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Foamed lignin-silicone bio-composites by extrusion then
compression molding

Jianfeng Zhang,’ Etienne Fleury® and Michael A. Brook®

The use of lignin, one of the most abundant natural products, has not gained wide use as a feedstock due to the difficulty
of processing it. We have developed a simple route to produce lignin-silicone composite foams via first extrusion and then
compression molding. The formulation consists of raw lignin particles, suitable mixtures of hydrosilanes, and the catalyst
B(CeFs)s. In order to balance the reaction rates between extrusion and molding, as well as find other optimized conditions
for producing foamed structures, a series of optimizations established that a uniform, closed cell lignin-silicone foam was
most effectively made by extrusion at room temperature followed by molding at elevated temperatures under pressure
for up to 5 minutes. The morphology and uniformity of the foamed structure depended on many factors, including the
quantity of lignin, catalyst, the crosslinking silicone PHMS, the molecular weight of the spacer silicone H-PDMS-H, and the
molding temperature. The content of lignin, acting as both reinforcing filler and crosslinker (chemically bonded to the
siloxane network), could be varied over a wide range from 25 to 55%. The mechanical performance of the lignin-silicone
foams was characterized using DMA and tensile tests (tensile strength up to 0.42 MPa, break-at-elongation up to 249%).
The strength of the foam was improved by post-curing at 140 °C. Although the lignin-silicone foam loses some elasticity
after post-curing, it maintains reasonable stability even after heating to 300 °C for 12 h. This processing method for lignin-
based bio-composites provides new opportunities for better utilization of lignin in silicones and more broadly in organic

materials.

Introduction

There is an increasing trend to the utilization of sustainable
and renewable natural resources. Biomass,” 2 particularly
cellulose, has been widely used in many fields, such as the
food, paper, plastics, and pharmaceutical industries.>” Lignin,
the network polymer that glues polysaccharidic moieties
together, is far less utilized due to difficulties with its
processing.6 Unlike cellulose that has well defined structure
based on glucose, lignin is a highly crosslinked and branched
polymer without well-defined repeating units.” ® Lignin makes
up about 18 ~ 35% by weight in wood; and the estimated
available annual production could be over 20 million tons as
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the byproduct of paper industry.g’ 10 Currently, lignin is mostly
used as a low value fuel (~ 150 USD/ton for industrial Iignin)“;
an important exception is the industrial production of the
flavoring agent vanillin.*>*®

Lignin has been blended into, or copolymerized with, other
polymers to create composites. It acts as a filler in polymers
such as in polyurethanes,m19 epoxies,zo'23 and phenolics,u' z
among others,'* %2630 However, most of the methods require
the lignin to be pre-modified before use to improve the
interfacial interaction between lignin and the polymer matrix.
Such additional steps are disadvantageous in industrial
processes. Lignhin-based polyurethane foams, the best studied
lignin-filled composites, have been explored extensively.gl'38
These foams exhibit excellent thermal and mechanical
properties, with lignin content of up to 30 weight%. Although
the preparation of urethanes using MDI (diphenylmethane
diisocyanate) avoids a pre-modification step, the toxicity of
this compound is also a drawback.
and compression molding
processing techniques used in the plastics industry to mix
polymer formulations and then create objects: these processes
been wused for biomass processing and
modification.>***? The techniques allow the processing to be
performed at a flexible scale without the need for solvents.
Various polymers, like PVA (poly(vinyl alt:ohol)),43 start:h,44 and
HDPE (high density polyethylene)45 have been blended with
lignin using reactive extrusion. Lignin has also been extruded
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together with silicone and silica.*® However, in these cases the
lignin was used simply as a non-reinforcing filler with no effort
to establish a favorable interfacial interaction between lignin
and silicone matrix.

Recently, our group developed a method to efficiently
decompose or modify lignin using hydrosilanes, catalyzed by
B(CsFs)s (BCF, tris(pentafluorophenyl)borane) — the Piers-
Rubinsztajn (PR) reaction.”” *® The process leads to the
conversion of phenol, arylmethoxy groups, and other ethers
into alkyl groups or silyl ethers (Scheme 1A).49 As a
consequence, the lignin surface becomes siliconized, rendering
it much more compatible with hydrophobic polymers. This
permitted the use of raw softwood lignin as a
reinforcing/crosslinking filler in silicone elastomers in a one
step process.50 The resulting lignin-silicone elastomer has
excellent mechanical properties, even when filled with as
much as 40 weight% lignin.

| |
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Scheme 1. (A) Typical reactions at phenolic linkages in lignin. (B) The chemical
structures hydride-terminated PDMS (H-PMDS-H) and poly(hydromethylsiloxane)
(PHMS).

The formation of lignin/silicone elastomers required the
participation of solvent and reduced pressure in order to
remove the gas produced during the reaction.’®*? While the
evolution of gas can cause vacancies/defects in an elastomer,
it can be useful for generating foamed materials. We describe
a simple and effective method to make foamed lignin-silicone
biocomposites extrusion and compression molding.
Although silicone foams are widely used for cushioning,
thermal and electrical insulation and protective applications,53
large scale applications are still blocked by the high cost of
silicones and challenges in making foams reproducibly when
using alcohols/water as co-blowing agents.54 In our research,
the expensive silicone was diluted and reinforced/filled with
raw lignin, which accounted for up to 55 weight% in the
composite.

via

Experimental
Materials

Decamethylcyclopentasiloxane (Ds) and hydride-functional
silicones, including hydride-terminated PDMS (H-PDMS-H,
DMS-H21, H31, and H41, with molecular weights of 6000,
28000, and 62700 g/mol, respectively) and
poly(hydromethylsiloxane) (PHMS, HMS-992, Mw = 1800 ~
2100 g/mol) were purchased from Gelest (for structures see
Scheme 1B). The catalyst B(CgFs); (Sigma-Aldrich) was
dissolved in dry toluene to provide a stock solution (40 mg/ml,
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78.13 mM). Anhydrous toluene, cyclohexane, 1-butanol, and
KOH (potassium hydroxide) were purchased from Sigma-
Aldrich and used without purification. Softwood kraft lignin
was obtained from Weyerhaeuser or Sigma Aldrich. The lignins
were used as received without further drying or processing.

Lignin-silicone foam fabrication - optimization of conditions
and formulations

Preliminary optimizations: a series of preliminary optimization
studies were performed in solution to obtain appropriate
conditions and formulations that could be used during the
extrusion process. The concentration of Si-H groups
(hydrosilane) before and after mixing serves as a surrogate for
reactivity (a separate set of experiments measured residual Si-
H in the final, cured product, see below). A gas meter was used
to measure the volumes of gas released during the reaction
(ESIT). The flask and U shaped gas meter were immersed in
either an oil or water bath to maintain a constant
temperature. The hydrosilanes (DMS-H31 mixed with PHMS)
were stored in a 1 ml syringe. (NOTE: The gaseous products
can evolve very rapidly and, are comprised of flammable
constituents including hydrogen, methane and other organic
materials. Caution should be exercised. Avoid a closed system
and use proper ventilation with no nearby sources of ignition.)
Other reagents, including lignin, BCF, and Ds, were premixed
and heated to the target temperature in the flask; the valve
was left open for at least 15 min to avoid a potential gas
expansion error caused by heating. The reaction started once
the hydrosilanes were injected into the flask. The valve was
closed immediately to collect and measure the volume of gas
produced. The gas volume was recorded against time. Four
parameters including catalyst concentration, hydrosilane
concentration, temperature, and the order of feeding were
studied. The studies are detailed in the ESIT and show that
efficient reactions could be induced at temperatures up to 90
°C with catalyst concentrations ranging from 1000-4000 ppm
and lignin content of about 50 weight%.

Extrusion and compression molding of lignin-silicone foam:
The lignin-silicone foam mixture was made using a micro-
extruder (DMS Micro 15 cc Twin-screw Compounds) and then
a compression-molding instrument (TECHMO, clamping force
up to 6 tons and heating temperature up to 200 °C,
respectively), as shown in Scheme 2. The optimized order of
feeding lignin into the injector was determined from
preliminary studies. For extrusions, half of the portion of the
lignin powder (~ 3 g) was premixed with BCF solution (~ 0.5 ml)
to which the H-PDMS-H (~ 7.7 g) was added. The mixture was
then added to the upper feeding hopper after the extruder
had reached 100 rpm. PHMS (~ 1.2 g, from the upper feeding
hopper), mixed with the second half portion of lignin (~ 3 g,
from the side hopper), was added after 15 s. The mixture was
allowed to mix in the extruder for 3 min. A mold was placed
under the outlet to collect the mixture, which was then
immediately transferred to the preheated compression
molding (holding at 90 °C for periods ranging from 5 min up to

This journal is © The Royal Society of Chemistry 20xx
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3 h, under 1 ton pressure). Several conditions and formulations
were tested (Table 1). For the F-4 formulations, compression
molding processes were performed at 60, 90 and 120 °C.

BCF solution  Lignin
H-PDMS-H
PHMS
\ Lignin

Extrusion

Compression molding

Scheme 2. lllustration of the extrusion and compression molding process. The inset
images show the cross-section and assembled views of micro-scale twin-extruder.

Changes in the foam as a function of cure time in the
compression mold were determined: ~300 mg samples were
cut from molded foam samples after curing for 5, 15, 30, 60,
and 180 min, respectively. The samples were characterized
using ATR-FTIR, and then extracted in cyclohexane (~ 50 ml)
for 12 h. The weight loss of the sample was calculated from
the mass before and after extraction. NMR measurements
were taken of the extracts from F-3, F-2 (5 min), and F-4 (5
min) (after removal of the solvent by evaporation).

Table 1.
formulations for lignin-silicone foam.

Parameters used to optimize extrusion and molding conditions, and

Lignin PHMS  H-PDMS-H BCF Molding Resultant
No. Mass wt Mass wt Mass temperature  foam

/g % /g % Type /g /ppm /°C structure®
F-1 62 41 12 8 H31 7.7 300 90 A2
F-2 6.2 41 12 8 H31 7.7 1000 90 Al
F-3 6.2 41 12 8 H31 7.7 1350 90 Al
F-4A 6.2 41 12 8 H31 7.7 2050 60 Al
F-4B 6.2 41 12 8 H31 7.7 2050 90 B2°
F-4C 6.2 41 12 8 H31 7.7 2050 120 Al
F-5 6.2 41 06 4 H31 83 2050 90 Al
F-6 6.2 41 24 16 H31 65 2050 90 C2
F-7 6.2 41 3.6 24 H31 53 2050 90 Cc2
F-8 225 15 0.65 4.4 H31 12 2050 90 Al
F-9 3.75 25 0.75 5 H31 10.5 2050 90 B1°
F-10 825 55 1.6 10 H31 5.15 2050 90 Cc1
F-11 6.2 41 12 8 H25 7.7 2050 90 Al
F-12 6.2 41 12 8 H41 7.7 2050 90 B
F-13 62 41 12 8 MiX® 7.7 2050 90 B1°

? The type of foam structures are illustrated in Fig. 1. ® Mix = 26% H25, 48% H31,
and 26% H41. © Foams with homogeneous porous structure and satisfactory
mechanical performance. 4 No foam was obtained due to the extreme high
intrinsic viscosity of precursor.

Hydrolysis of Si-H groups during compression molding

This journal is © The Royal Society of Chemistry 20xx

Loss of Si-H groups in solvent was used to show the degree
of reaction that could be expected in the extruder (above). The
degree of reaction in the second processing step, compression
molding, was following by hydrolyzing residual Si-H groups in
the cured foam (ESIT). The cured lignin-silicone foam (~ 400
mg) was sliced into thin layers (dimension: 0.5 mm x 5 mm x
10 mm) and soaked in 1-butanol (15 ml). The suspension was
placed in a 50 ml round-bottomed flask and placed in an oil
bath (30 °C) for 20 min, while the valve was kept open. To start
the test, 2 ml of a saturated KOH solution in 1-butanol was
injected from the syringe; at the same time, the valve was
closed and the gas collected. The reaction was allowed to run
for at least 30 min until the thin foam layer had lost its
integrity (ESIT). Theoretically, 37.41 ml of gas would be
produced from 1 g of PHMS by this method. Therefore, the
conversion of Si-H was calculated by using followed equation:

VDlumecnllected gas

x 100%
MasSsoam tayer X Wi%ppys X 3742 0

Conversiong;_y % =

where the Volumegjiected gas is read from the experimental
setup, the Massam rayer is the weight of sliced thin layer
dispersed in 1-butanol: the wt% pyys for different formulations
may be found in Table 1.

Characterization

ATR-FTIR (attenuated  total reflectance infrared
spectroscopy, Thermo Scientific Nicolet iS10) and 'H NMR
spectra (Bruker Avance 400 MHz nuclear magnetic resonance
spectrometer with 32 scans for 1H NMR, ESIt) were also used
to characterize Si-H conversion and curing progress during
composite fabrication. FTIR spectra were normalized to the
characteristic peak for silicone (Si-Me @ ~1250 cm"l), the
(high) concentration of which is essentially fixed. ATR-FTIR
spectra were run on at least three different positions on a
sample.

The modulus and elongation-at-break of lignin-silicone foams
were determined using a Universal Test System (INSTRON
3300, 300 N load cell). The foam sheet was cut into a dumbbell
shape (according to French Standard NF T51-034, H2) and
clamped with grips at both ends. The crosshead speed of
stretching was set for 20 mm/min. An electronic digital
micrometer (EG100, Onosokki; 0.001-mm sensitivity) was used
to measure the average thickness and width of the tested
specimens at three random positions. The samples were not
run under humidity-controlled conditions, as the ambient
humidity of the lignin itself was ~4% (from TGA measurements,
data not shown).

Thermogravimetric analysis (TGA, TA instruments Q500) was
run under air (flow rate = 100 ml/min) from 50 - 800 °C with a
10 °C /min step for a sample weighted around 20 mg. Dynamic
mechanical analysis (DMA, Triton, Germany) was performed
under compression mode with the frequency of 1 Hgz,
sinusoidal displacement of 0.2 mm and heating rate of 1
°C/min. The tested samples were punched as a disk
(dimensions: diameter = 10 mm, and thickness = 3 mm). The

J. Name., 2013, 00, 1-3 | 3
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glass transition temperature (Tg) was determined from the
peak temperature of the damping (tan &) curve. The
morphologies of foam cross-sections were imaged using a
digital single-lens reflex camera with macro view mode (Canon
T3).

Results and discussion
Optimal foam structures

Visually, foams are materials containing dispersed voids.
They are characterized by overall bubble density, and the
homogeneity of bubble size and shape. Preliminary
experiments revealed the approximate conditions and
formulations necessary to generate foams using mixtures of
BCF, lignin, and silicone hydrides (see ESIt for details). Two
steps were used in the process: formulations were first
extruded at room temperature to give a homogenous mixture;

he
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in the second stage, the extruded lignin-silicone precursor was
compression molded at elevated temperatures to give foamed
composite. A few classes of foams produced during model
studies are representative of the rest of the foams discussed
below. To facilitate that discussion, three typical foams types
are presented in Fig. 1: the “foam” exhibiting large and
randomly sized voids (Type A), closed cell foams with uniform
morphology (Type B), and solid foams with trapped bubbles
and fewer defects (Type C). Foams of Type Al are generally
easy to break, and have domains either very soft or hard. Type
C foams are more rigid than the other two types. However,
type B foams are of particular interest because of their
excellent insulating properties.55 Following a summary of the
chemistry used to blow the foams, the ability to control foam
structure by varying both processing conditions and
formulations will be presented.

Crosslinking density

Foam uniformity

Open large
viods defection LA B2

Type B

Type A Type C

Tensile modulus

Elongation-at-break

@ |innin narticlas ~— H-PDMS-H ~/  PHMS

:
Fig. 1 lllustrations of lignin-silicone foam structures, and their resultant mechanical properties: tensile modulus increases

Closed cell

Typical lignin foam structures

Type C:

with crosslinking density, while the elongation-at-break

are depended on both crosslinking density and uniformity of foams. Type A structures are foams either with large trapped (A1) or collapsed voids (A2, closer to an elastomer than
a foam); Type Al foams are easy to break with extension or bending due to the large defects. Type B structures are foams with uniform morphology; these foams are flexible with

tunable toughness. Types C are foams with excessive crosslinking density and fewer voids; Type C1 foams are tough, while Type C2 were brittle.

Chemistry at the lignin-silicone interface

The reaction between hydrosilanes and lignin in the
presence of B(C¢Fs); can lead to elastomers and, in the
absence of diluents, foams. Two reactions are involved in the
process: the reaction between lignin and hydrosilane to
‘siliconize’ the lignin surface, and crosslinking of the silicone.
Both of these reactions produce gas, primarily hydrogen from
OH groups, and methane from ArOMe groups, with other
alkanes formed in low concentration (Scheme 1, and Scheme
3). The spontaneously generated gases can act as perfect in-
situ blowing agents for foam fabrication if molding conditions
can be properly managed.

Lignin has rich quantity of -OH and ether linkages available
for reaction (see ESIT FT-IR of Iignin);ls’ 17.1% \we found from our
previous study that, depending on dispersion of lignin particles
in the matrix, about 0.8 - 11 umol/mg reactive functional

4| J. Name., 2012, 00, 1-3

groups located at interface.>® Optimizing the process for any
given lignin, therefore, requires determining the density of

Lignin
Particles

+ MeH + HH

BCF

Compression
molding

Spontaneously generated
‘gas as foaming agents

Lignin crosslinked silicone
o1

Lignin silicone mixed precusor -silicone foam
Scheme 3. The chemistry at lignin interface: silylation and crosslinking during the

compression molding processing.

Lignin

these functional groups on the lignin particle surface: both
hard and softwood lignin can lead to foams.

This journal is © The Royal Society of Chemistry 20xx
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Optimization of formulations and processing conditions for lignin-
silicone foam

One objective of this research was to establish if, while
controlling foam structure, the materials could be compression
molded into desired shapes after mixing the ingredients in an
extruder: mixing rather than chemistry should occur in the
extruder. Fortunately, during the extrusion process, the
reaction rate for condensation between aryl ether/hydroxyl
and hydrosilane is expected to be relatively slow until uniform
mixing of the components is achieved, particularly if the
materials are not heated. By contrast, during (heated)
compression molding the reaction rate is expected to be fast.
During the chemical grafting process (designed to take place
during compression molding), the reduction of phenol, alcohol,
and methoxy groups at the lignin surface by hydrosilanes
results in large volume of gas being produced (Scheme 3).
Because the gas is trapped in the volume-confined mold, a
foamed lignin-silicone composite is produced. The nature of
the foamed structure is determined by the competition
between crosslinking (and attendant viscosity build) and gas
production. Several key factors were examined, including
formulation: catalyst loading; crosslinker (lignin) and co-
crosslinker (PHMS) concentrations; and molecular weight of
the H-PDMS-H). Reaction conditions including temperature
and feeding order of reagents, were also investigated during
extrusion and compression molding to better understand the
relationship between the process and foam structure.

Optimization of the formulation. Catalyst loading: The impact
of catalyst loading on reaction rate is straightforward: higher
reaction rates of gas generation and crosslinking were
observed with increasing loading. The preliminary studies
examined catalyst loading from 300 ppm to 2000 ppm. At
higher loadings, e.g., 4000 ppm, the reaction is too fast to
control, with induction time less than 30 seconds. In addition,
excess catalyst led to scabbing in the channel of extruder
(ESIt).

Distinct foam structures were formed as a function of
catalyst loading. At lower catalyst loading (300 ppm), the
composite presented as a solid elastomer rather than a foam
(Type A2 in Fig. 1). More uniform foams formed at higher
catalyst loadings (BCF = 1000, and 1350 ppm, ESIT). A uniform
foam with small, regular and dispersed voids was produced
with 2050 ppm BCF (Type B2 in Fig. 1). In our view, the
properties of such closed cell, homogeneous closed cell
homogeneous foams are most desirable and optimization
methods were developed to lead to such materials

These results are readily understood as a consequence of
the competition between curing and gas production. Both
rates were low at lower catalyst loadings. Therefore, the gas
can escape at a rate comparable with its production during
molding process, leaving the upper portion of the mold
unfilled and a low porosity product (ESIt). Porous structures
required higher catalyst loadings, when both the curing and
gas production rates increased.

This journal is © The Royal Society of Chemistry 20xx
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Lignin (crosslinker) and PHMS (co-crosslinker) content:
Lignin, as shown in Scheme 3, acts as both polyfunctional
crosslinker and filler in the formulation. PHMS, while also
acting as flexible crosslinker, is primarily responsible for the
formation of hydrogen and alkane by-products and the
concomitant crosslinking that occurs during foaming (Scheme
3). As a consequence, the lignin and PHMS concentrations
controlled the rates of crosslinking.

Lignin, the extrusion/molding optimizations demonstrated
that foams with a uniform structure could be made with lignin
contents ranged from 25 to 55% (Types B1, B2, and C1 in Fig.
1), although some defects were found with foams containing
55% lignin: mixtures with higher lignin contents also proved
more difficult to extrude.’® The viscosity of the uncured, mixed
precursor increases with direct correlation to lignin content,
simply due to an increase in the solid fraction in the mixture.
Formulations with lower lignin content (F-8, 15%) led to foams
with Type A1l structure (Fig. 1, ESIT) due to the slower build in
viscosity that facilitated gas escape.

PHMS, foams with non-uniform and large vacancies
resulted when insufficient PHMS was present (4wt%, ESIT),
mainly due to the slower rate of gas production. By contrast,
foams with wuniform pores were obtained within an
appropriate range of PHMS content (from 8 to 24wt%). The
porous structure of these foams was uniform, but subtle
changes in PHMS concentrations led to differences in specific
morphologies (e.g., both Types B2 and C2 in Fig. 1, were made
within this PHMS concentration range, ESIT). Foams with the
more desirable closed and uniform structure (Type B) were
made from formulations with intermediate PHMS content
(~8%).

Molecular weight of H-PDMS-H: As noted above, viscosity
could be used as an effective tool for tailoring foam
morphologies by varying lignin content. H-PDMS-H served as a
spacer that reduced crosslink density and an additional way to
manipulate viscosity. This ingredient was varied with respect
to the chain length of the PDMS spacer. Foams with uniform
porous structures (Type B1 and B2 in Fig. 1) were only
obtained when intermediate viscosities were used, either by
choosing a spacer of appropriate chain length (F-4B, MWgjjicone
spacer = 28,000 g/mol), or by mixing different H-PDMS-H spacers
with a distribution of chain lengths (F-13, MWgjjicone spacer 6,000
to 62,700 g/mol, Table 1, ESIT). By contrast, low viscosities that
accompanied the use of 6,000 g/mol H-PDMS-H resulted in a
Type A1l structure (F-11, Fig. 1, Table 1, ESIt), and use of high
molecular weight spacers (F-12, Mw 62,700 g/mol) led to
mixtures that were too viscous to mix and extrude (ESIt).
Therefore, the optimal formulations for Type B foams were F-
4B, F-9, and F-13 (Table 1).

Optimizations with respect to processing. The foam
generation process involves two steps: mixing in an extruder,
and curing in a compression mold (under different
temperatures and holding times). The conditions for each of
these steps needed to be optimized in light of the chemical
steps taking place. There is normally an induction time for the
Piers-Rubinsztajn reaction and the feeding order of reagents

J. Name., 2013, 00, 1-3 | 5
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impacts the length of that induction time. Substances such as
water, alcohol, or other impurities found in lignin can form
adducts with B(CgFs);, retarding the rate of the desired
reaction:>” *® there may be other factors that affect reaction
induction. Thus, the timing of the extrusion and holding
time/compression steps must be coordinated with these
chemical factors.

Mixing order: In preliminary studies, the induction time
varied with feed order (ESIT). When BCF was premixed with
lignin prior to the addition of the hydrosilanes (Mixing order
A), longer induction times and slower initial reaction rates
resulted. By contrast, shorter induction times and rapid
reaction rates were observed if hydrosilanes were premixed
with lignin in prior to adding BCF (Mixing order B). As a slow
reaction rate is desired in the first step, “Mixing order A” was
adopted as the standard feeding order for preliminary studies,
and also for the extrusions.

Temperature: Similar to the impact of catalyst loading,
increasing temperature resulted in decreased induction times,
while increased reaction rates. In preliminary optimizations
using a solution system, not an extruder, a high conversion% of
PHMS (more than 50%, as shown by gas evolution) was
reached within 300 s at 90 °C (ESIT); by contrast, less than 10%
of PHMS was reacted after 1500 s at 30 °C. Therefore, for the
extrusion step, lower temperature is desired.

During compression molding, the mixture from extruder
developed strength and shape (against the mold surface) while
curing, which was also affected by temperature. The
properties and performance of resultant materials depended
on the curing progress. In our test, incomplete cure was shown
by the presence of extractable polymers that had not grafted
into the foam network, and which could be removed by
cyclohexane extraction. Although cured foams were obtained
over the whole tested temperature range from 60 to 120 °C
(after holding for 5 minutes, see below for other holding
times), the quantities of extractable substances were not
linear with temperature (Table 2). Either higher (120 °C) or
lower (60 °C) molding temperatures resulted in higher ratios of
extractable substances. This outcome at low temperatures is
readily understood: the reaction rate was so slow that
unbound hydrosilane remained. By contrast, the fast reaction
rate at higher molding temperatures caused immediate
gelation, capturing domains of uncured cured materials.

Foam morphology was also affected by molding
temperature. Desirable uniform foam structures were
observed at intermediate temperatures (90 °C, F-4B, BCF =
2050 ppm, Type B2 in Fig. 1), whereas non-uniform sized and
randomly distributed bubbles (Type Al in Fig. 1, ESIT) were
produced at either lower (60 °C) or higher (120 °C) molding
temperatures with identical formulations (F-4A and C, BCF =
2050 ppm). At lower molding temperatures, primary bubbles
had time to coalesce at a rate comparable to cure, leading to
large and randomly sized bubbles, while at higher
temperatures, uncontrolled rapid foaming occurred at the
start of reaction, again leading to large voids. As noted above,
inhomogeneity led to significant quantities of extractables at
this temperature.

6| J. Name., 2012, 00, 1-3

Holding time: In general, samples were allowed to cure for
5 minutes during compression molding. Longer holding times
were not beneficial as shown using F-3 as an example. The Si-H
signal (ATR-IR) was reduced significantly after 5 minutes curing
at 90 °C (ESIT), but only a very subtle decrease (~ 5% of peak
area) of Si-H signal was observed after additional holding
times. Similarly, solvent extraction (Table 2, ~ 2% decrease in
extractables) and NMR tests (no Si-H was detected after 15
minutes) showed very small changes after this time (ESIt).
Thus, there is no benefit to molding for longer times than 5
minutes. Note that a portion of the extractables may have
fragments

resulted from partially depolymerized from

. . 1 48
softwood lignin rather than silicones.

Table 2. The weight formation (%) of lignin-silicone foams after extraction with
cyclohexane

Page 6 of 10

Molding Polymer yield (weight% residual foam after

No. temperature extraction) after different holding periods

/°C /ppm 5min  15min 30 min 60 min 180 min
F-1 90 300 -2 -2 -2 63 93
F-2 90 1000 81 89 89 90 91
F-3 90 1350 82 90 91 91 92
F-4 A 60 2050 87 88 88 89 91
F-4B 90 2050 89 90 90 90 92
F-4 C 120 2050 83 84 84 84 86

? Extraction failed because the uncured lignin-silicone precursor was a liquid
or paste.

Post-curing out of the mold: Si-H groups are susceptible to
both oxidation and hydrolysis, leading to the formation of Si-
OH groups that, in turn can condense (R3SiH — R3SiOH —
R3SiOSiR3). These processes provide a secondary mechanism
for crosslinking once the foam is removed from the mold. As
these changes have the potential to impact the mechanical
and other properties of resultant lignin-silicone foam (e.g.,
flammability), it was essential to quantitate the residual Si-H
groups and eliminate them as much as possible via an extra
post-curing process.

The concentration of residual Si-H groups in cured foams
was determined by collecting the gas emitted, hydrolyzing the
foam in a KOH/1-butanol solution (Table 3, ESIT). The degree
of Si-H secondary cure through oxidation/hydrolysis exhibited
a strong dependence on post-curing temperature (Table 3,
ESIT). To test this proposal, a post-curing process was applied
to sample made from F-4, a foam with good morphological
qualities, at a higher temperature than that used during
compression. It should be noted that post-curing had no
impact on foam morphologies, since the foam structure had
been set during compression molding. However, post cure
increased the moduli through additional curing. As shown in
Table 3, the storage modulus increased with samples that had
been posted cured near 140 °C for 12 hours (see below).
However, compared with post curing at 140 °C, higher post-
curing temperatures (> 170 °C) led to degraded mechanical
performance. There was no benefit at higher temperatures.
The conversion % of Si-H was significantly increased, up to
79%, after post-curing beyond 170 °C, which is the critical

This journal is © The Royal Society of Chemistry 20xx
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point for lignin degradation (TGA, ESIT) and
repolymerization.59 Weight loss and homogenous shrinkage in
all dimensions were observed for samples post-cured beyond
170 °C (volume shrinkage: > 8% at 220 °C, and ~ 20 % at 300

°C).

see

Table 3. The conversion ratio of Si-H in lignin-silicone foam after post-curing at
higher temperature, and their mechanical performance

] £ £
Post-curing ) Conversion of . .
— Weightloss % Si-H? % @T,+50°C @T,+50°C
T/°C  Time/h L /MPa /MPa
Control® 0 43 0.54 0.13
140 12 0 44 1.2 0.16
5 8 69 1 0.15
220
12 16 77 0.67 0.073
300 12 20 79 0.52 0.025

2 The error of this test is about 5%. ®no post-curing was applied at higher temperature.

Mechanical properties of lignin-silicone foams

The mechanical properties of lignin-silicone foam were

measured by tensile tests and dynamical mechanical analysis
(DMA, Table 4, and ESIt). Lignin — in the form of rigid particles
— provides reinforcement for the otherwise soft silicone foam,
altering the mechanical properties. Also, the morphologies of
the foamed structures themselves were shown to strongly
impact the mechanical performance of the foams.
DMA: A typical DMA curves for the lignin-silicone foams,
including changes of tan & (tan delta, red), storage (E', blue),
and loss (E'", green) modulus with temperature, are shown in
Fig. 2. Similar to other silicone materials: the glass transition
(Tg) was found near -112 °C;60 cold crystallization was observed
in a range from -100 to -90 °C;5 %2 the melting of silicone (T,,)
occurred within the range from -42 to -36 °C.5%% The E' and E"
(storage and loss moduli, respectively) in unreinforced
silicones decreased continuously in the glassy region.64' % The
storage and loss moduli of the lignin-reinforced foam stayed
almost constant between -90 to -50 °C in exactly the same way
as commercial silica-reinforced silicone materials.® ®* More
importantly, a significant improvement of the storage modulus
in the rubbery region was observed with lignin reinforcement
ranging from 0.3 to 17 MPa (ESIt), values that are comparable
to some silica-reinforced silicone materials (usually found in
the range from 1 to 10 MPa).5% %

1.000E+08

E@Tg-20 °
BTg-20°C 5@Tg+20 (¢ T 0.6000

To

™ Cold

1.000E+07 i
crystalization

T 0.5000

1.000E+06 E@Tm+50°C T 0.4000
A

1.000E+05 T 0.3000

Tan Delta

E"@Tm+50°C
N

Modulus (Pa)

1.000E+04 T 0.2000

1.000E+03 T 0.1000

1.000E+02 0.0000
-1

50.0 -100.0 -50.0 0.0 50.0 100.0 150.0
Temperature (°C)

— Storage Modulus — Loss Modulus — Tan Delta

Fig. 2 The reprehensive DMA curves of lignin-silicone (F-9).

This journal is © The Royal Society of Chemistry 20xx

The impact of crosslinking density on mechanical
performance (at a molecular level): the storage modulus
increases proportionally to crosslinker density (p = E'grgsso -c
/3RT).66 At the rubbery region, the storage modulus was found
to increase with both lignin and PHMS content (DMA, ESIT): as
lignin content increased for 25 to 55wt%, E' went from 0.29 to
3 MPa; as the other crosslinker PHMS increased from 8 to
24wt%, E' increased from 0.54 to 17 MPa. The storage
modulus of samples with even lower crosslinking density (15%
lignin or 4% PHMS) did not follow this rule, however, due to
the large voids present.

The impact of polymer network structure on mechanical
performance (at a microscopic level): The glass transition
temperatures (T,) of lignin-silicone foam were found to be
comparable to the T, (-119 °C) of an end-linked silicone
network (ESI’r),GZ' &7 implying the network of which the foam is
composed has particles bridged by chains derived from
H-PDMS-H spacer silicones. The foams prepared with excess
PHMS (F-6 and 7) were found to have higher T, (ESIt), due to
the increasing fraction of a secondary crosslinker in the
network, and these materials were too brittle to perform
The molecular weights of H-PDMS-H also
influenced the network structure and mechanical
performance. The brittleness of the foam increased as the
PDMS chain length was reduced; mixtures of spacer lengths
ameliorated the performance (F-4B, F-11, and F-13, Table 4).68

tensile tests.

Table 4. The tensile test for lignin-silicone foams

No Lignin PHMS Modulus Tensile Elongation-
' content% content % /MPa  strength/MPa at-break %
F-4B 41 8 0.30 0.30 139
F-5 41 4 0.07 0.09 143
F-6 41 16 0.85 0.51 81
F-7 41 24 - - -
F-8 15 4.4 =€ =€ =€
F-9 25 5 0.13 0.23 249
F-11°¢ 41 8 0.38 0.40 111
F-13° 41 8 0.42 0.54 147

? Tensile strength at break ® Tensile test failed due to sample brittleness. ©

Tensile test failed due to sample torn at loading.  DMS-H25 was used as
the spacer. ° Silicone spacer contains 26% DMS-H25, 48% H31, and 26%
H41. The modulus and elongation-at-break were obtained from averaging 3
repetitions of the tensile test.

The impact of morphology on mechanical performance (at
macroscopic level): Compared with the factors discussed
above, foam morphology plays a much stronger role in
determining mechanical performance. The results of DMA and
tensile test demonstrated that the homogenous closed cell
foams Type Bl and B2 (Fig. 1) had better performance that
balanced strength and elongation-at-break, which were
comparable to some silicone elastomer foams (tensile strength
~0.20 MPa).69 By contrast, the Type Al foams (F-5, 8 and 11)
were easy to break due to the defects of large voids (Table 4);
Type A2 is better described as an elastomer than foam (that
was also easy to break due to the distributed large void
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defects). Type C was much more tough (Type C1) and rigid
(Type C2) than type B foams.

Thermal mechanical performance of lignin-silicone foams:
Silicone polymers exhibit excellent mechanical performance
across a wide temperature range, from -100 to 316 °C. By
contrast, the decomposition of lignin usually starts near 170 °C
(TGA, ESIT). Therefore, an examination of thermal mechanical
performance of lignin-silicone foams at higher temperature
was necessary.

As shown in Table 3, the mechanical performance of lignin-
silicone foams was improved, as shown by increased storage
and loss moduli, after post-curing at 140 °C for 12 hours as a
consequence of secondary crosslinking through the
oxidative/hydrolytic cleavage of Si-H groups. However, the
values of storage and loss moduli at T,, + 50 °C dropped if
higher temperatures or longer post cures were used (post-
curing temperature beyond 170 °C, Table 3). Under these
conditions, further oxidation and condensation of Si-H to Si-OH
dimerization, with  lignin
repolymerization of lignin, resulted in a significant increase in
crosslinking density and, consequently, brittleness.’® >

The fabrication of lignin-silicone foams
Rubinsztajn (PR) reaction is beneficial with respect to for its
efficiency, simple formulations and processing. Compared to
other lignin-based composites, especially lignin-polyurethane
foams, no pretreatment on lignin (e.g., removing high
molecular weight lignin fractions38, or pre-liquefying lignin
with poly(ethylene glycol36) was required to obtain flexible,
closed cell, lignin-reinforced foams. The properties of the foam
are readily tuned by formulation. The foam silicone products
offer similar performance in thermal stability to polyurethane,
and the materials are far more flexible, even with higher lignin
content. The process itself is advantageous because no
additional blowing agents are required.35

Softwood is readily incorporated into silicones to make
elastomeric bio-composites.19 A simple extrusion process can
be used to efficiently mix ingredients, including lignin in up to
55 weight%. Compression molding at elevated temperatures
for a few minutes leads to foams in which the lignin acts as a
reinforcing filler and crosslinker. The structures of foam, and
their accompanying properties, can be easily tailored by
varying formulations and conditions. These facile processes
give materials that serve as a more valuable alternative end
use for lignin.

and or condensation or

via Piers-

Conclusions

A simple and effective route for the preparation of foamed
lignin-silicone composites via extrusion and compression
molding was described. The formulation simply consists of
hydrosilanes, BCF, and raw lignin particles: no pre-treatment is
required. For processing, the reagents, including B(CgFs)s,
lignin, and silicone hydrides, were first extruded for a
homogenous mixture at room temperature, and then molded
under compression at elevated temperature. The morphology
and uniformity of the foamed structure depends on many

8| J. Name., 2012, 00, 1-3

factors, including the content of lignin, BCF, or PHMS, the
molecular weight of H-PDMS-H, and the molding temperature.
The content of lignin, the reinforcing filler and crosslinker,
could be varied in a wide range from 25 to 42% to give robust
closed cell foams with excellent mechanical performance. The
strength of the foam was improved by post-curing. The
successful processing method for lignin-based bio-composite
could open new pathways to the better utilization of lignin.
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Graphical Abstract: Lignin-reinforced foams are efficiently prepared in a compression mold.
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