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ABSTRACT

Lignocellulosic biomass has been introduced as a promising resource for alternative
fuels and chemicals because of its abundance and complement for petroleum resources.
Biomass is a complex biopolymer and its compositional and structural characteristics
largely vary depending on its species as well as growth environments. Because of
complexity and variety of biomass, understanding its physicochemical characteristics is a
key for effective biomass utilization. Characterization of biomass does not only provide
critical information of biomass during pretreatment and bioconversion, but also give
valuable insights on how to utilize the biomass. For better understanding of biomass
characteristics, good grasp and proper selection of analytical methods are necessary. This
chapter introduces existing analytical approaches that are widely employed for biomass
characterization during biomass pretreatment and conversion process. Diverse analytical
methods using Fourier transform infrared (FTIR) spectroscopy, gel permeation
chromatography (GPC), and nuclear magnetic resonance (NMR) spectroscopy for
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biomass characterization are reviewed. In addition, biomass accessibility methods by
analyzing surface properties of biomass are also highlighted in this chapter.
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1. INTRODUCTION

The production of biofuels and biobased chemicals/materials from lignocellulosic
biomass is a global research theme and has garnered extensive interest worldwide. The
biological route to produce biofuels from lignocellulosic materials usually involves three
steps: biomass pretreatment, enzymatic hydrolysis of pretreated biomass, and fermentation of
simple sugars to biofuels (Ragauskas et al., 2006; Yang & Wyman, 2008). The purpose of
pretreatment is to alter biomass structures thus reducing its recalcitrance which is an inherent
property of biomass due to the structural complexity of plant cell walls (Pu, Hu, Huang,
Davison, & Ragauskas, 2013; Pu, Hu, Huang, & Ragauskas, 2015). Extensive research on
biomass characterization has been focused on the structural characteristics of biomass that
influence recalcitrance. Equally important is to understand the effects of pretreatment on
biomass properties changes as well as how such changes affect biomass-biocatalyst
interactions during deconstruction by enzymes and microorganisms. Such knowledge will
provide fundamental information that is required to develop efficient and cost-competitive
pretreatment technologies, to improve effectiveness of biomass deconstruction using
microorganism or enzyme complexes, and to engineer feedstocks with low recalcitrance and
high productivity through genetic modification of cell wall biosynthesis pathways (Pu, Chen,
Ziebell, Davison, & Ragauskas, 2009). These demand an array of efficient and informative
analytical methods for biomass characterization. This chapter reviews analytical methods that
are frequently employed for biomass characterization during biomass pretreatment and
conversion process in a combination to yield a comprehensive picture of physical/chemical
properties of biomass, such as compositional contents, accessibility, cellulose
crystallinity/ultrastructure, cellulose and hemicellulose degree of polymerization, and lignin
molecular weights and structures. The characterization of bulk biomass and isolated major
structural components (i.e., cellulose, hemicellulose, and lignin) are highlighted. Specifically,
application of Fourier transform infrared (FTIR) spectroscopy, gel permeation
chromatography (GPC), and various solution/solid state nuclear magnetic resonance (NMR)
spectroscopy techniques on characterization of structural and physicochemical properties of
cellulose, hemicellulose and lignin are discussed.
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2. CHARACTERIZATION OF BULK BIOMASS

2.1. Compositions

Lignocellulosic biomass mainly consists of cellulose, hemicellulose, lignin, pectin, ash
and extractives. Depending on plant species and/or various treatments such as pretreatment,
enzymatic hydrolysis, and fermentation, the composition of these compounds varies. In
particular, lignin content and major sugars (i.e., glucose, xylose, arabinose, galactose, and
mannose) from carbohydrate fractions are mainly analyzed for elucidating the characteristics
of raw biomass and residual solids after treatments. The compositional profiles of raw
material and their changes during pretreatment and conversion process are basic and
important characteristics of biomass, providing key information on mechanism of biomass
recalcitrance, pretreatment efficiency, and enzymatic hydrolysis performance.

2.1.1. Sample Preparation

For keeping consistency of compositional analysis results, moisture content and particle
size of biomass should be prepared in suitable ranges. The moisture content of biomass
samples needs to be below 10% prior to any milling (Hames et al., 2008). Air-drying, drying
in a convection oven (at 45°C), or freeze-drying is a suitable method for biomass drying.
After drying, the particle size of dried biomass is controlled by various milling methods
followed by sieving. Generally, the milled biomass between 20-mesh and 80-mesh is
collected for compositional analysis. This is because the deviation to a smaller or larger
particle size results in a bias in carbohydrate and lignin contents by excessive carbohydrate
degradation or incomplete hydrolysis of polysaccharides (Hames et al., 2008). In addition,
extractives, the non-structural components in the biomass, are usually removed prior to
compositional analysis through solvent extraction. Depending on the plant species, a variety
of solvents such as water, ethanol, dichloromethane, acetone or toluene-ethanol (2:1) mixture
are used (Table 1) (Sluiter, Ruiz, Scarlata, Sluiter, & Templeton, 2005; Tappi, 2007a and
2007b). The residual solids after extraction step are dried again for carrying out compositional
analysis.

Table 1. Solvent extraction methods for biomass (Sluiter et al., 2005; Tappi, 2007b)

Biomass Solvent Soluble extractives

Waxes, fats, resins, sterols, non-volatile
hydrocarbons, low-molecular weight
carbohydrates, salts, polyphenols, fatty acids
and their ester, unsaponifiable substances

Ethanol-benzene,
Pine, oak, aspen, pulp | dichloromethane,
acetone

Corn stover, wheat
straw, hybrid poplar, Water-ethanol
pine

Inorganic material, non-structural sugars,
nitrogenous material, chlorophyll, waxes

2.1.2. Compositional Analysis

The extractive-free biomass sample is fractionated by a two-step acid hydrolysis for
analyzing structural carbohydrates and lignin (Sluiter et al., 2008b). In the first step, biomass
sample is hydrolyzed using 72% sulfuric acid at room temperature-30°C for ~1-2 h. For the
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second-step, the mixture is diluted to 4% concentration of sulfuric acid, and then hydrolyzed
at 121°C using autoclave for 1 h. While carrying the second hydrolysis step, sugar standards
including glucose, xylose, galactose, arabinose, and mannose are also prepared in 4% sulfuric
acid and loaded in autoclave for correcting sugar degradation during the hydrolysis.

The hydrolysate and residual solids after two-step acid hydrolysis are separated by
filtration. Sugar compositional analysis is carried out by using high performance liquid
chromatography (HPLC) or high performance anion exchange chromatography equipped with
pulsed amperometic detection (HPAEC-PAD). HPAEC-PAD measurement enables well
separation of sugar peaks for accurate quantification. Figure 1 shows a representative ion
chromatogram for detection of arabinose, galactose, glucose, xylose, and mannose in biomass
using HPAEC-PAD. A diluted NaOH (2.0 mM) solution was used as the mobile phase and
fucose as an internal standard.
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Figure 1. A representative ion chromatogram of sugar composition analysis using Dionex DX-500 ion
chromatography. Flow rate: 1.0 ml/min; Column: CarboPac PA20 (Dionex Inc., USA).

The liquid fraction is also used for determining acid soluble lignin (ASL) content by
using UV-Vis spectroscopy as well as acetyl content by using HPLC if necessary (Sluiter et
al., 2008b). Different types of biomass need different wavelength and absorptivity constants
for ASL measurement. Table 2 shows the absorptivity constants of ASL for selected biomass.
The calculation of ASL with these constants is as below:

UVaps X Volsitrare X Dilution

% ASL = x 100
% & X ODWygmpie X Pathlength

where UV,, is average UV-Vis absorbance for the sample at appropriate wavelength,
Volgirae 18 Volume of filtrate (mL), ¢ is absorptivity of biomass at specific wavelength, and
ODWgample 1s oven dry weight of sample (mg). The path length of UV-Vis cell is usually 1
cm.
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Table 2. Absorptivity and recommended wavelength for acid soluble lignin analysis

(Sluiter et al., 2008b)
Biomass Wavelength (nm) Absorptivity (L/g cm)
Pine 240 12
Bagasse 240 25
Corn Stover 320 30
Poplar 240 25

The solid acid insoluble residue (AIR) fraction from the filtration is rinsed with deionized
water, and then dried at 105°C until a constant weight. The dried residue is weighed and
placed in a muffle furnace at 575°C for 24 h to obtain the insoluble ash. The Klason lignin
content can be calculated as follows:

% Klason = % AIR — % Ash
Therefore, total lignin in the biomass is:
% Lignin = % ASL + % Klason lignin

Biomass usually contains certain amounts of moisture after subjecting to pretreatments.
For an accurate analysis of biomass composition, it is important to know the exact biomass
moisture content. Generally, the moisture content of Wiley-milled biomass samples (between
20-mesh and 80-mesh) can be measured by drying in a convection oven at 105°C or using a
moisture analyzer (Hames et al., 2008; Sluiter et al., 2008a). The oven dry weight, which is
the mathematically corrected biomass sample weight for moisture content, is used for
calculation of biomass compositional analysis. Table 3 shows compositions of several
hardwood, softwood, and grass biomass.

Table 3. Compositions (wt.%; dry basis) of various biomass (Li et al., 2010; Pan, Xie,
Yu, Lam, & Saddler, 2007; Sannigrahi, Ragauskas, & Tuskan, 2010; Xu & Tschirner,

2011; Yoo et al., 2015)
Biomass Glucan Xylan Galactan Arabinan Mannan Lignin Ash
Poplar 45.1 17.8 1.5 0.5 1.7 214 -
Corn stover 353 239 1.9 4.0 ND 19.9 -
Switchgrass 39.5 20.3 2.6 2.1 ND 2.18 4.1
Pine 454 6.3 2.0 1.3 11.8 25.1 0.3
Aspen 44.5 17.7 1.3 0.5 1.7 21.1 0.5

Note: ND: not detected; -: not reported.

2.2. FTIR Spectroscopic Analysis

Fourier transform infrared (FTIR) spectroscopy has been widely employed to perform
qualitative and quantitative study of lignocellulosic biomass (Kacurdkova & Wilson, 2001;
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Xu, Yu, Tesso, Dowell, & Wang, 2013). As a result of molecular vibration, a unique
spectrum representing the adsorption and transmission is produced when IR radiation is
passed through a sample. The main advantages of FTIR technology are non-destructive,
simple sample preparation, fast analysis, and comprehensive analysis for multi-constituents.
The infrared wavelength range is usually divided into three regions: near-infrared (12800-
4000 cm™), mid-infrared (4000-400 cm™), and far-infrared (400-10 cm™). FTIR in the mid-
infrared region is a preferred technique for functional group analysis and has the advantage of
high throughput. There are two commonly used sampling tools: conventional transmission
and attenuated total reflectance (ATR). In the transmission IR spectroscopy, the IR beam
passes through a sample and the effective path length is determined by the thickness of the
sample and its orientation to the directional plane of the IR beam. In the ATR sampling, the
IR beam hits onto a crystal of relatively higher refractive index and reflects. The reflective
beam creates an evanescent wave which projects orthogonally into the sample in intimate
contact with the ATR crystal.

FTIR can provide compositional and structural information of biomass through
absorbance bands of functional groups. The characteristic functional groups detected in
lignocellulosics are most likely consisted of hydroxyl (O-H), alkene (C=C), ester (—COO-),
aromatics (Ar), ketone (C=0), and ether (C—O-C) etc. An exemplary FTIR spectrum of
poplar is shown in Figure 2. The typical absorbance bands and assignments of functional
groups in biomass are summarized in Table 4.
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Figure 2. An exemplary FTIR spectrum of poplar.

FTIR spectroscopy has been used successfully for compositional analysis as well as
structural analysis on a variety of biomass, including wood, wheat straw, sugar cane, barley,
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canola, oat, isolated hemicellulose, lignin, and cellulose (Ali, Emsley, Herman, & Heywood,
2001; Bilba & Ouensanga, 1996; Donohoe, Decker, Tucker, Himmel, & Vinzant, 2008;
Pandey, 1999; Sun, Sun, Fowler, & Baird, 2005; Sun, Xu, Sun, Fowler, & Baird, 2005;
Szymanska-Chargot, Chylinska, Kruk, & Zdunek, 2015; Tjeerdsma & Militz, 2005; Yang,
Yan, Chen, Lee, & Zheng, 2007). Coupled with chemometric tools, FTIR spectroscopic
techniques have been calibrated to predict chemical components of biomass such as lignin
content in wood and straw, carbohydrates and extractives content in straw, protein and lipids
in microbiological biomass, and pectin content in onion and rice (Pistorius, DeGrip, &
Egorova-Zachernyuk, 2009; Raiskila et al., 2007; Sene, McCann, Wilson, & Grinter, 1994;
Tamaki & Mazza, 2011). For example, Pandey investigated the structural difference of
Klason lignin isolated from hardwood and softwood by comparing signal intensities of
guaiacyl and syringyl units in FTIR (Pandey, 1999). FTIR has also been used for
identification of cellulose type and determination of crystallinity index of cellulose (Oh et al.,
2005). In addition, FTIR was employed to determine hemicellulose and lignin removal in
steam explosion and alkaline peroxide pretreatment and compositional changes in wood
decay (Pandey & Pitman, 2003; Sun et al., 2005). Gierlinger et al. developed an in situ FTIR
technique coupled with microscopy to enhance the structural quantification of poplar wood on
enzymatic treatment (Gierlinger et al., 2008).

Table 4. Absorbance bands and assignment in FTIR spectrum of lignocellulosic
biomass. (Kubo & Kadla, 2005; Le Troedec et al., 2008; Pandey, 1999; Schwanninger,
Rodrigues, Pereira, & Hinterstoisser, 2004; Sills & Gossett, 2012; Yang et al., 2007)

Wavenumber Assignment Compounds Polymer

(em™)

3600-3000 O-H stretching (hydrogen Acid, alcohol Lignin, cellulose,
bonded) hemicellulose

2970-2860 C—H stretching Alkyl, aliphatic, Lignin, cellulose,

aromatic hemicellulose

2850 CH, symmetrical stretching | Alkyl Wax

1750 —-CO0O- Free ester Hemicellulose

1730-1700 C=0 stretch (unconjugated) | Ketone, carbonyl Lignin, hemicellulose

1650-1640 —-OH Water Water

1632 C=C Benzene ring Lignin

1613-1600 C=C vibration with C=0 Aromatic skeleton Lignin
stretching

1560-1510 C=0 stretching Ketone, carbonyl Hemicellulose

1505 C=C aromatic symmetrical | Aromatic skeleton Lignin
stretching

1470-1430 O-CH; Methoxyl Lignin

1425 C-H bending Ar-H Lignin

1380 C-H bending C-H Cellulose, hemicellulose,

lignin

1232 C—O-C stretching Aryl-alkyl ether Lignin

1310-1218 C-O stretching phenol Lignin

1170-1160 C—O-C asymmetrical Pyranose ring Cellulose, hemicellulose
stretching

1108 OH association C-OH Cellulose, hemicellulose
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1060 C-O stretching and C-O alcohol Cellulose, hemicellulose
deformation

1035 C-0, C=C, and C-C-O Ar, C-O Cellulose, hemicellulose,
stretching lignin

996-985 C-0 valence vibration Cc-0 Cellulose

930, 875 C-0-C Glycosidic linkage Cellulose, hemicellulose

900-700 C-H out of plane vibration | Ar-H Lignin

700-400 C—C stretching c-C Cellulose, hemicellulose

2.3. Whole Cell Wall NMR

Nuclear magnetic resonance (NMR) is one of robust analysis methods for plant cell
walls. Diverse NMR analysis methods have been studied for biomass characterization usually
with isolated components from cell walls (Mansfield, Kim, Lu, & Ralph, 2012). Kim and
Ralph introduced a solution-state 2D NMR analysis with cell wall gels (Kim & Ralph, 2010).
This method directly swells and gels cell wall materials in DMSO-ds in a NMR tube. The
other solvent mixtures such as DMSO-d¢/N-methylimidazole-ds (Yelle, Ralph, Lu, &
Hammel, 2008) and DMSO-d¢/[Hpyr]Cl-dgs (Jiang, Pu, Samuel, & Ragauskas, 2009) are also
applicable for cell wall dissolution. Whole cell wall dissolution does not include chemical
derivatization like an acetylation; therefore, observation of “native” cell walls is available. In
addition, information on acetylation in native cell walls can be detected by this method.

Sample preparation is an important step for whole cell wall NMR analysis. Non-
structural components need to be removed from cell walls, because signals from these
components hinder detection of signals from major cell wall components. In particular,
biomass with high extractives and protein content should be treated for extractives and
protein removal. In addition, a milling step is essential for dissolving biomass cell walls.
Milling time varies depending on biomass species, particle size, biomass loading, and mill
spinning speed. Biomass cell walls need to be sufficiently milled for successful cell wall
dissolution, but excessive milling can cause degradation to some degree of cell wall
components (Holtman, Chang, Jameel, & Kadla, 2006; Kim & Ralph, 2010). Table 5 shows
examples of ball-milling time for different biomass samples.

Table 5. Ball-milling time for various biomass and their sample loading

(Kim & Ralph, 2010)
Sample loading Pine Aspen Corn & kenaf
100 mg 1 h 20 min 40 min 25 min
200 mg 2 h 20 min 1 h 10 min 45 min
300 mg 3 h 20 min 1 h 40 min 1 h 5 min
400 mg 4 h 20 min 2 h 10 min 1 h 25 min
500 mg 5h 20 min 2 h 40 min 1 h 45 min
lg 10 h 20 min 5h 10 min 3 h 25 min
2g 20 h 20 min 10 h 10 min 6 h 45 min

Note: Ball-milling was performed at 600 rpm with zirconium dioxide vessels (50 mL) containing ZrO,
ball bearings (10 mm x10).
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Ball-milled cell wall materials are directly loaded into a NMR tube, and then distributed
well in the horizontally positioned NMR tubes. DMSO-d; solvent mixture is then loaded into
NMR tubes using a syringe and the NMR tubes are sonicated for ~1-5 h until formation of
homogeneous gels in the tubes. Two-dimensional heteronuclear single quantum correlation
(HSQC) NMR experiments are mostly used for characterizing structures of whole cell wall
biomass. Figure 3 presents representative HSQC NMR spectra of whole cell wall aspen,
poplar, and switchgrass.

Whole cell wall NMR analysis method can cover from raw biomass to process residues
without chemical modification of materials and has been used to investigate the structural
changes including linkage cleavages and compositional changes during bioconversion
processes. Various biomass samples have been analyzed by using the whole cell wall NMR
methods. Kim and Ralph proposed the whole cell wall NMR method using DMSO-dg and
DMSO-d¢/pyridine-ds mixture with pine, aspen, kenaf, and corn stover (Kim & Ralph, 2010;
Kim, Ralph, & Akiyama, 2008). Mansfield and his co-workers characterized whole plant cell
wall of poplar, pine, corn stover, and Arabidopsis and compared this method with traditional
cell wall composition analysis (Mansfield, Kim, Lu, & Ralph, 2012). Jiang and his co-
workers conducted whole cell wall analysis with poplar and switchgrass by mixture of ionic
liquid and DMSO-ds (Jiang et al., 2009). Cheng et al. characterized Miscanthus with DMSO-
de containing [Emim]OAc (Cheng, Sorek, Zimmermann, Wemmer, & Pauly, 2013). Recently,
Yoo et al. proposed a new bi-solvent system composed of DMSO-ds and
hexamethylphosphoramide (HMPA-dig) for enhancing mobility of biomass samples and
signals of NMR spectra with poplar, switchgrass, and Douglar fir (Yoo et al., 2016). In
addition, the application of whole cell wall NMR methods has been expanded to the
pretreated materials and/or residues after diverse conversion processes such as technical
lignin and residual lignin (Samuel et al., 2011; Wen, Sun, Xue, & Sun, 2013; Yoo et al,,
2015).

(a) Aspen cell wall in DMSO-d¢/pyridine-ds
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(b) Poplar and switchgrass cell wall in DMSO-ds/ HMPA-dg
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Figure 3. HSQC NMR spectra of (a) aspen cell wall in DMSO-dy/pyridine-ds (4:1); (b) poplar and
switchgrass cell wall in DMSO-d¢/HMPA-d, 5 (4:1).

2.4. Biomass Accessibility Methods

Surface properties such as surface area and porosity are two important physical properties
that could impact the quality and utility of biomass material during the process of converting
biomass to biofuels (Hinkle, Ciesielski, Gruchalla, Munch, & Donohoe, 2015). To convert
biomass to biofuels, depolymerization of cellulose is an essential step to produce simple
sugars by applying biomass degrading enzymes on pretreated biomass. The intimate contact
between cellulose and cellulase, such as Trichoderma reesei cellobiohydrolases (CBH I &
CBH II) and endoglucanases (EGs), is the prerequisite step for efficient enzymatic hydrolysis,
thus the surface area of cellulose plays a critical role in enzymatic hydrolysis yield and rate
(Arantes & Saddler, 2010). Biomass surface area can be divided into exterior surface area
which is governed by individual particle size, and interior surface area which is largely
determined by size and number of fiber pores (Arantes & Saddler, 2011). Biomass material is
anisotropic in spatial structure which induces difference in mechanical properties with various
contents of cellulose, hemicellulose, and lignin (Guo, Chen, & Liu, 2012). Image analysis
could be used to determine biomass particle size and shape and it has been found that the
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decrease of particle size normally leads to an increase of aspect ratio and exterior specific
surface area. The interior surface area is essentially reflected by biomass porosity. Wang et al.
reported that approximately over 90% of the substrate enzymatic digestibility is affected by
the accessible pore surfaces (Wang et al., 2012).

There exist several scales of porosity in biomass including cell lumen, pits, and nano-
pores formed between coated micro fibrils (Davison, Parks, Davis, & Donohoe, 2013). The
cell lumen represents the largest scale of biomass porosity with its size in the range of tens of
micrometers. Pits are the regions where the secondary cell wall is absent and an open pore is
maintained between adjacent cell lumen in plant cell walls. Neither of these types of pore
represents a fundamental barrier to cellulolytic enzymes that typically have a nominal
diameter of ~5.1 nm, and the fundamental barrier to effective enzymatic hydrolysis is
obviously the accessibility of a reactive cellulose surface. Study on transport phenomena
suggests that pore size should be at least in the range of 50-100 nm to allow sufficient
penetration of enzymes into cell walls (Davison et al., 2013). Unlike the exterior surface area,
many researches have indicated a positive relationship between interior surface area/porosity
and enzymatic hydrolysis rate (Luo & Zhu, 2011; Meng, Wells, Sun, Huang, & Ragauskas,
2015). Nevertheless, the accurate measurement of cellulose accessibility is the prerequisite
step for understanding the role of cellulose accessibility in biomass recalcitrance.
Considerable amounts of work have been done to develop promising analytical techniques
that can be directly applied on biomass materials to measure its cellulose accessibility, and
each technique has its own advantages and disadvantages (Meng & Ragauskas, 2014).

2.4.1. Nitrogen Adsorption Method

One of the classic techniques to measure the specific surface area is the Brunauer-
Emmett-Teller (BET) method using gas adsorption. Inert gas, mostly nitrogen, could be
adsorbed on the outer surface of solid material and also on the surface of pores in case of
porous material such as biomass. Adsorption of nitrogen at a temperature of 77 K can lead to
the so-called adsorption isotherm which also refers to the BET isotherm. The typical nitrogen
adsorption instrument consists of an adsorption cell to hold the material, a gas burette, a
manometer, and a pumping system (Loebenstein & Deitz, 1951). Accordingly, samples are
dried, degassed, and then cooled in the presence of nitrogen gas allowing nitrogen gas to
condense on the surfaces and within the pores. The quantity of gas adsorbed can be then
determined from the pressure decrease after the sample was exposed to gas, and the specific
surface area is calculated using BET model that relates the gas pressure to the volume of gas
adsorbed. Table 6 shows the BET specific surface area of lignocellulosic materials before and
after pretreatment as determined by nitrogen adsorption. The results demonstrated that all
different pretreatments increased the BET surface area and as the pretreatment severity factor
increased, so did the specific surface area. On the one hand, nitrogen can pass readily through
plant cell walls and its uptake provides a quick and robust method for determination of the
surface area accessible to nitrogen. On the other hand, this measurement requires a prior
drying of the substrate which makes it typically less effective due to the partial irreversible
collapse of pores (Meng & Ragauskas, 2014). In addition, the small size of nitrogen
molecules compared to cellulase enzymes could cause over-estimation in terms of cellulose
accessibility to cellulase (CAC) measurement.
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Table 6. Summary of BET surface area of untreated and pretreated
lignocellulosic materials

Samples BET surface area Refs

(m/g)
Untreated spruce 0.4 (Wiman et al.,
2% SO, pretreated spruce at 194°C, 7 min 1.3 2012)
2% SO, pretreated spruce at 220°C, 7 min 8.2
Untreated corn stover 8.5 (Li, Zhao, Qu, &
Hot water pretreated corn stover at 190°C, 20 min 17.1 Lu, 2014)
Untreated switchgrass 0.5 (Dougherty et al.,
Dilute acid pretreated switchgrass at 160°C, 20 min | 0.8 2014)
Ionic liquid pretreated switchgrass at 120°C, 240 32
min

2.4.2. Solute Exclusion Method

The solute exclusion technique is based on the accessibility of probe molecules to the
substrate pores of different sizes (Rolleri, Burgos, Bravo-Linares, Vasquez, & Droppelmann,
2014). A known concentration of a solution containing the probe solute molecule is added to
the swollen substrate, causing possible dilution of the solution by the water contained in the
initial substrate. If all the pores in the substrate are accessible to the solute molecules after
thorough mixing, then all the water from the initial substrate can contribute to the dilution
process, while the water presented in the pores that is not accessible to the probe molecules
will not contribute to the dilution. As a result, the substrate pore size and volume distribution
can be determined using the concentration of the probe molecule in the final substrate
mixture. The typical solute molecules used in solute exclusion include polyethylene glycol
and dextran which are not adsorbed on nor chemically react with lignocellulosic substrate.
The concentration of these probe molecules can be measured by HPLC with a refractive index
detector or thermoporometry methods using differential scanning calorimetry (DSC) and 'H
NMR (Stone & Scallan, 1965; Grethlein, 1985; Ishizawa, Davis, Schell, & Johnson, 2007).
To assess the cellulose accessibility to cellulase, 5.1 nm is normally selected as the cutoff for
the pore size for which cellulase can transverse to access the interior surface (Huang, Su, Qi,
& He, 2010). The accuracy of the solute exclusion technique for pore size or volume
measurements is based on several assumptions: (1) the concentration of the probe molecules
in the accessible pores is equal to that in the solution surrounding the porous materials and (2)
complete penetration of probe molecules into the pores should occur when the diameter of the
probe molecule is less than the diameter of the pores into which it will diffuse (Lin, Ladisch,
Voloch, Patterson, & Noller, 1985). Table 7 presents exemplary data on the accessible surface
area to the 5.1 nm molecular probes of biomass after various pretreatment, indicating that
pretreatments result in a higher accessible interior surface area. Compared to nitrogen
adsorption technique, one of the advantages for this technique is that the measurement can be
directly performed quantitatively in wet state of biomass. There are some limitations to this
method as well. It is laborious, unspecific to cellulose, and cannot account for the external
surface area. Ink-bottle effect and osmotic pressure were also reported to affect the
determination of pore size distribution when using the solute exclusion method (Beecher,
Hunt, & Zhu, 2009).



Analytical Methods for Biomass Characterization during Pretreatment ... 13

Table 7. Accessible interior surface area of untreated and pretreated
lignocellulosic materials

Samples Accessible surface area available to Refs
solute of 5.1 nm (mz/g)

Untreated mixed hardwood 14.8 (Grethlein,

Hydrogen peroxide pretreated mixed 24.5 1985)

hardwood

Ethylenediamine pretreated mixed hardwood 30.7

Untreated corn cob 51.2 (Huang et

Sulfuric acid pretreated corn cob 55.2 al., 2010)

Lime pretreated corn cob 934

Sodium hydroxide pretreated corn cob 104.0

2.4.3. Simons’ Stain Method

An alternative approach to examine pore size is to employ direct dyes such as Simons’
stain (SS) to estimate the total available surface area of lignocellulosic substrates as a semi-
quantitative method (Chandra, Ewanick, Hsieh, & Saddler, 2008). It evaluates the large-to-
small pore ratio of a substrate by applying two different dyes: Direct Blue 1 and Direct
Orange 15. Dyes are well known as sensitive probes for characterization of cellulose
structure, and direct dyes are particularly appropriate because of their linear structures and
outstanding substantivity toward cellulose (Inglesby & Zeronian, 2002). Direct Blue 1 has a
well-defined chemical formula Cs3H;4N¢NasO16Ss with a molecular diameter of ~1 nm.
Direct Orange 15 is a condensation product of 5-nitro-o-toluenesulfonic acid in aqueous alkali
solution with a diameter in the range of ~5-36 nm, and it also has much higher binding
affinity for hydroxyl groups on a cellulosic surface compared to Direct Blue dye (Meng et al.,
2013). When lignocellulosic biomass is treated with a mixed solution of the direct orange and
blue dyes, the blue dye enters all the pores with a diameter larger than ~1 nm, while the
orange dye only populates the larger pores. After a pore size increase either by physical or
chemical action, the orange dye will gain further access to the enlarged pores because of the
higher affinity of orange dye for the hydroxyl groups on a cellulosic surface. Therefore, the
ratio of adsorption capacity between the Direct Orange 15 and Direct Blue 1 dyes can be
calculated as a measure of large-to-small pore ratio of a substrate.

It has been reported that the use of Orange/Blue (O/B) ratio as a molecular probe is a
good indicator of the total surface area of cellulose available to enzymes (Chandra et al.,
2008). Others reported that the higher the O/B ratio, the lower the protein loading required for
the efficient hydrolysis (Arantes & Saddler, 2010). Table 8 presents the cellulose accessibility
of untreated and pretreated lignocellulosic substrates as determined by the O/B ratio in
Simons’ stain. Although the O/B ratio has been related to the cellulose accessibility and
cellulase activity, large amounts of the smaller Direct Blue dye adsorbed by a substrate can
cause a decrease of the overall O/B ratio. In this case, even when there may be a significant
amount of large pore and cellulose accessibility, the analysis based solely on the low O/B
ratio may skew data interpretation. In addition, the method is not considered fully quantitative
and the measurement is also significantly affected by pore shapes and tortuosity. Despite the
shortcomings of Simons’ stain technique, it provides a relatively fast, simple and sensitive
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method for the measurement of exterior and interior accessible surface area and relative
porosity of lignocellulosic substrate in its wet state.

Table 8. Cellulose accessibility of untreated and pretreated lignocellulosic biomass as
determined by Simons’ stain

Samples Orange/Blue (O/B) ratio Refs
Untreated poplar 0.19 (Meng et al.,
Steam explosion pretreated poplar 0.25 2013)

Dilute acid pretreated poplar 0.39

Untreated switchgrass 0.08 (Keshwani &
Lime pretreated switchgrass 0.26 Cheng, 2010)
Sodium hydroxide pretreated switchgrass 0.39

2.4.4. NMR Cryoporometry Method

NMR cryoporometry has also been used for pore size distribution measurements through
observation of melting point of a confined liquid in biomass non-destructively. The method is
based on the principle that small crystals formed from liquid within pores melt at a lower
temperature than bulk liquid. The melting point depression of liquid that confined within a
pore can be related to the pore size through the Gibbs-Thompson equation (Strange, Rahman,
& Smith, 1993):

AT =T, — T,.(x) = k/x

where T, is the normal melting point, 7,(x) is the melting point of a crystal in pores of
diameter x, and & is a characteristic constant of the liquid. The pore volume v is a function of
pore diameter x, so the melting temperature of the liquid 7,,(x) can be related to the pore size
distribution by the formula below:

dv _ dv  dTm(x)
dx dTm(x) dx

From Gibbs-Thompson equation, dT,,(x)/dx = k/x2, so the pore size distribution can be
written as:

dv dv k

dx - dTm(x) ¥

Accordingly, liquid probe such as water is imbibed into a porous lignocellulosic
substrate, and the sample is cooled until all the liquid is frozen and then slowly warmed up. A
CPMG NMR sequence is used to measure the quantity of the liquid that has melted due to the
fact that the coherent transverse nuclear spin magnetization decays much more rapidly in a
solid than that in a mobile liquid. As a result, the NMR cryoporometry data collected contains
liquid proton signal intensity proportional to the integral pore volume v which varies as a
function of temperature 7. At each temperature, v is the volume of liquid in cell wall pores
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with a dimension less than or equal to x. So the measurement of dv/dT,,(x) which can be
obtained from the slope of the curve of v against 7 will allow the pore size distribution curve
to be determined (Meng et al., 2013). The pore size distribution gives information about the
incremental volume of the pores at a particular pore diameter. Pore size distributions obtained
with NMR cryoporometry have been shown to compare favorably with other methods such as
gas adsorption (Mitchell, Webber, & Strange, 2008).

Using NMR cryoporometry, Ostlund et al. revealed the decrease in porosity within the
fiber cell wall of bleached softwood Kraft pulp that was exposed to a series of drying
procedures, suggesting drying the pulp at 105°C decreases the pore volume to 55% of the
never-dried pulp (Ostlund, Kohnke, Nordasierna, & Nyden, 2010). Meng et al. estimated the
representative pore diameter roughly from the peak maximums in the pore size distribution
curve for untreated and dilute acid pretreated poplar (Meng et al., 2013). The positions of the
main peaks attributed to meso-scale pores for untreated, 10 min steam explosion pretreated,
10 min dilute acid pretreated, and 60 min dilute acid pretreated poplar were at 1.5 nm, 3 nm, 6
nm, and 9 nm, respectively. NMR cryoporometry was also successfully applied on water
swollen flax and cotton fibers, suggesting that swelling substantially increases the pore
volume by a factor of 20-30 of fibers in the mesoporous region with 1 to 10 nm (Mikhalovsky
et al., 2012). DSC thermoporosimetry follows the same principal as the NMR cryoporometry,
except that the actual melting point instead of the amount of water that melts at a certain
temperature is recorded (Ponni, Vuorinen, & Kontturi, 2012). Park et al. characterized the
surface and pore structure of cellulose fibers during enzymatic hydrolysis via DSC
thermoporosimetry (Park et al., 2006). Their results showed that the concentration of large
pores decreased more than that of small pores through the cellulase treatment.

2.4.5. NMR Relaxometry

Like NMR cryoporometry, there are other NMR based techniques which can be used to
track changes in cellulose accessibility of biomass, such as proton NMR relaxometry. Fluid
molecules such as water confined into pores are usually subjected to interactions that can
change NMR relaxation times of the fluid materials. Therefore, information about the pore
size distribution of the material can be obtained through determining the relaxation time
distribution. In terms of lignocellulosic biomass, adsorbed water has been found spatially
localized on and within cellulosic micro fibrils, existing as capillary water in a lumen, or
between fibers and within the lignin-hemicellulose matrix (Menon et al., 1987). The nature
and strength of the association between water and cell walls is directly related to the
ultrastructural and chemical state of the biomass, making it possible to study the changes in
biomass pore surface area to volume ratio by monitoring the amount and the relative nature of
nuclear relaxation of the adsorbed water.

Spin-spin relaxation, also known as T, relaxation, is the mechanism by which the
transverse component of the magnetization vector exponentially decays towards its
equilibrium value in NMR. Biomass with a more hydrophilic pore surface or reduced pore
size distribution will contain a higher proportion of bound to unbound water. In a T,
relaxation curve, the signal intensity decays as a function of local inhomogeneity in the
magnetic field mainly due to perturbation by nuclei through space or dipolar interactions
(Araujo, Mackay, Whittall, & Hailey, 1993). Basically, as the T, relaxation time of adsorbed
water increase, the degrees of freedom or average local mobility of the water in pores also
increases. Similarly, an increase in T, relaxation time of adsorbed water can be correlated
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with a decrease in the proportion of bound to unbound water or amount of water located at the
pore surface versus pore interior. Therefore, in systems of increasing average pore size, the
pore surface area to volume ratio will decrease and is therefore detected by an increase in the
T, relaxation time.

NMR relaxometry has been used to characterize pore size or surface area of various
lignocellulosic materials including native biomass, pretreated biomass, and enzymatic
hydrolyzed cellulose (Felby, Thygesen, Kristensen, Jorgensen, & Elder, 2008; Menon et al.,
1987). Foston and Ragauskas studied the changes in the structure of cellulose fiber walls
during dilute acid pretreatment in Populus by generating the Inverse Laplace distributions on
T, decays, and the results demonstrated not only a shift in T, times to longer relaxation or a
more mobile state but also indicated that the population of water with longer relaxation times
increased after pretreatment (Foston & Ragauskas, 2010). This suggests that the dilute acid
pretreatment breaks down and loosens the cellulosic ultrastructure within biomass. Karuna et
al. studied the impact of alkali pretreatment on the surface properties of rice straw affecting
cellulose accessibility to cellulases by NMR relaxometry. The spin-spin relaxation times of
the samples indicated increased porosity in alkali pretreated rice straw (Karuna et al., 2014).
Felby et al. studied the cellulose-water interactions during enzymatic hydrolysis of filter
paper by determining the T, distributions via time domain NMR, suggesting the action of
enzyme system is a breakdown and loosening of the cellulose therefore introducing more
water into the structure and providing better access for the enzymes during the initial
enzymatic hydrolysis of cellulose (Felby et al., 2008). However, the NMR relaxometry
technique is usually expensive, and requires complicated setup and long experiment time.

2.4.6. Mercury Porosimetry Method

This technique provides a wide range of information including pore size distribution,
total porosity, apparent density, and specific surface area (Giesche, 2006). The non-wetting
property of mercury combined with its high surface tension uniquely qualifies mercury for
use in probing pore space. Unlike water, mercury cannot penetrate pores by capillary action
spontaneously, therefore an external pressure needs to be applied to force it into the pores.
The external pressure can be related to the pore size according Washburn equation:

D = -4ycosb/P

where D is the pore diameter, y is the surface tension of mercury, 6 is the contact angle, and P
is the external pressure. The inverse relationship between the pore diameter and pressure
indicate that only slight pressure is required to intrude mercury into large macro pores,
whereas much larger pressures are required to force mercury into small pores. Therefore, the
volume of pores in the corresponding size can be determined by measuring the volume of
mercury which intrudes into the porous material with each pressure change. Because mercury
porosimetry requires a prior drying of samples, organic solvent exchange drying is normally
applied on samples to avoid unnecessary pore collapse (Foston & Ragauskas, 2010). In this
manner, water can be removed from biomass step by step, preserving the maximally swollen
pore structure of the biomass samples in an absolutely dry state.

Using mercury porosimetry, Meng et al. reported the total area, average pore diameter,
and pore tortuosity of untreated, hot water, dilute acid, and alkaline pretreated poplar (Meng
et al., 2015). The results showed that dilute acid pretreatment had the largest pore area among



Analytical Methods for Biomass Characterization during Pretreatment ... 17

these three pretreatments. In addition, both hot water and alkaline pretreatments were found
to slightly increase the average pore diameter, while the severe dilute acid pretreatment
significantly decreased the average diameter. The average pore diameter was observed to
decrease by 90% after 60 min of 160°C dilute acid pretreatment as compared to untreated
poplar.

3. CHARACTERIZATION OF ISOLATED MAJOR COMPONENTS

3.1. Cellulose Analysis

Cellulose, consisting of approximately 40-50% of the total feedstock dry matter, is a
linear glucose polymer linked by B-1,4 glycosidic bonds with cellobiose as its repeating unit.
Cellulose chain has a strong tendency to form inter and intra-molecular hydrogen bonds by
hydroxyl groups on these linear cellulose chains, which stiffen the chains and promote
aggregation into a crystalline structure (Sannigrahi et al., 2010). Degree of polymerization
(DP) and crystallinity are two important structural properties of cellulose that may affect its
digestibility. It is generally believed that amorphous cellulose should be hydrolyzed at a much
faster rate than crystalline cellulose, indicating the initial degree of crystallinity of cellulose
might plays a major role as a rate determinant in hydrolysis reaction (Zhang & Lynd, 2004). It
is also reported that cellulose crystallinity could affect the ability of cellulase enzyme
modules to adsorb or function on cellulose, and the maximum adsorption constant has been
shown to be greatly enhanced at low crystallinity index (Lee, Shin, Ryu, & Mandels, 1982).
Cellulose chain length could also affect the solubility of cellulose in a given solvent, the
mechanical properties of composite materials, and the efficiency of enzymatic hydrolysis of
biomass (Yang, Dai, Ding, & Wyman, 2011). Hence, it is important to measure the cellulose
DP and crystallinity during biomass conversion process.

3.1.1. Degree of Polymerization

Cellulose DP can be measured by various analytical techniques including viscometer and
gel permeation chromatography (GPC). Determination of cellulose DP via viscometer after
nitration was developed in early 1940s, in which lignocellulosic biomass was treated with
nitric acid, phosphoric acid, and phosphorous pentoxide in a ratio of 64:26:10 at 17°C for 40
h, resulting in the formation of cellulose nitrates that can be subsequently solubilized in ethyl
acetate or acetone (Timell, 1955). Although this technique has the advantage of eliminating
pre-isolation of cellulose through holocellulose pulping and base catalyzed hydrolysis of
hemicellulose, it is rarely used nowadays due to the uncertainty arising from possible change
of cellulose chain during derivatization as well as the instability of the derivative (Hallac &
Ragauskas, 2011).

GPC is another technique that can be used to measure cellulose DP and it also involves
cellulose derivatization known as cellulose tricarbanilate. The derivatization of cellulose
starts with the isolation of cellulose, including two steps: delignification of extractive-free
material to generate holocellulose by oxidative degradation of lignin, followed by an alkaline
extraction to remove hemicellulose. One of the conventional delignification method to
selectively remove lignin from biomass with only limited amount of glucan and xylan being
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solubilized is treating samples with glacial acetic acid and sodium chlorite (Hubbell &
Ragauskas, 2010). However, the addition of acetic acid might increase the likelihood of chain
degradation. Kumar et al. reported nearly 75% in the average DP of filter paper remained
after delignification using acid-chlorite (Kumar, Mago, Balan, & Wyman, 2009). Hubbell and
Raguakas reported that the introduction of even a small portion of lignin to the system instead
of completely removing lignin greatly reduced the negative DP effect (Hubbell & Ragauskas,
2010). To address this issue, several delignification methods were compared for their
selectivity and impacts on physiochemical characteristics of cellulosic biomass in a recent
study. The results showed that delignification using peracetic acid at room temperature is
much more selective than the traditional chlorite-acetic acid method, and more importantly,
has less severe impacts on cellulose DP (Kumar, Hu, Hubbell, Ragauskas, & Wyman, 2013).
Once cellulose is isolated from lignin-hemicellulose matrix, derivatization of cellulose is
usually performed by reaction of cellulose with phenyl isocyanate in pyridine. Typically,
~4.00 mL of anhydrous pyridine and 0.5 mL of phenyl isocyanate is added to ~15 mg of dried
cellulose samples, and the reaction mixture is kept at ~66°C with stirring until the cellulose is
completely dissolved. It should be noted that the temperature needs to be kept lower than
70°C thus avoiding cellulose degradation. Afterwards, methanol is added to the reaction to
eliminate the unreacted phenyl isocyanate, and the mixture is then poured into a water-
methanol mixture to precipitate the cellulose tricarbanilate which can then be analyzed by
GPC for its molecular weight.

3.1.2. Crystallinity and Ultrastructure

Cellulose crystallinity index (Crl) can be used to describe the relative amount of
crystalline portion in cellulose, and can be typically measured using several analytical
techniques including X-ray diffraction (XRD), Infrared (IR) spectroscopy, and solid-state '*C
NMR. XRD can provide strong signals from the crystalline fraction of cellulose, and the Crl
is usually defined as (Segal, Creely, Martin, & Conard, 1959)

Crl= [(1002 - Iamorphous)/IOOZ] x 100

where I, is the diffraction intensity at 002 peak position at 20 = 22.5° and Lumorphous 1 the
scattering intensity of amorphous region at 20 = 18.7°. The non-crystalline part of cellulose is
represented by broader and less clearly refined features in the XRD pattern, leading to
challenges in evaluation of signals for a quantitative crystallinity measurement. In addition,
information about cellulose crystallinity can be also obtained by FTIR spectroscopy, which
gives only relative values of crystallinity. The ratio of amorphous to crystalline cellulose
usually associates with the ratio of intensities of the bands at 900 cm™ and 1098 cm™ in FTIR
spectra (Stewart, Wilson, Hendra, & Morrison, 1995).

Another promising method to analyze ultrastructural features of cellulose is the °C cross
polarization magic angle spinning (CP/MAS) NMR spectroscopy. In CP/MAS "°C NMR, Crl
is defined as (Newman, 2004):

Crl = [As6-92ppm/ (A 79-86ppm T As6-920pm)] * 100

where As6.92,,m represents the area of crystalline Cy4 signal, 479.56,,m is the area of amorphous
C,4 signal. Similar to other biological materials, the NMR spectra of cellulose contains
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multiple broad and overlapping peaks. To address this problem, a least-squared model and
spectra fitting method was proposed to quantitatively estimate the relative fraction of
ultrastructural components, including crystalline cellulose (i.e., cellulose I, and Ig), para-
crystalline cellulose, and amorphous domain of accessible or inaccessible fibril surfaces
(Foston, Hubbell, & Ragauskas, 2011). Figure 4 shows a non-linear least-squared line fitting
of the Cy4 region for a >C CP/MAS spectrum of isolated cellulose, with the peak assignments
of signals presented in Table 9. Lorentzian line shapes were applied to the carbon signals
attributed to the domain of cellulose I, Ig, I+, while Gaussian lines were used to describe the
signals from inaccessible and accessible fibril surfaces comprising the amorphous domains
(Foston & Ragauskas, 2010).

Figure 4. Spectra fitting for the C, region of the CP/MAS "C NMR spectrum of cellulose (Hallac et al.,
2009).

Table 10 lists the relative contents of amorphous, para-crystalline, and crystalline portion
of cellulose isolated from Populus, Buddleja Davidii, and switchgrass. Para-crystalline
cellulose is the largest fraction observed for Populus, while inaccessible fibril surface of
cellulose is the largest fraction observed for Buddleja Davidii and switchgrass. Populus is
composed of relatively higher crystallinity (~63%) and accessible fibril surface (~10.2%) as
compared to switchgrass and Buddleja Davidii.

Table 9. Assignments of signals in the C-4 region of the CP/MAS BCNMR spectrum
(Foston, Hubbell, Davis, & Ragauskas, 2009)

Assignment Chemical shift (ppm) Intensity (%) Line type
Cellulose I, 89.6 4.2 Lorentz
Cellulose I, 88.9 8.7 Lorentz
Para-crystalline cellulose 88.7 329 Gauss
Cellulose Iy 88.2 6.5 Lorentz
Accessible fibril surface 84.6 3.9 Gauss
Inaccessible fibril surface 84.1 41.1 Gauss
Accessible fibril surface 83.6 2.7 Gauss
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Table 10. Crystallinity index and line fitting results of cellulose by CP/MAS BC NMR

Biomass Crl |1, Lig |1 Para- Accessible Inaccessible | Refs

feedstock crystalline | fibril surface | fibril surface

Populus 63 [5.0 |14.2 |19.8 |31.1 10.2 18.3 (Foston et al.,
2009)

Buddleja 55 |42 |87 |65 |329 6.6 41.1 (Foston et al.,

Davidii 2009)

Switchgrass (44 [2.3 [8.0 [4.8 (273 6.2 513 (Samuel, Pu,
Foston, &
Ragauskas, 2010)

Besides FTIR and NMR spectroscopy, Raman spectroscopy could be also used for the
assessment of structural differences in celluloses of various origins (Szymanska-Chargot,
Cybulska, & Zdunek, 2011). Cellulose I crystallinity can be calculated based on the Raman
band intensity ratio of 378 and 1096 cm™' using an FT-Raman spectroscopy (Agarwal, Reiner,
& Ralph, 2007). In addition, cellulose polymorphic modifications I and II as well as
amorphous structure can be also identified. Schenzel and Fischer investigated cellulose I and
II using FT-Raman experiments, confirming the difference in the conformational
arrangements. The authors reported that simultaneous presence of two stereo chemically non-
equivalent CH,OH groups was observed in cellulose I resulting from the rotation of side
chains about C(5)-C(6) atoms, while there was only one type of CH,OH groups present in
cellulose II (Schenzel & Fischer, 2004).

3.2. Hemicellulose Analysis

Hemicelluloses are heterogeneous polysaccharides, representing generally 15-35% of
plant biomass. Hemicellulose in biomass may contain pentoses (xylose, arabinose, rhamnose),
hexoses (mannose, glucose, galactose, fucose), uronic acids (glucuronic and galacturonic
acids), and acetyl substitutes (Girio et al., 2010; Sun, Fang, Tomkinson, Geng, & Liu, 2001).
Prior to hemicellulose extraction, the Wiley milled and dried biomass is extracted with
solvents to remove wax and lipids, and the dewaxed biomass is further delignified by sodium
chloride or peracetic acid to obtain holopulp. Hemicellulose is usually extracted from biomass
holopulp with high alkali (e.g., 2-17.5% sodium hydroxide or potassium hydroxide) at room
temperature (Cao, Pu, Studer, Wyman, & Ragauskas, 2012; Kumar et al., 2013). The
hemicellulose is obtained by precipitation of the alkali extracts in ethanol (75%, v/v) followed
by washing with additional ethanol (75%, v/v). The characteristics of hemicellulose that are
general required to assess are listed in Table 11.

Table 11. Hemicellulose characteristics and the characterization techniques

Samples Techniques
Chemical compositions HPLC
Molecular weights distribution GPC
Functional groups FTIR
Structures and linkages NMR
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3.2.1. Chemical Compositions

The chemical compositions such as xylose, mannose, glucose, arabinose, galactose,
uronic acids, and acetyl groups of hemicelluloses can be analyzed following a modified two-
step acid hydrolysis (Sluiter et al., 2008b). The isolated hemicellulose is soaked first in 72%
sulfuric acid at 45°C for 7 min and is followed by hydrolysis in ~ 3% sulfuric acid at 121°C
for another 30 min. The concentrations of monomeric sugars in the soluble fraction can be
determined by HPLC or an ion chromatography. Uronic acids can be quantified either by the
sulfuric acid-carbazole procedure or gas chromatography after derivatization (Filisetti-Cozzi
& Carpita, 1991; Li, Kisara, Danielsson, Lindstrom, & Gellerstedt, 2007). The chemical
compositions of hemicellulose usually vary depending on various fractions and extraction
solvents employed (Jin et al., 2009; Xue, Wen, Xu, & Sun, 2012). The monosaccharides and
uronic acids contents of hemicellulose from several lignocelluloses are given in Table 12.

Table 12. The contents of monosaccharides and uronic acids in hemicellulose.
(Brienzo, Siqueira, & Milagres, 2009; Jin et al., 2009; Patwardhan, Brown, & Shanks,
2011; Peng et al., 2012; Sun et al., 2001; Xue et al., 2012)

Biomass Xylose |Mannose |Glucose |Arabinose |Galactose |Rhamnose | Uronic
acids
Barley straw” 28-77% 10.3-2.5% |8-30% 12-19% 0.3-10% 2-11% 5-8%
Maize stem® 26-61% |0.1-6% 7-25%  |23-30% 0.2-12% 1-8% 3-7%
Pine wood” 20-59% |20-48% 6-12% | 7-10% 6-14% - -
Poplar wood” 79-89% |2-9% 4-7% 0.9-1.3% 1.9-2.8% |1.6-2.2% 8-12%
Sugarcane 73-83% |- 4-7% 4-7% - - 4-7%
bagasse”
Sweet sorghum 9-89% |<3% 8-50% 1-43% 2-20% 1-9% 1-3%
leaves®
Switchgrass® 66.2% |- 3.3% 14.2% 3.8% - -

a: based on total sugar weight; b: based on hemicellulose weight; -: not reported.

3.2.2. GPC Analysis

The average molecular weights of hemicelluloses can be determined by GPC based on
calibration with pullulan standards of molecular weights ranging from ~780 up to 1600,000
Da. Sodium acetate buffer or sodium phosphate buffer in pH 7-12 is used as the mobile phase.
The polydispersity index (PDI) is calculated by dividing weight-average molecular weight
(M,,) over number-average molecular weight (M,) of hemicellulose. The hemicellulose
molecular weights and its distributions also vary widely upon the hemicellulose fraction
extracted with different solvents. Molecular weights of hemicellulose isolated from several
biomass are listed in Table 13.

3.2.3. FTIR Spectroscopic Analysis

FTIR spectra can be used to determine the structure of isolated hemicellulose. The
characteristic absorbance bands of functional groups in hemicellulose include hydroxyl (OH),
glycosidic linkage (C—O-C), ester group (—-COO-), and carbonyl group (C=0). The
hemicellulose containing lignin residual shows aromatic skeletal absorbance at 1500-1560
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cm’ (Sun, Jing, Fowler, Wu, & Rajaratnam, 2011; Xue et al., 2012). The identified functional
groups and assignments in FTIR spectra of hemicellulose are summarized in Table 14.

Table 13. Weight-average (M,,) and number-average (M,) molecular weights (g/mol)
and polydispersity index (M,,/M,) of hemicellulose from various biomass. (Ayoub,
Venditti, Pawlak, Sadeghifar, & Salam, 2013; Jin et al., 2009; Peng et al., 2012; Sun et
al., 2001; Xue et al., 2012)

M, M, PDI
Barley straw 14,600-28,840 5,030-10,080 2.6-3.0
Maize stem 13,370-23,590 4,840-8,780 2.7-2.8
Pine wood 16,500-79,840 12,760-40,020 1.3-2.0
Poplar wood 38,360-42,230 4,910-7,580 5.1-8.0
Sweet sorghum leaves 17,300-128,000 1,400-20,100 2.5-12.4
Switchgrass 3,500-85,700 460-20,900 4.1-7.6

Table 14. The main functional groups assignment of hemicellulose in FTIR spectra (Jin
et al., 2009; Sun et al., 2001; Sun et al., 2005)

Wave numbers Functional group Compounds

(em™)

3343 O-H stretching Hemicellulose

2950-2850 C—H stretching hemicellulose

1745 C=0 Acetyl, uronic, and ferulic ester
1584 C—H deformation Hemicellulose

1456 C—H vibration of polysaccharides Hemicellulose

1420 —COO- symmetric stretching Uronic acids

1374 C—H vibration of polysaccharides Cellulose

1258 —COOH vibration Glucuronic acid

1249 -C-O- Acetyl, uronic, and ferulic ester
1149 C—OH vibration and C-O-C stretching Glycosidic bond

1028 O-H Glucose unit

897, 903 Cc-0-C Glycosidic linkage

873 Pyranose ring stretching Hexose units

3.2.4. NMR Spectroscopic Analysis

The structure of isolated hemicellulose has also been analyzed by 'H, "“C, and
heteronuclear single quantum coherence (HSQC) NMR. The solvent used for NMR analysis
are generally D,0. In a "H-NMR spectrum, signal around 2.1 ppm indicates the presence of
acetyl group in polysaccharides of hemicellulose (Lundqvist et al., 2002). The signals in the
region between 4.8 and 4.5 ppm were attributed to the anomeric protons of substituted B-D-
xylose (Jin et al., 2009). The anomeric proton chemical shifts of 4.77 and 4.52 ppm
correspond to the presence of (1-4)-linked B-mannopyranosyl and B-glucopyranosyl residues,
respectively (Sun et al., 2005). In a >C-NMR spectrum, five signals at 102.6 (C-1), 78.3 (C-
4), 77.7 (C-3), 76.2 (C-2), and 66.0 (C-5) ppm, were assigned to the (1,4) linked B-D-Xyl
residues (Jin et al., 2009). HSQC NMR spectra are very useful in elucidating the structure of
hemicellulose. The cross peaks in HSQC spectra of hemicellulose and their assignments are
summarized in Table 15.
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Table 15. Chemical shifts and signals assignments of hemicellulose in HSQC spectra
(Sun et al., 2011; Sun et al., 2005)

Chemical shift, ppm (5¢/0y) Assignment

110.00/5.21 a-arabinose unit

109.56/4.88 o-arabinose unit

100.08/4.64 C-1/H-1 of mannose residue
106.50/4.46 C-1/H-1 of galactose residue
102.52/4.32 C-1/H-1 of glucose and xylose residue
97.6/5.19 C-4/H-4 of 4-O-methyl-D-glucuronic acid
86.70/4.15 C-4/H-4 of a-arabinose unit
83.20/3.15 4-0O-methyl-D-glucuronic acid
78.96/3.54 C-4/H-4 of 4-linked B-glucose
78.60/3.71 C-5/H-5 of 4-linked B-glucose
76.90/3.68 C-4/H-4 of 4-linked B-mannose
76.00/3.59 C-4/H-4 of B-xylose

75.88/3.45 C-5/H-5 of 4-linked B-mannose
75.10/3.28 C-3/H-3 of B-xylose

74.12/3.47 C-3/H-3 of 4-linked B-glucose
73.80/3.19 C-2/H-2 of 4-linked B-glucose
73.20/3.07 C-2/H-2 of B-xylose

72.12/3.67 C-3/H-3 of 4-linked -mannose
71.21/3.98 C-3/H-3 of 4-linked B-mannose
63.91/3.85, 3.17 C-5/H-5 of B-xylose
60-63.50/3.40-4.00 C-6/H-6 of 4-linked B-mannose and B-glucose
60.82/3.47 O-methyl group

23.20/1.83 Acetyl group

3.3. Lignin Analysis

Lignin is a natural aromatic polymer mainly composed of coniferyl, sinapyl and p-
coumaryl alcohols by aryl ether linkages (e.g., B-O-4, 4-O-5) and carbon-carbon bonds (e.g.,
B-B, B-1, B-5, 5-5). It is a major cell wall component and provides structural strength and
rigidity of plant tissues, and is also an important component for water transportation in plants
(Whetten & Sederoff, 1995). In addition, lignin is also connected with carbohydrates forming
lignin-carbohydrate complex (LCC) in cell walls. While whole cell wall NMR can provide
useful information on lignin structures such as monolignol types and interunit linkages,
isolation of lignin from plant cell walls is a required step for characterization of certain key
structural properties of lignin such as molecular weights and hydroxyl groups. Efforts in
isolation process should focus on minimizing structural modification of lignin that might
occur during isolation (Guerra, Filpponen, Lucia, Saquing, et al., 2006). Three types of
isolated lignins have been widely used for lignin characterization: milled wood lignin
(MWL), cellulolytic enzyme lignin (CEL), and enzymatic mild acidolysis lignin (EMAL). In
addition, Wen et al. recently proposed a new method for lignin isolation from Eucalyptus
wood based on mild alkaline preswelling and enzymatic hydrolysis (Wen, Sun, Yuan, & Sun,
2015). The isolated lignin was termed as swollen residual enzyme lignin (SREL) and a high
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yield of SREL up to 95% was reported. Figure 5 presents an overall isolation procedure for
MWL, CEL, and EMAL. The structural features of lignin such as molecular weights,
functional groups contents, monolignol types/ratios, and interunit linkages are generally
investigated by using GPC and a variety of NMR techniques.

Milled wood lignin, also called as Bjo kman lignin, is separated from plant cell walls
without enzymatic or chemical hydrolysis (Bjo'kman, 1957). Biomass samples need to be
prepared as described in the previous section before milling. The dry extractives-free biomass
is milled using a ball mill. Milling time and other milling conditions such as milling speed
and amount of loading biomass need to be optimized based on biomass species, particle size,
and even types of ball mills. Ball-milled biomass is extracted in dioxane/water mixture (96:4,
v/v) at room temperature for 24 h, and then centrifuged for recovering the extracts. The
residues are extracted again with a fresh dioxane-water mixture for another 24 h. The extracts
from the dioxane extraction are combined and dried by either freeze-drying or vacuum
drying. Although this crude MWL is useful for many experiments, it still has ~5-10% residual
carbohydrate contaminates (Obst & Kirk, 1988). For the further purification of the crude
MWL, the lignin is dissolved in 90% acetic acid, and then precipitated in water. The
precipitated lignin is freeze-dried and dissolved in ethylene chloride and ethanol (2:1, v/v)
and remove the solid fraction by centrifugation. The lignin in solution is precipitated in
anhydrous ethyl ether and recovered by centrifugation and freeze-drying.

Biomass sample

« Extraction w/ organic solvent
* Milling

v+ Airdrying
Extractives-free biomass

* Ball-milling

v

Ball-milled biomass

l * Dioxane/water extraction (96:4, v/v) * Enzymatic hydrolysis

Dioxane-extracts Crude lignin residue

l * Freeze-drying & purification

l + Dioxane/water * Acid hydrolysis (dioxane/water

extraction (96:4, v/v) (85:15, v/v) w/ 0.01 mol/L HC1
v

MWL

under Ar atmosphere
Dioxane-extracts Crude lignin residue

A

l * Freeze-drying & purification

CEL Dioxane-extracts

* Freeze-drying & purification

v

EMAL

Figure 5. An overall isolation procedure for MWL, CEL, and EMAL lignin from biomass.
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Another lignin isolation method was introduced by using enzymatic hydrolysis for
enhancing the lignin isolation (Chang, Cowling, & Brown, 1975; Holtman, Chang, & Kadla,
2004). Typically, it has a higher lignin yield compared to MWL, while it potentially contains
some protein impurities from the enzyme residues and carbohydrates from LCC complexes.
The biomass preparation and ball-milling steps are the same as MWL isolation, except that
the ball-milled biomass is hydrolyzed by enzyme cocktails including cellulase, hemicellulase,
and B-glucosidase before conducting dioxane extraction. Enzymatic hydrolysis conditions
(pH of solution, enzyme loading, and temperature) vary depending on the types of enzymes
employed. Enzymatic hydrolysis is usually conducted for 24-72 h in a buffer with repeatedly
adding fresh enzymes. The solid residues from enzymatic hydrolysis are recovered by
centrifugation, and then washed with DI-water before freeze-drying. The residues are
extracted by 96% dioxane/water (v/v) as similar to MWL isolation.

Enzymatic mild acidolysis lignin is isolated by combination of enzymatic hydrolysis and
a mild acid hydrolysis, reportedly yielding a lignin with high yield and improved purity
(Guerra, Filpponen, Lucia, Saquing, et al., 2006; Wu & Argyropoulos, 2003). Significant
amount of carbohydrates can be removed from ball-milled biomass during the enzymatic
hydrolysis. The solid residues are washed with acidified DI water (pH 2), and then freeze-
dried for the following mild acid hydrolysis step. The acid hydrolysis is conducted by fluxing
an azeotrope of dioxane/water (85:15, v/v) with 0.01 mol/L HCI under an inert (i.e., argon)
atmosphere to cleave linkages between lignin and carbohydrates. The resultants are
centrifuged and the supernatants are neutralized with sodium bicarbonate, and then added
dropwise into acidified DI water (~pH 2.0). The precipitated lignin is then kept in solution
overnight, centrifuged and washed with DI water before freeze-drying. Table 16 shows
typical lignin yields from different biomass by MWL, CEL, and EMAL isolation procedures.

Table 16. Lignin yields from different biomass by different isolation methods for MWL,
CEL, and EMAL (Guerra, Filpponen, Lucia, & Argyropoulos, 2006; Guerra, Filpponen,
Lucia, Saquing, et al., 2006; Tolbert, Akinosho, Khunsupat, Naskar, & Ragauskas, 2014)

Biomass species Isolated lignin yield® [%)]
MWL CEL EMAL

Norway Spruce 11.4 23.4 44.5
Douglas Fir 1.4 7.1 24.8
Redwood 15.7 13.2 56.7
White Fir 113 11.5 42.9
Eucalyptus globulus 34.0 325 63.7
Southern Pine 11.9 12.4 56.3

“Calculation is based on Klason lignin contents in biomass.

3.3.1. Molecular Weights Analysis

Molecular weight is one of key physicochemical properties of lignin. It has been analyzed
by different methods including vapor pressure osmometry (VPO), ultrafiltration, light
scattering, mass spectrometry, and gel permeation chromatography (GPC) (Baumberger et al.,
2007; Gidh, Decker, Vinzant, Himmel, & Williford, 2006; Gosselink et al., 2004; J6nsson,
Nordin, & Wallberg, 2008). Among these methods, GPC is widely used for lignin molecular
weight analysis because of its advantages: (1) broad range of molecular weights, (2) tolerance
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of synthetic and natural polymers, (3) small quantity analysis (milligram size), and (4)
relatively short processing time (Robards, Robards, Haddad, & Jackson, 1994; Seidel, 2008;
Tolbert et al., 2014). Weight-average molecular weight (M,,) and number-average molecular
weight (M,) of lignin can be calculated through a calibration curve established with
polystyrene standards. Lignin polydispersity index, which represents the heterogeneity of
lignin particle sizes, can also be calculated.

For GPC analysis, derivatization of isolated lignin is usually performed to achieve good
solubility of lignin samples in organic solvents. Derivatization can be conducted by
methylation, acetylation, or silylation (Tolbert et al., 2014). Acetylation using acetic
anhydride-pyridine mixture (1:1, v/v) is the most employed derivatization method for lignin
GPC analysis (Gellerstedt, 1992). The isolated lignin is dissolved in acetic anhydride-pyridine
mixture and stirred at room temperature for 24 h. After reaction, ethanol is loaded in the
mixture, and then evaporated using rotary evaporator to remove solvents. This ethanol
addition and evaporation is repeated until unreacted acetic anhydride and pyridine are
completely removed. The acetylated lignin is dissolved in THF and filtered using a
hydrophobic PTFE membrane filter before GPC analysis. Polystyrene standards are used for
the calibration curves of molecular weights. Details for GPC system and calculation of My,
M,, and PDI are similar to cellulose molecular weight analysis (Section 3.1.1). Using GPC
analysis, Hallac et al. reported that degree of polymerization of lignin in Buddleja davidii
significantly decreased (i.e., by ~85%) with an increase in polydispersity index after ethanol
organosolv pretreatment, thus facilitating lignin solubilization in ethanol (Hallac et al., 2010).
Table 17 shows molecular weights and PDI of lignin isolated from various biomass.

Table 17. Molecular weights and polydispersity index of lignin from various biomass
(Cao et al., 2012; Hu, Cateto, Pu, Samuel, & Ragauskas, 2011; Rahikainen et al., 2013;
Tolbert et al., 2014; Wen et al., 2013)

Biomass Isolation M,, [g/mol] M,, [g/mol] PDI M,/ M,)
Spruce EMAL 3,100 13,700 44
Wheat Straw EMAL 2,000 3,600 1.8
Birch CEL 7,810 18,300 2.3
Poplar MWL 4,176 13,250 32
Switchgrass MWL 2,070 5,100 2.5

3.3.2."H NMR

'"H NMR spectroscopy has long been used as a valuable technique for structural
characterization of lignin. This technique provides a high signal to noise (S/N) ratio in a short
experimental time (typically within several minutes). However, it usually suffers from severe
signal overlapping due to its short chemical shift ranges (i.e., ~ & 12—-0 ppm) and complexity
of lignin structures. 'H NMR can quantitatively examine lignin samples either as acetate
derivatives or underivatized forms, providing information of some key lignin functionalities,
such as carboxylic acids, aromatic hydrogens, methoxyl group, and monolignol types in
lignin. Acetylated lignin can provide improved spectral resolution; however, some unwanted
chemical modifications probably occur to the sample to some extent due to the acetylation
procedure. Table 18 shows chemical shifts and signals assignments of acetylated spruce
milled wood lignin in a '"H NMR spectrum.
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Table 18. Typical signals assignment and chemical shifts in "H NMR spectrum of
acetylated spruce lignin (solvent: deuterated chloroform) (Lundquist, 1992)

3 (ppm) | Assignment

1.26 Hydrocarbon contaminant

2.01 Aliphatic acetate

2.28 Aromatic acetate

2.62 Benzylic protons in - structures

3.81 Protons in methoxyl groups

4.27 H, in several structures

4.39 H, in, primarily, B-O-4 structures and -5 structures

4.65 Hjp in B-O-4 structures

4.80 Inflection possibly due to H, in pinoresinol units and Hg in noncyclic benzyl aryl
ethers

5.49 H, in B-5 structures

6.06 H, in B-O-4 structures (H,, in B-1 structures)

6.93 Aromatic protons (certain vinyl protons)

7.41 Aromatic protons in benzaldehyde units and vinyl protons on the carbon atoms
adjacent to aromatic rings in cinnamaldehyde units

7.53 Aromatic protons in benzaldehyde units

9.64 Formyl protons in cinnamaldehyde units

9.84 Formyl protons in benzaldehyde units

3.3.3."C NMR

Compared to 'H NMR, *C NMR spectroscopy benefits from a broader spectral window
(i.e., ~ & 240-0 ppm), better resolution, and less signals overlapping, while needing longer
experimental time due to the low natural isotopic abundance of *C nucleus. °C NMR can
provide comprehensive information about lignin structure and functional groups including
methoxyl, condensed and noncondensed carbons, interunit linkages, and monolignol ratio.
Both qualitative and quantitative °C NMR spectra are applicable for lignin characterization.
A qualitative °C NMR spectrum for lignin analysis usually requires ~2-5 h depending on
sample concentration and experimental conditions. In order to perform quantitative analysis
of lignin, a °C NMR spectrum needs to obtain under quantitative requirement conditions
using an inversed-gated decoupling pulse sequence and long relaxation delay of at least 5
times the longest "°C longitudinal relaxation time. A quantitative °C NMR spectrum with a
satisfactory signal-to-noise ratio can be obtained using a 90° pulse, a pulse delay of ~12 s, and
thousands of scan numbers. The quantitative >C NMR spectra are usually time consuming
with the total experiment time being up to 24-36 h. Recently, Holtman et al. reported a
shortened time of quantitative ?C NMR spectra for lignin analysis by adding relaxation agent
chromium (III) acetylacetonate (0.01 M) into lignin solution samples which provided
complete relaxation of all nuclei in lignin (Holtman et al., 2006). The experimental condition
was reported not affecting the quality of the spectra while allowing a 4-fold decrease in the
experimental time with a shorter pulse delay (i.e., 1.7 s). Table 19 summarizes signal
assignments and chemical shifts of structural features of a spruce milled wood lignin in a Bc
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NMR spectrum measured using DMSO-d6 as solvent. Figure 6 shows a quantitative C
NMR spectrum for a milled wood lignin isolated from a hardwood poplar (Cao et al., 2012).
BC NMR spectroscopy has been widely used for lignin characterization in biomass
feedstock and pretreatment. For example, Pu et al. employed quantitative >C NMR to study
structure of lignin in genetically engineered alfalfa and reported that p-coumarate 3-
hydroxylase (C3H) and hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyl
transferase (HCT) C3H gene down-regulation reduced the methoxyl content by up to ~58%
and 73% in lignin, respectively (Pu et al., 2009). Hallac et al. investigated structural
transformations of Buddleja davidii lignin during ethanol organosolv pretreatment using Bc
NMR (Hallac, Pu, & Ragauskas, 2010). The results demonstrated a decrease of B-O-4
linkages up to ~57% and S/G ratio remained relatively unchanged after the pretreatments.
Similarly, Sannigrahi et al. investigated lignin isolated from loblolly pine before and after
ethanol organosolv pretreatment and observed a ~50% decrease in B-O-4 linkages from
quantitative BC NMR analysis, which suggested that acid-catalyzed cleavage of B-O-4
linkages was a major mechanism for lignin degradation during organosolv pretreatment
(Sannigrahi, Ragauskas, & Miller, 2008; Sannigrahi, Ragauskas, & Miller, 2010).

OMe \
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Figure 6. A quantitative °C NMR spectrum of a milled wood lignin isolated from a hardwood poplar
(Cao et al., 2012). Ar: aromatic; OMe: methoxyl; DMSO: dimethyl sulfoxide.

3.3.4.°'P NMR

Lignin hydroxyl groups, especially free phenoxy groups, as well as their contents in
lignin, are key structural characteristics that impact physical and chemical properties of
lignin. These functional groups have a prominent role in defining reactivity of lignin to
promote cleavage of inter-unit linkages and/or oxidative degradation during pretreatment
processes. °'P NMR can provide quantitative information for various types of major hydroxyl
groups including aliphatic, carboxylic, phenolic hydroxyls, and p-hydroxyphenyls in a
relatively short experimental time and with small sample size requirements. The *'P NMR
technique usually involves treating lignin samples with the phosphorylation reagent 2-chloro-
4,4,5,5 tetramethyl-1,3,2-dioxaphospholane (TMDP) to phosphorylate the labile hydroxyl
protons in lignin and then determine their concentration by *'P NMR (Pu, Cao, & Ragauskas,
2011). An internal standard such as cyclohexanol or N-hydroxy-5-norbornene-2,3-
dicarboximide is used in *'P NMR analysis. A mixture of anhydrous pyridine and deuterated
chloroform (~1.6:1.0, v/v) containing a relaxation agent (i.e., chromium (III) acetylacetonate)
and an internal standard is employed as a solvent. Typically, an accurately weighed dried
lignin sample (10~25 mg) is dissolved in a NMR solvent mixture (0.50 ml) and TMDP
reagent (~ 0.05 — 0.10 ml) is added and stirred for a short period of time at room temperature.
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*'P NMR spectrum with a satisfactory signal to noise (S/N) ratio is usually acquired with a
90° pulse width, a 25-s pulse delay, and 64 - 256 acquisitions (~ 0.5— 2 h) at room
temperature. Figure 7 shows a 3'P NMR spectrum of a hardwood lignin derivatized with 2-
chloro-4,4,5,5 tetramethyl-1,3,2-dioxaphospholane. Table 20 summarizes chemical
shifts/integration ranges of hydroxyl groups in lignin using TMDP/*'P NMR analysis.

'P NMR has been shown to be very effective for determining the presence and contents
of various hydroxyl groups in starting and pretreated biomass. Using *'P NMR methodology,
Cao et al. documented that the syringyl and guaiacyl phenolic OH contents in poplar lignin
increased after dilute acid pretreatment (Cao et al., 2012). Similarly, Hallac et al. applied *'P
NMR to determine hydroxyl contents in lignin of Buddleja davidii during ethanol organosolv
pretreatments and reported the amount of phenolic OH increased significantly in ethanol
organosolv lignin EOLs as compared to milled wood lignin from native B. davidii (Hallac et
al., 2010). *'P NMR analysis by Samuel et al. demonstrated that dilute acid pretreatment led
to a 27% decrease in aliphatic hydroxyl content and a 25% increase in phenolic hydroxyl
content in switchgrass lignin (Samuel, Pu, Raman, & Ragauskas, 2010). Akim et al.
investigated structural features of lignins in wild type and COMT down-regulated transgenic
poplar and documented that COMT down-regulation (90% deficient) yielded a poplar lignin
with a lower content of syringyl and aliphatic OH group as well as an increased guaiacyl
phenolic OH amount when compared to the wild type control (Akim et al., 2001).

Figure 7. A quantitative >'P NMR spectrum of a hardwood lignin derivatized with TMDP using N-
hydroxy-5-norbornene-2,3-dicarboximide as internal standard.

3.3.5. HSQC NMR Analysis

Two-dimensional heteronuclear single quantum coherence (HSQC) 'H-"C correlation
NMR is one of the most commonly applied techniques in structural characterization of lignin.
HSQC has an increased sensitivity of °C nuclei by polarization transfer from abundant 'H
nuclei and also can avoid signal overlapping that usually occurs in one-dimensional (1D)
spectra. The application of HSQC NMR in lignin enables reliable assignments of proton and
carbon nuclei signals in lignin molecules. It is a very efficient tool for lignin structural
analysis which not only is useful for structural identification but also can provide estimation
of relative abundance of interunit linkages and monolignol composition in lignin from native
and genetically altered plants as well as pretreated biomass (Ralph & Landucci, 2010;
Balakshin, Capanema, & Chang, 2007; Ralph et al., 2006; Moinuddin et al., 2010; Rencoret
et al., 2008). HSQC analysis of lignin can be performed with solution of lignin in deuterated
dimethyl sulfoxide (DMSO-de) by applying a 90° pulse width, a 1.0 -2.0 s pulse delay, a 'Je.y
of 145 Hz (i.e., CNST2), and 32 or more scans depending on the concentration of lignin
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samples. The concentration of ~5-15% is usually used which requires at least ~25 mg of
lignin in 0.50 mL of DMSO-d¢ solvent. The lignin amount can be decreased dramatically to ~
5 mg in ~ 0.15 mL of DMSO-d6 if a Shigemi NMR microtube is used, which still provides a
satisfactory S/N ratio in NMR spectra. Signals assignments and respective chemical shifts in
HSQC spectra for typical interunit linkages and/or subunits in lignin are shown in Table 21.

Table 19. Typical chemical shifts and signal assignments in a BC NMR spectrum of
lignin.(Robert, 1992; Drumond, Aoyama, Chen, & Robert, 1989; Pan, Lachenal,
Neirinck, & Robert, 1994)

S (ppm) Assignment

193.4 C=0 in Ar-CH=CH-CHO; C=0 in Ar-CO-CH(-OAr)-C-
191.6 C=0 in Ar-CHO

169.4 Ester C=0 in R’-0-CO-CH;

166.2 C=0 in Ar-COOH Ester C=0 in Ar-CO-OR

156.4 C-4 in H-units

152.9 C-3/C-3’ in etherified 5-5 units; C-a in Ar-CH=CH-CHO units
152.1 C-3/C-5 in etherified S units and B ring of 4-O-5 units
151.3 C-4 in etherified G units with o-C=0

149.4 C-3 in etherified G units

149.1 C-3 in etherified G type -O-4 units

146.8 C-4 in etherified G units

146.6 C-3 in non-etherified G units ($-O-4 type)

145.8 C-4 in non-etherified G units

145.0 C-4/C-4’ of etherified 5-5 units

143.3 C-4 in ring B of B-5 units; C-4/C-4’ of non-etherified 5-5 units
134.6 C-1 in etherified G units

132.4 C-5/C-5’ in etherified 5-5 units

131.1 C-1 in non-etherified 5-5 units

129.3 C-f in Ar-CH=CH-CHO

128.0 C-o and C- in Ar-CH=CH-CH,0H

125.9 C-5/C-5’ in non-etherified 5-5 units

122.6 C-1 and C-6 in Ar-CO-C-C units

119.9 C-6 in G units

118.4 C-6 in G units

115.1 C-5 in G units

114.7 C-5 in G units

111.1 C-2 in G units

110.4 C-2 in G units

86.6 C-ain G type B-5 units

84.6 C-B in G type B-O-4 units (threo)

83.8 C-B in G type B-O-4 units (erythro)

71.8 C-ain G type B-O-4 units (erythro)

71.2 C-a in G type B-O-4 units (threo); C-y in G type B-B
63.2 C-y in G type B-O-4 units with a-C=0

62.8 C-y in G type B-5, B-1 units

60.2 C-y in G type B-O-4 units

55.6 C in Ar-OCH;

539 C-B in B-P units

53.4 C-B in B-5 units

40-15 CH; and CH, in saturated aliphatic chain

Ar: aromatic.
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Table 20. Chemical shifts and signals assignments in p NMR spectra of lignin

(Zawadzki, 1999; Pu et al., 2011)

Chemical shift (ppm) Assignment
145.4 - 150.0 Aliphatic OH
137.6 — 144.0 Phenols
140.2 — 144.5 C; substituted phenols
~143.5 beta—5
~142.7 Syringyl
~142.3 4-0-5
~141.2 5-5
139.0 — 140.2 Guaiacyl
~138.9 Catechol
~137.8 p—hydroxyphenyl
133.6 — 136.0 Carboxylic OH

Table 21. Chemical shifts and assignment of signals in HSQC spectra of lignin (DMSO
as solvent) (del Rio at el., 2008; Stewart, Akiyama, Chapple, Ralph, & Mansfield, 2009;

Ralph et al., 1999; Samuel et al., 2014)

3./8y (ppm) Assignment®

53.1/3.44 Cg/Hg in phenylcoumaran substructure (B)
53.6/3.03 Cg/Hg in resinol substructure (C)
55.7/3.70 C/H in methoxyl group

59.8/3.28,3.62 C,/H, in B-O-4 ether linkage (A)
61.7/4.09 C,/H, in cinnamyl alcohol (F)
62.3/4.08,3.95 C,/H, in dibenzodioxocin

62.8/3.76 C,/H, in phenylcoumaran substructure (B)
71.1/3.77,4.13 C,/H, in resinol substructure (C)
71.4/4.776 Cy/H, in B-O-4 linked to a G unit (A)
72.1/4.86 Cy/H, in B-O-4 linked to a S unit (A)
76.0/4.81 C./H, in benzodioxane

78.2/4.00 Cy/Hp in benzodioxane

81.4/5.1 Cg/Hg in spirodienone substructure
83.7/4.31 Cp/Hg in B-O-4 linked to a G unit (A)
84.2/4.69 C,/H, in dibenzodioxocin

84.7/4.7 C/H, in spirodienone substructure
85.2/4.63 C/H, in resinol substructure (C)
86.3/4.13 Cp/Hg in B-O-4 linked to a S unit (A)
86.6/4.08 Cy/Hjp in dibenzodioxocin

87.0/5.52 C/H, in phenylcoumaran substructure (B)
103.8/6.70 C, ¢/Hz ¢ 1n syringyl units (S)

105.5/7.3 C, ¢/H 4 in oxidized syringyl (S") units with C, = O
111.0/6.98 C,/H, in guaiacyl units (G)

114.8/6.73 C;.5/H; 5 in p-hydroxyphenyl units (H)
115.1/6.72, 6.98 Cs/Hs in guaiacyl units

119.1/6.80 Ce/Hg in guaiacyl units

128.0/7.17 C,¢/H, 6 1n p-hydroxyphenyl units
128.2/6.75 Cy/Hp in cinnamaldehyde unit (E)
128.3/6.45 C/H, in cinnamyl alcohol (F)

128.3/6.25 Cg/Hg in cinnamyl alcohol (F)

130.6/7.65, 7.87 C,¢/H, ¢ in p-hydroxybenzoate units (D)
153.6/7.62 C/H, in cinnamaldehyde unit (E)

*G: guaiacyl; S: syringyl; S" = oxidized syringyl with C,=O; H: p-hydroxyphenyl; A: B-O-4 ether linkage; B:
B-5/a-O-4 phenylcoumaran; C: resinol (B-f); D: p-hydroxybenzoate; E: cinnamaldehyde; F: cinnamyl
alcohol.
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While HSQC is typically not considered quantitative, it has been widely employed as a
semi-quantitative method to provide relative comparisons of structural features in lignin. For
interunit linkages comparison, side chain a-carbon contours in various linkages are usually
used for volume integration, and the relative abundance of each respective interunit linkage is
then calculated as the percentage of integrals of total linkages. For monolignol profiling
analysis, aromatic contours from S units (C,6), G units (C,), and H units (C,¢) are employed
for volume integration. Figure 8 illustrates exemplary 'H-"C correlation signals in aromatic
regions and aliphatic side chain ranges of lignin in a wild type switchgrass. Using HSQC
analysis, Samuel et al. investigated lignin structures of wild type and caffeic acid 3-O-
methyltransferase (COMT) down-regulated transgenic switchgrass (Samuel et al., 2014).
Compared to the wild type plant, COMT down-regulation resulted in a significant increase in
G units and formation of benzodioxane, as well as a concomitant decrease in S units and B-O-
4 ether linkage. Cao et al. characterized the structures of poplar lignin during dilute acid
pretreatment and observed a decrease in 3-O-4 content and diminished cinnamaldehyde unit
after pretreatment (Cao et al., 2012).

Figure 8. HSQC spectra of enzyme lignins isolated from switchgrass (Left: aromatic region; right:
aliphatic region) (Samuel et al., 2014). G: guaiacyl; S: syringyl; H: p-hydroxyphenyl; pCA: p-
coumarate; FA: ferulate; A: B-O-4 ether; B: phenylcoumaran; OMe: methoxyl.

SUMMARY

Biomass characterization is a key and essential part in the area of biomass pretreatment
and conversion to biofuels, chemicals, and biomaterials. Many analytical methods have been
developed and applied in biomass characterization. There is not a single perfect method for
biomass characterization providing a complete picture of its structures and properties. Each
analytical approach has specific advantages and limitations. A combination of analytical
methods reviewed in this chapter yields a comprehensive picture of physical and chemical
properties of biomass, such as compositions, biomass accessibility, cellulose crystallinity and
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ultrastructure, cellulose and hemicellulose molecular weights, and lignin molecular weights
and structures. The results from these analyses can help investigate and understand the
fundamental structures of plant biomass and chemistry in biomass pretreatment and
conversion process. It should be noted that besides the analytical methods reviewed in this
chapter, there are a number of methods which currently are also widely applied in biomass
characterization for surface properties and morphological properties, such as Raman
spectroscopy, atomic force microscopy, time-of-flight secondary ion mass spectrometry
(TOF-SIMS), and X-ray spectroscopy. The choice of optimal analytical strategy to give best
results depends on research objectives, biomass species, samples quantities as well as the
available instruments and other variables. New analytical methods which can generate new
structural information (such as LCC linkages) and/or allow comprehensive analysis with a
small amount of samples in a short experimental time are still needed and will have broad
applicability for biomass characterization during pretreatment and conversion.
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