Karl Fisher or CHN analysis, noting that the relative measures of carbon are likely skewed by measuring the whole water-laden liquids. If the water measurements are directly factored out, the qualitative results are largely unchanged. For hybrid poplar the lignin-rich residues produced the highest carbon content liquid followed by the clean chips, while the highest fractions in willow was clean chips followed by lignin-rich residues. Improved measurement methods of water content, and accounting between bound feedstock moisture and chemically formed water through primary and secondary reactions, needs further future development.


Table 5. Bio-oil properties from fast pyrolysis conversion.
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It should be noted that the use of a combined bio/thermochemical process has the potential to increase the overall yield of valuable products. Simple biochemical conversion converts about 60% of the original mass to fermentable sugars while pyrolysis provides about 65% yield of liquid bio-oil products. By utilizing air classification as a preprocessing technique to remove material detrimental to biochemical conversion, followed by pyrolysis of the lignin rich biochemical residue (and air separated leaf/bark) in a hybrid conversion process, the combined yield of sugars and oil can be increased above 80% and significantly increase overall biomass utilization.

CONCLUSION

In conclusion, air classification is a simple preprocessing strategy that has the potential to improve sugars release during enzymatic hydrolysis by 6–12% for short rotation woody coppice. The total theoretical sugar release for these hardwood coppices was ~70% which suggests that they could be utilized for biochemical conversion. Improved enzymatic hydrolysis yields after air classification can be tied to the compositional changes of reduced ash and extractives that can neutralize dilute acid pretreatment and inhibit fermentation. However, air classification has little to no effect on pyrolytic thermochemical conversion of coppice as it removes material without returning a significant improvement in oil yield. It was also shown that pyrolysis of biochemical conversion lignin rich residue gives liquid yields comparable to whole tree pyrolysis with a higher quality oil that has ~60% reduced total acid number. Using this hybrid bio/thermochemical strategy can improve yields of fermentable sugars and oil to ~80% instead of the 60% yield of sugars or oil when using a single conversion strategy. Overall, it has been shown that preprocessing and hybrid conversion pathways are a viable strategy for maximizing biorefinery viability.
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