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ABSTRACT

A novel analysis method of lignin and its degradation products was developed based primarily
on thermal desorption and pyrolysis coupled with carbon quantification and speciation. Gas
chromatography-mass spectrometry (GC-MS) is a traditional method for characterization of the
volatile product fraction, however the volatile (thermal desorption) fraction usually contributes
less than 10%wt. of the overall product yield. The unique properties of thermal carbon analysis
(TCA) allow not only for the analysis of the thermal desorption fraction (200-300 °C), which may
further be compared to the GC-MS results, but also for the analysis of higher molecular weight
oligomers evolving at pyrolytic temperatures (400-890 °C). In addition, using an oxygenation step
(550-890 °C in the presence of oxygen) as the final step, it is possible to evolve the rigid cross-
linked oligomers, inorganic carbon and other remaining carbon forms and close the mass balance.
The key TCA parameters, drying and purging time, were evaluated in different solvent systems in
order to ensure a near-100% recovery of all the lignin degradation products. Furthermore, other
factors potentially affecting the TCA profile, such as sample loading, interactions with the
sampling surface and initial step temperature, were evaluated.

In the second main part of this study, the lignin hydrotreatment reactions performed in a lab
scale, static batch reactor were evaluated using both TCA and GC-MS. The effect of the reaction
temperature and the presence of a catalyst, particularly different nickel based catalysts, zeolites,
activated carbon and silica-alumina, were studied. The overall yield of monomeric and dimeric

degradation products increased with temperature. A promising result was obtained at reactions
XVi



conducted at 300 °C in the presence of LaO doped activated carbon and zeolite catalysts, where
the total yield of volatiles was 5.3 and 6.3%wt., respectively. In addition, a significant amount of
dimers over 1.0%wt. was produced. A good agreement between the GC-MS and thermal
desorption fraction of TCA was obtained. Combining the overall TCA yield of carbon with
gravimetric data of unreacted lignin lead to a successful mass balance closure.

Ultimately, a complete mass balance closure was also obtained for the solid alkali lignin
analyzed by TCA with the newly developed protocol and the results were compared with TGA,
proving the excellent TCA analytical performance and selectivity towards the carbon containing
species. Another parallel comparison was made using Pyrolysis-GC-MS in order to identify the

lignin degradation products contributing to the carbon evolved in each temperature fraction.
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CHAPTER 1. INTRODUCTION

1.1 Lignin occurrence, structure and types

Over the last several decades wood biomass has become a topic of interest due to its potential
as a possible replacement of petroleum and other fossil fuels in the production of energy and a
broad variety of chemicals.'? The plant body material consists of three main parts — cellulose,
hemicellulose and lignin. Their percent distribution depends on the particular plant species.
Cellulose is the main fraction of the biomass and also the most abundant biopolymer in the world.
Its structure is uniform as it is composed of glucose units connected by B-1,4 bonds forming linear
chains.’> Hemicellulose is a polysaccharide consisting of pentoses, such as xylose or arabinose,
forming linear chains with occasional short branches. Hemicellulose fibers stabilize the primary
cellulose fibers, however compared to cellulose they are shorter (50-200 units) and also less stable
due to their amorphous character.’> Lignin, the second major biomass component, mechanically
stabilizes the cellulose and hemicellulose fibers by filling the spaces between them. The lignin
structure with all the significant bonds is presented in Fig. 1. It is a heteropolymer made of
randomly repeating molecules of three aromatic alcohols — coniferyl, sinapyl and p-coumaryl
alcohol. Their structures are shown in Fig. 2. However, instead of breaking down into these
particular monomers lignin rather prefers to fall apart into shorter-chain methoxyphenols and their
derivatives. Thus from this point, lignin is defined as a biopolymer composed of different

methoxyphenols connected by propanoid units.*® Lignin is the second most abundant biopolymer



after cellulose contributing 15-30% wt. to lignocellulosic biomass, moreover it stores
approximately 40% of lignocellulose energy.” The complex structure of lignin makes it a
promising inexpensive and renewable source of energy or chemicals that can be used either by

itself or as its monomeric units for polymer production.
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Figure 1: Lignin characteristic structural features
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Figure 2: The main structural lignin units: Sinapyl, p-coumaryl and coniferyl alcohol

The lignin structure differs depending on the biomass origin and method of lignin isolation
(see Table 1 for an overview). The most frequently reported lignin types include kraft, soda,
lignosulfonate, organosolv, enzymolysis and ionic liquid lignins. The most important industrial
lignin sources are either paper manufacturing or upstream processing of biomass in biotechnology.
In both processes lignin is obtained as a waste product.” The main type of lignin produced in paper
industry is kraft lignin.® The wooden biomass is heated in the presence of NaOH and Na,S resulting
in a solubilized lignin in the form of a white liquor, which is isolated by precipitation after addition
of a strong acid.

The typical characteristics of kraft lignin are a high abundance of hydroxyl groups and high
molecular weight up to 200,000 Da. The heating process conducted without Na>S is known as
“soda pulping”, i.e., with NaOH alone, and leads to the formation of soda lignin, which is also rich
in polar hydroxyl and carboxylic groups, however it is sulfur free compared to kraft lignin. An
alternative to the traditional soda pulping called “soda-AQ pulping” uses an addition of
anthraquinone to reduce the degradation of carbohydrates, thus making them accessible for a
subsequent use, e.g., fermentation and other biotechnological applications.” An alkali lignin used
in our research is obtained either by cooking the biomass at temperatures of approximately 170 °C
with NaOH or with a mixture of NaOH and Na>SO4 with subsequent acidification of the black

liquor (paper production waste) and its structure is similar to soda lignin.'°



For some applications, lignosulfonate lignin is preferred due to its high solubility in water.
The preparation of lignosulfonate lignin involves a lignocellulose treatment with metals and SO
under acidic conditions yielding dissolved lignosulfonates with metal cations.® Its disadvantage is
a high sulfur content (~5%) that could hamper some applications. Low molecular weight organic
solvents and carboxylic acids’ application leads to organosolv lignin. Several organosolv
pretreatment technologies, such as Alcell, were successfully implemented into the industrial scale.?
Opposite to kraft lignin, organosolv lignins have virtually no sulfur, a high content of nonpolar
moieties and low molecular weight.'” The handicap of the organosolv process is the harsh
treatment conditions used (160-200 °C) leading to significant structural changes.®® This problem
can be overcome by using alternative solvents, ionic liquids, i.e., alkyl ammonium or phosphonium
salts with low melting points (~100 °C). However, this research is still in progress, since such
processes are currently not profitable, especially due to a high cost of the solvent recovery.®”

Lignin can also be obtained by boiling the biomass, typically in the presence of strong mineral
acids resulting in hydrolysis lignin.” One special variant of hydrolysis lignin is enzymolysis lignin,
which is prepared by an application of a complex of hydrolytic enzymes under mild conditions.'!
Such a non-aggressive treatment leads to a lignin that is assumed to retain its native structure.'!
For this purpose, Lewis acids, such as transition metal chlorides or zeolites, might be added during
the acidic treatment in order to avoid the production of furfural, which inhibits the enzymatic and
microbial performance in the subsequent carbohydrate processing.'?

Besides hydrolysis, lignin can also be separated from biomass by using strong oxidation
agents in combination with an alkaline environment.'® In the first step of such a process, H,O, is
applied followed by ozonolysis in the second step. In the final step, the biomass is treated in the

mixture of air and water at a high temperature (around 200 °C) for a short time resulting in the
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removal of the remaining hemicellulose, leaving lignin as a precipitate.'>'* However, as a result
of this treatment, the lignin structure becomes highly fragmented and the resulting biphasic
mixture contains many byproducts, such as aldaric, aldonic or phenolic acids and low molecular
weight aliphatic carboxylic acids, e.g., acetic acid.'?

Besides chemical methods of lignin recovery from lignocellulose materials, physical methods
may also be used, however in industry they are less preferred due to their higher costs and lower
efficiency.® Pyrolysis lignin is produced from the biomass exposed to a high temperature about
450 °C at a short time of approximately 2 s.® Even though the pyrolysis lignin might have unique
properties for the production of chemicals, which could not be obtained when using other lignin
types, the immense fuel consumption still prevents it from being widely available.® Probably the
most commonly used biomass physical treatments are fiber explosion techniques, such as steam
or acid assisted explosion. In a steam explosion process, the wooden biomass is initially treated
with steam at 180-230 °C at pressures of 1.38-3.45 MPa for 1-20 min followed by a sudden
pressure release. Such a pressure drop causes the fibers to swell out.® ° The lignin structure
modified by the steam explosion provides a large amount of phenolic hydroxyl and carboxylic
groups. By contrast, the number of B-O-4 bonds, which are the most frequent within the lignin
structure, is significantly decreased.® '® Regarding the molecular weight, the steam explosion
lignin is similar to organosolv lignin and since no sulfur containing agents are used, the resulting
lignin is sulfur free. ® However, this process suffers from an extensive damage of fibers during the
explosion and further research has to be conducted considering the complications with the
separation of the lignocellulose components after the treatment.!>'® An alternative of the steam
explosion is a fiber explosion assisted by an acid or base, e.g., SO, or NH3, respectively. Compared

to the traditional steam explosion, these methods usually require a lower temperature (~100 °C)
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and the resulting lignin is a better substrate for an enzymatic treatment and fermentation,

considering the low amount of inhibitors.

17-18

Table 1: Lignin types and their properties

o MW o .Metl}ods of Annuzfl
Type of lignin (Da) Characteristics isolation and production References
consequences (tons)
Low sulfur content
High amount of phenolic
hydroxyl groups
Stilbene and biphenyl 150-180 °C at high
structures pH created by
Missing diphenylmethane  addition of NaOH
and vinyl aryl ether or Na,S
moieties Swelling of
Kraft Up to Quinone and catechol cellulose and 6,000,000~ §10.19-23
200,000 . . 9,000,000
structures (Oxidative hemicellulose
conditions) fibers after the
Minimal amount of ester bond cleavage
cellulose and Extensive B-aryl
hemicellulose compared to bond cleavage
acid treatment
Suitable for enzyme
treatment
Similar conditions
Sulfur free as for Kraft (150
Less suitable for enzyme o .
180 °C cooking
treatment than Kraft with NaOH), but
Soda ~8,000 Less efficient degradation . ’ 5,000-10,000* &9 19-20.23-25
than Kraft without the
. L addition of sulfur
Potentially high silicate .
: containing
and nitrogen content compounds
Soluble in water
High sulfur content
High amount of polar
Lignosulfonates 6,900~ sulfonic 12 with MgSO; or 1,200,000 §9.22-23.26
62,000 S CaSOs;
The lignin structure .
environment

changes less than during
kraft process
Electrolytic properties
High ash content




Table 1 continues: Lignin types and their properties

MW Methods of Annual
Type of lignin (Da) Characteristics isolation and production References
consequences (tons)
Wood material
subjected to
organic solvent at ~
Hydrophobic 160-200 °C,
Sulfur free usually alc.ohol.s or
900 High purity carboxylic acids ..
Organosolv 5,400 Low polydispersity Lignin obta_ir}ed by 70,000* e
Relatively high moisture thlf condltfln
content (7.5%) change (pH,
temperature,
concentration)
followed by
precipitation
Wooden biomass
Environmentally friendly treated with Compared to
More reactive than kraft or  hydrolytic enzymes Kraft and
Enzymolysis 7,500— lignosulfonate at ambient organosolv 9, 11,2728
100,000 Presence of plant conditions higher (exact
secondary metabolites maintaining the values not
(mild treatment) initial lignin found)
structure
Cooking with ionic
liquids
(alkylbenzenesulfo
Similar to organosolv nates, DMSO’ N-
Low ash amount (0.5 — methyhmlde;zole)
Tonic liquid ~2,000 2.0%) at 2100 °C Not reported 9,29-30
Carbohydrate free R.e.c overed by
~1.5% sulfur addition of regular
solvents (water,
acetonitrile)
Low recovery (
<50%)
Biomass treated
with steam at 180—
- 230 °C at 1.4-3.5
MW s1nnlrilirg ‘Loi Ii)rganosolv MPa for 1-20 min
Sulfur free followed by a
Steam explosion %(:100 Number of p-O-4 bonds suddreelielzlrseessure Not reported 15-17,31-32
significantly decreased Comnlicated
Large amount of hydroxyl P
and carboxylic groups separation of cach
biomass

component after
the process




*annual production reported only for one factory

1.2 Methods for lignin degradation

Due to its structural diversity, lignin decomposition is expected to lead to formation of a broad
spectrum of both monomeric and oligomeric compounds.*> The final product composition,
reaction selectivity and yield of the desired products depend on many variables such as reaction
temperature, time, type of lignin, wood source, reaction solvent, catalyst used, etc.

The main approaches used for lignin decomposition are pyrolysis and especially thermal
hydrotreatment, as it appears to be more promising.>* The greatest technological obstacles of all
these methods are weak reaction selectivity, low yield of monomers, insoluble char formation and

repolymerization of final hydrotreatment products.*

1.2.1 Lignin pyrolysis

Pyrolysis is a simple method for the degradation of not only lignin, but also other biomass
components. Solid lignin sample is thermally treated without a solvent, resulting in a liquid
fraction called pyrolytic oil, a gas portion and a solid remainder (char and coke).***’ Since lignin
is the most thermally stable lignocellulose component, the pyrolysis conditions are harsher than
for cellulose or hemicellulose.*® Different literature sources additionally split the definition of
pyrolysis into three distinct processes operated at different temperatures and pressures: 1)
liquefaction conducted at 200-350 °C and 5-20 MPa, 2) pyrolysis conducted at 650—-800 K and
0.1-0.5 MPa and 3) gasification conducted at more than 900 K.*%3%3% The liquid portion consists
mostly of alkylbenzenes, alkylphenols and alkoxyphenols, particularly substituted guaiacols and
syringols, and low molecular weight aliphatics, such as methanol, acetone or acetaldehyde.***>

The gases produced during lignin pyrolysis are mainly CO and CO; formed from carbonyl and

carboxylic groups, water and gaseous alkanes, such as CHs or CoHe.>” Additionally, during the
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oxidation processes hydrogen is evolved, thus together with CO it can potentially be used for
syngas production to make artificial petroleum products.*’ The solid part consists of the product
of anoxic processing (coke) and char, which is a highly thermally stable aromatic polycyclic
conglomerate formed via inter and intramolecular condensation.***3

Ether bonds, especially f-O-4 bonds (the most common) and a-O-4, and hydroxyl groups
attached to B and y-C are particularly prone to be cleaved at low temperatures (200-400 °C).*+*
The most common mechanisms to cleave the ether bonds are free-radical homolytic cleavage,
intramolecular elimination and molecular rearrangement.*¢*” The homolytic cleavage of methoxy
groups occurs approximately at 450 °C.*> The C-C bonds are the least likely to break and very
high temperatures are needed to accomplish that.>” Obviously, the final product composition is
affected by the lignin type and its source due to a varied abundance of typical lignin bonds and
presence of functional groups specific for the particular isolation technique and plant species.*® **
8 Liu et al. reported the simple phenolics to be the major products of soda alkali and Alcell
organosolv lignin pyrolysis, since both consist mainly of B-O-4 bonds.**> Guo et al. discovered that
the lignin molecular weight controls the final product distribution.*” They conducted pyrolysis of
four different alkali lignin fractions ranging from less than 1 kDa to >10 kDa. The low molecular
weight lignin provided the highest yields of gaseous products and simple phenolics, while the
higher molecular weight lignin mainly promoted the formation of alkylguaiacols.*” Wang et al.
claimed that in alkali lignin the ether bonds were relatively stable, while when conducting the
pyrolysis of organosolv lignin, they became amenable to scission.’® The pyrolytic mechanism is

also affected by a particle shape and size, since heat and mass transfer differ on the surface and

within the particle.!



Fast pyrolysis is considered to be the most powerful pyrolytic technique. It is performed in
the temperature range of 600—1,000 °C at a very short residence time of 0.5-10 s, using a heating
rate of 10-200 °C/s in the absence of oxygen.*® The minimum temperature required to decompose
the lignin macromolecule by fast pyrolysis is 400-450 °C.3%* The average percentage of the oil
obtained is 40-60%, the amount of gas produced is usually 8-20%, however when conducting the
fast pyrolysis at heating rates of several thousand °C/s, the liquid portion can increase up to 80%.*°
Despite the high oil yields, such steep heating rates are not manageable on the industrial scale.
Additionally, the lower heating rates are also preferred in kinetic studies, because the analytical
methods used (e.g., TGA) are not able to acquire relevant information in such short time periods.>

Ojha et al. conducted fast pyrolysis of alkali lignin at 400, 500, 600 and 700 °C applied for 2—
30 s. The amount of guaiacols decreased with increased temperature (84.0%rel. at 400 °C and
54.8%rel. at 700 °C), while at higher temperatures a significant amount of simple phenols and
PAHs was evolved.” Geng et al. treated alkali lignin by fast pyrolysis in the presence of nickel
formate in a fixed bed reactor at 300, 400, 500 and 600 °C with a nitrogen gas residence time of
Is. The pyrolytic products were analyzed by Py-GC-MS at the same temperatures set for 10s with
a heating rate of 20 °C/ms. Similar to Ojha’s group, the guaiacol, alcohol and aldehyde content
decreased with increased temperature, while the alkylphenols and PAHs contents increased. Nair
et al. subjected alkali lignin to fast pyrolysis at 500 °C in the presence of TiO2, ZrO; and CeO>
catalysts. For the optimal conditions using TiO, the amount of guaiacols obtained reached 36-
37%wt. For the experiments varying the lignin: TiO> ratio, the char contribution was 30-46%wt.*
Nevertheless, testing lignin model compounds by Bai et al. claimed that the fast pyrolysis
conditions also favor the condensation reactions. According to their research, lignin fast pyrolysis

might lead to an increased amount of dimers, since higher molecular weight compounds, such as
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phenylcoumaran, stilbene or biphenol, turned out to be more stable.”® Jiang et al. reported the
formation of stable dimer intermediates produced during lignin pyrolysis by intramolecular
elimination.*¢

Transition metal oxides were observed to increase the oil yield and change the product
distribution in favor of simple phenolics.*® ** The most probable reason is the formation of
hydroxyl radicals that initiate the phenolics’ generation by a free radical attack.**

In chapter 1.2.2, zeolites will be mentioned regarding their acid properties increasing the
monomer yields and minimizing the char formation. Their acidic character may also be be useful
used in case of lignin pyrolysis. In the first step, the free radicals attack the C-C and C-O bonds,
providing low molecular weight intermediates, which are stabilized by adsorption inside the zeolite
pores, thus avoiding the condensation reactions.’® 38 The zeolite acidity can be regulated by the
pore size and accessible surface area. The disadvantage that applies not only for zeolites, but also
other catalysts, such as metal oxides, is the char being formed inside the pores, poisoning the
catalyst.>” >* Shen et al. reported an extensive formation of aromatics in the absence of oxygen
containing functional groups from black liquor pyrolysis using zeolites.>> This observation was
made by Zhang et al. when degrading organosolv lignin.’® Ohra-aho and co-workers degraded
Kraft lignin in the presence of two zeolites with varied acidity, particle and pore size. In
comparison to Pd/C catalyst the zeolites promoted significant demethylation and demethoxylation.
Due to zeolites’ acidic character (hydrogen donor), the double bonds were reduced. This process
was particularly hindered by the addition of a Pd/C catalyst. The lignin and catalyst
characterization were performed by analytical Py-GC-MS at 600 °C for 2 s. Analytical Py-GC-

MS is a popular device among the researchers for both lignin characterization and catalyst
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performance evaluation, because the degradation studies are conducted at similar conditions as the
industrial biomass processing.>% 4%:37-38

Besides acids, bases can be used both for hydrotreatment and pyrolysis to increase the
depolymerization activity.’” Peng et al. reported a significant decarboxylation, decarbonylation
and dealkylation of unsaturated alkyls from alkali lignin during base catalyzed pyrolysis.

Additionally, when strong concentrated bases, such as KOH or NaOH were used, mainly

alkylphenols were yielded due to an increased demethoxylation activity.>

1.2.2  Lignin hydrotreatment
Hydrotreatment approaches can be differentiated based on the additives or catalysts employed
into several categories using: 1) acids and bases, 2) different solvents, 3) hydrogen donors or 4)
using solid catalysts with an emphasis on transition metal catalysts and their oxides, sulfides and

phosphides.

1.2.2.1 Acid and base catalyzed hydrotreatment

Generally, both acidic and basic lignin degradation are rarely conducted without a presence
of'any co-solvent, hydrogen donor or solid phase catalyst. Initially, acid catalyzed degradation was
used for the prior separation of lignin from lignocellulose rather than specifically for lignin
degradation.’” Later, the acid catalyzed degradation was applied on lignin itself. A strictly acidic
environment without any additives was mostly used for the mechanistic and characterization
studies of lignin model compounds and not for the intact lignin.®*-%!
Typically, during acidic lignin hydrolysis the less frequent a-aryl ether bonds are cleaved

faster than the predominant B-aryl ether bonds, since they have a lower activation energy.’’ The

acid concentration does not have a significant effect in this case.’” An obstacle diminishing both
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acid and base -catalyzed lignin hydrotreatment efficiency are condensation reactions
(repolymerization).’” One way to address this issue is to capture the reactive intermediates,
especially aldehydes, by using diols, which are present in the sugar fraction after the lignocellulose
separation.®” As a result, acetals are produced. Alkyl aromatics or cyclic compounds can be
obtained by reducing the starting material at a hydrogen atmosphere in combination with a 5%
Ru/C catalyst.*® Finally, monomeric aromatics, such as toluene or methylanisole, can be recovered
upon decarbonylation and subsequent dimer cleavage by a reaction with iridium and phosphine
containing complexes.®! Another possibility of minimizing the repolymerization is to use capping
agents protecting the free hydroxyl groups, such as phenol at high temperatures (~300 °C) or boric
acid.®

Besides using strong mineral acids, lignin decomposition can also be achieved in the presence
of Lewis acids, especially metal chlorides, acetates and triflates. However, the presence and
selection of a solvent is crucial for the proper reaction performance, since a Brgnsted acid
(hydrogen donor) has to be formed, otherwise the monomeric fraction yield is low and insoluble

char formation becomes significant.®

Glvenatam et al. discovered that soda lignin treated at 400
°C in supercritical water in presence of Lewis acids provided at most 6.9 %wt. of bio-oil, mainly
consisting of catechols (3.1 %wt.). The highest bio-oil yield of 6.9 %wt. was obtained by using

FeCl, as a catalyst.®

Generally, in experiments using aqueous solutions, metal chlorides were the
most effective catalysts, while the metal triflate Sc(OTf); provided only 1.8 %wt. of monomers.®’
A similar observation was made by Hepditch and Thring, who decomposed solvolysis lignin in
water at high temperature (255-305 °C) in the presence of NiCl, and FeCls.%* The highest amount

of bio-oil was 17.5 %wt., with an excessive char formation. By contrast, only a minimal amount

of gas products was formed.®* When supercritical ethanol was used by Giivenatam et al. as a
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solvent at 400 °C, the char yield was minimal and the Lewis acid type affected mainly the products
distribution, since most of the feedstock was converted into monomers. Metal acetates led the
reaction selectivity towards ketones (41-67 %wt. of bio-oil), while metal acetates and triflates
generated mainly aliphatic products (in case of triflates, 67-75 %wt. of bio-oil). The yield of
obtained bio-oil ranged from 1.8 to 9.4%wt.%

The most probable reason for the char elimination observed in the incorporation of the ethanol
molecule into the final product via dehydration catalyzed by a Lewis acid, oligomerization and
hydrogen transfer reactions.’”-®* In addition, triflates are able to form a large variety of products
by catalyzing Diels-Alder reactions, Friedel-Craft acylations, aldol condensation or Michael
reaction.®? Their advantage is that they also work efficiently in the aqueous environment.
Glvenatam et al. achieved almost complete lignin degradation in a 1:1 (v/v) EtOH/water mixture
when using different metal triflates.®> The oxygen containing reactive intermediates of lignin
hydrotreatment were subjected to triflation with a subsequent deoxygenation leading to
carbocations, which were stabilized by an alkylation reaction with ethanol.®* The most abundant
type of compounds in the final product mixture were aliphatics again (57-89%rel. of GC-elutable
products).®?

The effect of Lewis acids may be intensified by the use of ionic liquids. Their greatest merit
is the ability to completely solubilize not only lignin, but also other lignocellulose components.®
In addition, ionic liquids support carbocation evolving reactions and promote the aryl-ether bond
cleavage.’” The ionic liquid acidic treatment affects mainly p-O-4 bonds in both phenolic and non-
phenolic moieties.®® After the hydrotreatment, they can be separated and used again without a loss

of performance.®® The main obstacles of using the ionic liquids are related mainly to the
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downstream processing. The stirring has to be designed well, since the medium is very viscous.
Other engineering challenges are the product separation and solvent recycling.®”

Another type of acids used in lignin degradation studies are carboxylic acids.*® ® They are
used in combination with either water or alcohols, such as methanol, ethanol or isopropanol.5¢-¢’
The presence of a solvent (mostly alcohol) is important for two reasons. Since alcoholysis is the
main degradation mechanism, the alcohol first provides hydrogen atoms to initialize the
hydrogenolysis of aryl ether bonds resulting in the production of oligomers with a MW of 1,100—
1,600 Da.%” Second, the presence of alcohol decreases the amount of char by lowering the oxygen
content in the final products due to a hydrodeoxygenation activity.®” Consequently, the carboxylic
acid catalyzes the hydrogenolysis of oligomers yielding monomeric species.®’ In order to stabilize
the reactive oxygen containing intermediates, solid acids, such as silica alumina or zeolites are
usually implemented. They play the role of a Lewis acids, as mentioned in the previous paragraph,
however compared to regular metal salts their propensity to become the corresponding Brgnsted
acids is higher. They are also highly available and cost efficient.®’

The most frequently employed carboxylic acid in lignin hydrotreatment is formic acid. Formic

acid is either thermally or catalytically converted into CO or CO: and Hz, which is responsible for

67-69 66, 70 In

the hydrogenolysis.®® It is usually used in combination with either alcohols or water.
order to enhance the degradation efficiency, carbon supported metal catalysts, mainly Ru, Rh, Pd,
Ni and Pt, are used to increase the hydrodeoxygenation activity.®®® 7° Kloekhorst et al. obtained
31.7 %wt. of initial feedstock of monomeric species with minimal char formation using organosolv
lignin treated at 400 °C for 4h in iso-propanol/formic acid 1:1 (w/w) mixture in presence of Ru/C

t68

catalyst.” Kristianto et al. applied 5 %wt. Ru on C support to hydrolysis lignin in supercritical

ethanol at 350 °C for 60 min with an addition of formic acid at an acid: lignin ratio of 3:1 yielding
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66.3 %wt. of biooil, which contained 6.1 %wt. of monomers.®’ Liguori and Barth achieved a char
and coke free mixture of phenolics when employing different Pd based catalysts in formic acid
and water mixture at 300 °C for 2 hours with an addition of a solid superacid Nafion SAC-13.7°
The purpose of superacids in lignin chemistry is to break down the produced monomers even more
to low molecular weight hydrocarbons and methanol that can be used as fuels. The highest obtained
overall content of guaiacol, resorcinol and pinoresinol was 17.6% of initial feedstock.”
Hydrotreatment conducted by low cost, widely available bases, such as LiOH, NaOH or KOH
is one of the most accessible ways for the selective monomeric production with a minimized
repolymerization.’”” However, the fact that acidic phenolics are produced has to be considered,
since the neutralization of the base (catalyst) may occur. Erdocia et al. claimed that formosolv and
acetosolv/formosolv lignin treated with NaOH with water yielded less monomers and led to a
higher char formation than acetosolv lignin due to the weakening of the base catalyst by the
presence of formic acid.* One of the possibilities how to overcome this undesired phenomenon is
to use the capping agents mentioned above.*® Roberts et al. implemented boric acid as a capping
agent during NaOH catalyzed lignin degradation yielding 52% of the bio-oil obtained containing
85% of low molecular weight compounds, while without the use of H3BO3 only 36% of oil
containing less than 30% of simple phenolics.”! Boric acid promotes mainly the dimers’ formation
by the intermediate stabilization, by contrast in the case of phenols the repolymerization is also
blocked, but the demethoxylation or dealkylation pathways of the intermediates may still occur.*®
72 Another way to prevent the char formation is combining a base and an organic acid as catalysts
at mild conditions or developing multiphase reactors allowing one to extract the product directly
from the reaction mixture followed by distillation, chromatography and crystallization in order to

purify the products.”? The hydroxide treatment without a catalyst affects particularly the most
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common and the least stable p-O-4 bonds. The degradation rate increases with the base strength.>”
73

The hydrotreatment reactions are mostly conducted under high pressures and temperatures,
especially when no catalyst is present and strong inorganic bases are used. In such cases a large
portion of gaseous products might be produced due to side reactions.’® Several base-catalyzed
experiments in the aqueous phase performed in the pressure range of 90-315 bar and temperature
range of 240-370 °C supported this point.* 7> 7 Erdocia et al. obtained 26%wt. of catechols in
bio-oil with the highest yield of bio-oil 18.5%wt. when working with acetosolv and formosolv
lignin at 300 °C in the 4%wt. aqueous solution of NaOH.* Organosolv lignin in combination with
NaOH addition in water was also used by Roberts et al. resulting in the formation of up to 9% GC-
able compounds.”! Beauchet et al. used the same reaction system obtaining up to 19% of GC-able
fraction from kraft lignin.”* Toledano et al. also used a mixture of water and NaOH applied on
organosolv lignin yielding up to 57% of GC-able species.”> Using water as a solvent for base
catalyzed lignin hydrotreatment is convenient due to its low cost and wide availability, however
the reaction rate in phenols or alcohols appears to be higher because of the solvolysis effect.>” 7
Furthermore, the overall product yield varies less than for the experiments performed in water.
Nevertheless, the organic solvents also promote the addition reactions, e.g., the aromatic ring
alkylation or the formation of low molecular weight carboxylic acids.”

Since the solubilized bases, such as NaOH or KOH, complicate the separation of the reaction
products, solid bases, e.g., MgO, can be used. However the solid base surface is more prone to
cause repolymerization than the dissolved homogenous bases.”  Narani et al. used MgO-La>O3
catalyzed Kraft lignin degradation in supercritical methanol yielding 80% of methanol (MeOH)
soluble oil, 9% dichlormethane (DCM) soluble solids and negligible amount DMSO soluble solids
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with no char formation, while using acidic or neutral catalysts, such as activated carbon or
zirconite, up to 20% of char was formed.®® Long et al. added MgO to a tetrahydrofuran (THF)
solution. After performing the treatment at 250 °C for 15 min 38% of char stayed in the mixture.
When water was added, all the lignin became solubilized and the product contained 13.2%wt. of
initial feedstock of monomers.?

Recently, organic bases caught an attention, e.g., 1-butyl-2,3-dimethylimidazolium chloride
or 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), where the N atoms act as nucleophiles attacking a
and B C atoms in the quinone moiety, which is expected to be the main intermediate of the B-O-4
cleavage.®” 7 Organic bases can also be used in combination with acids for the whole
lignocellulose complex degradation when the acid promotes the polysaccharide cleavage and the

base catalyzes the lignin breakdown.’’

1.2.2.2 Hydrogen donors and solvolysis

In chapter 1.2.1.1, hydrogenolysis was mentioned to be one of the main processes occurring
during the lignin depolymerization. In order to cleave the bonds by hydrogenolysis, a hydrogen
source is needed. This can be simply solved by using hydrogen gas.*> Long et al. worked in a
pressurized batch system with organosolv lignin in methanol with an addition of NaOH and Ru/C
catalyst at 260 °C and 40 bar H> atmosphere for 4 h yielding 12.7%wt. of phenolic monomers and
6.1%wt. of aliphatic alcohols.*> Kim et al. conducted an organosolv lignin hydrotreatment in sub-
and supercritical EtOH at 200-350 °C at 2-3 MPa of hydrogen atmosphere for 20—60 min. The
highest amount of simple phenolics obtained was 9.7%wt.”’

Since the use of gaseous hydrogen is related to strict safety precautions, high temperature,
pressure requirements and the hydrogen generators are expensive, external hydrogen donors are

usually employed.” Hydrogen donors not only supply hydrogen, they also play the role of a
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solvent, thus preventing repolymerization by stabilization of reactive radical species, decreasing
the char formation and they partially deoxygenate lignin.>* Commonly utilized hydrogen donors
are carboxylic acids, such as formic or acetic acid.%¢-7- 7

One of the non-traditional hydrogen donors that became attractive in recent years is tetralin.
Tetralin has been used as a stabilizer of radical species formed during fuel production from
petroleum and coal liquefaction.”®”’ Tetralin gained an attention due to its high boiling point and
ability to form stable naphthalene when releasing hydrogen at hydrocracking conditions, thus not
causing any side reactions with the hydrotreatment products.’® Toledano et al. used tetralin and
formic acid in the presence of several transition metal catalysts to decompose organosolv lignin at
mild conditions employing microwave heating.®! Both hydrogen donors provided a comparable
total yield of monomers of approximately 1% wt.®! Kim et al. disintegrated organosolv lignin in
the presence of either tetralin or isopropylalcohol at temperatures 300, 350 and 400 °C. The amount
of monomers yielded was 6-12% wt. of initial feedstock’” Thring and Breau performed
hydrocracking of organosolv lignin at 370—410 °C in the presence of tetralin yielding up to 50%
of degraded lignin. Addition of a Ni-W catalyst improved the yield of the gaseous products,
however the yield increase of phenolics in the liquid phase was negligible.®

Another important parameter responsible of the product yield and selectivity is solvent
selection. The degradation reactions occur mostly at sub- or supercritical conditions, when the
solvent provides a better solubilization ability. In addition, the solvent can be easily separated and
the reaction setup also allows for use of additional hydrogen donors, such as acids.®? At such
conditions, water is a solvent of particular interest, not only because of the economical aspect, but
also because of the unique properties that can be readily controlled by changing temperature and

pressure.®® Supercritical water dissolves organics and gases produced during the hydrotreatment,
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however inorganic salts become insoluble. In addition, Takami et al. confirmed that the
monomeric reaction products in the presence of supercritical water suppress the char formation.®*

Wahyodiono et al. performed degradation of alkali lignin in near-critical and supercritical
water at 350—400 °C and 25-40 MPa. At 400 °C the reaction yielded 30.5 %wt. of catechol, 3.3
%wt. of phenol, 8.8 %wt. of m- and p-cresol and 3.7 %wt. of o-cresol in the bio-0il.3* Pinkowska
et al. conducted an alkali lignin hydrotreatment in sub- and supercritical water using a lab scale
batch reactor at 280-390 °C for up to 4 h, obtaining a maximum yield of 11.2%wt. of guaiacol,
11.1%wt. of catechol, 4.2%wt. of phenol and 7%wt. of different cresol isomers in initial lignin.*®
Hidajat et al. performed a hydrotreatment of Kraft and hydrolysis lignin at 330 °C for 30 min in
subcritical water and supercritical MeOH in the presence of bases (NaOH, KOH and Na,COs3).
The Kraft lignin treated in supercritical MeOH provided 7.8%wt. of aromatics and 28.5%wt. of
char. The aromatics consisted mainly of methoxylated species, due to a high MeOH methoxylation
ability. The amount of char in subcritical water decreased to 15.8%wt. and the aromatics yield
increased to 17.9%wt. The aromatics consisted mainly of alkylcatechols.*® The reason for such
differences are a lower dielectric constant of MeOH (lower polarity) at these certain reaction
conditions, causing the bases in MeOH to precipitate and possible neutralization of the basic
catalyst by the acidic reaction products.

Another option is a solvolysis by sub/supercritical alcohols. They form a sub/supercritical
fluid at relatively low pressures and temperatures (200-350 °C) depending on a particular
solvent.?” They also exhibit a good heat transfer, low toxicity, ability to dissolve high molecular
masses, low char formation and prevention of repolymerization.” 878 Besides lignin, they can

also solubilize other lignocellulose components.®
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Since the organic solvents do not provide sufficient hydrogen donor capacity, they are usually
combined with acid catalysts. Riaz et al. subjected a hydrolysis and kraft lignin to supercritical
EtOH with an addition of formic acid. 85%wt. yield of bio-oil was obtained and the oxygen content
was decreased by 44% at 350 °C applied for 30 min.”® Another related issue is that the presence
of hydrogen provided by the donors can be used to regenerate the protonated form of the solvent
instead of hydrogenolysis of the ether bonds in lignin.”! Warner’s group solved this problem by
using Cu and La doped hydrotalcite when degrading organosolv lignin in supercritical MeOH.”!

Recently, the application of supercritical CO, was evaluated due to its ability to form a
supercritical fluid at a relatively low temperature and pressure (31 °C, 7.4 MPa), low cost, safe use
and power of dissolving a wide range of chemicals. Gosselink’s group degraded an organosolv
lignin in a mixture of supercritical CO>, acetone and water at 300 °C and 100 bar for 3.5 hours
obtaining 10-12%wt. of monomeric aromatics.””> Numan-Al-Mobin et al. confirmed that CO,
affects the reaction selectivity, since with different water:CO. the percent contribution of each
monomeric product changed. The guaiacol yield at the 1:5 water:CO; ratio reached 28%rel., while

at 1:1 it was only 18%rel.”

1.2.2.3 Transition metals catalyzed reactions
Either supported or unsupported transition metal catalyst significantly affect the
hydrotreatment product yield and selectivity, since every metal catalyzes specific reaction
pathways.®® 4 In this study, nickel based catalysts were of the major interest. Nickel has a high
industrial potential for its low cost, broad availability, high activity and compatibility with a wide
range of solvents.”> Regarding the reaction selectivity, nickel is mainly known as a powerful
hydrogenolysis and hydrodeoxygenation catalyst.’® ®>¢ This property is especially important

when the lignin degradation products are thought to be used as a fuel, where a high content of
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hydrocarbons with a minimized amount of oxygen is preferred.” Jin et al. evaluated the
hydrodeoxygenation activity of various nickel catalysts on anisole, a lignin model compound.’®
The experiments were conducted at relatively mild conditions: 180-200 °C and 0.5-3.0 MPa H»
pressure. All the tested catalysts exhibited hydrogenation and hydrodeoxygenation activity to some
extent, however the catalyst support was proven to be the crucial parameter determining the
reaction selectivity. Ni supported on activated carbon and mesoporous silica drove the reaction via
the hydrogenation of the aromatic ring yielding cyclohexylmethylester, while Ni on regular SiO»
the hydrodeoxygenation product cyclohexane is the major.”> Forchheim’s group evaluated
catalytic properties of Raney Ni using guaiacol and catechol as starting reagents. At 250 °C and 1
MPa H; pressure cyclohexanol and phenol were obtained as the main products.”

Another significant nickel properties are a capability to decrease the char formation and the
biooil oxygen content.’® Forchheim et al. also claimed that the nickel catalyst presence increases
the gaseous products amount.”® This observation is particularly convenient, when the main goal of
the lignin degradation is gasification, e.g. for syngas production. Tsodikov et al. applied a
microwave heating providing an average temperature of 700—750 °C on kraft lignin mixed with
Ni nanoparticles without the solvent presence yielding 65%wt. of syngas of H./CO 1:1
composition.”” Geng et al. also confirmed that the Ni based catalyst can be used for lignin pyrolysis
(without the solvent), when subjecting alkali lignin to temperatures 300—-600 °C. At 600 °C without
the catalyst presence the liquid products yield reached 21.2%wt. After the addition of nickel
formate the liquid fraction amount increased to 30.2%wt. and the solid residue content was
lowered by 2.3%wt.>®

The initial goal of our research was to find conditions (mainly to find the proper catalyst) to

yield as high concentration of monomers and dimers as possible regardless the product
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composition and close the mass balance of all the fractions produced. Table 2 summarizes the
remarkable studies focusing on the product quantification, where nickel based catalysts were used
to degrade lignin. All the experiments were conducted at higher temperatures of at least 120 °C
and increased pressure. Gaseous hydrogen atmosphere was mostly used to provide additional

hydrogen needed for hydrogenolysis. 24 27- 69 80,94,96.98-107 [y some studies an inert atmosphere of

98, 108

either nitrogen or argon'® is used. Monometallic catalysts are rarely used, the only nickel

catalyst applied in degradation studies, which might be considered to be monometallic, is Raney

nickel (activated Ni catalyst slurry in water).?” %% 195 197 The published studies were mainly

performed using metal catalyst on zeolites,® %> 10 silica,!%% 11112 glymina,?* 19191 gilica-

80-81, 100-101 69, 94, 103-104, 113

alumina, activated carbon and other support materials. In experiments

performed without the inorganic support bimetallic catalysts are mostly used.” !4

There are several obstacles, which complicate the direct comparison of the data. For our

research, we have been using Kraft alkali lignin, however the reported studies use also different

5, 111 63, 94 27, 98

lignin types, e.g. solvolysis, soda, enzymolysis or lignosulfonate lignin,'®> which

obviously affects the amount and distribution of the reaction products. Some studies do not even

103, 115 In

start with pure isolated lignin, but with the unseparated wooden biomass. some

quantification papers, the catalyst screening is conducted on a lignin model compound instead of
lignin itself, since it is easier to evaluate the reaction mechanism and kinetics.”® '

Another complication in comparing the data obtained by different researchers is a lack of
agreement of how to present the results. One of the most important criteria characterizing the
degradation process efficiency is the bio-oil yield. However, there are multiple definitions of bio-

oil. Probably the most accurate one defines the bio-oil as a product fraction soluble in an organic

solvent.%%81: 119112 The common bio-oil yields are in a range of units of %wt. to approximately 30
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%wt. 5381110112 Nevertheless, the overall amount of degradation products is mostly reported as %
of organic/liquid phase or % of conversion/solubilization, which includes not only the amount of
degradation products dissolved in the organic solvent, but also the solvent itself.?” ?% 19 Other
index that is not presented uniformly is the yield of low molecular weight compounds/monomers.
The most comprehensible way to report the yield of monomers is as a %wt. of initial lignin,
however many researchers show their data in normalized %, which do not account for different
detector response of each compound.?* 8% 190-191 Ty addition, these normalized abundances of the
reaction products are usually related to the organic/liquid phase, not to initial lignin.** Also, many
studies are not comprehensive regarding the analysis of a broad range of products, but they focus

1,76 "1 or they quantify the

only on the most abundant products, e.g. guaiacol, phenol and catecho
degradation products as a specific group with common properties, i.e. phenols, guaiacols, saturated
and unsaturated compounds. ' 19113 The biooil and monomers recoveries were presented in %owt.
of initial feedstock, when the authors presented their data in these units or when the recalculation

was possible, otherwise the data in Table 2 are shown in units published in the particular work,

since the recalculation is not possible due to incompatibility of the units.
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Table 2: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin Reaction s‘o.lvent and Catalyst Reaction conditions Yield of bio-oil Yield of Reference
additives monomers
Organosolv Water NiRu, NiRh, NigsPd;s L12h; 131(_)1 ¢ 1 MPa Not reported Up to 3.3 %wt. 5
2
5-140 min; 207-307 °C;
. MeOH or EtOH/water 5:2 Raney Ni with acidic 2.7 MPa p;i, 9-27 MPa o 12.9%wt. for 08
Enzymolysis (v/v) zeolites final pressure (H; or 48-64%wt. Raney Ni
N2)
Enzvmolvsi 0.75 M NaOH + Ranev Ni 3.5h; 120-200 °C; 2 16.7%wt. (no 3.6-4.4 mmol/g 27
YMOLYSIS dioxane/water ey MPa H, NaOH) of OH groups
NiMO supported on pure 1 h; 200-350 °C; pi Aqueous fraction 7 2%wi. of
Organosolv Water, MeOH and ZrO, doped 101 kPa, otherwise not after reaction up to .syr(i)ngé)l t

Kraft, organosolv,
Inbicon

Organosolv

Organosolv

Supercritical t-BuOH

Water with addition of
NaOH (0-2.7 eq.)

Tetralin, formic acid

mesostructured silica

Pt/C, Pd/C, Ru/C, Ni/C
and other transition
metals supported on

activated carbon (Pt, Pd,

Ru)

Ni7Au3

2-10%wt. Ni, 2%wt. Pd,
2%wt. Pt, 2%wt. Ru
supported on
silica/alumina

reported

40 min; 350 °C; 3 MPa
pi, max pressure 15
MPa in H,

2,4 h; 130, 160 °C; 1
MPa H,

30 min; 140 °C
(microwave); 101 kPa

10%

49.5% wt. (Ni/C)

Not reported

max 30%wt. (10%
Ni)

8.6%wt. (Ni/C)

Up to 10.9%

0.4% wt. (10%
Ni)

104

99

81
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Table 2 continues: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin Reaction s‘o.lvent and Catalyst Reaction conditions Yield of bio-oil Yield of Reference
additives monomers
Ni doped tungsten
phosphide supported on &m0 . 0.5%wt. of
Alkali Water:EtOH 1:1 (v/v) activated carbon (Ni- 2 h; 280 °C; 2 MPa >0 Aywthgi‘eorganlc phenols (Ni- 13
WP/AC), WP, WP/SiO2, P WP/AC)

Glycerol, diethylene
glycol (1:1 w/w) and
3%wt. of p-
toluenesulfonic acid used
for liquefaction, tetralin
for subsequent
hydrotreatment

Organosolv + other
biomass fractions

Glycerol, diethylene
glycol (1:1 w/w) and
3%wt. of p-
toluenesulfonic acid used
for liquefaction; tetralin,
2-propanol, phenol, m-
cresol, anthracene,
cyclohexanol, xylene and
pyridine for subsequent
hydrotreatment

Organosolv + other lignin
fractions

WP/AC, Fe-WP/AC

NiMo/Al>O3, Ni/SiO»-
ALOs, Pd/ALOs, Pd/C,
MoS;

NiMo/AL O3 Pd/ALOs,
Pd/C, Ni/SiO2-Al 03,
MoS;

100-190 min; 350 °C;
8 MPa H,

60-200 min; gradual
increase to max T 300
°C; 8 MPa H,

After the reaction
liquid and condensed
water fraction
together up to cca
98% wt. (200 °C)

After the reaction
liquid and condensed
water fraction
together up to cca
95% wt. (300 °C in
tetralin)

Yorel. sorted
by functionalities
(based on FTIR)*

%rel. sorted by
functionalities
(based on FTIR)*

101
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Table 2 continues: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin

Reaction solvent and
additives

Catalyst

Reaction conditions

Yield of bio-oil

Yield of
monomers

Reference

Soda

Solvolysis

Acidolysis, alkali

Soda

Enzymolysis

Supercritical water and
ethanol

Tetralin

Ionic liquid BMIM OAc,
methanol, EtOAc, water

Tetralin

Near-critical water

NiCl,, Ni(Oac),, FeCl,,
CuCl,, CoCl, AlCI3,
Fe(OAc),, Cu(OAc),,
Co(OACc), Sc(OTf);

(Lewis acids)

6%Ni/19%W on
silica/alumina

nano Ni, Fe;O4—
(NiMgAlO)x and

(NiAlO)x, NiO nanosheet

Alumina supported NiMo

sulfide

Raney Ni

4 h; 400 °C; pressure
not reported

15-120 min; 370410
°C; 1 MPa Ha p;,
otherwise not reported

6,24 h; 1ab T, 180 °C;
0.1-1 MPa of H,

5h; 350 °C, p; 2 MPa,
final 8 MPa of H,

30, 120, 270, 1200 min;
25-400 °C; 1 MPa H,

11%wt. (AL(Oth)3 at
400°C)

Less than 50% of
lignin solubilized,
DCM organic
fraction 4-8%

Only % of
solubilization: Up to
~94% (nano Ni)

~65% of liquid
products (5 h w/
catalyst)

Not reported

6.2%wt. (NiCLy);
7.1%wt.
(Ni(OAc),)

Only relative
abundances in
DCM fraction
(catechol most

abundant
21.9%rel.)*

Only % of m/z
distribution: Up to
60% of GC-
elutables in 100—
500 m/z range
(nano Ni)*

Only %rel.
abundance of
functionalities

(NMR and FTIR
characterization)®

1.6% wt. of

guaiacol, phenol
and catechol (400
OC)

63

80

102

24

96
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Table 2 continues: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin Reaction s‘o.lvent and Catalyst Reaction conditions Yield of bio-oil Yield of Reference
additives monomers
Water, cyclohexane, i- Ni/AC, NiLa/AC, Only % of (()fynrlzl s)eloefcr‘iz}g};
PrOH, 1,4-dioxane, NiPt/AC, NiCw/AC, Conjer;’ion s ; 4J_
Lignosulfonate MeOH, EtOH, Propylene NiPd/AC, NiCe/AC, 2 h; 200 °C; 5 MPa H, AR P 103
. . (solubilization): Up propyl and 4-
glycol, glycerol, ethylene Ni/MgO, Raney Ni, o . )
Ivcol NUMCM-41 to 75% ethylguaiacol):
gy Up t0 95% *
Supercritical MeOH, . 40 min; 350 °C; 3-19 50.0-60.2%wt. of 9.4-10.9%wt. 104
Soda E{OH, 2-propanol N/C, PUC, PC, Rw/C MPa (Hs) liquid phase (Ni/C) (NI/C)
Supercritical McOH, NiW, NiMo, CoMoon gy 37500, 3 5 \py ~ MeOH soluble oil - ¢ 5 g 50/ o
Kraft EtOH. 2-propanol zeolite, activated carbon H 40-82%wt. (NiW, (NiW, NiMo)
» £PrOP and MgO/LaO 2 NiMo) ’
33.8-44.9%wt.
MeOH:water 1:1 (v/v), 7h: 220 °C: 0.1 MPa EtOACc soluble 21% wt. (Ni
Kraft addition of NaOH (1.7 HZSM zeolite w/wo Ni ’ Ar products, 16.0- doped zeolite with 109
mM) 19.1%wt. water 1.7 mmol NaOH)
soluble products
Keaft MeOH, EtOH, THF, i- TiN-Ni (1, 10 and 50% 1.5-4.5 min; 150 °C; 28-71%wt. of Not reported s
PrOH Ni/Ti molar ratio) 2.5 MPa organic phase p
Organosoly MeOH Ni/C (11%wt. Ni) 6h; 200 °C; 0.2-0.9 Not reported 6-32%wt. 108
MPa N,
. 30 min; 150 °C (100 W
) _ >
Organosolv Formic acid 10% Ni on SBA-15 microwave heating); 12-35%wt. ~1%wt. 12

mesoporous silica support

pressure not reported
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Table 2 continues: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin Reaction s‘o.lvent and Catalyst Reaction conditions Yield of bio-oil Yield of Reference
additives monomers
2-PrOH, . Only selectivity
. 8 h; 200-300 °C; 0.7 27-83% of saturated and 105
Organosolv Methylcyclohexane, Raney Ni o
MPa H, solubilization unsaturated
MeOH
products
. Water, MeOH, EtOH i~ > YPes OF i foped andd 5 g1, 960 300°c:1 403 79.9%wt of Lo 1o g0, o o6
yArolysis PrOH P P MPa H, liquid fraction ’ o
mesoporous silica
NiOMgAIOy (30%wt. of
. o NiO), Co;04sMgAlOy, 4 4 h; 400 °C; pressure 10.8%wt. (with 118
Hydrolysis Supercritical EtOH types of CuOMgAIO, not reported Not reported NiO)
differing by CuO doping
Bio, Eucalyptus, . . oC-
Hardwood (isolation Formic acid H-ZSM-5 zeolite doped 1 h; 180 °C; pressure 5-20%wt. 7.0-11.4%wt. 1o
. with 2, 3.5 and 5% NiO not reported
technique not reported)
Organosolv Subcritical water 5 Raney Ni catalysts 3 h; 360 °C; 7 MPa H» ~40-60%wt. 4.8-10.2%wt. 107
i 15 different NiO/SiO> 4 h; 340 °C; 20 bar N o 3-53%wt. of 119
Soda Supercritical EtOH combined with Ni,P or Hy 11-44%wt. biooil
CuMgAIOy, NizP/SiO,, . o 101
Alkali Supercritical EtOH Ni/SiOp, Ni/amorphous ~ + 15 340 °C; 10-30 bar 8-52%wt. 2-26%wt. 120

Si/Al N or H
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Table 2 continues: Nickel catalyzed lignin hydrotreatment experiments

Type of lignin Reaction s‘o.lvent and Catalyst Reaction conditions Yield of bio-oil Yield of Reference
additives monomers
Subcritical %rel., guaiacol
. water/subcritical CO», NiO, Ce doped SC 10 min; 100400 °C; v 121
Alkali subcritical stabilized ZrO; 22.1 MPa Not reported and ;]s;lrlll(ligln?mt
water/subcritical N
Yorel.;
propylguaiacol,
Organosolv Supercritical EtOH FeB, NiB, FeNiB 2h; 320 °C; pressure Not reported propenylguaiacol 122
not reported and
propenylsyringol
most abundant
. Raney Ni/CsH;. 3 h; 250-280 °C; 3 MPa 9.5-45.7%wt. of 55 <0 123
Enzymolysis MeOH/water PW10u0 H, aqueous phase 13-22.5%wt.
Sofiwood pine Water Ni, Ru, Fe, Cuand Zn 4 h: 250 °C: 4 MPa H, Only % of Up to ~35%wt. of 124
p doped zeolites ’ ’ conversion hydrocarbons
Ni, Ni/Fe, Fe, Pd, Pt and ) g o
Organosolv MeOH Ru supported on activated 6 h; 180-240 °C; 2-10 Not reported ~4-23%wt. 125

C MPa H,

# shown as normalized % of GC-elutable compounds
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1.3 Methods of analysis

BET surface analysis

. Scanning electron microscopy (SEM)
high pressure > «— solvent = .
o Transmission electron microscopy (TEM)
Lignin hydrotreatment "
high t " : e | X-Ray diffractometry (XRD)
Ightemperatie S & X-Ray fluorescence (XRF)

ST Inductively coupled plasma —atomic emission

filtration/centrifugation H\ spectroscopy (ICP-AES)
Thermogravimetry (TGA)

Pyrolysis gas chromatography ==

{Py-GC-MS) e L

Matrix assisted laser s liquid s SE0N

desorption ionization — Time [~ solid (<500 Da) g‘i;'s

?;ﬂinggtTr?)an)S = o “‘f - argz!r;\;c |Gas chromatography coupled with flame ionization|
Thermogravimetry {TGA) solubilization solvent (| g detector {GC-FID), thermal conductivity detector
Differential scanning (THF) EtOAc) (GC-TCD), and combination of thermal conductivity
calorimetry(DSC) detector and mass spectrometry (GC-TCD-MS)

— | organic extract
solubilized oligomeric products
| o

bio-oil —JLGravimetry

I"High performance liquid chromatography— '
mass spectrometry (HPLC-MS)
G(.E\ pef’meation chromatography coupled (*H-NMR, 23C-NMR) and ’ . —
with diode ar.'ray detector (GPC-DAD), EstiRase CanErsrn infarea | Gas chromatography coupled with flame ionization
refractometric detector (GPC-RI), and spectroscopy (FTIR) detector (GC-FID), thermal conductivity detector
evaporative light scattering detector (GPC- (GC-TCD), and mass spectrometry (GC-MS)
ELSD)

| Nuclear magnetic resonance | A

Figure 3: Analytical methods used for lignin and its degradation products

A diagram describing the typical suite of analytical methods used for lignin degradation
products and the reaction mixture (catalysts) is presented in Fig. 3. The hydrotreatment lignin
reaction usually results in a multiphase batch of components, which have to be separated first. The
produced gas is either collected in Tedlar bags or the reactor setup allows for a transfer of the
gaseous products directly into the analytical device.%® !¢ The solid residue is separated from the
liquid phase by either filtration or centrifugation.'? 7388

Assuming that the liquid portion consists of degradation products dissolved either in water or
an aqueous phase with organic solvent, a liquid-liquid extraction to an immiscible organic solvent
has to be performed in order to analyze the volatile fraction (<500 Da) by GC-MS, GC-TCD or

GC-FID.5% %4 127128 The common solvents used are DCM or ethylacetate.®® ? 128129 [n case of

water-organic solvent reaction mixtures, the organic solvent can be separated by vacuum filtration

31



and the two fractions can be treated separately.”® The aqueous fraction contains low molecular
weight lignin degradation products in the form of oil droplets. After the water evaporation, their
% wt. yield can be obtained by gravimetry and reported as “bio-oil”, i.e., product portion
extractable to organic solvent, however, not all the bio-oil components are GC-elutable.”®

The solid hydrotreatment fraction (filtration residue or centrifugation pellet) is usually rinsed
with the reaction solvent and either dried for a gravimetric measurement in order to close the mass
balance or further dissolved for additional characterization.”® The solid portion consists of coke
(product of burning without the presence of oxygen), as well as non-degraded and modified lignin.
Since both the non-degraded and modified lignin consists mainly of higher molecular weight
oligomers or polymers (> 500 Da), LC systems are used for the analysis.'?® 13® One of the main
parameters characterizing both intact lignin and the degradation fractions is molecular weight. The
different lignin fractions are mainly separated by using size exclusion chromatography (SEC),
especially by gel permeation chromatography (GPC).>> %4128 139 GPC is a separation method used
for organic soluble compounds (the mobile phase is an organic solvent). Therefore, when the solid
reaction products are being analyzed, they have to be solubilized, mostly in THF.'?® 130 The
commonly used detectors employed with GPC are refractometric (RI)*> ! 12 UV-Vis/diode array
(DAD)"-?* 128 and evaporative light scattering detector (ELSD)."*! Since these detectors obviously
do not provide mass spectral information, a calibration using commercially available standards has
to be performed."*® However, there are no lignin standards for MW measurement available,
therefore polystyrene standards are mostly used.!*® Alternatively, liquid chromatography (HPLC)
coupled with mass spectrometry is applied on lignin degradation products, particularly those of

lower molecular weight.'?® 132 Electrospray ionization is used in this case to ionize and vaporize
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the higher molecular weight lignin products.”® Jiang et al. were able to analyze the lignin
degradation products of MW up to 1500 g/mol.”8

The most of chemical information about solid lignin samples is provided by Py-GC-MS. By
applying a preset temperature program for the thermal decomposition of the sample, accompanied
with the GC separation and MS detection, it is possible to identify the degradation products specific
for a certain temperature fraction, thus allowing to reveal the degradation mechanism or estimate
the bond energies.**3® A common non-chromatographic method of lignin MW determination used
mostly for solid samples is matrix assisted laser desorption ionization (MALDI) coupled with time
of flight (TOF) mass analyzer.”® 128129 133 However, MALDI-TOF suffers from several issues
complicating the data processing and correct mass determination. The laser used for MALDI
causes excessive fragmentation of both analyte and matrix leading to a large amount of
fragments.'**!13> As a consequence, the abundance of the molecular ion is significantly decreased
and the mass spectra is characteristic by an intensive background noise in mass range <1000 Da.'3%
135 Regular polymer thermal properties tests, such as thermogravimetry (TGA) or differential
scanning calorimetry (DSC), can also be applied for solid lignin samples.'3°

The gaseous degradation products, e.g., CO, CO,, CH4, C2Hg, CoH4 or C3Hg are mainly
analyzed using GC accompanied with TCD and FID detector.”* Due to the fact that the TCD is a
non-destructive detector, Joffres et al. used GC-TCD-MS for the analysis of gaseous lignin
degradation products.**

For lignin characterization, regarding the functionalities, the main techniques used are NMR

("HNMR or *C NMR)*> 137138 and FT-IR. 28 136-137. 139 They are applicable for both the liquid and

the solid product fractions after the solubilization.
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Many lignin degradation studies using a catalyst also conducted the catalyst characterization.
The particle surface area, the pore diameter and volume are measured by adsorption isotherms,
mostly BET.!'"- 1% The results obtained by BET can be confirmed by obtaining the catalyst images

Y139 or transmission electron microscopy (TEM).®> The

using scanning electron microscopy (SEM
crystalline structure is determined by X-ray diffraction measurements (XRD) usually using Cu
radiation.” '* The amount of individual components, as well as the evaluation of their % decrease
during the catalyst recycling, can be evaluated by using X-ray fluorescence (XRF) or inductively-

coupled plasma-atomic emission spectroscopy (ICP-AES).'?”- 13% The same as for lignin, the

catalyst thermal properties can also be studied, e.g., by TGA.'*

34



1.4 Statement of Purpose

The main aim of the presented work was to develop a new method for the analysis of lignin
and its degradation products by TCA with regards to the maximum recovery of all the degradation
products and successful mass balance closure. For this purpose, the drying and purging time of a
wide range of lignin model compounds in various solvents were evaluated. In addition, other
factors potentially affecting the TCA profile, such as sample loading, surface interactions and
initial step temperature were investigated.

In the second part of the study, lignin hydrotreatment experiments performed in a static batch
reactor were studied. The goal of the hydrotreatment studies was to evaluate the effect of the
reaction temperature and the presence of catalyst, particularly different nickel based catalysts,
zeolites, silica-alumina and activated carbon, on the product yield and distribution. GC-MS was
used for the product characterization, however the disadvantage of this analytical technique is that
only volatile species are detected. Therefore, a parallel comparison with TCA was implemented in
order to quantify the remaining fractions of lignin degradation products, which are not GC-
elutable. Moreover, the TCA includes an oxygenation step, where the least volatile lignin derived
polymers and inorganic carbon are supposed to be evolved. Thus, the TCA may become a suitable
method for the complete mass balance closure of lignin degradation products.

Finally, the newly developed TCA protocol minimizing the analyte losses was compared to
the old protocol using longer purging and drying times. In order to identify the lignin degradation
products contributing in the amount of carbon evolved in each temperature fraction, Py-GC-MS

was applied.
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CHAPTER 2. EXPERIMENTAL PART
2.1 Materials

The organic solvents used in this study involved DCM, MeOH, acetonitrile (ACN) and THF
of GC or HPLC grade, all purchased from VWR (Airlington Heights, IL, USA). Deionized water
was obtained from distilled water further purified using Direct-Q 3 UV system purifier (Millipore,
Billerica, MA, USA) claiming the purity below 5 ppb of organic carbon. For the thermal carbon
analysis (TCA) method optimization following standards were used: guaiacol (99%), syringol
(99%), levoglucosan (99%), vanillin (99%), homovanillyl alcohol (99%), vanillic acid (97%),
phenol (99%), methylguaiacol (98%), propylguaiacol (99%), syringaldehyde (98%) and
pinoresinol (> 95%). All the chemicals were purchased from Sigma-Aldrich (Milwaukee, WI,
USA). Bicreosol was synthesized at UND chemistry department.'* For the TCA calibration
purpose, sucrose (99%) purchased from Alfa Aesar (Ward Hill, MA, USA).

Besides already mentioned guaiacol, syringol, vanillin, homovanillyl alcohol, vanillic acid,
phenol, methylguaiacol, propylguaiacol and syringaldehyde following standards were used for
GC-MS calibration: p-cresol (99%), 4-ethylphenol (97%), 4-propylphenol (99%), mequinol
(99%), vinylguaiacol (98%), acetovanillone (98%), homovanillic acid (98%), isoeugenol (99%)),
4-ethylguaiacol (98%). All of the standards were purchased from Sigma-Aldrich (Milwaukee, WI,
USA) except mequinol purchased from Pfaltz&Bauer (Waterbury, CT, USA). o-terphenyl (99%)

used as an internal standard (IS) and 4’-chloroacetophenone (97%) used as a recovery standard
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(RS) were both purchased from Sigma-Aldrich (Milwaukee, WI, USA). TD-14 was synthesized
at UND chemistry department. For the derivatization of hydroxyl groups N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization grade reagent purchased from Sigma
(Milwaukee, Wisconsin, USA) was used.

For hydrotreatment experiments alkali lignin from Sigma-Aldrich (Milwaukee, WI, USA) was
used. The elemental analysis of alkali lignin was performed by Atlantic Microlab, Inc. (Norcross,
GA, USA) resulting in 64.14% C, 5.79% H, 1.39% S and 0.46% N. For the catalyst screening
following Ni based catalysts were used: <50 pm particle Ni (99.7%), <100 nm particle Ni (99%)
and <1 mm Ni on silica/alumina purchased from Sigma-Aldrich (Milwaukee, WI, USA). 50%
Raney Ni activated catalyst slurry in water was purchased from Acros Organics (NJ, USA). The
properties of the nickel based catalysts used in lignin degradation studies are shown in Table 3. 6
different silica-alumina based catalysts obtained from Dr. Seames’s group from UND Chemical
Engineering department were tested, i.e., undoped silica-alumina and silica-alumina doped with
1% Cu, 1% Ni, 1% Li, 1% Ga and 1% Fe, respectively. LaO, MoO and CoO doped activated
carbon and zeolite catalysts were obtained from Dr. Raynie’s group from SDSU Chemistry

Department.

Table 3: Particle diameter and surface area of Ni based catalysts used in lignin degradation studies

Catalyst name Particle diameter Surface area (m?/g) Manufacturer
uNi <50 pm 2-5 Sigma-Aldrich
nNi <100 nm 27.8 Sigma-Aldrich

Nion S1/Al <] mm 190 Sigma-Aldrich
Ni slurry Not specified ~100 Acros Organics
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2.2 Methods
2.2.1 Lignin hydrotreatment reactions
2.2.1.1 Static batch reactor setup
The lignin hydrotreatment experiments have been conducted in a lab scale batch reactor
consisting of a GC oven (Hewlett-Packard GC5890) and rotary part made of Leeson permanent
magnet DC gearmotor (Grafton, WI, USA) equipped with Dayton DC speed control. The rotor
part was implemented in the thermally insulated door of the reactor. The heated part of the rotor
contains five holders, where stainless steel vessels with the reaction mixture can be placed. The
vessels were stirred at approximate rate of 3 rpm in order to provide sufficient mixing of the
reaction mixture. The stainless steel vessels were purchased from Parker (Cleveland, OH, USA).
Each vessel had a length of 6.325 cm and an internal diameter of 0.71 cm. The vessels were sealed
with two stainless steel caps of 1.1 mL volume. The volume of the vessel without the caps was 2.5
mL resulting in the final volume of the sealed vessel 4.7 mL. The schematics of the static batch

reactor are presented on Fig. 4.
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stainless steel reaction vessel

Figure 4: Static batch reactor setup

2.2.1.2  Lignin hydrotreatment reaction conditions

For both catalyzed and non-catalyzed lignin hydrotreatment reaction water was used as a
solvent. In the first, non-pressurized experiment 0.10 + 0.01 g of lignin was vortexed with ~6 mL
of water for 2 min. For the reactor experiments the lignin amount and the water volume were
calculated with regards to working in subcritical conditions. For all the reactor experiments the
body of vessel was completely filled with the mixture. However the presence of the sealing caps
ensured sufficient headspace that was important to maintain the gas/liquid equilibrium, which was
crucial in order to maintain subcritical conditions and to avoid any potential safety issues resulting
from the excessive pressure in the vessel. The procedure how to determine the pressure and the
portion of the liquid phase inside the vessel in order to ensure the operation at safe conditions is
shown in Appendix I. Four different reaction temperatures were studied: 200 °C, 250 °C, 275 °C
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and 300 °C. For 200 °C experiments 0.1 = 0.01 g of lignin and 3.2 mL of water were used and the
internal pressure was 16 bar. For the reactions conducted at 250 °C, 275 °C and 300 °C, 0.25 +
0.01 g of lignin and 2.9 mL of water were used, the internal pressure was 40, 59 and 86 bar,
respectively. For the catalyst screening, 0.25 + 0.01 g of lignin, 0.1 = 0.01 g of catalyst and 2.9
mL of water were used.

A set of five reaction vessels was usually prepared for every reaction experiment to be able to
obtain replicate data even in the case of a leak. In order to avoid the leak, a 7 cm long Teflon tape
was attached around both threads and the vessel caps were properly tightened. After the vessels
were placed into the reactor the temperature was gradually increased to the final temperature. A
separate vessel with incorporated temperature probe was placed in the GC oven to determine the
actual temperature in the vessels. The heating times needed to reach the reaction temperature were
5.9 min for 200 °C, 8.5 min for 250 °C, 10.0 min for 275 °C and 11.6 min for 300 °C. At the point
of reaching the final temperature in the GC oven the reaction time was started. The reaction time
of all the reactions was set to 30 min. Since additional time, approximately 5 min, was required to
heat the vessel interior to 300 °C, the actual reaction time at constant temperature of 300 °C was
25 min. After the reaction was finished, the reaction vessels were carefully removed and cooled
down by a stream of cold tap water. In the next step one of the vessel caps was loosened to release
the pressure and the liquid content was transferred to a vial. The vessel was rinsed properly with
the reaction solvent to obtain the final theoretical volume of 7 mL of the aqueous extract. A 1 mL
aliquot was taken afterwards and a liquid-liquid extraction procedure provided in part 3.2.1.3 was
conducted.

Since the aliquot used for extraction did not undergo any filtration, a gravimetry procedure

was implemented in order to account for the amount of solid particles present in the aqueous extract
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and in the vessel after the liquid portion recovery. The reaction vessels were weighed several times
throughout the whole procedure; at the very beginning the vessels were weighed empty, afterwards
they were weighed filled with lignin, water and catalyst before the reaction and finally after the
reaction to detect potential leaks. After the liquid content recovery the vessels were weighed and
then dried at 50 °C to constant weight and weighed again. From the gravimetric data, the tentative
amount of unreacted lignin and the real volume of the aqueous extract needed for quantification
of lignin degradation products could be calculated.

One reaction was conducted in different solvent than water. The experiment was inspired by

the work of Jiang et al.”®

Five stainless steel vessels filled with ~0.25 g of alkali lignin and ~0.1 g
of Raney Ni slurry. Afterwards, a mixture of MeOH/water 5:2 (v/v) was added. Three vessels were
filled fully (2.9 mL of the mixture), another two were half full. The reaction was conducted for 30
min at 275 °C. Similarly as the experiments conducted in water, the rinsing process after the
reaction was performed with the reaction mixture and the theoretical volume of the final extract
was 7 mL.

After the liquid portion was recovered, the vessels were dried at 50 °C to constant weight and
the solid residue amount was evaluated. The liquid extract was consequently filtered using Teflon
syringe filters. The filtration was followed by vacuum evaporation of MeOH. In the next step, the
collected MeOH fraction was dehydrated using an addition of a small amount of anhydrous
NazS0s. The separated water portion was then subjected to an extraction with EtOAc, following a
vacuum evaporation of the resulting EtOAc extract.

The number of sample preparation steps was minimized in the next experiment in order to

decrease potential sample losses. Instead of EtOAc, DCM was used as an extraction solvent. Two

different sets of a DCM extract were prepared. The first was prepared directly from the
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MeOH/water extract right after the hydrotreatment. The second one was prepared from the bio-oil

after the solvent evaporation.

2.2.1.3 Liquid-liquid extraction procedure

In order to be able to analyze the hydrotreatment samples by GC-MS the aqueous solution has
to be extracted to an organic solvent, therefore an extraction method to dichloromethane was
established.'*! First, a 1 mL aliquot was transferred and 50 uL of recovery standard RS (10,000
ppm 4-chloroacetophenone solution in MeOH) was added. Afterwards, the mixture was spiked
with approximately 10 uL of glacial acetic acid to set pH around 4 in order to obtain protonated
form of analytes, which is more likely to be extracted to relatively nonpolar DCM. The pH probe
had to be washed with deionized water to wash out potential recovery standard attached to the
probe. The resulting acidified aqueous solution was then transferred to a test tube and extracted
three times with 1 mL DCM. The resulting 3 mL total volume of DCM extract was then transferred
to a new test tube and 75 pL of internal standard IS (10,000 ppm solution of o-terphenyl in DCM)
was added. The internal standard concentration in the DCM extracts from the hydrotreatment
experiments was the same as in the calibration mixtures. In the final step an aliquot of DCM extract

with internal standard was transferred to an autosampler vial and ready for GC-MS analysis.

2.2.2 BSTFA derivatization procedure
The lignin DCM extracts prepared using the protocol in section 2.1.3 were mixed with the
BSTFA reagent in 1:1 (v/v) ratio. Subsequently, the mixture of the DCM extract and BSTFA was
placed into the oven heated at 70 °C and the derivatization reaction was conducted over night (12

hours).
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2.2.3 Direct GC-MS analyses

GC-MS analysis were conducted on an Agilent Technologies GC5890 system (Santa Clara,
CA, USA) equipped with an Agilent Technologies MS 5975C detector and HP-5MS capillary
column with nonpolar stationary phase of 45 m length, 0.25 mm internal diameter and 0.25 um
film thickness. The following temperature program was set: initial temperature 50 °C hold for 1
min followed by 40 °C/min gradient up to 80 °C followed by second gradient 25 °C/min up to 320
°C hold for 7 min. Splitless injection with 0.2 min splitless time and 0.2 pL injection volume were
used for the sample introduction. The injector temperature was set at 300 °C and the transfer line
temperature at 280 °C. Helium was used as a carrier gas. The column flow was set to 1.5 mL/min,
the septum purge was set to 3 mL/min. The mass spectrometer parameters were set as follows:
solvent delay 4 min, mass range 33-500 amu, quadrupole temperature 150 °C and electron
ionization (EI) source 230 °C.

An internal standard calibration was implemented. For this purpose a set of seven calibration
solutions was prepared starting commonly at approximate concentration of 500 w/v and ending at
0.7 ppm for every calibration standard including RS, where the concentration of 500 ppm
corresponded to 300% recovery in the samples. The calibration mixtures underwent a serial
dilution by a factor of 3. The final GC-MS sample contained 400 pL of the solution and 10 pL of
IS solution, which corresponds to the amount of IS in the GC-MS samples prepared from lignin

extracts.

2.2.4 Thermal-Desorption-Pyrolysis-GC-MS (TD-Py-GC-MS)
2.2.4.1 TD-Py-GC-MS instrumentation and principle
The TD-Py-GC-MS was performed using Pyroprobe 5200 Series obtained from CDS

Analytical, Inc. (Oxford, PA, USA). The main idea is to thermally decompose the sample in the
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pyroprobe in the sequence consisting of certain temperature steps mimicking TCA. Consequently,
the analytes evolved by either simple vaporization or by thermal decomposition are passed through
the transfer line heated at 300 °C to the GC-MS. By using this approach, the degradation products
for each temperature fraction can be identified, thus providing an information about the mechanism

of the lignin molecule cleavage.

2.2.42 TD-Py-GC-MS sample preparation

The lignin model compounds solutions were prepared either in DCM (mequinol, guaiacol,
syringol, bicreosol) or MeOH (levoglucosan and vanillic acid) possessing approximately the same
concentration as the solutions used for TCA method development, i.e. ranging from 5670 to 9224
ppm giving 20 pg of C per 5 uL of the solution loaded for all of them.

The aqueous hydrotreated lignin samples did not undergo any additional sample preparation.
The loaded volume was also 5 pL. The solid alkali lignin from Sigma was also not subjected to
any further treatment. An internal standard solution of 100 ppm o-terphenyl in DCM was used.

The spiked volume was 3 pL.

2.2.43 TD-Py-GC-MS method parameters
The initial lignin model compounds experiments were performed using 200, 300, 890 and
1200 °C final probe temperature steps. Before the probe coil started heating up, the pyroprobe
interface element had to be heated to its final temperature. For all the pyroprobe methods the initial
interface temperature initial hold time was set to 0. In reality, after every analysis the interface was
cooled to approximately 50 °C. For the 200 °C step the final interface temperature was also set at
200 °C, for 300 °C step at 300 °C and for 890 and 1200 °C at 350 °C, respectively. A ballistic

heating rate was applied for the interface. After the interface reached the final temperature, the
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probe coil started heating up at 10 °C/s heating rate and the final temperature was kept for 30s. For
every method the initial probe temperature was set at 40 °C. After the interface residence time,
which was kept for 2.5 min in every method, the 8-way valve position switched and the sample
was not evolved onto the transfer line heated at 300 °C anymore. The valve oven temperature was
set at 320 °C. Since the analyses were performed in pyroprobe (direct) mode, the trap heating was
turned off.

For the solid alkali lignin and hydrotreated lignin samples, two additional methods with 400
and 500 °C probe temperatures were implemented in order to mimic the TCA lignin ramp. The
interface final temperature for both methods was set at 350 °C.

Before the sample was spiked onto the glass wool in the quartz tube placed in the probe, the
coil was pulled out and cleaned at 1200 °C for 5 s. Afterwards, a waiting period of 5 min was
required until the sample introduction in order to avoid analyte losses by evaporation. DCM
samples were subjected to 50 °C for 30 s and all the runs were performed without using a solvent
delay. MeOH and water samples were not dried, since the long drying time might lead to analyte
losses, similar to long drying times before TCA analysis. A solvent delay time of 4.25 min for the
first step at 200 °C was used instead.

A split injection onto the GC column was used for all the Py-GC-MS runs. For the lignin and
lignin hydrotreatment samples a split ratio of 10:1 was used. The lignin model compounds’ profile
was evaluated using 10:1 and 50:1 split ratio. The same temperature program as described in
section 2.2.2 were used for the GC-MS analysis. The detected mass range of the MS was broadened

from 10 to 550 amu in order to monitor air related gases (water, N2, Oz and CO»).
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2.2.5 GC-MS data processing

For the data acquisition, ChemStation software was used. NIST library was chosen to help
facilitating the identification of analytes. The list of all the lignin degradation products separated
by functionalities in the order of elution including their molecular weights and formulas and the
target and confirmation ions used for the peak integration are shown in Table 4.

The quantification was performed in Microsoft Excel based on the peak area corrected with
the IS peak area using two separated calibration curves for low and high concentration, i.e.
approximately 0-20 (w/v) and 20-500 (w/v), respectively. The coefficient of reliability R? never
decreased below 0.95. The standard deviation of a calibration curve was calculated using the
“steyx” function in Excel. The “low slope” was calculated with one order of magnitude of LOD
using the “slope” function in Excel. The limit of detection (LOD) and quantification (LOQ) were

calculated using following equations:

3 * steyx
LOD = —————
low slope
10 * steyx
LOQ = ———
low slope

Finally, the concentrations in the DCM extracts were recalculated with extraction recoveries

and converted into %wt. of initial lignin.
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Table 4: Lignin degradation products, their molecular formula, molecular weight, retention time, target and
confirmation ions and relative intensities of confirmation ions

Target ion,

Analvte Molecular Molecular Retention time confirmation
y weight (g/mol) formula (min) ions (relative
intensities)
Pphenols
94(100), 66(34),
phenol 94 CeHsO 4.52 65(25), 39(18)
107(100),
methylphenol 108 C;7H:O 5.10 108(85), 77(30)
107(100),
ethylphenol 122 CsH100 5.66 122(25), 77(25)
107(100),
propylphenol 136 CoH120 6.20 136(25), 77(15)
134(100),
propenylphenol 134 CoH 100 6.73 133(90), 107(60),
77(45)
guaiacols
109(100),
guaiacol 124 C7Hs0, 5.23 124(88), 81(68),
53(16)
138(100),
methylguaiacol 138 CsH1002 5.86 123(94), 95(32),
67(18)
109(100),
mequinol 124 C/HsO2 5.97 124(90), 81(65),
53(15)
. 137(100),
ethylguaiacol 152 CoH120, 6.36 152(70)
135(100),
vinylguaiacol 150 CoH 1002 6.56 150(98), 107(72),
77(70)
164(100),
eugenol 164 C10H120: 6.80 149(32), 103(27),
131(27)
: 137(100),
propylguaiacol 166 CioH 1402 6.85 166(25), 122(11)
. F 164(100),
isoeugenol-isomer 164 C10H120: 7.07 149(30), 131(20)
. 164(100),
isoeugenol 164 Ci0H120: 7.29 149(30), 131(20)
propylguaiacol-isomer 166 CioH1402 7.35 137(100),

166(20), 122(15)
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Table 4 continues: Lignin degradation products, their molecular formula, molecular weight, retention time, target
and confirmation ions and relative intensities of confirmation ions

Target ion,

Analvt Molecular Molecular Retention time confirmation
nalyte weight (g/mol) formula (min) ions (relative
intensities)
137(100),
4-(ethoxymethyl)guaiacol 182 Ci1oH1403 7.86 138(50), 123(40),
182(30)
137(100),
hydroxypropenylguaiacol 180 CioH1203 8.76 180(50), 124(45),
91(40)
guaiacyl carbonyls
151(100),
vanillin 152 CsHsOs 7.06 152(97), 81(23),
109(18)
. 151(100),
acetovanillone 166 CoH 003 7.51 166(46), 123(20)
acetonylguaiacol 180 C1oH 1203 7.93 113;(()238))’
guaiacyl acids
168(100),
vanillic acid 168 CsHgO4 7.85 153(74), 97(29),
125(19)
ae 137(100),
homovanillic acid 182 CoH 1004 8.21 182(39),122(14)
dimers
L 274(100),
diguaiacylethane 274 Ci6H1504 11.06 137(500)
302(100),
Ci6H140¢ 302 Ci6H140¢ 12.04 259(15)
diguaiacylethene 272 Ci6H1604 12.29 227 1252? 8)) ’
guaiacyl-homovanillin 137(100),
diguaiacylethyne 344 C19H2005 13.75 liﬁg 8)) ’
others
154(100),
syringol 154 CsH1003 6.76 139(45), 96(25),
111(25)
123(100),
ethylcatechol 138 CsHi1002 6.96 138(30), 77(15),
91(10)
166(100),
veratraldehyde 166 CoH 1003 7.50 165(70), 95(25),
151(10)
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Table 4 continues: Lignin degradation products, their molecular formula, molecular weight, retention time, target
and confirmation ions and relative intensities of confirmation ions

Target ion,

Analyte Molecular Molecular Retention time confirmation
weight (g/mol) formula (min) ions (relative
intensities)
homovanillyl alcohol 168 CoH 1203 7.73 18 0223(3)(,1 ?3%’(1 5)
165(100),
dimethoxyacetophenone 180 CioH1203 7.91 180(55), 137(20),
122(10)
recovery standard
139(100),
4-chloroacetophenone 154 CsH;0OCl 6.14 111(46), 141(33),
154(21)
internal standard
230(100),
o-terphenyl 230 CisHis 9.40 229(65), 215(38),
228(36)

2.2.6 Thermal carbon analysis

2.2.6.1 TCA operational principle

Lab OCEC (Organic Carbon Elemental Carbon) aerosol analyzer was obtained from Sunset
Laboratory Inc. (Tigard, OR, USA) and used for TCA. This instrument was originally designed
for thermal optical analysis of atmospheric particulate matter. For purpose of this study, the optical
feature was not used as we have been targeting only organic carbon determined by the flame
ionization detector (FID).

The operation of the analysis is shown in Fig. 5. In the first step, either a liquid or solid sample
was placed on the Pall Flex 2500QAT-UP tissue quartz filter (Pall Corp, East Hills, NY, USA) of
1.5 cm? area. The filter was prebaked in the furnace over night at 500 °C in order to clean the filter
from the moisture and volatile carbon containing impurities, which might affect the analysis
results. Before the analysis, the filter underwent another cleaning step inside the TCA oven at 890

°C, both with and without oxygen (see Appendix II). Consequently, the proper instrument
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performance was checked by the analysis of a sucrose with known amount of carbon. Samples
dissolved in organic solvents required an additional drying step, since organic solvents also contain
carbon atoms that affect the result. In the next step, the filter with the introduced sample free of

organic solvent was introduced into the main TCA oven.

Table 5: TCA operational softwares and their main properties

Software version Offline purging time (s) Online purging time (s)
OCEC828 40 120
OCEC828NoPurge ) 2 (variable, when volatiles are
analyzed)
OCEC828 2+2 2 2

The analysis was controlled by three different versions of software obtained from Sunset lab
Inc. listed in the Table 5 enabling different modes of operation and data acquisition, particularly
affecting Off and Idle and Helium phase. The different version of software controlled the valves
and time purging atmospheric CO; prior or as part of the analysis. Previously, the TCA device had
been designed for the analysis of aerosols in the atmosphere. The implementation of the purge step
in the data acquisition allowed us for the detection of ambient CO», as well as volatile species
evolved at low temperatures. Due to a trace level of aerosols in the air, typical instrumental design
employed a purging (Off and Idle) step at the beginning of the analysis, because the presence of
ambient CO; and carbon containing impurities would significantly affect the results (see Appendix
III). This approach was also used in initial characterization of lignin and lignin degradation
products. Following the offline purging, the system switched to Purge online (Helium phase)
ensuring that the FID signal was stable (see Appendix IV), then the analysis started and the
software acquired the data while still being in Helium phase, i.e., the valve configuration did not
change. During Off and Idle phase no carbon form was passed through the methanizer oven and
therefore no FID signal was obtained. During Purge online the main helium stream passed through

all three ovens, however the software did not collect any data. In the helium phase the sample in
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the main oven was heated up according to the programed temperature sequence and different
temperature fractions were being evolved from the sample. The vaporized sample components
were carried in the helium stream first to the back oven, where all the carbon forms were
catalytically converted into CO2 using MnO; oxidation catalyst at 870 °C. COx carried in the helium
stream was consequently mixed with hydrogen gas and catalytically converted into methane in the
methanizer oven by Ni catalyst at 500 °C. After the last temperature step at Helium phase, a
mixture of helium/oxygen 90/10 (v/v) was introduced to the system (Oxygen phase) and the carbon
species that were evolved neither in lower temperature thermal desorption steps or pyrolytic steps
without oxygen were burned out leaving the clean filter in the main oven (see Appendix V).
Finally, a mixture of 5% methane in helium was introduced to the system (Calibration gas phase)
and a calibration peak potentially used as an internal standard appeared on the thermogram (see
Appendix VI). The main oven cooled down to the ambient temperature and the system switched
back to Off and Idle state waiting for a new sample. For the detailed procedure describing the TCA
operation see the operational manual in Appendix VII. The manual contains a guide for the data
processing using Excel templates, which provide higher precision and better control when
integrating response areas due to more sophisticated baseline settings. Previously, Origin software
was used in order to process TCA data. The data processing procedure in Origin software is
described in Appendix VIII.

The TCA calibration was conducted using serial dilution of a sucrose solution. The calibration
ranged from 0.1 pg to 80 ug of C. Two separated calibration curves were made for low and high
C amount, i.e. 0.1-5 pg and 5-80 pg, respectively. The calculated LOD and LOQ were 0.2 and 0.6

ug of C, respectively.
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Figure 5: TCA operation diagram (Helium phase)

2.2.6.2 TCA method development

The TCA thermogram can be separated into several distinct fractions. All these fractions are
shown in the thermogram in Fig. 6. During 200 and 300 °C temperature steps without oxygen the
thermal desorption fraction (TD) is evolved. Since the GC oven temperature program reaches
similar temperatures, the TD fraction % wt. of carbon evolved can be compared to GC-MS results
(GC-elutable fraction). Therefore, the TD fraction is supposed to be consisted mainly of volatile
monomeric and dimeric phenolics. In the second significant, pyrolytic, fraction (400 — 890 °C
without oxygen) oligomers are evolved. Species that are not evolved in either TD or pyrolytic
fraction, such as elemental carbon or potentially highly cross-linked polymers, are burned out from

the quartz filter at 550 — 890 °C step with oxygen (coked fraction).
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Figure 6: TCA thermogram with distinct carbon fractions

The original “lignin ramp” parameter started with 2.7 min purging (40 s offline and 2 min
online) followed by the first data acquisition step at ambient temperature for 10 s proceeded with
two TD steps of 200 and 300 °C for 6 min with approximate heating rate of 5 and 2 °C/s,
respectively. The pyrolytic steps employed were 400, 500 and 850 °C for 6 min each. The heating
rates below and above 500 °C were 2 and 6 °C/s, respectively.

Once the TD and pyrolytic steps were performed without the presence of oxygen in the He
atmosphere, the main oven was cooled to 550 °C with an approximate cooling rate of 7 °C/s.
Finally, the oxidizing agent mixture of He with 10% of Oz was introduced to burn out the residual

mass (coked fraction). The oxygenation phase involved several short steps starting at 550 °C for
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45 s followed by 625 °C for 45 s, 700 °C for 45 s, 775 °C for 45 s and 890 °C for 120 s. In the
final lignin ramp the ambient step was lengthened to 6 min and the last pyrolytic step was increased
to 890 °C maintained for 12 min.

The lignin model compounds were first studied using a short method including a 10 s long
ambient step and both TD steps lasting 120 and 75 s with an approximate heating rate equal to the
original “lignin ramp.” The pyrolysis section of the temperature program was limited to 700 °C
for 75 s with a 5 °C/s approximate heating rate. This pyrolytic temperature was later increased to
890 °C. For the evaluation of the initial temperature step effect another two parameter files starting
at 100 and 300 °C for 120 s were created. The parameter starting at 100 °C additional TD step at
300 °C for 75 s. The parameter starting at 300 °C did not include more TD steps. In further TCA
optimization the ambient step time was increased from 10 s first to 1 min and finally to 6 min. The
TD fractions were subsequently studied at times of 2.5 and 6 min and the 890 °C (pyrolytic)
fraction at 4 and 6 min. The final program for the “short standard” method involves ambient
temperature step for 6 min followed by 200 and 300 °C TD steps both for 4 min, pyrolytic step at
890 °C for 6 min and oxygenation step with O with same settings as in “lignin ramp.”

The effect of interaction between different functionalities during the drying step was studied
using the “short standard” parameter. The DCM mixtures were dried at 4 min. The first DCM
mixture tested contained the most volatile lignin standards: 1,071 ppm of phenol, 1,930 ppm of
guaiacol, 2,474 ppm of methylguaiacol and 1,620 ppm of ethylguaiacol. A sample amount
corresponded to 17.6 pug of C. In the second DCM mixture the ratio of volatile to less volatile
compounds was increased to approximately 1:1, i.e., 6,965 ppm of guaiacol, 1,471 ppm of
syringol, 2,687 ppm of vanillin and 2,394 ppm of syringaldehyde. A sample amount corresponded
to 26.2 pg of C. Finally, an aqueous solution containing 1,009 ppm of phenol, 2,960 ppm of
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vanillin and 2,728 ppm of syrigol was analyzed after a prior drying of 7 min. A sample amount
corresponded to 20.4 pug of C.

The carbon loading effect was evaluated in the 3.3 to 39.0 pg of C range for lignin model
compounds and in 1.9 to 41.0 pg of C for solid alkali lignin. For the lignin model compounds the
original “short standard” temperature program with 700 °C step and the original “lignin ramp”
were the initial parameters used. The pyrolytic temperature was later increased to 890 °C. The
solid alkali lignin loading effect was evaluated using the final “lignin ramp”.

The initial temperature effect experiments were conducted using 15.6 — 20.5 pg of C loading.
The parameters applied began with original “short standard” method with 700 °C pyrolytic step,
which was later increased to 890 °C.

The substrate effect was studied for both quartz filter sides, i.e. smooth and rough, and glass
boat without the filter use for syringol. The “short standard” parameter with 890 °C pyrolytic step
and original short step times was applied.

Due to a variety of functionalities the lignin model compounds possessed, they had to be
dissolved in different solvents. The standards were dissolved in DCM, except vanillic acid,
homovanillyl alcohol, levoglucosan and pinoresinol, which were dissolved in MeOH. Several
experiments with bicreosol were also performed in ACN. Since an organic solvent contains C
atoms, it cannot be introduced to the TCA machine, therefore a drying step prior the analysis has
to be implemented. The initial drying time for organic solvents was 4 min. Subsequently, the
drying time was evaluated for 1.5, 1 and 0.5 min. The initial drying time used for aqueous solutions
was 7 min, including the hydrotreated lignin samples. Since water molecule does not contain any

C atoms, the water samples were not dried at all in the further method development.
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Another crucial parameter that has an impact on the % wt. recovery is the purging time. The
original purging time was set to 2.7 min (40 s offline purging followed by 2 min online purging).
Since the OCEC828 software does not allow the user to set a certain purging time, the Sunset
Laboratory reprogrammed the software upon our request to minimize the purging time to 2 s for
both online and offline purging (0 could not be set due to valve switching). The first modified
software kept the offline purging at constant time of 2 s, however the online purging time was
variable depending on the sample volatility. The set time for online purging was also 2 s, but when
a volatile sample was being analyzed, the system did not begin the data acquisition until the FID
signal was stable. Therefore, one more modified software was obtained with both offline and

online purging set at 2 s, regardless the analysis parameter or the sample properties.

2.2.7 Thermal gravimetry analysis (TGA)

For TGA analysis, a SDT Q600 TGA instrument (TA Instruments, New Castle, DE, USA)
was used. First, approximately 20 mg of solid Sigma alkali lignin was placed onto an aluminium
boat. The sample was run in triplicate. The temperature program contained 6 temperature steps;
25, 200, 300, 400, 500 and 850 °C, each of them held for 5 min. The nitrogen flow was set at 100
mL/min. The amount of coked fraction was calculated from the difference between the lignin

introduced at the beginning and the amount of mass left after the 850 °C step.

2.2.8 Lignin repolymerization tests
Initially, four different mixtures were prepared, each one of them in triplicate. Two mixtures
were prepared in the static batch reactor. 0.25 g of solid Sigma alkali lignin was heated at 300 °C
for 30 min at 3 rpm approximate mixing rate in 2.9 mL of water and mixture of MeOH/water 5:2

(v/v), respectively. The aqueous (aqueous/MeOH) extract recovery after the reaction was

56



conducted according the procedure explained in section 3.2.1.2, except increasing the rinsing
solvent volume in order to obtain the final theoretical volume of extract 10 mL, ensuring sufficient
amount of sample for continuous screening. The same mixture composition was also prepared at
ambient temperature.

The freshly prepared triplicates of the four mixtures were immediately analyzed by TCA using
the long purging time of 2.7 min in combination with the original “short lignin standard” parameter
consisting of 10 s long ambient step, 200 °C step for 2 min, 300°C for 75 s, pyrolytic step at 700
°C for 75 s, cooling down to 550 °C for 45 s and oxygenation step starting at 550 °C up to 890 °C
for 5 min, including the same heating and cooling rates described in chapter 3.2.6.2. Before the
analysis a sample aliquot was filtered over a Teflon syringe filter. The amount of the sample loaded
onto the quartz filter was 5.0 pL. The aqueous samples were not subjected to any drying, the
samples containing organic solvents were dried for 4 min. Afterwards, the samples were placed
onto a shaker, stirred at 700 rpm and in one week intervals remeasured. 19 days after the initial
mixtures were prepared, a triplicate of another two suspensions was made: 0.25 g lignin in 10 mL
of THF and 10 mL of water/ACN 1:1 (v/v), respectively. The second sample set was stirred at the
same conditions as the first one and the regular analysis continued in one week intervals for another
42 days. Consequently, the each mixture set was split into one suspension, which was kept being
stirred on the shaker; one where a few drops of 6M HCI was added and then the suspension was
kept stirred on the stirrer too and one suspension, which was left on the bench without stirring
subjected to the sunlight. The TCA measurement then continued in one week intervals for another
25 days.

Last set of samples for the repolymerization testing was prepared using the static batch reactor
at 300 °C for 30s applied on 0.25 g of lignin in 2.9 mL of THF/water 1:1 (v/v) mixture. After the
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reaction, the vessel was rinsed with the reaction solvent obtaining 10 mL theoretical volume of the
liquid extract (25,000 ppm of lignin). Consequently, an aliquot of the mixture was diluted by factor
of 10 and the second testing mixture set (2,500 ppm) was obtained. The samples were stirred
continuously at 700 rpm and weekly analyzed by TCA using the “short standard” parameter with
890 °C pyrolytic step and 4 s total purging time for next 25 days. The spiked for diluted solution

was 10 pL and for the concentrated solution 5 pL.
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CHAPTER 3. RESULTS AND DISCUSSION
3.1 TCA method development
3.1.1 Solvent control evaluation and minimizing the solvent contribution

To ensure high accuracy and precision for sensitive carbon determination potential sources of
contamination need to be assessed and minimized. The TCA sample analysis is performed in
various solvents depending on reaction studied and extraction protocol employed. Thus, in this
study the contribution of the following solvents: DCM, MeOH, ACN and THF and the drying time
need prior to the analysis was evaluated (summarized in Appendix IX-XII and Fig. 7).

Initially, the protocol for the analysis of organic solvent containing samples, including the
DCM extract from the batch reactor experiments, included drying for 4 min at 50 °C on a heating
plate and the software with long purging time (~40 s offline and 2 min online purging) was used
for the analysis (see “OCECS828” software in Table 5). For aqueous solutions a drying time of 7
min was initially used. Such drying time was sufficient to dry out the solvent, however the low
recoveries of volatiles (explained in the chapters 4.1.2 and 4.1.3) suggested that the decrease in the
drying time should be tested in order to minimize the analyte losses and the solvent contribution
at the same time. The issue with the volatiles losses was later solved by application of minimized
drying and purging time and implementation of ambient temperature step into the analysis

parameter (see chapters 4.1.2 and 4.1.3).
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Based on the results from the analysis of solvent blanks the drying time was decreased as
follows: for DCM 30 s and for THF, MeOH and ACN 1.5 min. For water, the drying time was
eliminated, since the water vapors at such small volumes (loading volume max. 10 uL) should not
affect the FID signal. Thus, the aqueous solutions were spiked onto the filter and analyzed
immediately without any drying. No fluctuations of the FID signal caused by the water presence
were observed the method development. The thermogram of syringol (7.9 pg of C) dissolved in
water analyzed by “short standard” parameter without prior drying does not show any sudden
increase or decrease of the FID signal within one temperature step caused by water vapors presence
(Appendix IX). Nevertheless, it was observed that the laser transmittance and reflectance is
affected during the analysis of the aqueous samples. Therefore, if the laser signal is needed, it is
recommended to dry the sample completely.

The carbon in solvent control experiments was primarily evolved at pyrolytic temperatures.
Since the filter was cleaned in the main oven before the solvent blank analysis at 890 °C, both w/
and w/o Oz, and the FID signal remained stable on the baseline, suggesting that this C increase in
higher temperature fractions might be most probably caused by carbon containing impurities from
air, which were adsorbed onto the filter during the drying on the heating plate. The presence of
particulate matter containing organic aerosols and inorganic (black) carbon in the air is well known
and has been described in many publications.'**'** An approximate amount of C evolved at TD
fractions was around the LOD level (~0.2 pg of C for all the calibration curves measured),
suggesting that the organic solvent was vaporized. Fig. 7 demonstrates that a relatively significant
FID response (usually 0.5-1.0 pg of C) could be usually observed at the highest pyrolytic step

(700-890 °C w/o O) and at the oxygenation step (550-890 °C w/ O»).
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There is no evidence of changes in the evolved C amount with regards to the changes of the

spiked volume, drying time or the temperature of the initial step'*!, which was proven by the

analysis of DCM solvent controls prepared in summer time. For all the analysis the C amount

contained in TD fraction (starting either at 100, 200 or 300 °C) was lower than the LOD (<0.1 pg

of C). The amounts of C observed in the highest pyrolytic fraction (700 °C w/o O2) and in the

coked fraction are presented in Appendix X, for each set of conditions the analysis was performed

in duplicate. Generally, it can be claimed that the total C amount in solvent blanks does not exceed

1.0 pgof C.

Another set of filter and DCM blanks was run in the winter time in order to evaluate possible

humidity effect, since the outside air in winter tends to be dry. The exposure time of the filter

blanks was 30 s. The DCM solvent blanks were evaluated for two injection volumes, 5 and 10 pL,

61

main oven temperature (°C)



which were spiked onto the filter and then dried for 30 s. The intraday repeatability was tested
using a triplicate of runs for all the studied conditions. In order to evaluate the interday
repeatability, the analyses were performed 3 days in a row. The average of the triplicate data for
these 3 consecutive days for the filter blank and DCM blank with 5 and 10 pL spiked, respectively,
are presented in Appendix XI.

Together with the weather monitoring, the effect of the gloves manipulation was evaluated.
As shown in Appendix XII, the gloves contact with a filter causes a significant increase of carbon
evolving at 890 °C w/o O», probably due to nitriles evolving from the material or C containing
impurities from air adsorbed on the surface. Therefore, it is necessary to handle the filter with a
tweezer every time.

Regarding the DCM blanks, the C amount evolved at TD temperatures and oxygenation phase
never exceeded LOD levels (0.3 pg of C). However, in all three figures there are apparent
increases of C evolved at 890 °C w/o O,. Due to the variation of the individual blanks at the
pyrolytic fraction, the local concentration and particle size distribution in the lab might not be
uniform.

Since the concentration and the particle size of the organic particulate matter in the air may
be affected by the weather conditions, e.g. by the ventilation system or window opening'4>4¢, the
weather was being monitored during the three days of blank measurement and could not be
correlated with the results obtained.

Discrepancies in the amount of C evolved at 890 °C w/o O, were observed in case of filter
blanks and DCM solvent blanks at 10 pL injection volume, which might be related to the weather
change, since it was the only day with precipitations. However, for the 5 pL spiked volume of

DCM the highest pyrolytic fraction is relatively consistent with the other fractions, whereas a
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sudden increase was observed on the second day. A significant increase compared to the regular
values was also observed for the 10 uL. of DCM on the second day, confirming that the TCA blank
results are probably not significantly affected by the outside weather. Since the appearance of the
outliers with the increased amount of C does not have any consistent pattern, the outliers are
probably caused by the changing local concentration of carbon containing air particles. The reason
for such changes might be the air flow in the lab caused by the ventilation system. Non-uniform
air composition in the lab might be also caused by varying flow rate caused by the fluctuations of
temperature or particle/moisture concentration.

In conclusion, before analyzing any samples it is crucial to analyze a solvent blank using the same
drying and purging time, injection volume and the same parameter file as for the sample itself.
During the data processing, the amount of C evolved in the blank run has to be subtracted from
the amount of C evolved in the sample run to ensure that only the analytes of interest contribute to

the quantified C.
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3.1.2  Evaluation of analyte evaporation losses

Table 6: TCA lignin model compounds’ recoveries at different drying times

Analyte Solvent s(l))lﬁ(;(l C introduced Drying time Average %
(uL) (ng) (min) recovery

Propylguaiacol DCM 5 19.0 4 81.7+3.4
Propylguaiacol DCM 5 19.0 1.5 855+ 1.7

Propylguaiacol DCM 5 19.0 0.5 107.2 £3.8
Methylguaiacol DCM 5 18.2 4 29.3+0.2
Methylguaiacol DCM 5 18.2 1.5 71.9+£2.3

Methylguaiacol DCM 5 18.2 0.5 1024+ 1.4
Guaiacol DCM 5 20.3 4 6.1 £4.0
Guaiacol DCM 5 20.3 1.5 9.9+47
Guaiacol DCM 5 20.3 0.5 515+ 1.5
Guaiacol water 5 19.8 7 9.6 +£0.6
Guaiacol water 5 19.3 0 69.8+ 1.9
Phenol DCM 10 22.0 4 1.9+0.3
Phenol water 5 20.3 7 234+64
Phenol water 5 20.3 0 852+ 1.6

The purpose of the drying time evaluation is to observe possible differences in the recoveries
of different compounds with different properties. In section 4.1.1 the question of the solvent
interfering with the sample results was discussed. The drying time has to be minimized for two
reasons. First, the residue of organic solvents increase the amount of quantified C and second,
excessive drying time might lead to losses of volatile organic compounds. The lignin model
compounds studied during the TCA method development contained a large variety of
functionalities (phenols, guaiacols, guaiacyl acids, guaiacyl carbonyls and others), which
determine their unique properties. In addition, the molecular weight range of the standards tested
was relatively broad starting with phenol (MW= 94 g/mol) and ending with pinoresinol (MW=

358 g/mol), which affects also their boiling point and relative volatilities.
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Figure 8: The TCA recoveries of lignin model compounds (%wt.) dissolved in DCM and MeOH dried prior to the
analysis for 30 s and 1 min 30 s, respectively. An approximate loading of 20 pg of C was introduced on the filter
and 2 min 40 s long purging time was used.

The TCA profile was examined using 2 min 40 s purging time and minimal required drying
time for each solvent and the results are presented in Fig. 8. By applying the “short standard”
parameter for the TCA analysis, we discovered that such conditions are sufficient to fully recover
relatively stable model compounds of high molecular weight. Either full or near full recoveries
were achieved for all of the compounds but guaiacol. This problem was later solved by minimizing
the purging time (see chapter 4.1.3). Besides the analysis parameters, such as initial step
temperature and duration of temperature steps discussed in section 4.1.6, we proved that the
analyte properties (structure and functionalities) may also have an influence on the pyrolyzed and
coked fraction. A significant increase of pyrolyzed and coked fraction compared to other standards
was observed for the least volatile compounds (bicreosol and pinoresinol). Their behavior may be
explained by a higher propensity to interact with the filter surface and by their higher molecular

weight and molecular size, which determine their higher stability at lower temperatures. This
65



phenomenon is apparent on the pinoresinol TCA profile, which does not evolve almost any C at
200 °C. Also polar derivatives (homovanillyl alcohol and vanillic acid) exhibited a slight increase
of the pyrolyzed and coked fraction.

As mentioned before, higher molecular weight, less volatile lignin standards, i.e. pinoresinol,
bicreosol, levoglucosan, vanillin, homovanillyl alcohol, vanillic acid and syringol, provided either
complete or near-complete mass balance closure, which is documented in Appendix XIII-a
showing a syringol thermogram after 4 min drying time. An abundant fraction of C is evolved at
200 °C. This fraction contributes to the final %wt. recovery with 80.2 + 0.6%wt. of C evolved,
suggesting that syringol is relatively thermally stable at 4 min drying time and 2 min 40 s purging
time.The drying time evaluation continued with the testing of guaiacol and its derivatives. Their
behavior at different drying times is summarized in Table 6. The most thermally stable
alkylguaiacol was expected to be propylguaiacol (MW= 166 g/mol, b.p.= 125-126 °C). However,
even in case of propylguaiacol in DCM, the 4 min drying time did not fully recover the analyte. In
order to obtain the 100% recovery, it was necessary to decrease the drying time to 30 s, which is a
minimum drying time required for DCM.

When a comparable amount of methylguaiacol (MW= 138 g/mol, b.p.=220 °C) was subjected
to 4 min drying, a more than two times lower amount of C was recovered than in the case of
propylguaiacol. However, limiting the drying time to 30 s was sufficient to fully recover the
analyte, similar as for propylguaiacol. Appendix XIII-b shows a methylguaiacol thermogram
dried at 4 min and compared to a similar amount of syringol dried at the same drying time, the
fraction of C evolved at 200 °C is significantly less abundant (10.9 + 4.8%wt. vs. 80.2 + 0.6%wt.).

Guaiacol (MW= 124 g/mol, b.p.= 204-206 °C) is one of the most abundant lignin degradation
products and its proper quantification and a full recovery in TCA is crucial for the reliability of
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the results. However, it is also one of the most volatile standards. Guaiacol in DCM was almost
completely vaporized at 4 min drying (see Appendix XIII-¢) and 30 s of drying recovered only
slightly over half of the C content. The original drying time used for aqueous samples (7 min)
applied on the guaiacol aqueous solution (~20 pg of C) did not significantly increase the recovery
compared to the DCM mixture dried with the original time for organic solvents (4 min). The
highest recovery of guaiacol obtained with the long purging time (2 h 40 min) was 69.8 = 1.9%wt.
after the aqueous solution was analyzed without drying, suggesting that the drying step is not the
only factor where low molecular volatiles are being lost.

The last compound tested for potential drying losses was phenol (MW= 94 g/mol, b.p.= 182
°C). In GC-MS analyses, phenol had the shortest retention time (see Fig. 26) and thus was expected
to be the most volatile compound tested. In different words, phenol played a role of a marker
determining the lowest possible recovery for certain conditions. Drying the DCM solution at 4 min
did not recover almost any phenol and even the aqueous solution analyzed without any prior drying
did not provide a full recovery. Taking into account the results obtained with guaiacol, it can be
summarized that minimizing the drying time to the smallest possible value does not solve the
vaporization losses of phenol, alkylphenols and guaiacol, i.e., not only the drying step is
responsible for their incomplete recovery.

Ultimately, mixtures containing lignin model compounds of different functionalities and
concentrations were analyzed for potential interaction effects increasing the recovery. First, a
DCM mixture containing the most volatile lignin standards, i.e. phenol, guaiacol, methylguaiacol
and ethylguaiacol yielded an average recovery of 17.6 £ 6.6%wt. Consequently, the amount of less
volatile standards was increased to an approximate ratio of 1:1. The mixture contained guaiacol,

syringol, vanillin and syringaldehyde and an average recovery of 53.4 + 6.6%wt. was obtained
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Since the DCM mixtures did not provide any apparent increase in recovery, an aqueous solution
containing phenol, vanillin and syrigol was analyzed and an average recovery of 70.1 = 1.9%wt.
was obtained. The mass losses during the analyses of the three mixtures correspond to the amount
of vaporized phenol, guaiacol and alkylguaiacols, according to their expected recoveries obtained
in the previous experiments with single analytes, suggesting that there is not any apparent

interaction effect between different functionalities that would significantly affecting the recovery.

3.1.3 Purging effect

Since the drying time minimization did not solve the mass losses of simple phenolics, the
purging time started being considered the most likely factor responsible for additional vaporization
of analytes, especially because the default purging time (2 min 40 s) was not changed since the
instrument was acquired.

As a confirmation of the purging time being responsible for the further losses of analytes, a
guaiacol aqueous solution was analyzed without a prior drying step. An FID signal was observed
during the “Purge online” phase (see section 3.2.6.1. and “Helium phase” in Appendices for
details). The FID1 current was increased dramatically since the very beginning of the online
purging, proving that the analyte losses were caused by the He flow. As a result, another two
versions of the operational software with minimized purging time were obtained.

Fig. 9 compares the %wt. of C distribution for guaiacol solution in DCM (20.3 pg of C) dried
for 30 s at 40 °C analyzed by the three different operational softwares showing that when a
seemingly essential purging step (originally implemented to remove the ambient CO; prior to the
analysis) was eliminated and combined with a decreased drying time, the vaporization losses were
minimized, even for the most volatile lignin standards. In addition, the implementation of the

longer ambient temperature step instead of the shortened purging time allowed us to monitor the
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ambient CO; and some analytes, such as phenol and guaiacol (see also section 4.1.6). After 30 s
drying at 40 °C and 4 s total purging time an average recovery of 96.1% was obtained for guaiacol
in DCM (20.3 pg of C). Compared to the softwares with the long preset purging time, the latest
version provides almost twice higher abundance of 200 °C fraction, confirming the importance of

the purging time.
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Figure 9: TCA operational software comparison; TCA profile of guaiacol in DCM; 20.3 pg of C loaded, 30 s drying
at 40 °C, 200 ° C initial step

Fig. 10 shows a thermogram of guaiacol dissolved in DCM, obtained using 30 s drying time
at 40 °C and 4 s total purging time. There are two important observable patterns. First, a thin and
relatively tall peak appears at the very beginning of the data acquisition. Most probably, this peak
belongs to the ambient CO», which is a consequence of limited purging time. The thermogram
(Fig. 10) shows that the peaks of ambient CO; and the analyte can be separated. Thus, the ambient
CO: was accounted for by subtracting a blank with no analytes using the same conditions and

analysis parameter as for the sample itself.
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Compared to the FID response to the particulate matter evolving mainly at 890 °C w/o O,
solving the issue of CO; peak has one advantage. There is a relatively good separation between the
COz peak and guaiacol evolved at ambient temperature and even though a small portion of the
ambient guaiacol co-elutes with CO», the peak separation allows the user to exclude the CO» peak
from the quantification by simply narrowing the integration area, which is not possible in case of
organic particulate matter co-eluting with the analytes (Fig. 10). By monitoring the CO; peak every
analysis it can be claimed that its peak area is not uniform from sample to sample, however the C
amount rarely exceeded 1 pg. The fluctuation of the peak size (C amount) is probably caused by
different local concentration of CO; in the lab caused by air flow (non-uniform air composition)
or researchers breathing in the lab.

The second important feature of Fig. 10 is a monitoring of lignin and lignin model compounds
at ambient temperature with an included 6 min long ambient temperature step at the beginning of
the analysis. In order to accomplish this, the blower constant controlling the He flow responsible
for cooling of the main oven had be increased from 0 to 8, since the thermal insulation between
the main oven and the back oven (870 °C) could not stop the heat transfer completely (see
Appendix XIV and XV for details). By analyzing guaiacol with the limited purging time and long
ambient step, it was discovered that 65.1%wt. of the spiked C evolves already at ambient
temperature. The data were compared to phenol in water (20.2 pg) analyzed w/o drying and similar
profiles were acquired (see Fig. 11). In the case of phenol, 71.9%wt. of C evolved at ambient
temperature and at 200 °C 22.1%wt. of C was evolved. However, a more important observation is
that 99.7%wt. average recovery was obtained. Considering that phenol is the most volatile lignin
standard studied, we can claim that by applying our TCA method we can obtain nearly 100%
recovery for all the aqueous lignin reaction mixtures.
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Figure 10: TCA thermogram of guaiacol in DCM; 20.3 ug of C, 30 s drying at 40 °C, 4 s total purging time.
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Figure 11: Comparison of TCA %wt. C distribution of guaiacol vs. phenol; guaiacol in DCM dried for 30 s at 40 °C,
phenol in water not dried, 4 s total purging time was used.
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Interestingly, mequinol (MW= 124 g/mol, b.p.= 243 °C), a guaiacol isomer differing from
guaiacol by the position of the methoxy group, exhibited a similar recovery (95.8%wt.), but
significantly different TCA profile (Appendix XVI). Besides the CO: peak, a negligible amount
of C was evolved at ambient temperature, whereas most of the mass evolved at 200 °C. The
difference in the TCA profiles is caused by higher boiling point and lower vapor pressure of

mequinol compared to guaiacol.

3.1.4 Effect of carbon loading on the TCA profile

To assess the impact of sorption and desorption from the filter on the TCA profiles, the thermal
profiles were compared for a different loading of relatively non-volatile lignin standards, syringol,
vanillin and bicreosol (Fig. 12). The temperature profiles for the pyrolytic fraction were more
detailed introducing additional 400 and 500 °C steps besides 870 °C, to differentiate the types of
pyrolyzed carbon. For both syringol and vanillin a full recovery was obtained for both loadings,
howeverthe fraction evolved for lower loading at the TD temperatures was smaller, and the
corresponding increase was observed at pyrolytic temperatures. This trend was even more
pronounced for the dimeric bicreosol. The observed pyrolysis appears to be due to the analyte
retention caused by non-specific, strong analyte adsorption to the surface of the quartz filter. Once
the active sites are saturated (when using higher loadings), this effect is negligible. It was
previously suggested to use an optimal loading of approximately 20 pg of C for the TCA

analysis.'*!
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Figure 12: Effect of C loading on evaluation of %wt. of lignin model compounds introduced in DCM over different
temperature fractions, a) syringol, b) vanillin, c) bicreosol. The solutions were dried at 40 °c for 30 s and 2 min 40 s
purging time was used for the analysis.
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3.1.5 Surface adsorption effect

Syringol %wt. of C distribution was evaluated regarding possible surface interactions. A
comparison was made using a new quartz filter freshly prebaked in the oven and an old filter left
in an aluminum foil wrapped Petri dish for several weeks. In addition, an effect of the filter side
was tested. Besides the regularly used rough filter side, the sample was also spiked onto the smooth
side. Finally, the syringol solution was introduced onto a bare glass boat. The results are presented
in Fig. 13. A full recovery of syringol was obtained for all the studied conditions. The TCA profiles
were similar and showed statistically insignificant differences between the data sets with the most

abundant 200 °C fraction.
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Figure 13: TCA surface effect evaluation of syringol in DCM; 20.5 pg of C loaded, drying time of 30 s and purging
time of 2 min 40 s was used.

The adsorption behavior was also evaluated for bicreosol in DCM using the rough side of the
quartz filter and also the bare glass boat (see Fig. 14). The same average recovery of 98.3%wt.

was calculated for both conditions, however for the bicreosol spiked on the bare glass boat a higher
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amount of C evolved at 200 °C was obtained (48.5 vs. 37.2%wt.). Conversely, in the case of
bicreosol spiked onto the filter, the pyrolyzed and coked fractions were more abundant (36.9 vs.
28.9%wt. and 10.1 vs. 6.9%wt., respectively), suggesting that for the least volatile standards, such
as bicreosol, there is a noticeable surface interaction with the quartz filter decreasing the amount

of quantified monomers and dimers (TD fraction).

W bicreosol in DCM on quartz filter; 19.8 ug C loaded
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Figure 14: TCA surface effect evaluation of bicreosol in DCM; 19.8 ug of C loaded, drying time of 30 s and purging
time of 2 min 40 s was used.

3.1.6 Temperature programming
The first TD step in the TCA temperature program was evaluated for four compounds (Fig.
15), potential lignin decomposition products, with a goal to minimize both the pyrolyzed and coked
fractions when lower initial temperatures are applied to prevent the analyte polymerization.
Contrary to our expectations, the pyrolyzed/coked fractions did not differ whether the
programming started with 100, 200 or 300 °C. We also observed that the last temperature fraction

obtained under the He atmosphere, at 850-890 °C, cannot be eliminated or replaced with any lower
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temperature steps, as then this fraction would subsequently evolve with oxygen, thus artificially

increasing the share of this “coke” fraction.
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Figure 15: Recovery of lignin model compounds (wt. %) depending on the TCA initial temperature step; comparison of TCA
profiles starting the thermal desorption with 100 & 300 °C , 200 and 300 °C, and 300 °C. the recoveries are compared for a)
thermal desorption step, b) pyrolytic 700-890 °C and c) coked (550-890 °C w/oxygen) temperature fractions. Approximately 20
ng of carbon was loaded for each standard. For syringol, bicreosol and vanillic acid (DCM solutions) 30 s drying time was used.
For homovanillyl alcohol in MeOH 1 min 30 s drying time was used. 2 min 40 s long purging time was used for all the standards.
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Another important parameter of the temperature programming is a temperature step time
ensuring evolution of all carbon at particular temperature, especially in case of the most abundant
fractions, i.e. pyrolyzed and coked fraction in lignin. The importance of their correct distinction
was discussed in the previous chapter. As observed in Appendix XVII-a, a lignin analyzed by the
original “lignin ramp” evolves a significant amount of coked fraction, which is caused by
insufficient time of the last pyrolytic step (6 min). The evidence is apparent on the sudden decrease
of FID signal with the decreased main oven temperature, suggesting that not all the C was evolved.
Other feature of Appendix XVII-a is a tailing tendency of the FID signal, suggesting possible
repolymerization, causing a lack of time to evolve all the C.

Therefore, additional 6 min were added in order to recover all the pyrolytic C. In Appendix
XVII-b, there is not any apparent decrease of the FID signal with the decreased main oven
temperature observed between the last pyrolytic and oxygenation step anymore. In addition, the
amount of the coked fraction is minimal compared to all the pyrolytic fraction (400-890 °C w/o

02).

3.1.7 TCA application on solid alkali lignin
The solid alkali lignin evolves a significant amount of pyrolyzed and coked C (, as shown in
Fig. 16. Such a high amount of pyrolyzed and coked C (27.0 + 6.0%wt. and 46.5 + 4.0%wt. of
initial C for lower loading and 15.8 + 1.8%wt. and 52.5 + 1.6%wt. of initial C for higher loading,
respectively) is mainly owing to lignin related oligomers and polymers that are expected to be
evolved at pyrolytic and oxygenation conditions due to their rigid structure and high molecular
weight. However, the increase of C in these particular fractions may also be caused by a

repolymerization of monomeric species.’® % Interestingly, a relatively large amount of C was
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evolved in the TD fraction (0.9-1.5%wt. at 200 °C and 2.5-3.3%wt. at 300 °C, respectively),
proving that monomeric and dimeric species are present in solid alkali lignin.

A satisfactory mass balance was obtained for all the solid alkali lignin TCA analyses. The
amount of loaded sample did not seem to impact TD fractions and lower pyrolytic temperatures,
however some shift occurred between the highest pyrolytic step and the coked fraction (Fig. 16),
which is similar observation as for lignin model compounds (Fig. 12). The observed increase in
the coked fraction at higher loadings is possibly due to a competition of evaporation with

polymerization reactions becoming more pronounced for large samples.
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Figure 16: Evaluation of solid alkali lignin loading on its TCA profile. Analysis performed with 2 min 30 s purging
time without prior drying.

The solid alkali lignin was later analyzed by newly developed TCA method with short purging
time. A similar profile to the lignin analyzed with long purging time was obtained, including the
most questioned TD fraction, where slight losses were expected due to the vaporization of simple

phenolics during the purging. However, 1.1 £ 0.1%wt. and 3.2 + 0.1%wt. of C was evolved at 200
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and 300 °C, respectively, which are the data similar to those obtained with the long purging time.
Moreover, Fig. 17 shows a negligible amount of C evolved at an ambient temperature, suggesting
that monomeric phenols and guaiacols mostly contributing to the mass losses at ambient
temperature, as investigated in sections 4.1.2 and 4.1.3, are not present in large amounts in solid

alkali lignin.
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Figure 17: TCA profile of solid alkali lignin (37.6 pg average amount of C). 2 min 30 s purging time was used for
the analysis without prior drying.

3.1.8 Comparison of TCA vs. TGA analysis of solid alkali lignin
TCA analysis data of higher loading of solid alkali lignin (~34.7 pg of C) were compared to
TGA results (~20.3 mg of lignin; 13.0 pg of C). The results are shown in Fig. 18. A similar amount
of mass/carbon was evolved at 500 °C and in the coked fraction. However, at lower temperatures
the TGA evolved significantly higher amount of mass. The discrepancies in data may be explained

by different operational principle of the two analytical techniques. The TCA is selective towards
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C containing analytes, while the TGA analyzes the mass loss in time in general (non-specific
analysis), including moisture, salts, sulfur, other carbon-free species and oxygenated compounds,
which have usually 10-15% greater MW.'*7 Sigma alkali lignin contains about 5%wt. of moisture
and based on the elemental analysis performed by Atlantic Microlab, Inc., it contains
approximately 1.4% of sulfur, which together with other carbon-free species possibly causes
higher TGA mass losses compared to TCA.

Another advantage of TCA over TGA is an oxygenation step allowing for quantification of
elemental and coked carbon, whereas in TGA the oxygenation step is missing and the coked

fraction has to be calculated from the difference, assuming 100% mass balance.
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Figure 18: Comparison TCA vs. TGA analysis of solid alkali lignin. TCA analysis was performed using 2 min 40 s
purging time without prior drying.

Appendix XVIII shows TGA profiles of solid alkali lignin (average loading 20.3 pg)
analyzed in triplicate. Consistent data with minimal fluctuation in temperature program were

obtained.
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3.2 Lignin repolymerization investigation

The TCA is a convenient method for the analysis of lignin repolymerization, assuming that
during the repolymerization process the monomeric compounds’ amount decreases, while they are
converted into higher molecular weight oligomers and polymers. Therefore, a decrease of C in TD
fraction and increase of pyrolytic and potentially coked C should be observed. There was not any
significant change in the %wt. of C distribution observed throughout the monitoring in the mixture
of lignin in MeOH/water 5:2 (v/v) (Fig. 19) and neither later prepared mixtures in THF nor
ACN/water 1:1 (v/v) at lab temperature, which were expected to dissolve higher portion of lignin
(confirmed by increased total %wt. of C), provided any proof of repolymerization (Fig. 20), since
there was no observable difference between the weekly measured TCA profiles.

The lignin repolymerization probably did not occur due to a low concentration of monomeric
and dimeric species (the TD fraction in Fig. 19). The desired effect was not observed even in
lignin mixtures treated at 300 °C, which had the TD fraction more pronounced, thus higher
concentration of monomers, which could possibly merge. The visual observation of the lignin

mixtures also had a negative effect.
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In order to initiate polymerization artificially, a catalytic amount of HCl was added after 61
days to one of the mixtures, while the second mixture was introduced to direct sunlight without
shaking in order to form radical species. The last mixture from the triplicate, a control, was kept
being shaken at the previous conditions. Appendices XIX—XXIV show that the introduction of
additional polymerization initiators did not significantly affect the TCA profiles, suggesting that
the mixtures’ composition did not undergo any radical changes since they were prepared.

Finally, lignin dissolved in the THF/water 1:1 (v/v) mixture was tested for repolymerization
at two different concentrations: 2,500 and 25,000 ppm. The mixture of THF/water 1:1 (v/v) was
discovered to dissolve lignin completely, which was proven by a near-complete mass balance
closure for both mixtures (Fig. 21). The weekly TCA screening did not show any changes in the
C distribution profile as well, however the more concentrated mixture always evolved significantly
more coked carbon at the expense of less pyrolyzed carbon than the less concentrated mixture. It
is a similar trend as obtained with lignin model compounds and solid alkali lignin, where the
amount of pyrolyzed fraction increased at lower C loadings, while the coked fraction was more
pronounced at higher C loadings (Fig. 12 and 16). However, the shift was even more apparent in
this experiment. The possible reason for this observation is that the repolymerization might have

occurred immediately after the exposure to a specific solvent mixture.
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3.3 Lignin hydrotreatment reactions
The main goal of the lignin degradation studies was to decompose lignin in a static batch
reactor using solid Sigma alkali lignin in supercritical water as a solvent. Furthermore, catalytic
activity of several transition metal catalysts was evaluated. Our intention was to optimize the
reaction conditions and find the right catalyst in order to obtain the maximal yield of monomeric
and dimeric products regardless of the product distribution. The main focus was on the nickel
based catalysts, since together with water as a solvent they have a potential to be cheap and

effective promoters of lignin degradation. The main project idea is summarized in Fig. 22.
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Figure 22: General scheme of lignin hydrotreatment
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3.3.1 Non-catalyzed systems

3.3.1.1 Effect of mixing on the product yield and distribution

»
o

A A A A A A A A A A A A

w
o

N
o

% wt. of initial lignin

N
o

0.0
275 °C; standing 275 °C; mixing

@phenols mguaiacols mguaiacyl carbonyls Oguaiacyl acids @guaiacyl dimers mother

Figure 23: LLE GC-MS; Effect of mixing on the yield and distribution of lignin degradation products for non-
catalyzed reactions conducted at 275~ C for 30 min (performed in duplicate, the difference between the two data sets
was less than 10%)

The evaluation of the vessels’ mixing provides an important information about the batch
reactor performance. By placing additional vessels filled with reactants vertically next to the rotor
with the stirred vessels, the reactor capacity can be increased However, Fig. 23 exhibits an
approximate 1.5-fold increase of the total product yield in the stirred vessels compared to the
standing vessels, confirming the need of proper sample homogenization that affects especially the

yield of guaiacols and guaiacyl acids.
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3.3.1.2 Effect of unreacted lignin particles on the product yield and distribution
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Figure 24: LLE GC-MS; Effect of solid unreacted lignin particles presence in the aqueous extract on the yield and
distribution of lignin degradation products yield for non-catalyzed reactions performed at 200 °C for 30 min
(experiment with solid particles performed in duplicate; the difference between the two data sets was less than 5%)

After the hydrotreatment the liquid-liquid extraction (LLE) was performed. The DCM extracts
were prepared both from the liquid portion by itself and the combined liquid and solid portions.
Then, the data were compared in order to determine the right approach for the future experiments.
Unreacted lignin is one of the greatest technological obstacles in lignin hydrotreatment, since it
decreases the reaction efficiency and complicates the sample preparation. In case of our
experiments, the amount of unreacted lignin typically exceeded 40%wt. (section 4.3.1.6) of the
initial lignin for both non-catalyzed and catalyzed systems. This observation corroborates other
lignin degradation studies conducted in water, where the lowest amount of unreacted lignin/char
was 38%wt.> 197 11l Fig, 24 shows that the additional unreacted lignin present in the test tube
during LLE does not increase the amount of extracted products. The presence of solid particles

had actually a negative effect, especially on the yield of homovanillic acid, which was not observed
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in the enriched extract, probably due to increased adsorption. Thus, unfiltered liquid fraction was

used for the sample preparation in the further optimization.

3.3.1.3 Effect of reaction temperature on the product yield and distribution
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Figure 25: Effect of the reaction temperature on the TCA profile of unfiltered reaction mixtures from non-catalyzed
reactions; 7 min drying and 2 min 40 s purging time was used, reaction conducted at 275 °C was performed in
duplicate and the difference between the results was less than 5%.

The TCA results presented in Fig. 25 show an increase of 200 °C fraction with temperature
up to 250 °C, suggesting a higher production of low molecular weight products. The amount of
pyrolyzed and coked carbon increases with decreased reaction temperature due to a less efficient
bond cleavage. This observation is most apparent for the coked fraction for the reaction conducted
at ambient temperature and 200 °C. At ambient temperature, the amount of the coked fraction
reaches 39.6 = 6.0 %wt. of C in the initial lignin. At 200 °C, the coked carbon amount decreases
to 18.4 + 2.2 %wt. of initial lignin, for 250, 275 and 300 °C the value oscillates at approximately
10% wt. The highest total %wt. yield of C in case of the experiment conducted at ambient

temperature could be explained by a char formation from the unreacted lignin at higher
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temperatures, since most of the char was not transferred to the solution and remained adsorbed on

the walls of the reaction vessels.
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Figure 26: LLE GC-MS; Effect of reaction temperature on the product yield and distribution for non-catalyzed
reactions

The LLE GC-MS results show a gradual increase of the total product yield with temperature.
The effect of increased products’ yield with increased temperature was previously described.?% 1
139 The final LLE GC-MS results presenting % wt. of initial lignin distribution for each group of
degradation products are shown in Fig. 26. At ambient temperature, the only products detected
were guaiacol, vanillin and homovanillyl alcohol, whereas no dimers were detected. The overall
yield of products was 0.4 + 0.1 % wt. of the initial lignin. The amount of products increased at
higher reaction temperatures. At 200 and 250 °C, guaiacyl acids and guaiacyl carbonyls
contributed the most to the final product recovery, especially homovanillic acid and vanillin. At
250 and 300 °C, guaiacols became the predominant product group, while the contribution of

guaiacyl carbonyls and acids decreased. At 200 °C the guaiacyl carbonyls and acids contributed to
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the final yield with 22.1 and 54.6%rel., respectively. At 300 °C their contribution decreases to 13.4
and 20.3%rel., respectively, while guaiacols contribute to the overall yield with 64.2%rel.,
especially due to high amounts of guaiacol (39.9%rel.) and ethylguaiacol (9.6%rel.).

The amount of monomers increased with temperature. The highest overall yield of products
of non-catalyzed reactions was obtained for 300 °C reaction temperature and reached 4.6 + 0.5
%wt. of the initial lignin, from which only 0.02 £+ 0.01% wt. was accounted for by dimers, which
were the most abundant at 275 °C. The amount of the quantified dimers is not large, since it is
assumed that the monomeric units are connected by ether bonds, which are the weakest bonds
occuring in the lignin structure. The temperature range of 200-300 °C should be sufficient to break
both a and B-O-4 bonds with activation energies of 80-118 kJ/mol and 148-151 kJ/mol,
respectively.’” The observed decline of dimers at higher temperature might be explained by
repolymerization processes. Grilc et al. claim that the bio-oil produced during the lignin
degradation is thermally and chemically unstable and that the free radicals contained in the bio-oil
might not be stabilized fast enough during fast heating rates, which results in increased char

formation. '
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3.3.1.4 LLE GC-MS analysis of underivatized vs. derivatized lignin extracts
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Figure 27: GC-MS chromatogram of underivatized DCM extract of lignin hydrotreated at 300 °C for 30 min without
catalyst

The chromatogram of the underivatized DCM extract of lignin hydrotreated at 300 °C with
labeled analytes is shown in Fig. 27. An important pattern of Fig. 27 are several peaks observable
after the IS peak, which are assumed to be phenolic dimers, however most of them were not
identified. Five dimer structures and their molecular weights were predicted and calculated,
respectively, before the experiments were conducted, i.e., molecular ions m/z 272, 274, 302, 316
and 314, of which the dimers of m/z 272 and 274 (bicreosol and TD-14) were synthetized and used
as calibration standards for the dimers’ quantification. Nevertheless, even the retention times and
mass spectra of the quantified dimers did not match those of our synthetized standards. The main
pattern missing in the mass spectra of the standards was m/z 137, which is one of the most abundant
fragments observed among the lignin degradation products (see Appendices XXV-XXVIII). In

order to determine the exact isomers’ structure, new standards have to be synthetized and their GC
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retention times and mass spectra should be matched to the products observed in the reaction

mixtures.
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Figure 28: GC-MS chromatogram of BSTFA derivatized DCM extract of lignin hydrotreated at 300 °C for 30s
without catalyst

Since the only hydroxy derivatives of degradation products observed in the DCM extracts by
GC-MS were hydroxypropenylguaiacol and homovanillic acid, a derivatization by BSTFA of the
sample treated at 300 °C was performed in order to detect other potential polar products. The
derivatized forms of six products were identified: phenol, guaiacol, eugenol, isoeugenol, vanillic
acid and 3-vinylpropanol. The GC-MS chromatogram of the DCM extract of lignin hydrotreatment
products from the reaction conducted at 300 °C for 30 min without the catalyst derivatized by

BSTFA is shown in Fig. 28.
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3-vinylpropanol was not observed in the DCM extracts, unless derivatized. Vanillic acid was
observed in the calibration mixtures, however its LOD was the highest from all the standards. In
the last analysis performed, the vanillic acid LOD was 5.3 ppm and LOQ 17.7 ppm, respectively.
In the samples, vanillic acid without the BSTFA derivatization was not observed at all. The second
standard that has never been observed in the samples was syringaldehyde. Homovanillic acid was
observed in the samples and even became one of the most abundant compounds, however its
analysis sensitivity was second lowest with LOD of 4.3 ppm and LOQ of 14.2 ppm. The weak
ionization efficiencies of carboxylic acids with derivatization in GC-MS were explained
elsewhere.!*¥1%° The only other two compounds with increased LOQ compared to the others were
homovanillyl alcohol and syringaldehyde, i.e., 8.1 and 8.6 ppm, respectively. The other standards
exhibited LOQ <5ppm. The highest LOD obtained for phenols, guaiacols, syringols and guaiacyl
carbonyls was obtained for acetovanillone, which was 1.4 ppm. Most of the alkylphenols and
alkylguaiacols showed LOD <Ippm. Satisfactory values of extraction recoveries of 4-

chloroacetophenone (RS) of 80—120% were obtained.
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3.3.1.5 Comparison of LLE GC-MS vs. TCA results
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Figure 29: Comparison of TCA of the thermal desorption fraction (200 and 300 °C) vs. LLE GC-MS total %wt.
yield of products for non-catalyzed reactions (for LLE GC-MS the data are presented in %wt. of initial feedstock);
unfiltered aqueous samples were used for the TCA analysis and 7 min drying and min 40 s purging time were
applied

The TCA %wt. of C in the initial lignin in TD fraction (200 and 300 °C), obtained using the
old protocol with 7 min drying time and 2 min 402 s purging time, are in a good agreement with
LLE GC-MS total yield of products including the increase of product yield with increased
temperature (Fig. 29). The TCA %wt. of C initial lignin are slightly higher due to the complicated
identification and lack of standards for some GC-elutable products, especially dimers (see section
4.3.1.5), therefore the proper quantification was not manageable. Another factor was that not all

the compounds evolving in TCA at 200 and 300 °C are GC-elutable.
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Figure 30: TCA profiles of lignin hydrotreated at 300 °C w/o catalyst for 30 min. Old analysis protocol included 7
min drying time and 2 min 40 s purging time. New protocol uses 4 s total purging time without a prior drying step.

The TCA data of lignin hydrotreated at 300 °C w/o catalyst obtained by using the old protocol
with 7 min drying and 2 min 40 s purging time was compared to the TCA results of a fresh set of
hydrotreated lignin samples analyzed by the upgraded method using 0 min drying time and 4 s
purging time. Previously, the aqueous extracts were analyzed without a prior filtration. The TCA
data obtained by the newly developed method were acquired using both unfiltered and filtered
samples. The comparison of the TCA profiles is shown in Fig. 30. The amount of C evolved from
the unfiltered sample at each temperature fraction is similar for both protocols, except the highest
pyrolytic step, which may be explained by higher amount of char in the liquid fraction recovered

from the reaction vessel.
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Figure 31: Comparison of TD fraction of TCA vs. LLE GC-MS total %wt. yield of products for lignin hydrotreated
at 300 °C w/o catalyst for 30 min (TCA data are shown in %wt. of C in initial feedstock). Old analysis protocol
included 7 min drying time and 2 min 40 s purging time. New protocol uses 4 s total purging time without a prior
drying step.

Surprisingly, when the combined ambient and TD fraction from the new experiment were
compared to the TD fraction of TCA and GC-MS results from the previously performed
experiments, no statistical difference was observed (Fig. 31). This observation suggested that a
lower amount of volatile species was lost using the old TCA protocol than expected. A possible
reason may be analytes’ interactions causing them to be less prompt to be vaporized. However this
was not observed in section 4.1.2, where mixtures of lignin model compounds were tested at
different drying times. Another explanation of such a behavior may be potential filter surface

interactions with the analytes, which was observed for bicreosol (Fig. 14).
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3.3.1.6 Mass balance closure
The mass balance was evaluated combining the results from the TCA analysis and gravimetric
data of the unreacted lignin. A satisfactory mass balance closure in a range of 80-100 %wt. of
initial lignin was obtained for the non-catalyzed reactions. The results are presented in Fig. 32,
confirming that most of the lignin either remained unreacted, converted into char or its structure
was modified into highly crosslinked polymers, which are not soluble in water. The most abundant
TCA fractions were the highest pyrolytic (850 °C) and coked fraction, suggesting that the soluble

products consist mainly of oligomers, water soluble cross-linked polymers and inorganic carbon.
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Figure 32: Mass balance closure for non-catalyzed lignin hydrotreatment reactions (TCA + gravimetry). The TCA
analysis was conducted using unfiltered aqueous extracts dried at 40 °C for 7 min with 20 min 40 s purging time.
The reactions conducted at 275 °C were performed in duplicate with an error of less than 10%.
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3.3.2 Catalyzed systems
3.3.2.1 Nickel catalyzed systems

3.3.2.1.1 TCA vs. LLE GC-MS results comparison for experiments conducted in water
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Figure 33: TCA profiles of unfiltered hydrotreated lignin samples; 7 min drying and 2 min 40 s purging time was
used.

The TCA results of lignin hydrotreated samples with uNi demonstrate a similar trend as
observed in section 4.3.1.3, which is an increase of the simple volatiles amount (TD fraction) with
temperature (Fig. 33). However, compared to the experiments conducted w/o catalyst, the catalyst
presence did not provide a carbon increase in neither TD, pyrolytic or coked fraction, except for

the experiments conducted at 200 °C.
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At 200 °C, the LLE GC-MS analysis of the extract from a reaction conducted without a
catalyst (2.4 + 0.3 % wt.) showed higher overall yield of products than for the um and nm Ni
catalyzed reactions (Fig. 34-a). This is a similar observation as for the TCA where approximately
three times higher %wt. of C in TD fractions was obtained for the non-catalyzed reaction (Fig.
33). The reaction yield for um and nm Ni catalyzed reactions was similar (both 1.4 £ 0.1 %wt.).
The lower values for catalyzed reactions are mainly caused by the absence of guaiacyl acids. The
difference between the %wt. yield of other product groups was negligible.

Similar to non-catalyzed reactions, neither uNi nor nNi catalyzed reaction conducted at 200
°C the residual lignin portion in the aqueous extract increased the product yield. Moreover, the
DCM extract prepared from the combined aqueous extract with unreacted lignin from the nm
catalyzed reaction at 300 °C possessed almost a three times lower yield of products than the extract
prepared from the experiment conducted without catalyst.

Even at 250 °C, the catalyst addition did not help to increase the product yield significantly
compared to the non-catalyzed experiment (Fig. 34-b). The overall yields of degradation products
for the non-catalyzed reaction and the experiment conducted with Si/Al were similar (~3.0%wt.).
However, the yield of products in the experiment with uNi was lower by approximately 1%wt.
The amount of guaiacols and guaiacyl carbonyls decreased by 0.5%wt. and 0.3%wt., respectively,
compared to the experiment conducted without a catalyst. The recovery of phenols, guaiacyl acids,
guaiacyl dimers and others were consistent throughout all three experiments and did not exceed
0.2%wt.

The results from the experiments conducted at 275 °C with and without uNi resemble those
obtained at 250 °C (Fig. 34-c). The total yield of products in the reaction with uNi is lower by

approximately 1%wt. Compared to the non-catalyzed reaction, the amount of guaiacols, guaiacyl
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carbonyls and guaiacyl acids decreased by roughly 0.5, 0.3 and 0.2%wt., respectively. The reason
for this observation might be that such temperatures are not sufficient to activate the catalyst. In
addition, the micropores in the catalyst particles might entrap the products, which are small enough
to fit in the pores, by the adsorption on the pore surface.

Similar to the experiments conducted at lower temperatures, the highest product yield at 300
°C was obtained for the non-catalyzed reaction (4.5 £ 0.5%wt.). Comparable yields were
consequently gained only for the experiment conducted with Ni on Si/Al For the other catalyzed
systems, the overall yield ranged from 2.6 to 3.2%wt. of the initial feedstock. In Fig. 34-d it is
apparent that the lower yields recovered in case of uNi, nNi and Ni slurry are mainly caused by
lower production of guaiacols and guaiacyl acids, which were not observed for uNi and nNi
catalyzed experiments at all. Phenols, guaiacyl dimers and other products exhibited similar yields
throughout all the experiments and their yield did not exceed 0.2%wt. Comparison of thermal
desorption fraction results obtained by the old TCA protocol with LLE GC-MS in Fig. 35 shows
statistically insignificant differences for the experiments conducted with nNi, Ni slurry and Ni on
Si/Al. Interestingly, the TCA total carbon yield for uNi catalyzed experiment is significantly
higher (approximately twice) than that obtained by LLE GC-MS, suggesting a production of
monomers or dimers, which were not included in the GC-MS quantification method due to their

complicated identification.
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Figure 35: Comparison of TCA thermal desorption fraction vs. LLE GC-MS total %wt. yield of products
comparison for reactions conducted at 300 °C catalyzed by Ni based catalysts. The TCA results were obtained using
2 min 40 s purging time.

In case of the lignin hydrotreated at 300 °C in presence of Ni on Si/Al catalyst, a good
agreement of the TCA data of combined ambient and TD fraction obtained both with old and new
protocol and LLE GC-MS was acquired (Fig. 36). Moreover, the similarity between the data from
the non-catalyzed and uNi catalyzed reaction at 300 °C proves that the Ni on Si/Al addition does

not significantly increase the total yield of low molecular degradation products.
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Figure 36: Comparison of TD fraction of TCA with LLE GC-MS data for lignin hydrotreated at 300 °C w/o catalyst
for 30 min. Old experiment was analyzed by TCA using 7 min drying time and 2 min 40 s purging time. New
experiment was analyzed by TCA without prior drying and using 4 s total purging time. The TCA results are

presented in %wt. of C in initial lignin.

3.3.2.1.2 Lignin degradation at 275 °C in MeOH/water (5:2 v/v) w/ Ni slurry
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Figure 37: Comparison of LLE GC-MS %wt. yield of lignin degradation products for reactions performed at 275 °C
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Since the experiments conducted in water did not yield promising results regarding a high
production of monomeric and dimeric products, a different solvent system was evaluated. The

work was inspired by Jiang et al.”®

The alkali lignin was treated in MeOH/water (5:2 v/v) mixture
in presence of Ni slurry. The MeOH and EtOAc recovered after the vacuum evaporation were
analyzed by GC-MS and the results showed a negligible amount of products (<0.1%wt.) consisting
of trace levels of guaiacol, methylguaiacol, ethylguaiacol and propylguaiacol and the rest of the
products was present in water/bio-oil fraction.

The GC-MS results of both non-catalyzed and catalyzed reactions performed at 275 °C are
shown in Fig. 37. Apparently, the direct DCM extract from the reaction at 275 °C with
MeOH/water 5:2 (v/v) with the addition of Ni slurry provides better results than the experiment
conducted in water at the same temperature without a catalyst (3.8%wt. vs. 4.7 £ 0.3%wt.). The
difference is made mainly by an increased amount of “others”, especially homovanillyl alcohol.
At 275 °C without a catalyst, the “others” amount was negligible (<0.1%wt.), whereas in the
experiment with MeOH/water 5:2 (v/v) and Ni slurry the amount of homovanillyl alcohol was 1.4

+ 0.1%wt. For the DCM extract prepared from the bio-oil, the total yield decreased by

approximately 1.7%wt., which may be related to a more sophisticated sample preparation.
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Figure 38: TCA %wt. of carbon in initial lignin for reaction catalyzed by Raney Ni at 275 °C

Fig. 38 shows a comparison of TCA obtained for an unfiltered reaction mixture and filtered
mixture. Compared to LLE GC-MS results, the fresh unfiltered mixture shows a lower yield of
products in TCA. Since the old TCA protocol was used for the analysis, the decrease is probably
caused by longer drying and purging step. In Fig. 38, there is also a significant decrease of total
carbon content for both filtered mixtures. Since the filtration separates higher molecular weight
oligomers and polymers from the sample, a decreased carbon content can be observed for both the

highest temperature pyrolytic fraction (850 °C) and coked fraction.
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3.3.2.1.3 Mass balance closure
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Figure 39: Mass balance closure for Ni catalyzed experiments; the data are a combination of the TCA data of
unfiltered mixtures analyzed using old TCA protocol and gravimetric data

A satisfactory mass balance closure was obtained for the experiments catalyzed by uNi. Fig.
39 summarizes the mass balance closure for the Ni catalyzed experiments. The incomplete mass
balance for the Ni on Si/Al experiment is most probably affected by the volatiles’ loss during the
drying and purging step before the TCA analysis, since the amount of volatile was proven to

increase with temperature and longer drying and purging time causes their lower yield.
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3.3.2.2 Transition metal oxides doped activated carbon and zeolite catalyzed experiments
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Figure 40: Comparison of GC-MS %wt. of lignin degradation products yield for transition metal oxides doped
activated carbon catalyzed reactions performed at 300 °C (reactions with activated carbon performed in duplicate,
the obtained error was lower than 10%)

MoO and CoO doped activated carbon catalyzed reactions provided a lower total product yield
than the experiment without a catalyst (3.8%wt. and 3.0%wt. vs. 4.6 + 0.5%wt.). The difference is
mainly caused by the decreased amount of guaiacols, which is a similar trend as observed for Ni
catalyzed reactions in Section 4.3.2.1. LaO catalysis increased the overall product recovery to
5.3%wt. Dimers contributed the most to this increase, particularly diguaiacylethene with an
average recovery of 1.4%wt (see Fig. 40). Both in Ni and activated carbon catalyzed systems, the
amount of dimers was marginal (<0.1%wt.). Fig. 41 shows that the same trend of the product yield
depending on the transition metal oxide type was obtained using both LLE GC-MS and TCA (LaO

highest yield > MoO > CoO).
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Figure 41: TCA thermal desorption fraction vs. LLE GC-MS total %wt. yield of products comparison for transition
metal oxides doped activated carbon catalyzed reactions conducted at 300 °C (the data for LLE GC-MS are
presented in %wt. of initial feedstock). The experiments with activated carbon catalysts were performed in duplicate
and the error was lower than 10%.

Interestingly, the mass balance closure for the transition metal oxides catalyzed reactions
ended up being significantly over 100% (see Fig. 42). Apparently, the greatest contributor was
unreacted lignin measured by gravimetry. The most probable reason is that a small portion of the
reaction solvent (water) remained adsorbed on the activated carbon particles and thus increased

the weight of the unreacted residue.'*%!>2
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Figure 42: Mass balance closure for transition metal oxides doped activated carbon catalyzed lignin hydrotreatment
reactions (TCA + gravimetry). The experiments were conducted in duplicate and the error was lower than 10%.

The LLE GC-MS results of zeolites catalyzed experiments resemble those of activated carbon
catalyzed systems (see Fig. 43). The best results were obtained with the LaO doped zeolite
(6.3%wt.), followed by MoO (3.8%wt.) and CoO (3.5%wt.). Moreover, similar as for the activated
carbon catalyzed systems, the LaO doped zeolite promotes the formation of dimers, particularly
diguaiacylethene (1.3%wt.). The TCA results of the TD fraction confirm a similar trend to the GC-
MS results (Fig. 44), however the MoO and LaO zeolites showed higher yields on TCA than on
GC-MS. Due to the increased dimers’ content in case of LaO doped zeolite catalyzed reaction, it
is possible that MoO and CoO also supported the dimers’ production to some extent. As explained
in chapter 4.3.1.4, the analytes eluting in GC after the IS are supposed to be dimers, however for
most of them the identity was not confirmed. The difference between the TCA and the GC-MS
might be attributed to such dimers, which were not quantified by GC-MS, but the TCA analysis

accounted for them.
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Figure 43: Comparison of LLE GC-MS %wt. of lignin degradation products yield for transition metal oxides doped
zeolites catalyzed reactions performed at 300 °C (reactions with activated carbon performed in duplicate and the
error was lower than 10%).
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Figure 44: TCA thermal desorption fraction vs. LLE GC-MS total % wt. yield of products comparison for transition
metal oxides doped zeolites catalyzed reactions conducted at 300 °C (the data for LLE GC-MS are presented in
%wt. of initial feedstock). The experiments catalyzed with zeolites were conducted in duplicate and the error was
lower than 5%.
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3.3.2.3 Transition metal doped silica/alumina catalyzed experiments
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Figure 45: Comparison of LLE GC-MS %wt. of lignin degradation products yield for transition metals doped
zeolites catalyzed reactions performed at 300 °C

Based on Fig. 45, the experiment conducted with pure Si/Al provides a similar product
recovery as the non-catalyzed reaction (4.9 + 0.6%wt. vs. 4.6 = 0.5%wt.). In the pure zeolite
catalyzed reaction, a lower amount of guaiacols was obtained (2.1 + 0.4%wt. vs 2.9 £ 0.4%wt.),
however the amount of guaiacyl acids increased by 0.3%wt. and the dimers yield was 1.2 +
0.1%wt., while in non-catalyzed reaction the dimers production was negligible (<0.1%wt.).

Regarding the transition metal doping, the Ni doping contributed the most to the maximal
production of monomers and dimers (5.5 + 1.9%wt.), however compared to the pure Si/Al
catalyzed reaction the product yield increase was not statistically significant. From all the doped
Si/Al, the Ni doping promoted the most pronounced formation of guaiacyl acids (1.4 £+ 0.7%wt.)
and guaiacyl dimers (1.4 = 0.7%wt.). Thus, it can be claimed that the doping does not lead to

radical changes in LLE GC-MS profiles, which was also confirmed by TCA measurements, where
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significant yield improvements were obtained for neither of the temperature fractions, compared
to the experiment without a catalyst (see Fig. 46). The yields of phenols, guaiacols, guaiacyl
carbonyls and others are relatively consistent throughout all the zeolite catalyzed experiments
(0.1-0.2%wt., 1.7-2.5%wt., 0.4-0.8%wt. and <0.1%wt., respectively). The yields of the guaiacyl

acids and dimers fluctuate more and vary in a range of 0.7—1.4%wt. and 0.1-1.4%wt.

50
45
40 & 300 °C w/o catalyst ©300 °C w/pure Si/Al ® 300 °C w/Ni doped Si/Al
L @300 °C w/Zn doped Si/Al @300 °C w/Ga doped Si/Al 0300 °C wi/Li doped Si/Al
S)35 | =300 °Cw/Cu doped Si/Al
© 30 M
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£ o |2
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w/O2

TCA temperature fractions

Figure 46: TCA %wt. of C in initial lignin for transition metals doped Si/Al catalyzed reactions conducted at 300 °C
(reaction catalyzed by Zn, Ga, li and Cu doped Si/Al were performed in duplicate and the error was lower than
10%).

3.3.2.4 Summary of catalyzed lignin hydrotreatment reactions
In conclusion, in most of the catalyzed lignin hydrotreatment reactions the catalyst addition
did not promote a significant increase of the overall product yield. The comparison of the LLE
GC-MS and TCA data of the catalyst screening conducted at 300 °C is summarized in Table 7. In
some experiments, particularly those catalyzed by Niand Si/Al catalysts, the catalyst addition had

mostly a negative effect. We consider activated carbon and zeolites as promising for future
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optimization, particularly LaO doped ones. Besides a relatively high total yield of products, which
was also confirmed by TCA (TD fraction), the occurrence of guaiacyl acids (1.3—1.4%wt.) and
mainly guaiacyl dimers (both ~1.4%wt.) was significantly more pronounced than in other
catalyzed reactions. Even though the reactions with Raney Ni in MeOH/water mixture did not
provide higher yields than the experiments conducted in pure water, we consider the increased
contribution of the organic solvent and longer reaction time to be important factors for future

optimization.
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Table 7: Summary of LLE GC-MS and TCA results for catalyst screening conducted at 300 °C. The TCA analysis was performed using unfiltered mixtures dried

for 7 min with 2 min 40 s purging time

LLE GC-MS %wt. of initial feedstock

TCA %wt. of carbon in initial feedstock

Type of catalyst phenols guaiacols ci:ba;:c;lls guaiacyl acids g:i:;‘:: / other total 200 °Cw/o Oz 300 °C w/o O: 400 °C w/o O: 500 °C w/o O; 850 °Cw/o O: 553:/822 ¢ total
mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD mean SD
none 0.05 0.01 2.92 0.40 0.61 0.10 0.92 0.11 0.02 0.01 0.03 0.01 4.55 0.50 3.95 1.59 1.48 0.46 224 0.72 2.10 0.77 4.03 0.75 8.76 5.09 22.56 9.31
uNi 0.09 0.01 1.97 0.26 0.47 0.08 0.00 0.00 0.05 0.00 0.05 0.00 2.62 0.36 4.75 0.72 1.32 0.18 1.94 0.18 1.57 0.23 3.53 0.28 6.42 0.79 19.53 1.98
Ni nNi 0.10 0.01 2.32 0.40 0.55 0.11 0.00 0.00 0.16 0.03 0.06 0.01 3.20 0.55 - - - - - - - - - - - - - -
catalysts Ni on
Si/Al 0.24 0.08 3.49 0.58 0.09 0.05 0.23 0.03 0.04 0.02 0.02 0.00 411 0.64 2.65 1.37 0.69 0.32 117 0.45 0.99 0.26 3.58 0.57 241 1.20 11.49 3.99
Ni slurry 0.16 0.08 1.66 0.13 0.32 0.03 0.77 0.09 0.02 0.00 0.02 0.00 294 0.16 1.81 0.49 0.39 0.10 0.64 0.16 0.62 0.16 1.47 0.20 1.26 0.83 6.19 1.74
. MoO 0.06 * 241 * 0.42 * 0.87 * 0.07 * 0.02 * 3.83 * 4.67 * 1.73 * 2.77 * 1.85 * 3.35 * 24.15 * 38.51 *
Activated
C;c::s; Co0 0.05 * 143 * 0.46 * 1.02 * 0.02 * 0.02 * 3.00 * 254 * 0.19 * 035 * 0.44 * 0.83 * 497 * 932 *
w/ LaO 0.02 * 2.28 * 0.24 * 1.37 * 1.39 * 0.02 * 5.33 * 5.00 * 1.82 * 2.82 * 215 * 4.56 * 29.13 * 45.48 *
MoO 0.07 * 3.09 * 0.68 * 1.30 * 0.18 * 0.03 * 5.35 * 5.10 * 1.89 * 3.03 * 2.02 * 3.66 * 26.40 * 42.10 *
Zeolite
doped CoO 0.05 * 131 * 0.60 * 1.42 * 0.05 * 0.02 * 3.46 * 1.57 * 0.29 * 0.48 * 0.47 * 0.81 * 4.54 * 8.17 *
w/
LaO 0.02 * 2.83 * 0.69 * 1.32 * 1.36 * 0.03 * 6.25 * 6.78 * 297 * 4.09 * 2.58 * 5.09 * 35.71 * 47.36 *
- 0.01 0.00 2.09 0.39 0.38 0.06 1.16 0.09 1.19 0.10 0.02 0.00 4.85 0.64 3.60 0.56 1.89 0.12 2.84 0.15 2.27 0.28 3.92 0.29 10.35 0.38 24.86 1.16
Ni 0.21 0.42 2.02 0.16 0.48 0.10 1.38 0.71 141 0.72 0.02 0.00 5.52 1.86 3.49 0.58 1.82 0.23 3.03 0.48 2.86 0.16 4.90 0.34 10.34 1.29 26.44 2.68
Si/Al Zn 0.06 0.01 2.25 0.14 0.61 0.13 0.83 0.10 0.04 0.01 0.02 0.00 3.81 0.34 5.17 * 2.30 * 3.43 * 2.83 * 4.07 * 11.93 * 29.72 *
doped
w/ Ga 0.03 0.00 1.92 0.46 0.73 0.13 0.72 0.10 0.37 0.09 0.01 0.00 3.79 0.74 214 * 0.79 * 1.20 * 1.18 * 237 * 4.04 * 11.71 *
Li 0.03 0.00 1.72 0.14 0.59 0.08 0.67 0.09 0.24 0.06 0.01 0.00 3.26 0.30 331 * 1.46 * 2.49 * 2.15 * 3.39 * 8.71 * 21.50 *
Cu 0.05 0.00 2.54 0.31 0.76 0.08 0.74 0.06 0.45 0.12 0.02 0.00 4.55 0.48 4.73 * 2.57 * 3.81 * 291 * 4.37 * 11.46 * 29.86 *

* reaction conducted in duplicate, the % error did not exceed 10%
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3.4 Thermal Desorption Pyrolysis-GC-MS

The comparison of TCA and Py-GC-MS profiles of the three characteristic lignin model
compounds, i.e., guaiacol, vanillic acid and bicreosol, is shown in Fig. 47. Comparison of the same
analyte amount analyzed by TCA and Py-GC-MS revealed a good agreement for guaiacol. Most
of'the C (mass) was evolved at 200 °C with the rest evolved at 300 °C. However, a minimal amount
of analyte was evolved at 890 and 1,200 °C, which may be caused by the low residual amount of
target compounds close or below the LOD. A similar observation was made also for mequinol,
syringol and levoglucosan. The Py-GC-MS profiles of guaiacol, mequinol, syringol and
levoglucosan are shown in Appendices XXIX-XXXII. However, during the initial testing
conducted at a split ratio of 10:1 at higher dose, a relatively high portion (~20%) of levoglucosan
evolved at 890 °C (Appendix XXXIII), whereas at 20 pg of C all the levoglucosan is evolved at
200 °C with a fairly low detector response (Appendix XXXII). This behavior may due to the
presence of three hydroxyl groups in the levoglucosan structure leading to its low ionization
efficiency. Regarding the less volatile lignin standards, vanillic acid and bicreosol, the
discrepancies between the TCA and Py-GC-MS were more apparent, however the data showed the
same trend of decreasing TD and increasing pyrolytic fraction. A similar adsorption effect of less
volatile analytes, especially bicreosol, on glass wool was observed as in case of TCA, where
bicreosol spiked on the quartz filter evolved less C at 200 °C than when spiked on the glass boat
(Fig. 14). The Py-GC-MS profiles of vanillic acid and bicreosol are shown in Appendices

XXXIV-XXXV.
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Figure 47: TCA vs. Py-GC-MS comparison of %rel. of C (mass) evolved at different temperature steps; The spiked
sample volume for both methods was SuL, which corresponded to Spg of C. Analysis was performed in split ratio of
50:1.

An important feature of the Py-GC-MS chromatograms is a presence of an air peak, resulting
from the air introduction to the system during the valve switching between the interface heating
and the sample loading steps (Fig. 48). After the air peak, a combined peak of CO, and water
appears on the chromatogram. A little portion of CO; and water could probably be introduced by
air, however they may also be products of sample oxidation. In addition, water may be naturally
present in the sample and simply vaporize when the temperature increases. Appendix XXXVI
shows the extracted m/z of 18 and 44 ions from solid alkali lignin analysis, which are expected to
be related mainly to water and CO., respectively. Interestingly, with increased temperature both
water and CO; elute later, suggesting a different origin of the two species. At the first step (200
°C), air is probably the major contributor in the CO> peak, whereas water originates both from air
and sample moisture. At higher temperatures, CO; and water are most likely produced during

combustion processes. This theory is also supported by the decreased abundance of m/z 18 and the
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increased abundance of m/z 44 with temperature in solvent control analysis (Appendix XXXVII)
Since CO2 and water partially evolve from the lignin samples, it is crucial to evaluate controls in

order to subtract CO; and water of external origin for potential mass balance closure.

Solid alkali lignin was analyzed using Py-GC-MS in the inert He atmosphere with a goal to
identify the degradation products characteristic for each temperature fraction, in parallel to TCA
providing mainly quantification data. Table 8 summarizes the identified products and Fig. 48
shows thermograms for each temperature fraction with the analyte distribution. A relatively low
abundance of volatiles was observed at 200 °C, similar to the TCA analysis (Fig. 17). The most
pronounced peaks belonged to guaiacol, vanillin, acetovanillone and homovanillic acid. The
greatest portion of lignin degradation products evolved at 300 °C and 400 °C steps. It consisted
mainly of guaiacols, guaiacyl carbonyls, guaiacyl alcohols, guaiacyl dimers and homovanillic acid.
At 500 °C and 890 °C steps, lignin was further disintegrated into lower molecular weight species,
i.e., phenols and aromatic hydrocarbons, whereas the abundance of the higher molecular weight

products decreased.
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Table 8: Compounds identified by TD-Py-GC/MS including retention times (tR) and major MS ions

tr Major Compound . .
Label (min) Compound Name Formula Ions Class Identification*
(m/z)
Al 3.033 Benzene CeHs 52 ;Ac‘irr ‘(’)‘é‘;;ifns S
As 3211 Toluene ey OhE ;tirr omatie S
As 3.746 Xylene oty 020 h;zrr ‘(’)‘é‘;ifns T
Py 4.158 Phenol CsHsO 943 96 6, Phenols S
P 4.631 Methylphenol C/HsO 107%71 08, Phenols S
P; 4.736 Methylphenol C/HsO 107%71 08, Phenols T
G 4.859 Guaiacol C7HzO; 109é11 24, Guaiacols S
Py 5.191 Dimethylphenol CsHi00 ! 071’21122’ Phenols T
Ps 5.277 Ethylphenol CsHi00 107%7122’ Phenols S
Ps 5.455 Benzenediol CsHsO: ! 1%’164’ Phenols T
G 5.474 Methylguaiacol CsHi00: 138§ 51 2, Guaiacols S
Ay 5.707 Dimethoxytoluene CoH /2,0, 1521’2113 7, h}?irr(())rtrzl;;i)cns T
P; 5.824 Methylbenzenediol C7HgO, 124%81 23, Phenols T
Gs3 5.966 Ethylguaiacol CoH1,0; 1371’21252’ Guaiacols S
Gy 6.169 Vinylguaiacol CoHi00; 15(1’01735’ Guaiacols S
Pg 6.335 Dimethylbenzenediol CsHi002 123,138 Phenols T
Gs 6.396 Eugenol Ci0H120, 161’01349’ Guaiacols S
Py 6.488 Dimethylbenzenediol CsHi002 123,138 Phenols T
C 6.642 Vanillin CeHsO; 1 1é 115 2 g‘;ﬁioarfyylls S
Ges 6.888 Isoeugenol Ci0H120, 161’31149’ Guaiacols S
Gy 6.943 Propylguaiacol Ci0H1402 1371’21266’ Guaiacols S
C 7.085 Acetovanillone CoHyO; 1 11’21366’ g‘;ﬁioarfyylls S
L, 7.306 Homovanillyl alcohol CoH 1,03 13 71’21280’ iiﬁjﬁgﬁ S

119



Table 8 continues: Compounds identified by TD-Py-GC/MS including retention times (tR) and major MS ions

Major

Label tl} Compound Name Formula Tons Compound Identification*
(min) Class
(m/z)
; : 151, 180, .

Gs 7.558 Propionylguaiacol C10H1205 123 Guaiacols T
i 178, 135, Guaiacyl

G 8.265 Coniferyl aldehyde C1oH1403 147 Carbonsls T
i 137, 180, Guaiacyl

L, 8.278 Coniferyl alcohol C1oH1203 194 Aoohols T

Ry 10.356 Diguaiacylmethane CisHi60s 137,260 anlacyl T
Dimers

R> 10.405 Diguaiacylmethane CisHi60s4 137,260 anlacyl T
Dimers

R; 10.620 Diguaiacylethane CiHi1s04 137,274 Guaiacyl T
Dimers

R4 10.676 Diguaiacylethane CieHis0s 137,274 anlacyl T
Dimers

Rs 11.764 Diguaiacylethene CicHi60s 211,272 anlacyl T
Dimers

*1dentification is confirmed by standards (S) or reported as tentative (T) based on the literature

and mass spectrum at least 80% match with NIST library

120



Abundance
2.6e+07

C 200°C

1.3e+07

2.6e+07

1.3e+07

2.6e+07

7%, 7 400°C
13e+07 /

2.6e+07

1.3e+07

0’
2.6e+07
890°C
1.3e+07
air R, Rs
ol—L —
1 9 10 11 12 13 14
Time (min)

Figure 48: TD-Py-GC-MS analysis of solid alkali lignin
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A characteristic marker of lignin related compounds is the ion with m/z 137. Appendix
XXXVIII shows a distribution of extracted m/z 137 throughout the Py-GC-MS profile of solid
alkali lignin and highlights the products with a mass spectra with a high abundance of the ion with
m/z 137.

A comparison of %rel. of C analyzed by TCA and normalized peak areas of analytes evolved
by Py-GC-MS was made for the lignin hydrotreated at 300 °C w/o catalyst. The data are shown in
Appendix XXXIX. Contradictory to TCA data, where pyrolyzed C is the main contributor in the
final yield, TD fraction is predominant in Py-GC-MS. It is assumed that the product fraction
evolving at pyrolytic temperatures consists mainly of lignin derived oligomers, which may not be
GC-elutable, whereas the unique TCA protocol is able to detect and quantify all the C containing

forms.
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CONCLUSIONS

A novel method for the analysis of lignin and its degradation products by TCA was developed.
The current TCA protocol ensures close to 100% recovery of all the potential lignin degradation
products, including the most volatile ones, such as guaiacol or phenol. After the successful testing
on the lignin model compounds, the final method was applied on the solid alkali lignin with a full
mass balance closure. The results were compared to the routinely used TGA and the analytes
evolving at each temperature were identified by TD-Py-GC-MS. In addition, a good agreement
was obtained in between the results obtained by TCA and LLE GC-MS for both non-catalyzed and
catalyzed lignin hydrotreatment experiments.

Three main parameters had to be addressed in order to create a reliable TCA method, which
guarantees the maximum recovery of each analyte at each temperature step. The volatiles’
vaporization losses were minimized by limiting the drying and purging time and particular
temperature steps’ lengths were extended to avoid carryovers. For solid lignin samples and
aqueous hydrotreated lignin samples from the batch reactor, the purging time is set to 4 s without
a prior drying. The final temperature program consisted of an ambient temperature step, two
thermal desorption steps (200 and 300 °C), three pyrolytic steps (400, 500 and 890 °C) and
oxygenation step (890 °C w/O). The length of all the steps was adjusted at 6 min, except for the
last pyrolytic step at 890 °C, which is 12 min long.

The purging time minimization and the ambient step implementation not only decreased the

vaporization losses of analytes, but also allowed for the detection of the analytes evolving at
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ambient step, including CO; from air. The impact of CO2 and other carbon containing impurities
can be easily eliminated by the analysis of sufficient amount of solvent controls.

The initial step temperature does not seem to have a significant effect on the TCA profile of
lignin model compounds. However, an interaction between the analyte and the filter surface,
shifting the amount of evolved carbon towards the higher temperature fractions, was observed.
Also, more pyrolyzed carbon evolved at lower loadings (<5 pg of carbon). This observation was
made both for lignin standards and solid alkali lignin. However, there was a significant shift
towards the coked fraction observed at high lignin loadings.

The TGA analysis of lignin showed higher mass losses in low temperature fractions than the
TCA, thus confirming the TCA sensitivity for carbon containing (lignin derived) compounds, since
the difference was most probably caused by the presence of water, sulfur and other carbon free
moieties. The TD-Py-GC-MS analysis of lignin demonstrated that guaiacols and guaiacyl
carbonyls together with homovanillyl alcohol and homovanillic acid were the most abundant
degradation products at TD temperature. With increased temperature, phenols became more
abundant.

Lignin repolymerization was studied in seven different reaction systems. Each mixture was
analyzed weekly by TCA for at least one month and even the application of polymerization
initiators, such as catalytic amount of acid or UV light, did not cause any significant change in the
TCA profiles.

The LLE GC-MS results of the hydrotreated lignin showed a need of the reaction vessel
homogenization in order to obtain higher yield of products. On the other hand, the presence of
unreacted lignin particles during LLE did not provide any increase in the overall yield. The total

product yield increased with the reaction temperature. A satisfactory mass balance was closed for
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the non-catalyzed systems. The nickel based catalysts did not seem to promote any significant
yield increase. An interesting results was obtained for the reactions performed at 300 °C in the
presence of LaO doped activated carbon and zeolite catalysts. The average overall yield of
products reached 5.3 and 6.3%wt., respectively, with a surprisingly high yield of dimers, around
1.4%wt. The TCA results of TD fraction obtained by both old and newly developed TCA protocol

were similar to LLE GC-MS overall yield of products.
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Appendix I: Determination of the internal vessel pressure and percentage of the liquid phase
during the lignin hydrotreatment reactions

First, the theoretical volume of the empty vessel had to be determined. Using the vessel
dimensions, i.e. internal diameter of 0.71 cm and length of 6.325 cm, and the formula for the
cylinder volume calculation, the theoretical vessel volume of 2.5 cm® was determined. The weight
of water in the vessel closed by cap on one side was 3.57 g. Assuming water density at lab
temperature (~20 °C) to be 0.998 g/cm’, the water volume was calculated to be 3.58 mL. From the
difference between the theoretical volume of the empty vessel and the volume of water in the

capped vessel the approximate cap volume of 1.1 mL was calculated.

Consequently, saturation properties of the reaction solvent (water) were obtained for the four
tested temperatures: 200, 250, 275 and 300 °C. The information is available online on the National
Institute of Standards and Technology (NIST) web page webbook.nist.gov and the values are

presented in the following table.

Reaction
temperature (°C) 200 250 275 300
Pressure (bar) 15.55 39.76 59.46 85.88
Liquid phase 0.8647 0.7989 0.7590 0.7121
density (g/cm’)
Vapor density 0.0079 0.0200 0.0305 0.0461
(g/ecn)

Since the reaction mixture is not water by itself, but water with lignin, it was necessary to
determine the density of lignin and consequently the density of water in the mixture. For the
reaction experiments conducted in the range of 250-300 °C 0.25+0.01 g of lignin was used. The
approximate volume of 0.25 g of lignin was experimentally determined to be 0.5 mL. Assuming
that lignin is not compressible and water fills the remainder of the internal vessel space, the density

of water in the mixture with lignin can be calculated the following way:
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water 2.9
Pwater = 72— = —— = 0.690 g/mL

Vvessel=Viignin 4.7mL-0.5mL

Due to the fact that the calculated water density at 300 °C is lower than the water density at
saturation condtions at 300 °C, we are sure that we operate at subcritical water conditions at safe
pressure below 85.88 bar. The percentage of the liquid phase inside the vessel at 300 °C can be
then calculated the following way:

Pwater,sample — Pvapor _ 0.690 — 0.0461 B .
X100 = 07121 = O.O4—61X 100 = 96.7%

% of liquid phase =

Pwater saturation — Pvapor

The final table summarizes the operation conditions at each reaction temperature.

Reaction
temperature (°C) 200 250 275 300
Lignin loading (g) 0.1 0.25 0.25 0.25
Water loading
(mL) 3.2 2.9 2.9 2.9
Vessel pressure <15.55 <39.76 <59.46 <85.88
(bar)
%o of liquid phase 88.1 86.0 90.5 96.7
in vessel ] ] ] ]
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Appendix II: TCA flow schematics; Standby and cleaning mode
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Appendix III: TCA flow schematics; Off and Idle mode (Purge Offline)
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Appendix IV: TCA flow schematics; Helium phase (Purge Online)
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Appendix V: TCA flow schematics; Oxygen phase
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Appendix VI: TCA flow schematics; Calibration phase
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Appendix VII: TCA operational manual and guide for data processing in Excel templates and
Calc software

OCEC Start Up (if completely off)

e The 5 gas tanks are located between the first and the second bench next to the wall in lab
309. Open all gas tanks by opening the secondary (on/off) valve. Open the valve
completely and then turn it slightly back, so the knob does not stuck. Don’t manipulate
with the main valve and the regulator valve!!! When the pressure in any gas tank
drops under 200 psi replace the tank! The gas tanks consisting of a mixture of more
than one gas, i.e. 5% methane in He and He/Ox have to be ordered in advance (~at
least 6 weeks before the expected replacement corresponding to pressure of
approximately 500 psi), since they are not readily available in Airgas storage. Air, N>

and H> should be delivered the next work day after placing the order.
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Turn on OCEC by pressing the red power button on the white extension cord (power cord
located behind instrument)

On the computer open the “OCEC 828" program located in the C drive, see section
“Software selection”

Slowly adjust all the gas flow rates by turning the needle valves until gas flows are within
ranges indicated on PC (the table with flow rates is located on the right side of the software
window), adjust the hydrogen flow rate as the last one due to safety reasons!!!

Turn on FID, H: flow rate within the range indicated by the window should be sufficient
to light the FID by pressing the red button, if having issues, adjust the H, flow by an extra
20-30 psi (70-80 total) and ignite with red button, ignition of the FID detector is indicated
by a popping noise

After FID is lit (check with metal piece — vapor) readjust H, back within the optimal range

if an additional flow was needed

OCEC Start Up from STAND BY

Unclick the “Standby” button at the top of the OCEC828 software and change “desired
CHas oven temperature” in the bottom panel of the OCECS828 software to 500°C. Back oven
temperature will raise back to 870°C automatically.

The air, hydrogen and methane/helium (calibration gas) valves might be closed, then you
have to open them before you start adjusting the flow rates. The 5 gas tanks are located
between the first and the second bench next to the wall in lab 309. Open all gas tanks by
opening the secondary (on/off) valve. Open the valve completely and then turn it slightly

back, so the knob does not stuck. Don’t manipulate with the main valve and the
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regulator valve!!! When the pressure in any gas tank drops under 200 psi replace the
tank! The gas tanks consisting of a mixture of more than one gas, i.e. 5% methane in
He and He/Ox have to be ordered in advance (~at least 6 weeks before the expected
replacement corresponding to pressure of approximately 500 psi), since they are not
readily available in Airgas storage. Air, N> and H> should be delivered the next work day
after placing the order.

Slowly adjust all the gas flow rates by turning the needle valves until gas flows are within
ranges indicated on PC (the table with flow rates is located on the right side of the software
window), adjust the hydrogen flow rate as the last one due to safety reasons!!!

Turn on FID, H: flow rate within the range indicated by the window should be sufficient
to light the FID by pressing the red button, if having issues, adjust the H, flow by an extra
20-30 psi (70-80 total) and ignite with red button, ignition of the FID detector is indicated
by a popping noise

After FID is lit (check with metal piece — vapor) readjust H> back to indicated range if

additional flow was needed

Software selection

In C:\Program files\OCEC828 there are 3 different softwares present. They can be also
found in Dropbox\AK group\Instrument Protocols and Manuals\software. They differ in
the purging time. The original software is called “OCEC828” and has approximately 40 s
offline purging and 2 min online purging programmed. “OCEC828NoPurge” has both
offline and online purging set to 2 s, unless some volatile sample is being run. In such case

the online purging has a variable length depending how long it takes the FID signal to get
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stabilized. “OCEC828NoPurge 2+2 uses 2 s offline and online purging, regardless the
sample properties.

There isn’t any apparent visual difference between the 3 softwares when they are open. If
you aren’t sure, which one is open, close it by selecting “Exit” in the upper left corner and

“Exit (all off)”. After that open the desired software.

OCEC Operation

Cut a piece from a prebaked quartz filter with the black filter cutter (500 °C over night),
remove the metal clamp, put the front oven glass cap onto the upper left corner of the
paper/aluminum foil board and insert the freshly cut filter piece (rough part on the top) to
the main oven. Manipulate with the filter by using the sharp end tweezer, for manipulation
with the glass boat use the Teflon tweezer with rubber ends.

Connect the front oven glass cap back to the TCA machine and tighten the connection with
the metal clamp. Clean the oven by selecting “Action” and “Clean Oven”

While the main oven is being cleaned, fill out the log book. Record transmittance and
reflectance signal, hydrogen and calibration gas flow rates and absolute pressure after the
oven has finished cleaning

Create a folder for your data in “Output raw data file”, the preferred way of naming is
“initials date sample”. The folder path will be D:\OCEC\Data\your name. In order to
process the data in the Excel quantification spreadsheet it is better to first create a folder in
D:\OCEC\Data\your name and call it “initials_date sample” and then create a separated
text file for each analysis in “Output raw data file”. This way you will have a folder for

each day of analysis, which will contain separated text files with data from each run.
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For every run including blanks and calibration make sure that the pressure after closing the
oven is above 0.1 PSIG!!! The common value is approximately 0.2 PSIG. To be able to
start a new analysis, the oven temperature has to be below 75 °C, in that case you will see
a notice “Safe to put a new sample” in a green field. For every run you also need to fill the
“Analyst name”, “Sample ID” and “Punch area”. Always set 1 cn’ for “Punch area”. Press
“Start” to run.

For the data processing it is strongly recommended to use the Excel data spreadsheets
located either in Dropbox\AK group\Instrument Protocols & Manuals\OCEC or in the PC
operating the TCA in D:\OCEC\TCA Lignin Templates. For a brief quantification
Calc316 software can be used. For the details see section “Data Processing in Calc
software”. However, the Excel templates are the primary way of quantification,
alternatively the Origin software can be used, for details see “HB_Origin_Guide” located
in Dropbox\AK group\Instrument Protocols & Manuals\OCEC. Remember, if you want to
use Calc software for the brief quantification of, e.g., filter blank or sucrose calibration, it
is necessary to use the original “OCEC828” software”, otherwise the Calc software
calculates odd carbon amounts, since the minimized purging time causes issues with the
proper FID baseline setting.

After oven cleaning with the filter still in the oven run blank, in “parameter file” choose
folder D:\OCEC\methods\Default and select “HB_Blank Run”, for blank baseline FID
signal should be obtained.

After running the blank a sucrose calibration solution of known carbon content should be
run. In “parameter file” select D:\OCEC\methods\Default and “pyroprobe ac2”. The

expected amount of C £ 5% (see processing in Excel templates) should be obtained in order
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to continue with the analysis of samples. If the value calculated in Excel template does not
fall within the 5% of the expected value run duplicate analysis for repeatability. After
running the calibration contact the person in charge (Honza or Brett). You should get a
permission of the person in charge to continue in the analysis.

e For every set of samples at least 1 solvent blank has to be run in order to subtract the
carbon amount, which is not part of the sample! Use the solvent that you have your
samples dissolved in and also use the same loading volume as you use for your samples.

e Load sample (5-10 pL) on the center of the filter paper on its rough side. If wet, allow to
dry (use hot plate with aluminum foil on the top. Heat it up to 40° C. For water, unless
allowed by the person in charge (Honza), 7 min will be the drying time used, for DCM and
other organic solvents 4 min. Use timer to measure the exact drying time.

e The regular lignin ramp for lignin samples including an ambient temperature step and then
200, 300, 400, 500, 890 (all w/o oxygen) and 890 °C step w/oxygen can be found in
D:\OCEC\Methods\Default and “HB_Lignin Ramp amb long 890 170712”. All
temperature steps are 6 min long, except the 890 °C w/o oxygen, which is 12 min long.
Using this method together with the “OCEC828NoPurge 2+2” and minimized drying time
depending on the type solvent ensures maximum recoveries of lignin and lignin
degradation products and enough for their elution in every temperature step.

¢ Run a duplicate sample about every tenth sample.

Standby mode

e NOTE: Use the standby mode when using the instrument regularly (every day) or

when interrupting your work for less than one week, otherwise shut down the

instrument completely (see “Instrument shut down”)
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Click on “Standby” in upper left corner of the OCEC828 software, set “desired CH4 oven
temperature” and “standby back oven temperature” in the bottom OCECS828 software panel
to 300°C.

Slowly adjust the flow rates the following way: air 5-10 ccm, Hz 5-10 ccm, Hel 6-10 ccm,
He2 4-6 ccm, He3 6-10 ccm, He/Ox 4-6 ccm, Cal. Gas 5-10 ccm. Due to safety reasons,
start with hydrogen! There is no manipulation with the FID detector. When the flow rates
are decreased, the FID extinguishes automatically.

After the flow rates are adjusted, air, hydrogen and calibration gas (methane/helium)
secondary valves on the gas tanks can be closed completely during standby mode. Don’t
touch the main and regulator valves!!!

The PC operating the TCA stays turned on and the operational software stays open

during the standby mode!

Instrument Shut Down (Reverse order of Start Up)

NOTE: Turn off the instrument completely only when not planning to use the
machine for week or more. If you plan to use the instrument regularly, set the
instrument to standby mode (see “Standby mode”)

After oven is cooled all gasses should be SLOWLY reduced to a flow rate 5-10 mL/min by
first starting with H> due to safety reasons. There is no manipulation with the FID detector.
When the flow rates are decreased, the FID extinguishes automatically.

Once gasses have been reduced turn off power supply located behind instrument by
pressing the red button on the extension cord

Close the secondary valves on the gas tanks. Don’t touch the main and regulator

valves!!!

137



e The PC operating the TCA stays turned on and the operational software stays open
when the TCA is turned off! If you come to the instrument and the PC is turned off
or the software is closed, first, turn on the instrument before opening the OCEC828
software!

Data processing in Excel templates

e The Excel templates are the primary way of data processing and they are located either in
D:\OCEC\TCA Lignin_ Templates or in Dropbox\Lignin\TCA_Lignin_Templates.

e The folders contain following templates:

HB-OCECTemplate pyroprobe _ac2 170712 used for pyroprobe ac 2 parameter. This

parameter with the corresponding template are used for the sucrose calibration mixtures

analysis.

HB-OCECTemplate hb Lignin Ramp amb _long 890 170712 used for Lignin

Ramp amb long890 170418 parameter. This parameter with the corresponding template are

used for the complete analysis of lignin related samples.

HB_OCECTemplate repolymerization_170712 used for HB repolymerization 170627

parameter. This parameter with the corresponding template are used for a brief analysis of

lignin related samples. The parameter contains two 6 min long TD steps at 200 an 300 °C, one

12 min long pyrolytic step at 890 °C and the oxygenation step.

e Both directories also contain the last version of the sucrose calibration with the calibration
curves. All the slopes, intercepts and calibration constants are linked to this file.

e As mentioned in section “OCEC operation”, in order to process the data in Excel templates
it is better to have all the analyses saved in separated text files

e Open the text file, highlight the whole content (Ctrl+A), right click and “Copy” (or Ctrl+C)
138



Open the desired Excel template and save it under different name in you data folder
(preferably “Initials date sample”)

Create a new sheet following the sheet with the template and call it
“raw_data_sample label”, right click and “Paste” the data there (or Ctrl+V). Therefore, for
one day of TCA analysis you will have one quantification Excel file and for one analysis
you will have the quantification template followed by the analysis raw data

The copied raw data will probably not be separated into the single columns. In order to do
that, click on the first cell, on the top panel select “Data” > “Text to columns” >
“Delimited” > “Comma” > “Finish”, now all the parameters are separated in different
columns.

When the different parameters are separated in the different columns, highlight the raw
data set by starting in the cell with word “Sample” and highlight the whole row till column
O, then highlight the rest of the data set by pushing Ctrl+Shift+] and copy.

Go to the template sheet (the previous one before the raw data sheet) and paste the data
starting in cell D1. The D1 cell should contain the word “Sample”.

When the data are pasted, the template automatically calculates all the results. The original
templates were modified for the lignin researchers, so they stress especially the FID results.
However, the laser results are kept in the template, if needed.

The most important information is shown on the right side of the template. The large blue
box on the top with a smaller orange box show slopes and intercepts and the calibration

constant, respectively, linked from the recent calibration file
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e The yellow box under the calibration data contains the final integrated peak areas and
amounts of carbon calculated using external calibration, internal calibration and calibration
constant (from top to bottom)

e The chart under the yellow box shows the temperature profile (yellow line) with the FID
signal obtained for that particular sample. The FID signal range (y-axis values) is
automatically adjusted to the peak with the highest abundance. The next chart shows the
maximized FID used for the integration and the closest area to the baseline.

e For the data processing of the next sample, copy the template and the raw data spreadsheet
behind the two spreadsheets with already processed sample, rename based on the sample
labeling and repeat the process. The newly copied raw data of the next sample should be
already separated into the single columns.

e For more details about the quantification templates, e.g., how to modify the template when
the analysis parameter was modified, see Brett’s videos in Dropbox\AK group\Instrument
Protocols & Manuals\OCEC\Videos

Data Processing in CALC software

¢ Reminder: Calc software is not the primary way how to process the data. It is used just for
a brief evaluation of the total carbon evolved. In addition, when a software with a limited
purging is used, the data cannot be trust at all.

e Open program “Calc 316 located on the desktop and select the data file

e Click on “Calculate all samples”

e Laser and FID graph scales can be adjusted on the right hand side, it’s possible to switch

between samples by clicking on the sample ID in the upper right corner
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In order to calculate new data, the software has to be closed and opened again. The software
does not allow the user to use the “Calculate all samples” function twice, while being
already open

To open in Excel, open the text file with your data, select the data to be transferred, copy
and paste to Excel

In Excel select “Data” > “Text to columns” > “Delimited” > “Comma” > “Finish”, now all
the parameters are separated in different columns

To process in Origin see HB_Origin_Guide 170308

Appendix VIII: Guide for data processing in Origin

Prior to Origin:

In order to process your data in Origin you need to have the .txt file with your data. Your
data are saved in the file selected in “Output raw data file” in OCEC828 software when
you were running the analysis. The preferred directory for saving the text files is
D:\OCEC\Data\your name. Each text file is a set of files from one day, the new dataset
always starts with “sample”.

Before copying the data from the text file open an Excel spreadsheet and create a column
called “Time”. The TCA machine collects the data every second, therefore the time
difference in min between every two points will be 1/60 (0.0167). You can also plot the
time in seconds, just remember to use the same time units both for calibration and
sample, because it affects the peak area!!!

Open the text file and highlight the data of one sample starting from “FID1” and continue

highlighting the set of data until next “sample”
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e Copy the highlighted data and paste it in the first cell of the second column next to the
“Time” column.

e To distribute into multiple columns highlight the second column you’ve just pasted and
select “Data” — “Text to columns” — select “Delimited” — “Next” — select “Comma”
— “Finish”

e Now all the data columns are separated, 1. Column is “Time”, the second one is “FID1”.

e Drag down the time values and make sure that every FID1 value is attributed to a time
value in order to make a thermogram in Origin

e It’s recommended to create one spreadsheet for one sample. Label each spreadsheet the
same way as you labeled your samples. Copy the “Time” column into spreadsheets for the
following samples. Call the whole Excel file as Initials Analysis date TCA raw_data.

Guide for OriginPro 2016 32bit use

e Origin software is installed on the first PC along the left wall in the PC lab

e Open OriginPro 2016 32bit software

e In Bookl highlight first 4 rows labeled with yellow color and delete them

e In your Excel file select first two columns (“Time” and “FID1”), copy them, go back to
Origin, click on Al cell and paste

e Erase the first row with column names, otherwise you’ll make the software confused

e Click on the very upper left cell of Bookl (not labeled one), this way you highlight the
whole data set

e On the top line of the software select “Plot” — “Line” — “Line” and you’ll get a

thermogram of your sample
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In order to magnify the baseline area of your thermogram right click on the y axis and
select “Scale”, in “from” line type 2850 and in “to” line type 3200. In case you don’t see

the separation of all the temperature fractions in this magnified area increase the “to” value

Creating a baseline for the curve

Go to “Analysis” — “Peaks and Baseline” — “Peak Analyzer” — “Open Dialog”. This
brings up the Peak Analyzer window. On the top pane of the window the wizard is shown
highlighting the steps you will take in the process of creating the baseline for your curve.
In the first step you will select the goal of this process:

Recalculate  “Manual”

Goal “Create Baseline”

Input Your graph/curve (Example: [Graphl]1!1”Heat Flux”)

The only thing you have to select is “goal” — “Create baseline”, otherwise
“recalculate” and input” are already set

Select “Next” to move onto the next step of the Peak Analyzer wizard: “Baseline Mode”.

In this pane select the following:

Baseline Mode “User Defined”
Snap to Spectrum Uncheck
Baseline Anchor Points

Method “27d Derivative”

Smoothing Window Size 1

Threshold 0.05 Keep “Auto” checked
Current # of points 0
Enable Auto Find Check (only for initial peak find)

143



Number of pts to find 2

The only parameters you have to change from the default are “smoothing window

size” and “number of points to find”, for the rest you use the default settings

Now push the “Next” button. You will see the baseline anchor points appear along your

curve. If you are satisfied with the placement of these points you may go on to integrating

the peak areas of the curve by pressing “Finish”. However, you will probably have to
correct the baseline for every sample. In that case you do the following:

1) To move an already existing anchor point select “Modify/Del”, bringing you back to
your graph window. Select the point you wish to move by clicking and holding down
either the left mouse button or using the keyboard arrows (better, more precise). Move
the point to the desired location and release the left mouse button to set the new
location.

2) You can view the anchor point info at anytime by selecting the “Anchor Points Info..”
button (not necessary).

3) Ifyou are satisfied with your baseline select “Done” and “Finish”

Integrating Peak Areas (Using a User Defined Baseline)

This procedure is for integrating peak areas of a curve based on a user defined baseline that
is already added to the curve (see section above for instruction on creating the user defined
baseline).

Go to “Gadgets” — “Integrate...”, this brings up the Data Exploration:
“addtool_curve_integ” window. In the Integration Tab set the following:

Fit Limits To “Data Points”

Area Type “Mathematical Area” (algebraic sum of trapezoids) or
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“Absolute Area” (sum of absolute trapezoid values)
Show
Show Integrated Area  Leave checked
Integral Curve None
The only parameters you have to change are “Fit limits to” — “Data points” and
“Area type” — “Absolute area” (so far for TCA data processing we’ve always used
absolute area), otherwise for the remaining parameters you use the default setup
In the Baseline tab select the following:
Mode “Use Existing Dataset”
Dataset Select the baseline you created (Example:
[Graph2]1!2”Baseline of Heat Flux”), if you don’t call it
anyway it will be called “Plot 2: Baseline of B”
Range “Curve within ROI” (default setup)
Don’t worry about the other tabs and push OK. This will now bring you to your graph and
a new yellow box (the ROI box) is shown. All peaks in this box will be integrated and the
peak areas summed. Therefore if you wish to have the area of a single peak move the sides
of the box to change the range so that only a single peak is integrated.
The preferential way of moving the box is using the keyboard arrows. You can either
decrease or increase the integrated area (the yellow box size) by clicking on the green
arrows on the edge of the yellow box and moving them either left or right.
If you don’t see a clear fraction separation and you don’t remember your temperature
program, go to your raw data file (the Excel file including all the parameters separated in

individual columns copied from the text file) and based on the columns called “desired
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temperature” and “sample temperature” (the actual temperature) you can figure out the
beginning of each temperature fraction.

e At the top of the thermogram the absolute area of the chosen part of the thermogram is
provided.

e When you are done with processing of one sample, close the Graphl and erase the content
of columns C and D in Book]1 in order to continue with another sample.

Appendix IX: TCA thermogram of syringol (7.9 pg of C) in water; analysis was performed
without prior drying with 2 min 40 s purging time
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Appendix X: TCA analysis of DCM solvent controls; ug of C evolved at 700 °C and in the
oxygenation phase

ug of C evolved in TCA temperature

Analysis parameters fraction
700 °C 550-890 °C w/O;
DCM; 5 pL; 4 min drying 0.7 0.2
time; 200 °C initial step 0.4 0.1
DCM; 5 puL; 1.5 min drying 0.2 0.1
time; 200 °C initial step 0.1 0.1
DCM; 5 pL; 1 min drying 0.3 0.1
time; 200 °C initial step 0.1 0.0
DCM; 5 pL; 30 s drying time; 0.1 0.1
200 °C initial step 0.5 0.1
DCM; 10 uL; 30 s drying 0.9 0.0
time; 200 °C initial step 0.0 0.0
DCM; 2.5 pL; 30 s drying 0.1 0.2
time; 200 °C initial step 0.2 0.1
DCM; 5 uL; 30 s drying time; 0.6 0.1
100 °C initial step 0.0 0.0
DCM; 5 uL; 30 s drying time; 0.1 0.0
300 °C initial step 0.1 0.0
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Appendix XI: Interday evaluation of TCA blanks; a) filter blank, b) 5 uL. of DCM, c¢) 10 pL of

DCM. 2 min 30 s purging time and 30 s drying time (DCM blanks) was used.
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Appendix XII: Blank evaluation, intraday comparison 12/10/16; 200 °C initial step
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Appendix XIII: TCA profiles of a) syringol, b) methylguaiacol, ¢) guaiacol. Approximately 20
pg of C was introduced. Solutions were prepared in DCM and dried for 4 min at 40 °C. 2 min 30
s purging time was used.

1000
14800 e 900
a L, K —~
- A 800 O
12800 S 3 b
ot \ 700 @
3 \ 2
S 10800 \ 600 O
& \ [0)
& 5% CH, in He (IS) 500 £
£ 8800 “\ 2
5 \ 400 ¢
>
“ &800 . 200 8
200 &
4800 :
100
2800 0
0 2 4 5 8 10 12
1000
14800 | . - 900
b e R —~
e N 800 O
12800 Ko \ =~
.- e \ 700 @
8 il J ‘\ =
C 10800 dN -~ B 600 O
g ’ % e . “ [
. SN 5% CHyinHe (IS) || 500 £
] ’ w \
8800 / ! \ 8
5 ’/ \ 400 g
R k 3
6800 J— s 30 ©
Lommm———- -* methylguaiacol evolved at 200 °C 200 8
4800 s
i / 100
l’
2800 E= 0
0 2 4 6 8 10 12
1000
14800 PR 900
c ” K ~
o’ N 800 O
12800 en \ b
o % 700 Q
8 ,I'\\ P ‘\ =
S 10800 LAY et \ 600 £
=3 7 L 5% CH,4in He (IS) N 500 £
Q [ 4 %
= 8800 J ™. R 2z
a J % 400 ¢
" 6800 R N 300 3
P C
peemm—— - guaiacol evolved at 200 °C 200 g
4800 s
s / 100
4
2800 == 0
0 2 4 5 8 10 12
t (min)
——FID1 response ~ ===-- main oven temperature

150



Appendix XIV: TCA thermogram of phenol in water (20.2 pg of C); no drying, 4 s total purging
time, blower constant 0
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Appendix XV: TCA thermogram of phenol in water (20.2 pg of C); no drying, 4 s total purging
time, blower constant 8
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Appendix XVI: TCA mequinol in DCM thermogram (20.1 pg of C); 30 s drying at 40 °C, 4 s
total purging time
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Appendix XVII: TCA thermogram of a) pure solid alkali lignin with 6 min 890 °C w/o O step
(37.8 pg of C), b) solid alkali lignin hydrotreated at 300 °C w/uNi without the extract filtration
with 12 min 890 °C w/o Oz step (12.2 pg of C)
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Appendix XVIII: TGA profile of solid alkali lignin analyzed in triplicate (average loading 20.3
pg of lignin); solid lines represent the oven temperature, dash lines represent the individual mass

losses.
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Appendix XIX: Lignin repolymerization evaluated by TCA; lignin dissolved in water at 25 °C,
a) day 1, b) day 13, ¢) day 20
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Appendix XX: Lignin repolymerization evaluated by TCA; lignin dissolved in MeOH/water 5:2
(v/v) at 25 °C, a) day 1, b) day 13, ¢) day 20
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Appendix XXI: Lignin repolymerization evaluated by TCA; lignin treated in water at 300 °C, a)
day 1, b) day 13, c) day 20
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Appendix XXII: Lignin repolymerization evaluated by TCA; lignin treated in MeOH/water 5:2
(v/v) at 300 °C, a) day 1, b) day 13, c) day 20
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Appendix XXIII: Lignin repolymerization evaluated by TCA; lignin dissolved in THF at 25 °C,
a) day 1, b) day 13, ¢) day 20
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Appendix XXIV: Lignin repolymerization evaluated by TCA; lignin dissolved in ACN/water
1:1 (v/v) at 25 °C, a) day 1, b) day 13, ¢) day 20
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Appendix XXV: Mass spectrum of bicreosol (m/z 274); synthetized lignin standard
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Appendix XXVI: Mass spectrum of TD-14 (m/z 272); synthetized lignin standard
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Appendix XXVII: Mass spectrum of diguaiacylethane (m/z 274); lignin degradation product
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Appendix XXVIII: Mass spectrum of diguaiacylethene (m/z 272); lignin degradation product
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Appendix XXIX: Py-GC-MS profile of guaiacol spiked on the glass wool, a) guaiacol (109,
124, 81), b) benzodioxole (121, 122, 63); 5 uL (20 pg) of sample was loaded. The analysis was
performed in 50:1 split ratio.
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Appendix XXX: Py-GC-MS profile of mequinol spiked on the glass wool, a) mequinol (109,
124, 81), b) dimethoxybenzene (123, 138, 95); 5 uL (20 pg) of sample was loaded. The analysis
was performed in 50:1 split ratio.
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Appendix XXXI: Py-GC-MS profile of syringol spiked on the glass wool, a) syringol (154, 139,
111, 96), b) methylenedioxyanisole (152, 151, 107, 137), ¢) trimethoxybenzene (168, 153, 110,
125); 5 uL (20 pg) of sample was loaded. The analysis was performed in 50:1 split ratio.
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Appendix XXXII: Py-GC-MS profile of levoglucosan spiked on the glass wool, a) levoglucosan
(60, 73, 57); 5 uL (20 pg) of sample was loaded. The analysis was performed in 50:1 split ratio.
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Appendix XXXIII: TCA vs. Py-GC-MS comparison of %rel. of evolved C (mass) of lignin
model compounds; The amount of C introduced in mequinol and syringol was approximately 4
pg (1 pL spiked), for levoglucosan 12 pg (3 pl spiked). The analysis was performed using 10:1

split ratio.
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Appendix XXXIV: Py-GC-MS profile of vanillic acid spiked on the glass wool, a) vanillic acid

(168, 153, 97, 125), b) guaiacol (190, 124, 81), ¢) methylester of vanillic acid (151, 182, 123), d)

methylester of dimethoxybenzoic acid (165, 196, 168); 5 uL (20 pg) of sample was loaded. The
analysis was performed in 50:1 split ratio.
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Appendix XXXV: Py-GC-MS profile of bicreosol spiked on the glass wool, a) bicreosol (274,
241, 227), b) not identified (256, 288, 241, 213), ¢) not identified (272, 227, 199), d) not
identified (272, 257, 214, 229); 5 uL (20 pg) of sample was loaded. The analysis was performed
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Appendix XXXVI: Py-GC-MS analysis of solid alkali lignin; extracted m/z 18 and 44

Abundance
700000 B m/z18
[+]
B m/z44 200°C
350000
T T T T ¥ T Ll
0, 050 100 150 200 250 300 350 4.00 450 500 5.50
700000
300 °C
350000
0 050 100 150 200 250 300 350 4.00 450 500 5.50
700000
400 °C
350000
0 050 100 150 200 250 3.00 350 400 450 500 550
700000
500 °C
350000 ;
0 050 100 150 200 250 300 350 4.00 450 500 5.50
700000
890 °C
350000
T ————
0 050 100 150 200 250 300 350 400 450 500 5.50
700000
1,200 °C
350000
ﬁ
_ 0 050 1.00 150 200 250 300 350 400 450 500 5.50
Time (min)

170



Appendix XXXVII: Py-GC-MS analysis of solvent control (water); extracted m/z 18 and 44
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Appendix XXXVIII: Py-GC-MS analysis of solid alkali lignin; extracted m/z 137
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80

Appendix XXXIX: Py-CG-MS (% of normalized peak areas) vs. TCA (%rel. of C evolved)
comparison of solid alkali lignin analysis
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