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Chapter 7

Analytical Approaches in the Catalytic Transformation
of Biomass: What Needs to be Analyzed and Why?
Dmitry Murzin, Bjarne Holmbom

7.1 Introduction

Today, the use of biomass is considered a promising way to diminish negative
environmental impact. Moreover, in some future scenarios, renewable raw mate-
rials are thought to be able to replace finite mineral-oil-based raw materials before
2050 [1]. This means that new synthetic routes, which should desirably adhere to
the principles of green chemistry [2], need to be developed for the production of
chemicals.

Lignocellulosic biomass, as a renewable source of energy and chemicals, has
attracted a lot of attention recently [3—10]. Wood biomass consists of cellulose
(40-50%), lignin (3—10%), hemicelluloses (15-30%) and a variety of extractives
(1-10%). Cellulose is a linear polymer of D-glucopyranose and can contain up to
10,000 units (C¢H10Os), connected by glycosidic ether bonds, while the molecu-
lar mass for hemicelluloses is lower. Hemicelluloses have a more heterogeneous
structure than cellulose, consisting mainly of five-carbon (xylose, arabinose) and
six-carbon sugars (galactose, glucose and mannose). Contrary to cellulose lignin
is a coniferyl alcohol polymer with coumaryl, coniferyl and sinapyl alcohols as
monomers, which are heavily cross-linked, leading to complex structures of large
lignin molecules [11].

Chemical treatment of lignocellulosic biomass in general, and wood in par-
ticular, can have several targets. One of the options is delignification of the
biomass leading to cellulose and some residual hemicelluloses, which are further
applied in the production of paper or board, or derivatives of cellulose. Ther-
mal (or catalytic) treatment of biomass, e.g., thermal or catalytic pyrolysis, is a
route to bio-based synthesis gas and biofuels [12]. Depolymerization results in
the formation of low-molecular-mass components (sugars, phenols, furfural, var-
ious aromatic and aliphatic hydrocarbons, etc.), e.g., unique building blocks for
further chemical synthesis.
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Wood biomass contains many valuable raw materials for producing fine and
specialty chemicals (Figure 7.1). These raw materials are carbohydrates, fatty
acids, terpenoids and polyphenols, such as stilbenes, lignans, flavonoids and tan-
nins. Some of them can be exuded directly from living trees, while others are
extracted and purified via chemical methods.
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Figure 7.1: Chemical by-products from the forest industry

In this context, applications of catalytic reagents, which are superior to stoi-
chiometric reagents producing stoichiometric amounts of wastes, are worth men-
tioning. Well-known benefits in using heterogeneous catalysts are associated with
easy catalyst separation, regeneration and reuse, as well as relatively low prices
compared to homogeneous catalysts. The research regarding catalytic transfor-
mations of different wood-derived compounds is currently very active [13].

Because of the complexity associated with the processing of biomass per se
or the transformation of biomass-derived chemicals, in-depth chemical analysis
of all components and their reactions is difficult to perform. Therefore, most an-
alytical methods will be a result of a compromise between information depth and
available resources. It is also obvious that in industrial processes only a limited
number of rather fast analytical methods could be utilized since a large number
of samples should be processed.
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To have in-depth and molecular-level understanding of the chemical reac-
tions occurring during the transformation of biomass not only advanced analyt-
ical methods are required, but additionally, a broad spectrum of these methods
needs to be applied. Let us consider, for example, the catalytic conversion of
cellulose [14—17] in the presence of hydrogen leading to sugar alcohols. During
such a depolymerization reaction not only the concentration of carbohydrates and
other products in the liquid phase should be measured, but also the crystallinity
of cellulose, its morphology, molecular mass distribution and presence of sugar
oligomers. The analysis is even more complicated if in this reaction wood is used
directly instead of cellulose.

Analytical techniques have made a tremendous progress in recent years giv-
ing a possibility to utilize a wide range of modern instrumental methods, including
advanced chromatography, microscopy and spectroscopy. It is apparently clear
that all the methods currently available cannot be treated in this review, thus a
rational selection of them was done by the authors based on their experience,
with an understanding that it might not cover all the analytical methods presently
utilized in catalytic transformations of biomass-derived chemicals, but focuses
mostly on chromatography.

7.2 Analytical Objectives

Any planning of analytical procedures should be based on the goals and scope
of the study. The following critical steps in an analytical process can be listed:
problem definition and formulation of analytical objectives; set-up of an analyti-
cal plan; sampling; sample transport and storage; sample pretreatment; analytical
determination; data calculation; evaluation of results to see if the objectives are
achieved.

It is apparently clear from this list that the actual analytical determination is
just one step among the others and sometimes could not even be the crucial one.
Moreover, preparation of the samples, pretreatment and evaluation of data could
be more demanding or at least time-consuming. Since in catalytic transformation
of lignocellulosic biomass often wood or various streams from pulping are used
as raw materials, a special attention should be devoted to sampling. Inappropri-
ate sampling could undermine the value of the whole study, therefore it should
be carefully planned. Sampling and sample storage is important since samples
may be altered or destroyed due to temperature, light, presence of oxygen, hu-
midity, enzymes or microbes (bacteria, fungi, etc.). For instance, enzymatic and
microbiological attack can happen for samples of fresh wood, wet pulp and pa-
per, sludge, process waters and effluents, while polyunsaturated extractives like
abietic acid could be subjected to oxidation. Storage in a frozen state (< -20 °C)
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gives structural changes in wet, solid materials and physicochemical changes in
process waters. Biocides could be added to preserve moist samples. The dry-
ing of samples could bring a risk of oxidation, therefore freeze-drying is usually
recommended. The latter works by freezing the material and then reducing the
surrounding pressure to allow the frozen water in the material to sublime directly
from the solid phase to the gas phase.

7.3 Basic Analytical Methods

7.3.1 Chromatography

Chromatographic and spectroscopic methods are widely used today for analytical
purposes. Chromatographic techniques are applied not only for off-line analy-
sis, but also for the on-line determination of minute amounts, as well as large-
scale preparative separations. In fact, not only monomers, but also polymers and
oligomers can be separated by chromatography, although in the former case it is
essentially a group separation. There are several forms of chromatography using
different mobile and stationary phases, with the two main forms of instrumental
chromatography being liquid (LC) and gas chromatography (GC). According to
ITUPAC definition, chromatography is a physical method of separation in which
the components to be separated are distributed between two phases, one of which
is stationary, while the other (mobile) moves in a definite direction.

7.3.2 Gas Chromatography

When relating gas chromatography to catalytic transformations of biomass, it can
be stated that GC (Figure 7.2) provides qualitative and quantitative determination
of organic components such as extractives, hemicellulose building blocks, organ-
ic acids, etc. The derivatized and vaporized products are introduced to the column
for separation and identified in a detector, whose response is recorded as a chro-
matogram. Capillary columns made of fused silica with a stationary phase as a
thin film of liquid or gum polymer on the inside of the tube are mainly used. The
most commonly utilized stationary phases are siloxane polymer gums with dif-
ferent substituents providing different polarity. The polymers are usually cross-
linked in the column by photolytic or free-radical reactions, bringing strength to
the polymer films. Wall-coated open-tubular columns with a liquid phase coated
directly on the inner walls, as well as support-coated open-tubular columns are
applied. In the latter case a stationary phase is coated on fine particles deposit-
ed on the inner walls. Among non-polar columns, HP-1, DB-1, etc., based on
dimethyl, polysiloxane could be mentioned. HP-5 with 95% dimethyl polysilox-
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ane and 5% phenyl groups is slightly more polar. Still more polar columns employ
polyoxyethylene or polyester liquid phases.

Retention time:
Time for peak maximum
after injection

*
G Flow f
as Injector Detector
control : Columns:
Non-polar (volatility)

Columns: Polar (volatility/polarity)
i.d.=0.1-0.75 mm
film= 0.1-0.5um Temperature
I= 5-50 m programming

Oven with GC-column

Figure 7.2: The schematic of gas chromatography

Capillary columns are available in a wide range of internal diameters, lengths
and liquid film thicknesses (Figure 7.2). Although longer columns provide better
separation, they have an increased analysis time which is usually undesired. In
addition, longer columns lead to higher pressure and thus to problems with the
injection. Columns with thicker films have higher capacity, but usually require
higher temperature, while thin-film columns are suited for large molecules with
low volatility. In principle, analysis of components with up to 60 carbon atoms
is possible.

Different types of injection systems are used in GC. Split mode, where the
injected material after evaporation is split between the column and an outlet, af-
fords rapid volatilization and homogeneous mixing with the carrier gas. Most of
the sample will pass out through the split vent and only a small proportion will
flow into the column. Splitless systems provide a more reliable quantification
allowing analysis of even such high-molecular mass compounds as triglycerides
and steryl esters. Flame ionization detectors, which are of destructive nature,
have high sensitivity to hydrocarbons, but are not able to detect water. On-line
coupling of capillary columns with mass spectrometers is routine nowadays and
enables convenient structure identification.
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An important but sometimes forgotten issue is the fact that the sensitivity
for different compounds is varying for a detector; thus, different peak areas are in
proportion to the weight concentration. Knowledge of response factors is there-
fore necessary and calibration for components especially with various functional
groups should be properly done. Commonly, internal standard compounds are
applied, e.g., compounds which are not present in the sample itself are purposely
added. Chemically they should be similar to the sample compounds with close
retention time, however, with no peak overlapping (Figure 7.3).
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Figure 7.3: Example of a gas chromatogram on a short column with four standards
added to a sample (spruce wood extract) [18]

In addition to such advantages of GC as accurate quantification based on
internal standards, a possibility to be combined with a mass spectrometer and
complete automation regarding injection and analytical runs, the very high reso-
lution should also be mentioned. On the other hand only molecules up to about
1000 mass units can be analyzed, as they should be stable at high temperatures.
Therefore, sometimes samples should be processed before the analysis. The last
point is important for polar compounds, like for example acids, which should
be derivatized. GC and GC-MS analysis in the vapour phase require volatile
derivatives that do not adsorb onto the column wall. Different derivatizations
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for different substances are recommended, e.g., silylation or methylation for ex-
tractives, methanolysis and silylation for carbohydrates. Silyl derivatives of R-
O-Si(CH3); type containing a trimethylsilyl group (TMS) are formed by the dis-
placement of the active proton in -OH, -NH and -SH groups. Thus, protic sites
are blocked, which decreases dipole-dipole interactions and increases volatility.
Common silylation reagents are listed in Figure 7.4.

Reagent Abbreviation
N, O-Bis-(trimethylsilyl)-acetamide BSA CH,—C==NSI(CH),
Osi(CH,),
Hexamethyldisilazane HMDS (CH)SiNHSi(éH)
Trimethylchlorosilane TMCS (CH) SiCl
Trimethylsilylimidazole TMSI (H,C),Si—N
W
N
N,O-Bis-(trimethylsilyl)- BSTFA CF,—C=N—Si(CH)),
trifluoroacetamide Osi(CH)),

Figure 7.4: Silylation agents

Methylation relies on the following reactions: utilization of diazometane
(CH3N): R-COOH + CH,;N,; = RCOOMe + Nj; acid-catalyzed esterification:
R-COOH + R'OH => RCOOR’, as well as on-column esterification using tetra-
methyl ammonium salts R-COOH + N*Me4OH™ => RCOOMe.

One of the variants of GC is associated with coupling pyrolysis to it (Figure
7.5). In this arrangement the sample is thermally degraded in an inert atmosphere.
The degradation products are introduced to GC or GC-MS for separation and
identification allowing qualitative and quantitative determination of semi-volatile
and non-volatile components, such as extractives, polymers, paper chemicals, and
lignin, etc.

7.3.3 Liquid Chromatography

These chromatographic methods use liquids such as water or organic solvents as
the mobile phase. Silica or organic polymers as well as anion-exchange resins are
used as stationary phase. Separation is performed either at atmospheric pressure
or at high pressure generated by pumps. The last version is often called high-
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Figure 7.5: Pyrolysis GC

performance liquid chromatography (HPLC) with solvent velocity controlled by
high-pressure pumps, giving a constant flow rate of the solvents. Solvents are
used not only as single solvents but they can also be mixed in programmed pro-
portions. In fact, even gradient elution could be applied with increasing amounts
of one solvent added to another, creating a continuous gradient and allowing a
sufficiently rapid elution of all components.

The most commonly used columns contain small silica particles (3—10 pm)
coated with a nonpolar monomolecular layer.

For lipophilic (low-polar) compounds the mobile phase is an organic sol-
vent, while reversed phase HPLC employs mixtures of water and acetonitrile or
water and methanol as eluents and is applied for non-ionized compounds soluble
in polar solvents. As examples, such columns (Figure 7.6) could be mentioned as
Agilent Zorbax SB-Aq (4.6x250 mm, 5 um) allowing the use of highly aqueous
mobile phases working in a pH range from 1 to 8 and affording reproducible re-
tention and resolution for polar compounds. Another example is HypercarbTM
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(4.6x100 mm, 5 um) with 100% porous graphitic carbon as a stationary phase,
which operates in the pH range 0—14 and can resolve highly polar compounds
with closely related structures (e.g., geometric isomers, diastereomers, oligosac-
charides). CarboPac PA1 (polymer based) column can be used in mono-, oligo-
and polysaccharide analysis by high-performance anion-exchange chromatogra-
phy combined at high pH with pulsed amperometric detection.
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Figure 7.6: Separation of acids and sugars by HPLC using CarboPac PA1 [19]

UV-Vis (Figure 7.7) and diode-array detectors enabling recording of UV-Vis
spectra, for example every second, are common nowadays. They can be used for
the analysis of conjugated and aromatic compounds, such as phenols. Another
popular detector is based on refractive index (RI) monitoring and is well suited,
for example, for carbohydrates. High-performance anion-exchange chromatog-
raphy with pulsed amperometric detection is a common technique for analyzing
sugars in wood and pulp hydrolysates.

Another important form of HPLC is size-exclusion chromatography (Fig-
ure 7.8), which is widely applied for the determination of molecular-mass distri-
butions of dissolved lignin and hemicelluloses, and even for cellulose dissolved
in ionic liquids. The same method can be used for the analysis of extractives
and their derivatives, for instance dimers and trimers of fatty acids [20]. In SEC,
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solutes in the mobile phase (for example THF) are separated according to their
molecular size. Smaller molecules penetrate far into the porous column packing
material and thus elute later than larger ones.

J\/\ UL < Eluents
™ A: water + modifier
B: organic solvent

\' «~— Binary pump

«— Thermostated
column oven

«— Autosampler

«— UV detector

Agilent 1100 series LC

Figure 7.7: A view of LC-UV

chromatogram : 2

time
>

Figure 7.8: Size-exclusion chromatography

The non-destructive character as well as the absence of derivatization could
be mentioned among the advantages of LC. This technique can handle both small



7. Analytical Approaches in Biomass Catalysis (D. Murzin, B. Holmbom) 193

and large amounts and it can be used also for preparative isolation of compounds
from mixtures. Contrary to GC there are almost no, or at least much fewer, lim-
itations in terms of the molecular size. In addition, LC can be combined with
mass spectrometry, once again without derivatization. Thermally unstable and
polar compounds can thus be analyzed as such, and the molecular mass in triple
quadrupole or ion-trap LC-MS can be up to m/z 3000, while time-of-flight ver-
sions allow even up to 16,000.

LC-MS provides better sensitivity and selectivity than GC-MS and is excel-
lent for the quantification of selected substances in complex mixtures. On the
other hand, this technique is not very suitable for rapid and reliable identification
of unknown compounds mainly because fragmentation is sparse as the conditions
of ionization are mild. Furthermore, spectra libraries enabling identification are
not available. Other shortcomings of LC-MS are the rather low sensitivity of the
detectors for certain compounds. Moreover, it may be difficult to obtain constant
pressure, which in turn influences retention; clean, degassed solvents are needed
and, finally, it might be challenging to find the optimum solvent mixture.
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Figure 7.9: TLC of ethanol extracts of knots from: Araucaria angustifolia (left),
Abies alba (center), Picea abies trees (right) [21]
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Nevertheless, there is a large potential in the application of LC-MS toward
analysis of oligosaccharides, lignans and oligolignans, flavonoids, stilbenes and
tannins, and even fragments of lignin [21].

One form of LC, which is still used in organic synthesis and was popular until
the 1960s in the analysis of monosaccharides obtained by hydrolysis of wood, is
the so-called planar chromatography or thin-layer chromatography (TLC), where
the separation is done in paper sheets or on particle layers deposited on glass,
plastic or aluminium plates. Although these times of analysis of carbohydrates
are long gone, TLC is an excellent technique for small scale preparative separation
of fractions to be further analyzed by GC or LC. During analysis an eluent and
the analytes rise in the stationary phase due to capillary forces. The analytes
are separated according to their affinity to the stationary phase, which is most
commonly silica (Figure 7.9).

7.3.4 Spectrometric Methods

Besides chromatography a wide variety of other techniques are available, such
as capillary electrophoresis (CE), Infra Red spectrometry (IR), Nuclear Magnetic
Resonance (NMR), Raman, Near Infra Red Spectrometry (NIR) and Ultra Violet-
Visual Light Spectrometry (UV-Vis). Electrophoresis is a separation technique
based on the differential transportation of charged species in an electric field
through a conductive medium. Capillary electrophoresis (CE) was designed to
separate species depending on their size to charge ratio in the interior of a small
capillary filled with an electrolyte and can be used for analyzing oligosaccharide
and monosaccharide reaction products. In the current review we focus mainly on
chromatographic methods although the spectrometric methods listed above are
certainly of great importance. For instance, UV spectrometry can be used for the
determination of lignins in solutions. Colorimetric methods based on selective
complexation with special reagents, which can be determined by spectrometric
measurements in the UV-Vis range, are applied for the determination of metal
ions, hemicelluloses and pectins. IR is a possibility to identify such functional
groups as hydroxyls, carbonyls, carboxyls and amines.

For example, the analysis of products in rapeseed oil hydrogenation was
conducted by IR [22]. However, IR spectra of large biomolecules are complex,
moreover spectra of component mixtures could be difficult to interpret. An ad-
vantage of Raman spectroscopy for the transformation of biomass occurring of-
ten in water solutions is the easy detection of double and triple carbon-carbon
bonds while the adsorption of water is weak. Thus, in contrast to FTIR, wet pulp
and wood samples can be analyzed with signals related to extractives, lignin and
carbon hydrogen bonds of the polysaccharides, while in FTIR signals of the hy-
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droxyl groups of wood polysaccharides are dominating. NMR is an important
method as it provides structural information about complex molecules, therefore
it is frequently used for structural analysis of lignins and even hemicelluloses.
Crystalline cellulose requires the application of solid-state NMR, as utilized for
instance recently in the hydrolytic hydrogenation of cellulose [17].

7.3.5 Selection of Analytical Methods

Summarizing shortly the methods described above, it can be stated that the choice
of analytical methods in general depends on sample characteristics, matrix com-
plexity, the aim of the analysis, accessible equipment and the amount of resources
available.

For instance in order to be analyzed by GC, compounds in the samples must
be able to get volatilized and additionally possess thermostability. In case of LC,
solubility in the mobile phase is important as well as size, structure and hydropho-
bicity, presence of functional groups, etc.

Regarding matrix complexity it could be also mentioned that chromatog-
raphy can be used both for the separation of a compound from the matrix and
for quantification and identification. It is important but rarely considered that no
residual matter should remain in the samples; especially heavy compounds, which
are difficult to evaporate in the GC columns, could significantly influence sub-
sequent analyses. Thus, regular control of retention times and response factors,
as well as column cleaning or replacement in due time should not be overlooked.
For some samples related to the analysis of biomass even prefractionation could
be necessary.

7.4 Analytical Examples

7.4.1 Analysis of Carbohydrates and their Transformation Products

Let us consider first the analysis of a sample of hemicelluloses dissolved in water.
The general analytical strategy is given in Figure 7.10. An analytical procedure
using GC based on acid methanolysis consists of the following steps [23]. Freeze
drying of a 2 mL solution of hemicellulose in water with the subsequent addition
of 2 M HCl in water-free methanol, is followed by keeping the sample at 100 °C
for three hours of neutralization with pyridine, addition of internal standard (sor-
bitol), evaporation, silylation (hexamethyldisilazane and trimethylchlorosilane),
and finally GC analysis. The latter could use, for instance, a split injector (260 °C,
splitratio 1:15) with a 30 m/0.32 mm i.d. column coated with dimethyl polysilox-
ane (DB-1, HP-1), hydrogen or helium as a carrier gas and FID with a following
temperature programme: 100-280 °C and ramping 4 °C/min.



196 7. Analytical Approaches in Biomass Catalysis (D. Murzin, B. Holmbom)

;ii; Hemicelluloses

GAS CHROMATOGRAPHY

iMETHANOLYSIS T

CH,CH CH,OSI(CH.),
HO (CH,),Si0
HO OCH CH,).Si0 OCH
OH ! (CHoS OSi(CH),
SILYLATION
COCH ) COOSI(CH,),
HO (CH.,).SI0
HO OCH, (CH.)SiO OCH,
CH OSi(CH),

Figure 7.10: Analysis of sugar units in hemicellulose
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An advantage of direct methanolysis of wood samples is that essentially on-
ly hemicelluloses are cleaved and very little cellulose. Moreover, contrary to
hydrolysis, it allows less degradation of released monosaccharides. Methanoly-
sis can be used also for direct analysis of solid wood and fiber samples. A typical
chromatogram is presented in Figure 7.11, showing several peaks for a particular
sugar due to the presence of a & B anomers of pyranoses & furanoses
(Figure 7.12).

CHOH CH,OH
0 0 OH
OH OH
CHO
oH N CHOH = 0
|
oH HO-CH OH
O~ Pyranose CHOH R-Pyranose
CHOH
CH,OH Z CH.OH \ CH,OH
HO o ” HO o OH
OH HC(OH),
|
o CHOH OH
o~-Furanose HO~-CH pB-Furanose
I
CHOH
CHOH
CH,OH

Figure 7.12: Equilibrium of different forms of sugars

Due to the complexity of the product mixture and the analytical procedure
correction factors are needed. For instance, cleavage (the methanolysis) could
be incomplete for certain glycosidic bonds, such as the Xyl-MeGlcA bond. Some
degradation of formed sugars, especially uronic acids may happen and the prod-
ucts can have different detector responses. In order to determine correction fac-
tors it is recommended to perform methanolysis, silylation and GC analysis on a
sample containing equal amounts of Ara, Xyl, Man, Glc, Gal, GIcA, GalA, etc.,
and pure hemicelluloses and pectins (if present) and to compare peak areas with
the area of the internal standard.
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Figure 7.13: Transformations of levoglucosan [24]

Another example worth considering is the gas-phase catalytic transforma-
tion of levoglucosan over zeolites [24, 25]. The reaction scheme is given in Fig-
ure 7.13. In [24, 25] for HPLC analysis an acid Aminex cation H" column with
sulfuric acid (0.005 M) as a mobile phase with a flow of 0.5 ml/min at 338 K was
used, along with an Aminex HPX-87C column and mobile phase-calcium sulfate
(1.2 mM) with a flow rate of 0.4 ml/min at 353 K. A refractive index detector
was applied. Figure 7.14 illustrates that the separation is very much dependent
on the analytical conditions.
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Figure 7.14: Analysis of a levoglucosan transformation mixture by HPLC with
two different columns [26]
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Figure 7.15: HPLC data showing instability of reaction products in levoglucosan
transformations [26]
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Stability of the samples is another important issue, which should also be
carefully considered, as illustrated in Figure 7.15. Samples stored in a freezer
exhibited another peak, which is certainly a result of transformations happening
during storage.

An even more prominent difference in analysis was noticed in the aqueous
reforming of sorbitol [27-29]. Comparison of the analysis for different columns is
given in Figure 7.16 demonstrating that for the identification of reaction products
tedious and time-consuming analytical work is required.

- Conditions: Aminex HPX-87C (carbohydrate column),
- 80°C, 0.4 ml/min 0.002 M CaSO,

time, min

52 — fi Column: Aminex HPX-87H (organic acid analysis),
—< —] \ Eluent: 0.005 M H,SO,, 0.4 mI/min, 45°C.

51

50 4

mV

49 <

47 4

46 o

- i
10 20 \ 30 ° 40 50 60 70
time, min

Figure 7.16: HPLC analysis of aqueous phase reforming products [29]

7.4.2 Analysis of Lignin

Structural information on lignins could be obtained by wet-chemical and spectro-
scopic methods using the approach for analysis of wood given in Figure 7.17.
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Hemicelluloses Lignin amount Lignin structure Metal profile
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Figure 7.17: A scheme for the microanalysis of wood [30]

Here, 5 mL 20% AcBr in pure acetic acid is added to ca. 1-10 mg of wood
followed by the addition of 0.1 mL perchloric acid (70%) and keeping the mixture
for 3 hours at 50 °C, with subsequent neutralization with NaOH, dilution and UV-
Vis analysis at 280 nm.

CJ:HQOH CH,0H CH3 CH3

| | I
Hf-O e €=0 ¢=0 HC-OH
HC—OR — HO—OH +

:‘OCH:: @OCH;; Qowa @ocn—r:,.
H

Figure 7.18: Acidolysis of lignin

Direct analysis of lignin in wood can be performed by selective / specific
degradation followed by GC analysis. Among degradation methods acidolysis,
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thioacidolysis, permanganate oxidation and pyrolysis can be mentioned. Acidol-
ysis (Figure 7.18) cleaves predominantly f-O-4-ether bonds by acid hydrolysis
and gives many degradation products with a rather low yield of ca. 60%.

Thioacidolysis (Figure 7.19) gives selective cleavage of B-O-4-ether bonds
and results in less complex mixtures than acidolysis and also gives higher yields
(> 80%) being able to quantify units with 3-O-4-ether bonds and a free hydroxyl.
This reaction is performed in dioxane-ethanethiol with boron trifluoride etherate.
The degradation products are silylated prior to analysis by GC.

., ~., OCH
CH;0H L CH,— SEt
|
HC—0 L) HC —SEt
[ Thisaci : |
HC—0—R hioacidolysis _ HC—SEt
(C,HsSH 7 H") P
|
S
OCH,4 OCH,
OH OH

Figure 7.19: Thioacidolysis of lignin

Oxidation by permanganate (KMnO, — NalO, at 82 °C for 6 hours) in acidic
solution of ethylated (at pH = 11 and 25 °C with diazoethane for 25 hours) samples
with further oxidation by alkaline peroxide for 10 min at 50 °C and final methyla-
tion results in samples which can be analyzed by GC (Figure 7.20). This method
gives information only on aromatic units with a free hydroxyl, comprising about
10% of lignin in wood and ca. 70% of lignin after kraft cooking.

Another method for the analysis of lignin is pyrolysis combined with GC-MS
(Py GC-MS) allowing even a simultaneous determination of lignin and carbohy-
drates. Py GC-MS can be combined with advanced chemometric methods such as
principal component analysis to enable a more complete identification of various
lignin fragments. In summary, it can be stated that because of the heterogeneity
of lignin there is no universal degradation method giving all desired information
on the lignin structure, however, by combination of several methods the structure
of lignin can be described fairly well.
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Figure 7.20: Oxidation method for the analysis of terminal units (free phenolic
groups) in lignin

7.4.3 Wood Extractives

Wood contains a wide variety of components that are extractable with various or-
ganic solvents or water. Non-polar and semi-polar solvents (hexane, dichlorome-
thane, diethyl ether, MTBE etc.) extract lipophilic oleoresin and fat components,
while polar solvents (acetone, ethanol, water, etc.) extract hydrophilic phenolics,
sugars, starch and inorganic salts. Acetone and ethanol extract also lipophilic
extractives.

Location in Resin canals Parenchyma Heartwood Cambiumand Ascending water
the wood (Oleoresin) cells growth zone Sap
Major Resin acids Fats, fatty acids Phenolic Glycosides Inorganics
compound Monoterpenoids Steryl esters substances Sugars, starch
classes Other terpenoids Sterols proteins
Main function Protection Physiological Protection  Biosynthesis  Photosynthesis
inthe tree food reserve, Food reserve  Biosynthesis
cell membrane
comp.
Solubility
Alkanes +++ e+ 0 0 0
DCM +++ +++ ++ 0 0
Acetone +++ +++ +++ ++ +
Water 0 0 0 +++ ++

Figure 7.21: Classification of wood extractives [31]

A classification of wood extractives is given in Figure 7.21, while the ana-
lytical procedure for extractives is outlined in Figure 7.22. Group analysis of fatty
acids, resin acids, triglycerides, lignans and sterols can be done using a short col-
umn GC (5-7 m/0.53 mm capillary column with 0.15 um film thickness), or by
HP-SEC (Figure 7.23) as well as thin layer chromatography.
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Sample * Wood
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. . «Accelerated
Sequential extraction
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-
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l * Gravimetric determination
* GC-FID
Analysis * GC-MS
* HPLC-SEC
*TLC
* LC-MS

Figure 7.22: Analytical procedures for wood extractives
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Polymers TG StE
2 3

15 20 25
Retention time

Figure 7.23: Separation of wood extractives with SEC. TG, StE, FA and RA stand
for triglycerides, sterols, fatty acids and resin acids respectively [32].
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Figure 7.24: GC of fatty acids and resin acids with HP-1, 30 m, 0.32 mm i.d.
column with different temperature gradients [31]

The analysis of individual compounds can be done by GC on a longer column
(20-30 m/0.20-0.32 mm capillary columns) and reverse phase HPLC, while the
identification of compounds can be performed by GC-MS, LC-MS, and NMR of
isolated substrates. In case of a poor separation between compounds, the follow-
ing parameters could be modified: temperature gradient, column polarity, type
of derivative used in derivatization. As seen in Figure 7.24 a better separation,
for example, between abietic acid and tri-unsaturated C20 fatty acid, is achieved
with somewhat higher ramping. The HP-1 column usually follows a boiling point
order, however, columns with different polarity could also be used (Figure 7.25)
to allow better separation.

As previously mentioned, derivatization of fatty and resin acids is needed
for accurate quantitative analysis. Although methylation is a commonly used
method, silylation can sometimes afford better separation (Figure 7.26). In addi-
tion, for some GC columns peak-tailing is more severe for methyl esters than for
silyl esters.
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Figure 7.25: GC separation of phenolic extractives (flavonoids and lignans) using
columns of different polarity [21]

7.5 Final Words

This chapter describes some of the contemporary methods for the chemical anal-
ysis of biomass-derived chemicals. All available methods could not have been
treated in this review, therefore the focus was mainly on chromatographic meth-
ods. A more comprehensive overview of analytical methods was published sev-
eral years ago by one of the authors [31, 33]. In the current work, detailed pro-
cedures were discussed for only a few cases as the emphasis was laid more on
general approaches.

The analytical procedure depends very much on the objective of a particular
study as well as the available resources in terms of instruments, time, costs and
human skills.
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The main hurdles on the way toward the development of a reliable analyti-
cal method for a particular application are associated with a lack of time to check
methods described in literature, a certain trust in already published procedures,
even if they are far from being perfect, as well as a pressure from granting agen-
cies/sponsors to get “real” catalytic results rather than means to develop or check
analytical methods. In the latter case there is certainly more glory in developing
new methods compared to just checking the old ones.

18:2 | [118:1 21:0 (std)
17:0 (std) Ab

Neo

Silylated 16:0

17:0 ai

Resin and fatty acids
in sulfate soap,
30m/0.32 mm

HP-1 column

¢

4

Methylated

Neo

Figure 7.26: Comparison between GC analysis of methylated and silylated fatty
and resin acids [31]

Finally, we should stress that no single method works perfectly for all kinds
of samples. Moreover, dubious methods are sometimes presented in literature,
which means that the results are not reliable. It can thus be emphasized once more
that improving analytical methods, not only in the particular case of the catalytic
transformation of biomass, but in general improves the quality of science.
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