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The organic xerogels, prepared from tannins and ethanol lignins of the fir (4bies sibirica), were synthesized
for the first time. The influence of the composition of initial mixture and pH on the characteristics of xerogels
obtained by sol-gel condensation of formaldehyde with polyphenols of fir has been studied. The possibility of
regulating the density and porosity of gels by varying of the concentration of ethanol lignin in the initial mixture was
established. It was found that tannin-lignin-formaldehyde gel with low-density (0.11 g/cm®) and very high porosity
(92%) is formed at a mass ratio tannins and lignins equal 1. According to FTIR data the process of xerogels
formation is carried out by crosslinking due to the formation carbon-carbon and alkyl ethers bonds. SEM method
confirmed the formation of branched macromolecular structure of gels from interconnected spherical particles of
different sizes. Thermogravimetric analysis demonstrates the greater thermal stability of tannin-formaldehyde gels
compare to the tannin-lignin-formaldehyde gels. The increase of lignin concertation in gels more than 50-65% (by
the mass) reduced the temperature of their intensive mass loss on 23 — 63° C. The obtained organic gels are non-
flammable polymers and they can be used as thermal and fire retardant materials.
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Introduction

The organic and carbon gels are new perspective and unique polymeric materials. They
are porous structured materials with three-dimensional mesh structure formed by the
nanometers-scale particles [1-3]. The different ways of drying at the final-step of synthesis give
various types of gels: aerogels, xerogels, and cryogels [4,5]. The traditional method of drying —
heating under atmospheric pressure leads to the formation of xerogels. Xerogel dried in air or in
vacuum has the greater density and less porosity than aerogels or cryogels.

The chemical and thermal stability, high porosity of organic and carbon gels make these
materials promising for use in medicine, catalysis [6], adsorption [7], and as the fuel cell
capacitors [8,9].

An urgent task is to improve the methods of organic gels synthesis by selection of non-
toxic reagents and optimal conditions of gelation process. In the literature there are the examples
of the use of natural polyphenolic compounds — condensed tannins and lignins for the
preparation of gels by sol-gel condensation with formaldehyde [2,3,13,14].
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The reactivity of macromolecules of tannins in crosslinking reactions with aldehydes is
due to the presence of a large number of OH-groups [12]. The tannins isolated from wood and
bark of tropical varieties of mimosa and acacia (quebracho), are widely used as the available
initial compounds for the preparation of the organic and carbon gels [2, 3,13,14].

Condensed tannins, also known as proanthocyanidins, are oligomers or polymers
consisting of two or more units of 3,4-flavondiol or 3-flavonol (usually catechins or
epicatechins) [15]. The structures of condensed tannins obtained from various raw materials
differ in the content of OH-groups in monomers units, in the ratio cis- and trans-monomers of
catechin and epicatechin, and in the degree of polymerization [16].

Despite the specific differences in the structure and composition of flavonoid units the
condensed tannins of quebracho, fir, spruce, are typical representatives of the phenolic
substances of pyrocatechol group [17]. They have similar behavior in terms of their reactivity
and tendency to cross-linking with formaldehyde in the synthesis of organic gels.

Organosolvent lignins, being chemically and structurally more homogeneous than
technical lignins (for example, Kraft-lignin), are also attractive polyphenolic type raw materials
for the preparation of polymer gels [18,19].

The biomass of coniferous trees has prospects for its use as a cheap and renewable raw
material for the production of polyphenolic substances, represented by condensed tannins and
lignin. The fir (4bies sibirica L.) is one of the main forest tree species in Russia. The bark of fir
contains up to 9-13% by weight of tannins of catechin or flavan-3,4-diol nature monomer units

which are mainly represented by proanthocyanidins and prodelphinidines.

In this work, for the first time, new polymer gels (xerogels) have been synthesized by
condensation with formaldehyde of tannins and ethanol lignin isolated from fir bark and wood.
The effect of the synthesis conditions of tannin-formaldehyde and tannin-lignin-formaldehyde

xerogels on their structure and properties was studied.

Experimental part

To obtain gels, the polyphenolic compounds — condensed tannins and ethanol lignin
were used. Tannins were extracted by ethanol from fir bark from which resinous substances were
removed by diethyl ether. Ethanol lignin was isolated from fir wood by treating with 60%
aqueous solution of ethanol in an autoclave at temperature of 170-190 °C according to the
procedure described in [20].

Preparation of tannin-formaldehyde (TF) and tannin-lignin-formaldehyde (TLF) xerogels
was carried out in ethanol. Polyphenolic compounds in required concentration were mixed with

37% formaldehyde aqueous solution at a mass ratio of 1.0: 1.5. The concentration of initial
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components was varied in the range of tannin:lignin ratios 0.25-1.0:1.0-0.25. Sodium hydroxide,
HCl and HCOOH were used to achieve an optimal pH.

The solutions were kept in hermetically sealed glass tubes, at a temperature of 75 ° C for
5 days. Then the formed gels were extracted from tubes and placed in a flask with ethanol, this
flask was shaken at 40°C for 72 h. The ethanol was refreshed at each 24 h. The obtained samples
of gels were frozen at —20 °C for 48 hours. After that, the samples were transferred to the freeze
drying apparatus chamber, where the drying was performed at an operating pressure of 3.3 Pa
and a temperature of —44°C.

FTIR spectra of samples were recorded in the region of 4004000 cm — 1 on a Tensor 27
FTIR spectrometer (Brucker, Germany) in a potassium bromide matrix (5 mg / 1000 mg of the
matrix). Spectral information processing was performed using the OPUS software package,
version 5.0.

The specific surface area and the porous volume of the samples of organic gels were
determined by the physical adsorption of N, at 77 K using a surface analyzer “Sorbtometr-M”.
Before measurements, the samples were trained for 2 hours at a temperature of 80 ° C. The
apparent density of gels (g/cm’) was calculated from three parallel measurements based on the
ratio of the weight of the sample to its volume.

The microstructure of the samples was studied by scanning electron microscopy in
secondary electrons (S5500, Hitachi) and in back reflected electrons (TM-3000, Hitachi). The
samples, the xerogels were fixed on the instrument table with two-sided conducting carbon tape
and platinum was sprayed onto the surface using a K575X magnetron (Emitéch, England).

The weight average molecular weight (Mw), number average molecular weight (Mn) and
the polydispersity of the samples were determined by gel permeation chromatography using an
Agilent 1260 Infinity II Multi-Detector GPC/SEC System chromatograph. Data collection and
processing were performed using Agilent GPC/SEC MDS software.

Thermogravimetric study of samples of organic gels was performed using the analyzer
"Netzsch STA 449F1". The sample was heated in an argon atmosphere in an aluminum crucible
from 400 to 800 ° C at a speed heating of 10°C/min. The elemental composition of the studied
samples was determined using the HCNS-0 EA 1112 analyzer (Flash, USA).

Results and discussion

In this work, for the first time, we used a new source of polyphenolic compounds for
synthesis of organic xerogels- tannins from fir bark, as an alternative of quebracho tannins.
Widely used for the synthesis of organic aerogels tannins of quebracho contain from 80 to 82%

phenolic flavonoids [2,10,13]. It was shown that the tannins from fir bark contain 92-95%
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flavonoids, and the content of impurities is minimal. The high concentration of polyflavonoids in
fir tannins was confirmed by their complete transformation into anthocyanidins during the
heating of their alcohol solutions in the presence of acids[17].

The technical lignins (e.g. Kraft lignins [21]), used for synthesis of organic gels, have a
high content of carbohydrates (from 0.5 to 1.5%), sulfur (1-3%) and mineral impurities (up to 1-
3%). Kraft lignins due to the hard conditions of their isolation are very heterogeneous in
composition and are characterized by a large spread of molecular weight.

For Kraft lignins obtained from coniferous trees the molecular weight varies from 1100 to
39000 g/mol. The presence of high molecular weight fractions in samples of technical lignins
degreases their solubility. To improve their solubility the more high temperature (85-90°C) and
concentrated solution of NaOH (20-30%) should be used.

Even such hard conditions do not provide full dissolution of technical lignin. Therefore,
during the synthesis of gels, the lignin is precipitated in the powder form and does not participate
in the process of condensation, but may be included into the forming gel in the form of a filler
[22]. Such disadvantages are absent when using organosolv lignins [20].

Ethanol lignin obtained under milder conditions from fir wood is characterized by
homogeneous structure and composition, does not contain sulfur, has a minimum content of
associated organic substances and relativity small molecular weight. Ethanol lignin is fully
soluble in a water-ethanol solution at room temperature.

Organic gels were prepared by condensation with formaldehyde of tannins and ethanol
lignin, isolated from fir bark and wood. Tannin-formaldehyde (TF) gels were synthesized in
acidic and alkaline media, and tannin-lignin-formaldehyde (TLF) gels were synthesized only in
an acidic medium. In the synthesis of TLF gels, various mass ratios of tannins and ethanol lignin
were used. In all cases, the ratio of the sum of the masses of tannins and lignin to the mass of
formaldehyde was 1.0:1.5.

Table 1 shows the average data of elemental analysis and values of average molecular
weight (- Mw), number average molecular weights (Mn), and degree of polydispersity of fir
tannins and ethanol lignin.

Table 1. Some characteristics of the fir polyphenols used to obtain organic xerogels

Sample C, H, Ash content, % | Mw, Mn, Degree of
% mass | % mass mass g/mol | g/mol polydispersity

Ethanol lignin | 66.34 5.94 0.37 1740 790 2.20

Tannins 57.72 5.84 0.40 1884 684 2.75




TF gels, obtained in acid media are solid and dense dark brown products, able to keep
their shape at steps of extraction isolation and purification. However, after final drying in a
vacuum they become brittle and break up into small fragments.

It is known that the capillary forces in the pores appeared at drying lead to shrinkage and
compression of the material [23]. The replacement of the widely used of supercritical method
drying with more cheap and simple method of drying under normal condition leads to the
formation of organic gels with low porosity [2]. Drying xerogels in air or in vacuum creates large
internal stresses in the material and contributes to its destruction [4,5]. It was found that the total
porosity and density of the gels obtained from fir polyphenols are significant affected by the
mass ratio of tannins and ethanol lignin in the initial reaction mixture.

The values of the apparent density (papp, g/cm’) and porosity (%, relative) of organic gels,
obtained at different ratios of tannins and ethanol lignin are given in Table 2. The density of the

gel was determined as the ratio of the mass of finely ground gel to its volume.

Table 2. The values of the apparent density and porosity of organic gels derived from fir tannins
and ethanol lignin.

Mass ratio of tannins / ethanol lignin

1:01:025(1:05({1:0,75|1:1,0|1:1,5 1:2,01(0,25:1,0
Lignin 0 20 30 43 50 60 67 80
concentration, %
Papps g/cm3 0,67 | 0,65 0,63 0,61 0,11 0,16 0,19 0,30
W, % rel. 52,5 | 53,9 55,3 57,2 92,2 88,6 86,5 78,7

The total porosity of the samples (W,% rel) was calculated taking into account the
available literature data on the average values of true density of organic gels (pgue, g/cm’), close
to 1,41 [2,10]. Based on these approximation, the calculation formula was applied: W = 1 —
(Papp/ Pirue)- Calculated values of apparent density and total porosity of the obtained organic gels
very widely, as in the case of gels synthesized using other phenolic sources. For example, the
apparent density of resorcinol-formaldehyde organic gels are varied between 0.04-1.0 g/cnt’ [1],
of phenol-formaldehyde gels — between 0.29 and 1.17 g/em’ [24].

Organic aerogels, prepared from phenol and furfural by two-step gelling first with NaOH
and then with HCI, have the apparent density 0.16-0.43 g/cm’ [25]. The values of apparent
density for organic gels, obtained from mixture of formaldehyde and birch bark tannins are 0.44-
0.51 g/em’ [1].

The impact of ethanol lignin on the density and porosity of the organic gels synthesized
from mixtures of formaldehyde and fir tannins was studied. An increase in ethanol lignin content

in reaction mixture of less 50% mass has practically no effect on the density and porosity of the
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resulting gels. However, a further increase in the lignin concentration to 50-80% leads to a
significant reduction in the density of gel (by 2-6 times) and to an increase of its total porosity
(near 2 times).

The sample of xerogels synthesized from the mixture containing 50% mas of ethanol
lignin has minimum value of density (0.11 g/cm’).

Samples of TLF gels with a high content of ethanol-lignin are loose, light and flexible
materials. They retain their original shape during drying, and are resistant to shrinkage and
compression. However, they do not have sufficiently high mechanical strength. The yield of the
gel is very small at a significant content of lignin in the initial mixture (80% mass). No gel is
formed from the ethanol lignin-formaldehyde mixture, but adding even a small amount of
tannins (20% by weight) leads to the formation of gel.

Data on elemental composition and surface area of TF and TLF organic gels are given in
Table 3. The carbon content in TLF gels is higher as compared to TF gels, since the relative
content of carbon in ethanol lignin (66.3%) is higher than in tannins (57.7%).

Table 3. Elemental composition (% ) and specific surface area (Sssa) of organic gels

Gel sample C, % H, % Sssa, mz/g
TF (HCI)* 60,94 5,12 8,9

TF (NaOH) 60,30 5,74 20,3

TF (HCOOH) 60,67 6,10 3,5

TLF, T/L=1:0,25 (HCI) 62,68 5,60 1,5

TLF; T/L=1:0,5 (HCI) 63,48 5,38 0,6

TLF, T/L=1:1 (HC]) 62,78 5,36 1,0

TLF, T/L=1:2 (HCI) 65,29 5,52 1,4

*acidic and alkali additive

The increase of pH of the reaction mixture in the presence of NaOH promotes the
development of the porosity in the resulting organic TF gel. However, a mechanically fragile gel
is formed which transforms to a brick-red powder after drying.

The structure of tannin-formaldehyde organic gels was studied by scanning electron
microscopy at magnification 10,000 and 45,000 times. Figure la demonstrates the typical
dendritic structure of a tannin-formaldehyde xerogel sample (T/F = 1.0/1.5; HCI). The xerogel
has an open extended cellular structure formed by homogeneous particles.

Swirling chains of closely related nodules of particles with size smaller than 0.5 mm form
the cavities ranking in size from 0.2 to 0.5 mm.

The magnification of the image (Fig. 1-b) makes it possible to see that the nodules are

ensembles of smaller particles twisted into tangles.
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Puc. 1. SEM-image of the sample of organic tannin-formaldehyde xerogel (T/F= 1.0:1.5).

Thus, the process of condensation of tannins with formaldehyde leads to the formation of
a three-dimensional cross-linked framework formed by nodules of micro or nanoparticles. The
same structure was observed for other gels described in the literature [2,10,26].

The morphology of TLF organic gels differs from those of tannin-formaldehyde gels
(Fig. 2). Since lignin macromolecules are much larger than molecules of tannins, this leads to the
formation of cavities of 5-10 um in sizes between connected chains of spherical particles of
different size. Lignin macromolecules dispersed in the gel matrix are involved in the formation

of a cross-linked structure, giving bulk properties and flexibility to the resulting gel.
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Fig. 2. SEM images of samples of organic tannin-lignin-formaldehyde xerogels: a- T /L

=1.0: 0.5, zoom 1.000x; b-T /L =1:1, zoom 3500x.

A similar regularities were observed in the synthesis of lignin-resorcinol-formaldehyde

organic aerogels [23].



The appearance of large particles in the gel contributes to a reduction in capillary
pressure in the pores, which increase the flexibility of the skeleton, the elasticity of the gel and
its resistance to deformation [23]. A high concentration of lignin in the initial mixture slows
down the process of gelation. An increase in the density and a reduction in the porosity of TLF
gels at an increase in the lignin content to 67-80% wt can be explained by the fact that phenolic
groups of lignin act as additional crosslinking agents, participating in condensation reactions
[25]. A distinctive feature of the tannin-lignin-formaldehyde gel is the formation of spherical

particles with a smooth non-porous surface (Fig. 3).

$-5500 3.0kV 0.3mm x8.00k SE 21/03/2019
Fig.3 SEM image of the globular particles in TLF xerogel (1 : 1, 800x zoom)
The information on the qualitative composition of the functional groups of organic TF
and TLF gels was obtained by FTIR spectroscopy. FTIR spectra of samples of fir tannins and

tannin-formaldehyde organic gel are presented in Fig. 4.
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Fig. 4. FTIR spectra of samples of tannins of fir bark (1) and tannin-formaldehyde

organic xerogel obtained from tannins of fir bark (2).

From a comparsion of these spectra, it follows that in TF gel sample the intensity of
absorption bands at 2929 and 2872 cm™ which correspond to stretching vibrations of C-H bonds
in methyl and methylene groups is higher than in the initial tannins sample. This is apparently

due to the formation of —-CH,— and —CH,—O-CH,— bonds in the interaction of formaldehyde



with phenolic and OH-groups of tannins, that crosslink aromatic units in the process of
polycondencation [13].

The absence in the spectrum of a TF gel of absorption bands in the region of 876—780
cm ' corresponding to out-of-plane deformation vibrations of C — H bonds in 1,3-substituted
aromatic rings of tannins may indicate a change in the degree and nature of their substitution
compared to the original tannins. According to [13], this can occurs as a result of a reactions of
crosslinking with formaldehyde.

FTIR spectra of TLF gel (Fig.5) contain bands at 1503, 1275, and 1034 cm™ that typical
for lignin of guaiacyl type[28].

Obviously, the resulting TLF gel is a copolymer of tannin and lignin macromolecules.
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Fig. 5. FTIR spectrum of organic TLF xerogel (1: 1), obtained from fir polyphenols.

Tannin-formaldehyde gels obtained with the use of tannins of fir bark are materials with a
typical structure of organic resorcin-formaldehyde [29] and queberacho tannin-formaldehyde
gels [2,13].

The study of the morphology of the obtained xerogels by SEM with a significant increase
(45000x) confirmed the presence of a nodules structure of closely related micro- and
nanoparticles, which is usually observed for most of the xerogels described in the literature.

The use of ethanol lignin as a co-agents makes possible to obtain TLF xerogels with low
bulk density by varying the mass ratios of tannins and lignin. The lowest density of gel (0.11
g/cm’) was observed at the equal mass ratio of tannins and ethanol lignin in the reaction mixture.
Aerogels obtained under conditions of supercritical drying of lignin-resorcin-formaldehyde (0.24
g/cm’) [23] and tannin-lignin [10] gels had a similar bulk density values (0.24 and 0.19 g/cm’,

respectively). However, the density values of the xerogels obtained in this work are significantly
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lower than that of the resorcinol-formaldehyde xerogels which have a minimum density of 0.42
g/em’ [22].

According to [10, 22, 23], lignin contributes to the reduction of gel shrinkage at drying
stage and imparts a particles features to morphology of the nodule particles forming a gel
structure. The particles have an almost perfect spherical shape and are practically smooth and
non-porous. A similar effect of lignin was observed in the case of resorcin-lignin-formaldehyde
and tannin-lignin-formaldehyde gels [2.4 10.23].

Organic gels may differ in thermal stability due to differences in their composition and
structure [11,30]. The thermal stability of the obtained TF and TLP of organic gels was studied
in an argon atmosphere by the method of thermogravimetry. Samples of TF and TLF gels (curve

2) have only one broad peak at 393.3 - 393.8 °C on the DTG curve (Fig. 6).
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Fig. 6. Thermograms of TF (a) and TLF (1: 2) xerogels obtained from fir polyphenols

For the TF gel sample (Figure 6-a), there is a coincidence of temperature maxima on the
DTG (393.3 °C) and DSC (390.7 °C) curves. This may indicate a similar thermal decomposition
of the gel components [31]. An intense endoeffect on DSC curve (broad peak at 640 ° C)
probably indicates the formation of a carbonized residue. Its yield reaches to 45.15% with a rise
of temperature to 800 °C. In the case of TLF gel sample (Fig. 6-b), the lack of coincidence of
temperature maxima on the DTG and DSC curves (393.8 © C and 330.3 °C) respectively and the
presence of several alternating endo-and exo effects indicates that the decomposition of the gel
components - tannins and lignin occurs in different temperature ranges.

The presence of lignin in TLF gel expands the range of its thermal transformations
compared to TF gel. At the same time, with an increase in the content of lignin in the organic

gel, the temperature of the onset of intense thermal decomposition and weight loss is decreased.
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Table 4 presents the main characteristics of the process of thermal decomposition of TF
and TLF gels - conditional thermal intervals (°C), average rates of mass loss in these intervals

(V,% / min) and value of mass loss (Vm,%).

Table 4. Characteristics of the main stages of thermal decomposition of organic xerogels derived
from fir polyphenols

TF organic gels
Range, °C <148 148-295 295-480 480-800 residue
Vm, % 3,0 7,0 30,9 13,95
V, %/min -0,26 -0,47 -1,67 -0.43 45,15
TLF organic gel (50% lignin)
Range, °C <125 125-272 272-480 480-800 residue
Vm, % 3,0 7,0 36,0 16,8
V, %/min -0,32 -0,47 -1,72 -0,51 38,2
TLF organic gel (67% lignin)
Range, °C <125 125-232 232-480 480-800 residue
Vm, % 3,0 6,96 30,0 15,6
V, %/min -0,32 -0,65 -1,2 -0,47 44,4

As follows from the analysis of the obtained data, the process of mass loss by xerogels
proceeds through several stages. For all samples, the initial stage of mass loss (about 3%) in the
temperature range 125-150 ° C takes place in the endothermic region with low mass loss rates (—
0.26 —0.32 % / min). This is probably due to the removal of residual solvent from the porous of
the gel. Significant mass loss of TF gel begins at a higher temperature (at 295 ° C) then TLF gels
containing 50 and 67% lignin (at 272 and 232 ° C, respectively). The intensive mass loss of TLF
gel samples is basically completed to a temperature of 480 ° C.

A sample of TLF gel containing 50% of lignin loses the more mass in the temperature
range up to 480 ° C and forms a carbonized residue with a lower yield (38.2%) than a sample of
TLF gel (44.4% ) with a higher content of lignin (67 %).

It was found that the obtained organic TF and TLF gels are not combustible materials
even at high temperatures (600 °C). In the presence of air, they do not burn, but are gradually
transformed into carbonaceous material. Due to such thermal properties, these gels have
prospects for the use as flame retardant materials.

Conclusion

For the first time it is proposed to use for the synthesis of organic gels a new renewable
source of natural polyphenolic compounds — tannins and ethanol lignin, isolated from fir whose

resources are large in many countries.
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New types of organic gels (xerogels) were obtained by condensation with formaldehyde
of tannins and ethanol lignin isolated from fir bark and wood.

Tannin-formaldehyde gels obtained in an acidic medium are harder and stronger than gels
obtained in an alkaline medium. However, they have increased brittleness and are prone to
cracking when dried in vacuum. Bulk density and total porosity of organic gels can be controlled
by adding lignin to the reaction mixture in ratios of 0.2 to 2.0.

The formation of TLF gel with the lowest apparent density (0.11 g/cm’) is observed at the
lignin concentration in the reaction mixture 50%. The addition of ethanol lignin improves the
bulk properties and flexibility to the obtained TLF gels.

Fir ethanol lignin which characterized by a homogeneous composition and the absence of
sulfur and mineral impurities is a good alternative to technical lignins in the production of
organic and carbon gels.

The good solubility of tannins and ethanol lignin and their close molecular weights (1880
and 1740 g/mol, respectively) provide the formation of homogeneous solutions, which promotes
the condensation reactions with formaldehyde and the formation of homogeneous TLF gels.

FTIR study confirmed the formation of —CH»- and —CH,—O—CH,— bonds in the process
of xerogels formation. It was shown by SEM that the TF gel has is a three-dimensional cross-
linked framework formed by nodules of micro or nanoparticles. For TLF gels, unlike TF gels, an
increase in the size of dense spherical particles is forming a three-dimensional cellular structure
and cavities 5—10 pm in size is observed.

Tannin-formaldehyde gels are more thermally stable than tannin-lignin-formaldehyde
gels. There organic gels are non-flammable polymers and have potential for the use as flame
retardant materials.

Available and non-toxic tannins and ethanol-lignin, extracted from renewable fir
biomass, are an alternative to petroleum derived resorcinol and phenol used in the synthesis of
organic and carbon gels.

The reported study was supported by Russian Science Foundation, grant N 16-13-10326.
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