
ABSTRACT 

 
CORBETT, DEREK BELDON. Xylooligosaccharide Production and Mechanical Refining for 
Improved Carbohydrate Utilization in Lignocellulosic Biorefining. (Under the direction of Drs. 
Sunkyu Park and Richard Venditti). 
 
 Widespread utilization of lignocellulosic materials in advanced applications is hampered 

by the complexity and associated high costs of conversion proposed technologies. Two main 

strategies have been explored to address the unfavorable economics of lignocellulosic conversion 

processes. The first is improvement of the efficiency of the processes proposed for the 

production of conventional second-generation products (such as ethanol) which tend to be high 

volume/low value products. The second strategy involves the development of processes for the 

production of high value (or so-called value-added) products or co-products. In this dissertation, 

progress towards achieving both goals is presented focusing on the utilization of the 

carbohydrates in lignocellulosic biomass. In the first two chapters, aspects of the well-known 

technology of mechanical disk refining are discussed in the context of enzymatic sugar 

production from cellulose and hemicelluloses. Disk refining at various conditions (gap width and 

consistency, and notably different refining intensities, as measured by specific edge load; SEL) is 

tested to improve the efficiency of cellulose and hemicelluloses enzymatic hydrolysis. 

Additionally, pulps that had been exposed to various amounts of mechanical refining were 

fractionated based on particle size to be able to independently assess the impact of 

fibrillation/delamination and fiber length reduction on cellulose accessibility. In the last three 

chapters, a commercially viable process for the production of a high value xylooligosaccharide 

(XOS) product from autohydrolysate is investigated in depth. Optimization efforts are made for 

each stage of purification. Finally, a complete techno-economic analysis of the XOS production 

process based on the experimental results in chapters three and four is presented. The impact of 

process variations including an endoxylanase enzymatic hydrolysis treatment prior to 

purification is investigated. The results of the mechanical refining study indicated that refining 

energy improved enzymatic digestibility independent of refining intensity. Additionally, fiber 

length had little impact on digestibility (above ~0.5 mm) whereas fibrillation/delamination 

substantially improved enzymatic digestibility. The smallest size fractions were remarkably 

digestible even considering the much higher lignin content in those fractions. Around ~30% of 

XOS in autohydrolysates was found to be present as “tied” XOS, which was believed to be 



associated with lignin. Consideration of this and XOS degree of polymerization was shown to be 

essential for assessment and optimization of purification processes based on adsorption. Techno-

economic analysis showed an MPSP of 4.1$/kg of OS product with enzymatic hydrolysis 

treatment prior to purification substantially improving the overall yield and final product quality, 

with a small increase in MPSP at medium enzyme loadings. 
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INTRODUCTION 

 
 Lignocellulosic resources (trees, grasses, agricultural residues) have been utilized by 

humans to meet our energy and material needs for millennia. These resources are plentiful in 

many parts of the world and are relatively rich in carbon (energy). These two attributes make 

lignocellulose ideal for the generation of heat (for cooking or warmth) and the construction of 

dwellings and shelters.   

While we may like to think that humans have evolved past the point of relying on wood 

for log cabins and wood-burning stoves, the 21st century brings with it many challenges for 

which we have found ourselves looking back to the forests for solutions. The composition of 

wood and other lignocellulosic materials is relatively unique among abundant, natural, and 

renewable (on any reasonable timescale) resources. Of particular interest is the high carbon 

content, present both in carbohydrates and lignin. In stark contrast, solar, hydro, nuclear, and 

wind resources provide no carbon whatsoever, and as such provide little hope for meeting the 

quickly growing material needs of modern society. 

However, retrieving this carbon in a useful form and at low cost has remained a major 

obstacle for the scientific community. The heterogeneity and so-called recalcitrance of 

lignocellulose limits the realistic effectiveness of proposed conversion technologies. A major 

portion of cellulose is crystalline, hemicelluloses have varied compositions, branching, and 

acidic side-chains, lignin has an even more complex structure than hemicelluloses and is 

extremely prone to condensation, and all three are chemically and physically intertwined in 

native lignocellulose.  

The result is that while a renewable, abundant, source of glucose, xylose, aromatic 

phenols, acetic acid, and a plethora of other exciting compounds taunts us from within the wood 

chip, the production of any of these compounds from lignocellulose is technologically 

complicated and invariably expensive. Cost is the major challenge associated with the utilization 

of lignocellulose for energy, materials, and chemicals. Most proposed conversion technologies 

have been demonstrated to be technologically feasible, but very few are economically viable due 

to low yields, high production costs, or scalability 1,2. This point is driven home by the proverbial 

graveyard of “second-generation” biorefinery companies that have started and then gone 

bankrupt within only a few years. Government subsidies and tax credits have and will continue 
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to play an important role in promoting investment in advanced “second generation” biorefineries, 

but the technologies still need improvement 1,2. 

This is not to say that all hope is lost. Deep technological understanding, substantial 

creativity, and more research is required to overcome these obstacles. In general, there are two 

approaches to improving the economic viability of biorefineries. The first involves the reduction 

of the costs associated with the production of relatively low-value products and the second 

involves the production of higher-value products and co-products. Recently, the focus of most 

research has shifted to the latter strategy, as the production of energy (the classic low-value high-

volume biorefinery product) has been mostly abandoned due to extremely low oil and gas prices. 

The body of research presented in this dissertation addresses a significant part of the 

obstacles facing the economically viable utilization of lignocellulose. Chapters one and two aim 

to improve the utilization of lignocellulosic carbohydrates by minimizing production costs (the 

first approach). Reduction of enzyme loading requirements for high-yield conversion of cellulose 

to glucose while also minimizing pretreatment energy consumption is necessary to minimize 

production costs. Achieving this requires improved understanding of the impact of pretreatment 

technologies (in this case mechanical refining) on fiber morphology and resulting cellulose 

accessibility to enzymes. In my research, major mechanical refining variables were 

systematically manipulated to determine their impact (as well as the impact of refining intensity, 

if any) on fiber morphology and resulting enzyme hydrolysis conversion efficiency. The results 

of this research, informs efforts to optimize mechanical refining conditions for enzymatic 

glucose production from cellulose. 

Chapters three and four aim to improve the utilization of lignocellulosic carbohydrates by 

producing a high-value product (the second approach). Products produced from low-value 

byproduct streams have great potential to improve the economic viability of the biorefinery. 

Autohydrolysate is the perfect example. However, autohydrolysate contains a complex mixture 

of dissolved compounds. A complete understanding of the nature of the components dissolved in 

autohydrolysate is necessary to be able to effectively purify these products for high-value 

applications. My research involved the analysis of short-chain carbohydrates (oligosaccharides) 

present in autohydrolysate and their potential covalent association with lignin. The association of 

oligosaccharides with lignin in autohydrolysate is highly relevant to purification efforts. 
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Finally, in the fifth chapter a techno-economic analysis of a complete process for the 

production of a high-value carbohydrate-derived product (xylooligosaccharides; XOS) is 

presented. While there are publications describing scientific aspects of various treatment 

processes for XOS production, complete techno-economic analyses of such processes are rare. 

The final chapter of this dissertation presents such an analysis, informed by experimental data 

acquired in the lab. The economic outlook of the proposed XOS production process is assessed 

and various adaptions to the base-case process are considered as well.  
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CHAPTER 1: Effect of Mechanical Refining Energy on the Enzymatic Digestibility of 

Lignocellulosic Biomass 

 
Introduction 

 In the ongoing pursuit of low-cost sugars for biofuel and fine chemical production from 

lignocellulose, mechanical refining has emerged as a technology with significant potential. 

Various forms of mechanical treatments have been shown to substantially improve the enzymatic 

digestibility of biomass 3–11. Of these refining technologies, disk refining is particularly 

promising as it can reduce enzyme costs and has been used for many years in the paper industry 
9,12,13. For virtually all biochemical conversion processes, access to substrate surface area is of 

utmost importance for ensuring optimum kinetics and process yield. Mechanical refining is a 

highly practical option for improving the morphology of biomass fibers for biochemical 

conversion. Mechanical refining has been the topic of a large amount of research 4,5,7–10,12–15. 

However, further understanding of the effects of disk refining on fiber morphology and 

investigation into how refining energy consumption translates to improvements in enzymatic 

digestibility is important for continued progress towards commercial implementation of this 

technology. In addition, further enhancements in refining efficiency are necessary, for which 

improved understanding of the fundamental effects of mechanical refining on fiber morphology 

and the impact of refining conditions will be useful. 

 Mechanical disk refining involves the deconstruction of wood fibers by frictional and 

shear forces that occur between two parallel metal “plates.” Refining plates feature a regular 

pattern of bars and grooves. One plate is driven by a motor (the rotor) while the other is 

stationary (the stator). Specific refining energy (SRE) and specific edge load (SEL) are two of 

the most common metrics for describing mechanical refining action 10,16,17. SRE represents the 

total energy consumed by fiber-bar interactions during the pulp’s residence time in the refining 

zone and is expressed as the energy consumed during refining per mass of pulp refined 

(kWh/oven-dried (OD) ton). SEL is an indication of the severity or intensity of refining and is 

expressed as the energy per bar edge length per bar crossing (Ws/m) 16. Lower SEL indicates that 

the refining was less intense (less energy consumed per fiber-bar interaction). 

 SRE and SEL can be manipulated by adjusting refining variables such as gap-width 

(distance between the refining plates), pulp consistency, and plate design. It is known that 
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increased SRE/SEL leads to more substantial fiber deconstruction and associated improvements 

in enzymatic digestibility at the expense of refining energy consumption 8. There are three main 

modes of mechanical refining: fiber cutting, external fibrillation, and internal delamination 4. The 

extent to which each of the three refining modes is active during mechanical refining depends on 

the refiner type, plate design, and refining conditions (consistency and gap-width) employed 17.  

Water retention value (WRV) and fiber quality analysis (FQA) was utilized in this 

research to measure morphological changes due to mechanical refining. It has been reported that 

WRV correlates well with enzymatic digestibility 8. However, no single fiber property has been 

shown to fully describe enzymatic digestibility 8. Enzymatic digestibility is influenced by a 

combination of multiple substrate factors such as lignin-induced non-productive binding, lignin 

amount and spatial distribution, cellulose crystallinity, and hemicellulose structure 18–32. 

 While increased SRE has been shown to lead to improved enzymatic digestibility, at very 

high refining severities it has been reported that a reduction in enzymatic digestibility can occur. 

This phenomenon is known as over-refining 4,8,10. Over-refining may be due to the collapse of 

macro-pores resulting in reduced accessibility to enzymes 4,8,10. In addition, other factors may be 

important to the over-refining effect, including surface burning and lignin redistribution at high 

temperatures brought on by friction during severe refining. To study over-refining, fibers must 

be exposed to very high SRE. In this research, high SRE was achieved by subjecting pulp to 

multiple consecutive refining passes. It was hypothesized that the use of multiple lower intensity 

refining passes may avoid the over-refining effect previously observed at high SRE. 

 In addition to producing pulp that has been exposed to very high total SRE during disk 

refining, running multiple passes allowed for investigation into the impact of refining conditions 

(specifically gap-width and consistency) on fiber morphology and enzymatic digestibility at 

constant SRE. By running multiple passes, pulps were produced that had been subjected to 

different refining intensities (SEL) but the same total SRE. This was possible because by 

performing multiple refining passes a sample of pulp could be exposed to more time in the 

refining zone at the same intensity to increase the total SRE without impacting the SEL 

experienced. 

It is known that refining intensity has an impact on resulting fiber morphology 17. More 

intense refining (higher SEL) results in fiber cutting, whereas less intense refining results in a 

higher degree of fibrillation 17. In papermaking applications, SEL is adjusted to optimize fiber 
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properties for the specific product application 17. However, the impact of refining intensity on 

enzymatic digestibility is not well understood. In a previous report, Zhu et al. reported on the 

mechanical refining of softwood fibers refined at different gap widths and solids contents. They 

reported that the increase in glucose production during enzyme hydrolysis per unit refining 

energy input was not strongly dependent on refining conditions 15.  

The present study takes a different approach by using mildly pretreated mixed southern 

hardwood fibers and multiple passes through the disk refiner to analyze the impact of refining 

intensity at equivalent total energy consumption. Second-pass refining may require less energy 

consumption than single-pass refining and may be more effective due to initial homogenization 

occurring during the first pass. The enzymatic digestibility of the refined pulps is assessed using 

two different enzyme loadings. In addition, enzymatic digestibility of pulp refined with very high 

total SRE is investigated and insights are made as to the relative impact of adjusting refining 

intensity by changing refiner gap width vs. pulp consistency. The results presented here inform 

further development of the mechanical refining process for biosugar production from 

lignocellulosic biomass.  

 

Materials and Methods 

Biomass and its composition analysis 
Mixed Southern hardwood sodium carbonate pulp was collected from Georgia Pacific 

paperboard mill (Big Island, VA). At the mill, wood chips were pulped as described previously 8 

except that the sample was collected prior to brown stock washing. Briefly, mixed southern 

hardwood chips were treated in a six chamber Pandia digester at 190ºC for 5.5 minutes at a 

loading of 6.5 kg of wet chips per L of Na2CO3 liquor. The pretreatment yield (g pretreated 

chips/g starting chips) was 84.5% and the average final consistency of the stock leaving the 

digesters was ~30%. Hardwood sodium carbonate pulp was chosen for this research as it is a 

relatively mildly pretreated material well-suited for further mechanical pretreatment 9. The 

sodium carbonate pulping process is defined as mild based on the H-factor. In pulping 

operations, an increase in either time or temperature will result in a higher severity treatment 

(more dissolved material, increased degradation, potentially increased lignin condensation, as 

well as other effects). The H-factor combines time and temperature into a single parameter to 

represent the severity of a pulping treatment in a simple way. H-factor is typically used to 
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compare chemical pulping processes, but has also been applied to pretreatments 33,34. The H-

factor for the sodium carbonate pulping process in this study is around 450. Typical H-factors for 

the Kraft pulping process are over 1000 34. For a 60-minute hot-water pre-extraction (160ºC), the 

H-factor is ~410 33. 

Pulp was washed by hand to remove pretreatment liquor and stored at ~20% consistency 

at 4ºC prior to use. Compositional analysis of the pulp was performed following the NREL 

procedure 35. Briefly, room temperature acid hydrolysis was performed with 72% sulfuric acid (2 

h) followed by one hour of hydrolysis in 4% sulfuric acid in an autoclave at 121ºC. After 

filtration, solid residue was weighed as acid insoluble (klason) lignin. UV/Vis at 205 nm was 

used for acid soluble lignin detection (Lambda XLS, Perkin Elmer, Waltham, MA, USA). After 

neutralization, carbohydrate monomer concentration was measured by HPLC to determine 

carbohydrate content. The HPLC set up was as follows: Shodex SP-0810 column (8 Å~ 300 mm, 

Showa Denko, Japan) maintained at 80 °C. Milli-Q water mobile phase, flowing at 0.5 mL/min 

(60 min per sample). A refractive index detector was used for detection of sugars in eluent. 

Calibration was performed with commercial standards of glucose, xylose, galactose, mannose, 

and arabinose. 

 

Mechanical Refiner and refining variables 
A 12” Sprout Waldron Thermo-Mechanical Pulping (TMP) unit (Koppers Company, 

Inc., Model 12-1CP, Muncy, PA) was used for mechanical disk refining. Sprout Waldron D2A-

507 type plates were used for three zone refining. Motor was a 60 HP, 1775 RPM Reliance Duty 

Master AC motor (Cleveland, OH). Refiner speed, screw feed, and agitator speeds were constant 

for all runs. Five refining conditions (Table 1) were chosen to achieve the selected refining 

conditions by adjusting pulp consistency (K) or refiner gap-width (GW) based on previous 

studies 8,10. To accurately control the GW, the refiner was turned on and allowed to warm up, 

after which the zero-gap position was determined by closing the gap until the plates audibly 

touched. This process was repeated multiple times until the zero-gap location remained 

consistent. The gap was then increased to the appropriate width for refining. The scale on the 

refiner gap-width control has been checked and was found to be accurate and reliable. The zero-

gap location was adjusted prior to each individual refiner run, but was not adjusted during each 

run.  
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Pulp at the correct consistency was dumped into an agitated hopper with a horizontal 

screw feed at the bottom leading to the refining zone. The screw feed was activated resulting in 

pulp being fed to the refiner. The time was measured from activation of the screw feed until all 

the pulp had been removed from the hopper by the screw feed. 

Pulp was refined at each condition twice and samples were taken after each refining pass 

for further analysis. Energy usage data was recorded and specific refining energy (SRE) was 

calculated based on total OD pulp refined (Equation 1). In each case, one kg pulp (OD) was used 

for the first pass and 0.5 kg pulp (OD) was used for the second pass. For each refining run it was 

assumed that 250 g of pulp never passed through the refining zone and remained in the 

equipment after refining. While 1 kg of pulp (OD) is preferred, 0.5 kg pulp is considered 

acceptable for producing meaningful results 10,15. The calculated single-pass SREs were within 

170 kWh/OD ton of anticipated values for all five first-pass conditions. 

 

!"#, %&ℎ
()	+,- = "/01-1-2	3,45 − 7,	3,45

()	+,-8	,0	91,:488	;/01-/5 

 

Specific edge load (SEL) is calculated as the energy consumed per unit refiner bar length 

to which the pulp is subjected during refining (Equation 2) 10,16,17. 

 

!#3, &8: = "/01-1-2	<,=/; − 7,	3,45	<,=/;
"<>×@4;	#52/	3/-2+ℎ  

 

Bar edge length (BEL) is a characteristic of each specific refiner plate that depends on the 

pattern of bars and grooves on the plate surface. The BEL was 2.11 km/rev for the refiner plate 

used in this study. RPM was constant at 1,775 RPM. To calculate the total SEL for the two-pass 

refined pulps, the total refining energy (sum of first and second passes) was divided by the total 

cutting edge length (CEL; product of the BEL and the rotational speed) experienced by the “two-

pass” pulps (sum of first and second pass CEL experienced).  

SEL is most useful for low consistency refining (3-5 %K) since the refining zone is 

consistently filled with pulp. Calculation of SEL is more problematic for high consistency 

refining (20-40%) due to inconsistent distribution of pulp within the refining zone, pulp 

compressibility, and the resulting unclear pulp residence time in the refiner. However, SEL can 

(1) 
 

(2) 
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still be a useful metric even at higher consistencies 16. In this work, consistencies vary from 10 to 

20 %K (Table 1), which is considered medium consistency refining. We can expect SEL in this 

range to be a useful metric for describing refining intensity. 

 
Table 1: Refining conditions. For each condition, a pulp sample was refined for two passes. 

Gap Width (GW; mm) 0.12 0.12 0.12 0.38 0.05 
Consistency (K; %) 10 15 20 10 10 
Anticipated SRE (kWh/ton) 1000 1250 1500 750 1500 
 

Measurements of fiber properties 
Dimensional characterization of unrefined and refined biomass fibers (length-weighted, 

fiber length, and % fines) was performed using a HiRes Fiber Quality Analyzer (FQA) 

instrument. Fines are defined as fibers less than 0.2 mm in size and are reported as a percentage 

of total particles counted.  Water retention value (WRV), which measures the amount of water 

retained by the fiber network when exposed to a standard centrifugal force, was determined 

using centrifugal filtration tubes as described by Jones et. al, except that the fritted glass filter 

was coarse porosity8. 

 

Enzymatic hydrolysis 
 To produce sugars from refined pulp, enzymatic hydrolysis (EH) was performed at 5% 

consistency in 50 ml vials with a 30 ml working volume utilizing a mixture of Cellic® CTec2 (5 

and 10 FPU/g OD biomass; 10.3 and 20.5 mg protein/g glucan respectively) and Cellic® HTec2 

enzymes (1/9 v HTec2/v CTec2) supplied by Novozymes. pH was controlled with sodium 

carbonate buffer (4.8 for 5 FPU/g and 5.3 for 10 FPU/g). Initial EH experiments were performed 

using pH of 4.8 based on supplier recommendations. Subsequently, pH optimization was 

performed, in which a pH of 5.3 was found to result in improved conversions. All further EH 

experiments were performed at pH 5.3. The pH is expected to impact overall carbohydrate 

conversion similarly to enzyme loading, so the pH discrepancy is not believed to be a concern.  

EH experiments were run for 96 h at 50ºC in a shaking incubator with 1.5 ml samples taken 

every 24 h. The conversion was calculated as the percent of starting carbohydrates that were in 

solution as monomers after 96 h of EH, as determined by HPLC (as previously described). 

Carbohydrate conversions are reported as a percent of total glucose + xylose in starting 
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(unrefined) pulp. Even though samples were taken every 24 hours, the data shown is from 

samples taken after 96 h of EH in order to compare refining conditions on a consistent basis. 

Very little additional increase in carbohydrate conversion was observed during the last 24 h of 

hydrolysis. The general trends are the same for 24, 48, and 72 hours, hence that data is not 

included. It is possible, however, that higher conversions may be achieved with increased 

hydrolysis times, particularly for the very high SRE pulps. 

 

Results and Discussion 

Compositional analysis 
The results of compositional analysis of the sodium carbonate pulp from mixed southern 

hardwood are shown in Table 2. The pulp had a relatively high lignin content (28.4%; acid 

soluble + acid insoluble). Glucan and xylan together accounted for ~60% of the OD mass. The 

composition of this pulp was similar to that of the pulp used in the previous research sourced 

from the same industrial facility 8–10. Refining at the highest refining severity (2 passes, 0.05 mm 

GW and 10% K) was determined to not change the composition of the pulp appreciably (Table 2; 

Extractives and ash content was not determined for the refined sample). It is believed that the 

small loss of xylan during the refining process is not due the mechanical refining process, but is 

due to slightly increased xylose degradation during acid hydrolysis of the highly refined pulp, 

this is supported by the reduced mass balance. 

 
Table 2: Chemical composition of mixed southern hardwood sodium carbonate pulp. ND: Not 
determined. AS: Acid soluble. AI: Acid insoluble. *Extractives and ash content from unrefined 
pulp is utilized. 

 Extractives Ash AS 
Lignin 

AI Lignin Glucan Xylan Other Total* 
Unrefined 1.6 ± 0.43 0.78 ± 0.12 3.9 ± 

0.81 
24.4 ± 0.61 46.9 ± 1.7 13.4 ± 

1.26 
8.9 91.1 

Refined ND ND 3.0 ± 
0.00 

26.8 ± 0.22 47.2 ± 0.2 11.6 ± 0.1 11.9 88.1 
 

Impact of gap width and consistency on refining energy and intensity  
 After mechanical disk refining at the conditions shown in Table 1 for one and two passes 

each, 10 refined pulps were obtained. Figure 1a shows the first pass and second pass individual 

specific refining energy (SRE) and the combined two-pass SRE for each condition. As expected, 

increased consistency and decreased gap-width resulted in increased SRE (and increased SEL). 
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This is because increased consistency requires that a higher concentration of fibers must be 

passing through the refining zone at any given time and at decreased gap-width the space 

between the refining plates, through which the pulp must pass, is narrower. Both increased 

consistency and decreased gap-width must result in a higher frequency of fiber-bar interactions. 

 

  
Figure 1: a) Total specific refining energy (SRE, kWh/OD ton refined) for first pass, second 
pass, and two passes combined for the varied conditions. b) Specific edge load (SEL, Ws/m) 
for first pass, second pass, and both passes combined for the varied conditions. GW: gap width 
(mm), K: consistency (% solids). 

Specific edge load (SEL) is a measure of refining intensity and is a function of both the 

plate design and the refining conditions. A higher SEL indicates more intense refining. The SEL 

for the two-pass refined pulps indicated that the refining intensities experienced by the two-pass 

refined pulps were between that of the first and second individual passes (Figure 1b).  

Refining conditions that resulted in lower SRE also resulted in lower SEL. Second-pass 

refining consumed significantly less energy (both SRE and SEL) than first pass refining at all 

conditions. The lower energy consumption observed during second-pass refining is believed to 

be due to the fiber rigidity being significantly reduced during the first refining pass resulting in 

more flexible fibers that consumed less energy per fiber-bar impact during the second pass. In 

addition, this first refining pass eliminated most bundles or agglomerates of fibers. The more 

liberated and homogeneous fibers are believed to pass through the refining zone more easily. 

Light microscopy revealed that the unrefined pulp contained relatively large fiber bundles 

compared to pulp after refining (Appendix A1). These morphologies could be expected to 

consume more energy during refining. 
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For one and two-pass refined pulps that had similar SRE values, the two-pass refined 

pulp had lower refining intensity (SEL). This was the expected result since SRE is a function of 

time and SEL. A two-pass refined pulp can have a similar SRE to a one-pass refined pulp if the 

SEL of the two-pass refined pulp is appropriately lower than the SEL of the one-pass refined 

pulp. The production of pulps refined at different intensities but with similar total SRE allowed 

for the investigation of the impact of refining intensity (SEL) on fiber morphology and 

enzymatic digestibility independent of SRE. 

 

Fiber morphology 
In this study, fiber quality analysis (FQA) was performed to determine average fiber 

length (Figure 2a), which is a representation of fiber cutting that is expected to occur during 

mechanical disk refining. As expected, the average fiber length decreased and percent fines 

content increased with increasing total SRE (fines content results are provided in Appendix A2). 

Fiber length continued to decrease linearly even at very high SRE. WRV showed a general trend 

of increasing with increased energy input during refining. Total carbohydrate conversion as a 

function of WRV is provided in Appendix A3. 

  
Figure 2: The impact of total refining energy on a) fiber length (mm) and b) water retention 
value (WRV, g/g) for the biomass refined at one and two passes and for varying K (GW 
constant: 0.12) and varying GW (K constant: 10%). Dashed line is varied GW, dash-dot line is 
varied K. 
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As compared to a single refining pass at a higher intensity (same total SRE), multiple 

pass refining at lower intensity was not observed to result in changes in fiber characteristics that 

are expected to positively impact carbohydrate digestibility (reduced fiber length, increased 

WRV). In fact, fibers appear to be slightly longer and WRV appears to be slightly lower for the 

pulps exposed to lower intensity (two-pass) refining. 

Light microscopy revealed the morphological changes that occurred during mechanical 

disk refining at different conditions. The unrefined pulp contained fully intact fibers and large 

fiber bundles (Figure 3a/Appendix A1). Pulp that had been refined at high total SRE (0.05mm 

gap width, 10% solids, two passes; total SRE: 2808 kWh/OD ton pulp) still contained relatively 

intact fibers, but a notable increase in fibers that showed signs of fibrillation was observed 

compared to the unrefined pulp (Figure 3b). Large intact fiber bundles were observed to be 

absent from the highly refined pulp (Appendix A1). Even at the highest refining energies, 

however, the main fiber structures appeared to remain relatively intact. 

 
Figure 3: a) Unrefined mixed hardwood pulp fiber showing intact fiber structure. b) Highly 
refined mixed hardwood fiber (0.05 mm gap width 10% solids, 2 passes; total SRE: 2808 
kWh/OD ton pulp) showing external fibrillation. 

 
Since the average fiber length and WRV (Figures 2a and 2b) were linearly related to SRE 

regardless of the number of passes (refining intensity), it can be concluded that the refining 

intensity is not as important as total refining energy for fiber deconstruction and fibrillation. In 

addition, substantial evidence of fiber morphology changes that might result in/explain over-

refining was not observed in the FQA or WRV data. 

 

a) 
 

b) 
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Enzymatic hydrolysis of refined pulps 
 Refined pulps were subjected to EH at 5 and 10 FPU/OD g biomass (10.3 and 20.5 mg 

protein/g glucan respectively). These values are considered to be low and moderate enzyme 

loadings respectively 36. The maximum carbohydrate conversion achieved was ~88%. Similarly 

to fiber morphology analysis, EH showed no evidence that two low-intensity passes was 

improved compared to one higher-intensity pass at similar SRE (Figure 4a and 4b). 

 

   

 

 

Figure 4: The impact of specific refining energy (SRE) and specific edge load (SEL) on total 
carbohydrate conversion after 96 h of digestion for the biomass refined at one and two passes 
and for varying K (GW constant: 0.12) and varying GW (K constant: 10%) conditions.  a) Total 
carbohydrate conversion (10 FPU/OD g) as a function of SRE. Black dotted line is 2nd order 
polynomial best-fit of all data points. b) Total carbohydrate conversion (5 FPU/OD g) as a 
function of SRE. Dashed line is for varied GW, while double line is for varied K. c) Total 
carbohydrate conversion (10 FPU/OD g) as a function of SEL. Carbohydrate conversion is 
reported as a percent of the glucose + xylose in starting (unrefined) pulp. Polynomial and linear 
regressions are meant to guide the reader’s eye and do not aim to have statistical significance. 
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EH with lower enzyme loading (5 FPU/OD g biomass) resulted in lower total sugar 

conversions, as expected (Figure 4b). In addition, EH at lower enzyme loading provided 

evidence that refining at low consistency (K) and narrow gap-width (GW) is more effective at 

improving enzymatic digestibility compared to refining at high K and wide GW (at similar SRE). 

The two refining conditions with total SREs of ~1600 kWh/OD ton have different overall 

carbohydrate conversions (Figure 4b). The condition yielding a higher conversion was refined at 

0.05mm GW and 10% K while the condition yielding lower conversion was refined at 0.12mm 

GW and 20% K. In addition, the two-pass pulp with a total SRE of ~2800 kWh/OD ton that had 

been refined with 0.05mm GW had a higher conversion than the two-pass pulp with a similar 

total SRE that had been refined at 0.12 mm GW. These results imply that lower consistency and 

narrower GW refining conditions are the most effective conditions for improving the enzymatic 

digestibility of lignocellulose via mechanical refining. While this observation is intriguing, 

further investigation to confirm this result would be beneficial. 

The advantage associated with refining at low consistency and narrow GW was not 

observed for EH at 10 FPU/OD g biomass enzyme loading. Also, in contrast to EH at low 

enzyme loading, EH at a moderate enzyme loading showed evidence of a plateau at high SRE. 

Both of these observations indicate that overall digestibility may be limited by different factors 

depending on the enzyme loading.  

 
Figure 5: Selected refining conditions illustrating the independence of EH digestibility on 
specific edge load (SEL). GW: gap width (mm), K: consistency (% solids). Results are scaled to 
easily display on the same axis. 
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Figure 4c shows the total sugar conversion as a function of SEL for each refining 

condition. Increased refining intensity did result in increased carbohydrate digestibility. 

However, it is clear that refining intensity (SEL) alone is not adequate to predict the enzymatic 

digestibility of a refined pulp when multiple refining passes are performed. 

A clear illustration of the lack of impact that refining intensity (SEL) had on carbohydrate 

conversion during EH (when total SRE is controlled) is provided in Figure 5. For each pair of 

refined pulps shown in Figure 5, the SEL is significantly different (grey columns), however, the 

carbohydrate conversion is about the same, as is the total cumulative SRE (white and black 

columns, respectively).  

During mechanical refining at reduced SEL, less energy is consumed per fiber-bar 

impact. This means that pores may be less prone to collapse. Furthermore, if high temperatures 

in the refining zone do contribute to over-refining, low intensity refining can be expected to 

mitigate that as well, as less heat is produced due to each fiber-bar impact. In previous research 

(using similar pulp and the same disk refiner) a reduction in enzymatic digestibility was reported 

for pulp refined at an SRE above 2000 kWh/ton (single pass) 10. In the present research, no 

evidence of over-refining was observed even for the pulps with total SRE above 2000 kWh/ton 

(two-passes). This result is in agreement with the results of morphological analysis. Therefore, 

although this study did not find that refining intensity had an impact on enzymatic digestibility, 

comparison with previously reported results 10 provides some evidence that over-refining may 

have been avoided by using two passes at lower refining intensity (SEL) to reach high SRE and 

high total carbohydrate conversion. 

While clear signs of over-refining were not observed, a slight plateau (leveling-off) was 

observed for the higher enzyme loading EH as the 96-h carbohydrate conversion approached 

90% (Figure 4a). It was also observed that the highly refined pulp was slightly darker in color 

than pulp that had been less severely refined (Figure 6). One can speculate that this color change 

may be an indication of the on-set of burning that could, under more severe conditions, hamper 

enzymatic conversion due to conversion of sugars to degradation products such as furans or due 

to other surface phenomena. These phenomena need further investigation. 
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Figure 6: Change in color of pulp due to severe mechanical refining (>2500 kWh/OD ton 
pulp). 

 

Preliminary economic analysis 
 The reduction in effectiveness (at high total SRE) of further mechanical refining for 

improving biomass digestibility, as indicated by the slight leveling-off of carbohydrate 

conversion (Figure 4a), implies that there is an economically optimal condition that balances 

carbohydrate conversion improvement and energy consumption. To demonstrate this relationship 

and to estimate the optimum SRE, a preliminary economic analysis was conducted. For the 

analysis, the value of mixed biosugars was assumed to be $450/OD ton and feedstock was 

assumed to cost $80/OD ton. Enzyme cost was assumed to be $5.38/kg for CTec2 and twice that 

cost for HTec2 37. 

Industrial scale mechanical refining is known to be substantially more efficient than pilot 

or lab scale refining 8,12. Based on the previous reports, it was assumed that the energy 

consumption of an industrial scale mechanical refining process would be in the range of 100-200 

kWh/OD ton (~10 times more efficient than pilot scale) to achieve similar carbohydrate 

conversion improvements to those found in this study 8,12. 

Applying the above assumptions, the total profit (revenue of sugar minus selected 

variable costs of manufacturing) of an industrial mechanical refining and EH process was 

calculated for each refining condition (10 FPU/g biomass enzyme loading). No economic 

analysis of the EH tests at 5 FPU/g OD biomass enzyme loading was conducted since the 

maximum overall conversions at that loading were not near commercial requirements and since 

GW: 0.38mm, K: 10%, One Pass          GW: 0.05mm, K: 10%, Two Passes 
(774 kWh/OD ton pulp)                  (2808 kWh/OD ton pulp) 
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no leveling-off was observed as SRE increased. A polynomial regression was fitted to the data 

(Figure 7). The impact of electricity cost (analogous to refining efficiency) was investigated by 

varying the electricity cost from 0.05-0.2$/kWh.  

The economically optimal SRE was found to be sensitive to electricity costs. At current 

electricity costs, a maximum economic return was not reached with extent of refining achieved 

in this study. However, if the cost of electricity were high enough the costs of increased refining 

energy would be more significant and a maximum economic return would be reached (Figure 7). 

The sensitivity to mixed sugar value was also investigated. The mixed sugar value substantially 

impacted the overall profitability of the process but had little effect on the optimal SRE 

(Appendix A4). This result underlines the importance of efforts to make high-value products 

from sugars in order to increase the value of biosugars. The potential to decrease enzyme costs is 

an additional way in which mechanical refining can improve the profitability of the 

lignocellulose-to-sugar biorefinery process. Research in that area has been addressed previously 
11. 

 

Conclusions 

  In this study, analysis of the disk refined pulps indicated that fiber morphology and 

enzymatic digestibility were independent of refining intensity as represented by specific edge 

load (SEL, controlled by gap-width and consistency), but a strong function of total specific 

refining energy (SRE). Enzymatic hydrolysis at low (5 FPU/g) enzyme loading revealed 

 
Figure 7: Estimate of economic profit at different SRE (kWh/OD ton) for 10 FPU/OD g 
biomass. 
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narrowing refining gap width was more effective than increasing consistency at the same SRE 

for improvement of biomass digestibility. Economic analysis indicated that there is a theoretical 

maximum economic return for the biosugar biorefinery process utilizing mechanical refining. 
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CHAPTER 2: Fiber Fractionation to Understand the Effect of Mechanical Refining on 

Fiber Structure and Resulting Enzymatic Digestibility of Biomass 

 
Introduction 

 Mechanical disk refining has emerged as one of the most promising pretreatment 

technologies for use in biorefinery applications due to its effectiveness and relatively low cost. 

Mechanical disk refining has been shown to improve enzymatic hydrolysis efficiency 

substantially when performed on pulp that had been subjected to only mild conventional 

pretreatment 7–14,38–41. Effective enzymatic hydrolysis depends on exposed surface area and good 

accessibility of carbohydrates to enzymes 24. 

While mechanical refining has traditionally been applied to improve paper properties, the 

same physical effects improve wood fibers for enzymatic hydrolysis as well. Mechanical refining 

has been well optimized for the purposes of paper making, however, similar optimization efforts 

for improvement of fiber reactivity are still in the early stages. Recent research in this field aims 

to better understand the impact of mechanical refining on fiber properties in the context of fiber 

reactivity so as to be able to maximize the reactivity of fibers towards enzymatic digestion (or 

other chemistry) at minimized energy consumption 10,39,40. 

 Mechanical refining is known to result in three major morphological changes to wood 

fibers: fibrillation, delamination, and fiber length reduction due to fiber cutting 4. Fibrillation is 

generally an external effect, and involves the peeling of smaller fiber fragments away from the 

main fiber mass. Delamination is generally an internal effect arising from repeated compression 

and decompression of fibers as they are squeezed between the bars and grooves of the refiner 

plates. Internal delamination occurs when adjacent cell wall layers separate within the fiber wall. 

Lastly, length reduction of the fiber occurs due to the cutting action of the refiner plate as two 

refiner bars pass. 

Traditional mechanical refining theory holds that the degree to which each of these three 

actions occurs can be manipulated by adjusting the refining conditions (gap-width and 

consistency) and the refiner plate design 17. More intense refining results in more fiber cutting, 

while less intense refining results in relatively more delamination/fibrillation. It is known that for 

paper applications, fiber cutting should be avoided to maintain fiber length and associated paper 

strength 17. 
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Recent results have indicated that mechanical refining intensity (independent of total 

refining energy) is not a significant factor to improvement of enzymatic hydrolysis efficiency 40. 

This result implies that both fiber cutting and delamination/fibrillation lead to improvements in 

enzymatic digestibility. However, assessing the relative impact of fiber cutting compared with 

fibrillation/delamination on enzymatic hydrolysis is not a straightforward task, since mechanical 

refining leads to both fiber cutting and delamination/fibrillation effects simultaneously, even at 

substantially different refining conditions (intensities). 

In a previous report studying kraft and sulfite poplar pulps (0 and 13 kappa, respectively), 

it was found that fiber swelling due to PFI milling was a more important factor determining 

enzymatic digestibility than was the fiber length of the unrefined pulps 42. In fact, fiber length 

(with no refining) was found to have little effect on digestibility at all. In this previous study, 

however, size fractionation was not performed after PFI milling. To address the potential for size 

reduction, the authors attempted to minimize size reduction during PFI milling. With no prior 

refining, fiber length variability within a pulp sample is likely to be very minimal, furthermore, 

the fiber length variability that is present is due to the native variability in fiber length of the 

wood fibers as opposed to mechanical cutting of fibers. Natively smaller fibers may be expected 

to behave differently than a mechanically cut fiber in the context of enzymatic digestibility. To 

the authors’ knowledge, the current study is the only study to date that has undertaken 

fractionation of fibers after mechanical refining to understand the impact of differing 

morphologies brought about by mechanical refining on fiber digestibility. 

In this work, efforts are made to understand the relative impact of fiber cutting compared 

to fibrillation/delamination phenomena during mechanical refining. To avoid the particle size 

reduction that occurs inherently during mechanical refining, fiber classification based on particle 

size was utilized post refining to produce fiber fractions of varying size that had been exposed to 

different amounts of refining. These fiber fractions were then evaluated for enzymatic 

digestibility. 

 

Materials and Methods 

Biomass 
Mixed Southern hardwood sodium carbonate pulp was collected from Georgia Pacific 

paperboard mill (Big Island, VA). At the mill, wood chips were pulped as described previously 8 
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except that the sample was collected prior to brown stock washing. Briefly, mixed southern 

hardwood chips were treated in a six chamber Pandia digester at 190ºC for 5.5 minutes at a 

loading of 6.5 kg of wet chips per L of Na2CO3 liquor. The pretreatment yield (g pretreated 

chips/g starting chips) was 84.5% and the average final consistency of the stock leaving the 

digesters was ~30%. Hardwood sodium carbonate pulp was chosen for this research as it is a 

relatively mildly pretreated material well-suited for further mechanical pretreatment 9. 

Pulp was washed by hand to remove pretreatment liquor and stored at ~20% consistency 

at 4ºC prior to use. Compositional analysis of the pulp was performed following the NREL 

procedure 35. Briefly, room temperature acid hydrolysis was performed with 72% sulfuric acid (2 

h) followed by one hour of hydrolysis in 4% sulfuric acid in an autoclave at 121ºC. After 

filtration, solid residue was weighed as acid insoluble (klason) lignin. UV/Vis at 205 nm was 

used for acid soluble lignin detection (Lambda XLS, Perkin Elmer, Waltham, MA, USA). After 

neutralization, carbohydrate monomer concentration was measured by HPLC to determine 

carbohydrate content. The HPLC set up was as follows: Shodex SP-0810 column (8 Å~ 300 mm, 

Showa Denko, Japan) maintained at 80 °C. Milli-Q water mobile phase, flowing at 0.5 mL/min 

(60 min per sample). A refractive index detector was used for detection of sugars in eluent. 

Calibration was performed with commercial sugar standards. 

Mechanical refining was performed as previously described (Corbett et al., 2018) using a 

12” Sprout Waldron Thermo-Mechanical Pulping (TMP) unit (Koppers Company, Inc., Model 

12-1CP, Muncy, PA). Two pulps that had been refined different to different extents (1036 

kWh/OD ton, 1 pass and 2808 kWh/ton, 2 passes) as well as unrefined pulp were utilized in this 

study. 

 

Fiber Fractionation 
 The three pulps (0, 1036, and 2808 kWh/OD ton SRE) were fractionated based on 

particle size. Fractionation was performed using a Bauer-McNett type particle size classifier 

following TAPPI T233 cm-15 “Fiber Length of Pulp by Classification.” Briefly, after cleaning 

and filling all five screen boxes with water, diluted pulp (unrefined or refined, equaling 10 OD g) 

was added to the first stage screen box upon which the agitators were activated. The water flow 

and agitation was maintained for 20 minutes, with an additional three minutes of agitation after 

the water flow had stopped. Fibers from each screen box were collected by vacuum filtration. 
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Water, containing fines, was collected as it left the fifth screen box and was stored in a large 

drum to allow the fines to settle. After at least 48 hours of settling, the supernatant was siphoned 

off and the remaining fines were vacuum filtered. For the mass balance calculation, the fibers 

were dried at 105ºC overnight, for all other analyses the fibers were kept refrigerated at less than 

20% solids. 

 For analysis other than compositional analysis, fractions were combined since there was 

not enough sample in each individual fraction for all the necessary tests. Fibers from the second 

and third screen boxes were combined as were fibers from the fourth and fifth screen boxes. This 

resulted in twelve total samples, four fractions of fiber for each of the three degrees of refining 

(Table 3). 

 

Table 3: Degree of refining (SRE) and nominal particle size range for the combined 
fractions. UR: unrefined, MR: medium refined, HR: highly refined. The mass 
fraction (% by weight of OD starting pulp) of each fiber fraction is in parenthesis. 
 Degree of Refining (SRE) 
Nominal Particle Size Unrefined 1036 kWh/OD Ton 2808 kWh/OD Ton 

> 1.41 mm UR A (36.6) MR A (11.4) HR A (6.6) 
1.41-0.32 mm UR B (37.9) MR B (48.4) HR B (22.3) 
0.32-0.074 mm UR C (9.0) MR C (14.3) HR C (27.9) 

< 0.074 mm UR D (10.4) MR D (20.9) HR D (40.5) 
 

Dimensional Analysis 
Dimensional characterization of unrefined and refined biomass fibers (length-weighted, 

fiber length, and length weighted percent fines) was performed using a HiRes Fiber Quality 

Analyzer (FQA) instrument. Fines are defined as fibers less than 0.2 mm in size and are reported 

as a length-weighted percentage. Each sample was run until 5000 fibers had been counted. 

Water retention value (WRV), which measures the amount of water retained by the fiber 

network when exposed to a standard centrifugal force, was determined using centrifugal 

filtration tubes as described by Jones et. al, except that the fritted glass filter was coarse porosity 
8. 

  

Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) was performed at the Analytical Instrumentation 

Facility (AIF) at NC State University on an FEI Verios 460L field-emission scanning electron 
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microscope (FESEM). Fiber samples were vacuum dried onto a quartz chip prior to analysis. 

Samples were analyzed with no conductive coating. 

 

Enzymatic Hydrolysis  
To produce sugars from refined pulp, enzymatic hydrolysis (EH) was performed at 5% 

consistency in 50 ml vials with a 30 ml working volume utilizing a mixture of Cellic® CTec2 

and Cellic® HTec2 enzymes (1/9 v HTec2/v CTec2) supplied by Novozymes. Enzyme loading 

was 5 FPU/g OD biomass; 10.3 and 20.5 mg protein/g glucan respectively. pH was controlled at 

5.3 with sodium carbonate buffer. 

EH experiments were run for 96 h at 50ºC in a shaking incubator with 1.5 ml samples 

taken at 12, 24, 48, 72, and 96 hours. The conversion was calculated as the percent of starting 

carbohydrates that were in solution as monomers after 96 h of EH, as determined by HPLC (as 

previously described). Carbohydrate conversions are reported as a percent of total glucose + 

xylose in starting pulp. 
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Results and Discussion 

Fiber Fraction Mass Distribution 
After particle size classification, each of the six fractions was weighed to procure a 

complete mass balance across the Bauer-McNett classification process. Mass balance closure 

ranged from 94.9 to 97.3% for the three different amounts of refining. The particle size 

distribution by weight percent for all six fractions and for all three pulps showed that refining 

resulted in a rather extreme shift in particle size from large fibers and fiber bundles to fines, even 

when presented as percents by weight (Figure 8). The unrefined pulp contained ~37% fibers that 

retained on the 1.41 mm mesh and only 10% fibers that passed the 0.074 mm mesh while the 

most highly refined pulp contained only ~6.5% fibers that retained on the 1.41 mm mesh and  

 

over 40% fibers that passed the 0.074 mm mesh (percent by weight). As expected, the medium 

refined pulp had a particle size distribution between that of the unrefined and highly refined 

pulps, except for the 0.64-1.41 mm size range. 

 

Chemical Composition of Size-Classified Fractions 
 The chemical compositions of four fiber fractions were tested to determine whether 

particle size had an impact on chemical composition (Table 4). The four particle sizes tested 

were the largest sized fraction (>1.41 mm), two “medium-sized” fractions (0.64-0.32 mm and 

 
Figure 8: Particle size distribution by mass for three different refining conditions. Mechanical 
refining resulted in a substantial shift to lower particle sizes. 
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0.074-0.15 mm) and a fines fraction (<0.074 mm). Due to restrictions in the amount of fiber 

available the first two fractions were from unrefined pulp and the second two fractions were 

from refined pulp (for compositional analysis only). It has previously been demonstrated that 

mechanical refining up to ~2800 kWh/OD ton SRE does not result in a significant change in 

chemical composition 40. Therefore, any changes in chemical composition can be attributed to 

the particle size and the fractionation process. 

 
Table 4: Chemical composition of four fiber fractions. > 1.41 mm and 0.64-0.32 mm fractions 
were unrefined while the < 0.074 mm and 0.074-0.15 mm fractions had been mechanically 
refined (2808 kWh/OD ton). *Extractives and ash content were not determined for all samples as 
they are not central to this study. 

    Lignin  Carbohydrates   
 Extractives* Ash*  Acid Sol Klason Total  Glucan Xylan Galactan  Unidentified 

> 1.41 mm 1.6% 0.8%  3.4% 23.9% 27.3%  49.7% 11.5% 1.1%  8.1% 
0.64-0.32 mm 1.6% 0.8%  3.3% 21.5% 24.7%  54.6% 10.3% 1.0%  7.1% 

0.32-0.074 mm 2.1% 0.8%  2.7% 28.8% 29.9%  47.3% 9.1% 1.1%  10.3% 
< 0.074 mm 2.1% 0.8%  3.0% 47.2% 50.2%  28.7% 9.0% 1.4%  7.8% 

 

Only a relatively small difference in lignin content (~2 percentage points) and glucan 

content (~5 percentage points) was observed between the largest two fractions tested. The 0.074-

0.15 mm size fraction contained more lignin and less glucan than the larger two fractions, 

although the compositional difference was not nearly as large as was observed for the smallest 

(“fines”) fraction. The smallest size fraction (<0.074 mm) contained approximately twice as 

much lignin as the larger size fractions. Accordingly, the glucan content in the fines fraction was 

significantly lower (28.7% as opposed to ~50% for the larger fractions) (Table 4). The high 

concentration of lignin in the fines fraction is believed to be due to fragmentation of the lignin-

rich middle lamella during mechanical refining into small particles that easily pass through the 

0.074 mm screen. 

  

Fiber Quality Analysis  
Just because a fiber is retained on a screen of a certain mesh size does not mean that the 

fiber is larger than that screen (and vice-versa). Therefore, when analyzing fiber properties as a 

function of fiber size, it is not sufficient to assume that the fibers caught between two screens 

have dimensions in between the mesh sizes of those two screens. To determine the actual fiber 
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length distribution present in each fraction of fiber, fiber quality analysis (FQA) was utilized 

(Figure 9). 

  
Figure 9: FQA analysis results of the twelve fiber fractions showing average length (mm; a) 
and fines content (length weighted percent; b). 

 

The results of FQA showed that, in general, the average fiber length and fines content of 

the fiber fractions were closely related to the mesh sizes of the screens in which each fraction 

was captured (Figures 9a, and 9b). Furthermore, it is apparent that within each size category (A, 

B, C, or D) the average fiber lengths and fines contents were relatively unrelated to the amount 

of refining to which the starting bulk pulp had been exposed. The one exception was for the 

largest fiber fractions (the A fractions; > 1.41 mm). For the three A fractions, the degree of 

mechanical refining had an impact on the average fiber length and fines content. The highly 

refined large fiber fraction (HR A) had a substantially lower average fiber length and higher 

fines content than the same size fraction produced from pulp that had been exposed to only 

medium refining energy (MR A). The FQA results for the unrefined large fiber fraction (UR A) 

should be viewed with caution, since the fiber bundles present were too large to enter the inlet 

tube of the FQA instrument. Therefore, it is likely that FQA underestimated the average fiber 

length and overestimated the fines content for the UR A fiber fraction. 

 

The A fractions (> 1.41 mm) produced from the three pulps that had been exposed to 

different amounts of refining did not have very consistent average fiber lengths. Explaining why 

a long fiber may pass through a smaller screen size is relatively straightforward and is related to 
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fiber flexibility and orientation. If a fiber is flexible enough, it can pass through a smaller screen. 

Furthermore, the orientation of the fiber is important since with the correct orientation a long and 

narrow fiber can pass through a mesh that is narrower than the fiber is long. Mechanical refining 

is known to result in the breakdown of the secondary cell wall, resulting in fibers with 

significantly increased flexibility. This explains the lower average fiber length in a given size 

fraction for the refined pulp fractions compared to the unrefined pulp fractions (Figure 9a). 

Compared to explaining the passage of long fibers through screens with a smaller mesh 

size, explaining the retention of smaller fibers on screens with a larger mesh size is more 

difficult. However, FQA results clearly showed that small fibers were retained on the 1.41 mm 

screen, particularly during fractionation of the HR pulp. It can be speculated that the HR fibers 

were so highly fibrillated that they formed a matt or film that attached to and blocked the 1.41 

mm screen. 

The leakage of larger fibers through smaller screens and the retention of smaller fibers on 

larger screens led to imperfect size differentiation within each fraction (Figure 10). Based on the 

particle size distributions, as measured by FQA, it is apparent that leakage of larger fibers 

through smaller screens occurred to a substantial extent. In addition, it is evident that the particle 

size distributions for each fraction overlap. However, the fiber length with the greatest 

abundance is different for each fraction and corresponds to the average particle length for each 

fraction (as per Figure 9a). The particle size distributions for the A (> 1.41 mm) fractions are 

notably broader than the B, C, and D fractions (1.41-0.32 mm, 0.32-0.074 mm, and < 0.074 mm, 

respectively), particularly for the unrefined pulp. This finding is likely related to both the 

retention of smaller fibers on the large-mesh screen as discussed and difficulties during FQA of 

the large fibers/fiber bundles. The smaller particle size fractions exhibited sharper particle size 

distributions.  
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Figure 10: Fiber length distributions for the twelve pulp fractions. Unrefined (UR; 0 kWh/OD 
ton; a), medium refining (MR; 1036 kWh/OD ton; b), and highly refined (HR; 2808 kWh/OD 
ton; c). Frequency axis is cut off at 10%. 

 

 While Bauer-McNett particle size classification was imperfect, pulp that had been refined 

to different degrees was successfully fractionated based on fiber length. The FQA results account 

for the imperfection of the classification process by accurate average particle lengths without 

relying on the mesh sizes of the screens in the Bauer-McNett classifier. This allows for the 

analysis of pulp properties as a function of fiber length and degree of mechanical refining 

independently. 
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Water Retention Value 
 Water retention value (WRV) is a relatively simple measure of exposed surface area and 

has been shown to correlate well with enzymatic hydrolysis. Mechanical refining is known to 

increase the water retention value of pulp. Results of WRV analysis indicated that both reduced 

fiber length and increased fines content led to increased WRV (Figure 11a and 11b).  

 

The WRV of shorter fibers was relatively independent of refining energy (all three curves 

fall on approximately the same line, Figure 11a). However, for the larger fiber fractions, high 

refining energy did result in higher WRV (curves diverge as particle length increases). For fiber 

lengths between ~1.5 mm and 0.5 mm, fiber length reduction did not have a strong impact on 

WRV (relatively flat curves), however, the WRVs of the fiber fractions with an average fiber 

length of less than ~0.5 mm were substantially increased (curves have substantially increasing 

slopes as particle lengths decrease; Figure 11). 

It is expected that simply reducing the size of fibers should not have a large impact on 

WRV as was observed for the larger fiber fractions (> ~0.5mm, Figure 4a). Cutting a straw in 

half does not increase the total surface area (although it may increase the accessible surface area 

if conduction along the straw is limited). On the other hand, fibrillation and delamination caused 

by mechanical refining can be expected to result in a significant increase in exposed surface area 

as observed by the higher WRV of the highly refined larger fiber fractions. 

  

Figure 11: Water retention value (WRV) as a function of a) length weighted fiber length (mm) 
and b) length weighted fines content (%) for three different mechanical refining energies. Error 
bars indicate one standard deviation above and below the replicate average. Curves have no 
statistical significance and are present solely to guide the eye. 
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The substantially increased WRVs observed for the fines fractions (D) are more difficult 

to explain. Since the increase was observed for the UR pulp as well as the MR and HR pulps, the 

result cannot easily be attributed to mechanical refining. Smaller fibers appear to have a 

substantially higher WRV than larger fibers irrespective of mechanical refining energy. 

Furthermore, the relationship between average particle size and WRV does not appear to be 

linear. This is even more interesting considering that the D fractions (fines) contain substantially 

more lignin than the larger A, B, or C fractions. Lignin is hydrophobic and would be expected to 

result in reduced WRV. 

The relationship between WRV and fines content (as measured by FQA) is also of 

interest (Figure 11b). As expected, the fines content and WRV are strongly related, with higher 

fines content pulps having a higher WRV. Additionally, more refined pulps have a higher WRV 

than unrefined pulps at similar fines content, a trend which is particularly clear at very low fines 

contents (< 20% length weighted fines content).  

These results are indicative that (unsurprisingly) there are substrate factors other than 

fiber size/length that are affected by mechanical refining and that impact the WRV of a pulp 

sample. These same factors are likely to impact enzymatic digestibility as well.  

 

Scanning Electron Microscopy 
 The pulp fractions UR B, UR D, HR B, and HR D were imaged by scanning electron 

microscopy (SEM) to determine whether visual morphological characteristics could be observed 

stemming from the mechanical refining and fractionation operations (Figure 12). The B fractions 

were used instead of the A fractions to represent the “large” fibers due to the inconsistent particle 

size distribution obtained in the A fraction (as previously discussed). The unrefined large fibers 

(UR B; Figure 12a) are highly intact and are longer than the field of view. There are no small 

fibers visible, confirming that successful size fractionation was achieved during Bauer-McNett 

particle size classification. The fraction of unrefined small fibers (UR D; Figure 12c) exhibit a 

completely different morphology than that of the UR B fraction. Few intact fibers are identifiable 

at all, they are much shorter, and the matrix appears to be significantly more regular than for the 

larger fibers, even with no mechanical refining. 
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Figure 12: Scanning electron images of pulp fractions a) unrefined, 1.41-0.32 mm (UR B), b) 
highly refined, 1.41-0.32 mm (HR B), c) unrefined, < 0.074 mm (UR D), d) highly refined, < 
0.074 mm (HR D). 

 

 SEM imaging of the large fiber fraction that had been produced from highly refined pulp 

(HR B; Figure 12b) indicated a marked contrast in fiber morphology when compared to the same 

size fraction from the unrefined pulp. The occurrence of fibrillation is evident in the web-like 

structures between adjacent fibers. Delamination structures are not as apparent. Unfortunately, 

SEM requires a dry sample, which affects the fiber morphology and obfuscates the delaminated 

and fibrillated structure. None-the-less, the impact of mechanical refining is clearly evident for 

the B fibers. Compared to the larger fibers, evidence of the impact of mechanical refining is less 

obvious for the small fiber fraction produced from highly refined pulp (HR D; Figure 12d). Some 

remnants of fibers are evident, but with even less definition than was seen for the UR D fraction. 

In general, the HR D “fibers” appear to have dried into a relatively regular mesh of very small 

“fibers” with dimensions verging on the nanoscale. 



 

 33 

0%
10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

0 0.5 1 1.5

Pe
rc

en
t G

lu
co

se
 +

 X
yl

os
e

Average Fiber Length (mm)
Unrefined 12 hr 1036 kWh/OD ton 12 hr 2808 kWh/OD ton 12 hr
Unrefined 96 hr 1036 kWh/OD ton 96 hr 2808 kWh/OD ton 96 hr

Enzymatic Hydrolysis 
 Initial enzymatic hydrolysis tests were performed on the twelve fiber fractions (Table 3) 

at a constant enzyme loading per oven dried (OD) gram of biomass (5 FPU/OD gram biomass; 

Figure 13a). Results indicated that mechanical refining had a substantial impact on the 

digestibility of larger fiber fractions (> 0.5 mm). The enzymatic digestibility of the HR pulp was 

greater than 65% even for the largest fiber fractions (with an average length of ~1 mm). For 

similarly sized fibers, the digestibility of the UR pulp fractions was under 50%. The digestibility 

of the MR pulp was between that of the UR and HR pulps. 

 
 
 

Figure 13: Enzymatic hydrolysis results (12 hours: dotted lines, and 96 hours: solid lines) for 
fractionated fibers that had been exposed to different degrees of refining. a) Enzyme loading 
based on OD mass of fibers. b) Enzyme loading for smallest particle size adjusted for 
significantly decreased glucan content. Error bars indicate one standard deviation above and 
below the replicate average. The curves have no statistical significance and are present solely to 
guide the eye. 
 

In contrast, fiber length was not found to be a major determining factor for enzymatic 

digestibility of larger fibers (> 0.5 mm). There was no significant difference between the 

digestibility of the HR B and HR C fractions (1.078 mm and 0.581 mm average fiber lengths 

respectively). The same was true of the UR B and UR C fractions (1.396 mm and 0.769 mm 

average fiber lengths, respectively). However, the digestibilities of the smallest fractions of pulp 

(D) were significantly increased compared to the digestibilities of the larger fractions, and were 

near 100% for the MR D and HR D fractions. The extremely high conversion observed is likely 

attributable at least partially to the low content of carbohydrates in the D fractions. Interestingly, 
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the carbohydrate conversion was high even with the high lignin content of the fines (D) fractions. 

Any loss of enzyme due to non-productive binding with lignin was clearly overcome by the 

improved accessibility of the carbohydrates in the fines (D) fractions. 

Since the largest three size fractions (A, B, and C) are all taken to have similar chemical 

compositions, the main concern was with the smallest fractions (D). To understand the relative 

enzymatic digestibilities of the three D fractions, they were treated additionally at a reduced 

enzyme loading (reduced on an FPU/OD gram biomass basis) corresponding to 5 FPU/OD gram 

glucose + xylose (approximately the FPU/OD gram glucose + xylose loading of the larger 

fractions).  

At the 5 FPU/OD gram glucose + xylose enzyme loading the difference in digestibility 

between the three levels of refining was as clear for the D fraction as it was for the larger 

fractions. Furthermore, the increase in digestibility due to reduction in fiber length is seen to be 

minimal compared to the impact of fibrillation and delamination due to mechanical refining. The 

difference between the largest and smallest fiber fractions was around 10 percentage points for 

any given amount of mechanical refining, while the digestibility of the highly refined pulp was 

as much as 30 percentage points higher than that of the unrefined pulps for any given particle 

size (Figure 13b).  

These findings corroborate those of Ju et al, however, the particle size range tested in the 

present study was broader due to the mechanical refining performed prior to fractionation 42. 

While particle size had little impact on digestibility above 0.5 mm, very small fibers (fines; 

which were not considered in the previous report) were found to have substantially higher WRV 

and enzymatic digestibility than larger fibers even with no mechanical refining and irrespective 

of higher lignin content (when treated with the same amount of enzyme per unit OD biomass). 

 

Conclusions 

Results of this study indicate that while both fibrillation/delamination and fiber length are 

factors that contribute to enzymatic digestibility, fibrillation and delamination effects during 

mechanical refining are most important. Increased mechanical refining resulted in 20-30 

percentage points higher carbohydrate conversion for fiber fractions of similar length. When 

enzyme loading was reduced proportionally with the lower glucose content, the enzymatic 

conversion of fines was comparable with that of larger fibers and the impact of mechanical 
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refining was exposed even for fines. These findings imply that mechanical refining conditions 

should be chosen to promote fibrillation and delamination to improve enzymatic digestibility 

with minimal energy consumption. 
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CHAPTER 3: Hydrophobic Resin Treatment of Hydrothermal Autohydrolysate for 

Prebiotic Applications 

 
Introduction 

Prebiotics are a class of carbohydrates that are not digestible by the enzymes in the 

human stomach but are metabolized by beneficial bacteria once in the gut.43,44 Prebiotics 

promote human digestive tract health including improved bowel and immune function, reduction 

of blood glucose and cholesterol, improved adsorption of minerals, and reduction of pro-

carcinogenic enzymes in the GI, among other benefits.43–45 Currently, the most common 

commercial prebiotics are inulin, fructooligosaccharides (FOS), galactooligosaccharides (GOS), 

lactulose, and polydextrose.46 Xylooligosaccharides (XOS) are gaining popularity due to their 

effectiveness and the potential for their production from lignocellulosic sources.46,47 In addition 

to its high prebiotic activity, the sweet taste of XOS makes it an ideal food additive.45,48 Between 

2014 and 2017 the world XOS market grew from 81 million to 92 million USD, with projections 

for 2022 as high as 118 million USD.49 Conventionally, XOS are produced from agricultural 

residues such as corn-cobs. 

XOS prebiotics are a value-added product that have significant promise for production 

from lignocellulosic biorefineries based on autohydrolysis or related pretreatment technologies. 

Autohydrolysis and related technologies have been researched extensively for the pretreatment 

of lignocellulosic biomass.14,50–55 The autohydrolysis process employs water and heat to cleave 

acetyl groups and other organic acids present, primarily on hemicelluloses. The process is 

simple, relatively low cost, and effective at improving the pretreated solids for further 

processing. Much research has been devoted to optimizing the conditions of autohydrolysis for 

xylan dissolution and XOS production. Previous reports have shown the dissolution of up to 75% 

of xylan present in Sugar Maple hardwood during autohydrolysis (175ºC for 2 hours).56 XOS 

yield reached as high as 51% at (but at less severe conditions: 152ºC for 4.5 hours).56 77% of the 

original xylan was solubilized during autohydrolysis of apricot pit shells (160ºC for 2 hours).57 A 

maximum xylan solubilization of ~70% was reported during autohydrolysis of Miscanthus x 

giganteus.58 XOS have been reported to account for between 32 and 52 percent of the dry mass 

of dissolved solids in autohydrolysate (AH) from Miscanthus x giganteus depending on 

experimental methods used.59,60 



 

 37 

The autohydrolysis liquor produced from hardwoods and grasses contains a 

heterogeneous solution of hemicellulose-derived monomers and oligosaccharides, lignin, 

hemicellulose degradation products (furfural and hydroxymethylfurfural), and organic acids 

(acetic acid, formic acid, glucuronic acid).61 While unmodified lignin is not usually soluble in 

water, it is believed that the close association of this lignin with carbohydrates increases its 

hydrophilicity and, therefore, solubility in water.62–64 These dissolved compounds have 

significant potential for conversion into high-value products.62,65 However, the complex, 

heterogeneous nature of the dissolved materials in pretreatment liquors complicates the 

production of value-added products.66 A better understanding of the nature of the relationship 

between lignin and carbohydrates is important for the further development of economically 

viable technologies for valorization of lignin/carbohydrates derived from autohydrolysis liquor. 

Efforts to purify XOS from autohydrolysate liquor have been undertaken 

previously.65,67,68 Methods that have been pursued for refining autohydrolysate to produce XOS 

include solvent extraction, solvent precipitation, ion-exchange, flocculation, adsorption, ultra-

filtration, and freeze drying.67 Vegas and co-workers reported on a processing scheme for the 

purification of XOS from rice husk autohydrolysate.67 Nanofiltration was successful at removing 

some non-saccharide components from the liquor while also concentrating the solution. A 

subsequent double ion-exchange process (tested with and without prior solvent extraction) was 

shown to substantially reduce the non-carbohydrate non-volatile compound content in the liquor. 

A yield of ~10% (based on total oven-dried rice husk solids) was reported for a product 

containing less than 6% non-carbohydrate impurities. The overall yield of XOS was ~69% (as a 

percent of the XOS present in the starting liquor).  

Hydrophobic resin has been identified as a low cost method for removal of aromatic non-

carbohydrate components from autohydrolysis pretreatment byproduct streams.62 Hydrophobic 

resins are used commercially for many applications where selective adsorption of aromatic or 

hydrophobic chemicals is desired. Resins can be regenerated relatively easily and require 

comparatively simple equipment compared with membrane and extraction processing methods. 

Current industrial applications for hydrophobic resins include high-value applications such as the 

recovery of products from fermentation broth and lower-value applications such as absorption of 

phenols from waste water streams.69 
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Narron et al. reported on the use of hydrophobic resin for recovery of dissolved lignin 

from maple and sugarcane bagasse autohydrolysates. Lignin recovery was over 90%, however, it 

was reported that the recovered solid adsorbate was highly contaminated with carbohydrates 

(48.3% by weight).62 In addition, while monomeric xylose was not found to be removed by 

hydrophobic resin, around a third of the oligomeric xylose (determined by acid hydrolysis and 

subtraction) present in the raw autohydrolysate was removed.62 The authors hypothesized that 

the adsorption of oligomeric xylose and the associated sugar contamination in the adsorbate solid 

might be due to covalent association between lignin and XOS (LCC). However, that hypothesis 

was never fully explored in their work. 

Huang et al. also investigated the processing of autohydrolysates (sweetgum) utilizing 

hydrophobic resin for lignin removal. They reported ~7% loss of XOS (after a substantial water 

wash) and minor contamination of the recovered lignin with XOS (~6%). In their report, as well 

as in the work by Vegas et al., covalent association between lignin and oligosaccharides by LCC 

linkages and the impact of XOS degree of polymerization (DP) on autohydrolysate processing 

was not considered. In fact, in general, these issues have been neglected in related literature up to 

this point. 

The present work investigates the process of adsorption with hydrophobic resin in more 

depth to determine the potential role of LCC and DP on XOS adsorption. A novel strategy is 

employed to quantify the “free” and “tied” fractions of xylose and XOS in autohydrolysate. 

Additionally, the recovery of oligosaccharides during the treatment process is examined for 

individual DPs, revealing challenges and opportunities that must be considered when designing a 

process for commercial implementation. Finally, options to improve adsorption selectivity are 

explored. 

 

Materials and Methods 

Biomass Pretreatment and Autohydrolysate Liquor Wash: Miscanthus biomass 

(Pennsylvania, US) was milled down to ~0.5 in. size. Biomass was pretreated using an 

AdvanceBio continuous screw reactor (2 kg per hour capacity) at Pennsylvania State University. 

The pretreatment conditions were as follows: liquor-to-wood ratio of 4:1, reaction temperature of 

190 ºC, 15 min residence time. The pretreated biomass was stored in a cold room at 4 ºC until 

use. To effectively extract dissolved materials, the pretreated biomass was soaked in de-ionized 
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water at room temperature. Vacuum filtration was then performed to remove the pretreated solids 

producing the autohydrolysate liquor used for all subsequent work in this study. 

Hydrophobic Resins: Three AMBERLITETM XADTM resins (DOW Chemical) were 

purchased from Sigma Aldrich and used in this study: AMBERLITETM XADTM4, 

AMBERLITETM XADTM16N, and AMBERLITETM XADTM1180N. Most analyses were 

performed using XAD16N.  

 

 Table 5: Relevant physical properties of the three XAD resins tested. 
 XAD16N XAD4 XAD1180N 
Median Pore Diameter (Å) ~300 ~140 ~450 
Porosity (ml/ml) ³ 0.55  ³ 0.50 ³ 0.55 
Specific Surface Area (m2/g) ³ 800  ³ 750 ³ 450 

 

XAD4 and XAD 1180N were included to test the impact of XAD physical properties 

such as specific surface area, porosity, particle size, and average pore diameter on AH treatment 

(Table 5). AMBERLITE XAD is a non-ionic macroreticular crosslinked polystyrene resin 

utilized for a multitude of applications where adsorption of hydrophobic molecules is desired. 

Hydrophobic resin has been proposed as an option for selective removal of lignin from 

pretreatment liquor streams.62,70 

XAD resins are shipped coated with preservative salts. To remove these salts, an 

extensive washing procedure was conducted: 1) DI water wash until pH of wash water is neutral 

(~2000 mL), 2) Extensive methanol wash to remove an adsorbed impurity (~500 ml), and 3) 

Water wash to remove methanol (~500 ml). Prepared resins were stored in a refrigerator in a 

sealed bag. Moisture content of the resin was determined prior to use (typically ~70% moisture). 

Adsorption Procedure: Adsorption experiments with hydrophobic resin were performed 

as previously reported.62 Hydrophobic resin loading was 10 OD grams resin/100 ml of 

autohydrolysate liquor. Contact time was 30 minutes in a constant stirring apparatus (~75 RPM). 

Multiple 100 mL water washes were conducted after adsorption to remove any weakly bound 

compounds. An extensive methanol wash was then performed to recover adsorbed compounds 

from the hydrophobic resin. The methanol was evaporated using a rotary evaporator and the 

remaining solids were re-dissolved in water for analysis (or in dimethyl sulfoxide d6 for NMR 

analysis). When pH adjustment was needed, 2N sodium hydroxide was utilized. Dilution of the 

sample by water already present in the resin or by pH adjustment was considered. 
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Compositional Analysis: “Raw” autohydrolysate liquor, hydrophobic resin “cleaned” 

autohydrolysate liquor, and adsorbate samples were exposed to acid hydrolysis following the 

NREL procedure for determination of sugars in liquid fraction process samples.71 Briefly, the 

appropriate volume of 72% sulfuric acid was added to reach 4% sulfuric acid concentration. 

Acidified liquor was autoclaved at 121ºC for 60 minutes. After hydrolysis the hydrolyzed sample 

was neutralized (CaCO3), filtered (0.2 µm nylon filters), and analyzed by HPLC. The HPLC set 

up was as follows: Shodex SP-0810 column (8 Å~ 300 mm, Showa Denko, Japan) maintained at 

80 °C. Milli-Q water mobile phase, flowing at 0.5 mL/min (60 min per sample). A refractive 

index detector was used for detection of sugars in eluent. Calibration was performed with 

commercial standards of glucose, xylose, galactose, mannose, and arabinose. Due to co-elution 

of mannose and arabinose both are reported together. 

Xylose and xylooligosaccharide (XOS) composition was determined in two ways. For 

compositional analysis of the xylose and XOS content in autohydrolysate, HPLC was utilized. 

Oligosaccharide content was determined as the difference in monomer concentration before and 

after acid hydrolysis. For analysis of xylose and XOS adsorption onto hydrophobic resin, and for 

determination of “free” and “tied” xylose and XOS concentrations in autohydrolysate (terms 

explained in discussion section), only ion-chromatography (IC) was utilized (even for analysis of 

xylose monomer, which can be determined by HPLC). This is important, because the two 

methods for determining xylose content (HPLC and IC) result in slightly different results. The IC 

system was set up as follows: CarboPac PA200 column held at 30ºC. A 60-minute gradient 

elution starting with 100 mM NaOH/180 mM sodium acetate solution and ending with 100 mM 

NaOH/550 mM sodium acetate eluent solution. Eluent solutions were produced with ultra-pure 

DI water. Detection was achieved with a pulsed amperometric detector (PAD). Since X1-X5 

model xylooligosaccharides were used as standards for IC, quantification of XOS with degrees 

of polymerization (DPs) higher than 5 was estimated. DP >6 are presented as X6+. To quantify 

these higher DP oligosaccharides we used a method similar to that of Yang and Wyman72 

wherein the calibration factor was used from X5 to quantify X6 and above. Carbohydrate 

standards, xylose, xylobiose, xylotriose, xylotetraose, xylopentaose, cellobiose, and dextran (Mr 

~1500) were purchased from Megazyme. All compositional analyses were completed in at least 

duplicate. 
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2D-HSQC NMR Analysis: 2D-HSQC NMR results were acquired as previously 

described.62 Briefly: 100 mg of dry hydrophobic resin adsorbate solid was completely dissolved 

in 0.5 ml dimethyl sulfoxide-d6 solvent (20% solution). 2D-HSQC NMR spectra were acquired 

using a 500 MHz NMR spectrometer equipped with 5 mm BBI probe (Avance, Bruker, USA) at 

25 ºC (140 scans). 

 

Results and Discussion 

Autohydrolysate Characterization  
Autohydrolysis pretreatment followed by a room temperature wash resulted in the 

solubilization of ~22% of the raw Miscanthus biomass (Table 6). Over 50% of the xylan in 

Miscanthus was recovered in the liquor after washing as either xylose or XOS. Hot water 

pretreatments such as autohydrolysis are known to extract hemicelluloses from lignocellulosic 

biomass, while leaving the cellulosic portion relatively untouched.55 The removal of xylose is 

believed to have been relatively low compared to other reports due to the low temperature of the 

washing process utilized (room temperature). It is likely that higher DP XOS were not 

effectively solubilized. Around 19% of the xylose present as xylan in the starting biomass was 

unaccounted for in the pretreatment solids and liquor. This is believed to be due at least partially 

to the production of furfural and other degradation products from xylan during autohydrolysis 

(Table 6). 

 

Table 6: Xylan mass balance throughout pretreatment and wash. Xylose in autohydrolysate 
converted to xylan. *Percent of OD solids in respective fraction (raw biomass, insoluble fraction, 
and soluble fraction). **Percent of original xylan in raw biomass recovered in insoluble and 
soluble fractions. 

 

The Miscanthus autohydrolysate was analyzed for monomeric and oligomeric sugars 

before and after acid hydrolysis (Table 7). Xylose and xylan were the main monomeric and 

oligomeric components present in the autohydrolysate as expected based on previous reports on 

the composition of Miscanthus.59 The small presence of glucose monomers is likely derived from 

    After Pretreatment and Wash    

 Raw Biomass  Insoluble Fraction Soluble Fraction 
Total After 

Pretreatment  
Mass 

Balance 
 %* g  %* g %* g g  %** 

Xylan  21.7 149.6  8.25 44.3 50.43 76.7 121.0  81% 
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glucuronoxylan hemicelluloses. Oligosaccharides accounted for almost half of the total dissolved 

solids (~46%) with the dominate oligosaccharide being xylooligossaccharide (XOS; ~37%). 

 

Table 7: Characterization of autohydrolysate including oligosaccharides and organic acids (% of 
solids in AH). Standard deviations of replicates were below 0.07 for all tests conducted and are 
therefore not included. *Quantity of unknown solids was calculated by difference from total 
dissolved solids present in 100 ml of autohydrolysate (determined by oven drying). (FA: Formic 
acid, AA: Acetic acid, HMF: Hydroxymethylfurfural, FF: Furfural). 

 Monomers  Oligosaccharides        
 Glu Xyl Gal Ara/Man  Glu Xyl Gal Ara/Man  FA AA HMF FF Lignin ?* 

mg/ml 0.27 3.72 0.14 1.62  1.19 9.28 0.37 0.60  0.64 3.79 0.012 0.031 1.94 1.27 
% 1.1% 14.9% 0.5% 6.5%  4.8% 37.3% 1.5% 2.4%  2.6% 15.3% 0.05% 0.1% 7.8% 5.1% 

 

Non-carbohydrate components make up ~25% of the composition of the autohydrolysate 

solids. The most notable non-carbohydrate components are acetic acid and dissolved lignin 

(15.3% and 7.8%, respectively). The acetic acid is derived from acetyl groups on hemicelluloses, 

which is one of the major reasons for the pH reduction during autohydrolysis. The pH of the 

autohydrolysate liquor was 3.2, which is comparable to autohydrolysis liquors from woody 

hardwoods.63 The lignin content in the autohydrolysate liquor (determined by UV analysis at 205 

nm) was ~7.8% (1.94 mg/ml). Approximately 5% of the total non-volatile solids remained 

uncharacterized. 

 

Xylooligosaccharide Present in Miscanthus Autohydrolysate 
A combination of acid hydrolysis and chromatography was employed to analyze xylose 

and XOS in Miscanthus autohydrolysate. We define the term “free” xylose as xylose detected by 

IC prior to acid hydrolysis. Similarly, we define “tied” xylose as the additional xylose detected 

by IC after complete acid hydrolysis (“tied” xylose was calculated by subtracting “free” xylose 

from “total” xylose). “Tied” XOS was calculated by subtracting “free” XOS (detected by IC with 

no acid hydrolysis) from “total” XOS (determined by difference in xylose concentration before 

and after acid hydrolysis; Appendix B1). When calculated in this way, the “tied” XOS fraction 

represents the fraction of XOS that is likely to be associated with lignin via LCC. Note that the 

“tied” XOS fraction could include xylose units attached to lignin if present. 
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Table 8: Characterization of 
autohydrolysate xylooligosaccharides 
by ion chromatography. “Tied XOS” 
are believed to be associated with 
LCC.  

  mg/ml % (of OD solid) 
Free Xylose 5.12 21.7% 

Free X2 2.29 9.7% 
Free X3 1.73 7.3% 
Free X4 1.51 6.4% 
Free X5 1.48 6.3% 

Free X6+ 4.09 17.3% 
Tied XOS 4.91 20.8% 

Lignin 1.94 8.2% 
 

The concentrations of “free” and “total” xylose were ~5 mg/ml and ~21 mg/ml in the 

autohydrolysate liquor, respectively (21.7% and 100% of total xylose, respectively). The 

concentration of “total” XOS was calculated to be ~16 mg/ml (78.3% of total xylose; Table 8). 

“Free XOS” includes xylooligosaccharides with a DP of 2 and above and was present at a 

concentration of 11.1 mg/ml (~69% of total XOS). The concentration of “tied XOS” was 4.91 

mg/ml (~31% of total XOS). These results indicate that almost one-third (by mass) of the XOS 

present in the Miscanthus autohydrolysate was present as “tied XOS.”  
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Figure 14: 2D-HSQC NMR spectrum of hydrophobic adsorbate from Miscanthus 
autohydrolysate showing the presence of cross-correlated peaks associated with uronosyl ester 
and phenyl glycosidic LCC linkages. 

 

2D-HSQC NMR analysis of hydrophobic resin adsorbate produced from Miscanthus 

autohydrolysate showed the presence of correlations corresponding to both lignin and 

carbohydrates, as expected. Additionally, correlations associated with g-uronosyl ester and 

phenyl glycoside LCC structures were observed, in accordance with previous reports (Figure 

14).62,73 The demonstrated presence of LCC linkages provides support to the claim that the “tied” 

XOS fraction is associated with lignin. A signal associated with the benzyl ether type LCC 

linkage was not observed. This is believed to be due to the cleavage of ether linkages in the mild 

acid conditions of autohydrolysis.  

In addition to LCC, clear signals associated with xylan and notably, 4-O-methyl 

glucuronic acid side-groups, were observed (Figure 14, GluA, shown in purple). The presence of 

these signals indicates that there are branched xylans present in the adsorbate. These branched 

xylans may be expected to be included in the “tied” XOS fraction as well. 

Based on the lignin and “tied” XOS content in the autohydrolysate, the number of “tied” 

xylose units per lignin C9 unit was estimated to be between two and three. Previous reports62 

have estimated that LCC linkages account for ~9.5 C9 units per 100 C9 units in lignin recovered 

from autohydrolysis liquor of non-wood biomass (sugarcane bagasse). An earlier study estimated 

that the total LCC linkages are in the range of at least five to more than fifteen units per 100 C9 

units, depending on the biomass species and LCC isolation method.73 These values together 

imply that the average DP of XOS attached to LCC is quite high (>10 units). Based on these 

results, it is apparent that techniques for the selective fractionation of lignin from 

autohydrolysate must be investigated with consideration for the significant amount of XOS that 

is associated with lignin. 

 

Adsorption of Autohydrolysate on Hydrophobic Resin 
Hydrophobic resin was investigated for the selective separation of non-carbohydrate 

components from XOS in Miscanthus autohydrolysate with particular focus on the fate of XOS 

(both “free” and “tied”). Almost ~90% of the dissolved lignin was removed from the 

autohydrolysate after 30 minutes of contact time (Figure 15) in agreement with previous reports 
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62. A bit less than 20% of the free xylose was removed during this process, however, a large 

amount of “free” XOS was removed by the hydrophobic resin treatment. Interestingly, all of the 

“tied” XOS was removed, providing further evidence that the “tied” XOS fraction may be 

associated with lignin. This result further implies that cleavage of LCC bonds could be 

advantageous for improved recovery of XOS from autohydrolysates.  

In conducting an overall mass balance of XOS and lignin throughout the hydrophobic 

resin treatment process, 100% of the “free” xylose and xylobiose (X2) in the raw 

autohydrolysate was accounted for in the “clean” autohydrolysate and the resin adsorbate 

recovered with methanol. However, the total mass balance for the higher DP XOS and for lignin 

was not as good. Only ~60% of starting X6+ XOS was accounted for in the “clean” 

autohydrolysate and adsorbate streams after treatment. Similarly, the overall mass balance for 

lignin was ~70%. This result implies that some high DP XOS and lignin remains adsorbed to the 

hydrophobic resin even after extensive washing with water and then methanol. 

 

Effect of XOS Degree of Polymerization (DP) and Water Wash 
The removal of XOS by hydrophobic resin treatment was highly dependent on the XOS 

DP (Figure 15). The amount of XOS removed increased with increasing XOS DP. To minimize 

the removal of xylose and XOS from the autohydrolysate liquor, an extensive water wash was 

employed following adsorption. The resin, containing adsorbed compounds, was washed five 

times with 100 mL of DI water each time to remove any loose or weakly adsorbed compounds. 

The extensive wash significantly improved recovery of xylose and XOS. However, large 

amounts of XOS still remained adsorbed onto the resin (Figure 2). 

After washing, 100% of the xylose was recovered, as was most of the xylobiose and 

xylotriose (94% and 74% of original, respectively). The removal of XOS with DPs of four and 

above was more significant. Only 26% of the (starting) XOS with a DP of six and above was 

recovered even after extensive washing. Extensive washing was found to have little impact on 

the removal of lignin.  
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Figure 15: Recovery of free XOS, tied XOS, and lignin during hydrophobic resin treatment. 
White bar represents additional component recovered during extensive washing *Additional 
tied XOS potentially recovered due to water washing was not collected.  

 

 
Figure 16: Impact of DP on model oligosaccharide removal by hydrophobic resin (3 mg/ml 
starting concentration). 

 

To confirm adsorption of free XOS onto hydrophobic resin, and to show that DP 

influences adsorption, oligosaccharide model compounds (cellobiose and dextrans) were 

contacted with hydrophobic resin. Since cellobiose is only a dimer, adsorption of a dextran 

(~1500 Mr; Sigma) was tested as well. Results showed that the amount of oligosaccharide 

removed by adsorption with hydrophobic resin (as a percent of starting oligosaccharide) 

increased linearly with increasing DP (Figure 16), confirming the results of autohydrolysate 

adsorption tests. 

 As has been demonstrated, a large portion of the XOS removed by hydrophobic resin 

treatment is likely associated with lignin, however, a large amount of “free” XOS is removed as 
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well. The interaction of oligosaccharides (which are typically considered hydrophilic) with 

hydrophobic surfaces is supported by literature. Previous research has indicated that certain 

conformations of oligosaccharides show amphiphilic behavior.74,75 These structural 

conformations are such that all hydrogens present to one face and all hydroxyl groups present to 

the other. b-1-4-D-linked oligosaccharides, such as XOS, are less capable of entering these 

conformations compared with a-1-4-D-linked oligosaccharides. However, xylose is one of the 

more hydrophobic monosaccharides. Additionally, increased DP improves the capacity of 

oligosaccharides to enter amphiphilic conformations, in support of our findings.74,75 

 In accordance with our findings, previous reports on the treatment of lignocellulosic 

autohydrolysates with hydrophobic resin also indicated removal of XOS. Narron et al. reported 

substantial loss of XOS during resin treatment (~30% of oligomeric xylose).62 Huang et al. 

employed an extensive wash to minimize the removal of XOS, but ~10% of XOS were still 

lost.70 Narron et al. hypothesized that LCC may be to blame for XOS removal, however, our 

results indicated that even XOS that was definitely not associated with lignin was removed by 

hydrophobic resin treatment. Previous reports have not discussed the impact of DP on XOS 

removal during this process. 

 

Impact of Hydrophobic Resin Physical Properties on XOS Adsorption  
Physical properties of the hydrophobic resin, such as pore-size, specific surface area, 

porosity, and particle size were hypothesized to impact XOS adsorption due to the potential for 

physical interaction between oligosaccharide chains and the resin structure. Three different 

hydrophobic resins were tested for removal of non-carbohydrate components and recovery of 

XOS from Miscanthus AH. The chemical compositions of the three hydrophobic resins were 

identical. However, the physical properties were all different between the three resins (Table 5). 

Therefore, observed differences in adsorption could be attributed to a combination of resin 

properties.  
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Results indicated that the average pore size of the resin had very little impact on 

adsorption of XOS regardless of DP (Figure 17). Interestingly, however, the physical properties 

of the hydrophobic resin were observed to impact the removal of lignin during adsorption. 

Adsorption of autohydrolysate by XAD 4 resulted in the removal of almost 25 percentage points 

less lignin (Appendix B2). While the use of hydrophobic resin with different physical properties 

was not altogether irrelevant to the adsorption process, adsorption of XOS appears to be 

independent of the physical structure of the hydrophobic resin within the range tested in this 

study (Figure 17). 

 

Impact of pH on Adsorption of Autohydrolysate onto Hydrophobic Resin 
The effect of pH on the adsorption of lignin by hydrophobic resin was tested in order to 

improve the selectivity of the resin to lignin adsorption. The main mechanism by which solutes 

are adsorbed onto the XAD’s aromatic surface are hydrophobic interactions. However, pH is 

expected to have an important impact on the charge of the dissolved polymers. Lignin and 

hemicelluloses are known to feature ionizable functional groups. Furthermore, pH may have an 

impact on oligosaccharide conformation in solution. Since lignin is known to precipitate at 

reduced pH, the pH was only increased (from 3.2 up to a maximum of 12).  

 
Figure 17: Impact of XAD average pore diameter on recovery of XOS (as a function of 
degree of polymerization; DP). Error bars represent one standard deviation above and 
below the average. 
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The pH of the autohydrolysate had an impact on both lignin and XOS adsorption onto 

hydrophobic resin (Figure 18). Increased pH reduced the adsorption of lignin onto the resin from 

~90% at a pH of 3.2 to ~70% at a pH of 12 (as a percent of lignin in starting autohydrolysate). 

Increased pH initially increased adsorption (loss) of XOS, but above a pH of ~8 the adsorption of 

XOS onto the hydrophobic resin decreased dramatically. Utilizing the lignin and XOS removal 

results, a selectivity value was determined for each pH based on Equation 1. 

 

A58,;B+1,-	!/C/D+1E1+F = 312-1-	;/:,E/5	(:2/:C)
J(!	;/:,E/5	(:2/:C) 																													#K. 1 

 

Based on this analysis, the highest selectivity for the hydrophobic resin adsorption 

process occurred at high pH (12) due to the reduced removal (increased recovery) of XOS. 

However, the reduced removal of lignin at high pH makes this condition unfavorable.  

 

 

Motivated by the results of pH testing, we additionally tested a three step process wherein 

initial adsorption was conducted at pH 3.2 followed by removal of adsorbates by methanol. 

  

 

Figure 18: Impact of pH on a) lignin removal 
and b) “free” XOS recovery by XAD resin. c) 
Adsorption selectivity (mg lignin removed by 
XAD/mg XOS removed by XAD) as a 
function of pH. “Free” XOS recovery is for 
an average of all degrees of polymerization. 
No “extensive” wash was used during these 
experiments. 
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Then, following the methanol wash, a high pH (12) water wash was conducted to remove XOS 

still adsorbed on the hydrophobic resin. The high pH water wash was found to preferentially 

remove higher DP XOS (X6-X12; Appendix B3). However, most (> 95%) of the adsorbed XOS 

that was not removed by methanol also remained attached to the resin surface even after washing 

at high pH. 

 

Conclusions 

In this study, xylooligosaccharides (XOS) in raw Miscanthus autohydrolysate were found 

to be present in a complex mixture including a broad range of DPs and around 30% present as 

“tied” XOS, either associated with lignin or branched. Treatment with hydrophobic resin resulted 

in the complete removal of the “tied” portion of XOS. However, “free” XOS was found to be 

removed by resin treatment as well, at rates that were highly dependent on DP. The physical 

properties (pore-size, specific surface area, porosity, and particle size) of the resin were found to 

have no impact on adsorption of XOS. pH was found to impact both XOS and lignin adsorption 

to hydrophobic resin. High pH (~12) improved the adsorption selectivity to lignin removal, but 

hampered the total removal of lignin. A high pH wash was successful at removing only a small 

portion of the high DP XOS that remained adsorbed after water washing of the resin. 

Based on the results of these studies, it can be concluded that strongly hydrophobic resin 

may not be ideal for purification of higher DP XOS (>4), which has the capacity to behave 

hydrophobically in certain environments. The relatively lower removal of low DP XOS during 

adsorption indicates the potential for a viable process utilizing hydrophobic resin if all of the 

XOS in AH is reduced to a DP of 2-4 prior to treatment with hydrophobic resin. However, 

further development is needed before such a process is economically viable for purification of 

autohydrolysate streams for prebiotic applications.  
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CHAPTER 4: Processing of Liquid Autohydrolysate for Xylooligosaccharide Purification 

 
Introduction 

Prebiotics are a class of carbohydrates that have been shown to improve health by 

promoting the growth and maintenance of beneficial bacteria in the gut 43,44. Among the many 

ways prebiotics have been shown to improve digestive track health include improved bowel and 

immune function, blood glucose and cholesterol reduction, improved mineral adsorption, and 

reduction in pro-carcinogenic enzymes in the gastrointestinal tract 43–45. The prebiotic market has 

been growing recently due to growing consumer interest in natural healthcare options.  

Currently, the most common prebiotics are inulin, fructooligosaccharides (FOS), 

galactooligosaccharides (GOS), lactulose, and polydextrose 46. However, xylooligosaccharides 

(XOS) have recently been gaining popularity. Between 2014 and 2017 the world XOS market 

grew from 81 million to 92 million USD, with projections for 2022 as high as 118 million USD 
49. XOS are advantageous compared with traditional prebiotics since they taste sweet making 

them ideal for use as a functional food additive. Additionally, XOS can be produced from 

lignocellulosic sources. Application of XOS in medical and health products, food, drink, and 

animal feed have been explored 46. 

Food grade oligosaccharides have been produced commercially since at least the 1980s. 

Oligosaccharides can be produced through multiple processes, most often enzymatic methods are 

utilized to either build oligosaccharides from monomeric sugars or to produce oligosaccharides 

from longer chain carbohydrates 76. XOS can be produced from xylan-rich lignocellulosic 

biomass sources such as hardwoods, agricultural residues (e.g. corn cob), or grasses by chemical 

methods and/or direct enzymatic hydrolysis 5.  

The production of an XOS prebiotic product represents an exciting opportunity for value 

addition to the lignocellulosic biorefinery. Autohydrolysis and related technologies have been 

extensively studied for biomass pretreatment in various biorefinery processes 14,50–55. 

Autohydrolysis is simple, relatively low cost, and effective at reducing biomass recalcitrance to 

further treatments.  

In addition to oligosaccharides and monosaccharides, the liquid byproduct of autohydrolysis 

(autohydrolysate) contains a heterogeneous mixture of dissolved components derived from the 

starting biomass including lignin, organic acids (acetic acid, formic acid, glucuronic acid), and 
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degradation compounds (furfural and hydroxymethyl furfural) 61. Therefore, purification of the 

XOS from autohydrolysis liquor is necessary to produce an effective and safe prebiotic product. 

The main categories of dissolved components in autohydrolysate that must be addressed during 

purification are aromatic compounds, organic acids, and carbohydrate monomers (which do not 

have any prebiotic activity). 

Several techniques have been reported for the purification of XOS from autohydrolysis 

liquors including solvent extraction, solvent precipitation, flocculation, chromatographic 

separation, membrane separation, ion-exchange treatment, freeze drying, and adsorption 67. 

Vegas et al. 77,78 and Vázquez et al. 65 successfully extracted non-saccharide compounds (lignin- 

and extractive-derived compounds) from autohydrolysis liquors using ethyl acetate. Kabel et al. 

employed anion-exchange/size-exclusion chromatography followed by matrix-assisted laser 

desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS) to fractionate and 

characterize XOS from hydrothermally treated lignocellulosic materials 79,80. However, due to 

the relatively high cost, chromatographic techniques are usually only carried out at an analytical 

level to achieve high-purity XOS fractions. 

Vegas and co-workers reported on the purification of XOS from liquors obtained by 

autohydrolysis of rice husk using a combination of nanofiltration and ion-exchange treatment 67. 

Nanofiltration using a ceramic membrane (MWCO of 1000 Da) removed 41.4% of the non-

saccharide components and 53.1-79.1% of the monosaccharides from the autohydrolysis liquor 

while losing only 8% of XOS and GluOS. Subsequent treatment with ion-exchange resins (IRA 

94 and Amberlite® 200) further removed 62% of the remaining non-saccharide compounds. 

Activated carbon (AC) has been widely studied either for removal of undesired 

compounds or for separation of XOS from monosaccharides. Montané et al. used AC for the 

purification of XOS produced from autohydrolysis of almond shells 81. Results indicated that AC 

treatment is a feasible way to remove extractives-derived and lignin-derived compounds and 

carbohydrate degradation products. They concluded that highly microporous AC with a low 

concentration of basic surface groups favored the adsorption of lignin-related compounds.  

Chen et al. used AC followed by ethanol/water elution to fractionate XOS from 

Miscanthus × giganteus autohydrolysates and 47.9 wt% of XOS were recovered 58. However, the 

removal of impurities including lignin-derived compounds and sugar degradation products was 

not discussed. More recently, Huang et al. proposed to recover XOS from a mild autohydrolysis 
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pretreatment liquor using XAD16N hydrophobic resin. In their work, 5.9 g of XOS was 

recovered from 100 g of hardwood feedstock 70. The degree of polymerization (DP) distribution 

and purity of their final XOS products were not characterized. 

In addition to removal of non-oligossaccharide components form autohydrolysis liquors, 

enzyme hydrolysis may be necessary to reduce XOS DP. The typical DP range of XOS is quite 

broad, including a substantial quantity of XOS with DPs greater than ten 82. The high DP of 

dissolved XOS has been shown to heavily impact downstream processing and therefore may 

necessitate an enzymatic hydrolysis stage prior to further treatment (Corbett, in press). 

Additionally, oligosaccharide degree of polymerization (DP) is often cited as one of the 

important factors determining prebiotic activity along with monomer composition, degree of 

branching, linkage type, water solubility, and purity 83–85. Oligosaccharide DP can be expected to 

impact solubility as well as reactivity and stability of the prebiotic, all of which may impact 

prebiotic activity.  

Most accounts conclude that lower molecular weight oligosaccharides are fermented 

more readily by beneficial bacteria. It was found that shorter-chain fructooligosaccharides (2-8) 

were preferentially metabolized by most Bifidobacterium strains during in vitro tests. Longer-

chain inulin was metabolized only when strains of bacteria were present that possessed the 

ability to breakdown the inulin. In vivo studies confirmed this finding 83. Other in vitro studies 

found similar results for fructooligosaccharides of differing DP 86. In-vivo results may be 

expected to differ from in-vitro results due to the impact of oligosaccharide stability prior to 

reaching the intestine. 

Previous studies on enzymatic processing of autohydrolysis liquors have shown that 

various endoxylanases have the capacity to reduce the average DP of dissolved XOS and 

increase the concentration of low DP XOS 87,88. Vázquez and co-workers reported a conversion 

of up to 67% of the initial XOS into low-DP oligosaccharides by the enzyme Hemicellulase 90 
87. Vegas assessed the impact of enzyme loading and incubation time on the activity of three 

endoxylanase enzymes. It was found that the Shearzyme 2X enzyme led to the most 

oligosaccharides with DPs of 2-3, while the other enzymes tested resulted in oligosaccharides 

with higher DPs (4-7).  

In the present work, new experimental results from three processes that have been 

proposed for treatment/purification of autohydrolysis liquor for the production of XOS prebiotics 
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are presented. The three processes are 1) hydrophobic resin treatment for the removal of 

aromatic compounds, 2) activated carbon (AC) treatment for removal of monomeric sugars and 

acids, and 3) enzymatic hydrolysis for XOS DP reduction (Figure 19). The results presented here 

are intended as inputs for a technoeconomic analysis (TEA) of the proposed process to produce a 

valuable XOS prebiotic product from lignocellulosic biomass. 

 

 
Figure 19: Autohydrolysate processing scheme for the production of high value XOS prebiotic product. 

 

Experimental Methods 

Raw Materials 
The autohydrolysis liquor (autohydrolysate) used in this study was produced from 

Miscanthus × giganteus in an AdvanceBio continuous screw reactor (2 kg per hour capacity; 

AdvanceBio LLC, Milford, OH, USA) at Pennsylvania State University 47. The pretreatment 

conditions were as follows: liquor-to-wood ratio of 4:1, reaction temperature of 190 ºC for 

retention time of 10 minutes. To effectively extract dissolved materials, the pretreated biomass 

was soaked in de-ionized water at room temperature and the diluted liquor was collected by 

vacuum filtration producing the autohydrolyzate liquor used for the resin treatment and activated 

carbon treatment portions of this work.  

For the enzymatic hydrolysis portion of this research, autohydrolysis was produced from 

mixed hardwood biomass in an MK digester at 190ºC for 30 minutes (liquor:wood ratio of 4:1). 

The concentration and distribution of XOS are similar to that of Miscanthus autohydrolysate.  

XOS standards (DP 2-5) were purchased from Megazyme and used as received. All other 

chemicals used in this study, unless stated otherwise, were of analytical quality and were 

purchased from Sigma Aldrich. 
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Hydrophobic Resin Treatment 
Amberlite® XAD16N resin was used to remove hydrophobic aromatic components from 

Miscanthus autohydrolysis liquors in the first stage. Prior to adsorption, XAD16N resin was 

washed with excessive deionized water followed by methanol washing to remove the 

preservative salts and adsorbed impurities. Residual methanol was removed by further deionized 

water washing. Moisture content of prepared resin was determined prior to adsorption 

experiments (typically ~33%). For adsorption treatment experiments, 100 ml autohydrolysate 

samples were mixed with 10 g (O.D. basis) of prepared resin and stirred for 30 min (10 OD wt% 

loading on liquor volume). The treated autohydrolysates were separated from the resin by 

vacuum filtration through a Buchner funnel.  

 

Activated Carbon Treatment 
Activated carbon (AC; Darco 60, 100 mesh) adsorption was employed to both model 

hydrolysate liquors and XAD16N treated (partially purified) autohydrolysates. Prior to 

adsorption, AC was stabilized using 1 L of deionized water at a flow rate of 100 ml/h to remove 

air and fine particles. After stabilization, 100 ml of partially purified autohydrolysate or model 

hydrolysate liquor was introduced to the AC column at a flow rate of 100 ml/h. Following initial 

loading, the AC column containing adsorbed oligosaccharides was washed with deionized water 

followed by elution with ethanol solution (100 ml/h flow rate). AC loading was 3% (weight 

AC/volume liquor) packed in a standard borosilicate glass Chromaflex® chromatography 

column (1 cm inner diameter x 15 cm length).  

 

Table 9: Composition of partially 
purified autohydrolysate model (mg/ml). 

Glucose 3.05 
Cellobiose 3.69 

Formic acid 0.41 
Acetic acid 1.16 

 

The composition of model hydrolysate liquors simulated that of XAD16N partially 

purified Miscanthus autohydrolysate (Table 9). Glucose, cellobiose, acetic acid, and formic acid 

were utilized to represent the total monosaccharides, oligosaccharides, and organic acids, 
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respectively. Trace amounts of furfural and 5-hydromethylfurfural (5-HMF) expected in the real 

partially purified autohydrolysate were not included in model studies. 

For the adsorption of model hydrolysate liquors, different volumes of water (50, 100, 

150, 200, 300, and 500 ml) and ethanol solutions (100, 300, 500, 700, and 1000 ml) and different 

concentrations of ethanol solutions (15, 30, 45, 60, and 75 (% v/v)) were tested to optimize XOS 

recovery and monomer removal during AC treatment. For subsequent tests with partially purified 

autohydrolysate the optimal values obtained from model autohydrolysate liquors were used; 

namely, 150 ml water wash and 300 ml ethanol solutions with concentrations of both 30% (v/v) 

and 45% (v/v). 

 

Enzymatic Hydrolysis 
For enzymatic hydrolysis experiments, two different commercial enzymes were tested. 

Preliminary testing was performed using HTecII hemicellulase (Novozymes). HTecII is a multi-

component commercial hemicellulose designed to improve the complete hydrolysis of pretreated 

lignocellulose. The enzyme includes both exo- and endo- hemicellulases. An experimentally 

determined protein concentration of 133 mg protein/gram HTecII was utilized for conversion 

from grams of enzyme preparation to grams of protein. Three enzyme dosages were used 0.25%, 

0.50% and 1.00% (g protein/g xylan). Samples were taken after 0.5, 1, 2, 5, and 24 hours. The 

pH was set to 5.3 using a sodium acetate buffer. 

Shearzyme 500L enzyme (Novozymes) was evaluated as well. Shearzyme is a line of 

monocomponent commercial endoxylanases produced by Novozymes for use in food 

applications. Shearzyme is produced by an Aspergillus oryzae strain that contains an 

endoxylanase-encoding gene from Asperigillus aculeatus 89. Shearzyme contains an 

endoxylanase from the GH-10 family of glycosyl hydrolases 88. GH-10 endoxylanases are 

characterized by high MW and low pI values and are capable of hydrolysing xylan chains closer 

to branch points and toward the non-reducing end than other enzyme families 88. This typically 

results in the production of shorter oligosaccharides 88. 

The endoxylanase activity of the Shearzyme preparation was 542.3 FXU-S/g enzyme 

preparation (value provided by Novozymes). Based on the literature, three enzyme loadings were 

chosen for Shearzyme experiments: 100, 300, and 600 FXU-S/kg liquor 88,90. The pH was set to 

4.5 using a sodium acetate buffer. Samples were taken at 2, 6, 24, and 48 hours. A blank sample 
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was run with no enzyme to ensure that changes in XOS concentration could be reasonably 

attributed to enzyme action. After sampling, enzymes were denatured by heating the samples in 

boiling water for five minutes. Denatured samples were stored at 4ºC prior to analysis. 

For hydrophobic resin adsorption treatment following Shearzyme 500L EH treatment, 15 

mls of raw autohydrolysate was diluted with 15 mls of buffer + diluted enzyme (pH 4.5, 900 

FXU-S/kg liquor). After 48 hours, the 30 ml sample was briefly brought to a boil to denature the 

enzyme. 2 mls of Shearzyme-treated autohydrolysate was removed for IC analysis. The 

remaining liquor was treated with hydrophobic resin exactly as previously described. 

 

Analytical Methods 
Monosaccharides (i.e. glucose, xylose, galactose, arabinose, and mannose) present in 

both original and treated autohydrolysates were analyzed using high-performance liquid 

chromatography (HPLC, Agilent 1200, Palo Alto, CA) with a refractive index detector. In this 

system, a Shodex SP-0810 column (8 × 300 mm, Showa Denko, Japan) at 80 °C was used for 

separation. Milli-Q water at a flow rate of 0.5 ml/min was used as the mobile phase. Sample 

analysis was completed in 60 min. Standard curves were made using commercial monomeric 

sugars for quantification.  

To quantify the total oligosaccharide content in the autohydrolysates, mild acid 

hydrolysis (4% sulfuric acid) was carried out in an autoclave for 60 min to produce quantifiable 

oligomer-derived monosaccharides following published methods 71. Total oligosaccharide 

content was calculated by the difference in monosaccharide content before and after acid 

hydrolysis.  

Additionally, XOS content was measured by an ion chromatography (Dionex ICS 5000, 

Sunnyvale, CA) equipped with an pulsed amperometric detector (PAD) and anion exchange 

column (Dionex CarboPac PA200) at 30 °C. Two eluents, 100 mM NaOH solution and 100 mM 

NaOH containing 1 M CH3COONa, were used as mobile phase at a flow rate of 0.4 ml/min. 

100% 100 mM NaOH solution was eluted initially with a gradient program to elute 9% of 100 

mM NaOH and 1 M CH3COONa solution over 21 min followed by washing and 5 min re-

equilibration in 100 mM NaOH. Standards of XOS (DP 1-5) were used for peak identification 

and quantification. Since X1-X5 model xylooligosaccharides were used as standards for IC 

analysis, quantification of XOS with DPs higher than five was estimated. DP >6 are presented as 
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X6+. To quantify these higher DP oligosaccharides a method similar to that of Yang and Wyman 
72 was used wherein the calibration factor for X5 was used to quantify X6 and above. 

The analysis of organic acids and furans (furfural, and 5-hydromethylfurfural (5-HMF)) 

was performed by a liquid chromatography (Agilent 1220 infinity LC, Palo Alto, CA). 

Separation was achieved at ambient temperature using an organic acid analysis column (BIO-

RAD, Aminex® HPX-87H ion exclusion column) with 0.005 N H2SO4 at a flow rate of 0.5 

ml/min as mobile phase. Formic acid and acetic acid were detected using a variable wavelength 

detector (VWD) at a wavelength of 210 nm, whereas a wavelength of 285 nm was set for the 

detection of furans. Analytical standards were prepared and used for quantification.  

Quantification of soluble-lignin present in original and treated autohydrolysates were 

performed using UV spectrophotometer (Lambda XLS, PerkinElmer, USA) at l = 280 nm. To 

obtain UV responses free of the contribution of furans, an aliquot of both autohydrolysates was 

mixed with excessive amounts of sodium borohydride to reduce all solutes. Absorbance values 

reported in this study were the average of duplicate measurements.  

 

Results and Discussion 

Autohydrolysis 
Autohydrolysis of Miscanthus resulted in the partial dissolution of acid-labile 

hemicelluloses (xylose, arabinose, galactose, and glucose), organic acids, and a fraction of the 

lignin present in Miscanthus. Also present in the autohydrolysis liquor were carbohydrate 

decomposition products (furfural and HMF), denoted in this work as furans (Table 10). 

The liquor contained 19.4 mg/ml carbohydrates (including oligosaccharides and 

monosaccharides). The XOS concentration was 11.1 mg/ml, which accounted for 42% of the 

total dissolved solids (TDS). The largest fraction of XOS was the X6+ fraction containing XOS 

with DPs of six and above. Other major components included acetic acid (16% of TDS) and 

aromatics (furan and lignin; 10% of TDS). The pH of the raw autohydrolysis liquor was 3.2. 

Further details regarding the autohydrolysis liquor used in this research can be found in previous 

reports 47 and (Corbett, in press). 
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Table 10: Composition of Miscanthus autohydrolysates 
Component mg/ml % 
Xylose 3.45 13% 
Xylobiose (X2) 2.29 9% 
Xylotriose (X3) 1.73 6% 
Xylotetrose (X4) 1.51 6% 
Xylopentose (X5) 1.48 6% 
Xylohexose+ (X6+) 4.09 15% 
Glucose 0.29 1% 
GluOS 1.87 7% 
Other Monomers 1.67 6% 
Other OS 0.86 3% 
Acetic Acid 4.28 16% 
Furans 0.79 3% 
Lignin (105 nm) 1.94 7% 
Total mg/ml 26.25 98% 
Actual Total 26.73  

 
Hydrophobic Resin Treatment 

Hydrophobic resin treatment of Miscanthus autohydrolysis liquor by Amberlite® XAD 

resin was discussed in a previous publication (Corbett, in press). However, the component yields 

are briefly presented here including new results for non-XOS components present in 

autohydrolysate (Table 11). 

The target components of hydrophobic resin treatment are the aromatic components 

(lignin and furans). Accordingly, fewer than 10% of furans and lignin components remain after 

hydrophobic resin treatment (depending on loading), highlighting the well-known effectiveness 

of hydrophobic resin treatment for removal of aromatic compounds 62,70. However, as has been 

previously described, substantial loss of XOS occurs as well (Corbett, in press). Recovery of 

XOS is highly dependent on DP, with the recovery decreasing substantially as XOS DP 

increases. Water washing of the resin after initial adsorption was shown to improve recovery of 

XOS, however, significant water use is necessary 70 (Corbett, in press). 

Non-xylan-derived monomers and oligosaccharides behave similarly to xylose and XOS, 

although data for recovery of specific DPs is not available. Some acetic acid is removed but most 

remains in the liquor and any subsequent washing of the resin will certainly increase the 

recovery of weakly adsorbed organic acids. 
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Table 11: Component recovery (not adsorbed) during 
hydrophobic resin treatment with XAD16N. Loading of 10 
grams resin/100 grams autohydrolysate liquor. No water wash 
performed. 

Component Recovered After Resin Treatment* 
Xylose 89% 
X2 70% 
X3 53% 
X4 41% 
X5 34% 
X6+ 21% 
Glucose 90% 
GOS 34% 
Other Monomers 89% 
Other OS 29% 
Acetic Acid 66% 
Furans 8% 
Lignin 6% 

 
Activated Carbon Treatment 

Following hydrophobic resin treatment, partially purified autohydrolysate was treated by 

activated carbon (AC). Adsorption onto AC is followed by water washing and stepwise elution 

with a water/ethanol solution to obtain high-purity XOS (Figure 19). 

Initial studies involved optimization of the water wash volume and ethanol concentration 

and elution volume using a model autohydrolysate. For the model study, glucose and cellobiose 

were used to represent total monosaccharides and oligosaccharides present in the partially 

purified autohydrolysates, respectively. For the sugar degradation products, only formic acid and 

acetic acid were considered. Soluble lignin and furans were not considered in the model 

compound study since most soluble lignin and furans are removed from the autohydrolysate 

during hydrophobic resin treatment (Table 11). Subsequently, the optimal AC treatment 

determined during model studies was tested with actual Miscanthus autohydrolysate that had 

been treated with hydrophobic resin. 

 

Activated Carbon Model Autohydrolysate Study 

AC adsorption of model autohydrolysate was shown to effectively separate glucose from 

cellobiose (Figure 20a). However, a small amount of glucose and most of the formic and acetic 
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acid in the model autohydrolysate remained adsorbed onto the AC. To address this issue, water 

washing was employed to remove the weakly adsorbed impurities.  

To determine the optimal volume of wash water, ACs that had been loaded with 100 mls 

of model autohydrolysate (AC loading of 3%) were washed with 50, 100, 150, 200, 300, and 500 

ml of water (Figure 20a). Removal rates of both sugars and acids initially increased with 

increasing water wash volume, however, no statistical change was observed when more than 150 

ml of water was used. Washing with 150 ml of water removed 40% of the formic acid and 98% 

of the acetic acid from the AC. Unfortunately, washing also resulted in the loss of up to 20% of 

the cellobiose. 

Ethanol/water solution was used to recover the adsorbed oligosaccharides (cellobiose) 

from the AC after water washing. Different volumes and concentrations of ethanol solution were 

studied to optimize the recovery of oligosaccharides (Figure 20b and 20c). The recovery of 

cellobiose increased from 48% to 93% (as a percentage of cellobiose adsorbed to AC) as the 

volume of 45% (v/v) ethanol solution increased from 100 ml to 300 ml. Further increase in 

elution volume up to 1000 ml resulted in no significant change to cellobiose recovery. At 30% 

ethanol/water (v/v), the maximum recovery of cellobiose (~97%) was achieved when 300 ml of 

solution was used.  

Similar results were obtained by Chen et al., who investigated the effects of ethanol 

fractions on the recovery of XOS that adsorbed onto AC 58. They reported that 30% ethanol 

solution recovered the highest amounts of XOS while concentrations of ethanol above 50% did 

not lead to efficient recovery of XOS. In addition, similar to the present findings, Chen at al. as 

well as Zhu et al. found that higher ethanol concentrations favored the elution of higher DP XOS 
58,91. Since only cellobiose was considered in this model compound study, the recovery of 

oligosaccharides at 30% and 45% ethanol solution did not differ significantly. Both 

concentrations were selected for testing with the partially purified Miscanthus autohydrolysates.  

Of the formic acid that remained on the AC after water washing, 40% eluted with the 

ethanol/water solution. The recovery rate of formic acid did not significantly change with the 

tested ethanol solution volumes and concentrations.  
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Figure 20: Model compounds study; a) removal of sugars and acids at water washing stage as 
a function of water volume; recovery rates of sugars and acids during ethanol solution washing 
stage as a function of b) ethanol solution volume, and c) ethanol solution concentration (300 
ml). 
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Activated Carbon Treatment of Partially Purified Autohydrolysate  

Based on the results from model compounds study, 100 ml of partially purified 

Miscanthus autohydrolysates were treated by 3% (w/v) AC. Adsorbates were first washed using 

150 ml water, and then eluted using 300 ml ethanol solution with ethanol concentrations of either 

30% or 45% (v/v).  

As expected based on model compound studies, 100% of the oligosaccharides were 

adsorbed by AC while only ~10% of the monosaccharides were adsorbed (Table 12). 

Additionally, all of the furans and about half of the acetic acid present in the resin purified 

autohydrolysates were adsorbed by the AC. Subsequent water washing removed all of the acetic 

acid and monomeric sugars that remained on the AC.  

After water washing, over 99% of monomeric sugars were separated from XOS, which is 

in agreement with the results obtained by Li et al. in which they recovered 

mannooligosaccharides from enzymatic hydrolysates via AC.30 However, during water washing, 

~20% of the original XOS present in partially purified Miscanthus autohydrolysate was lost. 

Chromatographic analysis of specific DPs revealed that xylobiose (X2) was the major 

contributor to XOS loss during water washing. About half of the xylobiose (X2) that had 

adsorbed to the AC during initial loading was lost during the water washing stage (Table 12). 

 

Table 12: Yields of autohydrolysate components throughout AC purification. Values 
in red are estimates as the exact values were not determined. Percent of component 
remaining after previous step. *Values not determined. Activated	Carbon

Component g
Adsorbed	
by	AC g

Remaining	After	
Wash g

Eluted	by	
Ethanol/Water	(45%) g Total	Yield

X2 1.14 100% 1.14 51% 0.58 100% 0.54 51%
X3 0.78 100% 0.78 100% 0.78 99% 0.77 99%
X4 0.47 100% 0.47 98% 0.46 96% 0.44 94%
X5 0.32 100% 0.32 100% 0.32 87% 0.28 87%
X6+ - 100% - 100% - 87% - 87%
GOS 0.32 100% 0.32 100% 0.29 67% 0.21 67%

Other	OS 0.27 100% 0.27 91% 0.25 72% 0.18 66%
Xylose 2.22 9% 0.20 5% 0.01 100% 0.01 0%
Glucose 0.18 10.50% 0.02 0% 0 100% 0 0%

Other	Monomers 0.5 10.50% 0.05 20% 0.01 100% 0.01 2%
Acetic	Acid 1.16 46% 0.53 0% 0 48% 0 0%
Furans 0.01 100% 0.01 100% 0.01 55% 0.01 55%

Soluble	Lignin 1.94 100% 1.94 100% 1.94 50% 0.97 50%  
 

After washing, elution of the remaining adsorbed components from AC with 300 ml of 

45% ethanol solution yielded ~78.8% of the total XOS present in the partially purified 

autohydrolysate (all DPs as determined by subtraction before and after acid hydrolysis). 
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Compared to elution with 45% ethanol solution, elution with 30% ethanol solution resulted in a 

lower total recovery of adsorbed XOS (~60% of that in partially purified autohydrolysate; 

Appendix C1). 

Chromatographic analysis of individual DPs indicated that elution of XOS by 45% 

ethanol solution decreases with increasing DP (Table 12). All of the remaining adsorbed 

xylobiose (X2) was recovered whereas only 87% of xylopentose (X5) was recovered. In 

accordance with results for total XOS, recovery of all DPs was lower when eluted with 30% 

ethanol solution (v/v). In particular, the recovery of xylotriose (X3) was significantly reduced 

compared to elution with 45% ethanol solution (Appendix C1). 

Overall yields throughout the AC purification process were lowest for xylobiose (X2), 

due to loss during the water wash, and highest for xylotriose (X3). It appears that xylotriose 

adsorbed strongly enough to the AC to survive water washing but not too strongly such that 

ethanol/water elution was not effective (as with higher DP XOS). Some impurities including 

other oligosaccharides and sugar degradation products were observed in the final XOS stream 

after elution with ethanol/water. 

AC adsorption combined with ethanol elution is a popular method for recovery of 

oligosaccharides. Recently, Morales et al. reported on their effective separation of 

fructooligosaccharides (FOS) from honey using AC adsorption followed by elution with 15% 

(v/v) ethanol solution. The reported recovery of FOS was as high as 97.8%.31 Yang et al. and 

Tan et al. used charcoal to treat xylanase hydrolysates. Yang et al. and Tan et al. reported XOS 

recoveries of 95% and 97%, respectively. 32-33 The same method was also employed with 

autohydrolysates by Chen et al.; recovery of 47.9% of initial xylan was reported. 7-8  

The difference in recovery rates reported in the literature and this study may be explained 

by the different compositions of the hydrolysates. Low DP XOS (typically X2-X4) are the major 

components present in enzymatic hydrolysates. However, autohydrolysates have more complex 

composition and have a wider range of XOS DPs, which increases the difficulty of purification 

and therefore decreases the total XOS recovery.  

 

Composition of Purified XOS 
 The purified XOS product (Table 13) is composed mostly of XOS (~85%) with 

significant concentrations of other oligosaccharides (~12%). Monomer sugars, acetic acid, 
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furans, and soluble lignin have been almost completely eliminated (representing only ~2.5% of 

the TDS). Due to the large volume of ethanol/water required for product recovery from the AC, 

the concentration of XOS is very low (~1.8 mg/ml). The total solids remaining after purification 

represents ~21% of the solids in the starting autohydrolysate, and the final yield of XOS is about 

~43% of the starting XOS. 

The largest loss of XOS was from loss of high DP XOS that occurred during hydrophobic 

resin treatment (only 18.1% of starting X6+ XOS remained after processing). Xylotriose (X3) 

was recovered at the highest rate, with 52.6% of starting X3 remaining. X2 recovery was low 

(35.9%) due to losses during AC water washing.  

 
Table 13: Composition of purified XOS product. Calculated based on experimentally 
determined yields for each component for each processing stage (no resin wash, 45% 
ethanol/water v/v elution). *% of starting component. 

Component 
Composition 

Overall yield* mg/ml % 
X2 0.27 18.8% 23.8% 
X3 0.30 21.8% 39.8% 
X4 0.19 13.7% 33.7% 
X5 0.15 9.6% 28.8% 

X6+ 0.25 21.8% 50.0% 
GOS 0.14 7.8% 23.1% 

Other Oligosaccharides 0.08 4.1% 26.3% 
Xylose 0.00 0.2% 0.4% 
Glucose 0.00 0.0% 0.0% 

Other Monomers 0.01 0.6% 1.9% 
Acetic Acid 0.00 0.0% 0.0% 

Furans 0.01 0.6% 4.5% 
Soluble Lignin 0.02 1.0% 2.9% 

 
 

Enzymatic Hydrolysis 
To address the wide range of XOS DPs present in autohydrolysis liquor, and the 

associated difficulties with purification efforts. Enzymatic hydrolysis was applied prior to 

hydrophobic resin treatment. Losses of X6+ (high DP XOS) were the highest of all the XOS DPs 

present in autohydrolysis throughout the proposed purification process. Reduction in the content 

of X6+ should positively impact the XOS yields throughout overall purification process.  
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HTec2: Initial EH tests were performed with HTec2. It was expected that enzymatic 

treatment would result in the shortening of oligosaccharides leading to an increase in the 

concentration of low DP XOS (X2, X3, and X4) and a decrease in the concentration of high DP 

XOS (X5 and above). In addition, an increase in the concentration of xylose was expected due to 

the presence of exoxylanases in the HTec2 enzyme. 

 

Increased time and enzyme loading was observed to substantially increase the 

concentration of xylobiose (X2). In fact, at the highest enzyme loading and hydrolysis time the 

concentration of X2 increased almost four fold (Figure 21). The effect of EH on the 

concentrations of X3 and X4 depended on the hydrolysis time and enzyme loading. At low 

enzyme loading/hydrolysis time both X3 and X4 increased, however, at the highest loading and 

time tested, X3 concentration had decreased and almost no X4 remained in the final enzymatic 

hydrolysates. Concentrations of X5 and X6+ decreased dramatically due to enzyme treatment. 

As expected, xylose concentration was observed to increase as hydrolysis time or enzyme 

loading increased. 

Shearzyme 500L: Shearzyme enzyme was tested for its ability to reduce the DP of XOS 

in autohydrolysate in a similar fashion to HTec2. Shearzyme has the advantage that it is a 

monocomponent endoxylanase, meaning that an increase in the xylose concentration should not 

occur even at high enzyme dosage and hydrolysis times. 

 

Figure 21: HTec2 enzymatic hydrolysis results. 
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Table 14: Results of Shearzyme 500L enzymatic hydrolysis for three different enzyme 
loadings after a) 6 hours of hydrolysis time and b) 48 hours of hydrolysis time. Enzyme 
loadings are in units of FXU-S/kg liquor. EH conversions are presented as a percent of 
component in raw autohydrolysate. 

Raw	AH
24	hr mg/ml % mg/ml % mg/ml % mg/ml % mg/ml
Xylose 6.45 78% 5.00 83% 5.34 89% 5.75 - -
X2 3.78 95% 3.60 142% 5.35 159% 6.02 - -
X3 2.96 109% 3.24 154% 4.55 166% 4.92 - -
X4 2.29 99% 2.26 102% 2.34 90% 2.07 - -
X5 1.96 77% 1.51 66% 1.30 50% 0.98 - -
X6+ 5.11 38% 1.92 24% 1.24 11% 0.59 - -
48	hr
Xylose 6.45 93% 6.00 107% 6.90 101% 6.51 108% 6.98
X2 3.78 138% 5.22 181% 6.84 191% 7.20 189% 7.14
X3 2.96 158% 4.67 184% 5.45 189% 5.60 118% 3.49
X4 2.29 122% 2.81 106% 2.42 81% 1.86 55% 1.25
X5 1.96 86% 1.68 57% 1.12 37% 0.73 23% 0.45
X6+ 5.11 38% 1.95 24% 1.23 43% 2.17 12% 0.59

FXU-S/kg	liquor
100 300 600 900

 
 

Little change was observed after two or six hours of treatment regardless of enzyme 

loading (Appendix C2). After 24 and 48 hours of treatment (Table 14), results indicated a 

substantial increase in X2 concentration and decrease in X4, X5, and X6+ XOS concentration, 

similarly to HTec2 tests. However, unlike HTec2, the concentration of X3 XOS increased at all 

conditions tested. No condition resulted in complete loss of X5 and X6+. This implies that while 

medium DP XOS were being hydrolyzed to low DP XOS, higher DP XOS were also being 

hydrolyzed to medium DP XOS. These results are in accordance with the results of a previous 

study showing that Shearzyme was effective at reducing XOS DP to 2 and 3 in rice husk 

autohydrolysate, although the hydrolysis rate was slower as compared to the other xylanases 

tested 88. 

Hydrophobic Resin Treatment of Shearzyme-Treated Autohydrolysate 
Following Shearzyme hydrolysis the enzyme-treated autohydrolysate was subjected to 

adsorption with hydrophobic resin to assess the impact of Shearzyme treatment on XOS 

recovery. Based on initial results, a relatively high enzyme loading (900 FXU-S/kg liquor) was 

chosen for the second stage of analysis to maximize the concentration of X2 and minimize the 

concentration of high DP XOS. The concentration of xylobiose (X2) remaining after 

hydrophobic resin treatment was ~2.5 times greater for the Shearzyme pre-treated 
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autohydrolysate than that of the unhydrolyzed autohydrolysate (Figure 22). The observed 

increase in concentration of X3 was not as large at 900 FXU-S/kg liquor loading as it was for 

600 FXU-S/kg liquor (after 48 hours of hydrolysis, Table 14). This led to the only minor 

improvement in X3 concentration after resin treatment. Concentrations of XOS with DP 4 and 

above were lower after Shearzyme + resin treatment compared to only resin treatment since 

Shearzyme treatment at the conditions tested reduced the concentration of X4. 

 

 

Figure 22: Hydrophobic resin treatment of Shearzyme treated autohydrolysate. Enzyme 
loadings are in units of FXU-S/kg liquor. *Results normalized based on X1 concentration. 

 

Overall, recovery of XOS (X2-X6+) during resin treatment increased ~1.64 times due to 

Shearzyme treatment. These results clearly demonstrate the potential of enzyme treatment to 

improve the recovery of XOS during hydrophobic resin treatment. However, it is likely that the 

enzyme loading chosen (900 FXU-S/kg liquor, 48 hours) was too high. Further work to optimize 

the process for total XOS recovery through hydrophobic resin treatment is necessary. 
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Impact of Endoxylanase Treatment on Overall Process 
The loss of XOS during resin treatment may be expected to have a substantially negative 

impact on the economics of the proposed prebiotics production process. Accordingly, an 

improvement in total XOS recovery during the initial hydrophobic resin cleaning stage due to 

enzymatic treatment has the potential for improving process economics. Preliminary modeling of 

the process indicated that XOS recovery throughout the entire production process is increased 

from 43% to 51% (percent of starting XOS) due to Shearzyme treatment (with water wash 

applied to resin stage; Data shown in Appendices C3 and C4). 

 
Table 15: Final product composition after purification when enzyme hydrolysis is applied 
(Shearzyme 600 FXU-S/kg liquor, 48 hours). *% of component in raw autohydrolysate. 

Component Composition Overall Yield* 
mg/ml % 

X2 0.44 29.4% 68.3% 
X3 0.50 34.0% 99.6% 
X4 0.18 11.9% 31.4% 
X5 0.07 4.9% 11.0% 

X6+ 0.03 1.9% 7.7% 
GOS 0.14 9.7% 23.1% 

Other OS 0.08 5.1% 26.3% 
Xylose 0.00 0.3% 0.4% 
Glucose 0.00 0.0% 0.0% 

Other Monomers 0.01 0.7% 1.9% 
Acetic Acid 0.00 0.0% 0.0% 

Furans 0.01 0.8% 4.5% 
Soluble Lignin 0.02 1.3% 2.9% 

 

The yield improvement due to EH is relatively low because of the low recovery of 

xylobiose (X2) during the AC treatment stage (Table 12). If that loss can be addressed, 

Shearzyme treatment may be expected to improve the yield of XOS throughout the entire 

purification process from 43% to 72%, which has the potential to off-set the costs associated 

with EH. Additionally, an EH stage prior to purification will increase the composition of low DP 

XOS, which is expected to improve prebiotic activity. With EH applied, the final XOS product is 

expected to be composed of ~63% X2 and X4 XOS, compared to ~41% with no EH stage (% of 

OD solids, Table 15). 
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Conclusions 

The separation of dissolved monomers from oligosaccharides (OS) is a difficult 

proposition due to the similar chemical character of monomers and dimers. The task is further 

complicated by the wide range of OS DPs produced during autohydrolysis as compared with 

enzymatic methods of OS production. Treatment with hydrophobic resin followed by activated 

carbon was shown to effectively remove aromatic non-carbohydrate components, 

monosaccharides, and most organic acid. Optimization of wash water volume and ethanol 

solution elution volume/concentration during AC treatment resulted in complete removal of 

monosaccharide and acetic acid from the partially purified autohydrolysate and near 100% yield 

of XOS with DP of three or above. 

However, depending on the DP distribution of the XOS, product yields suffered 

substantially. High DP XOS were lost during resin treatment (79% of starting X6+) and low DP 

XOS was lost during AC treatment (~52% of X2). Manipulation of the XOS DP distribution via 

EH has been shown to improve yields throughout the purification steps. Considering the 

importance of low DP on prebiotic activity, the loss of X2 during AC treatment is a concern and 

needs to be addressed in further research. 
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CHAPTER 5: Techno-Economic Analysis of a Xylooligosaccharide (XOS) Production 

Process Based on Hydrothermal Autohydrolysis Pretreatment 

 
Introduction 

 Prebiotics are a class of carbohydrates that have been shown to improve health by 

promoting the growth and maintenance of beneficial bacteria in the gut 43,44. The prebiotic 

market has been growing recently due to growing consumer interest in natural healthcare 

options. Currently, the most common prebiotics include inulin, fructooligosaccharides (FOS), 

galactooligosaccharides (GOS), lactulose, and polydextrose 46. The popularity of 

xylooligosaccharides (XOS) has been growing recently. Between 2014 and 2017 the world XOS 

market grew from 81 million to 92 million USD, with projections for 2022 as high as 118 million 

USD 49. 

XOS production from lignocellulosic biomass has been suggested as an opportunity for 

value addition to the lignocellulosic biorefinery based on autohydrolysis. Autohydrolysis and 

related technologies have been extensively studied for biomass pretreatment in various 

biorefinery processes 14,50–55. Autohydrolysis has advantages over other pretreatment 

technologies including that it is simple and relatively low cost. 

Autohydrolysis liquor containing dissolved oligosaccharides, lignin, organic acids, and 

degradation compounds must be treated to produce a pure XOS prebiotic product. Many studies 

have been undertaken exploring various methods for the treatment and purification of XOS from 

autohydrolysis liquors 65,67,77,78. However, techno-economic analyses of XOS prebiotic 

production processes are far less common.  

Recently, Lopes and co-workers published a techno-economic and-life cycle assessment 

of an XOS prebiotic and isobutene co-production process proposed for use in Portugal or Chile 
92. In their process, a lignocellulosic biomass biorefinery based on hydrothermal treatment was 

coupled with anaerobic digestion of pig waste. The XOS purification process involved 

ultrafiltration and two consecutive ion-exchange membranes and resulted in an 85% XOS 

product. Results indicated that the XOS prebiotic product could be produced for a minimum 

product selling price (MPSP) of $1.18/kg of XOS. 

In the present work, we present a new detailed techno-economic analysis (TEA) of a 

commercial process to produce XOS prebiotics from xylan-rich lignocellulosic biomass. This 
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model (modeled using Microsoft Excel software) is based on experimental results for the 

production and purification of XOS employing autohydrolysis, a hydrophobic resin treatment, 

and an activated carbon treatment. Additionally, we model variations on the proposed base-case 

process and discuss the impact of these process variations on product quality and MPSP. The 

experimental results utilized to inform the major processes modeled in the current TEA are 

presented in a previous publication (Corbett, in press). 

 

Base Case Process Description and Methodology 

 The base case process for XOS prebiotic production is the simplest process identified for 

XOS production and purification using hydrothermal autohydrolysis pretreatment. The following 

is a description of each stage of the base case process. 

Feedstock and Feedstock Handling 

 In our analysis, Miscanthus x giganteous has been chosen for analysis due to its relatively 

high xylan content and susceptibility to autohydrolysis. For the base case, 200 MT/day of 

Miscanthus is assumed to be delivered at a cost of $80/metric tonne (MT). The Miscanthus 

biomass is assumed to have a moisture content of 57%. The feedstock composition is modeled as 

shown in Table 16. “Other” includes the balance of the composition. Feedstock handling is 

assumed to result in the loss of 1% of the delivered biomass. As Miscanthus is a grass, no size 

reduction is necessary. 

  

Table 16: Base case composition of Miscanthus x giganteous biomass. 

Moisture content 57.0% 
Glucan  39.3% 
Xylan  21.0% 
Other poly-sugar  3.0% 
Lignin 24.7% 
Acetate 3.0% 
Inorganics 2.4% 
Extractives 5.2% 
Other   1.4% 
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Autohydrolysis 
 Autohydrolysis is conducted in a pressure vessel (Figure 23). Saturated steam at 286ºC is 

direct injected into the reactor to provide heat and water to reach a temperature of 190ºC and a 

liquor:wood ratio of 3:1. Based on literature results 56,58, 80% of xylan is converted to xylose and 

xylooligosaccharides (XOS). The degree of polymerization (DP; between 2 and 6+) distribution 

of the XOS produced during autohydrolysis is based on our experiments (Corbett et al. in press). 

Five percent of xylan is converted to inhibitors modeled as furans. Additionally, 5% of “other 

poly-sugars” and 10% of lignin is converted to inhibitors. All extractives and inorganics are 

assumed to dissolve during autohydrolysis. 

 

  

Following autohydrolysis, a screw press is used to remove autohydrolysis liquor from the 

pretreated biomass. The screw press increases the insoluble solids content (consistency; %K) of 

the biomass to 50%. The liquor remaining in the biomass is assumed to have the same dissolved 

solids composition as the liquor removed from the biomass for downstream purification. 

 

Hydrophobic Resin Treatment 
Raw autohydrolysis liquor (autohydrolysate) is initially treated in a column packed with 

hydrophobic resin for removal of hydrophobic aromatic components, which adsorb readily to the 

resin (Figure 24). Following initial adsorption, the resin is washed with water to remove any 

loosely adsorbed XOS. After loading, the hydrophobic resin is regenerated in a two-step process, 

first with ethanol, and then with water. The ethanol used for resin regeneration is recovered via 

distillation.  

 
Figure 23: Base case feedstock handling and autohydrolysis process diagram. 
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For the hydrophobic resin treatment process two columns are modeled, one for 

autohydrolysate treatment and the other for resin regeneration. The residence time of each 

column is thirty minutes. The resin used is Amberlite® XAD16N. In the base case, resin loading 

is 0.87 kg resin/kg TDS in the raw autohydrolysate and 95% resin recovery is assumed to be 

achieved during each regeneration cycle. Ethanol is assumed to remove all adsorbed components 

with a wash of volume three times the weight of resin solids. Ethanol is recovered in a 

distillation column at a rate of 99%. Following ethanol regeneration, the resin is washed with the 

same volume of water to remove remaining ethanol before being put back into service. All 

components dissolved in the ethanol and all the water from the water wash are sent to water 

treatment.  

 
Figure 24: Base case resin treatment and resin regeneration process diagram. 

 

In the initial resin treatment stage, over 90% of the aromatic compounds (mainly lignin 

and furans) are removed from the product stream. Experimental results have shown that a portion 

of the XOS is also removed. The yield of XOS during hydrophobic resin treatment depends on 

degree of polymerization (DP). In this model, each XOS DP (1-5 and 6+) is considered 

independently, so the yields of each DP can be considered and changes to the DP distribution can 

be made in subsequent analyses. 

 

Activated Carbon Treatment 
Activated carbon (AC) is employed to remove monomeric sugars (Figure 25). The AC 

treatment process involves three steps all of which take place consecutively in the same column: 

1) AC loading, wherein the oligosaccharides present in the partially purified autohydrolysate are 
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adsorbed onto the AC solids. 2) A water wash that removes any weakly adsorbed monomer that 

remained on the AC after loading. This step also serves to remove a portion of the remaining 

organic acid (acetic acid) from the AC solids. And 3) elution of oligosaccharides from the AC 

solids with 45% ethanol/water solution. Each of these three steps are treated independently in the 

model. 

 

 
Figure 25: Base case process diagram for activated carbon (AC) treatment, AC thermal 
regeneration, ion-exchange treatment, and concentration of final XOS prebiotic product. 

 

AC is applied at a loading of 0.42 kg AC/kg of TDS in the partially purified inlet stream. 

The component yields for the three stages of AC treatment have been experimentally determined. 

Most notably, the amount of water used to wash the loaded AC in the second stage has been 

shown to impact component yields. The ethanol utilized for elution of the final product from the 

AC is recovered in the final drying step. The final product concentration is a 50% total dissolved 

solids (TDS) syrup. 

Used AC is thermally regenerated in a kiln furnace sized based on the energy required to 

heat AC to 800ºC. 99% of the ethanol that remains adsorbed to the AC is recovered during AC 

regeneration and is recycled. 7% of the AC solids are lost during regeneration. 

 

Other Base Case Assumptions 
 Following AC treatment, ion-exchange is utilized for removal of remaining organic acids 

(Figure 25). 99% of any remaining organic acid (modeled as acetic acid) is assumed to be 

removed. Ion-exchange is assumed to cost $2/kg of resin, loaded based on TDS in the inlet 
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stream (5% resin recovery is assumed). All wastes are sent to waste water treatment at a cost of 

$0.79/MT. 

 

Energy Calculations 
In the base case, the solid residue remaining after autohydrolysis, which is enriched in 

cellulose and lignin, is combusted in a biomass boiler to produce steam. The energy available 

from the biomass boiler is calculated based on the heat capacity and latent heat of water in the 

biomass and the assumed LHV of autohydrolysed biomass (20 MJ/kg). The heat produced is 

utilized in the rest of the process including for autohydrolysis, ethanol recovery, AC 

regeneration, and product drying. The biomass boiler is assumed to be 80% efficient. 

Energy requirements for the recovery of ethanol from the resin wash effluent are 

calculated based on the latent heat of vaporization of ethanol. The final drying of the XOS 

stream is achieved in a multi-effect evaporator with four effects and an assumed steam economy 

(SE) of 85% in each effect. The energy required to evaporate ethanol is assumed to be 

proportional to the energy required to evaporate water based on the ratio of the latent heat of 

vaporization of ethanol to that of water. 

 

Equipment Costs, Sizing Methodology 

The equipment required for the base case process is listed in Table 17. Original 

equipment prices for comparable equipment were taken from literature sources. Where possible, 

data from NREL Design Reports was used for initial equipment pricing. Inflation was accounted 

for utilizing the Chemical Engineering Magazine CEI annual index. Equipment price was scaled 

using the equipment’s original design capacity (V1), the modeled required capacity (V2), and a 

scaling exponent (a) as per Equation 3. When a specific scaling exponent was not specified in 

the source, 0.7 was used. A conservative installation factor of 2 was assumed for all equipment. 

In addition, 20% contingency was added to the final total installed cost. 
N1
N2 = P1

P2 ^R 
 

Table 17: Equipment list and installed costs (2018 US$). *The following equation was 
used for boiler sizing: 0.416*Q^0.77, where Q is the BTUs produced. **Ion exchange 

(3) 
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column equipment cost was assumed to be two thirds the cost in the NREL report 
(which included resin cost). 

Equipment Name 
Number 
of Units 

Installed cost in 
project year 

Source 

Autohydrolysis reactor 1 $4,298,348  93 
Screw Press 1 $2,450,749  93 
Resin Column 2 $876,302  94 
EtOH Recovery 1 $1,004,625  95 
Boiler 1 $1,129,781* 96 
AC Column 2 $305,394  94 
AC Regen Furnace 1 $2,686,929  94 
Multi-Effect Evaporator 4 $1,074,432  95 
Ion Exchange Column 2 $530,947**  97 

 
 
Economic Assumptions and Calculation of Capital Investment 
 A discounted cash flow rate of return (DCFROR) calculation was performed for a 30-

year period in accordance with NREL economic design reports. 40% equity was assumed 

available at project start. The balance of the total capital investment (TCI) was borrowed from a 

bank with a ten-year loan at 7.5% interest. Working capital was assumed to be 5% of fixed 

capital investment (FCI). Double declining balance (DDB) depreciation was utilized with a 

seven-year depreciation period. Major economic assumptions are shown in Table 18. 

The sum of the purchased equipment costs was calculated as Total Purchased Equipment 

Cost (TPEC). Fixed Capital Investment (FCI) and Total Project Investment (TPI) were 

calculated as a function of TPEC based on the cost estimation methodology developed by Peters 

et al. 19 
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Table 18: Major Assumptions of Economic Analysis 
Plant life (years) 30 
Operating hours per year 7,884 
Equity 40% 
General plant depreciation 200 (DDB) 
Depreciation period (years) 7 
Construction period (years) 2.5 
Fraction of investment in year – 3 (%) 8.00 
Fraction of investment in year – 2 (%) 60.00 
Fraction of investment in year – 2 (%) 32.00 
Start-up time (years) 0.5 
Revenues and costs during start-up time  
Revenues (% of normal) 50% 
Variable costs (% of normal) 75% 
Fixed costs (% of normal) 100% 
Internal rate of return (IRR) 14% 
Income tax rate 21% 

 

Plant construction took three years (8%, 60% and 32% of (TCI) was spent in years -3, -2, 

and -1, respectively) and start-up lasted half a year. For the base case, IRR was assumed to be 

14% and the income tax rate was 21%. 90% up time was assumed yielding 7,884 operating hours 

per year. Finally, Excel’s solver function was employed to determine the minimum product 

selling price (MPSP) necessary for a net present worth (NPW) of $0 in the project year (2015). 

 

Raw Material and Labor Costs 
 Base case raw material costs and costs associated with waste treatment are shown in 

Table 19. The base case facility employs one plant manager, three shift supervisors, three 

maintenance technicians, six shift operators, and one clerk/secretary. The number of each type of 

employee varies with plant scale (as integers) in a similar manner to that of equipment sizing. 
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Table 19: Raw material and waste treatment costs (2018 US$). 
Raw Material Base Case Cost Units Source 

Feedstock  $80.00  $/MT 24 

Resin  $2.00  $/kg 95 
Water  $0.0040  $/gal 98 

Ethanol  $1.61  $/gal 99 
Activated Carbon  $1.00  $/kg 100 

Ion Exchange Resin $2.00 $/kg 100 
Water Treatment       
Waste Disposal  $0.79  $/MT 98 

 
Process Variations 
 Enzymatic hydrolysis (EH) has been studied to increase XOS yield and reduce the range 

of XOS DPs in autohydrolysate 87,88. The reduced concentration of high DP XOS is expected to 

have the advantage of minimizing losses of XOS during hydrophobic resin treatment. However, 

in addition to the expected product quality and yield advantages, EH represents a significant 

equipment and production cost. Furthermore, the reduced DP is expected to have negative 

implications during AC treatment due to the loss of xylobiose (X2). Due to these conflicting 

effects, predicting the impact of enzymatic hydrolysis is not straightforward. In this study, we 

have modeled EH prior to downstream purification to predict the impact of EH at different 

enzyme loadings on the overall process economics and product quality (Figure 26). 

 
Figure 26: Process diagram including enzymatic hydrolysis prior to autohydrolysate 
purification. 

 

 Enzymatic hydrolysis is modeled to take 24 hours, which along with the liquor flow rate 

dictates the reactor volume required. For this process, five 20,000-gallon enzyme hydrolysis 

reactors are modeled. The installed equipment cost for the enzymatic hydrolysis reactors was 
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$13.9 million, which is the most expensive piece of equipment by a large margin (See Appendix 

D2). 

Enzyme loading was the second major factor that it was necessary to consider. For this 

research, four different enzyme loadings were modeled (0, 100, 300, 600, and 900 FXU-s/kg 

liquor). This range of enzyme loadings was chosen based on literature 88. The conversions for 

each DP (X1-X6+) are based on laboratory data, the details of which are published elsewhere 

(Chapter 4). The enzyme used in laboratory work was Shearzyme 500L (Novozymes). 

 To address the loss of xylobiose (X2) during the AC water washing stage, the impacts of 

reducing the water wash volume were investigated. Since organic acids are treated by ion-

exchange, the main requirement of the AC wash stage is the removal of monomers, which the 

ion exchange column does not address. The volume of water utilized to wash the weakly 

adsorbed components from the activated carbon (AC) has been shown to have a substantial 

impact on the recovery of components during AC treatment (Chapter 4). In the present model, 

the amount of wash water is adjustable from the base case and the appropriate component yields 

are modeled.  

 

Results and Discussion 

Base Case Economics 
 For the base case the calculated MPSP was $4.97 per kg of dry oligosaccharides (sum of 

XOS, GluOS, and “other” OS). The TCI was $35 million with a Total Installed Equipment Cost 

(TIC) of $17.2 million. The breakdown of installed equipment costs, and raw material costs are 

shown in Figure 27a and 27b (A summary of the base case economic analysis is also shown in 

Appendix D1). 
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Figure 27: Break down of a) production and b) equipment costs for the base case. 

 

 The feedstock represents the majority of the production costs in the base case. 

Hydrophobic resin is the second largest cost. Total production costs are 11.4 million dollars per 

year, or $3.38/kg of OD product. Also of note is that no energy needs to be purchased since 

combustion of the residual biomass provides more than enough energy for the process. The 

boiler provides 72,987 MJ/hr and the process consumes 48,818 MJ/hr. In the current model 

waste heat is not utilized. 

 The autohydrolysis (AH) reactor is the largest equipment cost for the base case. The 

screw press, AC regeneration furnace, and boiler are also major equipment costs. The resin and 

AC columns are relatively simple pieces of equipment, therefore they representing only minor 

equipment costs. 

 

Base Case Product Yield and Quality 
 In the base case, 426 kg/hour of prebiotic product (sum of all oligosaccharides) is 

produced, representing a yield of 24.3% of the xylan originally present in the Miscanthus 
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feedstock and 25.4% of the oligosaccharides present in the raw autohydrolyzate. The total yield 

is significantly reduced due to loss of high DP XOS during hydrophobic resin treatment and loss 

of xylobiose (X2) during the AC water wash stage. 

Product quality is of high importance for a potential food additive product. As has been 

discussed, XOS DP range has been shown to have implications for prebiotic activity. Typically, 

DP range between 2-4 is believed to be best for prebiotic applications. The product produced by 

the base case is a syrup containing 50% TDS. In the base case product, XOS (DP 2-6+) accounts 

for ~77.6% of the TDS (Figure 28). Other oligosaccharides account for ~18% of the TDS with 

the balance (~4.5%) being remaining lignin and degradation compounds. In the base case (as in 

all the other cases) no organic acids are present due to the AC treatment and ion exchange 

treatment. 

 
Figure 28: Model-predicted product composition for 
the base case XOS product. 

The distribution of XOS DPs in the base case is quite broad due to the lack of any 

enzymatic hydrolysis (EH) stage. In accordance with previous reports, production of XOS via 

autohydrolysis produces XOS with a broad range of DPs 87,88. As is apparent from the present 

results, the XOS DP distribution persists throughout the entire purification process in the absence 

of EH.  

It is also evident from these results that one of the challenges associated with producing 

XOS via autohydrolysis is the presence of non-xylan oligosaccharides, which are difficult to 
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selectively remove from the autohydrolysis liquor. However, the presence of other 

oligosaccharides may not be a major problem for product quality as non-XOS oligosaccharides 

are not expected to hamper prebiotic activity. 

 

Base Case Sensitivity Analysis 
 Sensitivity analysis was performed for the base case configuration (Figure 29). Xylan 

content is the most important factor impacting MPSP. This result highlights the importance of 

feedstock choice. Feedstocks with high xylan content must be utilized. Similarly, conversion of 

xylan to XOS during autohydrolysis is of high importance. IRR, plant size, and biomass cost are 

also important factors determining the minimum product selling price (MPSP). Hydrophobic 

resin cost and recovery are substantially more important factors than the cost and recovery of 

AC.  

 Of the factors that can be adjusted in the process or improved by further research, the 

wash water utilized during AC washing has a large impact on MPSP. Particularly, reducing the 

wash water amount substantially decreases the MPSP. This is a result related to the substantial 

removal of xylobiose (X2) that occurs during the AC wash; reducing wash water, results in 

substantial increase in xylobiose recovery during the AC treatment stage.  

The amount of liquor removed in the screw press is also an important factor determining 

MPSP. A higher consistency (%K) of the residue solids after pressing indicates that more liquor 

is sent downstream to purification resulting in increased equipment costs and consumables use. 

More liquor also results in increased overall product yields, however, our analysis indicates that 

the costs of handling more liquor in downstream treatment outweighs the marginally improved 

yields associated with recovering more liquor from the residual solids. 
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Figure 29: Minimum product selling price (MPSP) sensitivity analysis for the base case 
process. Items above the line are not readily adjustable or able to be improved through 
research and development. %K is consistency (percent insoluble solids). 

 

Enzymatic Hydrolysis 
 As expected, results indicated that increased enzyme loading increased the concentration 

of low DP XOS and decreased the concentration of high DP XOS in the final product. 

Additionally, increased enzyme loading resulted in a substantial increase in enzyme usage and 

associated cost (enzyme is assumed to cost $10/kg). At the highest enzyme loading modeled, the 

total enzyme cost was $11.5 million per year, more than the rest of the variable costs combined. 

However, the beneficial impact on product quality and yield were substantial. The total 

prebiotic product produced initially increased with increased enzyme loading up to a maximum 

of 29.5% of starting xylan (at 600 FXU-S/kg liquor) but decreased at the highest loading tested. 

In addition to total product yield improvement, the concentration of X2+X3 increased 

substantially with enzyme loading from 43% with no EH up to 68% (of TDS) at the highest 

loading modeled (Figure 30b, solid line). The concentration of X6+ decreased from 13% to 

<2% (of TDS; Figure 30; X solid lines, AC Wash). 
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The MPSP initially increased due to the costs associated with implementation of 

enzymatic hydrolysis (Figure 30a). However, increased enzyme costs associated with increasing 

the enzyme loading from 100 to 300 FPU-S/kg liquor was approximately offset by increased 

XOS yields such that only minor increase in MPSP was observed. At the highest enzyme loading 

the MPSP was $9.4/OD kg of product (almost 2x increase from the base case). At high enzyme 

loadings the improvement in XOS yield was not large enough to offset the extra costs.  

  
Figure 30: The impacts on a) MPSP, and b) product quality, of enzymatic hydrolysis (EH) at 
various enzyme loadings for the AC wash case (solid lines) and the no AC wash case (dashed 
lines). 

 

 Whereas EH improved product yield and quality, the MPSP was not substantially 

improved due to the associated production costs. The shift to lower DPs improved the yield 

through the hydrophobic resin treatment stage, but losses during AC washing were substantial 

enough to eliminate the benefits from an economic perspective. 

 

Activated Carbon (AC) Wash Volume 
Eliminating the AC water wash completely had a substantial positive impact on the total 

yield and concentration of xylobiose and xylotriose (X2+X3) in the final product (Figure 30b). 

With no water wash (and no EH), the total yield increased to 29.6% of starting xylan and the 

X2+X3 concentration in the final product increased to 49% of TDS. However, with no AC water 
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wash the concentration of monomeric sugar increased from 0% to 5.4% of TDS. Monomeric 

sugars are not as serious a problem as are organic acids or lignin, but they do add undesired 

calories to the final product. A product with monomeric sugar present could be considered to be 

a less premium product. 

Elimination of the AC water wash had a beneficial impact on MPSP due to the increase 

in product yield and the reduction in water usage and WWT costs. With no AC water wash (and 

no EH) the MPSP decreased from $4.977 (base case) to $4.100/OD kg of OS product (the lowest 

MPSP achieved; Figure 30a; Appendix D3). 

Coupling EH and reduced AC water wash resulted in the most marked improvement in 

total yield and final product quality (Figure 30b). With no AC water wash, the total yield of 

oligosaccharide reached as high as 38.5% of starting xylan at an enzyme loading of 600 FXU-

S/kg liquor (of which 81% of TDS were XOS). The low DP XOS (X2+X3) concentration 

increased with enzyme loading to 72% of TDS at the highest enzyme loading modeled. In 

accordance with these results, a pilot plant study on the production of XOS from corn cobs 

reported a 74.5% content of X2 and X3 XOS when utilizing enzymatic hydrolysis in the process 
68. Not eliminating the AC water wash completely, but simply reducing the volume to one third 

of the base case condition allowed for the removal of most of the monomeric sugars with only 

minimal impact on the total product yield. 

 High enzyme costs made EH at high enzyme loading (600 or 900 FPU-S/kg liquor) 

economically unfavorable, even with no AC water wash (Figure 30). However, the model 

showed that a medium enzyme loading of 300 FXU-S/kg liquor resulted in an only moderately 

increased MPSP with increased product yield (37.3% of starting xylan) and product quality (65% 

X2+X3 XOS as % of TDS in the final product). 

 

Conclusions 

 It is evident that optimization of product quality and economic return requires careful 

consideration of the nature of the dissolved XOS including the DP distribution and the behavior 

of each individual XOS DP during each stage of treatment. By understanding the behavior of 

XOS during treatment, we have been able to improve product quality without seriously reducing 

the economic viability. Through this process, prebiotic products of varying quality (purity and 

DP distribution) can be produced and the associated MPSP can be predicted. For example, a 
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lower value product that contains monomeric sugar and a large quantity of higher DP XOS will 

allow a lower MPSP while a premium product enriched in low DP XOS and with reduced 

monomeric sugar content will require a higher MPSP (Figure 31). 

 

 
EH Loading: 0 FXU-S/kg Liquor 
AC Water Wash: 0 x Liquor Volume 
MPSP: $4.1 /OD kg of product 
Product Purity: 90.9% OS 

 
EH Loading: 900 FXU-S/kg Liquor 
AC Water Wash: 0.5 x Liquor Volume 
MPSP: $7.1/OD kg of product 
Product Purity: 95.7% OS 

Figure 31: The predicted composition of a) the lowest priced prebiotic product achievable and 
b) the highest quality product achievable. 

 

The minimum MPSP calculated in the present work was higher than that reported by 

Lopes et al. in their recent publication ($1.16/kg) 92. However, the process modeled in their 

research was significantly different; the process was co-located with a swine-waste anaerobic 

digestion platform for the co-production of isobutene, the XOS product had a DP range of 4-6, 

and the purity was only 85%. Additionally, the feedstock and enzyme costs were significantly 

lower than in the present work. Lopes et al., estimated that the market price of XOS to be around 

$3,600/MT based on “current market prices for XOS derivatives” 92.  

The present analysis essentially ignores the significant value of the solid residue. Co-

location of this process with a facility that can utilize all or a portion of the pretreated 

cellulose/lignin residue for products such as fluff or dissolving pulp could enhance the economic 

prospects even further. Additionally, sensitivity analysis showed that feedstock selection, 
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hydrophobic resin recovery percent, extent of dewatering in the press section, and amount of AC 

wash water all provide substantial opportunities for reduction of the MPSP. 

XOS prebiotics represent a sweet spot in the balance between high-value addition and 

technological achievability in the near-to-medium term and are, therefore, an ideal option for 

adding economic value to biorefinery processes in the near future. 
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CONCLUSIONS 

 
In this work, efforts to enhance the economic viability of the lignocellulosic biorefinery 

based on autohydrolysis have been presented with a focus on improving the utilization of 

carbohydrates. Two different approaches to this general goal were pursued. In the first approach, 

an improved understanding of mechanical refining for improving enzymatic hydrolysis (EH) 

efficiency was obtained. The operating principles previously understood in the refining of pulp 

for paper and paperboard applications have been shown to not apply when improved cellulose 

accessibility is the goal of mechanical refining. Refining intensity, as measured by specific edge 

load (SEL), did not impact EH conversion efficiency independent of total specific refining 

energy (SRE). Additionally, evidence was presented indicating that for improving EH efficiency 

narrowing the refiner gap width may be a preferable method to increase SRE compared with 

increasing pulp consistency. 

 Exhaustive size fractionation of mildly pretreated fibers that had been exposed to various 

degrees of mechanical refining energy led to further interesting conclusions. This unique 

combination of mechanical refining and particle size fractionation allowed for an independent 

assessment of the impact of fiber length (particle size) and fibrillation/delamination on enzymatic 

digestibility. The smallest particles (fines) contained substantially more lignin than larger 

particles. This result indicates that during mechanical refining, small high-lignin-content 

fragments break away from the bulk fiber, perhaps from the middle lamella. Interestingly, even 

with high lignin content, the fines fractions were still highly digestible. In contrast, for the larger 

fibers (not fines), particle size was not a major factor in determining enzymatic digestibility. For 

the non-fines fractions, fibrillation/delamination (degree of refining) had a greater impact on 

enzymatic digestibility than did particle size.  

 These results provide valuable insight into mechanical refiner plate design and operating 

conditions for optimization of enzymatic digestibility improvement per unit refining energy 

consumed. This will contribute to reduction of production costs to improve the economic outlook 

of the biorefinery utilizing mechanical refining technology. 

 In the second approach, aspects relating to the production of a high-value 

xylooligosaccharide (XOS) product from lignocellulosic autohydrolysate were explored. 

Preliminarily, the results of a novel approach to characterizing XOS dissolved in autohydrolysate 
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were presented. In this method, the percentages of XOS that were “free” and “tied” were 

quantified using a combination of chromatographic analysis and acid hydrolysis. Via this 

method, it was determined that more than 30% of the XOS in Miscanthus autohydrolysate was 

present as “tied” XOS. This fraction of XOS is believed to be associated covalently with lignin. 

Additionally, a wide range of XOS degrees of polymerization (DP) was shown to be present in 

autohydrolysate, complicating purification efforts. 

 Analysis of the treatment of autohydrolysate with hydrophobic resin for the selective 

removal of aromatic non-carbohydrate components indicated that a large percentage of total 

XOS (>50%) was removed along with over 90% of dissolved lignin. Interestingly, 100% of the 

XOS classified as “tied” XOS was removed by hydrophobic resin treatment. This result further 

implies that the “tied” XOS fraction is associated with lignin. However, this “tied” XOS fraction 

did not account for all of the lost XOS during treatment. In model studies it was shown 

conclusively that “free” oligosaccharides were removed by hydrophobic resin treatment at rates 

highly dependent on DP. While xylose (X1) was recovered at a fairly high rate, only about 25% 

of XOS with a DP of six and above could be recovered even after extensive water washing. This 

result indicates the need to reduce the average DP of XOS prior to hydrophobic resin treatment 

to avoid substantial losses. 

 Motivated by the need to reduce XOS average DP prior to treatment, enzymatic 

hydrolysis with a monocomponent endoxylanase was explored. Treatment of XOS with 

endoxylanase substantially improved total XOS yields during resin treatment. However, losses of 

xylobiose (X2) in the subsequent activated carbon (AC) treatment (necessary for removal of 

monomeric sugars) hampered the overall XOS yield improvement predicted to be possible due to 

enzymatic hydrolysis. 

 Finally, a complete techno-economic analysis (TEA) of the proposed process for XOS 

production from lignocellulosic biomass was conducted based on experimental results. The TEA 

showed that a reasonable minimum product selling price (MPSP) of $4.17/kg of product could 

be achieved. Additionally, it was shown that a higher quality (higher purity, lower average DP) 

product could be produced. However, the higher quality product was shown to require a 

significantly higher MPSP, as enzymatic hydrolysis was required. 
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FUTURE WORK 

 
As with all research, the present work illuminates potential avenues for future 

exploration. Recommended future studies are described in this section. 

A study of the impact of refiner plate design on enzymatic hydrolysis efficiency 

improvement will provide further insight into opportunities to optimize mechanical refining for 

biorefinery applications. 

There is also more to learn with regards to over-refining phenomena. At most, only minor 

evidence of over-refining has been identified, and although there are multiple hypotheses, its 

cause has not been conclusively determined. Improvements in enzymatic digestibility are 

expected to level off as conversion approaches 100%, but that is not over-refining. Over-refining 

implies a decrease in conversion with further refining energy input and might be due to pore 

collapse or decomposition due to frictional heat generation. In the present work, no over-refining 

was observed even at the highest total specific refining energy (SRE), however, the intensity of 

the refining used to achieve the high SRE was relatively low, which may explain why over-

refining effects were not observed. This question deserves further investigation. 

As research into second-generation biofuels continues to wane due to low fossil fuel 

prices, other applications of mechanical refining in biorefinery processes should be considered. 

For example, it would be interesting to assess mechanical refining as a strategy to enhance 

cellulose reactivity for applications other than enzymatic hydrolysis such as production of 

cellulose acetate and other functionalized cellulose products.  

More investigation is necessary to fully characterize xylooligosaccharides (XOS) 

dissolved in lignocellulosic autohydrolysates, particularly their relationship with lignin via LCC 

(which is a subject too often neglected in literature). Isolation of LCC from “free” carbohydrates 

and lignin will provide further insight into the character and quantity of LCCs dissolved in 

lignocellulosic autohydrolysates as well as their potential role in enabling lignin solubilization 

during hydrothermal pretreatment. Subsequently, model compound studies investigating the 

interaction of LCC structures with various types of surfaces would contribute to an improved 

understanding of proposed purification technologies, and the impact of LCC on those 

technologies. Options to address the purificaiton difficulties caused by LCC structures in 

autohydrolysates should be considered including methods to selectively cleave LCC linkages via 
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enzymatic or chemical methods. The high-value utilization of both the lignin and carbohydrates 

present in autohydrolysate streams will benefit from further efforts in this area. 

Analysis of degree of branching and substitution in XOS present in autohydrolysate 

should be undertaken to determine the fraction of “tied” XOS that may be due to branching as 

opposed to association with lignin. Xylan hemicelluloses are not the most branched of the 

hemicelluloses found in lignocellulose, however, they are relatively highly functionalized by 

acetate and 4-O-methyl glucuronic acid groups. Acetate groups are cleaved during 

autohydrolysis, however, the linkage to 4-O-methyl glucuronic acid groups are quite stable and 

might be expected to persist. This is an issue that was not considered fully enough in the current 

research and may be highly relevant to purification efforts and to final product quality. An 

analytical method that may be useful for this purpose is MALDI-TOF and related technologies. 

Considering the wide range of resins available to the water treatment industry, it may be 

beneficial to examine other hydrophobic resins for removal of aromatic compounds from 

autohydrolysate. In the present work, three different hydrophobic resins were used, however, 

they were all chemically identical, only their physical properties were different. This was by 

design, however, it is possible that a different resin would more selectivity adsorb aromatics than 

the resins tested in this work. 

Based on the TEA, it was determined that the volume of ethanol solution used in 

activated carbon (AC) laboratory experiments was far too high to be commercially practical. 

Therefore, further investigation and optimization of the AC treatment stage is essential to reduce 

the required solvent volumes for recovery of adsorbed XOS. Investigation into the kinetics of 

XOS adsorption onto and desorption off of AC will allow the purification process to be 

engineered for optimal recovery and minimal solvent use.  

Additionally, for both the resin treatment and AC treatment processes it might be worth 

considering temperature as a variable to impact selectivity and adsorption/desorption kinetics 

during treatment. For example, XOS adsorption onto AC could be performed at low temperature, 

and desorption of the XOS into ethanol solution could be performed at high temperature. 

Adsorption capacity is known to be temperature dependent. This could be a strategy to reduce 

the required volume of ethanol solution. 

Filtration should be considered for removal of water and potentially even simultaneous 

removal of low molecular weight impurities such as organic acids. A large amount of water is 
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utilized in the process, which results in very low product concentrations and associated high 

energy requirements for evaporative concentration. Filtration may be an economically 

advantageous solution. Reports have indicated that various forms of filtration have been 

successfully employed to dewater autohydrolysate, however, often a portion of low DP 

oligosaccharide is also lost. 

Finally, analysis of the potential advantages and disadvantages associated with the 

utilization of the solid residue for other products as opposed to energy production would be 

beneficial. For example, an investigation of the impact of co-locating the XOS production 

facility near a pulp plant that could utilize the pretreated residue in various processes could be 

conducted. 
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Appendix A 

 

 
Appendix A1:  Images showing fiber aggregates before refining and individualized fibers after 
refining. 
 

 

Appendix A2:  Relationship between percent fines content and SRE for all samples. The fines 
content of the unrefined sample is high because of ineffective FQA analysis as a result of 
clogging due to the presence of large fiber bundles.  
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Appendix A3: Total 96-hour sugar conversion as a function of WRV. 

 
 

 
Appendix A4: Sensitivity of profit to value of mixed sugar (electricity cost $0.10/kWh). 

 

40

50

60

70

80

90

100

3.50 3.60 3.70 3.80 3.90 4.00 4.10 4.20 4.30 4.40 4.50

To
ta

l C
on

ve
rs

io
n 

G
lu

+X
yl

WRV

96	Hour	Glucose+Xylose	Conversion

First	Pass

Second	Pass

$(40)

$(20)

 $-   

$20 

$40 

$60 

$80 

$100 

$120 

$140 

$160 

0 50 100 150 200

$ 
of

 R
ev

en
ue

 p
er

 to
n 

B
io

m
as

s

Total Conversion

400$/OD Ton

500$/OD Ton

600$/OD Ton



 

 106 

 
Appendix A5:  Total sugar conversion after 96 hours of digestion (5 FPU/OD gram, pH 5.2, 
yellow; and 10 FPU/OD gram, pH 4.8, blue) enzyme loading for all refining conditions. 
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Appendix B 

 
Appendix B1: Calculation of “free” and “tied” XOS: 
 

Total XOS = Total Xylose – Free xylose (determined by acid hydrolysis) 
Free XOS is determined from ion chromatography analysis (sum of all DPs) 

Tied XOS = Total XOS – Free XOS 
 

 
Appendix B2: Lignin removal for three different XAD resins. 
 

 
Appendix B3: Concentration of XOS in pH 12 water wash showing preferential removal of 
higher DP XOS. 
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Appendix C 

 

Component g
Adsorbed	
by	AC g

Remaining	
After	Wash g

Eluted	by	
Ethanol/Water	

(45%) g
Total	
Yield

X2 1.14 100% 1.14 51% 0.58 79% 0.46 40%
X3 0.78 100% 0.78 100% 0.78 56% 0.44 56%
X4 0.47 100% 0.47 98% 0.46 83% 0.38 81%
X5 0.32 100% 0.32 100% 0.32 71% 0.23 71%

X6+* - 100% - 100% - 71% - 71%
GOS 0.32 100% 0.32 100% 0.29 56% 0.16 56%

Other	OS 0.27 100% 0.27 91% 0.25 56% 0.14 51%
Xylose 2.22 9% 0.20 5% 0.01 100% 0.01 0%
Glucose 0.18 10.50% 0.02 0% 0 100% 0 0%

Other	Monomers 0.5 10.50% 0.05 20% 0.01 100% 0.01 2%
Acetic	Acid 1.16 46% 0.53 0% 0 48% 0 0%
Furans 0.01 100% 0.01 100% 0.01 55% 0.01 55%

Soluble	Lignin 1.94 100% 1.94 100% 1.94 50% 0.97 50%   
Appendix C1: Component removal for elution with 30% ethanol during AC treatment. Values in 
red are estimates. *Values not determined. 
 

 
Appendix C2: Shearzyme enzymatic hydrolysis results for different enzyme loadings for six 
hours of digestion. 
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  Resin			 Activated	Carbon	(AC)	

		 		 XAD	Treatment	 AC	Load	 H2O	Wash	 EtOH	Wash	(45%)	 Total	AC	
		 kg	in	1000	L	AH	 Yield	 kg	 Yield	 kg	 Yield	 kg	 Yield	 kg	 Yield	
Xyl	 6.4	 100.0%	 6.45	 10.5%	 0.7	 0.0%	 0	 -	 0	 0%	
X2	 3.8	 94.0%	 3.55	 100.0%	 3.6	 46.0%	 1.63	 100.0%	 1.634	 46.0%	
X3	 3.0	 74.0%	 2.19	 100.0%	 2.2	 100.0%	 2.19	 99.2%	 2.174	 99.2%	
X4	 2.3	 57.0%	 1.31	 100.0%	 1.3	 97.7%	 1.28	 95.6%	 1.220	 93.4%	
X5	 2.0	 44.0%	 0.86	 100.0%	 0.9	 100.0%	 0.86	 87.2%	 0.753	 87.2%	
X6+	 5.1	 26.0%	 1.33	 100.0%	 1.3	 100.0%	 1.33	 87.2%	 1.158	 87.2%	
Glu	 0.3	 90.0%	 0.246	 10.5%	 0.0	 0.0%	 0.00	 -	 0.000	 0%	
Gal	 0.1	 93.8%	 0.127	 10.3%	 0.0	 0.0%	 0.00	 -	 0	 0%	
Ara	 1.6	 89.3%	 1.446	 10.9%	 0.2	 18.5%	 0.03	 60.0%	 0.017	 1%	
GOS	 1.2	 34.4%	 0.409	 100.0%	 0.4	 95.0%	 0.39	 67.1%	 0.261	 64%	
GalOS	 0.4	 54.2%	 0.202	 100.0%	 0.2	 84.9%	 0.17	 88.8%	 0.152	 75%	
AMOS	 0.6	 3.7%	 0.022	 100.0%	 0.0	 -	 		 -	 		 -	
HMF	 0.0	 6.7%	 0.001	 100.0%	 0.0	 100.0%	 0.00	 91.3%	 0.001	 55.0%	
FF	 0.0	 4.6%	 0.001	 100.0%	 0.0	 100.0%	 0.00	 1.7%	 0.000	 1.6%	
AA	 3.8	 65.9%	 2.502	 58.4%	 1.5	 18.7%	 0.27	 48.0%	 0.131	 5.1%	
FA	 0.6	 75.9%	 0.489	 65.0%	 0.3	 37.0%	 0.12	 100.0%	 0.118	 23.2%	

Lignin	 1.9	 11.0%	 0.213	 -	 		 -	 		 -	 		 -	
Appendix C3: Preliminary process modeling without Shearzyme treatment. Total XOS yield of 
43% (kg XOS remaining after EtOH wash/kg starting XOS). 
 

  Resin			 Activated	Carbon	(AC)	
		 		 XAD	Treatment	 AC	Load	 H2O	Wash	 EtOH	Wash	(45%)	 Total	AC	
		 kg	in	1000	L	AH	 Yield	 kg	 Yield	 kg	 Yield	 kg	 Yield	 kg	 Yield	
Xyl	 6.5	 100.0%	 6.51	 10.5%	 0.7	 0.0%	 0	 -	 0	 0%	
X2	 7.2	 94.0%	 6.77	 100.0%	 6.8	 46.0%	 3.11	 100.0%	 3.114	 46.0%	
X3	 5.6	 74.0%	 4.14	 100.0%	 4.1	 100.0%	 4.14	 99.2%	 4.112	 99.2%	
X4	 1.9	 57.0%	 1.06	 100.0%	 1.1	 97.7%	 1.04	 95.6%	 0.991	 93.4%	
X5	 0.7	 44.0%	 0.32	 100.0%	 0.3	 100.0%	 0.32	 87.2%	 0.281	 87.2%	
X6+	 2.2	 26.0%	 0.56	 100.0%	 0.6	 100.0%	 0.56	 87.2%	 0.493	 87.2%	
Glu	 0.3	 90.0%	 0.246	 10.5%	 0.0	 0.0%	 0.00	 -	 0.000	 0%	
Gal	 0.1	 93.8%	 0.127	 10.3%	 0.0	 0.0%	 0.00	 -	 0	 0%	
Ara	 1.6	 89.3%	 1.446	 10.9%	 0.2	 18.5%	 0.03	 60.0%	 0.017	 1%	
GOS	 1.2	 34.4%	 0.409	 100.0%	 0.4	 95.0%	 0.39	 67.1%	 0.261	 64%	
GalOS	 0.4	 54.2%	 0.202	 100.0%	 0.2	 84.9%	 0.17	 88.8%	 0.152	 75%	
AMOS	 0.6	 3.7%	 0.022	 100.0%	 0.0	 -	 		 -	 		 -	
HMF	 0.0	 6.7%	 0.001	 100.0%	 0.0	 100.0%	 0.00	 91.3%	 0.001	 55.0%	
FF	 0.0	 4.6%	 0.001	 100.0%	 0.0	 100.0%	 0.00	 1.7%	 0.000	 1.6%	
AA	 3.8	 65.9%	 2.502	 58.4%	 1.5	 18.7%	 0.27	 48.0%	 0.131	 5.1%	
FA	 0.6	 75.9%	 0.489	 65.0%	 0.3	 37.0%	 0.12	 100.0%	 0.118	 23.2%	

Lignin	 1.9	 11.0%	 0.213	 -	 		 -	 		 -	 		 -	
Appendix C4: Preliminary process modeling with Shearzyme treatment. Total XOS yield of 51% 
(kg XOS remaining after EtOH wash/kg starting XOS). 
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Appendix D 

 
Appendix D1: Economic results for the base case. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All values in 2018 $
Minimum Product Selling Price: $4,977 per MT

Oligosaccharide (OS) Production: 3730 MT/year

Pretreatment Reactor 5,158,017$     Feedstock + Handling 1,470$           
Screw Press 2,940,899$     XAD Resin 486$              
XAD Resin Treatment 1,051,562$     Activated Carbon 74$                
EtOH Evaporator 1,206,776$     Water 109$              
Boiler 1,355,738$     Ethanol 95$                
Activated Carbon Treatment 360,333$        Waste Water Treatment 99$                
Activated Carbon Regeneration 3,226,124$     Ion Exchange Resin 141$              
Multi-Effect Evaporator 1,265,349$     Enzyme -$               
Ion Exchange 621,948$        Fixed Operating Costs 569$              
Enzyme Reactor -$                 
Total Installed Equipment Cost 17,186,747$   

Added Direct + Indirect Cost 17,739,892$   
(% of TCI) 51% Feedstock + Handling 5,484,409$   

XAD Resin 1,814,276$   
Total Capital Investment (TCI) 34,926,639$   Activated Carbon 274,998$      

Water 408,219$      
Installed Equipment Cost/Annual kg $4.61 Ethanol 353,037$      
Total Capital Investment/Annual kg $9.36 Enzyme -$               

Waste Water Treatment 369,799$      
Loan Rate 7.5% Ion Exchange Resin 525,681$      
Term (Years) 10 Fixed Operating Costs 2,123,839$   

Capital Costs (20% Contingency) Manufacturing Costs ($/MT OS)

Manufacturing Costs ($/yr)

Prebiotic Production Process TEA
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Appendix D2: Economic results for the enzymatic hydrolysis case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

All values in 2018 $
Minimum Product Selling Price: $7,483 per MT

Oligosaccharide (OS) Production: 4524 MT/year

Pretreatment Reactor 5,158,017$     Feedstock + Handling 1,212$           
Screw Press 2,940,899$     XAD Resin 403$              
XAD Resin Treatment 1,055,159$     Activated Carbon 68$                
EtOH Evaporator 1,204,840$     Water 96$                
Boiler 1,355,738$     Ethanol 80$                
Activated Carbon Treatment 391,479$        Waste Water Treatment 86$                
Activated Carbon Regeneration 3,485,456$     Ion Exchange Resin 140$              
Multi-Effect Evaporator 1,385,074$     Enzyme 1,696$           
Ion Exchange 698,610$        Fixed Operating Costs 567$              
Enzyme Reactor 16,714,042$   
Total Installed Equipment Cost 34,389,314$   

Added Direct + Indirect Cost 34,495,192$   
(% of TCI) 50% Feedstock + Handling 5,484,409$   

XAD Resin 1,823,147$   
Total Capital Investment (TCI) 68,884,506$   Activated Carbon 309,574$      

Water 435,479$      
Installed Equipment Cost/Annual kg $7.60 Ethanol 362,686$      
Total Capital Investment/Annual kg $15.23 Enzyme 7,675,191$   

Waste Water Treatment 390,097$      
Loan Rate 7.5% Ion Exchange Resin 632,190$      
Term (Years) 10 Fixed Operating Costs 2,565,257$   

Capital Costs (20% Contingency) Manufacturing Costs ($/MT OS)

Manufacturing Costs ($/yr)

Prebiotic Production Process TEA
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Appendix D3: Economic results for the no enzymatic hydrolysis and no wash case. 

All values in 2018 $
Minimum Product Selling Price: $4,100 per MT

Oligosaccharide (OS) Production: 4536 MT/year

Pretreatment Reactor 5,158,017$     Feedstock + Handling 1,209$           
Screw Press 2,940,899$     XAD Resin 400$              
XAD Resin Treatment 1,051,562$     Activated Carbon 61$                
EtOH Evaporator 1,206,776$     Water 44$                
Boiler 1,355,738$     Ethanol 78$                
Activated Carbon Treatment 360,333$        Waste Water Treatment 45$                
Activated Carbon Regeneration 3,213,806$     Ion Exchange Resin 155$              
Multi-Effect Evaporator 1,303,315$     Enzyme -$               
Ion Exchange 651,599$        Fixed Operating Costs 468$              
Enzyme Reactor -$                 
Total Installed Equipment Cost 17,242,047$   

Added Direct + Indirect Cost 17,793,754$   
(% of TCI) 51% Feedstock + Handling 5,484,409$   

XAD Resin 1,814,276$   
Total Capital Investment (TCI) 35,035,800$   Activated Carbon 274,998$      

Water 201,721$      
Installed Equipment Cost/Annual kg $3.80 Ethanol 353,037$      
Total Capital Investment/Annual kg $7.72 Enzyme -$               

Waste Water Treatment 203,457$      
Loan Rate 7.5% Ion Exchange Resin 702,634$      
Term (Years) 10 Fixed Operating Costs 2,125,258$   

Capital Costs (20% Contingency) Manufacturing Costs ($/MT OS)

Manufacturing Costs ($/yr)

Prebiotic Production Process TEA


