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Abstract. The paper describes a promising route for the synthesis of novel organic xerogels from
naturally occurring, renewable resources using pine-derived polyphenols as suitable initial precursors
with relatively low cost. Methods of organic xerogels synthesis based on the use of condensed tannins
and ethanol lignin isolated respectively from pine bark and wood are proposed. The effect of cross-
linking agent nature — formaldehyde or furfuryl alcohol on the porous structure of resulting organic
tannin (lignin)-formaldehyde and tannin (lignin)-furfuryl xerogels was established. Denser tannin-
formaldehyde xerogels are subjected to shrinkage (up to 50 %) in processes of drying, and their bulk
density ranges in 0.73—0.80 g/cm?. Porous tannin-furfuryl xerogels almost do not shrink at drying and
have bulk density 0.30-0.42 g/cm?. The addition of ethanol lignin to the reaction mixture decreases the
shrinkage of organic xerogels, whereas the addition of surfactant has a weak effect on the shrinkage. The
chemical and porous structure of organic xerogels was investigated by FTIR, BET and SEM methods.
FTIR results showed that lignin-containing xerogel possesses more numerous surface functional groups
due to an inclusion of ethanol lignin in the gel structure. According to SEM, the three-dimensional
network is characteristic for tannin-formaldehyde xerogels which is built from crosslinked polymer
chains formed by globular particles with size about 40—50 nm. The tannin-furfuryl xerogels structure

is formed by large agglomerates of particles with size up to 100—150 nm.
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CuHTe3 U CBOMCTBA OPraHM4YeCKUX KceporeJsiei

Ha OCHOB¢ HOJII’I(l)eHOJIOB KOPbI U IP€BECHHBLI COCHBI

H.M. MukoBa, A. M. Ku:xaen, U.I1. UBanos,

B. A. Jlenanckmuii, O.I1. Tapan, b. H. Ky3neuos
Huemumym xumuu u xumuyeckou mexnonocuu CO PAH
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

AHHOTanus. B craTbe onuceIBaeTCs MEPCIIEKTUBHBIHA Ty Th CHHTE3a HOBBIX OPraHMYECKNX Kceporeiei
U3 MPUPOJIHBIX BO30OHOBIISIEMBIX PECYPCOB C UCIIOJIB30BAHUEM IOJIM(EHOIOB COCHBI B KAYECTBE
MTOJXOISIIIIUX UCXOAHBIX MPEAIIECTBEHHUKOB C OTHOCHTEIBHO HU3KOH CTOMMOCTBIO. [Tpenioxkenbl
METO/bl CHHTE3a OPraHUYECKUX KCepOoresiei, OCHOBaHHbIE Ha UCIIOIb30BAHMHM KOHJICHCUPOBaHHbIX
JyOMIJIBHBIX BEIIECTB ¥ ATAHOJUINTHIHA, BBIJICICHHBIX COOTBETCTBEHHO M3 KOPBI U IPEBECHHBI COCHBI.
YcTaHOBIICHO BIIMSIHUE NIPUPOJIBI CIIMBAIOIIEr0 areHTa — popMaibaeruaa uiu Gpypdypuiaooro
CIIMPTA HA IOPUCTYIO CTPYKTYPY 00pa3yIoNIMXCs OPraHNnIeCKNX TAHHUH(JIUTHIUH)-(QOpMabaer U THBIX
U TAHHUH(IUTHUH)- (Y pdYpUIIOBBIX Keeporenei. boree rioTHble TaHHUH-(QOpPMabIETUIHbIE KCEPOreu
roziBepKeHbl ycake (10 50 %) B mpoleccax CyIIKH, ¥ MX HACBIITHAS MIIIOTHOCTH KOJIEOJIETCs B Ipeieax
0,73—0,80 r/cm?. TlopucTthie TaHHUH-(QypPYPUITIOBEIE KCEPOTelI MPAKTUYECKH HE JA0T YCAIKH TIPH
BBICBIXaHUH U UMEIOT HACBIIHYIO I10THOCTH 0,30—0,42 r/cm?®. JloGaBienne B PEAKIIMOHHY IO CMECH
ATaHOJUIMTHUHA CHHIKAET yCaJIKy OpraHH4ecKux Kceporedeii, a nodasnenue [1AB ciabo BiusieT
Ha ycaKy. XUMHYECKYIO U OPUCTYIO CTPYKTYPY OPraHMUECKUX KCeporesei nceiaenoBain MeToaaMu
FTIR, BET u SEM. Pesynsratsl UK-®ypbe mokasanu, 9To KCeporenb, CoAepKaIUi TUTHIH, UMEeT
OoJIbIIIee KOTUYECTBO NOBEPXHOCTHBIX (DYHKIIMOHAJIBHBIX TPy 32 CUET BKIJIIOYCHHS B CTPYKTYPY
resist araHo/uMrHKHA. [To nanueiM COM, 11 TaHHUH-(QOPMaJIbJETHIHBIX KCeporesei xapakTepHa
TpeXMEpHasi CeTKa, IIOCTPOSHHAs U3 CIINTHIX MOJUMEPHBIX Lenel, 00pa3oBaHHBIX III00YJISIPHBIMHU
yacTuiamu pazmepom okosio 40—50 um. CtpykTypa TaHHHH-(QYpdYpHIOBBIX KCeporeei o0pa3oBaHa

KpYIHBIMU arjoMepaTaMu 4acTtul pazmepom 10 100-150 um.

KuaroueBble cj10Ba: COCHOBEIM TAHHUH, 9TaHOJUJIMTHUH, OPraHUYCCKUC KCEPOIrein, MUKPOCTPYKTYpa,

MOPHCTOCTb.

— 370 —



Journal of Siberian Federal University. Chemistry 2023 16(3): 369-382

Bbaaropapnoctu. Pabora BeinonHeHa B pamMkax OroketHoro npoekta 0287-2021-0017 nist UuctutyTa
xuMuH 1 xumudeckoit rexHonoruu CO PAH c ncnons3oBannem obopynoBanust KpacHospckoro kpaeBoro

HeHTpa Hay4yHoro odopyaoBanusi CO PAH.

Huruposanue: Mukosa H. M., XKuxaes A. M., sanos U.I1., Jlesnanckuii B. A., Tapan O.I1., Ky3neuos b. H. Cunres u cBoii-
CTBA OPraHMYECKUX Kceporeseil Ha 0CHOBE MOIH(EHOIIOB KOPHI U ipeBecHHbI cocHbL. JKypH. Cub. penep. yH-Ta. Xumus, 2023,
16(3). C. 369-382. EDN: NLY YNF

1. Introduction

In recent years, researchers pay considerable attention to the modification and optimization of
methods for producing porous materials and polymers, in particular, organic and carbon aerogels —
porous materials with three-dimensional nano-network structure. The known methods of organic gels
synthesis are based on sol-gel polycondensation reactions of phenol, resorcinol, catechol, cresol and
other polyphenol compounds with aldehyde (formaldehyde etc.) in a suitable solvent and following
drying at special conditions (subcritical, supercritical or ambient drying) [1-4]. The improving methods
of synthesis of organic gels using renewable wood biomass as raw materials are an actual research task
[5-7]. In recent years the more environmentally friendly plant polyphenols such as tannins and lignin
are used for synthesizes of polymer gels and resins [2, 6-9].

However, the major issue limiting is that the preparation of the most organic aerogels needs such
expensive and time-consuming synthesis cycle as including drying step [10, 11]. Rigorous drying
conditions (especially freeze drying and supercritical CO2 drying) inevitably required because of the
surface tension of liquids during drying [1, 2]. Therefore, replacing costly supercritical drying step by
a simple, subcritical drying would be much cheaper and easier. Such more cost-effective method of
drying of organic gels is for as drying at ambient conditions.

The commercial tannins isolated from bark or wood of acacia and mimosa (named wattle and
quebracho tannins) have received the greatest demand in the gel synthesis. The base structural units
of condensed quebracho tannins are mainly flavonoids of prorobinetidine (acacia) or prophisetinidine
(mimosa) types [6, 9, 12, 13]. Procyanidin-type condensed tannins extracted from pine bark (Pinus
radiate, Pinus pinaster) were used too to prepare the tannin-based foams with promising properties as
insulation materials [14]. All of these types of tannin are typical representatives of phenol substances
of pyrocatechol group and they are considered as condensed products of two or more units of flavan-3-
(di-)ols.

A bark of Siberian pine (Pinus Silver. Ros) also is a perspective source of condensed tannins
presented mainly by oligomers of procianidine and prodelfinidine flavonoids [15]. Therefore they will
interact with aldehydes to form cross-links, as is the case with resorcinol- or phenol-formaldehyde
systems [13, 16].

Lignin, as known, is polyphenol substance with reactive hydroxyl groups. So it can partially
replace more expensive phenolic compounds of natural (tannins) or synthetic (resorcinol) origin in
gelation reactions with aldehydes [9, 17]. Lignin isolated from a wood by using organic solvents,
being a sulfur-free material is a more suitable source for synthesis of aerogels [8, 17, 18]. The use
of branched lignin macromolecules in polycondensation reactions makes it possible to regulate the

texture characteristics of resulting gels [8, 9, 19]. Despite the growing interest in the use of lignin as
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a rich raw-material for the production of new functional materials, there are few studies on the use of
organosolv lignins for the preparation of the corresponding aerogels.

It is known, the one strategy for minimizing shrinkage during the drying process may consist in
using surfactants [20]. Surfactants able to decrease the surface tension of the solution to be evaporated,
thus introducing additional porosity of gels. However, the influence of surfactants aimed for regulating
the porosity of gels to shrinkage prevention on the solvent/polymer interface into pores at gel drying
is ambiguity [13, 21].

Formaldehyde is the most widely used cross-linking agent in the synthesis of organic gels [9,
12]. Besides, such furan compounds as furfural aldehyde and furfuryl alcohol have also ability to
participate in crosslinking reactions to chain or consecutive polymerization that supplies the obtaining
of materials with valuable properties (foams, fibers, elastomers and others) [2, 6, 14, 22]. The furfuryl
alcohol is the most important furan derivative produced on an industrial scale from hemicelluloses
which contained in biomass [23], and it has a wide ranges of applications [7, 14, 22].

The present research has focused on the synthesis of organic xerogels prepared from pine
tannins and additives of the ethanol lignin or surfactant, taken in various ratios with cross-linkers.
In the given work, we have developed a sustainable and economical synthesis of organic xerogels
on bases of polyphenol substances, isolated from pine bark (tannin) and from pine wood (ethanol
lignin), performed using polycondensation reactions with formaldehyde or furfuryl alcohol, and
by subsequent ambient condition drying. As a result of the study, the influence of the nature of
polyphenols (tannins and ethanol lignin) and crosslinking agents (formaldehyde and furfuryl
alcohol), ratio of polyphenol/ crosslinking agent and surfactant additives on the porous structure
of the resulting gels was established. A special attention was dedicated to the different shrinkages
occurring during the elaboration process. A thorough structural characterization of the obtained

xerogels and their properties was carried out.

2. Experiments
2.1. Materials

The pine tannins (7)) extracted by ethanol from the bark of Siberian pine (Pine Silver Ros.) were
used for gel synthesis. The pine tannin extract (C — 57.3; H — 6.5; ash — 0.4 % mass) had a weight
average molecular weight (My) of 1132 g/mol and a polydispersity of 1.915. The ethanol lignin (L)
was isolated by pine wood treatment with 60 % ethanol solution at the temperature 180 °C according
to technique described in [24]. The elemental lignin composition is: C — 67.0; H — 6.3; ash — 0.25
(% mass). The furfuryl alcohol of analytical grade (Belgium) was used as 98 % solution without
additional purification. The 37 % solution of formaldehyde (Metafrax, Russia) was analytically grade.
The non-ionic monooleate sorbitan Span®80 (C,4H440¢, Germany) of analytical grade was used as

surfactant (S). The formaldehyde () and furfuryl alcohol (¥4) were used as crosslinking agents.

2.2. Preparation of xerogel samples

Preparation of organic tannin-(lignin)-formaldehyde (7+L)/F alcohol gels was carried out in
ethanol medium according to technique described in [9]. Synthesis of tannin-(lignin)-furfuryl (7+L)/
FA gels was carried out with use of furfuryl alcohol according to technique described in [25] with some

modification.
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In typical experiment the polyphenolic substances were dissolved in ethanol in the required
concentration and then formaldehyde solution was added. The mass ratios of polyphenolic component
(tannin and lignin) to crosslinking agent (formaldehyde or furfuryl alcohol) were 1:1.5 and 1:2. The
pH was adjusted to 3 for all samples by addition of 37 % HCI. The homogenous reaction mixture
was placed in hermetically closed 25 ml glass tube and was kept at temperature 75+2 °C for 5 days
in ventilated oven. After that the formed gels were removed from test tubes in the form of cylindrical
samples and cut into fragments 15-20 mm in size. The samples were placed in a flask with ethanol,
which was gently shaken using an orbital shaker at temperature 40 °C for three days. Ethanol was
replaced daily to remove by-products of polycondensation from the pores of the gel.

Then the resulting gel samples were dried to a constant weight at 60 °C using a rotor evaporator

under the ambient conditions.

2.3. Physico-chemical characterization

IR absorption spectra of organic xerogels were registered on FTIR spectrometer Shimadzu IR
Tracer-100 in the range 4000—400 cm™' with a resolution of 4 cm™!. The samples were pressed in KBr
matrix (3.0 mg/997 mg of the matrix). The spectral information processing was performed using the
LabSolution IR software package.

The porous characteristics of xerogels were determined using the automatic adsorption analyzer
ASAP 2020 (Micromeritics, USA). The nitrogen adsorption/desorption isotherms were measured
at—196 °C in relative pressure (P/Py) range from 0.005 to 0.995. The samples were preliminary degassed
at temperature 80 °C under vacuum for 24 hours. The next parameters were used to characterize the
porous structure: specific surface area determined by BET-method from adsorption branch of isotherm
(Szz7), total pore volume calculated from N, adsorbed volume at P/Po > 0.995 (V},,). The calculations
of micropore volume (V,;.,,) and micropore surface area (S,,;..,) were done with the use #-plot method,
and micropore diameters were calculated by DFT method. The mesopore volume (V,,.5,) and average
mesopore diameter (D,,.s,) were calculated from desorption curve of the adsorption isotherm, using of
Barrett-Johner-Halendar model (BJH).

The apparent density p,p, (g/cm?) of the organic xerogel was calculated as a ratio between
the mass of the crushed sample and the volume occupied by it using the results of three parallel
measurements.

The CHN elemental analysis of samples was conducted on a Thermo Quest Flash EA-1112
elemental analyzer (Italy).

The microstructure of the samples was studied by scanning electron microscopy in secondary
electrons with the use of SEM S 5500 (Hitachi, Japan). The samples were preliminary covered by
platinum (about 1.5 nm) with the use of magnetron sputter coater K575X (England).

3. Results and discussion

3.1. Investigation of physico-chemical characteristics

The tannins and ethanol lignin isolated from pine bark and wood respectively were used for
organic gel syntheses. The mixing of tannin pine extract (7)) and formaldehyde (') in a mass ratio 1:1.5
and 1:2 at room temperature leads to fast gel formation in both cases. The point of gel formation that

is characterized the ability of the mixture to polymerize was achieved in the first case during the first
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minute and in the second one for 10 minutes after mixing of the components. Thus formaldehyde can
easy react with tannin molecules providing a crosslinking effect.

The photographs of the organic xerogels that retain the shape of blocks after stages of ageing,
purification and vacuum drying are presented on Fig.1. The resulting tannin- formaldehyde xerogel
(in proportion 1:1.5) prepared without any additives is a tight monolith block of brown color with
smooth surface (Fig. 1a). The increase of 7/F ratio to 1:2 results in the formation of looser xerogel with
bulk density 0.73 g/cm? (Table 1).

The tannin-formaldehyde xerogels obtained under conventional drying conditions were very
dense as subject to strong shrinkage (up 50 %) that is likely correlates to pore size. These xerogels
have more bulk density (0.73—0.78 g/cm?) as compared to T/F gel synthesized by us earlier in
analogical manner from fir tannin but dried with using of freeze dryer (0.67 g/cm?) [19]. As received
in literature, narrower pores lead to higher capillary stresses and hence to higher volume losses
upon drying [13]. The known organic 7/F aerogels on the bases of querbacho tannins have yet the
less bulk density values (0.44—0.56 g/cm?) owing to their supercritical drying that minimizes the
shrinkage [12].

The more visible variations in the block form of organic xerogel (Fig.1b) and its density are observed
after the ethanol lignin (L) addition in quantity of 50 % to tannin mass. After drying it has the brown
color and was less smooth surface characterized and lower bulk density (0.60 g/cm?) in comparison
with tannin-formaldehyde xerogel. During the drying its shrinkage was 30-35 %. It is known that the

additions of lignin in the synthesis of acrogels and cryogels can reduce the shrinkage of the gel because

a-T/F b-(T+L)/F c-(T+S/F d-T/FA e-(T+S)/FA f-(T+L)/FA

Fig. 1. Photographs of the samples of tannin-formaldehyde (a-c) and tannin-furfuryl (d-f) xerogels

Table 1. Characteristics of organic pine tannin-derived xerogels

Xerogel samples i?g;ﬁ) (r):lizr: C, % mass. H, % mass. Bl;l}(g(}:rlrlls}ny
TIF 1.0:1.5 63.5 6.3 0.78
TIF 1:2 60.4 5.2 0.73
(T+S)/F 1.0:1.5 62.4 6.1 0.80
(T+L)/F 1.0:1.5 65.9 4.6 0.60
T/FA 1.0:1.5 65.3 49 0.36
TIFA 1:2 66.0 5.3 0.42
(T+L)/FA 1.0:1.5 66.8 4.8 0.50
(T+S)/FA 1.0:1.5 64.7 5.1 0.30
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large lignin molecules contribute to the formation of macropores during polycondensation [18, 26].
The obtained (7+L)/F xerogel probably is a copolymer of tannin and lignin macromolecules.

As noticed above, the addition of surfactant to reaction mixture can to decrease shrinkage of
organic gel at drying. This effect may depend on the nature and concentration of the initial components,
as well as on the strength of the crosslinking and the size of particles forming the gel [21]. We revealed
that the addition of surfactant SPAN®SO0 to the 7/F mixture did not prevent the shrinkage of the
(T+S)/F xerogel at drying. On the contrary, the surfactant contributes to the formation of slightly more
dense packing and increases bulk density of the resulting gel to 0.80 g/cm? (Table 1). During drying
in vacuum, the sample (7+S)/F was subjected to shrinkage and become brittle, that led to partially
destruction.

When furfuryl alcohol is used as crosslinking agent, the resulting gels are produced in the form
of monolith blocks after heating at 73—75 °C for 2—-3 hours. The gelation process in this case is longer
than using formaldehyde due to the lower reactivity of furfuryl alcohol [27]. T/FA xerogels looking as
the rigid and light blocks of yellow-brown color were obtained after drying (Fig.ld-e) The resulting
sample with a 7/FA ratio of 1:1.5 has extended cavities (Fig. 1d), and its bulk density is 0.36 g/cm?. The
appearance of these cavities is probably due to the fact that at low concentration of FA the resulting sol
does not form a continuous polymer network, as observed for phenol-furfural gels [25].

The addition of pine ethanol lignin to tannin-furfuryl mixture (1:1.5) increases the bulk density of
the xerogel (T+L)/FA from 0.36 to 0.50 g/cm?. In contrast, the addition of surfactant to the 7/FA4 mixture
decreases the bulk density of the resulting gel to 0.30 g/cm?. The samples of (T+L)/FA and (T+S)/FA
gels after drying have no visible caverns in their texture (Fig. le, ).

In the case of the sample with 7/FA ratio 1:2 the time of gel formation is decreased due to higher
concentration sol particles. The increase in the number of crosslinks during polycondensation leads
to a decrease in the size of the particles forming the gel and to the reinforcement of the gel. Along
with the formation of a large number of crosslinks between tannin aromatic rings, the formation
of methyl bridges between two furan rings is possible. The ability of furfuryl alcohol to undergo
polycondensation in an acidic medium was reported in [27]. After drying the 7/FA (1:2) xerogel keeps
the shape of monolithic block with bulk density of 0.42 g/cm?.

It is known that the shrinkage of organic gels takes place either due to the fragile network of the
gel or due to the high capillary pressure inside of micropores of the gel matrix [9, 17, 21]. The density
of cross-linking in gel precursors has significant effect on its microstructure and bulk density. Probably
in our case the ethanol lignin acts as co-reagent in (7+L)/FA system and promotes the formation of
additional links with furfuryl alcohol participation. The reduction of bulk density of the xerogel (7+S)/
FA (1:1.5) is probably due to the weak fixation of surfactant molecules in gel matrix therefore; its

molecules release the pores in the process of washing the gel with ethanol.

3.2. Microstructure and morphology

The morphology of tannin-containing xerogels obtained with the use of formaldehyde was
characterized by SEM method. The cross-section images of organic xerogels of different composition
are presented on Fig. 2. The matrix of 7/F xerogel is formed by compact globular particles with size
about 40—-50 nm which are closely connected in chains forming a developed spatially cross-linked

structure (Fig. 2a). The porous structure of this sample is represented by uniformly distributed pores
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Fig. 2. SEM images of the organic tannin-formaldehyde xerogels

of 30—70 nm in size and by a few labyrinth channels between polymer chains with sizes up to 100 nm.
The structure of 7/F xerogel is very similar to resorcinol-formaldehyde and tannin-formaldehyde gels
reported in literature [13, 16].

The spatial structure of (7+S)/F xerogel is less branched and more tough (Fig. 2b). It is based on
a compact packing of rough spherical particles of distorted shape with a sizes < 50 nm which form
a matrix of with pores of preferred sizes 50-100 nm. The addition of surfactant slightly changes the
porosity of T/F xerogel. The matrix of (7+L)/F sample (Fig. 2c) is formed mainly from conjoined
globules with size about 50 nm and its structure contains the separate aggregates up to 200—250 nm
in size. The pores distribution patterns in the matrix of this sample is less uniform compared to 7/F
xerogel. The average size of the pores is about 50 nm and there are open cavities up to 100 nm in size
between particle aggregates.

As clearly seen from Fig.3, the internal structures of organic xerogels obtained with the use of
furfuryl alcohol as linking agent in ratios 1:1.5 and 1:2 are markedly different from those of tannin-
formaldehyde xerogels. The matrix of the sample of 7/FA (1:1.5) is constructed from aggregates of
fused globular particles with a size about of 100—150 nm (Fig. 3a). The xerogel porous structure is
represented by open meso- and macropores with sizes of 50—150 nm. There are also separate cavities
up to 200-300 nm in size. The close accretion of small globules (50 nm) in chains provides greater

mechanical strength of the xerogel and the stability of its spatial structure to compression. The presence

Fig. 3. SEM images of organic tannin-furfuryl xerogels in ratios: a — 1:1.5; b — 1:2
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of relatively large numbers of voids between polymer chains contributes to the reduction of the density
of T/FA xerogel.

At increase in the 7/FA ratio from 1.5 to 2 changes the shape of the particles forming a rigid
xerogel framework (Fig. 3b). The separate small particles (50 nm) are not observed in this structure.
The closely spaced particles form a matrix with wide variety of labyrinth pores in shape and size (from
units to hundreds of nanometers). The number of open pores and their dimension between xerogel
particles is decreased with the increase of 7/FA ratio. The absence of typical for organic xerogels
nodular network structure allows classifying 7/FA (1:2) sample to aerogel foams [6, 22].

According to SEM data the structures of tannin-furfuryl xerogels with the additives of lignin and
surfactant (images not shown) are formed by aggregated particles of irregular shape and size (50—-150
nm). The (7+S)/FA sample has a rough surface with large unstructured hollow cells. Some particles
stick together into big aggregates about 1 pm size.

Comparison of the xerogels structure synthesized with the use of formaldehyde and furfuryl
alcohol shows that 7/F xerogel has more closely packing structure and small number of macropores.
Sample of 7/FA gel has less ordered structure and tight particle association in rigid cavernous matrix
with large pores. Probably, during condensation process the formaldehyde molecules form more
crosslinks with tannins than larger furfuryl alcohol molecules. As a result, 7/F xerogel has a denser
structure than 7/FA gel.

3.3. Porous texture characteristics

Isotherms of nitrogen adsorption—desorption at —196 °C on the samples of tannin-formaldehyde
(Fig. 4a) and tannin-furfuryl (Fig. 4b) organic xerogels (1:1.5) correspond to IV type typical for
mesoporous materials [28].

The hysteresis loops inherent type IV isotherms indicate the condensation of nitrogen molecules
in mesopores. The wider hysteresis loops and earlier start of capillary condensation indicate a wider
pore size distribution in (7+L)/F sample (Fig. 4a, curve 1) compared to 7/F one (Fig. 4a, curve 2) [12].

Presented in Table 2 data demonstrate such characteristics of porous structure of xerogels as
specific surface area (Sggr), total pore volume (Vy), diameter of pores (Dyore) and specific surface of

micropores (Smicro)- As seen, the main characteristics of porous structure of 7/F (1:1.5) xerogel are

o 2
2, -
Lar]

£ E
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o =
S a
a 2 =
= o
s 3

[
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0 02 04 08 08 1
P/Po P/Po

Fig. 4. Isotherms of N , adsorption-desorption on the tannin-formaldehyde (a): 1 — (T+L)/F, 2 — T/F, 3 — (T+S)/F
and tannin-furfuryl samples (b): 1 — T/FA; 2 — (T+S)/FA; 3 — (T+L)/FA organic xerogels
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Table 2. Characteristics of porous structure of tannin-formaldehyde and tannin-furfuryl organic xerogels

Sample Sger, M2/g V., cm/g D pore, N Sicro, M2/g . Drneso, nm .
sorption desorption

T/F, 1:1.5 21.1 0.05 4.1 4.0 6.4 4.6
(T+L)/F, 1:1.5 324 0.07 44 49 95 74
(T+S)/F, 1:1.5 15.5 0.06 43 2.3 12.1 10.9
TIF, 1:2 9.6 0.04 6.8 1.3 11.3 10.2
T/IFA, 1:1.5 117.5 0.44 7.4 19.5 12.4 11.1
(T+S)/FA, 1:1.5 73.3 0.28 7.6 10.9 12.2 11.2
(T+L)/FA, 1:1.5 41.6 0.14 6.5 2.5 11.2 10.5
TIFA, 1:2 21.5 0.08 53 2.1 11.6 11.1

some changed in the presence of lignin and surfactant, and they vary within the following limits: Sgpt
between 15.5 and 32.4 m?/g; V. from 0.05 to 0.07 cm*/g; D,,,,. between 4.1 u 6.4 nm. The increase of
T/F ratio to 1:2 in gel synthesis leads to a more pronounced reduction of the specific surface area of
xerogel from 21.1 to 9.6 m?/g, surface area of micropores from 4.0 to 1.3 m?/g and to the increase of
average pore diameter from 4.1 to 6.8 nm.

The sample of T/FA (1:1.5) xerogel has the higher values of Sgpr 117.5 m?/g, Spicro 19.5 m?/g and
Vot 0.44 ¢cm?/g. The additives of lignin and surfactant reduce these porous characteristics of tannin-
furfuryl xerogels (Table 2). In a greater extend, to the decreasing in all parameters of porosity leads
to the increase in the 7/FA ratio from 1:1.5 to 1:2: the specific surface area declining from 117.5 to
21.5 m?/g, the average pore size from 7.4 to 5.3 nm, micropore surface from 19.5 to 2.1 m?/g and pore
volume from 0.44 to 0.08 cm’/g.

The average pore diameter values (D,,.,,) calculated by BJH method are higher for 7/FA4 xerogels
(10.5-11.2 nm) than that for 7/F samples. A close coincidence of the pore diameter values determined
from adsorption and desorption isotherm may indicate a developed mesoporous structure of 7/FA
xerogels. A significant difference in the total pore volume for 7/FA xerogels of various compositions
(from 0.08 to 0.44 cm’/g) is probably due to the difference in the degree of cross linking of the gel

framework during polycondensation of tannins with furfuryl alcohol.

3.4. FTIR-study

The chemical structure of organic xerogels was studied by FTIR method. It is revealed that the
IR spectra of tannin-formaldehyde and tannin-furfuryl samples (Fig. 5) contain different absorption
bands indicating the presence of significant number of functional groups and chemical bonds.

The wide absorption band for all samples in the region of 3400 cm™' belongs to the stretching
vibrations of O—H absorption due to the phenolic and aliphatic hydroxyl groups. Absorption bands
at 2970, 2930 and 2780 c¢cm™! refer to vibrations of C—H bonds in CH,- and CH3-groups and in furan
molecules. The intensive band at 1610 cm™ belongs to skeleton C—C vibrations of aromatic rings
[29]. Absorption bands at 1460 and 1350 cm™ correspond to deformation vibrations of -CH,- group
in phenol structure [29]. The band around 1460 cm ! is associated with the formation of methylene

bridges between the aromatic rings as described in the literature [18]. The presence of absorption bands
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Fig. 5. FTIR spectra of organic xerogels (1:1.5): 1 — T/F; 2 — (T+L)/F; 3 — (T+S)/F; 4 — (T+L)/FA

in the region between 1194 and 1036 sm™ indicates the formation during polycondensation process the
methylene and methylene-etheric bridges which connect the aromatic rings [30].

The spectrum of (7+L)/F sample contains more complex functional groups due to the complicated
linkages in the lignin component (Fig. 5, curve 2). An increasing in the intensity of absorption bands
at 1278, 1034, 873 and 815 cm! characteristic of lignin of G-type (guaiacol) is observed that indicates
the inclusion of ethanol lignin in the gel matrix during polycondensation process. Also, there is an
observable peak at 1512 cm™! in the IR spectrum of lignin-contained xerogel which is a characteristic
peak for softwood lignin [18].

The IR spectrum of (7T+L)/FA contain absorption bands at 1167 and 1020 c¢cm™!, which can
be attributed to stretching vibrations of C—O—C bonds in -CH,—O—CH,- bridges or stretching
vibrations of C-O bonds [30]. The absorption band at 1513 ¢cm™! likely indicates the present lignin
in xerogel composition [18]. The increase of intensity of band at 1712 cm™! that belongs to vibration
of carbonyl group (—C=0) can point out the opening of the furan ring during polycondensation
process [27]. The band at 789 cm™! presented in spectrum of 7/FA sample is characteristic of furan

derivatives.

4. Conclusion

In summary, the novel organic xerogels synthesized by sol-gel polycondensation formaldehyde
and furfuryl alcohol with non-toxic tannins and ethanol lignin isolated respectively from pine bark
and wood were prepared by using a convenient drying process under reduced pressure. Correlations

between synthesis parameters and final material properties were obtained. It was established that by
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variation of the reaction mixture composition, and its ratios with crosslinking agent (formaldehyde or
furfuryl alcohol) it is possible to regulate the characteristics of the porous structure of resulted xerogels
and their properties.

It was found that the porosity of the tannin-formaldehyde 7/F xerogels is lower than that of
tannin-furfuryl xerogels. It depends in a greater extends from the nature of pine polyphenols and
the crosslinking agent, as compared to the presence of surfactant additive. 7/FA xerogels are stable
to shrinkage and have lower density (0.3—0.42 cm?/g), higher specific surface (up to 117.5 m?/g) and
pore volume (0.44 cm?®/g) compared to 7/F xerogels. The microstructure of the tannin-formaldehyde
xerogels is a spatially branched network of interconnected globular particles with a size about 40-50
nm in the case of tannin-formaldehyde xerogels. The tannin-furfuryl xerogels are formed by more
large particles (up to 100 nm).

The knowledge gained in these studies, would allow researchers better to use as suitable pine-

derived source tannins and organosolv lignin for a synthesis of organic and carbon xerogels.
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