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Tannins are one of the most natural, non-toxic, and highly reactive aromatic biomolecules classified as polyphenols. The
reactive phenolic compounds present in their chemical structure can be an alternative precursor for the preparation of
several polymeric materials for applications in distinct industries: adhesives and coatings, leather tanning, wood
protection, wine manufacture, animal feed industries, and recently also in the production of new porous materials (i.e.,
foams and gels). Among these new polymeric materials synthesized with tannins, organic and carbon gels have shown
remarkable textural and physicochemical properties.
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| 1. The Chemistry of Tannins
1.1. Definition and Classification

The utilization of tannins by human beings dates back to the second millennium before Christ, with leather tanning. The
term ‘tannins’ itself is etymologically derived from the ancient Keltic lexical root ‘tan’, meaning ‘oak’ in reference to leather
processing. After centuries of utilization, the chemical structures of tannins, their role, and their chemistry were extensively
described for nearly half of century. Tannins are the most abundant compounds from the biomass after cellulose,
hemicellulose, and lignin . Their chemical structure is comprised of complex and heterogeneous polyphenolic secondary
metabolites, biosynthesized by higher plants, with molar weights ranging from 300 g/mol for simple phenolic compounds
to over 3000 g/mol for highly polymerized structures. Tannins are present in each cytoplasm of vegetable cells, and
therefore in almost every part of plants such as barks, woods, leaves, fruits, roots, and seeds 2

However, their quantity and composition may vary according to their vegetal source such as their botanic species, age,
plant tissue, and environment. According to the species, a higher concentration has been reported in the wood of
quebracho (Schinopsis balansae and lorentzii) and chesnut (Castanea sp.), in the bark of oak (Quercus sp.), pine
(Pinus sp.) and mimosa (Acacia mearnsii formerly mollissima de Wildt), or in other tissues like in fruit pods of tara
(Caesalpinia spinosa). Process extraction parameters (solvent, additives, temperature, time) are also a key factor in the
composition of tannins extracts. Thus, the heterogeneous nature of tannins makes it impossible to settle on a universal
method for their extraction, and imposes a reliance on relies on its final use for obtaining extracts . According to their
monomer unit, two wide classes of tannins exist: (i) hydrolysable tannins such as gallotannins (gallic acid compounds and
glucose) and ellagitannins (composed of biaryl units and glucose), and (ii) condensed polyflavonoid tannins, this latter
being stable and rarely subject to hydrolysis 4. Some species produce exclusively either gallotannins, ellagitannins, or
polyflavonoids whilst others produce a mix of all types of tannins.

In their natural state, hydrolysable tannins are a mixture of simple phenols with a low level of phenol substitution and low
nucleophilicity. The total world production of commercial tannins is estimated at 220,000 tons per year, with a large
percentage of condensed tannins (>90%) available on the market . With high reactivity and a relatively low price,
condensed tannins are both chemically and economically more interesting for the preparation of adhesives, resins, and
gels.

1.2. Condensed Tannins

Condensed tannins are biosynthesized by the plant through their intermediate precursors (flavan-3-ols and flavan-3,4-
diols) and other flavonoid analogs B, Their chemical structure is composed of flavonoids units that are subjected to
various degrees of condensation. Traces of monoflavonoids or amino- and imino-acids are also reported in the
composition of condensed tannins, but at too low concentrations to influence their chemical or physical properties &,
However, other components in significant concentrations are often detected in tannin extracts which can modify the
viscosity of the solutions. Among them, simple carbohydrates (hexoses, pentoses, and disaccharides) or carbohydrates



chains of various length B can be linked to the flavonoid unit (Figure 1). Oligomers derived from hemicelluloses,
complex glucuronates, and a low percentage of monoflavonoids (flavan-3,4-diols, flavan-3-ols, dihydroflavonoids,
flavanones, chalcones, and coumaran-3-ols) could also be present in the extracts [BIZILOILL]

Figure 1. Polyflavonoids and carbohydrates linkage.

For example, in the black mimosa bark extract (Acacia mearnsii, formerly mollissima, de Wildt), it was reported 3-5% of
monoflavonoids (flavan-3,4-diols and certain flavan-3-ols (catechin)) in its composition . Thus, in this kind of tannin
extract, each of the four combinations of resorcinol and phloroglucinol (A-rings) with catechol and pyrogallol (B-rings)
coexist (Figure 2). In addition, the main polyphenolic pattern is represented by flavonoid analogs based on robinetinidin,
and thus based on the resorcinol A-ring and pyrogallol B-ring. This pattern is reproduced in approximately 70% of the
phenolic part of the tannin. The secondary but parallel pattern is based on fisetinidin, and thus on resorcinol A-rings and
catechol B-rings. This represents about 25% of the total polyphenolic bark fraction. Superimposed on this two
predominant patterns are two minor groups of A- and B-rings combinations.
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Figure 2. The four repeating flavonoid units in condensed tannins.

These are based on phloroglucinol (A-ring)-pyrogallol (B-ring) (gallocatechin/delphinidin) and on phloroglucinol (A-ring)-
catechol (B-ring) flavonoids (catechin/epicatechin). These four patterns constitute 65%-84% of commercial mimosa bark
extract. The remaining parts of mimosa bark extract are the so-called “non-tannins”. This definition comes from the leather
industry, where a “tannin” is considered to be any polyphenolic oligomer higher than, and comprising of, a trimer. It must
be pointed out that the percentage of non-tannins varies considerably according to tannin extraction. The non-phenolic
non-tannins can be subdivided into carbohydrates, hydrocolloid gums, and some amino and imino acid fractions 422,



| 2. Tannin Gels
2.1. Tannin Gels Synthesis

Organic porous tannin gels are versatile materials that can be used for several applications, mainly because of their final
characteristics, which are normally tailored during synthesis steps. The tannin gel synthesis is based on a sol-gel process
of soluble precursors. The colloidal suspension of solid particles (sol) is composed of tannin and a crosslinker dispersed in
a solvent, commonly water. A schematic representation of a sol-gel process is given in Figure 6a.
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Figure 6. (a) Schematic representation of sol-gel process of tannin gels and their respective SEM images at pH 4 (b) and
pH 6 (c). Adapted with permission from reference 3], Copyright 2013 Elsevier.

Usually, the reactions start with an addition reaction between the main precursor (tannin) and the crosslinker (aldehyde),
making these species more reactive. The partially hydrolyzed particles then crosslink by polycondensation reactions,
releasing water molecules. Thus, the polymeric chains grow, forming a giant cluster of macroscopic size, becoming
insoluble. This phenomenon is known as gelation 4. The sol-gel transition is usually estimated by a significant change in
viscosity through visual observation of the container tubes where the solutions are placed. Normally, reactions happen in
a sealed flask at moderate temperature (50-85 °C), so that the whole solution can be converted into a gel 14, and when
the viscous liquid is no longer flowing at an angle of 45°, the solution is considered gelled 15118 establishing the gelling
time (Tger) (171, The polymerization reaction in the aqueous medium generates a gel as a semi-solid system containing two
phases: a solid based on a nanostructured network (spherical nodules) interconnected by narrow necks defined as
"string-of-pearls”, which is enclosed in a high porosity inter-penetrated solvent medium (second phase), as well as in
some by-products formed during the polymerization reactions L4819 The size of these nodules depends directly on the
synthesis conditions, especially the pH and the mass fraction of solids in the initial solution 222122131 ysyally, phenolic
gels prepared under acid conditions lead to a tridimensional chain with large nodules, consequently developing larger
pores and higher pore volumes 2211311231241 By increasing the pH to an alkaline level, a less porous material is created,
with smaller pores or non-porosity 2231251 Since tannin gels are porous materials from a phenolic precursor, they also
follow this trend, as presented in Figure 6b,c.

After gelation, the polymerization reactions still continue, since the network formed is highly flexible and its constituent
chains can move in relation to each other 23, At this point, small clusters still exist and covalent bonds cross-linking
occurs within the main network 241723 Besides, a fraction of the water in the polymerized gel structure is present as
methylol derivatives as —OH groups 23], and part of the porosity is still prone to evolve, since evaporation of water
generates voids within the network. Therefore, gel drying should not be done right after gelling because an ageing step is
required to ensure the maximum formation of crosslinks 1411231261 These additional reactions generate a porous material
with better mechanical properties, i.e., are able to withstand capillary forces during the drying process 23,

The tannin gels formed are classified as physical or chemical, according to the type of crosslinks in their network structure
(221 The so-called physical gels are formed by weak bonds, usually based on Van der Waals and other secondary forces
(27 sych as hydrogen bonds 28, Chemical gels instead have a structure based on strong covalent bonds crosslinks,
establishing a reticulated network and an infused gel (28],

2.2. Mechanisms

2.2.1. Tannin-Formaldehyde-Systems

The reactions of tannin gels are based on polymerization of flavonoids units from condensed tannins with formaldehyde
(the most used aldehyde for the production of tannin gels), especially with the flavonoids A-rings through methylene
bridge linkages [Z2BYBL However, experimental studies suggest that the B-rings (catechol or pyrogallol) are also able to



react with formaldehyde in a more reactive medium, with more acidic or alkaline 321 or with the addition of zinc acetate 33!
[3435][36(37] The main cross-linking reactions involving tannin-formaldehyde systems are the formation of both methylene
bridges (-CH,-) and unstable methylene ether bridges (-CH,OCH,-) as shown in Figure 7. The latter is unstable and
thus easily rearranged, forming methylene bridges and releasing formaldehyde [29. Additionally, carbohydrates and
complex glucuronates present in tannin extracts also react with formaldehyde, which might assist in network formation 22,
During the formation of the tannin-formaldehyde network, the initial immobilization of the network places far from each
other a number of potentially reactive sites thus preventing the formation of further methylene bridges. Substitution of
formaldehyde by other aldehydes, by up to 30%, improves the resin cure. The reactions of tannins with aldehydes that

have led to their extensive applications as wood adhesives will not be discussed here, since extensive reviews can be
found elsewhere [221[381[32]

b)

Figure 7. Reaction mechanisms of a condensed tannin monomer with formaldehyde resulting in: (a) methylene bridges
and (b) methyne ether bridges.

2.2.2. Influence of pH and Mass Fraction

As mentioned before, pH control is extremely important in the reactional system of phenolics. The C8 site on the A-ring
(Figure 2) is the first one to react, e.g., with an aldehyde, and when free, it is the site with higher reactivity 1932 The C6
site on the A-ring is also very reactive, but less than the C8 site, since this latter presents lower steric hindrance [2232],
Generally, the reactions involve only these two sites on the A-ring. The B-ring is particularly unreactive. A low degree of
substitution at the 6’ site of the B-ring can occur (Figure 8). In general, at higher pHs such as pH 10, the B-ring starts to
react too, contributing to cross-linking as well BB Thys, for catechins and phlorogucinol A-ring type flavonoids, the
reactivity sequence of sites is C8 > C6 > C6’ when these are free. For robinetinidin and fisetinidin, thus for resorcinol A-
ring type flavonoids, the reactivity sequence is modified to C6 > C8 > C6’ due to the greater accessibility and lower
possibility of steric hindrance of the C6 site (Figure 8) (1030,

Figure 8. Reactive sites of flavonoid units.

The Tge is a useful parameter to confirm the precursor reactivity at different pHs. The curve of Ty of flavonoid tannins
with aldehydes has always the shape of a bell curve. Normally, the longest T is around pH 4, while the fastest ones are
at lower and higher pHs, depending on the tannin system studied. The curve reaches an almost asymptotic plateau of
very high reactivity and short Tge around pH = 10 and at pHs < 1-2 381321 The maximum Tgel» i.€., the reaction at the
lowest condensation rate, changes as a function of both the temperature and the reaction system. Thus, tannin-
formaldehyde gel has the highest Tge at pH 4-5 (50 °C) 40,



During their polymerization reactions, the tannin molecules may become inaccessible to reagents due to the network early
immobilization and tridimensional structure, as mentioned before. Such a steric hindrance is associated with a lack of
flexibility, especially when the network tannin-formaldehyde forms already at low degree of condensation. In this case, the
prospective residual reactive sites become too distant to participate to the cross-linking leading to incomplete
polymerization 211,

Mass fractions of total solids from initial solutions (Equation (1)) also represent an important parameter in the production
of tannin gels. In the system tannin-formaldehyde, for example, low concentrations of mass fraction (18 wt.%) induce
gels with high pore volumes. However, the low final density results in a fragile structure, subjected to a higher shrinkage
during the drying process 22 and partial porosity losses. Increasing the mass fraction of solids from the initial solution
(22-40 wt.%) tends to produce gels more consistent, but with less porosity 2. It is important to notice that there is always
an optimal condition depending on the final textural properties required. Thus, the experimental parameters as pH and

mass fraction should be optimized and chosen to fit the desired application.
Mass fraction (%)=msolidsmsolids+msolvent

@
2.2.3. Tannin-Soy-Formaldehyde Gels

Organic gels can be produced using only tannin as the raw biopolymer, or this can be combined with a second biosourced
material, such as lignin 42 or protein from soy flour 18, Soy-tannin-formaldehyde is known as an adhesive for wood
particleboard 431, Other natural materials such as albumin have been already applied for the production of a macroporous
monolith (tannin-albumin-formaldehyde) 44!, At the same time, diluted adhesives might be explored in the preparation of
gels 451461 A reaction mechanism was proposed for tannin-soy-formaldehyde gels (Figure 9a) 8. The authors showed
the main reactions occurring using FTIR, 13C-NMR, and XPS analyses. First, the soy protein is denatured to expose its
amide groups (N), followed by an addition reaction with formaldehyde, and finally by a copolymerization with the tannin
(T). The main cross-linking reactions occur between tannin-soy (N-CH,—T) or soy-soy (N—-CH,—N) and tannin-tannin (T—
CH,—T) through methylene bridge linkages, as demonstrated by 3C-NMR spectra (Figure 9b). The reactivity of tannin-
soy-formaldehyde gels slightly changes, so its highest Ty was found to be at pH 6 and 85 °C (18] compared to pH 4-5
and 50 °C for tannin-resorcinol-formaldehyde gels 1!,
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Figure 9. Suggested cross-linking reactions on tannin-soy-formaldehyde gel (a) and 13C-NMR spectra of organic gel at
pH 6 (b) (L8],

2.3. Preparation Methods and Conditions
2.3.1. Hydrogels Formulations at Normal Conditions

After dissolution of all reactants, the final solution is usually placed in a hermetically sealed container to avoid evaporation
of liquid, and then kept at determined temperatures (50-85 °C) over five days for gelation and ageing. The latter
conditions used during the preparation of tannin gels will be considered in this review as the “normal conditions”. After this



period, materials were left to cool down at room temperature before the solvent exchange step. It is worth noting that
materials prepared with no ageing or temperature steps are also referred as tannin gels in the literature. Normally, the
authors synthesized gels by mixing tannin with formaldehyde, leaving them for several hours at room temperature, and
drying them at temperatures higher than 45 °C to generate a final product with a gummy aspect [2ZI48149[50]51][52]
However, those gels are much less porous (e.g., up to 6 m%/g [32) but largely employed as adsorbents for organic and
inorganic contaminants in water treatment at a laboratory scale (see Section 2.6). Thus, these materials will be termed
as tannin-gel in this review to differentiate the highly porous gels prepared after the gelation, ageing, and drying steps.

The majority of tannin gels prepared in presence of an aldehyde at a different mass fraction, mass ratio, and pH are
considered as tannin chemical gels. However, physical tannin-based gels can also be obtained by varying the mass
fraction and the pH in the following proportions, e.g., 4 wt.% at pH 6 and 10 wt.% at pH 8. In such conditions, the solutions
are gelled only after been removed from the oven (after cooling down) but they become a liquid again when they are
returned to the oven (melting point around 85 °C). This phenomenon is not been fully understood 22,

2.3.2. Solvent Exchange

The tannin-based gel so prepared is named after the solvent employed during its synthesis. Hydrogel or aquagel fits for
water, while alcogel is applied for gels prepared in alcohol medium 28l The formed solid is an organic macromolecule,
which has saturated pores with (i) Water and/or solvent; (ii) Unreacted residual products; and possibly (iii) By-products of
the polycondensation reactions. The liquid in the pores must be replaced by air through a non-destructive procedure,
ensuring that the formed nanostructure is not destroyed 24 and most of the porosity is preserved 221,

To do so, an intermediate procedure is required. The produced hydrogel is subjected to a solvent exchange, i.e., the liquid
present in the porosity (water, alcohol, by-products) is replaced by an appropriate solvent accordingly to the desired drying
method. Solvents such as acetone 49, ethanol/carbon dioxide 22, or tert-butanol 1 are usually employed. In the
literature, most authors exchange their hydrogels for three days, replacing the solvent every day with a fresh one and
providing an effective solvent exchange within the tridimensional structure of the gel (22120,

2.3.3. Drying Conditions and Final Physicochemical Properties of Tannin Gels

After solvent exchange, tannin gels are finally ready to be dried. There are three types of drying procedures that are
commonly used in the production of gels, which result in different porous materials with distinct textural properties:

e Subcritical drying: Gels are dried under atmospheric conditions to form xerogels.
* Freeze-drying: Gels are dried at freezing conditions to produce cryogels.
e Supercritical drying: Gels are dried at a critical point of a working fluid to produce aerogels.

The respective dried materials from a gel prepared from tannin and formaldehyde with a resin mass fraction of 6 wt.% and
an initial pH of 2 (aerogel, cryogel and xerogel) are presented in Figure 10 B8, Visually, it is possible to notice macro
differences: (i) Xerogel presents a considerable shrinkage; (ii) Cryogel shows micro cracks due to the formation of ice
crystals coming from solvent during the freezing stage; and (iii) Aerogel presents a better preservation of the initial volume
and porosity. More details about each of these methods are described below.
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Figure 10. Phase diagram of the solvent within the gel structure and the representation of the different drying methods
with their respective porous materials, adapted with permission from reference 581,

Subcritical drying allows the evaporation of solvent at room temperature, or using an oven at temperatures up to 50 °C. It
is the simplest and the cheapest method of gels drying. However, the disadvantage of this technique is related to the
formation of a liquid meniscus in each pore while solvent evaporates from the surface of the gel. The capillary forces
induced by the solvent within the pores generate pressures differences between 100 and 200 MPa B4, which cause an
extreme decrease in the final material porosity.

Lyophilization is a drying process based on freezing the solvent present in the pores, followed by its sublimation 58I,
However, during solvent freezing, dimensional variations of solvent occur, causing tensions in the gel structure. This can
cause fissures or even lead to a complete destruction of the initial geometric gel structure, resulting in a powder as a final
product 24, Therefore, the use of a solvent that has minimum volume variation during freezing is required, coupled with a
high vapor pressure to promote sublimation. Tert-butanol (2-methyl-2-propanol) is generally used to minimize the effects
of volume and structural modification of a cryogel due to its low-density (-3.4 x 10 g/cm3) and low vapor pressure
variation (821 Pa) 38 at the freezing point compared to water, =7.5 x 1072 g/cm® and 61 Pa, respectively 52,

The supercritical drying technique is based on increasing both the pressure and temperature of the solvent beyond the
critical point to avoid the formation of a vapor-liquid meniscus in the hydrogel pores. Such a technique minimizes gel
shrinkage, and consequently the porosity loss due to low capillary forces generated 2469, Organic solvents such as
acetone 29 are used for drying tannin based gels to produce aerogels at a critical temperature and pressure of 250 °C
and 14 MPa, respectively. This is known as the "HOT process" where the drying step is carried out at high temperature
conditions 4. It can also be performed in the presence of CO, 22, which is called the "COLD process" 28134 at a critical
temperature and pressure of 40 °C and 10.4 MPa, respectively. The latter requires the exchange of two solvents due to
low solubility of CO, in water. First, water is replaced by ethanol, followed by liquid CO, exchanging.

Usually, aerogels maintain large part of their geometric and nanometric structures, which is associated to lower volume
shrinkage. Thus, the initial porosity is largely preserved, and aerogels regularly present low values of bulk density and
high values of specific surface area and pore volumes [22[20153],

In order to avoid capillary tension, gels can be synthesized directly in solvents with surface tension lower than water, such
as acetone or ethanol. However, as water is always produced during polycondensation reactions [23, the formation of a
vapor-liquid meniscus could not be totally avoided. Thus, surfactants are employed in gels synthesis to reduce the effects
of surface tension in xerogels during their drying [2!61I62] (see more details in Table 1). Furthermore, surfactants may
also be used as a template to produce ordered porous materials based in a self-assembled micellar system €3], Xerogels
prepared from tannin-formaldehyde with a mass fraction of 25 wt.% and surfactant (Pluronic F-127) (Figure 11), had bulk



densities about (0.28-0.65) g/cm® comparable of tannin aerogels 2. The numbers 2 to 10 in Figure 11 refer to initial pH

of tannin-formaldehyde-pluronic solutions, and their highest Tge (~240 min) was found to be at pH 4 and 85 °C (3],
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Figure 11. Tannin-formaldehyde gels prepared with surfactant (a) top view, and without (b) bottom view. Reprinted with

permission from reference 2. Copyright 2011 Elsevier.

Table 1. Organic and carbon gels synthesized at normal conditions.

Precursors

Tannin +
formaldehyde (TF)

Tannin +
formaldehyde +
Pluronic (TFP)

Conditions

Main Findings Ref.

Hydrogels Prepared Under Normal Conditions

Hydrogels prepared
at 85 °C for 120 h;
Mass fraction of total
solids (MFTS) of 4-40
wt.%;

NaOH and p-toluene
sulfonic acid were
used to change the
initial pH of the
solution (4.3); pH =
2-10;

Supercritical drying
in CO,

Hydrogels prepared
at 85 °C for 120 h with
Pluronic® F-127,
using a mass ratio of
TIP of 2;

NaOH and p-toluene
sulfonic acid were
used to change the
initial pH of the
solution (4.9); pH =
2-10;

Subcritical drying in
two steps: air and 80
°C

Organic Tannin Gels

Organic aerogels; Sget = 219-880 m?/g; Porosity = 40-97%

The highest Sget (880 m2/g) and the highest micropore volume (0.28
cm?®lg) were obtained for a gel prepared with MFTS of 10 wt.% and
pH 6. The maximum mesopore volume (1.34 cm®/g) and the highest
pore volume (21.5 cm?/g) were found for samples with a MFTS of 18
and 4 wt.% at pH 8 and 2, respectively. The transparency of gels was
associated with the structure of the aquagel: larger nodules at low
MFTS (° 18 wt.%) and low pH (especially 2) lead to larger clusters
and pore volumes (21.5-4.9 cm?g), reducing the transparency of the
final gel. By increasing the pH (4-10) and MFTS (22-40 wt.%), the [22]
nodules were reduced, and the transparency tended to increase.
Aerogels with MFTS greater than 22 wt.% with extremely high pH (10)
resulted in a low porous material (0.48-1.01 cm3/g). The most diluted
samples (4 and 6% of TF resin at pH 6 and 8, respectively) presented
the highest shrinkage volumes (~ 87%) during drying step, which
was caused by high capillary forces due to their low mechanical
properties. These values are comparable to those of aerogels from
natural biopolymer, such as cellulose (75 wt.%). The Sget values
found for samples with MFTS lower than 20 wt.% were higher than
those of any other bioresourced organic aerogel.

Organic xerogels; Sger = © 1.5 m?/g; Porosity = 2-79%

The surfactant P was employed as an additive to decrease the
surface tension of the aqueous system inner porosity and
consequently mitigate the shrinkage during drying step. The system
TFP presented a correlation between porosity characteristics (pore
volume and centered peak pore size measured through mercury
porosimetry) and pH. Thus, pH played a crucial role in pluronic- (s3]
tannin gels preparation. The xerogels prepared at pH 2-7 presented
a bulk density comparable to those of aerogels (0.30-0.58 cm3/g).
Such a system demonstrated an interesting and low-cost technique
for preparing porous gels with tailored porosity on a large scale. The
final xerogels presented unimodal (macroporosity) or bimodal
(macro-mesoporosity) porosity.



Precursors

Tannin + soy +
formaldehyde (TSF)

Tannin + lignin +
formaldehyde (TLF)

Tannin + resorcinol +
formaldehyde +
sodium dodecyl
sulfate (TRFSDS)

Carbon tannin gels

Tannin microspheres
(T™)

Conditions

Hydrogels prepared
at 85 °C for 120 h;
Proportions of TIS
resin of 30 and 70
wt.% (on a dry basis),
respectively;

NaOH in pellets and
H3PO4 (85%) were
used to change the
initial pH of the
solution (8.2); pH
5.5-9;

Mass ratio of total
solids 14 wt.%;
Supercritical drying
in CO2

Hydrogels prepared
at 85 °C for 120 h;
Mass ratio of T/L of
0.11-1 (on adry
basis);

Mass ratio of ((L +
T)IF) of 0.83-2.5 (on a
dry basis);

Initial pH of 10;
Supercritical drying
in CO2

Preparation in oven:
Hydrogels prepared
at85°Cfor72h
(gelation) and 48 h
(curing);

Preparation in a
microwave: 85 °C for
3 h (gelation and
curing) and 1-2 h
(drying);

NaOH and SDS were
used as catalyst and
surfactant,
respectively;

Initial pH of 5.5; SDS
amount of 5 wt.%;
Mass ratio of (T + R)/F
of 1.2;

MFTS of 25 wt.%;

T was used in
different proportions
(0-100 wt.%) to
replace R

Microspheres
prepared at 80 °C for
1 h stirred at 200-
1200 rpm;

Mixture of surfactant
(SPAN 80) (0-10%)
and sunflower oil;
Initial pH of 4.3;
MFTS of 40 wt.%;
Carbonization: 900 °C
for 2 h; Heating rate
of 2 °CImin

Main Findings Ref.

Organic aerogels; Sger = 384-478 m?/g; Porosity = 84-88%

The pH of the initial solution had a significant impact on gelation: the
lowest gelation time, which happened at pH 6, produced the highest
Sget (478 m2/g) and micropore volume (0.15 cm?®/g). Curiously, this
aerogel also presented the highest mesopore volume (2.29 cm®/g). A
correlation between Sget and gelation time was noticed. The TSF
aerogels were based on a filamentous structure, which is
comparable to cellulosic and lignocellulosic aerogels. Organic
aerogels are natural at 91%, and mesopore volumes (1.72-2.29
cmd/g) are among the greatest ever volumes reported for aerogels of
natural origin, considering the same density (0.19-0.25 glcm?).

[16]

Organic aerogels; Sget = 50-550 m?/g; Porosity = 72%-87%

The Sget of TLF aerogels was mostly related to mesopores volumes
(0.2-1.4 glcm3), since micropores were extremely low (0.01-0.02
cm?®lg). The highest Sger values were found for TLF gels at mass
fractions of T/L=1 and (L + T)IF = 1.25, demonstrating that tannin
could be replaced by lignin at 50 wt.%. Besides, there is an optimal
quantity of formaldehyde that can be used to produce highly porous
aerogels. Organic aerogels were synthesized using up to 71% of
natural precursor.

[42]

Organic xerogels; Porosity = 20-85%

The synthesis of tannin xerogels in a microwave oven allowed a

reduction in time of 95%, including the time from sol-gel reaction

until complete drying. Resorcinol could be replaced by tannin in the
production of organic xerogels. However, the use of surfactant is [64]
always required because the structure collapses in the presence of

large quantities of tannin (>25 wt.%). Materials with high proportion

of tannin (75 wt.%) were produced with very small difference of

porosity through conventional and microwave synthesis conditions

(77% and 62%, respectively).

Carbon xerogels; Sger = 7-666 mzlg

Microspheres were prepared by inverse emulsion polymerization in
sunflower oil, followed by subcritical drying and carbonization.
Higher stirring speed produced microspheres with low average size
due to the shear rate that lead particles (microspheres) at smaller
sizes. At the same time, smaller microspheres were produced by
increasing the surfactant content and promoting greater contact [65]
between oil and the aqueous phase. This process formed small
drops of resin that became microspheres after gelation.

However, there was a limit amount of surfactant and speed stirring to
produce small microspheres of 5 wt.% and 500 rpm, respectively.
The mean deviation decreased with the increasing speed stirring
(with or without surfactant) and the final microspheres presented
narrow micropore size distribution centered at 0.4-0.5 nm.



Precursors

Tannin +
formaldehyde (TF)

Tannin + resorcinol +
formaldehyde (TRF)

Tannin +
formaldehyde (TF)

Tannin + pluronic +
formaldehyde (TPF)

Tannin (T)
(autocondensation)

Conditions

Hydrogels prepared
at 85 °C for 120 h;

pH from 3.3 to 8.3;
Supercritical drying
in acetone;
Carbonization: 900 °C
for 2 h; Heating rate
of 5 °C/min

Hydrogels prepared
at 50 °C for 10-160
min (depending on
gelation time);

Acetic acid or
orthophosphoric acid
were used to change
the initial pH of the
solution (8.15); pH =
2-8;

Freeze-drying;
Carbonization: 900 °C
for 2 h; Heating rate
of 5 °C/min

Hydrogels prepared
at 85 °C for 120 h;
Acetic acid or NaOH
were used to change
the initial pH of the
solution (4.3); pH =
3.3-7.3;
Freeze-drying;
Carbonization: 900 °C
for 2 h; Heating rate
of 5 °C/min

Hydrogels prepared
at 85 °C for 120 h;
pH from 2 to 10;
Subcritical drying in
two steps: air and 80
oc;

Mass ratio of T/P of
0.5-2; Carbonization:
900 °C for 2 h;
Heating rate of 5
°Cimin

Tannin was added to
solutions of

Na,SiO; (35 wt.%);
Mass ratio of SiO,/T
of 0.3-1.04;

NaOH (2 moliL) or HF
(40 wt. %) were used
as etching agents;
Curing and ageing
were performed at
ambient temperature
for 3 h;

Supercritical drying
in COy;
Carbonization: 900 °C
for 2 h; Heating rate
of 5 °C/min

Main Findings Ref.

Carbon aerogels; SgeT = 580-720 mzlg; Porosity = 75-99%

Carbon aerogels based on tannin-formaldehyde solutions were
prepared in a broad pH range. The microstructure of gels presented
the typical nodular shape of phenolic aerogels, where their size was
determined by the initial pH of the solution. The polymerization
reaction was performed with methylene or methylol bridges, as
showed by 3C NMR analysis. The final material presented high
mesopore fraction (57-78%). The synthesized TF aerogels were five
times cheaper than resorcinol-formaldehyde aerogels.

[40]

Carbon cryogels; Sger = 30-650 m2/g; Porosity = 32-80%

Low cost cryogels were produced by replacing two third of
resorcinol by tannin, which resulted in a reduction of the final cost of
the gel by a factor of 2. Also, freeze-drying represents a low-cost
drying method compared to supercritical drying. The Sget and
porosity decreased by increasing pH.

Furthermore, Sgey values were comparable to resorcinol-
formaldehyde cryogels and phenol-formaldehyde aerogels, which
are gel materials based on more expensive precursors.

Carbon cryogels; Sger = 399-1420 m2/g; Porosity = 94-96%

Carbon cryogels presented high pore volumes, mostly distributed in
macro- and micropores sizes.

These materials also presented very low bulk densities (0.078-0.101
glcm?), mostly composed by macropores (0.13-0.55 cm®/g). [66]
Materials prepared at pH higher than 6 presented higher Sgey (1228-

1420 m?/g) and higher micropore volumes. The electrochemical
performances of those materials were tested, and the main results

are presented in Table 3.

Carbon xerogels; Sget =5-877 mzlg; Porosity = 46%-86%

The use of pluronic allowed the synthesis of the first carbon tannin
based xerogels presenting density values in a range of 0.28-0.33
glcm®, which are comparable to those of carbon aerogels derived
from expensive precursors. Those densities are related to samples
prepared at pH lower than 7 and low amounts of pluronic (Mass ratio
of T/P of 2). Narrow bimodal macro-microporous or meso-
microporous xerogels were produced as a function of pH and
surfactant. For lower pluronic concentrations, the micropore size
distribution remained centered at 0.5 nm, while the macroporosity
was shifted as a function of both pluronic and pH. By increasing the
amount of pluronic and keeping the same pH, the porosity changed
from a macro-microporous structure to a meso-microporous
structure. The final structure was highly porous with narrow non-
ordered porosity.

[62]

Carbon aerogels; Sger NaOH = 451-709 mzlg; Sger HF=542-783
mzlg; Porosity = 67%-82%

Porous carbon gels were prepared with no formaldehyde addition.
Na;SiO3 was used as catalyst for auto-condensation and as template
for porosity formation. The final porous properties were controlled
by silicaltannin ratio, while NaOH or HF were used as etching agents.
XPS and Raman analyses showed the non-ordered aromatic
structure of tannin-based carbon aerogels. Carbon aerogels washed
with HF solutions presented better porosity (71%-82%) compared to
NaOH (67%-75%). Samples prepared at low SiO,/T mass ratio (0.30-
0.75) had no significant differences. However, the highest SiO2/T
mass ratio (1.04) presented the lowest density, and consequently the
highest porosity. By increasing the quantity of silica in the reactional
medium, there was a decrease in the microporosity associated to
SgeT, Whereas the highest values were found for SiO2/T = 0.45.
Mesopores were better developed at SiO2/T mass fraction of 0.75
(1.71 cm®(g for samples etched with HF).

[671



Precursors

Tannin + sodium
dodecyl sulfate +

Conditions

Hydrogels prepared
at 85 °C for 72 h;
NaOH and sodium
dodecyl sulfate (SDS)
were used as catalyst
and surfactant,
respectively;

Initial pH of 5.5, SDS
amount of 5-20 wt.%

Main Findings Ref.

Carbon xerogels; Porosity = 25%-78%

There was an optimal amount of surfactant (10 wt.%) for producing

highly porous carbon xerogels (density of 0.34 gilcm® and porosity of

78%). However, when using 10 wt.% of surfactant and increasing the

T/IF mass ratio, the pore volumes increased, and the average pore (&1l

I-(I)_rsn;aéllc:l)e hyde and T/F mass ratio of  size decreased. Also, the concentration of formaldehyde was
0.6-2.6; important for attaining materials with greater porosity, since an ideal
MFTS of 25 wt.%; proportion of crosslinker promotes the creation of links between
Supercritical drying surrounding clusters.
in COy;
Carbonization: 900 °C
for 2 h; Heating rate
of 5 °C/min
Hydrogels prepared
a:-lsgf f fSO;nl; ?3.“? Activated carbon xerogels (ACX); Sger = 50-1810 m?/g
p o o The exchange step was performed with alkali solutions at different
Activation with NaOH . : . R
concentrations. Higher concentrations of alkali (NaOH or KOH)
or KOH; . ..
. induced the development of surface area. In addition, the
Mass ratio of . .
microstructure of ACX changed from nodular to microcellular carbon
NaOHI/gel of 0.045, . . i
. foam and, the effect of the pH was not meaningful in these different
Tannin + 0.181 and 0.724 (on a structures [68]
formaldehyde (TF) dry basis); "

A smaller dispersion of particle sizes and high surface areas related
to micropores volumes were obtained using smaller mass ratio of
alkalis (0.045-1.013), compared to usual values in the literature (>1).
Probably, the soft structure of gels allowed the alkali solution to
interpenetrate in its three-dimensional structure, causing greater
alkali diffusion and favoring the formation of higher porosity.

Mass ratio of KOH/gel
of 0.063, 0.253 and
1.013 (on a dry
basis);

Activation: 750 °C for
1 h; Heating rate of 5
°Cimin

The use of additives, e.g., surfactants, can decrease the capillary stresses during the drying step. Tannin can indeed be
used in a wide range of pH (2-10), differently from lignin and phenol (that only work at alkali pHs) or resorcinol (that only
works from mildly acid to alkali pHs). The final texture properties of organic porous gels change with several parameters,
such as the pH of the initial solution, the mass fraction of solids, the raw materials, the chemicals employed to modify the
initial pH of the solution (alkali and acids), the temperature of gelation, and the drying method used. Thus, there is no
unique recipe to control the final properties of gels, since each parameter plays a specific role, as explained before. There
is an optimal condition for each system, depending on the desired final property.

A summarized description of organic tannin gels prepared with formaldehyde by different systems, as well as the
description of the drying methods used and their physicochemical properties, are reported in Table 1. To produce an
organic gel with high specific surface area, it is preferable to choose materials with the highest gelation time (which
depends on the pH) and with a mass fraction between intermediate to more diluted (20 wt. %). High mesopore volumes
are used for tannin gels prepared in the presence of soy, whereas monolithic, unimodal, or bimodal organic gels are
readily prepared in the presence of a surfactant such as pluronic.

2.4. Hydrogels Formulations under Hydrothermal Conditions

Hydrothermal carbonization (HTC) is a wet thermochemical conversion process to convert biomass (or wet biomass) into
fuels in solid and liquid phases 2. This technique has been known since 1913, but there has been an increasing interest
in it only during the last decade. HTC uses moderate temperature (180-260 °C) and pressure (1-4.7 MPa) to transform
biomass precursors into hydrochars with a hydrophilic shell and a hydrophobic core. Recently, the HTC technique has
allowed the production of gels made from various precursors, e.g., phloroglucinol with some carbohydrates (glucose,
fructose, or xylose) 19, borax and glucose 24, S-(2-thienyl)-I-cysteine and 2-thienyl carboxaldehyde 2, d-glucose and
ovalbumin 8l and mimosa tannin in ammonia solution 4!, without any crosslinker agent (formaldehyde) and at a much
lower reaction time (e.g., 24 h).

Figure 12 presents the different organic gels prepared under HTC conditions with: (a) tannin aqueous solution at low pH
[78]: (b) tannin aqueous solution in presence of a metal salt; and (c) evaporated aminated tannin. The first gels (Figure
12 a) were elaborated under HTC conditions (180 °C for 24 h) simply with tannin solution in a very acidic environment (pH
lower than 3). Three main reactions occurred with acidic tannin solution under heat: (i) the formation of soluble
anthocyanidin and catechin B2 (ji) the rearrangement to phlobaphenes, which are insoluble in water and have high



molecular weight (Figure 2) U8 and: (iii) possibly condensation between the free radical coupling of B-ring catechol
units in the presence of atmospheric oxygen 2. In the same HTC conditions, tannin dissolved with metal salts, especially
chromium, lead to a nano-structure powder material, but its microscope structure showed small particles aggregated
together in a nodular form, which is typical of a gel structure 28 This is due to the tannin characteristic of being good
metal chelators (Figure 4). Thus, metal ions were chelated with most of hydroxyl groups in tannin-based polymer
networks under HTC conditions (Figure 12b).
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Figure 12. Gels prepared under hydrothermal conditions with aqueous tannin solution at low pH (a) (Reprinted with
permission from reference 8. Copyright 2015 Elsevier), with metal salts (b) 2, and with aqueous evaporated aminated
tannin (c) 89,

Another gel produced under the same hydrothermal conditions as previously mentioned was prepared from aminated
tannin. In a typical synthesis, tannin was dissolved in ammonia solution at 28 wt.% and left in a fume hood to evaporate
overnight. The solid dried residue recovered was then mixed with water. The final mixture after HTC conditions generated
a monolithic material, having the same typical structure of a gel made from tannin and formaldehyde, but in absence of
any crosslinker or condensation catalyst P48, The material is composed of very long chains polymerized to an “infinite”
three-dimensional network that were not even detected by MALDI-ToF analysis due to their high molecular weight. The
mechanism of gel formation is based on selfcondensation and partly dehydrated tannin, mainly through the heterocycle
opening 4181 The same reactions were also reported during tannin amination under ambient conditions €2, However,
under HTC conditions, the formation of this gel is probably due to the creation of -NH- bridges with the amination of C3’
and C4’ (Figure 2) according to 13C NMR analysis, as shown in Figure 12c.

The evaporated aminated tannin gel was also dried accordingly to produce xerogel, cryogel and aerogel at the same
conditions as mentioned before with tannin-formaldehyde gels 83, After HTC, these gels were homogeneous and had
monolithic shapes, but they were quite fragile, with some cracks here and there. The mass fraction of evaporated
aminated tannin was varied at 11, 18, and 27 wt.% to check any possible physicochemical differences with more
concentrated gels. Interestingly, xerogels had great porosity, and the drying method had an important impact on the most
diluted gel (11 wt.%). At such concentration, the porosity was improved in this sequence: xerogel, cryogel and aerogel
(102, 219, and 295 m?/g, respectively). The same trend was also observed for tannin-formaldehyde gels under normal
conditions (Figure 10).

A hydrothermal cryogel made from graphene oxide sheets and tannin was developed by Deng et al. 84, The mechanism
of gel formation was based on the self-assembly of graphene oxide with tannin acting as both reductant and surface
functionalization agent. The final monolith with a three-dimensional structure had a mesoporous structure and a good

performance for strontium removal due to its important amount of oxygen functional groups (see more details in Section



2.6). A summarized description of organic tannin gels made through HTC synthesis conditions and their final

physicochemical properties can be seen in Table 2.

Table 2. Organic and carbon tannin gels synthesized under hydrothermal conditions.

Precursors

Evaporated
aminated
tannin (EAT)

Evaporated
aminated
tannin (EAT)

Evaporated
aminated
tannin (EAT)

Tannin (T)

Evaporated
aminated
(pine) tannin
(EAT)

Conditions

Main Findings

Hydrogels Prepared Under Hydrothermal Conditions
Organic and Carbon Hydrothermal Tannin Gels

Hydrothermal gel: Amination at room
temperature followed by evaporation
and HTC of the solid material in water at
180 °C for 24 h;

Subcritical drying in two steps: air and
80 °C;

Carbonization: 900 °C for 3 h;

Heating rate at 1 °C/min.

Hydrothermal gel: Amination at room
temperature followed by evaporation
and HTC of the solid material in water at
180-220 °C for 24 h;

Subcritical drying in two steps: air and
80 °C;

Carbonization: 900 °C for 3 h; Heating
rate at 1 °C/min.

Hydrothermal gel: Amination at room
temperature followed by evaporation
and HTC of the solid material at mass
fractions of 11, 18 and 27% in water at
180 °C for 24 h. The final gels were first
soaked in ethanol for 3 days, and then
subcritically (air and 80 °C),
supercritically (CO,), and freeze-dried;
Carbonization: 900 °C for 3 h; Heating
rate at 1 °C/min.

Hydrothermal gel: Tannin aqueous
solution under HTC conditions at 180 °C
for 24 h; pTSA (para-toluenosulfonic
acid) was used to change the pH from
4.2 to 1; Subcritical drying in two steps:
air and 80 °C;

Carbonization: 900 °C for 3 h; Heating
rate at 1 °C/min.

Hydrothermal gel: Amination at room
temperature followed by evaporation
and HTC of the solid material in water at
180 °C for 24 h;

Subcritical drying in two steps: air and
80 °C;

Carbonization: 900 °C for 3 h; Heating
rate at 1 °C/min.

Xerogel: Spet = 32 m?/g

This amination process under HTC conditions lead to a gel
without any crosslinker agent. The mechanism was based
on autocondensation and partly dehydrated tannin mainly
through the heterocycle opening. Materials also had high
percentage of nitrogen (up to 3.4%).

Carbon xerogel: Sger = 500 m2/g

The synthesized carbon gel had a porous structure
comprised of a mixture of wider microporosity and
mesoporosity (Isotherms Type | and IV). Materials had
high percentage of nitrogen (up to 2.9%) and a
microporeltotal pore volume ratio of 72%. XPS analysis
showed several forms of nitrogen such as pyridinic (N-6)
and neutral amines in the hydrothermal xerogel, whereas
pyridic (N-6), pyrrolic (N-5) and oxidized (N-X) (stable
forms of nitrogen) were found in its carbon form.

Xerogel: Spet = 64-102 m?/g

A monolithic gel was obtained under HTC at temperatures
from 180 to 220 °C. Not many differences in relation to the
physicochemical properties were observed in this range of
temperature. These gels were nitrogen rich materials (up
to 4.3%).

Carbon xerogel: Sper = 311-552 m2/g

Higher HTC temperatures lead to lower surface areas (~
300 m2/g) due to the formation of bigger and less porous
spherical nodules. After carbonization, materials still had
a high percentage of nitrogen (up to 2.9%). N-doped
materials were successfully synthesized for
electrochemical devices. These results were presented
and discussed in Table 3.

Xerogel, aerogel and cryogel: Sget = 102-295 m?/g

For the most diluted gels (11 wt.%), the porosity improved
in this sequence: xerogel, cryogel and aerogel. For the
least diluted gels, similar surface areas were obtained at
any kind of drying method. The mechanism of gel
formation was described in Section 2.4.

Carbon xerogel, aerogel and cryogel: SgeT = 496-860 m?/g
Unlike organic gels, carbon gels prepared with the highest
mass fraction (27 wt.%) had the highest surface area, up to
900 m?/g. It was then noticed that the most porous organic
gels do not lead to carbon gels with the highest surface
areas.

Xerogel: Sger = 1.25 m2g

Monolith material was obtained by reducing pH, resulting
in a positive impact on the hydrochar yield. However, a
very low surface area was obtained.

Carbon xerogel: Sger = 796 m2/g

Monolithic materials having spherical nodules at different
diameters were obtained: 2.9 ym at pH 2; and 4.6 pm at pH
4.2. This trend was different from phenolic gels prepared
with tannin-formaldehyde. The surface area of 796 m?/g
was attained for the material prepared at lowest pH. Its
higher microsphere nodule diameter might have promoted
the gasification of low molecular weight gases, which
enhanced the development of their surface area.

Xerogel: Compacted monoliths having homogeneous
spherical particles typical of gels.

Carbon xerogel: Sger = 485 m2lg

Micro-mesoporous carbon gels exhibited high surface
area with high nitrogen and oxygen functionalized groups,
which were applied as electrodes for electrochemical
devices. These results were described in Table 3.

Ref.

[z4]

(81]

[83]

[z5]

[85]



Precursors Conditions Main Findings Ref.

Hydrothermal gel: A mixture of

Hydrothermal I: Sger = 75 m?
graphene oxide and tannin at different ydrothermal cryode': Seer mig

The monolith had a three-dimensional structure,

Bayl?erry mas.s ra.tlos (1:0 1'5.)' o consisting of crosslinked GO sheets, GO sheets, and
tannin and Sonication for 30 min and HTC at 120 °C ; - - . [84]
raphene for 12 h.: tannin. The gels showed a type lll isotherm characteristic
9 _p ! . . of mesoporous materials, having surface area up to 75
oxide (GO) Gels were soaked in HNO3 solution for 4 2 L 2+
days; m</g. Its application as adsorbent to remove Sr<” from

. water is described in Table 3
Freeze-drying.

2.5. Thermal Treatment of Organic Gels

Thermal treatments are very well-known techniques used to transform organic-derived materials into carbonaceous
materials from different precursors. Typically, carbonization and activation are the main methods used for the synthesis of
carbon gels. Carbonization is based on heating up a dried organic material in an inert atmosphere (nitrogen, helium or
argon) at temperatures between 600 and 1000 °C. At such conditions and at slow heating rates, the volatiles are released
in a certain form to avoid the shrinkage of the final material structure 8. Although it may vary from one precursor to
another, the influence of temperature, residence time and heating rate have been well studied. For example, it has been
demonstrated that temperatures above 900 °C are suitable for removing most volatile compounds 9, developing the
porosity of the tannin gel, improving its micropore volume and surface area, and widening the narrow pores as well. This
was indeed confirmed by Szczurek et al. ¥ through FTIR analysis of the tannin-formaldehyde gel structure after drying
and carbonizing at different temperatures (300-900 °C). At lower temperatures (300-600 °C), the functional groups
(mostly oxygenated) were still present in their chemical structure, whereas at higher temperatures (700-900 °C), the
same groups were drastically reduced due to their gasification during carbonization. Thus, temperature has a positive
influence on the formation of microporosity, surface area and fixed C parameters, but it has a negative influence on
carbon yield, average porosity, and functional groups that will be volatilized (e.g., N, H, and O content).

For specific applications (e.g., energy storage systems), gel materials could have very high porosity and surface area,
reaching up to 3000 m%/g B4, Thus, another largely known method for improving the textural properties is the activation
method. Different organic precursors can be submitted to an activation process (physical or chemical) before or after
carbonization. In physical activation, organic gels are introduced in an oven in an inert atmosphere, but also in the
presence of CO, or steam at temperatures between 700 and 900 °C 88 |n chemical activation, the organic gel is in
contact with a chemical agent instead such as HzPO,4, KOH, NaOH, ZnCl,, etc. at temperatures between 400 and 800 °C,
which are considerably below the physical activation temperatures 8. However, the disadvantage of this process is that
the final material must be washed to remove residual chemical agents and possibly inorganic materials formed during this
kind of activation B9, The carbonized or activated carbons have higher specific surface area, higher pore volume,
resistance against being attacked in acid and basic solutions, hardness, ignition at low temperature (200-500 °C),
hydrophobicity and higher electrical conductivity which can be applied for catalysis, gas/air purification, and in the mining,
chemicals, water, food, and pharmaceutical industries [90]91]

As mentioned before, carbon gels prepared under normal or hydrothermal conditions present textural properties tunable
by pH, mass fraction, drying conditions, and others. In the case of gels prepared under normal conditions in presence of
formaldehyde, the influence of the pH follows the trend: larger nodules for gels prepared under acid pHs and smaller
nodules at alkali pHs (Figure 13a,b). In relation to their textural properties, Table 1 summarizes the main findings. In brief,
tannin-formaldehyde gels after carbonization or activation reached the highest values of surface areas (Sger) of 1420
m?/g and 1810 m?/g, respectively. In contrast, the highest Sget values for organic gels were attained at 880 m?/g. Thus,
the thermal treatment is crucial on the development of porosity, and consequently on the surface area. In addition, these
values are comparable to phenol-formaldehyde [©2 and resorcinol-formaldehyde 24 aerogels (up to 520 m%g and 695
m?/g, respectively) and their carbon derivatives (up to 720 m?/g and 580 m?/g, respectively).



Figure 13. Tannin-formaldehyde carbon aerogels prepared under normal conditions at pH 3.3 (a) and pH 8.3 (b)
(Reprinted with permission from reference 4% Copyright 2011 Elsevier); and hydrothermal carbon gels prepared with
tannin solution at pH 2 (c) (Reprinted with permission from reference 2 Copyright 2015 Elsevier) and at non-modified pH
(4.2) (d) 89,

Table 2 also summarizes the description of tannin carbon gels preparation and their physicochemical and textural
properties under HTC conditions. Tannin carbon gels made with different pHs under such conditions had a significant
influence on the reaction rate, carbon yield and on the physicochemical characteristics of the final products. Firstly, by
modifying the reaction medium, the hydrochar yield increased from 65 wt.% (HTC of tannin solution at non modified pH of
4.2) to 87 wt.% (HTC of tannin solution at pH 1) [Z2]. The low pH had a positive impact on the final carbon yield and on the
lower nodule diameter (Figure 13c,d). The pH of tannin gels made under hydrothermal conditions somehow did not follow
the same tendency as for tannin-formaldehyde gels. The gel structure with a lower nodule diameter (at low pH) might
have promoted the evolution of volatiles, improving the development of its surface area with almost the same microporous
size distribution (800 m2/g and 91% micropores) when compared to that with no pH modification (600 m2/g and 96% of
micropores) 2],

Carbon aero-, cryo- and xerogels made from HTC conditions had also similar physicochemical characteristics of gels
made from phenol/resorcinol-formaldehyde carbon aerogels B223] previously discussed. For example, surface areas of
an aerogel made from HTC of evaporated aminated tannin at 27 wt.% and posterior carbonization at 900 °C reached
values of up to 900 m?%/g, having a mixture of well-developed microporosity (54%) as well as wider microporosity and
mesoporosity (46%). However, these gels made under HTC were not considered to be monolithic compared to tannin-
formaldehyde gel materials. Thus, possible applications for such gels would be in electrochemistry, as the material must
be crushed and pressed during the preparation of carbon gel electrodes (see Table 3).

Table 3. Applications of organic and carbon gels made from tannin.

Application Type of Gel Testing Conditions Main Findings References

Organic tannin

gels
Thermal conductivity of Tannin gel conductivity is higher than that of
soy-tannin- air (0.033 W/mK compared to 0.026 W/mK).
Thermal insulator Aerogel for!nalc.iehyde ina The presence of narrow mesopor'es and [26]
cylindrical shape was fewer macropores would be required to
performed at room improve their performance as thermal

temperature insulators.



Application Type of Gel

Thermal insulator

Aerogel

Adsorbent for water treatment

Metal Pb2* Tannin-gel
Metal Cr®* Tannin-gel
Metal Cr6* Tannin-gel
Metal Cu?* Tannin-gel
Metal Zn?* Tannin-gel
Metal Ni%* Tannin-gel
Metal Sr2* Hydrothermal
cryogel
Rare metal V Tannin-gel

Testing Conditions

Thermal conductivity of
tannin-formaldehyde in
a cylindrical shape was
performed at room
temperature

Synthetic effluent 1000
mglL, batch tests; ratio
metal: adsorbent 0.1 g:
100 mL; Equilibrium
time5h,pH=1-7,T=
20°C

Synthetic effluent 1000
mglL, batch tests; ratio
metal: adsorbent 2.5
g:100 mL; Equilibrium
time 30 min, pH = 0.85-
5 T=30°C

Synthetic effluent 500-
5000 mgl/L, batch tests;
ratio metal: adsorbent
0.2 g:100 mL;
Equilibrium time 8 h,
pH =1-12, T = 25-45 °C

Synthetic effluent
10-150 mgiL, batch
tests; ratio metal:
adsorbent 0.1 g:100
mL; Equilibrium time 3
h,pH=2-5,T=25°C

Synthetic effluent,
batch tests;
Equilibrium time 2
weeks, pH=7,T=20
°C

Synthetic and real
effluent (synthetic and
river water) 50-200
mgl/L, batch tests; ratio
metal: adsorbent
0.25-1 g: 100 mL;
Equilibrium time 35
min, pH =2-7,T=23°C

Synthetic effluent
10-150 mglL, batch
tests; ratio metal:
adsorbent 0.02 g:100
mL; Equilibrium time
10 h,pH=9,T=25°C

Synthetic effluent 0.2

mM, batch tests; ratio
metal: adsorbent 0.02
g:100 mL; Equilibrium
timelh,pH=1-8,T=
30°C

Main Findings

Tannin gel conductivity is close to that of air
(0.027 WimK). Low thermal conductivity was
reported for gels with low density and very
narrow pores.

Tannin-gel behavior as ionic exchanger: two
Na* ions exchanged by one Pb?* ion. Pb
removal efficiency increased from 58 to 115
mg Pblg with increased pH from 3 to 4.2,
respectively.

Adsorption mechanism consists of four
steps: 1) Esterification of chromate with
tannin molecules; 2) Reduction of Cr* into
crét; 3) Formation of carboxyl groups by
tannin oxidation; and 4) lon exchange of

cr®* with carboxyl and hydroxyl groups.
Maximum adsorption capacity: 287 mgCrl/g at
pH 2.

Cr adsorption reached the maximum value of
488 mglg at pH 1 (25 °C). The mechanism of
Cr adsorption is based on: 1) Cr(IV)
adsorption by phenolic groups through
chromate esterification with tannin-gel
surface; 2) Cr(VI) reduction to Cr(lll); 3)
Carboxylate group formation due to tannin-
gel oxidation; 4) Cr(lll) retention on tannin-
gel surface; and finally 5) Cr adsorption
through hydroxyl and carboxyl groups.

Adsorption mechanism is a result of ion
exchange or complexation between

cu?* jons and phenolic groups present on
tannin-gel surface. Adsorption decreases at
lower pH due to ion exchange equilibrium.
Maximum adsorption capacity: 44 mgCulg at
pH 5.

Tannin-gel made from lab-extracted Pine
tannin presented the best performance for
Zn removal.

Maximum adsorption capacity: 65 mgZnl/g

The adsorption of Ni ions took place in a
homogeneous tannin gel surface (monolayer
adsorption).

Maximum adsorption capacity: 250 mgNilg at
pH5

Graphene oxide-tannin gel prepared under
HTC conditions showed excellent adsorption
performance for the removal of Sr?* (68
mgStr/g). Surface chemical analysis showed
that Sr?* was largely dependent on oxygen
functional groups, pH, salinity and ionic
strength.

V was efficiently adsorbed from different
solutions: VOCI; and NH4VO3. Stable
compounds were formed between VO?* (acid
character) and catechol and pyrogallol (alkali
behavior). V adsorption from NH4VO3 was
based on adsorption of H3VO4 (pH = 3.75)
and reduction of VO?* to VO3™ at pH 6.
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Application

Rare metal Au

Rare metal Au

Rare metal Pd(ll)

Rare metal Pd(ll)

Rare metals Pd
and Pt

Rare metals Au,
Pd, Pt and Rh

Metals: Au(lll),
Pd(ll), Pt(1V),
Cu(ln), Fe(llr), Ni(l),
Zn(lN)

Boron (B)

Phosphate (P)

Type of Gel

Tannin-gel

Tannin-gel

Tannin-gel

Aminated
tannin-gel
freeze-dried

Aminated
tannin-gel
freeze-dried

Tannin-gel

Tannin-gel

Aminated
tannin-gel
freeze-dried

Tannin-gel
freeze-dried

Testing Conditions

Synthetic effluent 10
mglL, batch tests; ratio
metal: adsorbent 0.01
g:100 mL; pH=2-3.8, T
=20°C

Synthetic effluent 0.1
mM, column tests;
Flow bed at 150 and
300 mL/h; pH = 2-6

Synthetic effluent 10
mglL, batch tests; ratio
metal: adsorbent 0.04
9:100 mL; pH = 1.3-2.5,
T=25°C

Synthetic effluent 100
mglL, batch tests; ratio
metal: adsorbent 0.1
g:100 mL; Acidic
medium, T =25 °C

Synthetic effluent 0.001
M, batch tests, single
and multiple metal
solutions; ratio metal:
adsorbent 0.1 g:100
mL; Equilibrium time
20 h,pH =0-5,T=25
°C

Synthetic effluent 1
mmol/L, batch tests,
single and multiple
solutions; ratio metal:
adsorbent 0.1 g:100
mL; pH=1,T=25°C

Synthetic and real
effluent, batch and
column tests, single
and multiple metal
solutions; ratio metal:
adsorbent 0.1-2 g:100
mL; Flow bed at 5
mL/h; Equilibrium time
12 h, acidic pH, T =30
°C

Synthetic effluent 200
mg/L, batch tests; ratio
contaminant:
adsorbent 0.5 g:100
mL; Equilibrium time
20 h,pH=8.8,T=30°C

Synthetic effluent 100
mglL, batch tests; ratio
contaminant:
adsorbent 0.5 g:100
mL; pH=2-12, T=25
°C

Main Findings

Adsorption of Au took place through the
reduction of trivalent Au ions into metallic Au
as well as oxidation of hydroxyl groups
present in tannin-gel to carbonyl groups.
Maximum adsorption capacity: 8000 mgAulg

98.5% of Au from HAuCl4 was adsorbed at
pH 6. The mechanism of Au adsorption was
based on: 1) Ligand exchange: AuCls” with
hydroxylphenyl groups present in the tannin-
gel; 2) Reduction of Au(lll) to Au(0); and 3)
Adsorption of Au(0).

Adsorption of Pd(ll) was based on the inner
sphere redox reaction: Pd(ll) ions were
adsorbed as metallic Pd; hydroxyl groups
were oxidized; and a ligand-substitute Pd(Il)
tannin inner sphere complex was formed.

Adsorption of Pd(ll) was due to metal ions
complexation and/or electrostatic
interaction. Also, acidic metal ions had high
affinity towards amine basic groups.
Maximum adsorption capacity: 80 mgPd/g.

The adsorption of Pd and Pt on tannin-gel
surface increased with increasing pH and
temperature, and with decreasing chloride
ion concentration. The amino groups
presented in tannin-gel formed stable
complex with metal ions but the
adsorbability of Pd(ll) was much higher than
Pt(IV). Interesting that aminated tannin gel
adsorbed mostly Pd(ll) from mixed solutions
even though it had good adsorbability for
Pt(IV) from single metal solution

The predominant species of each metal were
adsorbed by controlling the pH (equal to 1)
as well as the redox potential differences
between metals and tannin-gel. Au was
selectively adsorbed and reduced because
its redox potential was higher than that of
tannin-gel. However, the other precious
metals had much lower redox potential than
that of tannin-gel.

Rare metals were efficiently adsorbed
through both batch and column tests.
Tannin-gel selectively adsorbed Au(lll), Pd(ll)
and Pt(IV) over other metals: Cu(ll), Fe(lll),
Ni(ll) and Zn(ll). The mechanism of
adsorption of precious metals was the
combination of ion exchange, electrostatic
interaction and coordination with
thiocarbonyl group. Au(lll) was reduced to
elemental Au through abundant polyphenolic
groups on tannin molecule. Tannin-gel was
regenerated under acid solution up to five
times.

Aminated and non-aminated gels efficiently
adsorbed B at pH > 7. The adsorption of B
took place through the chelate formation of
tetrahydroxyborate ion and the hydroxyl and
amino groups presented in tannin-gels. The
adsorption capacity of the aminated cryogel
was higher than that of non-aminated one
due to the stable bonds between boron and
nitrogen from amino groups.

The gel impregnated with iron and oxidized
with nitric acid showed adsorption selectivity
for phosphate. The adsorption process was
independent of the pH (from 3 to 12).
Maximum adsorption capacity: 31 mgP/gFe
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Application

Organic MB

Organic MB

Organic BR

Organic CTAB

Benzene and
toluene

Carbon tannin
gels

Thermal insulator

Electrochemistry

Supercapacitor

Supercapacitor

Type of Gel

Tannin-gel

Tannin-gel

Tannin-gel

Tannin-gel

Tannin-gel

Carbon
xerogel

Carbon
cryogel

Hydrothermal
carbon aero-,
cryo- and
xerogel

Testing Conditions

Synthetic effluent,
batch tests;
Equilibrium time 2
weeks, pH=7,T=20
°C

Synthetic effluent 1000
mglL, batch tests;
Equilibrium time 15
days; pH =4-10, T =20
°C

Synthetic effluent 40
mglL, batch tests; ratio
contaminant:
adsorbent 0.04 g:100
mL; Equilibrium time
1.5h,pH=2-8, T=28
°C

Synthetic effluent,
batch tests;
Equilibrium time 2
weeks, pH=7,T=20
°C

Synthetic effluents 1%
sol., batch tests;
Equilibrium time 1 h;
ratio contaminant:
adsorbent 0.1 g:100
mL; pH =2-8.6, T =60
°C

Thermal conductivity of
tannin-formaldehyde-
surfactant in a
cylindrical shape was
performed at room
temperature

Supercapacitor device
based on a three-
electrode cell
configuration with an
aqueous acid
electrolyte (4 M H,SO,)

Supercapacitor device
based on a three-
electrode cell
configuration with an
aqueous acid
electrolyte (4 M H,SO,)

Main Findings

Tannin-gel made from lab-extracted Pine
tannin presented the best performance for
MB removal.

Maximum adsorption capacity: 432 mgMBIg

Adsorption of MB was improved by
increasing pH, probably because the dye
appeared with a higher cationic degree and
thus, it enhanced electrostatic interactions.
Maximum adsorption capacity: 483 mgMBIg

Good adsorption of BR due to the presence
of functional groups on tannin-gel structure:
phenolic, carboxylic, alcoholic, ether and
aromatic rings. Maximum adsorption
capacity: 45 mgBRI/g

Tannin-gel made from lab-extracted Pine
tannin presented the best performance for
CTAB removal.

Maximum adsorption capacity: 773
mgCTABIg

The removal of toluene was more effective
than benzene probably because of the
interactions between the methyl groups on
toluene and the OH groups on tannin gel.
Results show up to 99% removal of toluene
and benzene after 30 min batch tests.

Carbon tannin gel conductivity is higher than
that of air (0.039 W/mK compared to 0.026
WImK). The presence of narrow mesopores
would be required to improve its
performance as thermal insulator.

Carbon cryogels prepared at pH higher than
6 had low density and high surface areas (up
to 1200 m?/g). Thus, such materials as
electrodes for supercapacitor reached
capacitances as high as 100 F/g (scan rate 2
mV/s). In addition to mesopores, ultra- and
supermicropores played an important role on
their performance as electrodes for
supercapacitor.

Carbon aerogel, cryogel, and xerogel
prepared from HTC of evaporated aminated
tannin (MFTS of 27 wt.%) reached surfaces
areas of 860, 754, and 585 mzlg and specific
capacitances of 362, 387, and 330 F/g (scan
rate 2 mV/s), respectively. The presence of
nitrogen (2-3 wt.%) and oxygen (17-18 wt.%)
functional groups played an important role
on their performance for electrical energy
storage, especially through pseudo-
capacitance. However, mesostructuration
within 3-13 nm should be created to improve
the capacitance reduction at a higher scan
rate.
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Application Type of Gel Testing Conditions Main Findings References

Hydrothermal carbon xerogel made from

evaporated aminated Pine tannin reached a

surface area and a specific capacitance of

485 m?/g and 253 FIg (scan rate 0.5 mV/s),

respectively. The material presented high [Es]
concentration of nitrogen and oxygen

functional groups (6 mmollg) that played an

important role on their performance as

electrodes for a supercapacitor.

Supercapacitor device
based on a three-
Hydrothermal electrode cell
carbon xerogel configuration with an
aqueous acid
electrolyte (1 M H,SO,)

Supercapacitor

MB: Methylene blue; BR: Brilliant red; CTAB: Cetyltrimethylammonium bromide.
2.6. Applications of Organic and Carbon Tannin Gels

Generally, gels have been used for a great deal of applications such as diapers, contact lenses, medical electrodes,
breast implants, paints, coatings, adhesives, drug delivery, controlled release of different molecules, adsorbents, and
columns for materials separation (chromatography), separation technology (ion exchange), biosensors, catalysis,
actuation, and sensing through artificial muscles 224, However, only a few applications of organic and carbon gels made
from tannin are presented in Table 3, according to the available literature. The removal of metals (e.g., Cr*, Cu?*, Pb2*,
and Zn?*) was investigated by the usage of tannin-gel type already explained in Section 1.3 (Tannin complexation of
metals). They are less porous than gels described in this review, as they did not follow the same procedure of ageing,
solvent exchange, and drying methods. Despite their lower porosity, tannin-gels have been reported to be mostly applied
as adsorbents for the removal of metal contaminants from water at a concentration above the threshold fixed by
environmental regulators. This is because tannin presents phenolic hydroxyl molecules that have a specific affinity to
metal ions, and the ability to chelate them. An example of the tannin chelation process is presented in Figure 4. The
advantage of using tannin-gel as adsorbent over tannin is that a gel type material is insoluble in water whereas tannin
powder is very soluble, and it must be insolubilized or immobilized after the water treatment process.

It is also noticed that the applications of tannin gels are proposed depending on the gel type, namely aero-, cryo- and
xero-gel. For example, two types of organic aerogels made from tannin-soy-formaldehyde and tannin-formaldehyde were
tested as thermal insulators. This is because of their very low density (0.05-0.84 g/cm?) and high mesopore volumes (up
to 2.3 cm3/g) 8122 The first aerogel presented a thermal conductivity of 0.033 W/mK, which was higher than that of air
(0.026 W/mK). The authors reported that even though high porosity was attained, its volume of mesopores was only half
of the total pores volume thus, narrower pores and fewer macropores would be necessary to reduce its thermal
conductivity 8. The second aerogel (tannin-formaldehyde), however, presented a thermal conductivity close to the air
(0.027 W/mK) due to its low density and a significant fraction of very narrow pores. Additionally, the first aerogels showed
a filamentous structure different from the typical “string-of-pearls” found for tannin-formaldehyde gel and thus, the thermal
conductivity might have presented a distinct mechanism for both microstructures. This finding demonstrated that
depending on the gel type and its physicochemical and textural characteristics (density, pores distribution, surface area,
etc.), they can be selected for very specific applications.

For example, mesoporous materials are very interesting for water treatment because an appropriate pore size distribution
is crucial in order to adsorb molecules of different sizes. Indeed, organic molecules (high-size molecule) were found to be
successfully adsorbed by materials with larger micropores and mesopores 228l Bimodal porosity was also found to be
interesting for various applications because of the accessibility of ions or compounds to be transported from wider pores
to micropores. On the other hand, micropores were found to play an important role in enhancing the specific capacitance.
However, micropores with complex pore structure are not very useful for their capacity to store electrical energy. For
example, pores lower than 0.7 nm may contribute to improving the specific capacitance, but they are not accessible at a
high discharge rate 229, Thus, the pore structure and pore size distribution must be optimized in order to have materials
with high capacitance performances.

Researchers were motivated to explore the electrochemical properties of hydrothermal tannin carbon gels not only
because of their great developed porosity, but also due to the enhancement of their functional groups, especially nitrogen
and oxygen connected to their surface. This is because supercapacitor performances depend on the surface area
accessible to the electrolyte ions, the presence of mesopores, and some heteroatoms, such as oxygen and nitrogen for
the improvement of wettability and electronic conductivity ILAMRLLLZ |ndeed, the final evaporated aminated tannin under
HTC conditions presented nitrogen compounds in their structure, which had an important influence on the capacity of
such materials to store electrical energy. According to Table 3, these materials presented the highest specific capacitance
(up to 390 F/g) at scan rate of 2 mV/s [3l, Such values were higher than those reported for biosourced carbon gels in the



available literature BEILISILMIILLS] This finding is due to the combination of functional groups of oxygen and nitrogen that
contributed to the enhancement of pseudo-capacitance through faradaic effects 2283l However, the authors highlighted
that to achieve even better electrochemical performances at higher scan rates, the mesostructuration within 3 and 13 nm
must be created in the structure of the carbon gel for the accessibility of micro- or ultramicro-pores. So, further studies are
still needed for an effective application of tannin carbon gels in energy storage.
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