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Abstract: In this study, tannin-furanic-based foams enforced with H3BO3 and ZnCl, are investigated,
as well as their properties such as mechanical strength, specific surface area, and pore size
distribution. From an industrial point of view, the aforementioned properties of these foams play a
key role when used as catalyst, adsorbent, or gas storing materials. Therefore, this study aims to
prove that such enforced tannin-furanic foams are promising materials for these types of applications.
According to the results, materials that are up to five times stronger can be achieved by carbonizing
the foams in comparison to maturing them. With physical activation, it was possible to obtain a
specific surface area as high as 845 m%g with a pore volume of up to 0.35 cm®/g. Chemical
activation, using ZnCl; as the activating agent, produced a specific surface area and pore volume of
737 m%g and 0.31 cm®/g. However, the pore sizes were mostly microporous, independently of
activation procedure used.
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1. Introduction

Formulations and properties of tannin-based rigid foams have been widely studied. Physical
properties of the tannin furanic foams like fire resistance, mechanical strength, adsorption of metals,
conductivity and permeability have been reported by [1,2]. The foams have proved to be rather
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brittle with a low level of mechanical strength. A number of methods for preparing more rigid and
stable tannin based- foams have also been published [3-5].

Tannin-based foams are generally produced using cross-linking agents such as formaldehyde,
these agents are forming chemical bridges between the individual condensed or hydrolysable tannin
molecules. Due to the toxicity of formaldehyde, more environmental friendly substances, like
furfuryl alcohol or glutaraldehyde, are being used in the preparation. In the case of furfuryl alcohol,
it acts as a heat-generating agent through both its auto-polymerisation and for its reaction with the
tannin acid under acid conditions [3,6], as can be seen from Figure 1. The tanninic-furfuryl based
structure is created by this polymerization reaction. Furthermore, the addition of furfuryl alcohol
increases to some extent the mechanical strength of the tannin foams. The foaming process itself is
carried out by adding a low boiling-point solvent such as pentane or diethyl ether as a blowing agent
into the tanninic-furfuryl backbone. The highly exothermic polymeric reaction under acid condition
generates the heat that is required to evaporate the blowing agent which raises the foam [1,7].

In the production process of activated carbons, the organic material is first carbonized at
temperatures of 673-973 K, in this process most of the volatile components are released as pyrolysis
gases in combination with the breakdown products from cellulose, hemicellulose and lignin, as
pyrolytic oil [8]. The product from the carbonization stage is a solid with high carbon content,
typically in the range of 60—70% calculated on a mass basis, depending on the starting material and
the process parameters used.

In the second stage with physical activation, the carbons are activated to activated carbons using
temperatures in the range of 973-1173 K in combination with activating agents, in the physical
activation gases like water (steam) or carbon dioxide (CO;) are used as activators. Steam activation
has an effect on the specific surface areas, pore volumes and pore size distributions and might
increase the O-content. A number of factors are affecting the properties of activated carbons
produced by physical activation, among them the biomass used, activation time and activation
temperature used [9].

An alternative activating method to produce activated carbons is chemical activation. In
chemical activation, chemical agents, e.g., zinc chloride (ZnCl,), KOH, NaOH, and H3PQO,, can be
used for activating carbon [10-13]. The procedure is rather simple, solutions containing the chemical
activation agent is impregnated to the surface of biomass, dried in an oven and finally activated in
the furnace at 673 to 873 K for 1 to 4 hours under an inert atmosphere (nitrogen atmosphere). After
the activation, the chemical activation agent is refluxed away with diluted mineral acid, filtered,
washed with water until pH is neutral and finally dried in an oven.
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Figure 1. Our suggested reaction mechanism for tannin acid with furfural alcohol.
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Chemical activation of the tannin furanic foams into activated carbons with ZnCl, and H3PO,
has been successfully done by [14]. According to the authors, it is possible to obtain specific surface
area as high as 1800 m?/g using ZnCl, as the activating agent followed by thermal treatment of the
Zn-impregnated foam. The carbons produced during this process were mostly micro-porous.
However, it might be possible to modify the pore size distribution with other activation methods like
physical activation using steam or CO,. Yet, information about physical activation of the tannin
foams with steam or carbon dioxide has not been reported in the literature.

Only few reports about the effects of additives, like boric acid and hexamine, on the physical
properties of the tannin foams have been previously reported [1]. Authors noticed that modification
of foams by addition of boric acid affected the properties of the doped foams in a positive way, the
doped foams had much higher fire resistance compared to the same type of foam without additives.
This finding is important, because so far the most interesting purpose of these tannin foams is to
replace flammable, non-environmental friendly, expensive polyurethane foams, used as insulating
materials in the building industry. In addition, tannin foams can be used in several other applications
as well. Floral foams, packaging materials, super capacitors, crash protection and ion adsorption are
suitable application for these tannin foams [1,15-17].

From a biological point of view, tannins are defined as water soluble phenolic compounds that
are able to bind or precipitate other molecules, such as proteins and metals, within aqueous
solutions [18]. Tannins are naturally occurring compounds that exists in fruits, woods, seeds and in
many vegetable oils. Tannins, also called polyphenols, can by divided in three groups: hydrolysable
tannins, condensed tannins and phlorotannins (see Figure 2). Especially the hydrolysable tannins,
which are used in this study play a major role in the polymerization reaction due to their high phenol
content [19]. The structure of condensed tannins is well known. They consist of 15 carbon atoms
arranged in three rings, as can been seen from Figure 2a [20]. Structurally, phlorotannins are the
simplest of all the tannins. They consist of one or more phloroglucinol units (Figure 2b) that are
attached to each other via C—C or C—O—C bonds and are mainly found in marine organisms [18,21].
Hydrolysable tannins structures are the most complex (Figure 2c¢). They consist of several molecules
of polyphenolic acid such as gallic or ellagic acid, and are bounded through ester linkages to a
central glucose molecule [22-24].
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(a) Condensed tannin (b) Phlorotannin (c) Hydrolyzable tannin

Figure 2. Three different types of tannins [19].
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In this article, a new type of tannin foams is produced and the properties such as specific surface
area, pore size distribution and mechanical strength are investigated before and after chemical and
physical activation procedures. In addition, novel information about physical activation of tannin
foams and its effect on aforementioned properties are studied and later on compared with foams
activated chemically with ZnCl, and H3BOs;. The aim of this article is to prove that higher
mechanical strength can be achieved, by first enforcing the tannin foams with ZnCl, or H3BO3; and
afterwards carbonizing them at high temperature, compared to the foams which are not carbonized
and carbonized without additives.

2.  Materials and methods

The commercial tannin acid (95%), furfuryl alcohol (98%), surfactant (Tween 85) used in the
experiments were ordered from Acros Organic. The catalyst, para-toluene sulfonic acid monohydrate
(PTSA), and blowing agent (n-pentane) were ordered from Merck Company. Technical grade ZnCl,
was delivered from VWR chemicals and H3BOj3 (99.4%) was order from J.T. Baker.

2.1. Foaming and maturation

Tannin furanic foams (TFF) with para-toluenesulfanoic acid (PTSA) (P) were prepared
according to the method described earlier by [25] and zinc chloride (Zn) and boric acid (B) based
TFFs, (TFFZn) and (TFFB) respectively, were prepared by modifying the method described in the
aforementioned article. Mixture of components is shown in Table 1, while samples were named
according to the catalyst, and curing parameters used in the foaming and maturing processes. For
example TFFB correspond to a foam, which was made using H3sBO3 as catalyst and later on matured
(M) at 378 K for 24 h.

Table 1. Overview of components used in the foaming process. TFF = tannin furanic
foam, FA = furfuryl alcohol.

Sample  FA Tannin acid  Catalyst Blowing agents Surfactant

name (98%) (95%) H;BOs PTSA ZnCl, n-pentane  Water ~ Tween 85
@ @ ) ©) () @) () ©)

TFFB 14 30 5.2 - - 4.5 9 2

TFFP 14 30 - 5.2% - 45 9 2

TFFZn 14 30 - - 19.5% 45 9 2

& Catalyst is dissolved in water to make 65% water solution.

In short, the ingredients; water, furfuryl alcohol and surfactant Tween 85 were added in
appropriate amounts and thoroughly mixed for 30 s in a one liter beaker. To this liquid mixture,
tannin acid was added and mixed with a mechanical stirrer (2000 rpm) for 5-10 min. The blowing
agent, n-pentane, was added to the homogenous solution followed by the addition of a catalyst,
PTSA. The mixture was quickly mechanically stirred for 5-10 seconds. In the case of TFFZn, similar
procedure was applied. Instead of PTSA, ZnCl, (65% water solution) was added after the blowing
agent and then quickly stirred mechanically for 5-10 seconds. In the case of TFFB, due to the poor
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solubility of boric acid in water, boric acid powder was added to the liquid mixture after the blowing
agent and quickly stirred mechanically 5-10 seconds. Foaming, with PTSA and ZnCl, occurred
within a few seconds (5-10 seconds) but the foaming with H3BO3; occurred after a few minutes
(5-10 min) when it was heated in an oven. All foams were then hardened in an oven using natural
convection for 24 h at 378 K. After the maturing, rectangular shaped samples (2 cm <0.9 cm %x1.4 cm)
from each foam were taken and further analyzed for mechanical strength. These foams were
considered as reference materials. In addition, from here on a letter M (matured) is added to the
TFFP, TFFB and TFFZn samples to avoid confusion with carbonized foams.

2.2. One step carbonization, physical and chemical activation of the samples

The TFFPM foams were cut into rectangular pieces and placed in a stainless-steel fixed-bed
reactor for physical (steam) activation and for carbonization without activation. Carbonization and
activation parameters are shown in Table 2. Samples were named according to the temperature and
the holding time used in the carbonization and activation processes. For example, the sample
TFFPAL corresponds to a matured foam, which was activated with steam at 1073 K for 1 hour (A)
and sample TFFPC1 correspond to a matured foam, which was carbonized at 1073 K (C) for 1 hour
without activation.

Table 2. Parameters used in the carbonization and activation processes.

Method Sample name Ramp (K/min) Activation agent  Temperature (K) Holding time (h)
Carbonization TFFPC1 10 None 1073 1
TFFPC2 10 None 1073 2
TFFPC4 10 None 1073 4
Physical activation =~ TFFPAL 10 Steam 1073 1
TFFPA2 10 Steam 1073 2
TFFPA4 10 Steam 1073 4
Chemical activation TFFZnAl 10 ZnCl, 1073 1
TFFZnA2 10 ZnCl, 1073 2
TFFZnA4 10 ZnCl, 1073 4
TFFBA1 10 H3BO; 1073 1
TFFBA2 10 H3BO; 1073 2
TFFBA4 10 H3BO; 1073 4

The reactor was placed in a tubular oven for the carbonization. During the heating process, the
reactor was flushed with an inert gas (nitrogen) in order to avoid oxidation. The oven temperature
was increased from room temperature to 1073 K using a 10 K/min heating ramp followed by
different steam activation times at the target temperature. After the physical activation, samples
TFFPALl, TFFPA2 and TFFPA4 were then further analyzed with various methods. TFFPAL,
TFFPA2 and TFFPA4 were cut so that their final dimensions were the same (2 cm ><0.9 cm ><1.4 cm).
These foams were analyzed for mechanical strength.

TFFZnM and TFFBM foams were chemically activated in a stainless-steel fixed-bed reactor.
Chemical activation agents here were ZnCl, and H3BOs3, catalyst added during the foaming process.
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Like in physical activation, the reactor was placed in a tubular heating oven for the chemical
activation. The oven temperature was increased from room level to temperatures shown in Table 2
using a 10 K/min heating ramp and different holding times. Samples were named in the same way as
in physical activation.

Chemically activated TFFZnAl, TFFZnA2, TFFZnA4, TFFBALl, TFFBA2 and TFFBA4
samples were cut into their final dimension (2 cm > 0.9 cm > 1.4 cm) and further analyzed for
mechanical strength. For the specific surface and pore size distribution, some samples were refluxed
with 3 M HCI for 1 h, in order to remove any remaining ZnCl, or H3BO3 in the foams. Samples,
TFFZnAl, TFFZnA2, TFFZnA4, TFFBAL, TFFBA2 and TFFBA4 were then filtered and washed
with distilled water until a neutral filtrate was obtained. Samples were finally dried in an oven over
night at 378 K and used for further characterizations.

2.3. Specific surface area and pore size distribution

Prior to measurements, portions of each sample (about 200 mg) were pretreated for 3 h at low
pressure (2 um Hg) and elevated temperature (413 K) in order to clean their surfaces. Adsorption
isotherms were obtained by immersing sample tubes in liquid nitrogen (76 K) in order to obtain
isothermal conditions. Nitrogen was added to the samples in small steps and the resulting isotherms
were obtained. Specific surface areas (SSA) were calculated from adsorption isotherms according to
the BET (Brunauer—Emmett—Teller) method [26]. Pore size distributions were calculated from the
experimentally measured adsorption data using the density functional theory (DFT) algorithm [27]
by assuming slit-formed pores [28]. With the setup of the instrument used, a Micromeritics ASAP
2020 (Norcross USA), pores down to 1.5 nm in diameter can, according to the manufacturer, be
measured precisely. The instruments calculate two sets of isotherms, which serve as kernel functions,
for the characterization of porous materials from adsorption data. According to previous works the
SSAs are measured with a precision of #5% [29].

2.4. Compressive strength of the tannin furanic foams

Compressive strengths of foams were determined using a Zwick/Roell Z010 testing machine
(Kennesaw, Georgia) (with a load cell of 10 kN). The loading speed was 0.1 mm/s and the
measurement ended when the force decreased by 50% from maximum or deformation reached 30%.
Compressive strength was calculated with Eq 1.

Compressive strength (MPa) = g (1)
where F (N) is the maximum force at the linear region of the compression curve and A (mm?) is the
surface area. The accuracy of the instrument was #1%.

The stress—strain curve of cellular material has typically three distinguishable regions: linear
part at low strain, a plateau region (collapse of the cell layers), and densification (all cell layers are
compressed). The compressive strength can be defined as the value at the plateau whereas the slope
of the linear part represents the elastic modulus (i.e., resistance against elastic or non-permanent
deformation). The curve roughness (‘“noise”) is a result of the redistribution of the compression after
the fracture of layers of cells and subsequent loading of the next cell layers. Earlier work on tannin
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foams has shown that higher bulk density indicates higher compressive strength [6,30,31]. However,
also the cell size affects: larger cells indicate lower compressive strength in the case of brittle
foams [30]. Furthermore, amine-group-containing additives have also a positive effect on
compressive strength as they can react and substitute hydroxyl groups of tannins. In addition,
surfactants as additives improve compressive strengths of tannins foams [31].

2.5. Density of matured and activated foams
Densities of each foam were characterized right after the maturation and after the activation of

the tannin furanic foams. Measuring the total volume and mass of each sample, densities are
obtained from Eq 2, which can be defined as,

<|3

p= (2)
where m is the mass of the sample and V is the total volume obtained by measuring the dimensions,
length, height and width of each rectangular shaped tannin furanic foam. The accuracy of this
method was 5%, depending on how accurately were each foam cut into their final dimension.

3. Results and discussion

3.1. Spesific surface area and pore size distribution of chemically and steam activated tannin
furanic foams

According to the results shown in Table 3, the unactivated foams themselves have low specific
surface area and low or no porosity. There is a clear difference in pore volumes and specific surface
areas when changing the activation times and physical or chemical activation agents. As expected the
specific surface areas are highly dependent on the activation times used. In the case of TFFP samples,
specific surface area raised from 0.83 to 845 m?/g when using 2 h steam activation. Longer activation
times lowered the specific surface areas from 845 to 707 m?/g most likely due to a beginning
expansion of micro-pores into meso-pores. Similar trend was observed in chemical activation. In
case of ZnCl, activated foam specific surface area increased from zero (value was too low to be
measured) to 737 m?/g when using 2 h holding time at the target temperature. Like in physical
activation, longer holding times reduced the specific surface areas. Boric acid activated foams
behaved differently from steam activated and ZnCl, activated foams. The lowest surface area, with
boric acid activated foams, was obtained when using 2 h holding time. The result obtained, 0.56 m*g,
is interesting even though the sample was reproduced 2-times still same results was obtained. The
reason for this is still unknown, but boric acid in not known as a chemical activation agent. Despite
this, these foams followed the same route as ZnCl, and steam activated foams. Specific surface area
of boric acid activated foams raised from 0.023 to 404 m?g using 1 hour holding time. Slightly
lower specific surface areas were obtained with boric acid than with ZnCl, and steam. One possible
reason for this might be the physical properties of boric acid compared to ZnCl,. Pore volumes in all
cases followed the same route as did the specific surface area. Highest pore volumes were obtained
with steam and ZnCl, activation, 0.350 g/cm® and 0.306 g/cm?® respectively, using 2 h holding time.
Boric acid activation produces pore volume, which was approximately half from the steam and
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ZnCl, activated values. According to the literature, chemical activation is usually performed at lower
temperatures, at 673-873 K. Chemical activation done at high temperatures with ZnCl, will expands
the existing micropores into mesopores, and this process leads to lower overall specific surface area
and pore volume [32,33]. Many studies, found in the literature, support this finding. In our earlier
study [13], we observed that it is possible to obtain specific surface areas as high as 1360 m%g by
chemically activation of peat with ZnCl, at 873 K. Similarly, it obtained 1875 m?/g by chemically
activating tannin foams with ZnCl, at 773 K [14].

According to the results, pore size distributions for all the samples were without any exceptions
in microporous region. This can be seen even more clearly with the external surface areas (t-plot
calculations). For all the samples, the external surface areas are in the range of 22-89 m’g*. This
indicates that a low occurrence of meso-pores is inside the activated foams. Comparing the micro-
pore areas of all samples to total SSAs, it can be stated that 89—93% of the pores are micro-pores. As
can be seen also from the DFT-calculations, there is only very little change in the pore size
distribution when changing the holding times and activation procedure. For example, steam
activation raises the amount of mesopores only 2.8% when increasing the holding time from 0 to 4 h.
Therefore, more advanced procedures are needed in order to produce mesoporous tannin foams.

To conclude, different holding times and different activation methods have only minor or no
effect on the pore size development of the tannin furanic foams. However, it is possible to produce
relatively high surface areas using physical or chemical activation. Might be that even higher surface
areas are obtained with chemical activation if lower activation temperatures are used. This might also
effect the pore development more efficiently.

AIMS Materials Science Volume 6, Issue 2, 301-314.
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Table 3. Specific surface area (SSA), pore volumes (PV), total pore volumes (TPV) and pore size distributions of physically and chemically

activated tannin furanic foams.

Calculation method Unit Physically activated foams

Chemically activated foams

TFFPM TFFPAL1 TFFPA2 TFFPA4 TFFZnAl TFFZnA2 TFFZnA4 TFFBM TFFBA1 TFFBA2 TFFBA4
BET
SSA m%g’  0.83 685 845 707 689 737 548 0.023 404 0.56 344
Pore volume cmig?t  * 0.287 0.350 0.299 0.287 0.306 0.230 * 0.169 0.00018  0.142
Langmuir surface area m?g > 0.95 787 967 805 783 839 623 * 460 * 391
t-plot
Micropore volume cm®g™t  0.00036 0.257 0.309 0.249 0.255 0.273 0.200 * 0.153 * 0.129
Micropore area mgt * 638 765 618 633 679 498 * 380 * 322
External surfacearea m%g*  * 46 79 89 56 58 50 * 25 * 22
DFT
Pore volume cm®g™  0.0002 0.237 0.292 0.247 0.238 0.254 0.190 * 0.140 * 0.119
Micropores cm®g™  0.0002 0.237 0.291 0.240 0.237 0.254 0.187 * 0.139 * 0.118
Mesopores cm’g™® 0 0 0.001 0.007 0.001 0 0.002 * 0.001 * 0.001
Macropores cmigt 0 0 0 0 0 0 0.001 * 0 * 0
Micropores % 100 100 99.7 97.2 99.6 100 98.4 * 99.3 * 99.2
Mesopores % 0 0 0.3 2.8 0.4 0 1.1 * 0.7 * 0.8
Macropores % 0 0 0 0 0 0 0.5 * 0 * 0

* Values were too low to be measure

AIMS Materials Science
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3.2. Effects of catalyst, holding time and density on the mechanical strength

The compressive strengths of the present study tannin foams (0.040-0.547 MPa, Table 4) are in
good agreement with earlier studies, which have reported compressive strengths in the range of
0.03-3.97 MPa [2]. The elastic moduli of the present study are, however, clearly smaller than
reported for instance by [31]. Thus, resistance against non-permanent deformation is low, that is, the
studied foams exhibit brittle behavior. When tannin furanic foams have been carbonized in earlier
studies, the compressive strength has increased clearly compared to matured foams [34].

Table 4. Densities and mechanical properties of matured and enforced tannin furanic
foams before and after the carbonization. Accuracy for elastic modulus and compressive
strength is #1% and for density 5%, respectively.

Sample Elastic modulus [MPa] Compressive strength [MPa] Densities [g/cm?]
Matured foams TFFPM 0.0022 0.04 0.05
TFFZnM 0.0134 0.10 0.15
TFFBM 0.0287 0.10 0.29
Carbonized foams  TFFPC1 0.0095 0.18 0.05
TFFPC2 0.0063 0.14 0.05
TFFPC4 0.0086 0.16 0.05
ZnCl, enforced TFFZnAl 0.0229 0.21 0.10
foams TFFZnA2 0.0085 0.23 0.10
TFFZnA4 0.0369 0.55 0.10
Boric acid TFFBA1 0.0074 0.13 0.16
enforced foams TFFBA2 0.0098 0.20 0.23
TFFBA4 0.0071 0.26 0.13

It is well known, that mechanical strength is highly dependent on the relative densities of tannin
furanic foams and many publications support this finding [34]. The results in this study are however
in disagreement with earlier published studies [1,2]. As can be seen from Table 4, densities are lower
for the activated than matured samples but mechanical strength is anyhow increasing. For example
density for sample TFFZnM is 0.15 g/cm® and for ZnCl, activated foams densities are 0.10 g/cm?
regardless the holding time. While densities are decreasing the mechanical strength is anyhow
increasing. Up to 5 times stronger materials were achieved when comparing mechanical strengths
between TFFZnM and TFFZnA4 samples, 0.10 MPa and 0.55 MPa respectively. In all cases it seems
that, the longer the holding time is the stronger is the behavior of the foams. This effect can be seen
clearly from the foams prepared and activated with ZnCl, and H3BO3. One possible reason for this
can be that, during the activation, the tannin furanic foams are shrinking, approximately 20-30 v%
from the original volume, and due to this, foams are more compact.

Furthermore there seems to be no correlation between the carbonized foams and densities of
them. However, there is indications that indirect correlation between the mechanical strength of boric
and ZnCl; enforced foams and the densities of them. This can be seen in Figure 3.

AIMS Materials Science Volume 6, Issue 2, 301-314.
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Figure 3. Correlation between densities and mechanical strength of prepared foams.
4. Conclusion

In this study, the mechanical strength, density, specific surface area, pore volume and pore size
distribution properties of matured, carbonized, and physically/chemically activated tannin foams are
compared. According to the results, an evident correlation is found between the holding time used in
the thermal process and the mechanical strength of tannin foams. There appears to be no difference
in the pore size distributions between the physically and chemically activated tannin foams. In all
cases, microporous material is formed. This study shows that these materials are promising
candidates for a number of applications. The chemical agents used, ZnCl, and H3BO3; appears to
have an effect in the foaming process where they act as catalysts, the effect of these chemicals on the
formation of porous structures is less obvious.
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