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Abstract

Lignin is the second most abundant biopolymer on earth but is rarely used as polymeric
aromatic source because of its high structural variety. Two different approaches are
studied in this work for the valorization of lignin, both of them give a perspective to add

a sustainable resource for material synthesis.

Oxypropylation, e.g. the modification of lignin with propylene oxide, yields liquid
polyol mixtures suitable for the synthesis of polyurethane foams. Poly(propylene glycol)
is formed as a side product, reducing the overall lignin content in the final foam. The
extent of this side reaction was found to be highly sensitive to the type of catalyst.
Potassium tert-butoxide as catalyst gives 10% less side product than the usually used
potassium hydroxide. Formation of side products is even lower using the amidine 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene as catalyst. Combined use of propylene oxide and cyclic
propylene carbonate as modifiers lead to presence of carbonate linkages in the polymer
chains grafted to lignin. The properties of lignin-based polyols can thus be tailored for a

desired application.

Mechanically stable organic aerogels are prepared from an acid-catalyzed
polycondensation of a mixture of 40 wt% resorcinol and 60 wt% lignin and an
appropriate amount of formaldehyde. Gels form within a few minutes. Dimethyl
sulfoxide/H20 is the best solvent system for the preparation of stable gels with low
shrinkage and without the need for supercritical drying. Scale-Up allows for production
of monolithic gels with dimensions of 15x15x3 cm or below. The obtained detailed
understanding in form of a structure-property relationship makes it possible to tailor the

amount of acid and formaldehyde appropriate for a certain application.



Zusammenfassung

Lignin ist das am zweithaufigsten vorkommende Biopolymer der Erde, wird aber
aufgrund seiner grofien strukturellen Vielfalt nur selten als aromatischer Rohstoff in
Polymeren verwendet. In dieser Arbeit werden zwei verschiedene Ansatze untersucht,
die eine Wertschopfung von Lignin ermdoglichen und die so die Perspektive erdffnen,

einen zusatzlichen nachwachsenden Rohstoff fiir die Materialsynthese zu etablieren

Die Oxypropylierung, d.h. die Modifizierung von Lignin mit Propylenoxid, fiihrt zu
fliisssigen Polyolmischungen, die sich fiir die Synthese von Polyurethanschaumen
eignen. Als Nebenprodukt entsteht Poly(propylenglykol), das den Gesamtgehalt an
Lignin im fertigen Schaum verringert. Der Anteil dieser Nebenreaktion ist stark
abhingig von der verwendeten Katalysatorart. Kalium-tert-butanolat als Katalysator
verringert die Menge des Nebenprodukts um 10% im Vergleich zu dem iiblicherweise
verwendeten  Kaliumhydroxid. ~Die Verwendung der Amidinbase 1,8-
Diazabicyclo[5.4.0]Jundec-7-en als Katalysator verringert die Bildung von
Nebenprodukten noch weiter. Die kombinierte Verwendung von Propylenoxid und
cyclischem Propylencarbonat als Modifikator fithrte zur Bildung von
Carbonatbindungen in den Polymerketten. Eigenschaften von Polyolen auf Ligninbasis

konnen dadurch an die gewtiinschte Anwendung angepasst werden.

Mechanisch stabile organische Aerogele werden aus einer sdurekatalysierten
Polykondensation einer Mischung aus 40 wt% Resorcin und 60 wt% Lignin sowie einer
entsprechenden Menge Formaldehyd hergestellt. Die Gele bilden sich innerhalb weniger
Minuten. Dimethylsulfoxid/H20 ist das beste Losungsmittelsystem fiir die Herstellung
stabiler Gele mit geringem Schrumpfverhalten, ohne dass eine tiberkritische Trocknung
erforderlich ist. Eine Mafsstabsvergroflerung fiihrt zur Herstellung monolithischer Gele
mit Abmessungen von 15x15x3 c¢m oder weniger. Das gewonnene detaillierte
Verstandnis in Form einer Struktur-Eigenschafts-Beziehung ermoglicht es, die
bendtigten Mengen an Saure und Formaldehyd auf die gewiinschte Anwendung

abzustimmen.
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Introduction

1 Introduction

In 1956, a speech held at a meeting of the American Petroleum Institute sparked an
outcry. It was given by American geologist and geophysicist M. King Hubbert, who
predicted the peak of the US petroleum production between 1965 and 1970.1 His
prognosis, at first met with harsh criticism, proved to be accurate, as oil production in
the US declined for some time after 1970. While technological advances and newly
discovered oil reserves led to a deviation from the predicted curves at the beginning of
the 21st century,? Hubbert was one of the first scientists to point out a critical

problem — fossil resources will eventually run out.

Depletion of natural reserves is a major challenge of today’s society, calling for a shift
from fossil to more renewable resources.? Gas, oil and coal are mostly used for energy
production but are also the main carbon source for the chemical industry and with that
for the plastics industry. The advantages of polymer materials in daily life are plentiful,

but their use also raises environmental concerns.!!

Changing from petrol-based to plastics from renewable resources is a key challenge for
polymer scientists.[*#l This topic is also addressed on the political stage - alternative
feedstocks for plastics production are part of the European Union’s European Strategy for
Plastics in a Circular Economy.) In 2021, only 1.5 % of the world plastics production were
bio-based materials. Although this is still a very small percentage, the amount has almost

doubled since 2018.110

One example of a renewable resource with promising applications in polymer synthesis
is lignin."-11 This phenolic macromolecule is a main component of wood and other
plants. Large quantities of lignin are resulting as a byproduct in the paper industry. The
availability on a large scale makes this renewable resource a potential substitute for (a
part) of petrol-based substances. Nowadays, the major part of around 98 % of lignin is
burned for energy recovery and only a small part is isolated for further valorization.
Because of the overall high amount of lignin that is processed these 2 % still amount to

over 1 million tons per year.['”]
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The concept of biorefineries has added to a growing focus on lignin valorization.['18]
Separating lignin from the other components is a key aspect of the biorefinery cycle,
which aims to convert all parts of biomass to high-value products.['21°20 Every liter of
cellulosic ethanol (EtOH) produced as renewable fuel in biorefineries generates about
0.5 - 1.5 kg of lignin of which only around 40 % is needed to cover the energy demand
of the production.['® It is estimated that 60 billion gallons of biofuel will be produced in
the US in 2030. 2! This amount would require 750 million tons of biomass and would
leave 22.5 million tons of lignin available. These numbers highlight the substantial

amount of lignin that could be available as feedstock.

However, lignin is not a simple compound; it also has been considered worthless
because of its high structural complexity. “You can make everything from lignin, except
money” — this alleged quote of the pulp industry represents the negative view on this
topic.l?2% Fortunately, the opinion has changed and an immense amount of scientific

publications reflect the effort to utilize this potential.
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1.1 Lignin

1.1.1  Structure and Properties

Lignin is the most abundant natural polymer on earth after cellulose. It is a crosslinked
phenolic macromolecule that adds strength and rigidity to plant cell walls. It is also
important for the transport of water and nutrients inside the plants and as a protection
against UV radiation because of its aromatic character. The name lignin is derived from
the Latin word for wood, lignum.1?!l The structure of lignin has been of interest for quite
some time.”! It is based on substituted phenylpropanoids, the monolignols. Three
different monolignols have mainly been identified: p-cumaryl alcohol, coniferyl alcohol
and sinapyl alcohol (Scheme 1). The resulting units of the lignin molecule are referred to

as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) unit.12627]

HO HO HO
X X X
OCHj3 H;CO OCHj3
OH OH OH
p-cumaryl alcohol coniferyl alcohol sinapyl alcohol

Scheme 1. Structure of monolignol units p-cumaryl, coniferyl and sinapyl alcohol.

Oxidative phenolic coupling of those units leads to a broad structural variety in lignin.
Monolignols are linked by ether and carbon-carbon bonds. The most common bond is
the $-O-4 type. For bond classification carbon atoms of the side chain are labeled o; 3
and y whereas the carbon atoms of the aromatic ring are numbered 1-6. An ether bond

is indicated by the addition of the letter ‘O’ (Scheme 2).0""]
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Scheme 2. Exemplary labeling of atoms in a monolignol unit and structure of a 3-O-4 bond.

Relative amount of H-, G- and S-units and types of linkages depend on the plant species
lignin is extracted from. Differences in composition can also be noted between different
plants or even different parts of the same plant. Softwood lignin consists mostly of G-
units, hardwood lignin of G- and S- units and grass lignin of all three units.[4192¢1 Lignin
contains different functional groups. Most common are hydroxy groups, both aliphatic
and aromatic. Other present functionalities are methoxy, carbonyl and carboxyl groups.
High structural variance makes is difficult to establish a defined structural formula for

lignin.

1.1.2  Recovery of Lignin from Biomass

Lignin is present in nature in form of lignocellulosic biomass. The ratio between lignin,
hemicellulose and cellulose in the biomass depends on the type of plant. The main
components need to be separated for a valorization in the best possible way.!"?l The way
of separation has an influence on the structure of the resulting lignin.*”’ Various
separation processes have been established (Figure 1). Two groups can be distinguished:
processes leading to lignin that contains sulfur and sulfur-free processes.l'?l The aim of
the separation has mostly been the conversion of lignin and hemicellulose to a soluble

form to separate them from the cellulose. The latter is then used for paper production.
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Extraction
Processes
[
I I
[ Sulfur-containing ] [ Sulfur-free ]

Kraft/ Sulfate Sulfite Soda Solvent Enzymatic
Pulping Pulping Pulping Pulping Hydrolysis

\4

Kraft Lignin Lignosulfonates Soda Lignin Organosolv Lignin  Hydrolysis Lignin

Figure 1. Processes for lignin isolation.

Sulfate pulping was patented in 1884.18l The process is known as the “Kraft” process
after the German word for “strong” because the resulting paper showed high strength. >’
This name is nowadays still used and the resulting lignin is called Kraft lignin (KL).
Strong alkaline conditions are used to cleave ester bonds between hemicellulose and
lignin.¥)' An aqueous solution of sodium hydroxide and sodium sulfide is used at
temperatures between 150- 180 °C.['417301 Several reactions take place beside the ester
cleavage and result in episulfides. Elimination of sulfur leads to conjugated structures

and explains the presence of both elemental and bound sulfur in KLs (Scheme 3).

OH OH OH
HO © o S OH
OR OH | OR +SH -S =
-H,0 -r0®
gl OH  -CHOH .- OH - OH - OH
OH

Scheme 3. Typical reactions during Kraft pulping leading to episulfide structure and conjugated

structure after elimination of sulfur.

Sulfite pulping uses aqueous solutions of sulfite or bisulfite at temperatures between

140-170 °C.% This process comprises an acidic cleavage of lignin ether bonds.



Introduction

A sulfonation of aliphaticlignin parts takes place and a loss of alkoxy groups is observed.
The resulting products are called lignosulfonates (Scheme 4).1') Lignosulfonates are
soluble in water.?”l The relevance of sulfite pulping is declining because the more

versatile and robust Kraft process is commercially preferred.!’!

OH OH OH
RO N - HO3S N
) o ® ) + HSO; )
- ROH
-7 OCH3 -7 OCH3 -7 OCH3
O\ O\ O\

Scheme 4. Typical reactions during sulfite pulping leading to formation of lignosulfonates.

High sulfur content present after extraction is a disadvantage for further lignin
processing because of the occurring yellowing of the products, the odor and interference
with further reactions.B! Sulfur-containing lignins, especially KL, are mostly burned to

generate energy for the pulping mills.[*431]

The alternative Soda process uses aqueous sodium hydroxide at a temperature of 160 °C
for separation of the components of wood.*"! Ester bonds of lignin are cleaved under
formation of epoxides (Scheme 5). Resulting Soda lignin (SL) is soluble in water and
precipitates from the pulp after acidification.?”! This process is mostly used for annual

grown non-wood sources such as straw and bagasse.['?!

&) 0]
HO OH O O OH

+ OH

-H,0 -RO

- OCH; - OCH; . OCH;
OH OH OH

Scheme 5. Typical reactions during Soda pulping leading to epoxide-containing structures.
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A further source of lignin comes from biomass in the Organosolv process. Therein
solvents like primary alcohols at temperatures around 180 °C are applied."”! Cleavage of
ether bonds takes place under acidic conditions and results in fragmentation (Scheme 6).
Organosolv lignin (OSL) is soluble in many organic solvents but insoluble in water.[!
The use of low-boiling solvents facilitates the recovery and concomitantly gives a lower
energy consumption. Odor produced by heating of sulfur components of the lignin from
KL and other processes can be avoided and the resulting lignin is of high purity. This
opens the possibility for an easier lignin valorization. The first Organosolv process was
patented in 1971.552 Since then various similar processes based on various solvents have
been developed. However, none of them have been established on a large industrial

scale.l24l

OEt
HO e HO e

H®. EtOH/H,0

. -R,OH P
OCH; OCH;

OH OH
Scheme 6. Typical cleavage of an ether bond during Organosolv pulping with EtOH.

Hydrolysis lignin (HL) is a byproduct of the bioethanol production.?®! Pretreatment of
biomass with enzymes and catalytic amounts of acid leads to hydrolysis and is needed
for the separation of the carbohydrate component. The residual lignin can be recovered

by downstream extraction."]

In the past, recovery and valorization of lignin was not the main objective of the pulping
processes established in the paper industry and the obtained lignin was mostly
unsuitable for further processing.?*?l Nowadays, with increasing relevance of bio-based
chemicals within the approach of green chemistry, consideration of lignin as a simple
waste product is no longer appropriate. Recent research therefore focusses on revising

and adapting existing processes to enable easy valorization of lignin.[1834-3¢]



Introduction

1.1.3  Valorization of Lignin

The production of commercial lignin worldwide was estimated at 1.7 million tons in
2018.%°1 The largest amount were lignosulfonates (approx. 80 %), followed at some
distance by KL (15 %). SL and HL make up the smallest fraction (5 %). OSL is produced
only on pilot scale.l'”l Other processes like hydrolysis or steam explosion yield also

lignins with high purity, but those techniques still remain at a very low production level.

The available quantity in combination with the high content of hydroxy groups make
lignin an interesting educt for simple chemical derivatizations.['#152337] The dependence
of the lignin structure from source and extraction method results in a diversity of
chemical behavior and generally an “inconsistent” performance.®! Solubility and
reactivity of a given lignin will differ from batch to batch. The presence of sulfur in some
types of lignin can additionally be problematic because of its odor and possible
yellowing of the product. The dark brown color of lignin itself is disadvantageous for
certain applications. Nonetheless, a larger number of publications deal with the
application of lignin in diverse material classes. Possible fields of applications include
drug release and tissue engineering®*! or as electrodes and for energy storage. 411 A
variety of approaches to produce lignin-containing polymeric materials has been
published and reviewed in the last years. 131444 Replacement of phenolic components
in resins by lignin is the most evident choice because of structure similarity.'53 The
limited reactivity of lignin compared to phenol remains an obstacle in this approach.
Lignin depolymerization and catalytic valorization is another vast field of research but

shall not be addressed here any further.>47]

The use of lignin as (reactive) filler in composites has also been studied.?*4#1 Low
compatibility with other polymers is a limiting factor here. Modification of lignin is thus
often advantageous prior to application.l'’?l The incorporation of lignin into other
polymers can also be achieved by grafting from or onto the different hydroxy groups

inside the molecule.[50511

The challenges described above have so far limited the valorization of lignin on a larger

scale.l'>52 The need for chemical modification prior to the material synthesis additionally
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limits the economic viability. However, some applications have been brought to a semi-
commercial level, including melt-blown or injection-molded polymer blends and lignin-

containing resins for plywood and fiberboards.!53-5¢!



Objectives of the thesis

2 Objectives of the thesis

This thesis focuses on two approaches for the valorization of lignin in polymeric
materials (Scheme 7). The first approach is the modification of lignin by oxypropylation.
This method enhances the reactivity and compatibility of lignin and permits its use as
polyol component for polyurethanes, e.g. in form of rigid foams. The second approach
uses lignin without modification for the synthesis of aerogels. These porous structures
have various promising fields of interest, e.g. use as insulation materials or as substrates

with high surface area.

Scheme 7. Valorization of lignin by substitution and incorporation into a PU network (top) and

direct incorporation of lignin into aerogels (bottom).

10
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3  Lignin-based Polyols

3.1 Background

3.1.1 Lignin as Polyol for Polyurethane Synthesis

An urge for a change from petrol-based resources to renewable ones can be observed in
all parts of the chemical industry. This includes production of polyurethanes (PUs), a
major class of polymeric materials and sixth in volume of the most produced plastics in
Europe.l' The two main components in PU synthesis are isocyanates and hydroxyls.
Lignin contains both aliphatic and aromatic hydroxy groups, which makes it applicable
as polyol. Various approaches to incorporate lignin into PU materials, especially PU
rigid foams, have been evaluated and reviewed in detail.®3375-%1 The natural properties
of lignin could also enhance the moisture and flame resistance of derived PU

materials.l6061]

The incorporation of native lignin, i.e. without chemical modification, showed general
limitations in its ability to yield PU-foams with application adequate properties.l>-% The
low miscibility of lignin with polyol mixtures affected the cell structure of foams and led
to higher thermal conductivities and substandard mechanical properties. The lignin
content was limited as high loading leads to a drastic viscosity increase of the polyol
component.l’l Lignin agglomeration resulted in a lower conversion of OH groups
because they were inaccessible.?¥l The best results in the above context were obtained
with lignin types with higher solubility, such as OSL.I¢>65¢71 Several approaches were
used to enhance the compatibility of other lignin types with commercially available PU
systems.[%8%%] One possibility is chemical modification by grafting propylene oxide (PO)

to lignin by a ring opening polymerization, the so-called oxypropylation.

Ring opening polymerization (ROP) of PO is a common route to obtain polyether

polyols, e.g. for the synthesis of PU materials.”! Starter molecules with various amounts

11
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of hydroxy groups, e.g. glycerin or sugars, are used to generate polyols with concomitant
functionalities. Thus, different kinds of PU materials become assessible in dependence
of the type of polyols obtained from the starters and their functionalization by the ROP.
Both bases and acids can be used as catalysts for the ROP. Potassium hydroxide (KOH)
is the most commonly used catalyst on industrial scale and has been studied detail.[”'-73]
Acid catalysts are not used on a larger scale because of the high amount of cyclic
byproducts.”4 A class of catalysts called Double Metal Cyanides (DMCs) show higher
efficiency and are used for the synthesis of a plethora of polyols, thereunder those of

high molecular weight.I”>771

3.1.2 Modification of Lignin with Propylene Oxide

Oxypropylation has been applied to functionalize biomass”-%1 thereunder also of
several lignin types.[®.81-% Such biomolecules can be used as starter molecules as long as
they contain OH groups. Hydroxy groups of lignin are used as starters in the anionic
ring opening polymerization (Scheme 8). The hydroxy groups are deprotonated by a
base and the resulting alcoholate groups mostly attack the secondary a-carbon atom of
the PO ring. An attack on the tertiary [3-carbon is also possible but less likely because of

higher steric hindrance.
(0]
OH O+\( ]lH
(@)
HO OH HJ[ \(i\ o/f\r O‘}H

Scheme 8. Reaction equation of oxypropylation of lignin with PO yielding modified lignin and
PPG.

Chain transfer reactions and other nucleophiles present in the mixture cause a
simultaneous formation of poly(propylene glycol) homopolymers (PPGs)."!

Nucleophiles leading to homopolymerization can be alcoholates formed from residual

12



Lignin-based Polyols

solvents like EtOH or methanol from the lignin extraction processes. Base catalysts
themselves can also be starter nucleophiles. Homopolymer content can vary between
10% and 60 % depending on the reaction conditions.l®l Modified lignin and

homopolymer can be separated by extraction.!®4

Oxypropylation leads to lignin containing hydroxyl with an enhanced reactivity,
especially those resulting from phenolic moieties.l®'] Grafting of PPG chains from OH
groups resembles an extension of these groups and results in better accessibility by some
release of steric and electronic constraints (phenols are less reactive toward
isocyanates).[®>%l Oxypropylation also improves the solubility of lignin in the

polyol/isocyanate medium.[®”!

Oxypropylation of lignin is commonly carried out in pressure reactors at temperatures
above 150 °C and at pressures up to 20 bar. Reaction times from 30 minutes to multiple
hours are reported.l*8281 Oxypropylation under mild reaction conditions, i.e. lower
temperature and pressure seems possible but reaction times of several days are

necessary.®!

A handful of studies were focused on the oxypropylation of lignins in the context of their
application to yield PU foams. Oxypropylated Kraft, Soda and Organosolv lignins give
liquid polyol mixtures and could be transformed into foams without significant
deterioration in the properties.[0"8283%0-921 [jgnins will span a range of properties in
dependence of their origin and may therefore show differences in their reactivities. One
example is the oxypropylation of KL, which can be unproblematic or give undesired

solid residues under seemingly identical conditions.["%2

Bottom line of several research groups is the agreement on two main influential
parameters: the amount of catalyst (usually given in wt%) and the ratio of lignin to PO
(L/PO; usually given as ratio weight/volume).l182881 General trends have been
established describing the dependence of reaction time, maximum reaction temperature,
homopolymer content, polyol viscosity, molecular weight M» and dispersity D from

these two parameters (Scheme 9).

13
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Scheme 9. Dependencies of L/PO ratio and catalyst concentration on reaction time, maximal

temperature, homopolymer content, polyol viscosity, Mn and D.
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High ratio L/PO resulted in shorter reaction times for PO conversion and a higher
maximum reaction temperature. The higher maximum temperature is taken as the
higher rate of the exothermal PO ring opening (polymerization). Homopolymer content
was lower and polyol viscosity was higher when more lignin was used, and the apparent
molecular weight was lower and dispersity was higher. Lower Mn is a result from the
formation of shorter chains because less PO is available per OH group. A higher
dispersity is the logic result for lower molecular weight products, where the lignin
dispersity is more dominant. In addition, the original hydroxyls on lignin and the
oxypropylated ones are bound to have different reactivities, also leading to a
broadening. The higher viscosity is most likely associated with the overall higher

amount of hydrogen bonds.

Homopolymer content and polyol viscosity were independent of catalyst concentration.
M and D were lower because more but shorter chains were formed and a more uniform
growth can be expected for higher catalyst concentration and the resulting higher
reaction temperature. Analysis of modified lignin by 'H NMR gave the average amount
of repeating units per OH group between 3 and 6 for oxypropylation with a L/PO ratio
of 30/70.182]

Incorporation of oxypropylated lignins into PU rigid foam is majorly limited by their

viscosities, with partly inhomogeneous (viscous) products as result. Foams were
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produced from oxypropylated lignins with a L/PO between 20/80 and 40/60 and using
catalyst concentrations of 2 - 5 wt%. The highest overall lignin content in a foam was
obtained by using a reaction product with L/PO of 40/60 as polyol.¥ Such foams had

properties comparable to foams based on fossil polyols.

The modified lignin and homopolymer were not separated for the synthesis of PU
foams. A separation step is not necessary because both oxypropylated lignin and PPG
are polyols and react with isocyanates. A certain amount of homopolymer is even useful
to enhance processability. Polyol mixtures have mostly homopolymer contents between
40 % and 50 %. The resulting foams consequently have a rather low lignin content.
Reduction of the homopolymer content would thus be useful to achieve a higher content
of renewables. However, an isolated lignin fraction may end up to be too viscous for

homogeneous mixing with standard isocyanates.

The homopolymer content is likely dependent on the catalyst type: at least a basic
catalyst can also be a nucleophile, starting the ring opening polymerization of PO and
thus giving PPG. However, little seems to have been published on the influence of the
diverse basic catalysts on the formation of homopolymer in a mixture with lignin. The
use of catalysts other than KOH in the oxypropylation of lignin thus remains an open

field.

It is known that homopolymer content could be drastically reduced by using THF as
solvent (and co-monomer) and also by using boron trifluoride etherate as Lewis acidic
catalyst.”>*!l Tertiary amines as catalyst led to a slower oxypropylation than hydroxides
in the oxypropylation of sugar beet pulp.”® Full conversion of PO was not observed,
indicating a loss of catalytic activity during the reaction. Higher water content during
the oxypropylation was shown to lead to higher amounts of PPG. No reaction took place

when drying the biomass in a dynamic vacuum, removing most of the water.

3.1.3 Modification of Lignin with Propylene Carbonate

Propylene carbonate (cPC) is a possible reagent for substituting PO in the

oxypropylation of lignin. It is less toxic than PO. cPC is available as a side product of
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polycarbonate production from CO:zand PO but also is produced from PO and CO.,
using a zinc / ammonium bromide catalyst system.[®>*l The reaction product from the
reaction of lignin and cPC may be the same as for the ring opening of PO (Scheme 10,
A). A nucleophilic attack under ring opening of cPC and subsequent decarboxylation
(Scheme 10, B) yields a secondary hydroxyl. The oxypropylation of Organosolv lignin
with cPC and K:COs as catalyst was reported.””l Follow-up studies showed that
oxypropylation is also possible for KL and SL, with other cyclic carbonates and with

organic bases like DBU.[%-102]
A) ring opening of PO N

B) ring opening of cPC

Scheme 10. Ring opening of A) PO and B) cPC by a nucleophile.

Oxypropylation with cPC takes place both on aliphatic and aromatic OH groups of
lignin but is significantly slower for the aliphatic ones.*! Higher degree of substitution
and longer chains were obtained at higher temperatures, higher catalyst concentrations
and with more equivalents of cPC. Longer reaction times showed the same effect but
also favored side reactions. A strong increase of molecular weight indicated coupling of

different lignin molecules, e.g. by a transesterification of intermediate carbonates.

Aromatic and aliphatic OH moieties will react differently with cPC (Scheme 11).
Aliphatic OH groups preferably react at the carbonyl group of cyclic carbonates and
therefore lead to the formation of carbonate linkages inside the polymer chains.!*#1%2 The
formation of carbonate linkages was reported to be favored for longer reaction times,

higher catalyst content and more equivalents of cPC.
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Scheme 11. Reaction of propylene carbonate with i) a deprotonated aliphatic OH group and with

ii) a deprotonated aromatic OH group.

Average number of propyl units per OH group was lower for oxypropylation with cPC
then with PO.101 An approximate DP = 2 was reported for KL.[12I S only allowed for
an approximate DP = 1.5 after a reaction time of 24 h.l'®! The highest DP of 4.5 was

reported for OSL.’®l An excess of 10 eq cPC was used in this reaction.

Homopolymerization is only observed to minor degree, but the reaction product
contains unreacted cyclic carbonates.®! First studies have shown that incorporation of
crude reaction products from oxypropylation with cPC in PU foams is possible.l%]
However, the overall lignin content in the foam was limited to 20 wt% and material
properties were overall worse than for reference materials without lignin. A full
assessment has not been conducted, and a set of questions remain open in the usefulness

of the functionalization of lignin with cPC for PU foams.
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3.2

Scope of this work

Oxypropylation is regarded as the most promising modification for incorporation of

lignin into PU materials. Until now, oxypropylated lignin has not made its way to

industrial scale, showing the need for further developments. Two remaining drawbacks

in that context will be addressed in this work:

18

Reduction of the amount of PPG formed as side product will be targeted by a
change in catalyst. Potassium tert-butoxide and the amidine 1,8-
Diazabicyclo[5.4.0]Jundec-7-ene will be considered as alternative to KOH because
of their different basicity and nucleophilicity. The aim is to control the formation

of byproducts.

A more benign approach is using cPC for functionalizing lignin. Reaction
conditions will be varied with the objective to obtain suitable polyols for foam
production. A combined use of PO and cPC is proposed too and the effects of the

ratio of these two reagents on the polyol properties will be mapped.
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3.3 Results and Discussion

3.3.1 Oxypropylation of Lignin

Oxypropylation of lignin, i.e. the grafting of PPG chains to lignin OH groups was carried
out in a batch reactor. A ratio of lignin to PO of 30/70 (wt/wt) was used in all reactions.
OSL and catalyst were dissolved in PO and the reaction was started by heating to 150 °C.

This process converted solid lignin to a liquid lignin-containing polyol (Figure 2).

Figure 2. Unmodified solid lignin before and liquid lignin-containing polyol after

oxypropylation.

The crude product consisted of modified lignin and byproduct free of lignin. Both
components could be separated by extraction. Successful oxypropylation was confirmed
with FTIR and '"H NMR spectroscopy of the isolated lignin fraction as described in
literature.®*8291 The byproduct could be identified as PPG by FTIR spectroscopy in

agreement with previous studies. [
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Figure 3. Exemplary course of temperature (black) and pressure (blue) inside the reactor during

the oxypropylation of lignin. Start time, Tmaxand reaction time are indicated.

Temperature and pressure profiles in the reactor were similar for all oxypropylations
(Figure 3). Both parameters rose in the beginning because the mixture was heated (over
the reactor wall by a heating mantle set to 150 °C). An increase over this temperature
indicates the beginning of the exothermic PO ring opening. This time was marked as
start time. The pressure decrease observable after the reaction start is caused by
conversion of PO into a liquid polyol, lowering the partial pressure over the liquid
reaction medium. The return to a pressure near to the initial value corresponds to a full
consumption of PO and marks the end of the reaction. This time was set as reaction time.
Deviations of the temperature from 150 °C after the first increase were caused by
intermittent heating of the external heat supply. Start time, reaction time and Tmax
(highest temperature reached) can be used to describe and compare oxypropylation

reactions.

Oxypropylation with OSL and 5 % KOH was performed to validate the reactor setup.
The system was chosen because it is an established benchmark. The reaction with OSL
and 5 wt% KOH was repeated five times to test reproducibility (Figure 4). The profiles

of different reactions show minor differences. Reaction times have a larger but still
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reasonable standard deviation (Table 1). The overall results indicate a good
reproducibility and allows the comparison of the abovementioned parameters for

different reaction conditions in the following.
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o £10-
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Figure 4. Temperature profile (left) and pressure profile (right) of oxypropylation of OSL with
5 wt% KOH. Average data of five experiments is shown in black with standard derivation

indicated in grey.

Table 1. Oxypropylation reactions of OSL with 5 wt% KOH.

start time / reaction time / Tmax/
min min °C
22 54 197
22 48 195
22 36 194
24 47 195
25 44 193
average 23+2 46 £8 195+2
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3.3.2 Influence of Different Catalysts on the Oxypropylation of Lignin

Two different reactions take place during treatment of lignin with propylene oxide.
Control over the ratio of these reactions is essential to obtain a polyol suitable for a given
application. The first reaction is the intended modification of lignin by grafting PO from
OH groups present. The other one is the homopolymerization of propylene oxide to
PPG. Homopolymer formation is caused by the presence of nucleophiles other than
deprotonated OH groups of lignin. One possible source of nucleophiles is the base
catalyst itself. Variation of catalyst is therefore expected to affect the homopolymer

content.

Three different base catalysts were used: potassium hydroxide (KOH), potassium fert-
butoxide (KOtBu) and 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU). They differ in their
basicity as indicated by the acidity constant pKal1?104 (Scheme 12). Oxypropylation was
performed at catalyst concentrations of 2.5 wt%, 5 wt% and 10 wt%. Higher amounts of

catalyst led to shorter start time and higher Tmax (Figure 5 and Table 2).

HaC ey, N

pK, 15 16 12

Scheme 12. Structural formulas and pKa of KOH, KOtBu and DBU.
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Figure 5. Temperature profile (left) and pressure profile (right) of oxypropylation with 2.5 wt%
(black), 5 wt% (blue) and 10 wt% (red) KOtBu.

Table 2. Start time and Tmax for oxypropylation with different concentration of KOH and KOtBu.

KOH KOtBu
concentration start time T'max start time T'max
[wt% /min /°C /min /°C
2.5 42 163 50 /
5 32 195 35 172
10 19 209 23 195

No distinct temperature increase was observed when using 2.5 wt% of KOtBu. The start
time and Tmax could not be determined as described before. A decrease of (PO partial)
pressure was observed after 50 minutes and therefore start time can be estimated in this
range. The reaction with 5 wt% of KOtBu had a start time of 35 minutes with a
Tmax =170 °C. KOtBu at the level of 10 wt% caused a rise in temperature after 23 minutes
to Tmax =195 °C. The same trend was observed for KOH (Figure Al, appendix). No

exothermal peak was observed for DBU (Figure A2, appendix). Shorter start times can
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be explained by faster conversion induced by more active sites as more OH groups of
lignin are deprotonated. Each active site can open PO rings. The exothermic reaction at
the same time causes a stronger increase in temperature when the rate is higher. This
logic also explains the lack of exothermal peak for the slow reaction using the lowest
catalyst concentration. The use of KOtBu instead of KOH leads to longer starting times
and also a lower Tmax. A possible explanation for this is its lower basicity which leads to

lower degree of lignin deprotonation.

The reaction time for PO conversion was shorter at higher catalyst concentration.
Reaction time is longer for reactions with KOtBu as catalyst than for those with KOH
(Figure 6). The reaction with 5 wt% of DBU was even slower. Only 25 % conversion was

reached after a reaction time of 12 h (Figure A2, appendix).

I KOH
157 I KtBu

reaction time /min

catalyst concentration /wt%

Figure 6. Reaction time for PO conversion in dependence of catalyst concentration.

Using a higher amount of catalyst leads to higher numbers of growing chains as
indicated by the faster consumption of PO. Also, reaction time was shorter for more
nucleophilic catalysts with a faster rate of initiation by PO ring opening polymerization.
More nucleophilic ring openings lead to a higher number of homopolymer chains in

addition to the chains grafted from lignin and further increases the rate of PO
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consumption. Reaction with DBU was significantly slower than with KOH and KOtBu.
DBU as a non-nucleophilic base possibly only causes deprotonation of OH groups in
lignin, but no additional reactive chain ends are formed by ring opening. Less initiation

would result in a lower homopolymer content.

Homopolymer content was lower for reactions with KOtBu than for reactions with KOH.

Almost no homopolymer was formed with DBU (Figure 7).

B (o2}
o o
1 1

N
o
1

homopolymer content /%

catalyst concentration /wt%

Figure 7. Homopolymer content in dependence of catalyst type and concentration.

The lower homopolymer content supports the assumption that modification of lignin is
favored over homopolymerization in case of applying less nucleophilic catalysts. The
(minor) homopolymer formation observed for the non-nucleophilic base DBU could be
caused by nucleophilic impurities like H2O or EtOH present in lignin. No clear

dependence of homopolymer content on catalyst concentration was observed within the

scope of accuracy of this method.
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I KOH

My, /g-mol’

catalyst concentration /wt%

Figure 8. Molecular weight of modified lignin as function of catalyst concentration and type.

Molecular weight of unmodified lignin was 480 g-mol-.

Higher catalyst concentration resulted in lower molecular weight (Figure 8, Figure A3 -
Figure A5, appendix). The same amount of monomer is distributed over more active
sites, leading to overall shorter chains and a more compact polymer.l®'l Molecular weight
of modified lignins is higher in products from reactions with KOtBu than with KOH.
The difference in molecular weight again indicates that using KOtBu favors modification
of lignin over homopolymerization. Molecular weight is low for reactions with DBU

because the reaction was terminated before full conversion of PO was reached.

M is similar for KOH and KOtBu for 2.5 wt% catalyst. This observation indicates a lower
influence of nucleophilicity at lower catalyst content. It seems that most of the catalyst
reacts with lignin and thus that an overall smaller amount of catalyst reduces the number

of free nucleophiles: side reactions such as PPG formation become less relevant.
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Figure 9. Dispersity D in dependence of catalyst concentration. Dispersity of unmodified lignin

was 2.5.

The polydispersity D of lignin was higher after oxypropylation. Chromatograms show
a broadening towards lower molecular weights. The structural variety of lignin itself
possibly amplified by uneven distribution of active sites may be an explanation for
broadening of molecular weight distribution — not all molecules are oxypropylated to
the same extend. D was higher for lower amount of catalyst and higher for KOtBu than
for KOH. A low molar ratio of catalyst to OH groups in lignin is used in all reactions,
leading to simultaneous activation of only a small percentage of OH groups.
Oxypropylation of a given lignin molecule additionally leads to higher solubility in the
reaction system and higher availability for further addition. This could result in a
preferred addition of PO to longer chains and therefore result in uneven distribution
between the chains and higher polydispersity. The larger dispersion when using KOtBu
is possibly to be related to the lower molar content at the same weight percentage.
Another possible explanation is the longer reaction time, leading to inhomogeneity
because of increasing viscosity during the course of the reaction, which might cause

uneven distribution of reactants.
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Oxypropylation with DBU also led to a high D (Figure 9). This could result from the long
reaction time favoring side reactions as mentioned before. Basicity of DBU could also be
lower than the new chain end of a formed polymer chain, resulting in abstraction of a
proton, termination of this growing chain and the initiation of chain growth in a different

position.
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Figure 10. Complex viscosity for crude oxypropylation products with different homopolymer

content.

Viscosity of lignin polyols could be tuned by controlling homopolymer content. PO-
modified lignin (with no PPG) has a high viscosity being in an almost solid product.
Lower viscosities were obtained for high homopolymer content (Figure 10). A higher
content of the compound with low viscosity in the polyol mixture results in an overall
lower viscosity. Higher molecular weight of PPG side products can also be the reason
for a higher viscosity, but this effect has been identified as a smaller effect for PPG
contents < 40 %.l°l PPG with low molecular weight has a low viscosity. Complex
viscosity of Lupranol 1200 (PPG with average molecular weight of 450 g-mol?) as

reference was determined as 0.0734 Pa-s.
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Oxypropylation with 5 wt% DBU inhibited the formation of homopolymer. A solid
product was obtained. It showed good solubility in PPG and commercially available
polyols. Higher solubility offers the possibility to adjust viscosity of the lignin polyol to
a desired value. A major drawback when using DBU is the long reaction time. A reaction
with 20 wt% DBU showed that higher catalyst concentration accelerated the reaction -
full conversion of PO was reached after 8 hours. The crude product was highly viscous
with a homopolymer content of only 15 %, but also with residual DBU. These results
indicate that organic, low nucleophilic bases may generally be useful catalysts to obtain
oxypropylated lignin with low homopolymer content, paving the way to foams with

high lignin content without the effort of separating off PPG.

3.3.3 Oxypropylation of Different Types of Lignin

Oxypropylation of KL, SL and OSL using a lignin/PO ratio of 30/70 (wt/wt) and 5 wt%
KOtBu as catalyst resulted in a liquid polyol mixture without a solid residue. 'H NMR
spectra (Figure A6- Figure A8) and FTIR spectra (Figure A9 - Figure All, appendix)
indicated the modification of lignin. The byproduct was identified as PPG by FTIR

spectroscopy and was the same for all three reactions (Figure A12, appendix).

Table 3. Data on the oxypropylation of KL, SL and OSL 5 wt% KOtBu.

KL SL OSL
start time /min 26 19 36
Tmax /°C 175 178 172
reaction time /min 113 59 99
homopolymer content /% 42 43 43
average DP per OH 5 6 3
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The general reaction profile of the oxypropylation was similar for all lignin types,
showing a temperature increase indicating reaction start followed by a decrease in
pressure (Figure A13, appendix). The same amount of PO and lignin was taken in each
reaction. The same mass of catalyst was used for all reactions but OH tta is different for
different lignins (Table A1, appendix). This results in the highest catalyst concentration
per OH group in SL followed by KL and OSL and thus also of active centers. The same
order indeed is found for the start times (ranging from 19 min for SL to 26 min for KL

and 36 min for OSL) and for the maximum temperature (Table 3).

Reaction time for PO conversion was shortest for SL (59 min) followed by OSL (99 min)
and KL (113 min). This order is only partially following the amount of catalyst per OH
group. The faster oxypropylation of OSL could relate to higher solubility of this lignin,

leaving OH groups more accessible, but other factors cannot be excluded.

All crude products had a homopolymer content of 42-43 %. The homopolymer content
is in accordance with previous results indicating no dependence of homopolymer
content on catalyst concentration. OSL had the lowest average DP per OH group,
followed by KL and SL (by 'H NMR spectroscopic analysis). The average DP is lower for
lignin with the higher OH content. Distribution of the same quantity of monomers on a

higher number of active centers results in fewer repeating units per chain.

3.3.4 Oxypropylation with Propylene Carbonate

Cyclic propylene carbonate (cPC) was also considered for functionalizing lignin, a viable
as alternative for PO.[9%101102 The reaction between cPC and lignin was carried out with
various lignin types (OSL, KL, SL), catalysts (K2COs, KOtBu, DBU), amounts of cPC (10,
20, 30 eq.) and reaction times (2 h, 6 h, 12 h). All reaction products contained residual
cPC and after removal, the lignin fraction was obtained as a powder. Analytic results
were similar for all reactions and are shown exemplarily for the modification of OSL

with DBU as catalyst in the following.
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FTIR spectra of lignin fractions after the reaction with cPC confirmed the
oxypropylation®!l and indicate a similar product as for the lignin fraction after reaction
with PO (Figure 11). The increasing band intensity between 2700 — 3000 cm! corresponds
to stretching of aliphatic CHs, CH2 and CH groups. This is expected for a compound with
a higher number of methyl groups caused by grafting of isopropoxy units to the OH
groups of lignin. Another band appeared at 1370 cm?, typical for CHs groups. The
carbonyl band at 1710 cm decreased. All changes were less pronounced in the lignin
fraction after oxypropylation with cPC than with PO, suggesting a smaller number of

repeating units added.

3050-2750 1710 1370 1090

OS Lignin

with PO

with cPC

4000 3500 3000 2500 2000 1500 1000 500
wavenumber /cm™

Figure 11. FTIR spectra of OSL before modification (black) of lignin fraction after oxypropylation

with PO (blue) and of lignin fraction after oxypropylation with cPC (red).

The same observation was made in 'H NMR spectra of lignin fractions after
oxypropylation with either PO or cPC (Figure 12). New signals appeared between 0.8 —
1.4 ppm and 3.0 — 4.1 ppm, corresponding to methyl and/or methylene/methin entities
of the isopropyl group. Aromatic protons of the lignin backbone are showing the

characteristic shifts between 6.1 — 7.2 ppm.
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Figure 12. 'TH NMR spectra of OSL (black) of lignin fraction after oxypropylation with PO (blue)

and of lignin fraction after oxypropylation with cPC (red).

Evaluation of this signals resulted in an average DP of 1.6 per OH group for reaction
with cPC and of 3.2 for oxypropylation wit PO (Figure A6 and Figure A14, appendix).
Solubility of the reaction product of the oxypropylation with cPC was low in CDCls and
a solid residue was present. The low solubility implies that the average DP was even
lower. Low average DP indicates that each OH group in lignin was modified with cPC

once but almost no consecutive addition took place after that.

Hydroxy groups in lignin preferably attack the alkylene carbon atom of cPC, leading to
carbonato intermediates. Decarboxylation would lead to a secondary alcoholate
comparable to the one formed during ROP of PO. However, under the given reaction
conditions, the carbonato intermediate is favored and no further addition of cPC takes
place. In accordance, it is not possible to polymerize cPC to the correpsonding

polycarbonate.
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Scheme 13. Proposed reaction of lignin OH groups with cPC.

This low DP is presumably the reason why the lignin fraction was solid. Liquification by
dissolution was not possible because solubility in commercial polyols or PPG was low.
A higher DP is preferable because a liquid or at least a soluble lignin component shows

better compatibility with the other reactive components in PU synthesis.

A certain lignin type could possibly react with cPC to a higher DP by optimization of
reaction conditions. However, this would probably require high amounts of cPC.
Isolation of modified lignin from unreacted cPC and short oligomers requires multiple
washing steps and is elaborate and expensive. The use of the crude reaction product as
polyol in PU foams is possible according to literature, but results in a low overall lignin
content.l'l The combination of those drawbacks leads to the conclusion that the reaction
products after oxypropylation with cPC are not attractive to synthesize PU foams with

high lignin content in a simple and cost-efficient manner.

3.3.5 Oxypropylation with Propylene Oxide and Propylene Carbonate

A further set of experiments for lignin oxypropylation was with a combination of PO
and cPC, again with the objective to obtain a liquid polyol (while reducing the amount
of toxic PO). Lignin was thus first dissolved in cPC and base catalyst was added. The
mixture was then subjected to the same reaction conditions as described in chapter 3.3.1
for oxypropylation with PO. The product was a dark brown liquid. The crude product
could be separated into a brown lignin fraction and a yellow homopolymer fraction. The

homopolymer was identified as PPG by 'H NMR spectroscopy (Figure A15, appendix).

FTIR spectra of the lignin fraction is consistent with an oxypropylation. New bands at
1260 cm™ and 1740 cm™ appear in the spectra in addition to the ones described before.

(Figure 13). Those bands can be assigned to C=O bond stretching of carbonate groups.®!
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Figure 13. FTIR spectra of OSL before modification (black) after modification with PO (blue), with
cPC (red) and PO and cPC (green).

Multiple washing steps were performed to remove excess cPC. Purification of crude
product was verified by FT-IR and "H NMR spectroscopy (Figure A16 and Figure A17,
appendix). The spectra after purification confirm that the origin of this band is not
residual cPC but originate from carbonate linkages in the modified lignin. The formation

of this linkage is caused by nucleophilic attack on the carbonate carbon of cPC.

Incorporation of cPC into the homopolymer was also observed. The FTIR spectrum of
the obtained homopolymer also shows characteristic bands for the carbonyl group at
1260 cm™! and 1735 cm! which were not present in the spectrum of homopolymer from

reaction with only PO (Figure 14).
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Figure 14. FTIR spectra of PPG450 (black) and of homopolymer obtained as byproduct from
oxypropylation of OSL with PO (blue) and PO + cPC (green).

Next, various amounts of PO were replaced by cPC in attempts to oxypropylate lignin.
Reactions with 5 %, 10 % and 15 % cPC were carried out, corresponding to a molar ratio
of cPC to total OH groups in lignin of 0.3:1, 0.7:1 and 1:1, respectively. All reactions led

to dark brown, liquid products.
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Figure 15. Temperature profile (left) and pressure profile (right) during oxypropylation with 0 %
(black) 5 % (blue) and 10 % (red) and 15 % (green) cPC.

Table 4. Start time and Tmax for oxypropylation with different cPC contents.

cPC content start time T'max
1% /min /°C
0 35 172
5 22 163
10 19 -
15 18 -

Reaction with higher concentrations of cPC started earlier but consumption of PO
indicated by decreasing pressure was slower (Figure 15 and Table 4). Start time was
reduced from 33 minutes without cPC to around 18 minutes for 15 % cPC. Start time is
less accurate for higher cPC content because the reaction started already before the set
temperature of 150 °C was reached. Tmax is not meaningful when using 10 % cPC and
15 % cPC: the exotherm increase occurred at lower temperature and the overall value is
therefore not comparable. The approximate AT between the start of the exothermic
reaction and the highest temperature reached decrease with increasing cPC content,
supporting the assumption of a slower reaction with higher amount of cPC. A possible
explanation for the faster start is good solubility of lignin in cPC. Dissolved lignin has
more accessible OH groups than solid lignin with a limited surface, and the
oxyproylation is faster. Reaction times are hard to estimate from the reactor logs because
of the lack of exothermal peak and because pressure did not decrease to the start value.
Nonetheless it is evident from pressure profiles that consumption of PO was slower at a
higher cPC content. Full conversion was reached without cPC after approximately two
hours whereas pressure reached a constant value after four hours for 15 % cPC. This
lower reaction rate indicates that monomer addition to the growing chain is slower in

the presence of cPC.
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cPC will add to most of the graft chains over the course of the reaction, resulting in
carbonate intermediates as described above. Further addition of monomers is mostly
reversible, and chain growth only becomes possible after addition of multiple PO
molecules to one chain. This would explain the overall slower reaction. Increasing

viscosity during the reaction may lower the reaction rate further.

The crude product contained residual cPC which could be removed by washing with
water (Figure A16 and Figure A17, appendix). Homopolymer is also removed in this
step. Extraction with n-hexane separated the lignin fraction from the homopolymer but
left cPC in both fractions. Separating homopolymer and residual cPC was challenging
and made determination of homopolymer content less accurate for reactions with cPC.
The lignin fraction was isolated from cPC was 65 wt % of the crude product, leaving
back 35wt% of a mixture consisting of homopolymer and cPC. This percentage
indicated that reactions with cPC led to an overall lower homopolymer content. The
lower homopolymer content is consistent with the observation that no homopolymer
was formed during oxypropylation with only cPC and can be explained by stronger

driving force for PO ring opening.[1%l

Both FTIR and "H NMR spectra are consistent with a dependence of amount of carbonate
groups in the polymer chains of oxypropylated lignin on cPC amount used in the
reaction. The dependence allows to tailor the number of this functional group in lignin

polyols and therefore control the properties of resulting polyol mixtures.

Amount of carbonate linkages in the polymer chain was higher for higher cPC content
in the reaction mixture. The higher amount resulted in an increase of characteristic FTIR
bands at 1620 cm™ and 1740 cm! (Figure 16). A quantification of the amount of carbonate
groups is possible by comparing the integral of the band at 1760 cm! to that of the band
at 1590 cm! (Figure 17). The latter belongs to vibration of aromatic ring in lignin and can
be assumed to be constant in all samples.l'”] A linear trend can be observed for the

increase of C=0 stretching with increasing cPC content (Figure 17).
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Figure 16. FTIR spectra of oxypropylated lignin with 0 % cPC (black), 5 % cPC (blue), 10 % cPC
(red) and 15 % cPC (green).
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Figure 17. FTIR spectra of oxypropylated lignin with 0 % cPC (black), 5 % cPC (blue), 10 % cPC
(red) and 15 % cPC (green) (left) and integral ration of carbonate band to aromatic band derived

from those spectra (right).

The presence of carbonate groups at the polymer backbone could also be deduced from
an 'H NMR spectrum (Figure 18). The signal at 4.9 ppm corresponds to the proton of a

CH group next to a carbonate group.[1%1%1 1HH NMR spectra with internal standard were
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recorded to compare this signal for the reaction products with different cPC content
(Figure A6, Figure A18, Figure A19 and Figure A20, appendix). The integral value was
normalized considering the sample weight. An increase of this normalized integral value
for 1 mg of sample confirmed higher amount of carbonate groups in modified lignin for

higher cPC content (Figure 19).
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Figure 18. '"H NMR spectrum of modified lignin oxypropylated with 15 % cPc.
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Figure 19. 'TH-NMR spectra of oxypropylated lignin with 0 % cPC (black), 5 % cPC (blue), 10 %

cPC (red) and 15 % cPC (green) (left) and normalized integral value of signal.
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3.4 Summary

Catalysts differing in basicity were used in the oxypropylation of lignin. Use of KOtBu
led to a reduction of homopolymer content of 5 — 10 % over KOH, but the reaction time
was up to twice as long and higher molecular weight linin products were obtained. Use
of DBU enabled oxypropylation with homopolymer content <5 % but also reduced the
conversion to 25 % after 24 h. All results indicate a preference for lignin modification
over homopolymerization for catalysts with lower basicity and lower nucleophilicity.
The choice of catalysts enables control over the homopolymer content and thus allows

to tailor polyol properties like viscosity and OH number.

Oxypropylation of OSL, KL and SL catalyzed by 5 wt% KOtBu resulted in liquid polyols.
All products had a PPG homopolymer content of 42-43 %. KOtBu as alternative catalyst
is thus suitable for different lignin types without further adjustment of the reaction

conditions.

Substitution of PO by cPC is only partly suitable for the production of polyols for PU
foams with high lignin content. Low number of only 1 — 2 repeating units led to solid
oxypropylated lignin when using only cPC for the oxypropylation. The product has a
low compatibility with commercial polyols and therefore limits the utilization. Partial
substitution of PC by cPC led to liquid lignin polyols with carbonate linkages in the
grafted chains. The amount of these linkages is proportional to the amount of cPC used
in the feed. Higher cPC concentration also led to lower reaction rate because of lower
reactivity of chains after addition of one cPC unit. Carbonate groups in the polyols are
another parameter to tune polyol properties and thus present a versatile additional

factor in the synthesis of tailor-made building blocks.

Oxypropylation is a robust process with promising perspective for scale-up. The
obtained results demonstrate that variation of catalyst type and choice of monomers
offer further possibilities to tune the polyol properties. These additional variables

broaden the manifold possibility of oxypropylation to obtain lignin-based materials.
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Therefore, this method represents a promising step towards sustainable polymer

synthesis based on renewable resources.
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4  Lignin-based Aerogels

41 Background

A gel is a colloidal or polymeric network whose pores are completely filled by a fluid.
Once the fluid is removed and replaced by air, the gel is called aerogel. Aerogels are a
class of solids with unique properties.['®-111l These materials consist up to 95 % of air
which results in an extremely low density. Their porous nature leads to high specific
surface area and low thermal conductivity. Certain aerogels also have a high
transparency similar to that of glass. These properties can only be obtained if the gel
structure remains unchanged during the removal of the fluid. Change of shape, the so-
called shrinkage, can be avoided by supercritical drying. The need for this complex

method results in high costs for aerogel production.*2!

The first aerogel used silica as staring material.l''®l Synthesis of aerogels from other
inorganic materials like metal oxides followed.[''%112] In the 1980s the first synthesis of
aerogels from organic polymers was reported.["'l This group of aerogels displayed better
mechanical properties but at the expense of lower surface area and higher thermal

conductivity.[15

Aerogel is defined by IUPAC as a “gel comprised of a microporous solid in which the
dispersed phase is a gas”. A xerogel is an “open network formed by the removal of all
swelling agents from a gel”."® There is no clear differentiation between those
definitions. However, the term xerogel was introduced first by H. Freundlich regarding
shrinkage of gels upon drying!"”l, while Kistler did not observe shrinkage in his
supercritically dried aerogels."'® Therefore, a gel undergoing significant shrinkage is

commonly referred to as a xerogel in literature.

Aerogels are of interest in various fields, including thermal insulation"$1"], biomedical
applications!'?], drug delivery?!, use as sensorsl’??l or catalytic materials!'?l, for

environmental remediation!’?! and in carbonized form as energy storage and
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supercapacitor materials.['>>12¢ Different aerogel products are available commercially,
mostly for thermal insulation.[''?l Examples are a monolithic aerogel panels called Airloy
by Aerogel Technologies or a flexible aerogel blanket called Spaceloft by Aspen
Aerogels.'71281 Cabot Corporation commercialized a silica-based aerogel in granular
form which can be used for various applications like building insulation, outdoor gear

and personal care products.[?”]

The change from fossil to renewable feedstock is also relevant for the production of
aerogels. The interest in bio-based aerogels has therefore grown in recent years.[!15130]
Biopolymers like cellulosel’®1®2 and polysaccharides!'®!3 have been used for the

production of aerogels.

41.1 Aerogels — Preparation and Theoretical Models

Aerogels are commonly synthesized in a sol-gel process.l''>-112l The character of the
resulting gel depends strongly on the conditions during the synthesis. Understanding

the sol-gel process is thus important to control the material properties.

The sol-gel process is a “process through which a network is formed from solution by a
progressive change of liquid precursor”.l'® The general process can be described as
follows: Monomers in a liquid phase react to clusters and form a sol. Further reaction
leads to the formation of an interconnected network, the gel. A sol is a stable suspension
of colloidal particles in a liquid phase.l* The particle size should be approximately
between 1 nm and 1 pm to obtain a stable suspension.!''®l The transition from a sol to a
gel is called the gel point. Here a sudden change occurs from a viscous liquid state to a

gel which behaves like a single solid monolith.[137]

One possibility to describe the gelation process is the theory developed by Flory and
Stockmeyer. This theory is often called “classical” theory.['*! It was first established to
describe bond formation in a polymer network. A gel is considered an indefinitely

continued polymer and is formed when a certain fraction p. of all possible bonds is
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formed. Certain assumptions are made which limit the accuracy of this model, e.g. that

the formed polymer does not contain any closed loops.

Another possible theory to describe gelation is that of percolation. It was first established
by Hammersley.['*! Bond percolation is a suitable model to estimate the gelation process.
The monomers in the sol can be visualized as sites on a grid. Then bonds are formed one
after another between two sites at random. A gel is formed once the fraction p of bonds
already filled in reaches a certain limit, the percolation threshold p.. Above this threshold
a spanning cluster reaching across the complete grid is formed, the equivalent to a gel.
A dilute system can be described more accurately by site-bond percolation. In this model

the sides are randomly filled with both monomer and solvent.['4%]

Classical and percolation theory describe equilibrium states and not the kinetics of
gelation. Near the gel point larger clusters are present. Their reduced mobility is likely
to prevent the system from reaching equilibrium and therefore alter the cluster growth.
Also, the concentration of bonds in the clusters is not represented in the percolation
theory, where they are uniformly distributed on the grid. The bond correlation present
in real systems can be accounted for by kinetic models or growth models.['¥ 141 Here, a
gel is formed in an aggregation process, e.g. successive addition of particles from the sol
to an initial particle. The focus is not on describing the macroscopic properties of the

complete sample but on the study of just one aggregate.

Various types of aggregation can be considered in growth models.l' !4l Monomers can
be added to clusters (monomer-cluster aggregation) or two clusters can collide and
aggregate (cluster-cluster aggregation). In diffusion-limited aggqregation the colliding units
always stick together, and the rate of aggregation is determined by transport kinetics. If
many collisions occur before a link between two units is formed the process is called
reaction-limited aggregation. The latter leads to more compact particles because there is
more time for the clusters to interpenetrate. Experimental results suggest that growth
mostly occurs by reaction-limited cluster-cluster aggregation or, if no repulsive barrier

between clusters exists, by diffusion limited cluster-cluster aggregation.
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Kinetic growth models appear to be more accurate for the cluster formation in the sol
while percolation describes the later gel formation by linking of the clusters.3141l The
reason for this is that kinetic models are defined for diluted systems. Growing clusters
cause a decrease of free solvent, making this assumption no longer applicable. Once the
clusters have grown to be space-filling their mobility is reduced drastically. After this

point the clusters link together in a percolation process.

4.1.2 Resorcinol-Formaldehyde Aerogels

Resorcinol and formaldehyde can form aerogels in a sol-gel process. The first synthesis
of resorcinol formaldehyde (RF) aerogels was in an aqueous polycondensation reaction.
Sodium carbonate, a weak base, was used as catalysts and the mechanism was described
to be like that in inorganic aerogel synthesis.'' These first RF aerogels exhibited high
porosities > 80 %, low densities around 0.03 g-cm?, high surface areas of 400-900 cm?-g-
and small pore sizes < 50 nm.[¥2-144 The reaction pathway leading to formation of RF gels
is the polycondensation of resorcinol and formaldehyde to a phenolic resin. The

monomers react in a sol-gel process to give a crosslinked gel (Figure 20).
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Figure 20. Sol-gel process of resorcinol and formaldehyde to a crosslinked gel.

Hydroxymethylated resorcinol is formed in a first step which then condenses to form

clusters. These clusters can be described as “crosslinked colloidal-like particles”.[4]
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Further reaction leads to crosslinking between different clusters followed by aggregation
and finally the formation of a gel.[''#142 A ]later study verified that aggregation does not

occur in the beginning but only in a later phase of the reaction. 'l

RF aerogels are specifiable by e.g. their gelation time, particle size and morphology,
density, pore size and volume, mechanical and thermal behavior. All these properties
are mainly determined by the conditions during the sol-gel process.'? Common
variables to describe the synthesis conditions are the molar ratio of resorcinol to
formaldehyde R/F, the molar ratio of resorcinol to catalyst R/C and the solid or reactive
content. The latter describes the weight fraction of reactive components like resorcinol,
formaldehyde and catalyst relative to the amount of solvent used. Detailed studies
describing the effect of catalyst type and amount, reaction time and temperature have
been published and reviewed.['¥-14I The impact of aging the gels in an additional step
has been investigated as well.['**151 The influence of the drying on the final gel structure

has also been a topic of research.[48152]

Understanding the relationship between synthesis conditions and resulting structure
yields the possibility to obtain materials tailored to fit a given application. Very small
variations of one parameter can result in drastic changes of properties. A thorough
understanding of the effects of different conditions is therefore needed to achieve
satisfying results. The mechanism of formation of RF aerogels has been explained by
microphase separation!’! or colloidal aggregation.'¥ More recent investigations
indicate that implementation of both models eventually leads to the same structure.!'>*
The circular shape of an individual aggregate can be explained by a layer-by-layer

addition of monomers.[15¢]

Influence of catalyst type on gelation mechanism and gel properties

The preparation of RF aerogels with alkaline catalysis has been studied extensively.[4-
1451571591 Recently, the focus is more directed to acid catalysis, mostly because of shorter
reaction times, the formation of larger beads and higher mechanical stability of the
resulting gels.['%01611 Acids like HCI2163], HCIO4l1e4165], HNOsl'%l and citric acid!¢”l have

been used. The term “catalyst” is somewhat misleading in the formation of resorcinol-
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formaldehyde resins. Base and acid are partly consumed during the reaction and
therefore do not fit the definition of a catalyst. The word is nonetheless still used in

literature.

Combined approaches i.e. using acid and base catalysis have been published as well.[1¢%-
1711 The reaction is started in the presence of a base catalyst and an acid is added later.
The different properties caused by the change of catalyst type can be explained by
considering the respective reaction pathways. The base-catalyzed pathway yields
intermediates that are activated towards further electrophilic aromatic substitution on

account of the increased electron donating ability of the aromatic ring (Scheme 14).

47



Lignin-based Aerogels

OH o2 0
HO HO HO
(1
1.
H” OH
o
0 OH
H o o 0
/@/\O /©/\OH >
HO HO 0]
2 °©
0
o
- OH
HJ\H
0 OH
Jﬁj% o
HO 0 )
(3) o

° OH

0 o)
>
HO OH

OH
(4) ()

(010)

Scheme 14. Base-catalyzed condensation of resorcinol and formaldehyde.

The basic medium leads to deprotonation of resorcinol (1). The electron density is
increased at position 4 of the aromatic ring leading the addition of formaldehyde and
formation of deprotonated hydroxymethylated resorcinol (2). Elimination of OH forms
the reactive o-quinone methide (3). This intermediate reacts with a resorcinol anion
under formation of a stable methylene linkage (4). An increased electron density after

hydroxymethylation furthermore activates the aromatic ring at position 6 and another
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addition of formaldehyde takes place (5). The product has a novolak structure consisting
of mostly methylene bridges. Formaldehyde addition dominates over condensation at
basic conditions, leading to particle formation by nucleation and weaker structures.14l

A very high pH value leads to unstable gels because condensation is suppressed.[172!

The acid-catalyzed reaction pathway is based on an increase of electrophilicity of

formaldehyde (Scheme 15).
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Scheme 15. Acid-catalyzed pathway of resorcinol and formaldehyde.

The acid protonates the oxygen atom in the formaldehyde (6). Hydroxymethylation of
resorcinol occurs after a nucleophilic attack of the aromatic entity (7). Protonation of the
intermediate hydroxymethylated resorcinol gives an -OH->* as a good leaving group and
leads to the formation of a reactive o-quinone methide (8). Another likely reaction is the

addition of another resorcinol molecule under formation of a methylene linkage (9). This
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condensation reaction prevails under acidic conditions, the network formation is faster

and larger particles with more crosslinks are formed.!'”3l Percolation is dominant.!1¢%]

Wet gels prepared in base were also subjected to an aging cycle in acidic environment
with the objective to increase the mechanical strength. It was assumed that the then
dominant condensation of hydroxymethyl groups would lead to a higher crosslinking

level and therefore higher mechanical stability.['!

The gelation time, meaning the time until a solid gel is formed out of the liquid sol,
depends on the pH of the initial solution. Gelation time is overall longer for base catalysis
than for acid catalysis.l'®? The slower gelation is a possible explanation for the different
bead sizes observed in gels with different catalysts. Slow polycondensation leads to
small structures while fast condensation results in coarse structures.!'#l Shrinkage, i.e.
the change of shape during the drying is lower for lower pH, possibly because larger
beads and thus larger pores sizes are more stable against capillary forces during the

drying_[lbo,wz]

Viscosity measurements of base catalyzed condensation mixtures indicate that particle
growth takes place predominantly in the first hour of reaction. Particles agglomerate in
a second step occurring many hours later to form the final gel.'” The two regimes were
correlated with a change in pH value which influences the dominant reaction
mechanism.['?l Almost complete consumption of formaldehyde and resorcinol takes
place during the first part of the reaction and a decreasing pH value is measured.!'3] A
shift from base catalyzed methylene linkage of two substituted resorcinol molecules to
the acid-catalyzed formation of methylene-ether linkages between particles takes place
at lowering the pH value. This description is supported by an experiment wherein acid

was added after one hour, which indeed gave a fast gelation.
Influence of catalyst concentration on gelation mechanism and gel properties

Gelation and gel morphology are not only influenced by catalyst type but also by catalyst
concentration as explained above. The amount of catalyst is mostly given by the molar
ratio of resorcinol to catalyst, R/C. Higher values of R/C indicate lower catalyst

concentration. Indication of catalyst concentration using the pH value is not reasonable
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because of changing pH during the course of the reaction.l'””! Gelation times are shorter
with more base catalyst.["4¢178] A higher number of clusters formed in the beginning of
the reaction leads to an overall shorter time until they have grown enough to occupy the

a critical volume needed for gel formation.['4l

The initial pH value of the sol has a strong influence on the resulting gel properties.[17217]
“Polymeric” aerogels have particles with large necks resulting in a “fibrous appearance”.
These structures are obtained when high amounts of base catalyst are used.['4215
“Colloidal” aerogels have a “string of pearls” structure with smaller necks. They can be
synthesized with a low amount of base catalyst.!'”166] Polymeric aerogels show stronger
shrinkage than colloidal ones.l'*2l However, the larger necks give a higher mechanical
strength.[1121571801811 [ arger pores lead to reduced shrinkage because of reduced capillary

stress.[182-184]

A higher pH value (or better: using more base catalyst) results in a higher shrinkage and
smaller pores in the final resin.['”? The particle size is smaller with a relative high amount
of catalyst: more clusters are formed and each one grows less by the limitation of the
available monomer.[*3l More catalyst also results in higher branching within the clusters
because more resorcinol anions are formed.!"””] Particles with higher branching coalesce
earlier during the gelation process. Therefore, smaller particles with stronger
interconnection are formed which results in a decreasing mesopore volume.!'*®! A pH
value < 5.5 causes formation of a gel with micro- and macropores and low mechanical
strength. A pH value > 6.3 produces a gel with only micropores. A non-porous material
is obtained after further increase of the pH value.l'””l At very high pH values gelation is

hindered.[172]

Most studies conclude that the base only influences the reaction by defining the pH value
of the initial solution. However, the counter ion of inorganic bases can influence the pore
structure to some extent, probably by stabilizing the colloidal suspension.*! Charge and
concentration of the cation (metal ions) are important, the ion size does not have a

detectable influence.185
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The acid catalysis in the RF polycondensation shows opposing correlations - a higher
amount of catalyst results in a lower pH value. Again, smaller particles are formed when
more catalyst is used because of the increasing number of clusters formed early in the
reaction.l'*y The dependence of particle and pore size on catalyst concentration is weaker
than with a base catalyst.['®l Acid catalysis leads to the formation of overall larger beads
and a shorter gelation time over base catalysis because condensation is favored.!'¢4160] Gel

density is higher when acid catalysis is used, indicating more crosslinking.[16!l

Influence of other reaction parameters on gelation mechanism and gel properties

The concentration of resorcinol and formaldehyde in the solvent determines the density
of the resulting gel. Higher dilution of the reactants results in a lower density.['8 Actual
densities may be slightly higher than the theorical ones because of shrinkage during the
drying process.l'7171 Higher dilution leads to longer gelation times.!'5] The particle and
pore size increases with higher dilution because there is a larger distance between
reactive clusters in the early reaction stage in the sol and each individual bead can grow
longer until a space-filling network is formed.l'#”1¢!l A higher dilution also results in a
higher surface area.l'’”l It has been reported that a certain mass ratio is necessary for
the formation of homogeneous gels, the exact range being depended on the other

synthesis conditions.[¢]

Formaldehyde content is described by molar ratio of resorcinol to formaldehyde, R/F.
Higher amount of formaldehyde leads to higher average functionality of
hydroxymethylated resorcinol. This should lead to a higher crosslink density.[7l Larger

amount of formaldehyde relative to resorcinol in the feed leads to larger clusters.[1%!

Changing the solvent has been reported to influence gelation time and particle
morphology.l'1 A small change in solvent composition, e.g. a variation in the residual

methanol content of commercial formaldehyde, can result in structural variations.[1881%]

Lignin contains aromatic rings and hydroxy groups and thus shows high structural
similarity to resorcinol. Various evaluations of the suitability of lignin as replacement

for resorcinol in phenolic resins have been published.**!l The synthesis of organic
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resorcinol-lignin-formaldehyde (RLF) aerogels is reported with the substitution of up to
50 % of resorcinol with a lignin of non-specified origin.[”>!l Sodium hydroxide was
used as catalyst in water, the reaction was performed at 85 °C. A longer gelation time
and a higher density with lower surface area product is obtained the higher the lignin
content is in the feed. High shrinkage of 20 - 60 % was observed despite supercritical
drying. A similar approach also with NaOH as catalyst has been patented in 2018.1"%4
Subcritical drying improved the mechanical properties of RLF aerogels and reduced
shrinkage < 5 %.0%"I SL was used with water as solvent and sodium hydroxide as catalyst
in the study. The approach was limited to a maximum lignin content < 30 %. High lignin
contents of 75% were reported for aerogels with 5-methylresorcinol and

formaldehyde.l*! OLS from different plant sources was used and NaOH as catalyst.

A synthesis of gels comprised only of lignin and formaldehyde was described too.”1 A
solid content of 20 wt% was used with water as solvent and sodium hydroxide as
catalyst. Kraft and Organosolv lignin where used. The findings conflict with a study
reporting that no gelation was possible only from KL and formaldehyde with sodium

hydroxide.[*8l

The only report of acid catalysis for lignin-containing RF gels concerns xerogels prepared
from sulfated lignin and formaldehyde with hydrochloric acid as catalyst.['”! The beads
size of a few um was significantly larger than that of base-catalyst gels. The obtained

gels were mechanically not stable.

The studies carried out so far suggest that partial replacement of resorcinol by lignin is
a promising perspective for sustainable material synthesis. However, the knowledge
about RLF gels is very limited. Low lignin content and low stability are remaining

challenges.

The influence of reaction parameters on the gel properties has not been addressed in
detail. The example of RF aerogels without lignin shows that in-depth research resulted
in understanding the relationship between synthesis conditions and gel structure and
made it possible to vary material properties over a wide range. Further research is

needed to close the knowledge gap for RLF gels in order to achieve a similar versatility.
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Few studies exist about the application of lignin in RF aerogels. Expensive synthesis
routes and unfavorable mechanical properties still limit the use of RF aerogels on an
industrial scale. Investigation of lignin-containing gels provides room for further
optimization with regard to these factors. This would lead to a promising and

sustainable material class.

4.2  Scope of this work

The possibility of preparing RLF gels from different lignin types will be explored in this
work. The influence of synthesis parameters on material properties like lignin content,
formaldehyde concentration and reactive content have not been investigated yet for RLF
gels. This work will address the effect of these parameters on the resulting gel properties.
The gained insights for lignin-based gels will be related to the knowledge obtained for
RF gels.

Several drawbacks remain impeding aerogel production on a larger scale. Base-
catalyzed gels need days or weeks for gelation, rendering this process unfeasible and
economically unviable on industrial level. Acid-base catalysts promises gelation within
minutes for RF gels but has not been successfully applied to stable lignin-containing gels.
A systematic investigation of sulfuric acid as catalyst for the synthesis of lignin-
containing aerogels will be carried out. Possible interaction with other reaction

parameters will be determined.

Brittleness of organic aerogels is another challenge hindering their everyday application.
High mechanical stability is necessary for utilization e.g. in the construction sector. A
structure-property relationship will be established for lignin-containing aerogels to find

suitable synthesis conditions for required material properties.
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4.3 Results and Discussion

Lignin-containing resorcinol formaldehyde aerogels are hardly investigated and acid
catalysis has not been applied for preparing these gels so far. The possibility to replace
resorcinol by lignin in an acid-catalyzed gelation reaction was tested in a first step. The
catalyst concentration will be referred to in terms of a molar ratio of monomer to catalyst
(M/C), the formaldehyde concentration by the molar ratio of monomers to formaldehyde
(M/F). The reactive content (RC) describes the ratio of reactive components to all
components including solvent. The lignin content is defined as the mass fraction of

resorcinol replaced by lignin.

All gels were synthesized in polypropylene containers with a lid. The samples were kept
in a water bath at a set temperature until gelation occurred. The gels were then removed
from the container and if necessary H2O was removed by solvent exchange. Samples
were dried by solvent evaporation at 60 °C if not indicated otherwise. OSL, the lignin
type with good solubility in organic solvents was the source of lignin. Up to 50 wt% of
resorcinol was replaced by OSL in earlier work.? Sulfuric acid was used as catalyst in
EtOH/H20 (50/50, wt/wt) at 65 °C in the preparation. Stable gels were obtained with
RC =20 wt%, M/C = 4.5 and M/F = 0.8. This formulation was used as a starting point for

the consecutive study.

Two gels, one with lignin and one without, were synthesized under identical reaction
conditions as described above. The reaction mixture without lignin was initially
colorless and transparent. Gelation occurred after five minutes. The sample solidified
and remained colorless and transparent. The gel turned translucent after 10 minutes
indicating further particle growth after gelation. A faint red appeared after 25 minutes.
The appearance of this color can be explained by formation of o — quinone methide
structures in the network.®l The analogous solution with OSL substituting 50 wt% of the
resorcinol was dark brown. It was transparent in the beginning and turned opaque when
gelation occurred after six minutes. The appearance of a red color was not obvious as

the dark brown color of lignin dominated the appearance.
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Unmodified OSL consists of ill-defined primary particles with a size of a few hundred
nanometers and irregular surfaces. The RLF gel with 50 wt% OSL is made of spherical
beads with a size around 2 um (Figure 21). The beads have smooth surfaces and are
interconnected by large necks. This “string of pearls” structure is similar to the one
described in literature for gels without lignin.[¥211 The SEM images indicate that OSL

was homogeneously incorporated in the gel structure. No evidence for residual

unmodified lignin was found.

Figure 21. SEM images of unmodified OSL (left) and RLF gel with 50 wt% OSL (right).

43.1 Gels with various Lignin Contents

The appearance of the lignin containing gels after drying is markedly dependent on the
lignin content, ranging from dark brown, shrunken samples over reddish to dark brown
larger samples (Figure 22). All samples are shown at the same scale. Gels could be
synthesized with a lignin percentage between 0 wt% and 50 wt%. Formulations with
lignin contents higher than 50 wt% led to incomplete dissolution of lignin.
Inhomogeneous products were then obtained which were friable. They break upon

removal from the mold.

0 wt% 10 wt% 20 wt% 30 wt% 40 wt% 50 wt%

Figure 22. Gels with lignin content from 0 wt% to 50 wt% (M/C = 4.5, M/F = 0.8, RC =20 wt%).
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The samples with 0 wt% and 10 wt% OSL were dark brown with smooth surfaces. These
gels with low lignin content appeared hard and dense with no visible pores. Gels with
20 wt% and 30 wt% OSL were orange and light brown. These gels with intermediate
lignin content were porous yet stable against pressure. Samples with 40 wt% and 50 wt%
OSL had a red-brown color similar to the color of OSL. Large pores were visible and gels
were friable. The extent of shrinkage was smaller at higher lignin content (Figure 23).
Shrinkage was measured using the gel diameter before and after solvent evaporation.

Repetition of experiments indicated an error in the shrinkage of about 2 %.

45

40-m

35 4 [ ]

shrinkage / %
—_ —_ N N w
o (@)] o (6)] o
1 N 1 N 1 1 N 1 N
[

(&)]
M -
L

o

0 10 20 30 40 50
lignin content / wt %

Figure 23. Shrinkage of gels in dependence of lignin content (M/C = 4.5, M/F = 0.8, RC = 20 wt%).

The largest shrinkage of 40 % was observed for the gel without lignin. The shrinkage is
lower for higher OSL content, reaching 8 % for the gel with 30 wt% OSL. Shrinkage was
on same low level for gels with 40 wt% and 50 wt% OSL. A low shrinkage appears to go
along with the formation of large pores. This observation may be related to different
capillary forces in the material during the drying process. Shrinkage occurs because
capillary forces during evaporation of the solvent contract the gel. These forces are lower

for larger pores.[182-184]
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Larger beads in gels with higher lignin content are obvious in the respective SEM images
(Figure 24). Bead sizes were around 600-800 nm for 20 wt% and around 1-3 um for

50 wt% OSL. Beads of gels with less lignin had a rougher surface and were less spherical.

They appear to consist of smaller particles that agglomerated.

Figure 24. SEM images of RLF gels synthesized in EtOH/H20 with 20 wt% OSL (left) and 50 wt%
OSL (right) (M/C = 4.5, M/F = 0.8, RC = 20 wt%).

The final bead size and the overall morphology are reminiscent of the gelation process.
Particle precipitation is caused by decreasing solubility of the intermediate formed
polymer: Clusters will lose their solubility at a given point during the polyreaction and
precipitate. This point is reached earlier for polymers with a lower solubility. Clusters

keep growing after precipitation by aggregation until all monomers are consumed.

OSL has a lower solubility in EtOH/H20 than resorcinol. Lignin-containing clusters
therefore precipitate earlier and form a structure with larger beads with a lower surface
area per volume. Having a small contact area is energetically favorable for two
immiscible phases. The formation of a small number of large beads rather than a high

number of small beads is thus a favorable pathway in the gelation process.

Gelation occurs after five minutes independent of lignin content. Gelation times were
initially determined by tilting the container with the gel in regular time intervals. The
loss of fluid-like behavior was taken as the gelation time. Differences in gelation time for
gels with various lignin contents were too small to be determined visually by this
method. Gelation time was therefore measured using rheology. Time sweep experiments
were performed at constant oscillation frequency and constant strain. The measurement

was started after addition of formaldehyde and was conducted at 40 °C. Gelation times

58



Lignin-based Aerogels

determined in that way differ from gelation times determined visually because they
were measured at lower temperature. Low temperatures were necessary to reduce
solvent evaporation during measurements. Mechanical stress caused by oscillation

could also influence the gelation process.

Change of complex viscosity in time is similar to that described in literature for RF gels
(Figure 25).0751781 The first, steep viscosity increase after 20 min is associated with the
onset of gelation and cluster formation. Particle growth takes place in the next phase.
Another change of slope after 50 min indicates particle agglomeration which ultimately
leads to full curing. The time to the first distinct viscosity increase is defined here as

gelation onset time and is used as a marker for the gelation rate.
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Figure 25. Time-dependent complex viscosity during gelation of a RLF gel (30 % OSL, M/C = 10,
M/F = 0.8, RC =20 wt%).

Scattering of data in early reaction phases occurred in some measurements, artefacts
occurred repeatedly and randomly in multiple measurements (Figure 26). These issues
could not be resolved by variation of measurement settings. They rather are a
characteristic of the gelation. Gelation is an exothermic process. The thin film between

the plates is not well-mixed and temporary variations in viscosity and removal of solvent
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changes the total amount of the sample. Local high temperatures caused by
inhomogeneous reactant distribution can e.g. lead to gas bubbles in the sample. The
onset gelation time can nonetheless be used as a process characteristic. Interpretation of

additional features like slope or plateau viscosity reached after gelation are however not

reasonable.
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Figure 26. Time-dependent complex viscosity of samples with 20 % (black), 30 % (blue), 40 %
(red) and 50 % OSL (green) (M/C =10, M/F = 0.8, RC =20 wt%). Lines were added for 30 % and

50 % OSL to guide the eye.

Gelation onset is faster for gels with higher lignin content (Figure 26) as expected,
because lignin has a lower solubility in EtOH/H:0 than resorcinol. Gelation onset time
was approximately 5 min shorter for any 10 wt% of lignin added. Lower solubility leads
to earlier cluster precipitation and therefore an earlier viscosity increase. This

observation is in agreement with literature describing longer gelation times for more

stable sols.[201]
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4.3.2 Gels with Different RC

The first results are promising. The replacement of up to 50 % of resorcinol was possible
with H2SOs as catalyst. Gelation was fast and occurred within a few minutes.
Supercritical drying was not necessary and low shrinkage was obtained after drying by
solvent evaporation. Variation in the reactive content (RC), i.e. the ratio of reactive

components to solvent determines the final gel density.!15¢l,

Experiments towards denser gels were conducted to find out that a higher RC resulted
furthermore in shorter gelation time and lower shrinkage (Figure 27). Gelation time was
reduced from 40 min for RC =20 to 5 min for RC =30. A higher reaction rate in more
concentrated solution and a faster formation of the critical particle size needed for

network formation is expected at higher reactant concentrations.'76!
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Figure 27. Gelation time (black) and shrinkage (blue) in dependence of RC (50 % OSL, M/C =10,
M/F =0.8).

The shrinkage of the sample was 18 % for RC =20 and only 5 % for RC = 30. The result
is higher mechanical stability at a higher solid content. The earlier gelation further

improves mechanical stability of gels. More monomer is left in the solution when
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gelation occurs earlier. Addition of those monomers to the precipitated beads results in
enhanced neck formation and thus higher strength of polymer network. However, a
higher RC should also result in smaller beads. Clusters precipitate in closer proximity to
each other and are therefore expected to grow less before gelation occurs. Smaller beads
lead to smaller pores and thus higher capillary forces during drying. The result is a larger
shrinkage. Here, the stabilizing effect of a higher density and extensive neck formation

appears to overweigh the destabilizing effect of smaller pores.

43.3 Gels with Different M/F

Larger amounts of formaldehyde (i.e. a lower M/F value) in the formulation lead to a
faster gelation and lower shrinkage (Figure 28). Gelation time changes from 15 min for
M/F =0.5 to 45 min for M/F = 0.9. Higher formaldehyde concentration leads to a faster
formation of reactive hydroxy methylene intermediates and consequently of gelation.
Shrinkage was 13 % for M/F = 0.5 and 20 % for M/F = 0.9 More formaldehyde leads to
higher crosslinking density because more methylene bridges are formed between the
aromatic rings. The formed network is stronger and withstands capillary forces better

during drying.
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Figure 28. Gelation time (black) and shrinkage (blue) in dependence of M/F (50 % OSL,
M/C =10, RC =20 wt%).

4.3.4 Gels with Different M/C

Larger amount of acid catalyst in the formulation results in a faster gelation and gives a
gel which has undergone a lower shrinkage (Figure 29). Gelation time rose from 5 min
for M/C =5 to 120 min for M/C = 20. Shrinkage rose from 8 % for M/C =5 to 18 % for
M/C =20. Gelation onset time derived from complex viscosity increase confirmed the
findings. Lower M/C values led to shorter gelation onset time (Figure 30). These results

are in accordance with observations made for gels without lignin.[7l
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Figure 29. Gelation time (black) and shrinkage (blue) in dependence of M/C (50 % OSL, M/F= 0.8,
RC =20 wt%).
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Figure 30. Complex viscosity of samples with M/C = 5 (black) , M/C = 10 (blue) and M/C =15 (red)
(left) and gelation onset times (right) (50 % OSL, M/F = 0.8, SC = 20 wt%).
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Larger amount of acid catalyst (i.e. a lower M/C value) leads as expected to the smaller
bead sizes (Figure 31) as explained in the introductory part of this chapter. More catalyst
causes more activated formaldehyde molecules and therefore a transient higher number
of reactive clusters in the reaction mixture. This leads to many small initial clusters that

agglomerate in due course. These findings are again consistent with results for gels

without lignin.[4]

Figure 31. SEM images of RLF gels with M/C =5 (left), M/C =10 (middle) and M/C =15 (right)
(50 % OSL, M/F = 0.8, RC =20 wt%).

Larger beads found in formulations with a higher M/C seem inconsistent with observed
larger shrinkage. A smaller of shrinkage is expected for larger beads because of lower
capillary forces during drying. Bead morphology in the respective SEM images also
shows no reason for an overall weaker network at higher M/C. However, longer gelation
times for M/C > 10 led to sedimentation of polymer particles before full gelation

occurred. Resulting inhomogeneous density might have caused higher shrinkage.

Synthesis of homogeneous monolithic gels was not possible for M/C>20. Beads
agglomerated and sedimentation occurred before gelation was complete. A solvent
system optimization is needed to stabilize growing beads, prevent agglomeration and

sedimentation and allow to prepare homogeneous gels.
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43.5 Gels Synthesized in various Solvent Systems

RF gels without lignin are mostly synthesized in H20. However, OSL is only soluble in
H20 under basic conditions. Formulations with acids as catalysts mostly contained
precipitated OSL. Addition of EtOH, a good solvent for OSL, was effective for obtaining
homogeneous conditions. The application of water-soluble organic solvents like ethanol

or acetone in lignin formulations may be a method for obtaining superior gels.

The solubility of OSL in mixtures of EtOH/H20 and acetone/H:0 has limits which
dependent on the solvent ratio (Figure 32), a high content of organic solvents gives a
higher solubility of OSL. A highly viscous slurry with a solid and liquid phase (not trivial
to separate) was formed with more than 60 % H:O in ethanol. Complete dissolution of
lignin was observed for all samples with less than 40 % H20. An overall better solubility
was achieved with acetone/H20. Almost complete OSL dissolution (96 %) was observed
in this solvent mixture at a ratio of 50/50. Only 53 % OSL could be dissolved in EtOH/
H>O with this ratio. These insights were elaborated using an amount of lignin
corresponding to an RC of 20 wt% which was placed in the solvent mixtures and the
solubility was determined by gravimetrical analysis of the solid residue. The formation
of gels in both mixtures proceeded with an RC of 20 wt% with comparable morphologies

(Figure 33).
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Figure 32. Solubility of OSL in mixtures of EtOH/H:0 (dark grey) and acetone/H20 (grey) with
ratios of 40/60, 50/50 and 60/40.

Figure 33. SEM images of RLF gels synthesized in EtOH/H20 (left) and acetone/H20 (right)
(M/C =10, M/E =0.8, RC =20 wt%).

Reduction of catalyst amount to M/C > 20 in the formulation prevented the formation of
a gel, regardless of the solvent system. However, substituting up to 70 wt% resorcinol
with OSL was possible in acetone/H:0. The bead size was larger the higher the lignin
content (Figure 34). This increase in bead size is similar to observations made for gels
synthesized in EtOH/H20. Beads are larger for a given lignin content when acetone/H20

is used. This observation may indicate that the solubility of the formed polymer is lower
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in acetone than in EtOH: Larger beads result from earlier cluster precipitation in the

gelling process.

Figure 34. SEM images of RLF gels synthesized in acetone/H20 with 20 % OSL (left), 50 % OSL
(middle) and 70 % OSL (right) (M/C =5, M/F = 0.8, SC = 20 wt%).

Gels with very small beads around 100 nm were obtained with only EtOH as solvent
(Figure 35). The resulting gel had a black color and was brittle. Shrinkage was higher

than 50 % and the sample was no longer porous after ambient drying.

Figure 35. Images of an RLF gel synthesized in EtOH (50 wt% OSL, M/C =10, M/F=0.8,
RC =20 wt%).

All these experiments indicate that solvent choice is a most relevant parameter to control
bead size and morphology. A mixture of a solvent and a non-solvent for lignin leads to
interconnected beads with strong necks, low shrinkage and high mechanical stability.
The solvent is needed to dissolve or swell lignin sufficiently to yield enough accessible
groups for crosslinking. The non-solvent is needed to cause cluster precipitation in an

early stage of conversion, which finally leads to large particles with low surface area.
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43.6 RLF Aerogels from Non-Soluble Lignin

OSL showed good results as replacement for resorcinol in organic aerogels. However,
this lignin type is not available on an industrial scale. High price, small batch sizes and
variable properties limit use of lignin as replacement for petrol-based chemicals. HL was
tested as a more viable alternative to OSL. HL is not soluble in aqueous acidic
environment, most organic solvents and mixtures of both. The low solubility is of course
a major factor in the sol-gel process. The starting point of the gelation using HL was a

suspension rather than a solution. The result is a more complex reaction system.

HL consists of ill-defined particles with different sizes. This rough surface is transformed
to a smooth one after gelation and spherical structures are formed (Figure 36). SEM
images of unmodified HL and a sample after gelation indicate that HL is incorporated
into the polymer network. Functionalization has presumably started on the surface of
the dispersed lignin agglomerates. The formed polymer network gives a coating around

the agglomerates and connectes them. Stable monolithic RLF gels with up to 70 wt% HL

were synthesized in acetone/H20.

Figure 36. SEM images of HL before (left) and after gelation with resorcinol and formaldehyde
(60 wt% HL, M/C =8, M/F = 0.8, RC = 23 wt%) (right).

The resulting gels had a brown color and could be dried under ambient conditions. The
extent of shrinkage was between 10 — 20 %. Overall stability was lower than for gels with
OSL and samples could be crushed into powder easily. This observation and the SEM
images indicate a weaker interconnection between individual beads. An enhanced lignin

solubility could improve the incorporation of lignin into the polymer network.
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4.3.7 Acetone/H:0 as Solvent System

Variation of solvent ratio by a few percent resulted in significant change of bead size for
RLF gels with OSL. The same behavior was observed for gels with HL. Changing the
ratio between acetone and H2O changed the optical appearance and particle morphology

of resulting RLF gels (Figure 37; images have the same scale).
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Figure 37. Images of RLF gels with acetone content ranging from 25 wt% to 55 wt% (60% HL,
M/C =20, M/F = 0.8, RC =20 wt%).

Acetone contents between 25 wt% to 35 wt% lead to friable gels with an orange color.

Red gels which are relatively stable against pressure are obtained using acetone/water
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mixtures between 40 wt% and 45 wt%. A gel with 50 wt% of acetone was orange and
cracks appeared during drying. A purple gel with large cracks was obtained with 55 wt%
of acetone. The impression of color might result from different pore sizes as has been

reported already for RF gels.!'?l

The observed change in appearance and mechanical stability is correlated with bead size.
Higher acetone content led to smaller beads with sizes changing from 200 nm to around
2 um. Lignin agglomerates were detected in gels from formulations with acetone
contents up to 45 wt%. Coating of the agglomerates was more distinct in formulations
with a higher acetone content. Low acetone content means little swelling and thus few
lignin OH groups are accessible, resulting in minor incorporation of HL in to the
polymer network. Acetone contents of 50 wt% and more in the formulation apparently

breaks some agglomerates apart as deduced from the SEM images.
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Figure 38. Gelation time and shrinkage in dependence of acetone content (60 % HL, M/C =20,
M/F = 0.8, RC =20 wt%). Lines are added to guide the eye.

Increasing acetone content results in longer gelation times and higher shrinkage (Figure
38). Gelation time increased from 15 minutes for 20 wt% acetone to 55 minutes for 45 wt%

acetone in the gel formulation. Acetone contents higher than 45 wt% had a constant
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gelation time of around 60 minutes. This observation implies a change in the gelation
process between 40 wt% and 50 wt% acetone. Lignin agglomerates >2 um are present
already before the gelation reaction when a low solvent percentage is used. Less time is
needed until sufficient polymer is formed to connect them to a space-filling network.
Lignin agglomerates are dissolved once a sufficient solvent amount is present and
reaction is no longer limited to the agglomerate surface. Higher solvent amount may
lead to higher accessibility of reactive OH groups and therefore a faster reaction rate of
formaldehyde with lignin, enhancing the solubility further and slowing down the
network formation. The more or less constant gelation time above a certain threshold
may be the result of two or more opposing effects of enhancing solubility and increasing

reaction rates.

The extent of shrinkage of the gels can also be divided into two regimes. Shrinkage
remained almost constant from 20 wt% to 45 wt% followed by a steep shrinkage increase
from 45 wt% to 60 wt%. This observation is in accordance with changing appearance and
bead size between the two regimes. Virgin HL agglomerates are in the range of 1-5 pm.
The presence of agglomerates leads to pores at the same order of magnitude, which will
undergo only a low shrinkage. Absence of agglomerates and clearly smaller beads size
for acetone contents of 50 wt% and higher resulted in smaller pores and explain the

higher shrinkage.

These results for a non-soluble lignin show that the ratio of solvent to non-solvent is also
the most influential parameter for bead morphology in such a system. A high non-
solvent percentage leaves larger lignin agglomerates intact. These agglomerates are
covered during polycondensation resulting in corresponding large beads. Fast gelation
occurs because large agglomerates are already present in the beginning and a space-
filling network is formed after short reaction times. The material is friable because inter-
bead connectivity is weak. A high organic solvent part in the formulation causes
dissolution of lignin agglomerates and leads to a (much more) homogeneous reaction
system. Only small particles remain in the starting solution resulting in overall smaller

beads. Gelation is slower because smaller beads need to grow longer until they touch
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each other but eventually gelation time remains constant because of an increasing

reaction rate. The resulting small pores cause higher shrinkage.

4.3.8 DMSO/H20 as Solvent System

Acetone/H20 as solvent system for gel formulations led either to large remaining
aggregates or to very small particles. An intermediate bead size in between is expected
to be ideal for synthesis of gels with low shrinkage and high mechanical stability.
Dimethyl Sulfoxide (DMSO)/H:O was chosen as solvent system to evaluate this
hypothesis. The mixture gives homogeneous suspensions of HL. Formulations with
DMSO content between 0 wt% and 50 wt% gave gels which varied in optical appearance
and particle morphology after drying (Figure 39; images at the same magnitude of

enlargement).

Gels prepared without DMSO were friable and broke upon removal from the mold. SEM
images showed lignin agglomerates next to polymer beads. Lignin particles are
dispersed but not dissolved or swollen in pure H20. Only few OH groups on the particle
surface are accessible for reaction. Lignin agglomerates and polymer are barely

connected via covalent bonds and only a weak network is formed.

Porous yet stable gels were obtained with DMSO content between 25 wt% and 35 wt%.
Lignin particles are swollen to some extent and a higher percentage of the lignin polymer
reacts. A stronger network is formed and an even coating of remaining agglomerates is

indicated.

Higher DMSO amount resulted in hard and dense gels. DMSO contents of 45 wt% and
50 wt% led to dissolution of lignin agglomerates as well as a higher solubility of the
intermediates. Bead sizes in those gels are significantly smaller, decreasing to around
200 nm in formulations with 50 wt% of DMSO. The sample with 40 wt% DMSO gives
beads in the um range but with a rougher surface than for lower DMSO contents. The
presence of agglomerates is less pronounced. This amount of DMSO presumably causes

sufficient swelling of lignin and additional OH groups inside the agglomerates become
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accessible. Polycondensation does not only take place on the surface, leaving less

monomer to form a coat around the beads.

0 wt% 25 wt% 30 wt%

Figure 39. Images of RLF gels with DMSO content ranging from 0 wt% to 50 wt% (50 % HL,
M/C =50, M/F =0.8, RC =20 wt%).

Gelation time was longer for higher DMSO content. A minimal shrinkage was observed
for intermediate DMSO content (Figure 40). Shrinkage could not be evaluated for DMSO
contents lower than 25 wt% because resulting gels were very friable and monoliths broke

apart after removal from the mold.
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Figure 40. Gelation time and shrinkage in dependence of DMSO content (60 % HL, M/C =20,
M/F = 0.8, RC =20 wt%). Lines are added to guide the eye.

Short gelation times for low DMSO content are interpreted like before: the presence of
large lignin agglomerates filling a significant space already before the reaction. Longer
gelation times results from higher solubility of the formed polymer. Less DMSO causes
earlier cluster precipitation and formation of large beads to minimize the surface area.
Gelation time is significantly longer for DMSO contents higher than 40 wt% because
lignin agglomerates are dissolved and the network has to grow longer to be space-filling.
In addition, polymer clusters stay soluble over a longer time, resulting in formation of

small beads.

Low mechanical strength of the gel results from lignin agglomerates that are barely
incorporated in the polymer network by covalent bonds, typical from formulations with
low DMSO contents. The weak interconnection yields a very friable gel. Shrinkage
showed a minimum for 30 wt% DMSO where the gel did not shrink noticeably. This
minimum results from optimal lignin incorporation by sufficient covalent bonds and a
smooth coating of agglomerate as well as a large pore sizes causing low capillary forces

during drying. Lower DMSO content led to higher shrinkage because of less crosslinks
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and weaker interparticle connection. Higher DMSO content caused higher shrinkage

because of smaller pores and resulting higher capillary forces during drying.

DMSO/H20 is a promising solvent system for the synthesis of stable RLF gels with high
lignin content. Shrinkage was overall lower when DMSO was used instead of acetone in
the formulation. Lower shrinkage in DMSO may result from a higher mechanical
stability of the gel, which effectively is caused by the better solubility of HL. Complete
dissolution of lignin agglomerates is not favorable, but a certain DMSO amount leads to

sufficient accessibility of OH groups to allow for the formation of a strong network.

43.9 Solid Content Reduction using a higher Viscosity of the Formulation

Lower solid content of the gel forming formulation results in materials with lower
density. This is favorable for some applications, e.g. usage as thermal insulation material.
A solid content <15 wt% did not lead to stable gels with HL because sedimentation
occurred during the synthesis and resulting samples were not homogeneous. One
possibility to reduce sedimentation rate is using formulations with a higher viscosity.

Higher viscosity was achieved by using an aqueous 0.2 wt% solution of agar in Hz0.

An agar solution for gel synthesis with 15 wt% solid content indeed show a lower
sedimentation rate and led to gels with a lower density. Higher viscosity of the
formulation comes along with an uneven reactant and possibly catalyst distribution in
the solution. SEM images of the gel sample shows bead sizes in a broad range from nm
to um and various particle morphologies (Figure 41). The sample was notably
inhomogeneous in the inside. The overall process of bead formation, agglomeration and
functionalization of HL is non-uniform, with a range of local conditions. Diffusion
barriers appear, making the process complex and the outcome hard to control. Although
a gel with lower RC could be reached, large efforts need to be undertaken to find
conditions that allow a reproducible preparation. Prolonged stirring or shaking would
be an option to obtain a homogeneous gel, possibly the presence of some organic solvent
is useful but all of this adds complexity to the system. Therefore, this approach was not

pursued further.
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Figure 41. SEM images of RLF gel without agar (left) and with 0.2 wt% solution of agar in H2O

(right) (50 % L; DMSO/H:0 5:95; M/C=25, M/F=0.5).

4.3.10 Combination of Base and Acid as Catalyst for RLF Gels

A combination of base and acid catalysis has been used to obtain RF gels with both small
bead sizes and good mechanical stability.l'%522 Final gel properties depended on the
amount of catalysts and on the addition point in time of the acid. This combined
approach was adapted for lignin-containing gels. Na2COs was used as base catalyst in a

first reaction step and H250s as acid catalyst was added at different times.

First experiments were carried out with HL in H2O to determine suitable amounts of
base and acid, respectively described by the ratios M/C» and M/Ca.. Brittle gels with high
shrinkage form at higher base concentration, whereas a low amount resulted in gels that
already crumbled on touch. A larger amount of acid will cause instant gelation at the
addition spot and thus inhomogeneous gels. Long gelation times arise when only small

amounts of acid were added.

An appropriate range for the base catalyst was 100 < M/C» < 250 and for the acid catalyst
5 <M/Ca < 50. A M/Cs ratio at the high end leads to gels with larger beads with smoother
surface (Figure 42). The corresponding low amount of base catalyst will result in the
formation of less active clusters in the beginning of the reaction. This results in larger
bead sizes. The shorter gelation time for low amount of base is in contrast to a slower
reaction expected for the use of less catalyst. Early gelation is caused by earlier cluster
precipitation during the gelling process. These findings imply an impact of base not only

as catalyst but also by changing educt and product solubility. Lignin solubility is lower
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for lower pH, i.e. lower amount of base. This results in larger agglomerates in the initial

solution and possibly also in earlier precipitation of the formed polymer.

Figure 42. SEM images of RLF gels prepared with (left) M/Cb=100, M/Ca=5 and (right)
M/Cb =250, M/Ca =10 and addition after 150 minutes.

The addition after 90 min of any amount of acid in the M/Ca range mentioned above does
not change the gel structure (Figure 43, A and B), the base catalyzed reactions had not
progressed to a determining extent and the acid catalyzed step controls the final gel
properties. The addition after 150 minutes leads to gels with smaller bead sizes from um
range to nm range for M/Ca = 30 (Figure 43, A and C). Base catalysis favors monomer
addition leading to spherical particles while acid catalysis favors condensation
promoting particle neck formation.?? Acid addition induced a change in the reaction
mechanism: a fast condensation of the previously formed particles with the remaining
monomers takes place. A large amount of remaining monomer in the solution before
acid addition leads to the formation of a layer covering the previously formed structures.
118 A Jonger phase of base catalysis means more time for spherical particles to grow and
those particles quickly form a network after acid addition. Less monomer remains in the
solution, resulting in the formation of only a thin layer. Larger beads for higher M/ C,,
ratios, i.e. at a lower acid concentration are observed for late addition of acid (Figure 43,
C and D). Less acid results in slower gelation, generating time for the remaining
monomers to form a smoother layer. The later addition of small amounts of acid (higher
M/Ca ratio) resulted in even smaller bead sizes, but the change was less pronounced
(Figure 43, B and D). The longer the base-catalyzed reaction phase, the longer the
spherical particle growth. Less monomer was left when acid was added, leaving less

possibility to form necks or smooth surfaces.
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SEM images all show lignin agglomerates (Figure 43). Friable gels were obtained as a
result. Solvent change from Hz0 to a mixture of EtOH/H:O dissolved agglomerates and
allowed for gel structures with beads in the range of a few hundred nm. Amount of acid
and base were adjusted to achieve stable gels with short gelation time. The reaction was

started with M/Cb = 35. A given acid amount corresponding to M/Ca =5 was added after

90, 120, 150 and 180 minutes.

Figure 43. SEM images of RLF gels prepared with (A) M/Cb =250, M/Ca =30, 90 minutes (B)
M/Cb» =250, M/Ca=50, 90 minutes, (C) M/Cv =250, M/Ca=30, 150 minutes (D) M/C» = 250,
M/Ca =50, 150 minutes.

The SEM images now show a change from colloidal to polymeric morphologies (Figure
44). Bead sizes were in the range of 300 nm for all gels. The sample with acid addition
after 90 minutes appeared denser, with few pores and agglomerated beads forming a
rough surface. The sample with acid addition after 180 minutes showed a fibril-like
structure. Pores are visible between fibrils. The gels resulting from acid addition after
120 minutes and 150 minutes are intermediate between the two, showing that the

process is quite robust (except that mixing is crucial, vide infra). This structural change
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aligns with reports describing a pearl necklace structure for acid catalysis and a fibril-

like structure for base catalysis. 202!

Figure 44. SEM images of RLF gels prepared with M/Cv = 35, M/Ca = 5 and acid addition after (A)

90 minutes, (B) 120 minutes, (C) 150 minutes and (D) 180 minutes.

The gels with fibril-like structures show a descent mechanical stability despite the small
pore sizes and therefore have some promise as thermal insulation materials.
Unfortunately, reproducible material synthesis was difficult because fast gelation
occurring at the spot of acid addition, resulting in inhomogeneities in the products, in
particular when performed on a larger scale. Various approaches including methods for
homogenization during acid addition and addition of diluted acid did not improve the
results. Therefore, the combined approach of base and acid catalysis is rather limited to

lab scale and was not pursued further.

4.3.11 Property Optimization by Design of Experiments

The results of this study indicate a strong influence of solvent system on particle
morphology. Other influential parameters, also described in literature, are M/C and M/F,
which appear also essential in the preparations with lignin monomer. Design of

Experiments (DoE) was used to establish the interdependency of the various synthesis
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parameters on the final gel. This experimental design used diverse statistical methods to
determine the influence of multiple input factors on responses. Interactions between

different input factors could also be elucidated.%!

Influence of DMSO content (0 wt% - 50 wt%), M/C (25 -100) and M/F (0.5-0.9) was
studied using a response surface methodology (Table A2, appendix). Measured
responses were gelation time, shrinkage and overall gel quality (Table A3, appendix).
All gels were prepared with HL and RC =20 wt%. Images of dried gels can be found in
the appendix (Figure A 21).

Gelation time was longer for higher DMSO content. It was also longer for higher M/F
and higher M/C values. The effect is expected: Higher DMSO content increases gelation
time because less lignin agglomerates are present in the beginning. Higher M/F value
means lower formaldehyde concentration and results in slower reaction. Lower catalyst
concentration indicated by higher M/C value leads to a slower reaction. The contour
plots show interdependence between all factors (Figure 45). For low R/C values (high
amount of acid) gelation is fast for any amount of formaldehyde. For high R/C values
(low amount of acid) the concentration of formaldehyde apparently becomes more
relevant for the reaction rate. Effects caused by changing M/F and M/C are less
pronounced at low DMSO content. Presence of large lignin agglomerates at low DMSO
content apparently suppresses all other effects. This assumption is supported by the
analysis of the coded factors obtained from the model equation (Table A4, appendix).
Higher factors mean higher relative impact, implying that the DMSO content has the
highest relative impact on the gelation time, followed by M/C. M/F has the lowest
relative impact. The coded factors for the combined terms estimate the relative impact

of the factors to be (M/C - DMSO content) > (M/C - M/F) > (M/F - DMSO content).
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Figure 45. Contour plots of the interdependence of gelation time on M/F and M/C (top), DMSO
content and M/F (bottom left) and DMSO content and M/C (bottom right).

The obtained model describing gelation time represents a general trend rather than a
prediction of actual values. Gelation time measured by optical inspection results in a
significant error. A statistical model based on this data set has the same error.

Nonetheless the contour plots represent overall dependencies.

Shrinkage is predominantly dependent on DMSO fraction and not so much on the M/F
or M/C value (Figure 46). The explanation follows as above: High DMSO contents give
a more extensive lignin dissolution, and the gelation is faster giving smaller beads and

pores and therefore a higher shrinkage. Shrinkage is barely influenced by M/F and M/C.
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A small effect is only visibly for high DMSO close to 50 wt%, where shrinkage appears
to be minimal for M/F = 0.7 and M/C <80. Again, presence of lignin agglomerates has
the strongest influence on the network morphology and therefore other effects are only

apparent when they are broken apart by high DMSO content.

shrinkage/ %
shrinkage/ %

DMSO content /% DMSO content /%

Figure 46. Response surface describing the interdependence of gel shrinkage on DMSO fraction
and M/F value (left) and M/C value (right).

Overall gel quality was rated from on a scale from 1 (poor) to 5 (excellent) considering
shrinkage and mechanical stability. Gels with excellent overall quality did not shrink

and had high compression strength. Overall quality depends mostly on DMSO fraction
and not on M/F and M/C values (Figure 47).
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Figure 47. Response surface describing dependence of overall gel quality on DMSO fraction and

M/F value (left) as well as M/C value (right).

There is a maximum of overall quality between 15 wt% and 30 wt% DMSO. Quality fell
from 5 to 3 for low DMSO content because the gels were friable but did not shrink.
Overall quality dropped to 1 for higher DMSO fractions because high shrinkage

occurred and the gels were brittle.

Minimal influence of M/F and M/C on the quality is predicted for low and high DMSO
content. Absence of lignin agglomerates is again presumably the explanation for this
behavior at high DMSO content. M/F and M/C could gain importance at low DMSO
content because agglomerates are only superficially covered, leading to a higher impact
of crosslinking density for overall mechanical stability, and solubility of lignin may

increase in the course of gelation by the progressing hydroxy methylation.

The obtained results from the DoE allow to propose an optimized formulation for RLF
gels. Optimal gel stability with reduction of acid and formaldehyde content is obtained
with a DMSO content of 20 %, M/F = 0.9 and M/C = 100. More catalyst and formaldehyde

are only useful if a reduction of gelation time is desired.
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4.3.12 Scale-Up of Promising Formulations

A detailed understanding of factors influencing the gel structure was obtained from the
study above. The next step is a scale-up to validate a suitability for production on a larger
scale. Samples with a maximum dimension of 15x15x3 cm were targeted. SEM images
indicated no structural difference between gels of different sizes. Two formulations were
chosen based on the obtained knowledge aiming for two samples with opposing
material properties (Table 5). Approach A is directed to a material with large beads and

approach B to a gel with a fine pore structure.

Table 5. Synthesis parameters and drying method of scale-up along approach A and B.

A B
lignin content /wt% 60 50
Solvent system acetone/H20 EtOH/H20
ratio (wt/wt) (40/60) (50/50)
M/C 4 5
M/F 0.6 0.9
RC /wt% 15 20
drying ambient supercritical CO:

The M/C ratio was similar, the M/F ratio was lower in approach A. A higher amount of
formaldehyde is expected to lead to a faster gelation and lower shrinkage because of
higher crosslink density. The most significant difference is that of solvent system.
Acetone/H20 was used for A and EtOH/H:0 was used for B. A allowed for maximal
lignin content of 60 wt% and a minimal RC of 15 wt%. B had a lignin content of 50 wt%
and RC was 20 wt%. Different drying methods were applied. A was dried by solvent

evaporation under ambient conditions. B was dried with supercritical CO2. Drying
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under ambient conditions was not possible with this formulation because large cracks

appeared and no monolithic sample could be obtained.

Material A starts to form after a gelation time of around 5 minutes and resulted in a red-
brown gel with an appearance similar to woodgrain (Figure 48). Pores were detected by
eye. The gel was friable upon touch and was easily pulverized. Material B had a gelation
time of around 10 minutes and led to a light brown gel. The sample appeared denser,
less porous and quite stable upon touch. A shrinkage of 20 % occurred despite
supercritical drying. It must be noted that optimization of supercritical drying
conditions for a given material is a research topic itself. Optimization of drying
conditions was not addressed in this work, but it has to be expected that lower shrinkage

is possible for this approach

Figure 48. Images of gels from scale-up approach A and B.

SEM images showed large beads with a size of a few um for material prepared in
approach A. Beads had a smooth surface and large necks. The bead size of material along

B was in the nm range and had a rougher surface (Table 6).
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Table 6. Properties the materials prepared along the scale-up approach A and B.

A B

density / kg-m=3 250 460
porosity /% 82 68
Young’s modulus /MPa 1.0+0.3 85+1.0
thermal conductivity

67.6 110
/mW-m1-K~
BET surface area /m*g! 26.1 77.6

Formulation A led to a gel with a density of 250 kg'm® and a porosity of 82 %.
Formulation B resulted in a much denser gel after a substantial shrinkage. Density was
460 kg-m™ with a porosity of 68 %. Gel A had a lower compression strength with a
Young’'s Modulus of 1 MPa compared to B with a Young’s modulus of 8.5 MPa. The

lower mechanical stability of A results from its lower density.

The lower density is also the explanation for the lower thermal conductivity of gel A.
Thermal conductivities were 67 and 110 mW-m*-K! for A and B, respectively. The
thermal conductivity of expanded styrene as benchmark is around partly in the same
order of magnitude at 40 mW-m-K-.2% Heat transfer in an aerogel will proceed by the
polymer backbone, by gas molecules in the pores and by thermal radiation. Both thermal
radiation and conductivity is lower at lower densities.'’?l Low gaseous thermal
conductivity often described for aerogels results from the Knudsen effect observed for
pore size in the nm range. Pore sizes for RLF aerogels are in the pm range, therefore this

effect is not relevant.19

Approach A and B represent two points in the broad spectrum of material properties
attainable with RLF gels. Sufficient mechanical stability could be obtained for material

A by formation of large beads, resulting in the possibility for ambient drying, preserving
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the initial low density. Gels with finer pore sizes may undergo a high shrinkage, like is

observed in material B. Material B has a higher inner surface area.

The interparticle connection in gels with large beads was better in materials from
formulation on the basis of DMSO/H20. Therefore, this solvent system was also used for
further larger scale preparation of gels. Results from DoE allowed to optimize
formulations to obtain a material with low density. In addition, short gelation times were
desired to facilitate the synthesis and formaldehyde content should be minimal. These

criteria led to approach C and D (Table 7).

Table 7. Synthesis parameters and drying method of scale-up approach C and D.

C D
lignin content /wt% 50 50
solvent system DMSO/H:0 DMSO/H-0
ratio (wt/wt) (6/94) (11/89)
M/C 50 25
M/F 0.9 0.9
RC /wt% 20 15
drying ambient ambient

The formulations in approach C and D both are based on a lignin content of 50 wt% and
a M/F ratio of 0.9. M/C was 50 for C and 25 for D, the RC was 20 and 15, respectively.
The ratio of DMSO to H20 was 6/94 for C and 11/89 for D. Gelation time was 20 minutes.
Ambient drying with minimal shrinkage was observed for the gel of both formulations:
material C shrunk by 3 % and D by 6 %. The gels had a similar red-brown appearance
(Figure 49), and pores were visible by eye. The gels are mechanically delicate and

crumbled slightly upon touch but had overall higher resistance to pressure than the gel

88



Lignin-based Aerogels

from approach A. SEM images showed similar bead morphologies. Lignin agglomerates
were present but coated by polymer. The slightly higher DMSO content for D did not
influence bead morphology significantly: the amount used in both formulations is too

low to substantially dissolve or even swell the HL.

Figure 49. Images of gels from the scale-up approach C and D.

The density of gel D is lower than of C, despite their similar appearance (Table 8). A
lower density is in accordance to the lower RC and also underlies a higher porosity (as
shrinkage is low in both materials). The compressive strength is similar for both
materials. Thermal conductivity is slightly lower for D also as a result of its lower

density.
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Table 8. Density, porosity, Young’s modulus and thermal conductivity of Scale-up approaches C

and D.
C D
density /kg-m- 225 196
porosity /% 79 85
Young’s modulus /MPa 1.6+0.3 1.2+0.2
thermal conductivity
60.0 58.4

/mW-m-1-K-!

Scale-up of approach C and D shows the possibility to tailor RLF gel by variation of RC.
Lowering RC reduces density, leading to a lower thermal conductivity but also lower
mechanical stability. Reduced acid and formaldehyde concentration and ambient
drying, thus making supercritical drying obsolete, are beneficial for the sustainability of
the whole process. Using HL is especially promising because this lignin type is expected

to become available in larger quantities in the future.
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44 Summary

OSL can party replace resorcinol in the acid-catalyzed synthesis of organic aerogels, at
least up to a level of 50 % when formulation is in EtOH/H20 or 70 % in acetone/H20
mixtures. High mechanical stability obtained with specific solvent mixtures permits
drying with low shrinkage by ambient solvent evaporation and not needing the much

more elaborate supercritical drying.

Larger percentage of lignin in the formulation resulted in larger beads and shorter
gelation time because of the lower solubility of the formed intermediate polymer. Higher
formaldehyde content leads to a faster gelation. Higher catalyst concentration effected a
faster gelation and smaller beads. The amount of acid catalyst could be reduced to a

certain threshold below which no gelation occurs.

A denser crosslinking led to formation of a more stable network and resulted in lower
shrinkage. A lower reactive content resulted in gels with lower density, below an RC of
15 wt% no coherent gels were formed, a higher dilution led to sedimentation and

formation of inhomogeneous gels.

The choice of solvent proved to be the most influential factor for gelation process and
for the resulting gel morphology. A mixture of solvent and non-solvent for lignin was
found to be the best choice for homogenous gels. Solvent is needed for homogeneous
distribution of lignin and high accessibility of OH groups. Non-solvent is needed to

induce early gelation and formation of large particles with higher mechanical stability.

Synthesis of RLF gels was also successful with non-soluble HL. Agglomerates were
incorporated into the polymer network. The role of the solvent system is even more
relevant because presence and degree of swelling of agglomerates control mechanical

properties of the resulting gels.

DMSO/H:0 proved to be the best solvent system for HL. A DoE study showed that lower
acid and formaldehyde concentrations would not impact the gel to a lager extent.
Obtained gels from formulations in DMSO/H20 had low densities after ambient solvent

evaporation and showed high compressive strength. Scale-Up allowed production of
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monolithic gels with sizes of 15x15x3 cm. The chosen simple reaction setup is also
promising for further scale-up. Acid catalysis in combination with suitable solvent
system enables drying by solvent evaporation. This facilitates inexpensive production

on a large scale.

A wide range of morphologies is accessible with RLF gels with lignin from diverse
sources. This gives a variety of potential applications for these materials. High
mechanical strength and fine pore structure are mutually exclusive to some extent.
Nonetheless, detailed understanding of structure-properties relation for RLF gels allows
for tailored properties. RLF gels therefore present a bio-based alternative for many

materials and promote the shift from fossil to renewable resources.
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5 Conclusions

The change from a fossil to a renewable feedstock is inevitable to prevent complete
depletion of resources. This work has shown that lignin has the promise to make an

important contribution to this change.

Oxypropylation is a very relevant modification for the valorization of lignin because its
implementation into existing infrastructure is simple. The setup is very similar to the
production of PPG, thus easy adaption of existing facilities would enable them to fit the

needs of lignin modification.

Oxypropylation of lignin has been studied in detail in the past but determining factors
for the success of the functionalization were not comprehensively understood. Multiple
options for the catalyst as well as the combination of PO and cPC presented in this thesis
expand the toolbox for oxypropylation. The versatility of this process is thereby
amplified further. Amidine catalysts are a worthwhile topic for continuing research.
Long reaction times may be less profitable, but resulting polyols with high lignin content
raise the overall fraction of renewable resources in the product. Residual amidine in the

polyol could also be suitable as catalyst for subsequent PU synthesis.

RLF aerogels were shown to be as versatile as their analogs made from fossil-based
resources. The significance of this material is promoted by the fact that no chemical

modification of lignin is necessary for this application.

The solvent in reactive formulations for gel preparation turned out to be the crucial
factor for material properties. Analysis of solubility of a given lignin is a simple task
compared to structural characterization on a molecular level. A small change in lignin
properties could therefore be analyzed and compensated easily. This fact might help to
produce lignin-based materials even while the production of lignin with unchanged

properties is not yet possible on an industrial scale.
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Formulations containing non-dissolved lignin can be used to generate gels, but size and
morphology of the remaining agglomerates puts limits on the material properties.
However, simple mechanical methods like sieving and milling of lignin could adjust
lignin particles to a desired size. This approach would expand the fields of application

without the need for extensive chemical modification.

Valorization of lignin has been a research topic for more than 50 years, yet no commercial
product has been developed up to date. This fact could be interpreted as an indicator
that it is not possible to obtain lignin-based materials in an economical way. However,
growing knowledge and advancing technologies open up new pathways and help
overcome existing obstacles. The growing need for a sustainable feedstock highlights
once more the high potential of lignin as a resource. Only with continuing research the

goal of lignin valorization in polymeric materials can be reached.
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6  Experimental Details

6.1 Materials

Lignins

The lignins used in this work were provides and characterized as part of the research

project POLIGOM (Porous Lignous Organic Materials - Hochpordse Ligninmaterialien).

The different lignins were extracted from different sources: OSL from hard wood, HL
and KL from soft wood and SL from wheat straw. The molecular weight, ash content

and OH group content is given in Table 9.

Table 9. Molecular weight, ash content and OH group content of different lignin used.

OSL HL KL SL
Mn [g-mol] 3200 3000 3300 2900
Mw [g'mol] 5700 5200 11700 8800
Ash content [%] 0.1 0.2 0.1 2.8
arom. OH [mmol-g] 3.3 2.8 2.5 1.2
total OH [mmol-g] 5 4.8 34 2.2

Other Chemicals

All chemicals were obtained from commercial sources and used without purification.

Technical grade solvents were used.
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6.2 Oxypropylation of Lignin

Oxypropylation of lignin with propylene oxide

Lignin was stored in an oven at 65° C overnight before use. It was placed in a 450 mL

stainless steel autoclave (Parr Instrument GmbH, Moline, IL, USA, Figure 50).
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Figure 50. Autoclave reactor used for oxypropylation of lignin.

A given amount of catalyst was added. The reactor was closed and the inside was purged
with argon three times. After the third time a pressure of 1 bar was set. The desired
amount of propylene oxide was added via a HPLC pump (Bischoff Chromatography,
HPD Multitherm 200, Bischoff Chromatography, Leonberg, Germany) with a flow rate

of 5 mL-min". After stirring for 10 minutes the reactor was heated to 160° C. Pressure
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and temperature were recorded via ProfiSignal 2.2 (Delphin Technology AG, Bergisch
Gladbach, Germany). After completion of the reaction the heating source was removed,

the reactor was cooled down to room temperature and the liquid product was removed.

Homopolymer Extraction

PPG homopolymer was removed from the crude reaction product by extraction. The
crude reaction product was placed in a flask, a 10-fold amount of hexane was added and
heated to 75 °C. After 15 minutes of stirring under reflux the hot hexane was decanted.
The procedure was repeated three times. The solid lignin fraction was dried overnight
in a vacuum oven at 40 °C. Hexane was removed from the liquid fraction by evaporation

at reduced pressure, yielding the homopolymer as a viscous yellow liquid.

Characterization of lignin fraction

Grafting of PO on lignin was confirmed by FTIR analysis of isolated lignin fraction
according to literature.l!l Several changes were identified. Introduction of CHs, CHz and
CH groups caused an increase of the C-H stretching bands between 2800 — 3000 cm'.
The C-O stretching at 1000 — 1100 cm™ can be explained by the introduction of ether

groups and the band at 1371 cm™ corresponds to the added CHs groups.

Oxypropylation of lignin with propylene carbonate

Lignin and catalyst were dissolved in cPC in a round bottom flask. The reaction mixture
was heated to 170 °C and stirred under reflux. After a given reaction time the mixture
was cooled to room temperature and dispersed in diluted HCl with pH 4. The solid
residue was filtered, redispersed in excess amount of H20O and stirred overnight. After
filtration the solid product was washed with H20 and dried in a vacuum. oven at 40 °C.

If residual cPC was detected via FTIR the washing step was repeated.
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Calculation of average degree of polymerization per OH group

The average number of repeating units per OH group was calculated based on 'H NMR
spectra of the oxypropylated lignins. An exemplary calculation is given for the

oxypropylation product of OSL with 5 wt% KOtBu (Figure 51).
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Figure 51. "H NMR specturm of oxypropylated OSL with 4-Nitrobenzaldhyde as internal

standard for the calculation of average DP per OH group.

9.9-10° mmol 4-Nitrobenzaldehyde were added as internal standard. The signal of the
aldehyde proton (C) at 10.2 ppm was used as reference and set to an integral value of 10.

This allows to calculate the integral value I immoix of 1 mmol H:

Latdgenyde 10
I = = = 1010 -1
tmmol H nAldehyde 9.9 -10-3 mmol mmo

The amount of substance of methyl groups n¢y,in the sample can be calculated from the

integral of the CHs group (F) at 1.1 ppm.

1 _(ICH3) ~ 1 (483.2

_ : = 0.16 mmol
3 1010 mmol-1 \ 3 ) mmo

NcHy, =
3
Ilmmol H
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Considering the sample weight and the amount of OH groups ngg/mg in OSL
determined before as 5.1-10° mmol'mg, the total amount of substance of OH groups in

the sample can be calculated.
Non = Non/mg* Msampte = 511073 mmol-mg=' - 10.2mg = 5.2+ 102 mmol
The amount of. This leads to the average DP per OH DP,y group to be calculated as

ney,  0.16 mmol

DPOH = 31

noy  5.2+1072 mmol -

6.3 Preparation of RLF Aerogels

General procedure

A given amount of resorcinol (R) and lignin (L) were placed in a 90 mL polypropylene
sample tub with snap-on lid. Solvents and catalyst (C) were added, and the tub was
placed on a shaker until a homogeneous mixture was obtained. Then the tub was placed
in a H20 bath for 30 minutes to heat the reaction mixture to the desired temperature. To
start the reaction formaldehyde solution was added followed by thoroughly shaking the

reaction mixture. The tub was kept in the H20 bath until the gelation was complete.

The gelation was evaluated visually. The recorded gelation time was the time at which

a gel could be gently tilted without causing a visible change to the meniscus.

If not indicated otherwise the total amount of resorcinol and lignin was 4.0 g. The lignin
content described the amount of resorcinol in wt% that was replaced by lignin. Molar
rations of monomers to catalyst (M/C) and monomers to formaldehyde (M/F) were

calculated assuming that only resorcinol was used.

The reactive content RC was calculated according to the following equation:

m(R) + m(L) + m(F) + m(C)

RC= m(solvents)
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Fully gelated gels in the closed tub where placed in an oven at 65° C overnight for aging.
After cooling, the gels where rinsed 3 times with the solvents used and then removed

from the tub.

Gel synthesis in solutions with increased viscosity

A solution with 0.2 wt% agar was prepared by dissolving a given amount of agar in
demineralized water and boiling it for 5 minutes. It was cooled to room temperature

before use.

The agar solution was used instead of H20 in the preparation of RLF gels. The procedure

was identical to the one described before.

Scale-Up

A given amount of lignin, resorcinol, catalyst and solvent were placed in a 1 L wide
mouth bottle made from polypropylene. The bottle was placed on a shaker for
homogenization. Then it was heated for 30 minutes in a H2O bath. The reaction was
started by addition of formaldehyde. The mixture was kept in the H2O bath and stirred
periodically. Five minutes before gelation (as determined in a previous experiment on a
small scale) the reaction mixture was poured into a square box made from high density
polyethylene with lid. The box was placed in an oven at 65 °C until full gelation

occurred.

Solvent exchange and Drying

The gels were removed from the mold and washed with excess solvent. Then they were
wrapped in filter paper and placed in a solvent bath overnight. The ratio of solvents in
the bath was varied stepwise from the synthesis mixture to the pure solvent (EtOH or

acetone).

Drying with supercritical CO2 was carried out by the working group of Prof. Dr. L
Smirnova in the Institute for Thermal Separation Processes at Technical University
Hamburg-Harburg. The procedure was adapted from previously published

literature. (205l
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Solubility test

500 mg OSL were dissolved in 3.00 g of solvent. Mixtures of EtOH/H20 and acetone/H-0O
were used. The ratio of the two components was 40/60, 50/50 and 60/40 (wt/wt).
Experiments were carried out in headspace crimp vials with septum. All samples were
stored overnight on a shaker. After sedimentation of non-dissolved lignin, both fractions
were separated by decantation. After complete removal of solvent at elevated
temperature the amount of both fractions was determined gravimetrically. Each

experiment was carried out three times.

Design of Experiments

Design of Experiments was performed following a Response Surface Model. Software
DesignExpert12 was used to set up the experimental plan and evaluate the results. 2FI
model with linear fit between 0 and 1500 min was used for gelation time. A quadratic
model with linear fit between 0 % and 100 % was used for shrinkage. A quadratic model

with linear fit between 0 and 6 was used for overall gel quality.

6.4 Sample Characterization

Scanning Electron Microscopy

Samples were coated with carbon using a Leica ACE600 prior to analysis with a LEO
1525 Gemini scanning electron microscope. Micrographs were recorded with an

acceleration voltage of 5 kV.

'H Nuclear Magnetic Resonance Spectroscopy

H NMR spectra were recorded using BRUKER spectrometers (Advance III 400 MHz,
Advance I 500 MHz). For standard samples 16 scans and a delay time of 1 s was used,
for polymer samples 64 scans and 3 s delay time. Sample concentrations were about

15mg mL-1, CDCls was used as solvent. The solvent signal was used as a reference.

101



Experimental Details

Fourier-Transfer Infrared Spectroscopy

FT-IR spectra were recorded using a BRUKER Vertex-70 spectrometer. For each sample,

32 scans were performed in a range of 400 cm™ to 4000 cm-.

Size Exclusion Chromatography

For the determination of the molecular weight distributions Size Exclusion
Chromatography (SEC) measurements were performed. The equipment includes a RI
2012 RI detector (Schambeck) and a 1050 series UV detector (254 nm, HP), an AS1000
auto sampler (Thermo separation products), two pumps (AI-12 pump, FLOM and LC-
10Atyp pump, Schimadzu) and a styrene-divinylbenzene GPC linear column with a
particle size of 5 um. The eluent THF was pumped at a flow rate of 1 mL/min. The
samples were dissolved in THF at a concentration of approximately 1.5 mg/mL, of which
20 pL were injected. The temperature was room temperature. The software

Chromatographica V1.0.25 was used for evaluation of the measurement data.

Viscosity Measurement

Viscosity measurements were conducted with Discovery Hybrid Rheometer DHR-2 (TA
Instruments). A 60 mm steel cone with an angle of 2° and a steel Peltier plate were used
as geometry and the gap was set to 50 um. A sample volume of around 2 mL per
measurement was used. Measurements were done at 25 °C and an oscillation frequency

of 1 rad st.

Rheological measurement of gelation onset time

Measurements of gelation onset time were conducted with Discovery Hybrid Rheometer
DHR-2 (TA Instruments). A 25 mm parallel plate geometry made from aluminum was
used. A Peltier plate was used to control the geometry temperature. The gap was set to
700 um. A time sweep experiment was performed with an oscillation frequency of 6.2

rad s and a strain of 0.2%.

Given amounts of lignin, resorcinol and catalyst were dissolved in 2 mL of a mixture of

EtOH/H:0 and mixed on a shaker for 30 minutes. Formaldehyde was added to start the
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reaction and the sample was placed on the geometry. Eight minutes after addition of

formaldehyde the Peltier plate was heated to 40 °C and the measurement was started.

Compression test

Compression tests were performed with a Zwick Roell Z1.0 and evaluated with the

software TestExpert. A pre-load of 2 kPa was used and the test speed was 10 mm/min.

Measurements performed by other working groups

Analysis of different lignins by 3P NMR spectroscopy and determination of OH content
was done by the working group of Prof. Dr. F. Liebner at Institute of Chemistry of

Renewable Resources, University of Natural Resources and Life Sciences, Vienna.

BET surface analysis and calculation of porosity as well as determination of thermal
conductivity via the Hot Disk method were performed by the working group of Prof.
Dr. I. Smirnova in the Institute for Thermal Separation Processes at Technical University

Hamburg-Harburg.
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Chemicals and Safety

The chemicals that were used in this work are listed in Table 10 together with their GHS-

Pictograms, Hazard- and Precautionary-Statements and commercial source.

Table 10. Used chemicals, their Hazard- and Precautionary-Statements.

GHS- Hazard- Precautionary-
Substance Source
Pictograms Statements Statements
1,8- 273, 280,
Diazabicyclo[5 @ 301, 314, 412,  201+310+330, TCI
4.0Jundec-7- 290 301+330+331,
en 303+351+338
210, 240,
Acetone <&;>Q> 205,319,336 305+351+338, VMP
403+233
99.999%,
Praxair
Argon 280 403
Deutschland
GmbH
261, 264, 271,
280, Griissing
Citric Acid 319, 335
304+340+312, GmbH
305+351+338
VWR/
Dimethyl-
Not classified as hazardous according to GHS Griissing
sulfoxid
GmbH
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GHS- Hazard- Precautionary-
Substance Source
Pictograms Statements Statements
210, 240,
Ethanol <&>® 224,319 305+351+338, VMP
403+233
201, 208,
301+330+331,
% 301+311+331,
303+361+353,
Formaldehyde 314, 317, 335, Sigma Aldrich
o : 304+340,
(87% in H:0) @ 341, 350, 370
305+351+338,
308+310
Lupranol 1200 Not classified as hazardous according to GHS. BASF SE
201, 210, 273,
é 225, 304, 315,
301+330+331,
n-Hexane 336, 361f, 373, Chemsolute
302+352,
411
308+313
234, 260, 280,
Potassium 301+312,
290, 302, 314 Merck KGaA
Hydroxide 303+361+353,
305+351+338
Potassium tert- @ 228,252, 314 Acros
405
Butoxide EUHO014 Organics
Propylene
319 305+351+338 Alfa Aesar
Carbonate
224, 302, 201, 210, 280,
% 99.9%, GHC
Propylene 311+331, 315, 302+352+312,
Gerling, Holz
Oxide 319, 335,340,  308+313,
& Co.
350 403+233
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GHS- Hazard- Precautionary-
Substance Source
Pictograms Statements Statements
273, 280,
302,315,317, 3014312,
Resorcinol 318, 370, 371, 302+352, Sigma Aldrich
@@ 410 305+351+338,
308+311
Sodium
319 305+351+338 Merck KGaA
Carbonate
280,
301+330+331, VWR
Sulfuric Acid
290, 314 303+361+353, International
96%
305+351+338+3 GmbH
10

Table 11. Used carcinogenic and mutagenic substances and substances toxic for reproduction.

Substance Hazard-Statements CMR-Classification Amount
Chloroform-D
302, 315, 350, 373 1B (C) 100 x 0.7 mL
(solvent for NMR)
301+311+331, 314,
Formaldehyde 317, 335, 341, 350, 1B (Q) 500 x <5 mL
(reactant) 370 50 x <150 mL
24, 302, 311+331,
Propylene Oxide 5,0 519 335 340, 1B (M. Q) 40 x < 45 mL
(reactant) 350
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Figure Al. Temperature profile (left) and pressure profile (right) of oxypropylation with 2.5 wt%
(black), 5 wt% (blue) and 10 wt% (red) KOH. For 10 wt% external heat source was removed after

30 minutes because of the high reaction temperature caused by the exothermic polymerization

reaction.
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Figure A2. Temperature profile (black) and pressure profile (blue) of oxypropylation with 5 wt%
DBU.
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Figure A3. SEC chromatograms for unmodified lignin (black) and after oxypropylation with
2.5 wt% (blue), 5 wt% (red) and 10 wt% (green) KOH.
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Figure A4. SEC chromatograms for unmodified lignin (black) and after oxypropylation with
2.5 wt% (blue), 5 wt% (red) and 10 wt% (green) KOtBu.
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Figure A5. SEC chromatograms for unmodified lignin (black) and after oxypropylation with
5 wt% DBU (blue).
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Figure A6. 'TH NMR spectrum of 10.2 mg modified OSL oxypropylated with 5 wt% KOtBu.
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Figure A7. '"H NMR spectrum of 10.8 mg modified KL oxypropylated with 5 wt% KOtBu.
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Figure A8. 'TH NMR spectrum of 11.2 mg modified SL oxypropylated with 5 wt% KOtBu.
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Figure A9. FTIR spectra of OSL (black) and of oxypropylated OSL (blue).

118



Appendix

3050 2700 1370 1090

SL

oxypropylated SL

| 35|00 | 30|00 | 25|00 | 20|00 | 15|00 1000 500

wavenumber /cm’™
Figure A10. FTIR spectra of SL lignin (black) and of oxypropylated SL (blue).
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Figure A11. FTIR spectra of KL lignin (black) and of oxypropylated KL (blue).
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Figure A12. FTIR spectra of PPG400 (black) and homopolymers obtained in oxypropylation of

OSL (blue) SL (red) and KL (green).

Table Al. Data on KL, SL and OSL.

KL SL OSL
M /g-mol! 3300 2800 3200
M. /g-mol 11700 8800 5700
OH arom. /mmol-g-! 2.5 1.2 3.3
OH total /mmol-g! 3.4 2.2 5.0

KL and SL are not soluble in organic solvents. Thus, a different setup was used for Size Exclusion

Chromatography and data for M presented here differs from the values obtained in chapter 3.3.2.
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Figure A13. Temperature profile (left) and pressure profile (right) of oxypropylation of SL (black),
OSL (blue) and KL (red) with 5 wt% KOtBu.
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Figure A14. '"H NMR spectrum of 14.7 mg modified OSL oxypropylated with cPC and KOtBu.
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Figure A15. '"H NMR spectra of commercially available PPG 400 (black), homopolymer after
oxypropylation with PO (blue) and homopolymer after oxyproplyation with PO + cPC (green).
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Figure A16. 'H NMR spectra of cPC (black), crude reaction product (blue) and purified reaction
product of oxypropylation of OSL with PC and cPC.
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Figure A17. FTIR spectra of cPC (black), crude reaction product (blue) and purified reaction
product of oxypropylation of OSL with PC and cPC.
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Figure A18. 'TH NMR spectrum of 16.2 mg modified OSL oxypropylated with 5% cPC.

Figure A19. '"H NMR spectrum of 15.7 mg modified OSL oxypropylated with 10% cPC.
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Figure A20. 'TH NMR spectrum of 15.0 mg modified OSL oxypropylated with 15% cPC.
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Table A2. Experiment plan for Design of Experiments with DMSO fraction, M/C and M/F.

DMSO fraction
run M/C M/F
[wt%
1 50.0 25.3 0.91
2 25.0 63.2 0.89
3 25.2 25.2 0.70
4 0.0 25.0 0.50
5 0.0 63.1 0.70
6 25.1 63.1 0.71
7 0.0 25.3 0.90
8 0.0 101 0.76
9 25.0 63.7 0.71
10 25.0 101 0.71
11 50.1 25.5 0.51
12 25.1 62.9 0.70
13 49.9 63.5 0.71
14 50.1 101 0.50
15 25.0 63.4 0.70
16 249 63.7 0.51
17 25.0 63.1 0.70
18 50.1 101 0.90
19 0.0 101 0.89
20 25.1 63.2 0.71
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Table A3. Responses (gelation time, shrinkages, overall quality) for Design of Experiments.

run gelation time /min shrinkage /% overall quality
1 45 41 1
2 30 7.5 5
3 20 7.5 4
4 10 7.5 2
5 10 2,5 3
6 30 7.5 5
7 10 2,5 4
8 20 2,5 3
9 30 7.5 5
10 60 5.0 5
11 30 43 1
12 45 7.5 5
13 180 41 1
14 180 38 1
15 30 7.5 5
16 30 7.5 5
17 60 7.5 5
18 1000 39 1
19 60 25 3
20 60 5.0 5
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Table A4. Coded factors of the model equation describing gelation time as determined by Design

of Experiments.

Coded factors

-2.11

1,45 M/C

0,8416 M/F

1,68 DMSO content
0,9426 M/C - M/F

1,01 M/C - DMSO content
0,7557 M/F - DMSO content
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Figure A 21. Photos and SEM images of dried gels prepared for DoE.
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