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HIGHLIGHTS

« Using fluorinefree organo-silanes
allows for effective surface
functionalization of biogenic, porous
tannin foams.

« Environmentally friendly organo-
silanes are able to reduce affinity of
tannin-foams to moisture from the
environment by 75 %.

« The trifunctional
methyltrimethoxysilane can increase
the hydrophobicity of biogenic
porous materials with a similar effect
as perfluoralkoxysilanes.

« By increasing the contact angle to
water from 70° to 145°, sustainable
tannin-foams could be applied in high
humidity areas.

« Modification of tannin-foams allows
for tailoring properties and feature
new product design possibilities like
column chromatography or oil-water
separation.
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ABSTRACT

Tannin-furanic foams are a promising and biogenic alternative to oil-based porous materials. Their
hydrophilic character, typically indicated by a contact angle to water of 70°, limits some potential appli-
cations (for instance outdoor thermal insulation). To overcome this, a post-synthetic surface modification
step with different fluorine-free organosilanes at 323 K was investigated with a focus on the final,
hydrophobic performance. On the one side, methyltrimethoxysilane, and 3-(chloropropyl)trimethoxysi
lane, which undergo self-condensation as well as bonding to the hydroxy groups of the tannin polymer,
were applied. A modified surface structure and a 25 to 50 % weight increase, depending on the molecular
weight of the silylation agent, were observed. Contrary, a mono-functional silane, precicely
trimethylchlorosilane, shows only a slight increase in weight, yet also condenses onto the polymer sur-
face without forming a protective surface coating layer. Contact angle measurements using water show
an increase from 70° (unmodified) up to 145° for a silane-modified foam. Nuclear magnetic resonance
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and infrared spectroscopy show the formation of covalent bonds between the silane and the biogenic
polymer matrix. The obtained material is less prone to absorb water from a humid atmosphere (reduction

of 75 %) and is highly efficient for the removal of non-polar contaminants from water, featuring new pos-
sible applications in humid surrounds.
© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Biogenic, polymers and lightweight foams with well-controlled
porosity are considered as green future alternatives to conventional,
raw oil-based products, in many applications such as thermal or
acoustic insulation [1-3], separation media [4,5], semi-conductors
[6], fire blocker [7] or medical applications [8]. Tannin-furanic
foams are one high-potential candidate, as up to 95 % of the precur-
sors (two main components are plant-derived [9]) are bio-based and
frequently abundant at remarkable low costs. The first component is
condensed tannin, which can be found in various tree barks, e.g. Aca-
cia Mimosa, Picea Abies, Larix Decidua. While its chemical composi-
tion is variable [10], mostly due to the different types and content
of flavonoid units (catechin, prorobinetinidin), in general the reac-
tivity is comparable to resorcinol [11]. The extraction from the tree
bark is typically done by a simple hot water treatment and reaches a
content of pure phenolics between 75 and 90 wt% (with proteins,
carbohydrates, and hydrocolloids making up the rest), depending
on the source [12,13]. Furfuryl alcohol depicts the second main
component, synthesized by catalytic reduction of furfural, a liquid
which is obtained by dehydrating pentose-containing biomass
(mostly hemicelluloses, sources include corn combs and wheat
straw) [14]. The interaction and polymerization of condensed tan-
nins and furfuryl alcohol in presence of different crosslinkers
(formaldehyde, glutaraldehyde, maleic acid anhydride) and various
acidic catalysts (sulfuric acid, p-toluenesulfonic acid, nitric acid) has
been studied intensively over the past years [15-17]. Nowadays,
tannin-based foams are optimized regarding their remarkable low
thermal conductivity. The materials show competitive properties
to commercially available polyurethane or polystyrene foams. Fur-
thermore, additional application areas for tannin-based foams have
been explored. These include wastewater treatment with high
remediation potential [18,19], its fire retardancy [20], or the addi-
tion to cattle manure slurry to mitigate the emission of the green-
house gas ammonia [21,22].

Many research reports investigate the foam-forming process
with a focus on the evaporation of solvents with a low boiling
point, such as diethyl ether, pentane, or various alcohols [17,23-
26]. Another foaming approach follows the addition of surfactants
[27] as well as plasticizers into the non-hardened tannin-furfuryl
alcohol mixture with the benefit of enhanced mechanical agitation
and finally the creation of a mechanically blown tannin-furanic
foam. Based on these protocols, Celzard et al. and Santiago-
Median et al. presented in addition a tannin foam, which was
crosslinked with hexamine under alkaline conditions [28,29]. Such
foam showed superior mechanical properties (bending strength
and compression resistance [30,31]) compared to those made by
simple solvent evaporation. However, the hydrophilicity due to
the abundant hydroxy groups present in condensed tannins
remains one major drawback of all these foams, even when chang-
ing the foaming procedure. As a consequence, the absorption of
water, either in the form of moisture from the surrounding atmo-
sphere or water droplets after contact [32], results in significantly
deteriorating both, the mechanical and thermal properties. Within
the last years, only a few attempts to render the tannin-furanic
foams more hydrophobic were conducted, including IR treatment,
where partial carbonization and thermal degradation of the OH-

groups takes place [33], superficial grafting with environmentally
harmful perfluoro-alkyl silanes [34]| (formaldehyde containing
and hexamine crosslinked foams) or chemical modification of con-
densed tannins with fatty acids and vegetable oil before use [35].

Organosilanes (RySi(OR’4.x) or R,SiCl4_x with R being a non-polar
organic group such as methyl, propyl, vinyl; R’ being methyl or
ethyl) have shown reasonable results for hydrophobization
[36,37]. 3-(chloropropyl)trimethoxysilane was used in the past to
modify starch foams [38] and mesoporous silicon dioxide [39]
and showed an increase in hydrophobicity. Methyltrimethoxysi-
lane has been proven useful in case of the synthesis of hydrophobic
silica thin films [40], aerogel-glass-fiber composites [41], and silica
aerogels in general [42].

In the present study, we focus on the systematic hydrophobiza-
tion of tannin-furfuryl alcohol- derived foams by using a surface
silylation treatment with environmentally friendly and non-toxic
silanes. In this approach, free hydroxy groups are reacted with
non-polar silane groups to render the material with a pronounced
hydrophobic character. For instance, the silylation of silica aerogels
is used to allow ambient pressure drying by reducing the conden-
sation of neighboring hydroxy groups with the result of a lower
crosslinking degree (less brittleness of the material) [43]. Surface
modification by silylation was also successfully presented for
organic gels, namely the resorcinol formaldehyde approach [44].

Here, we apply and compare for the first-time fluorine-free
mono- and tri-functional organosilanes (trimethylchlorosilane,
methyltrimethoxysilane, and 3-(chloropropyl)trimethoxy-silane)
concerning their reactivity and hydrophobization performance on
formaldehyde-free, biogenic and sustainable tannin-furanic foams.
While the mono-functional trimethyl-chlorosilane is only able to
react either with the polymers OH-groups or to form dimers that
are eluted, the tri-functional silanes can form a 3D network on
the polymer’s surface. CPTMS in addition allows for additional
functionalization in a post-treatment step due to the introduced
chlorine functionality [45].

The effective termination of surface hydroxy groups of the bio-
genic polymer results in a great reduction of the foams affinity to
water from the surrounding atmosphere, opening up various new
application and design options. For example, the silylated tannin
foam is suitable for outdoor applications, where direct contact with
water is immanent. Furthermore, due to the greatly reduced water
adsorption, the material can be used in product design, where
alternating warm/freezing cycles are present (e.g. insulation boxes
and other packaging), as not enough moisture is absorbed into the
foam that ice would fracture the material’s microstructure. Finally,
in a proof-of-concept experiment, the separation ability of a
water-oil mixture by using such hydrophobized tannin-based
foams is presented, proofing that the material can be applied as a
biogenic adsorbent for oil contamination on water after e.g. oil tan-
ker damages.

2. Experimental: Material and methods
2.1. Chemicals and reagents

Industrial mimosa tannin extract Fintan OP was kindly provided
by SilvaTeam (San Michele Mondevi, Italy). Furfuryl alcohol
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(>99.8 %) was aquired from IFC (Geel, Belgium). Polysorbate 80 was
purchased from Carl Roth (Karlsruhe, Germany).
Methyltrimethoxysilane (98 %), 3-(chloropropyl)trimethoxysilane
(98 %) and trimethylchlorosilane (99 %) were purchased from
VWR (Darmstadt, Germany). All other chemicals (VWR) were used
without further purification.

2.2. Foam preparation

Tannin-furanic foams were synthesized as described previously
[30] using a bench-top dissolver for rapid agitation (Dispermat-LC,
VMA-Getzmann, Germany). In short, mimosa tannin (10 g) was
mixed with furfuryl alcohol (6.2 g), water (3 g), diethylene glycol
(3 g), and polysorbate 80 (1.6 g) and homogenized for 5 min at
200 rpm. Afterward, the stirring speed was increased to
1000 rpm, diluted sulphuric acid (2 M, 4 g) was added and stirred
to the final volume for approx. 15-20 min. The foam was then
transferred into a Teflon-covered mold and hardened in an oven
for 30 min at 333 K. Drying was performed for another 24 h at
333 K after removing the foam from the mold. Finally, the foam
was cut into samples of 13 x 13 x 40 mm? and dried before further
use.

2.3. Hydrophobization

Surface modification of the dried foam pieces was conducted
using different amounts (5, 10, and 20 vol%) of three different
organosilanes (trimethylchlorosilane (TMCS), methyltrimethoxysi-
lane (MTMS), and 3-(chloropropyl)trimethoxysilane (CPTMS)) in
heptane. The foams were immersed in the silane/heptane solution
in a round bottom flask and a vacuum of 700 mbar was applied for
5 min to remove the air trapped inside the foam’s cavities. Subse-
quently, the vacuum was removed allowing the silane-heptane
solution to fill the voids. This process was repeated once more.
Afterward, the immersed foam was heated to 323 K for 24 h. Sam-
ples were then removed from the solution and washed with hep-
tane to remove unreacted silanes and dried in a vacuum oven at
333 K for 24 h. The weight of the samples was recorded before
and after silylation to calculate the effective loading. Nomenclature
was set as follows: Abbreviation of the silane and a subscript num-
ber indicating the concentration (e.g. MTMS;o means
methyltrimethoxysilane modified foam, where 10 vol% of silanes
were used in the silylation solution, a complete list of sample
nomenclature can be found in Table S1.). To eliminate the influ-
ence of the heptane washing on the results, the reference material
was also treated in heptane at 323 K for 24 h.

2.4. Characterization of the modified material

Weight gain (WG): The weight of the dried foam pieces was
recorded before modification and after the complete silylation
treatment and drying. Weight gain was calculated according to
equation (1), where m,, is the weight of the modified foam and
m, is the weight of the unmodified starting material.

wG =T =M 400%) 1)
my
Thermo gravimetric analysis (TGA): Weight loss as a function of
time and temperature was determined using a Netzsch STA 449
F3 Jupiter instrument (Selb, Germany). The sample was heated at
a rate of 10 K min~! to 1273 K in a synthetic air atmosphere.
Scanning electron microscopy (SEM) imaging was done using a
Zeiss Ultra Plus field emission scanning electron microscope
equipped with an annular backscatter electron detector (Carl Zeiss
AG, Oberkochen, Germany). The acceleration voltage was set to
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5 kV and the working distance was adjusted between 4 and
6 mm. Before the imaging, the samples were coated with a thin
layer of gold using a sputter coater with a current of 40 mA and
a coating time of 90 s.

Scanning transmission electron microscopy (STEM) images, such
as the secondary and back-scattered electron or high-angle annular
dark-field (HAADF) images, displaying z-contrast were acquired
using a cold field emission JEOL F200 STEM/TEM operated at
200 kV equipped with a large windowless JEOL Centurio EDX
detector (100 mm?, 0.97 srad, energy resolution < 133 eV). EDX
maps were recorded with a typical beam current of 0.1nA and a
beam diameter of 0.16 nm for 15 min. The maps were obtained
by signal integration of counts over the Si Ko transition line for
Si (integration: 1.63-1.89 keV), O Ko line for O (integration:
0.46-0.59 keV), and C Ka line for C (integration: 0.21-0.34 keV).

Attenuated total reflectance Fourier-transform infrared (ATR FT-
IR) spectra were collected using a Perkin-Elmer (Perkin-Elmer,
Waltham, USA) Frontier FT-IR spectrometer, equipped with an
ATR Miracle accessory. 32 scans were performed for each sample,
at a resolution of 4 cm™!, in the range 4000-600 cm™!, and Bio
Rad KnowltAll (BioRad, California, USA) software was used for nor-
malizing and averaging.

FT-IR Imaging on thin slices of foams was done using a 64 pix-
els x 64 pixels Focal Plane Array over an area of
150 pm x 150 pwm with a spatial resolution of about 2.6 pm x 2.
6 um. A Vis-IR microscope Bruker Hyperion 3000 with a 15x objec-
tive/condenser coupled to a Bruker Vertex 70v was used to accu-
mulate 128 scans for each background and sample at a spectral
resolution of 4 cm™! in the range of 4000-850 cm™'. All spectra
were corrected for water vapor and CO, contribution using the
OPUS software.

Solid-state '3C CP MAS, 2°Si CP MAS, and 2°Si MAS NMR experi-
ments were performed on an Agilent Technologies NMR System
600 MHz NMR spectrometer equipped with a 3.2 mm NB Double
Resonance HX MAS Solids Probe. The sample spinning frequency
was 20 kHz. The '3C CP MAS NMR experiments consisted of excita-
tion of protons with p/2 pulse of 2.6 ps, CP block of 5 ms, and signal
acquisition with high-power proton decoupling. A total of ca.
15,000 to 27,000 scans were accumulated with the repetition delay
of 3 s. The chemical shifts were referenced externally using
adamantine. The 2°Si CP MAS NMR experiments consisted of exci-
tation of protons with p/2 pulse of 2.85 ps, CP block of 5 ms, and
signal acquisition with high-power proton decoupling. A total of
ca. 9000 to 14,000 scans were accumulated with the repetition
delay of 2 s. The 2°Si MAS NMR spectra were acquired using one
pulse sequence with high-power proton decoupling during acqui-
sition. A total of ca. 700 to 1800 scans were accumulated with a
repetition delay of 60 s. The 29Si-CP-MAS and 2°Si MAS NMR spec-
tra were externally referenced using DSS (6 1.53 ppm).

Contact angle (CA) measurements were performed using a Kriiss
DSA1 (Kriiss, Hamburg, Germany) and the three standard liquids
(water, ethylene glycol, and diiodomethane). A droplet of 5 pL
was placed on top of the material and the contact angle was mea-
sured every 10 s for a period of 100 s. A total of three measure-
ments were done for each liquid and surface on independent
places on the samples. Contact angles were calculated using Kriiss
Software. Surface energy (SE) was calculated from the contact angle
data according to the method of Owens, Wendt, Rabel, and Kaelble
(OWRK) [46].

Vapor saturation: To evaluate the equilibrium moisture content
in a standardized climate, samples were first dried at 376 K for 24 h
and their weight was recorded. Afterward, they were placed in a
climate chamber (Binder, Germany) at a temperature of 296 K
and relative humidity of 65 %. Weight gain was recorded after 1,
2, 3, and 6 days.
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3. Results and discussion
3.1. Hydrophobization of tannin-furanic foams by silylation

Fig. 1 shows a general overview of the synthesis procedure and
subsequent surface modification as applied in this work. First, a
tannin foam monolith is prepared by a classical foaming protocol
based on tannin, furfuryl alcohol, and Polysorbate 80 in water, as
described in our previous study [30]. Briefly, tannin was mixed
with furfuryl alcohol, water, and surfactants and homogenized
for 5 min before agitation speed was increased and the acidic cat-
alyst is added. When the desired foam volume is reached, the blend
is transferred into a mold and polymerized in a convection oven.
After curing the foam and cutting it to an appropriate size, the
hydrophobization was carried out in various silylation solutions.
Thereafter, the surface-modified foams were rinsed and dried com-
pletely in a vacuum oven, yielding the hydrophobic, biogenic foam.

The macroscopic, unmodified tannin-furanic foam monolith can
be seen in Fig. 2A, its corresponding micro-morphology is depicted
by an SEM micrograph in Fig. 2B, and with higher magnification
(3000x) in Fig. 2C. A typical foam-like structure represented by
spherical voids with a size of 200-500 pum interconnected by por-
ous cell walls is obviously present. Thus, the presence of pm-sized
smaller pores in the solid fraction allows accessibility and mass
transport between the main foam bubbles.

Surface hydrophobization was now performed by immersing
the aforementioned tannin-furanic foams, cut into 13 x 13 x 40
mm? sized pieces, into one silane solution with various concentra-
tions (either trimethylchlorosilane (TMCS), methyltrimethoxysi-
lane (MTMS) and 3-(chloropropyl)trimethoxysilane (CPTMS) at a
concentration of 5, 10 and 20 vol% in heptane). The silylation reac-
tion was stopped after 24 h and the corresponding, surface-treated
monolith was obtained after drying. An exemplary SEM image in
Fig. 2D shows the surface of the inner cell wall of an MTMS,y mod-
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ified foam, and an SEM image in Fig. 2E the cell wall of CPTMSyq
modified foam. Both show a change in the surface structure due
to the silane modification: the original foam wall is coated and
smaller pores are blocked. By contrast, the cell wall of a TMCSyq
modified material (Fig. 2F), shows no differences from the unmod-
ified foam. CPTMS and MTMTS both have three reactive sites
allowing the potential formation of three-dimensional networks
and coating on the surface of the tannin-furanic substrate. TMCS
on the other hand only contains one condensable group and there-
fore is only able to form dimers on the tannin-furanic foam’s sur-
face. This seems to be causing the differences in surface
morphology.

3.2. Chemical and physical analysis of silylated tannin-furanic foams

The weight gain for all samples is shown in Fig. 3. As expected,
CPTMS results in the highest weight increase, with around 50 % of
the initial weight at each of the three concentrations. When mod-
ifying tannin-furanic foams with MTMS, a concentration of 5 % in
heptane results in the highest weight gain with 29 % (MTMSs).
With increasing silane concentration, the loading decreases to only
around 19 % weight gain for MTMS,,. Apparently, only a distinct
amount of MTMS can be chemically bonded and residual molecules
are washed out during purification (similar to CP'TMS). Using TMCS
as silylation agent results in the lowest weight gain with a maxi-
mum of 5 %, independent from the applied concentration of the
silylation agent.

The results of the remaining mass after heating the silylated
foams to 1273 K (TGA) under synthetic air are also presented in
Fig. 3. It can be assumed that the ash of the modified foams con-
sists predominantly of SiO, and therefore further insights into
the degree of silylation can be derived. The unmodified foam has
a remaining mass of roughly 4 % which can for the most part be
attributed to chains of (poly)furfuryl alcohol forming in the

tannin-foam monolith
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Fig. 1. Foam synthesis and schematic representation of the surface modification process. (with a suggested chemical reaction of the surface silylation treatment).
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Fig. 2. Unmodified tannin-foam monolith on a 1 cm? grid (A), SEM images (B-F) from unmodified foams (B, C), and from silylated foams with MTMS,, (D), CPTMS, (E) and

TMCS0 (E).
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Fig. 3. Weight gain and ash content of the functionalized foams. Unmodified foam included as reference (Ref).

tannin-furanic polymer. Similar materials are reported in the liter-
ature to have an ash content between 20 and 40 % after heating to
1273 K in synthetic air [47,48] and also mimosa tannin, which has
an ash content of around 2.5 % consisting mostly of calcium-,
sodium- and magnesium-oxide [49]. Trimethylchlorosilane-
modified foams show only a small increase in inorganic remaining
mass. For all three different amounts of TMCS only around 6 %
remain as ash after heating. As only one condensable site is present

in TMCS, this result could be expected. TMCS therefore can only
react directly with the polymer’s surface and not create three-
dimensional networks coating the tannin-furanic foam. Despite
the higher weight gain when using CPTMS as modifying agent
compared to MTMS, the inorganic remains are in a similar range
of 15-17 %. The heavier chloro-propyl tail (77 Da) of CPTMS com-
pared to the methyl group (15 Da) of MTMS that are thermally
degraded during heating explains the difference between initial
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weight gain and similarity in ash content. This indicates that both,
CPTMS and MTMS are reacting approximately to the same extent
with the tannin-furanic polymer.

To evaluate changes in the physical properties of the foam sur-
faces after silylation treatment, contact angle measurement exper-
iments were performed.

Side-view pictures from the water droplet acquired during con-
tact angle measurements of the pristine and with 5 vol% silane
treated foams are displayed in Fig. 4. The exact values for contact
angles with each liquid including the standard deviation are listed
in Table S2. Fig. 4A shows the case for the unmodified foam, for
which the water droplet quickly loses its shape resulting in a con-
tact angle of around 70°, indicating a hydrophilic character [50].
The CPTMSs (Fig. 4B) and MTMSs (Fig. 4C) modified foams on the
other hand both retain the drop shape at an angle of 128° and
135¢°, respectively, which confirms them clearly as hydrophobic
[50]. The TMCSs (Fig. 4D) modified foam results also in a contact
angle to water of roughly 115°, which also counts as hydrophobic.

The highest hydrophobization effects are obtained for CPTMS
and MTMS modified foams with a concentration of 10 vol% silane
in the silylation solution (CPTMS;o and MTMS;,). They show con-
tact angle values to water of 143° and 145°, a non-polar fraction
to diiodomethane of 100° and 112°, and against ethylene glycol
at 146° and 137°, respectively.

As TMCS selectively reacts with only one OH-group on the poly-
mer surface, the degree of loading is not comparable to CP'TMS and
MTMS. Nevertheless, hydrophobization is very efficient indicating
a successful surface modification. When using trimethylchlorosi-
lane as a silylation agent, a high applied concentration of 20 vol%
shows the best results with a contact angle value of 131°, 91°,
and 57° for water, diiodomethane, and ethylene glycol, respec-
tively. Similar and higher values were achieved for the modifica-
tion of stone surfaces with siloxane emulsions where contact
angles to water, ethylene glycol and dodecane of 162°, 159° and
125° were reported [51].

Using fluorinated silanes to modify the tannin-polymer surface,
an increase in the contact angle for water and ethylene glycol in a
similar range (130 - 140°) was observed [34]. When modifying the
tannins with vegetable oil before foam synthesis, the contact angle
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to water only increases to around 128° while for ethylene glycol it
changes to 93¢ [35].

To get further insights into the foam surface hydrophobization
performance, surface energies 7y (total as well as disperse and polar
fraction) were calculated according to the model of Owens, Wendt,
Rabel, and Kaelble (OWRK) [46] and listed in Table S1. The corre-
sponding wetting envelopes created from the surface energy data
are shown in Fig. 5 for the three silanes used. For comparison,
the wetting envelope for the unmodified reference foam is
included in each graph. For all modifications and all applied con-
centrations, a decrease in total surface energy y was observed as
seen by the smaller area under the wetting envelopes. Especially
the polar part yP disappears almost completely for all modifica-
tions. It reaches a minimum of 0.06 mN m~' for MTMS; compared
to 5.12 mN m~! for the reference material. The disperse portion of
the surface energy y! decreases also for all modifications with the
most promising results for MTMS,, where it is reduced to roughly
a tenth of the original value. When using TMCS as a hydrophobiza-
tion agent, a concentration of 20 vol% lead to the best results, with
a reduction of around 50 % compared to the unmodified material.
CPTMSs shows only a poor hydrophobization improvement.

A drastic reduction of surface energy (from 58 to 5.4 mN m™!),
especially for the polar part, was also obtained by Delgado-Sanchez
et al. for fluorinated silanes and vinyltrimethoxysilane when
applied to chemically expanded tannin foams containing formalde-
hyde [34]. Other than silylation, oil-grafting of tannins only altered
the polar proportion of the surface energy, not the dispersive one
[35].

Solid state NMR serves as a powerful method to prove the struc-
ture and chemical composition after silylation treatment. Qualita-
tive '3C CP MAS NMR and 2°Si MAS NMR (allowing quantitative
statements) spectra for reference CPTMS;o and MTMS;o foams
are shown in Fig. 6A and B, respectively. 2°Si CP MAS NMR spectra
are shown in Fig. S2. A detailed assignment of the '3C signals for
the reference foams can be found in the literature [30,52]. For
CPTMS,, three additional peaks can be observed in the carbon
NMR spectrum with a chemical shift of 48, 27, and 11 ppm, and
all can be assigned to the chloropropyl group of the silane. The sig-
nal at 48 ppm, which can be assigned to the methoxy carbon, dis-

= O

(-4 3

Fig. 4. Contact angle measurements with water and an unmodified foam (A), or silylated foam with CPTMSs (B), MTMSs (C
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Fig. 5. Wetting envelopes for CPMTS (A), MTMS (B) and TMCS (C) modified foams. Unmodified foam is included as a reference in each.

appears almost completely in the spectrum of MTMS;o modified
foam, indicating a high level of hydrolysis and rather complete
condensation to either the polymer surface or other silane mole-
cules that are attached to the tannin polymer structure. For MTMS
the signal at —3 ppm clearly indicates the presence of CH3-Si moi-
eties in the material proving the successful modification. For TMCS
this signal is not observed. This can be due to the expected low
concentration of silicon-bound methyl groups in the sample.

Fig. 6B shows the 2°Si MAS NMR for the modified material and
the reference. Peaks are labeled with T" where n represents the
number of siloxane bonds [53]. For CPTMS;, modified foams, two
distinct peaks at —67.2 ppm and —58.8 ppm (with an additional
shoulder at —54.7 ppm) are present corresponding to T> and T?
moieties, respectively [38]. In the MTMS;, treated foam, the chem-
ical shifts for T and T2 are found in a similar shift range (-65.6 ppm
and —56.4 ppm, respectively) with a broadening of the T2 peak into
the T! region. A schematic representation of T, T2, and T> siloxane
bonds is shown in panel C of Fig. 6. NMR data suggests more self-
condensation of all three reactive sites of the alkoxy silane for
MTMS compared to CPTMS due to the lower intensity of the T? sig-
nal. TMCS;o was intentionally left out of the figure, as neither T, Q
nor D signals are expected. Additionally, also the expected M peak
was not observed.

One dimensional FT-IR spectroscopy (Fig. 6D) of the modified
foams shows an additional signal for MTMSs at 1270 cm™! corre-
sponding to C—O stretching vibrations of aromatic esters or ethers,
indicating a reaction between the alkoxysilane and the hydroxy
group of the tannin. The new peak at 775 cm™! can be attributed

to a Si-C stretching vibration in the silylated polymer. A broaden-
ing and also less defined peaks in the aromatic alcohol region
between 1200 and 1000 cm™! further confirm the reduction of aro-
matic OH by condensation with the silane [54-56]. The same peaks
and changes in the spectrum can be observed for CPTMSs. In the
same area, the Si-O-Si stretching vibration takes place, as seen
for both, CPTMS and MTMS with a more defined peak at
1020 cm™!. Furthermore, new peaks at 1235 cm~! and 695 cm™,
correspond to aromatic ether/ester and C-Cl, respectively. In the
spectrum of TMCSs, no changes compared to the spectrum of the
original material can be observed.

As a homogeneous surface treatment is considered with high
priority, we analyzed exemplarily a sample also by two-
dimensional infrared spectroscopy using a focal plane array detec-
tor. Therefore, a slice with a thickness of 30 pm of CPTMS;o was
prepared and an image of the sample section, which is investi-
gated, is shown in Fig. 7A. By integrating spectral regions, three
distinct areas along the cross-section were created. (i) 1760-
1560 cm™! a region typical for tannin-furanic polymer (Fig. 7B,
red), (ii) 3030-2824 cm~! representing aliphatic signals (Fig. 7C,
green), and (iii) 1212-940 cm ! (Fig. 7D, blue) a region where both,
silica and tannin-furanic polymer have high intensities, yet the Si-
O-Si vibration should be dominant. Furthermore, three selected
spectra of the foam slice at three different regions are presented:
(i) a junction, where the cell walls touch (Fig. 7F, purple), (ii) the
surface of the cell wall (Fig. 7F, green), and (iii) an intermediate
region between junction and wall (Fig. 7F, blue). The junction posi-
tion shows high intensities in the region of 1760-1570 cm™!
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clearly indicating the dominance of the tannin-furanic polymer,
this can be observed further in the corresponding imaging
(Fig. 7B), where the highest intensities are seen for regions with
predominantly knots. These regions also show less intense signals
in the Si-O-Si region (Fig. 7D and E). The cell walls (marked with a
green cross in Fig. 7A) show a high intensity in the region of 1212-
940 cm~! and almost no signal in the 1755-1568 cm™! region,
indicating that the organosilanes form a protective layer onto the
tannin-furanic polymer. This can also be seen in the SEM micro-
graphs in Fig. 2E, where a change in surface morphology is visible.
Results of the FT-IR imaging show that surface modification with
CPTMS can be easily done, yet a complete penetration of the whole
polymer is not possible with the experimental conditions applied.
FT-IR imaging for MTMS-modified foams can be seen in Fig. S3. The
ratio of Si/Tannin was calculated and is illustrated in Fig. S4 for
both, CPTMS and MTMS modified tannin-furanic foam slices.

For elemental mapping, scanning transmission electron micro-
scopy images confirm the presence of silicon on the tannin-
furanic polymer after silylation treatment as seen in Fig. 8. For
CPTMS and MTMS (Fig. 8A and B) higher concentrations of silicon
within the polymer are present (represented in blue) as already
confirmed by NMR, FT-IR and TGA. For TMCS- modified foams, only
small amounts of silicon are detected, which could explain the
slight increase in inorganic remaining mass after heating (Fig. 3)
and further supports the explanation that only a selective modifi-
cation of the tannins’ surface hydroxy groups takes place.

3.3. Testing of hydrophobized tannin foams under natural conditions

Storing modified foam monoliths in a humid climate establishes
the equilibrium moisture content (EMC). For all samples, the EMC
is considered to be reached after six days, as no more changes in
weight are observed between two measurements between the
interval of three and six days. Fig. 9 shows the weight gain for each
modified foam within the six days period. The unmodified foam
absorbs around 22 wt% water within three days. Independent from
the used concentration, modification with TMCS results in a reduc-
tion of the EMC to 12 wt%, where the first 7 wt% are absorbed
within one day, after two days of exposure to a humid environ-
ment only small changes are recorded. Methyltrimethoxysilane
modification leads to a reduction of EMC to 6 wt% at all concentra-
tions used. Interestingly, after one day almost no changes in weight
gain are recorded, indicating that all the moisture is absorbed
within the first day of exposure. CPTMSs shows a behavior similar
to the MTMS modified material, whereas CPTMS;o and CPTMS,q
both only absorb 4.8 wt% after six days. Furthermore, absorption
in CPTMS;, is much slower compared to the other materials, as
after one day only 2.8 wt% weight gain is recorded. Mitigation of

1 pm

200 nm
—
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the overall equivalent moisture content of the silane-modified
foams suggests that the silylation of tannin-derived hydroxy
groups does happen throughout the monolith and not only on
the outer-most surface regions as it happens by superficial modifi-
cation methods such as IR irradiation or silylation without a proper
vacuum impregnation cycle to ensure complete saturation of the
monolith with a silylating solution. MTMS and CPTMS modified
foams show water absorption in a humid atmosphere comparable
to commercial polyurethane [57] or polystyrene [58] foams, which
opens up new possibilities for application.

Effective separation of water—oil mixtures depicts nowadays a
very important industrial field concerning huge amounts of
wastewater and its environmental compatibility. Hydrophobized
biogenic foams could be promising future materials. We designed
a simple proof-of-concept experiment, to show the ability to
remove non-polar contamination from water: we tested qualita-
tively by pipetting 2 mL of toluene or heptane (red-colored) onto
the water and swirling around a piece of the modified foam in a
beaker. A picture series showing the progress of the procedure
using toluene and MTMS;, foam can be seen in Fig. 10. Already
after a few seconds, the red-colored toluene layer is absorbed com-
pletely onto the modified foam. Additionally, a fine-grounded,
hydrophobized foam was poured into a test tube filled with water
and toluene/heptane and shaken vigorously using a vortex stirrer.
The modified foam powder absorbs the non-polar liquid and aggre-
gates into a lump that could easily be removed from the water.

20

1
L

weight gain (%)

© | CPTMS

10

%)
(=]

Fig. 9. Weight gain through vapor saturation for all silylated tannin foams and
reference after exposure to 296 K and 65 % relative humidity in a climate chamber.

Fig. 8. STEM-EDX of CPTMS;q (A), MTMS;0 (B) and TMCS,¢ (C). Coloring: red-carbon; green-oxygen and blue-silicon.
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Fig. 10. Absorption of toluene (red) onto the modified foams from a water-toluene mixture.

Using an unmodified tannin-furanic polymer, no absorption of the
non-polar contaminant is recorded. Picture series and videos of
these experiments can be found in the SI (Fig. S5 - S8).

4. Conclusions

Biogenic tannin-furanic foams present a hydrophilic nature due
to the abundant hydroxy groups found in condensed tannins. By
using different organosilanes, it is possible to perform silylation
reactions with the tannin-furanic polymer, featuring a reversal to
hydrophobic behavior. The use of MTMS and CPTMS in heptane
at temperatures slightly above ambient allows for a sufficient reac-
tion between the polymer and the alkoxy silane to render the
materials hydrophobic with a water contact angle of more than
140°. Due to the three condensable groups, a three-dimensional
network is formed with the result of coating the foam polymer’s
surface. TMCS modification on the other hand takes place at only
one site and therefore results in a low weight increase, yet still
hydrophobic functionalization of the surface with a contact angle
of around 130°. Analytical techniques such as NMR, FT-IR, and
TGA show the incorporation of the silane into the biogenic polymer
network. The foams’ inner surface is completely covered with the
silane as indicated by the strongly reduced water vapor absorption
and changes in surface morphology visible in SEM. The tannin fura-
nic foam modified with fluorine-free organosilanes shows remark-
able reduction in the affinity to water from the surrounding
atmosphere, making it an interesting candidate for the application
of bio-based insulation material in outdoor areas exposed to alter-
nating thawing/freezing cycles (e.g. insulation boxes or packaging
for storage of frozen goods). The small increase in weight does
therefor not negatively influence the application in packaging. Fur-
thermore, the water repellent foams allow for designing facade and
other directly weathered elements in outdoor applications. As the
material has an affinity towards non-polar liquids, it is imaginable
to design chromatography columns for the separation of mixtures
of non-polar solvents, controlling elution rate by tailoring the sur-
face functionality. Additionally, the material could be used as bio-
genic sorbent in oil-spills from water after tanker damages like the
Exxon-Valdez within a short period of time.
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