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HIGHLIGHTS

® The 1st carbon aerogels were prepared from gelation of tannins (T) catalysed by silica (S).

® Silica acted both as auto-condensation catalyst and as porogen.

® Dissolution of silica nanoparticles formed in the aerogels further increased their porosity.
® The influence of the S/T ratio and on the etching agent on the porosity was elucidated.
® Higher porosity and surface area than other tannin-based carbon aerogels are reported.

ARTICLE INFO ABSTRACT
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Condensed tannins
Autocondensation reactions
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The first carbon aerogels prepared by autocondensation of condensed (flavonoid) tannin, a cheap renewable
resource extracted from Mimosa barks, are presented. Mixing aqueous solutions of tannin and sodium silicate
indeed produced the very fast gelation of tannins, thus leading to organic hydrogels which were first converted
into organic aerogels by supercritical drying, and then into carbon aerogels after pyrolysis at 900 °C. Subsequent
dissolution of the silica nanoparticles thus formed within the carbon structure further increased significantly the

porosity of the materials. Silica thus appeared to be both the gelation catalyst and a pore-directing agent. In this
work, the influence on the porosity of the silica/tannin ratio and of the nature of the etching agent used for
removing the silica was thoroughly investigated by combining several techniques. The conditions for producing
either the most porous materials or those with the highest surface areas were identified and discussed.

1. Introduction

Carbons are materials of continuous interest, as proved by the huge
number of papers published during the last decades. Actually, more and
more of them are produced from formerly poorly valorised precursors,
such as agricultural residues [1,2], low-quality coals [3,4], lignite [5],
or wastes [6,7]. Out of low-cost precursors, condensed (flavonoid)
tannins are considered as very effective for producing many thermoset
polymeric materials and their carbonaceous derivatives. Tannin-based
adhesives [8,9], foams [10,11,12], aero-, cryo- and xerogels
[13,14,15,16,17], hydrothermal [18,19,20] and ordered mesoporous
carbons [21,22,23,24] are well-known examples of versatile materials
that can be prepared from tannins. Not only their structure can be tuned
to fit a given application as adsorbent or as electrode material for ex-
ample, but they constitute the best alternative to synthetic phenolic
precursors such as resorcinol or phenol, the latter molecules being usual
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raw materials in the production of wood adhesives [25] and highly
porous materials [26]. Their attractiveness is provided by the non-
toxicity, low cost, and high reactivity of flavonoid tannins.

In some of the aforementioned applications, however, the materials
synthesis requires using formaldehyde as a crosslinker. A lot of efforts
have already been made to replace it by other reagents, including
glutaraldehyde or glyoxal [27,28] and hexamethylenetetramine
[29,30] for instance. They are definitely less harmful but present
comparable or lower crosslinking efficiency than formaldehyde. In
other works, neither aldehyde nor precursor of aldehyde was used, the
oligomerisation and the crosslinking being due to the formation of
—-N = bridges between multi-aminated flavonoid units [18,31]. In a
very recent paper, the tannin was condensed at very low pH, leading to
crosslinker-free resins and then to porous carbons [32].

A safe and cheap way of tannin condensation was also proposed by
Meikleham et al. [33]. In their work, the autocondensation of highly
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Fig. 1. (a) Chemical structure and atom numbering of prorobinetinidin, the main oligomer in mimosa tannin extract; (b) suggested (ionic) mechanism of the SiO»-

catalysed autocondensation of mimosa tannin (after [33]).

concentrated solution of tannin extract was catalysed by SiO, pre-dis-
solved in aqueous NaOH solution. The main reaction is shown in Fig. 1.
The authors stated that autocondensation of tannin in the presence of
SiO, takes place through a carbocation mechanism. In this reaction,
SiO, links to the C2 of the flavonoid unit (see atom numbering in
Fig. 1(a)), leading to the opening of the heterocycle. Intermolecular C2-
C6/C2-C8 autocondensation thus occurs, as also proved for other
(procyanidin and prodelphinidin) kinds of tannin [34]. In the case of
mimosa tannin dominated by prorobinetinidin (see again Fig. 1(a)), the
gelation is induced by acceleration of pyran rings opening reaction,
visible by rapid and drastic increase of viscosity. Moreover, the car-
bocation participates also in C4-C8 or C4-C6 inter-flavonoid linkage, as
it is known that hydride ion can be often extracted by it from the a —
carbon to double bond or aromatic ring of another molecule. All these
findings were examined, confirmed and discussed in detail in [33]. It
has been shown later, however, that the first step of the aforementioned
ionic mechanism involves the formation of radical species, whatever
the kind of flavonoid tannin considered [35,36,37,38]. The practical
application of resins based on autocondensed tannin in the production
of wood particleboards was discussed elsewhere [39,40,41].

The present work was inspired by this technique for preparing
highly mesoporous carbon materials with controlled textural proper-
ties. We show that total porosity and pore size distribution can be tuned
by changing the amount of Na,SiO; used both as catalyst of auto-
condensation and as mesopore-directing agent. The influence of etching
the silica produced in the carbon materials on their final porous prop-
erties was also investigated.

2. Experimental
2.1. Synthesis

Organic gels were first prepared by simply mixing an homogeneous
11 wt. % aqueous solution of Mimosa tannin (kindly supplied by
SilvaTeam, Italy) with different volumes of 35 wt. % aqueous solution
of sodium silicate (also called “waterglass”) Na,SiO3 (Merck, Germany)
in order to obtain SiO,/tannin (S/T) mass ratios varying from 0.3 to
1.04. As the gelation of such prepared mixtures was quite fast, less than
2 minutes, the solution of Na,SiO3 had to be added quickly, i.e., in one
single step. The samples were then cured for 3h at room temperature
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and placed afterwards in polypropylene sealed bottles containing ab-
solute ethanol. The latter was replaced 3 times by new one, in order to
remove any residual water from the gels. Such exchange step was in-
deed required prior to supercritical drying in CO,, using an Autosamdri-
815 automatic critical point dryer (Tousimis, USA). After drying, the as-
obtained aerogels were next heated at 5°Cmin ™" in a horizontal tub-
ular furnace up to 900 °C, left for 2 h at the final temperature, and then
slowly cooled down to room temperature. The whole process of heating
and cooling took place in high-purity nitrogen flowing at
100 mLmin~".

The resultant carbons aerogels were next divided in two parts: one
part was washed with 2mol L™! NaOH for 24 h in room conditions,
while the second part was treated in the same conditions but with a 40
wt. % aqueous solution of HF. These washing steps were carried out for
removing SiO, from the carbon matrices and thus for releasing some
porosity. At the end, the samples were rinsed several times with dis-
tilled water until neural pH, and dried in a ventilated oven at 105 °C for
24 h. The harsh conditions of treatment caused cracking and the ruin of
the initial monolithic shape of the gels. This is not a problem, however,
since almost all applications of porous carbons are based on powders,
and since the relevant features that these materials should present are
surface area and pore volume, which are not related to the macroscopic
structure.

It may be interesting to recall here that, despite HF aqueous solu-
tions are dangerous and corrosive fluids, although widely used in the
lab and in the industry, they are never released in the environment.
Depleted solutions are indeed usually neutralised by precipitation in the
form of CaF, (fluorite) by addition of calcium salts. Since CaF, is very
poorly soluble, the amount of F~ that is released is a few ppm only, far
below the few hundred - few thousand ppm allowed in wastewater.
Then, CaF, is recovered and can be treated for producing new fluorine
compounds, as fluorite is indeed one of the raw materials of F chem-

istry.
2.2. Characterisation
The total porosity @ (dimensionless) and the total pore volume V),

(ecm® g™ 1) of the investigated porous materials were calculated by ap-
plying the following equations:
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@

(2

in which p, (g em™3) and p, (g cm™>) are bulk and skeletal densities,
respectively. As the materials were brittle and presented irregular
shapes, p, was measured by mercury porosimetry, using an AutoPore IV
9500 device (Micrometrics, USA). For doing so, the volume of mercury
introduced under vacuum into a sample holder of known, calibrated,
volume, containing the sample, was measured at low pressure,
34.5 mbar. In such mild conditions, mercury neither intruded the pores
of the material nor could collapse it, so its envelope volume could be
deduced accurately. The skeletal density, p;, was measured by helium
pycnometry with an Accupyc II 1340 apparatus (Micromeritics, USA),
using a known mass of finely crushed sample for avoiding any erro-
neous result due to possibly closed porosity. Helium being able to pe-
netrate the narrowest pores, the volume of the carbon backbone was
derived. Before all the aforementioned experiments, the samples were
dried at 105 °C in vacuum overnight in order to avoid the distorting
effect of adsorbed water on the volume measurements.

Nitrogen adsorption-desorption isotherms were obtained at
—196°C using an ASAP 2020 automatic adsorption apparatus
(Micromeritics, USA). The samples were outgassed for 48 h under va-
cuum at 250 °C prior to any adsorption experiment. Surface areas, Aggr
(m? g’l) were determined by the BET calculation method [42] applied
to the adsorption branch of the isotherms within the adequate range of
relative pressure (P/Py). Particular attention was paid to the C para-
meter in the BET equation that provides information about the inter-
action of the adsorbent surface and the adsorbate, and which has to be
positive. Aggr indeed strongly depends on the range of P/P, chosen to
fit the BET equation to the nitrogen isotherm, and therefore it cannot be
automatically applied between 0.05 and 0.25 relative pressures. We
thus plotted Vy, X (1 — P/Py), where Vy, is the adsorbed nitrogen
volume at a given value of P/P,, as a function of P/P, and starting at P/
Py = 0.01. The maximum P/P, to fit the BET equation is that where
Vnz X (1 — P/Py) reaches its maximum.

The micropore volume, Vpg (cm® g~ 1), was determined according to
the Dubinin-Raduskevich method [43]. The total pore volume, some-
times referred to as the Gurvitch volume, V, o, (cm® g’l), was defined
as the volume of liquid nitrogen corresponding to the amount adsorbed
at a relative pressure P/P, = 0.97 [44]. The average micropore dia-
meter, Lo (nm), was calculated from either Stoeckli’s equation (Eq. (3))
[45] or Dubinin’s equation (Eq. (4)) [46] when E, (kJ mol 1) was lower
than 20kJmol ~'. E, is the characteristic adsorption energy of probe
molecules, derived from the nitrogen adsorption isotherms at —196 °C
by application of the Dubinin—Raduskevich method.

L __ 108
° " By - 114 3)
o= 24
°T K, Q)

The pore size distributions (PSDs) in the whole range of pore sizes
were obtained using non-local density functional theory (NLDFT) from
the Solution of Adsorption Integral Equation Using Splines (SAIEUS®)
routine. This method has the advantage of combining both CO, and N,
adsorption data to get more accurate PSDs [47]. Moreover, it allows
fitting the PSDs with a spline model, avoiding the usual singularities of
the classical DFT model. The smoothing parameter A was set constant
and equal to 2.75 for all samples in order to allow comparing different
PSDs. The micropore volume (pores diameters < 2nm), V,, nLprr (cm?®
g1, was calculated by integrating the PSD up to 2nm, the ultra-
micropore volume (pores diameters < 0.7 nm), Vi, nprr (cm® g™ 1),
was calculated by integrating the PSD up to 0.7 nm, and the super-
micropore volume (pores diameters between 0.7 and 2nm) was
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obtained as Vy, niprr = Vi neorr — Vi neorr- The mesopore volume,
Vimeso (cm® g71), was assumed to be the difference Vo, — Vpg. The
NLDFT method was also used to determine surface area, Syiprr (m?
g~ 1), by integrating the PSDs over the whole range of pore sizes [48].

Finally, the PSDs in the mesopore range were calculated by appli-
cation of the BJH model [49] with the the Kruk-Jaroniec-Sayari (KJS)
correction [50] supplied by Micromeritics software, considering the
desorption branches. The BJH pore size model is based on the classical
Kelvin equation modified for multi-layer adsorption on the pore wall
prior to the onset of condensation or after completing evaporation, and
is widely used to investigate the pore-size distribution of meso- and
partly macroporous materials.

Due to some limitations of the BJH model, underestimation of pore
sizes may happen, hence the mesoporosity was also probed by mercury
intrusion. The latter was carried out with the same apparatus as for
measuring the bulk density. The experiments were performed in two
steps: first in a low-pressure chamber within the pressure range
0.001-0.24 MPa; then the sample holder filled with sample and mer-
cury was transferred to a high-pressure chamber in which the pressure
was increased from 0.24 to 414 MPa. The pore size distributions were
estimated by application of Washburn’s equation, assuming cylindrical
pores:

__4ycosé
TP 5)

where D (nm) is the pore diameter, y (0.485Nm™1) is the surface
tension of mercury, 6 (usually fixed at 140°) is the contact angle be-
tween mercury and the material, and P (Pa) is the intrusion pressure.
Eq. (5) shows that the narrowest pores available to Hg have a diameter
of 3.6 nm.

The morphology of three groups of samples: (i) not treated; (ii)
treated with NaOH; and (iii) treated with HF, was investigated by
scanning electron microscope (SEM) observations, using a FEI Quanta
600 FEG. For all samples, both detectors of secondary electrons (SE)
and backscattered electrons (BSE) were used to obtain the most detailed
images. SE indeed provide best evidence of the topological contrast
while BSE were used for visualising the chemical contrast and were
then helpful at the moment of performing energy-dispersive X-ray
analysis (EDX) of the samples.

The intimate materials structure was observed with a FEI CM200
transmission electron microscope (TEM), using electrons of energy
200keV in bright field mode. Prior to the observations, powdered
samples were ultrasonically dispersed in ethanol and transferred onto a
200 mesh carbon-coated copper grid. The pore diameters were mea-
sured from calibrated micrographs using ImageJ software. Around 50
measurements were thus made for each observed sample, and the ob-
tained values of pore diameters were averaged.

X-ray diffraction (XRD) profiles of carbon materials treated with HF
were obtained with a PANalytical X’Pert Pro diffractometer (Philips,
The Netherlands). The latter was used in a Bragg—Brentano configura-
tion in reflection, and was equipped with a Cu (K, radiation) antic-
athode and a high-speed multichannel X’Celerator detector. The carbon
gels were ground in an agate mortar, and the resultant powders were
placed on the sample holder. The latter was installed on a rotating
spinner for allowing the highest number of grains to be in diffraction
position. The interplanar spacing dgpp, (nm) was calculated from the
well-known Bragg’s law, whereas the sizes of the coherent domains
along a and c axes, L, (nm) and L. (nm), respectively, were calculated
from the 10l and 002 reflections, respectively, using modified
Scherrer’s equation [51,52]:

_ K1
" Beos6

(6)

where K is a factor, 1.85 for L,, and 0.9 for L, A is the wavelength, here
0.154036 nm, B is the FWHM of the 10l reflection for L, and of the 00 2
reflection for L.. Finally, the average number of aromatic layers, N,, was
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obtained from the interlayer spacing, dpp2, and the coherent domains
along the c axis, L., according to:

N, = L
dOOZ

)

3. Results and discussion
3.1. Tannin-derived carbons

The conversion of tannin into carbon has been already addressed in
detail in former works from our group (see for instance
[10,15,16,18,53,54,55,56,57,58]. Our Raman spectroscopy and XPS
analyses [17,23,24,32,59,60] have clearly shown that tannin-based
carbon is mainly aromatic (i.e., sp2) but non-graphitic, based on na-
nometre-size domains bordered by sp3 carbon atoms, and that around
60% of the carbon is type I (hydrocarbons, aromatics, aliphatics),
around 25% is type II (Csp3 and C—O bonds associated to ethers,
phenols and anhydrides), the rest being types III (C=0 bond in car-
bonyls and quinones) and IV (C-O bonds in carboxyl acids) at levels of a
few % of each.

The elemental composition of the tannin used here has been pub-
lished before [61] and is as follows: C (53.8 wt%), H (5.4 wt%), N (0.6
wt%), S (0.1 wt%) and O (40.1 wt%). This tannin and its resins, whe-
ther crosslinked or condensed, are also well-known to have a carbon
yield of ca. 45% [62], a value also recovered here after silica was lea-
ched out. After pyrolysis, the carbon content, which has been measured
multiple times (see references above about tannin-derived carbons)
always range from 85 to above 95 wt.% after pyrolysis at 900 °C, de-
pending on the level of mineral impurities, just as observed in the
present work (see below).

3.2. Porous texture

The results of bulk density, total porosity, and corresponding total
pore volume of samples treated with NaOH and HF are presented in
Table 1. It can be seen that these quantities can be controlled by the
SiO,/tannin (S/T) mass ratio, irrespective to the nature of the etchant
that was used. More Na,SiOs in the reaction mixture resulted in more
porous final carbons, as expected. Another logical finding is that
treating the carbon aerogels in the most aggressive environment, HF,
led to the most efficient removal of the silica, thus producing samples of
much higher porosity and associated porous volumes. It is indeed a
well-established fact that HF is much more efficient than NaOH for
dissolving silica, and this is even truer as soon as big silica particles are
considered, whose existence in the form of clusters was confirmed (see
below and next section).

As suggested by Fig. 2, showing the relative changes of porous
parameters when using HF as etchant with respect to NaOH, no sig-
nificant difference was observed for samples prepared with S/T mass
ratios within the range 0.3-0.75. In contrast, the sample prepared with
the highest mass ratio, 1.04, had a relatively much lower density caused

Table 1

Porous properties of SiO,-Tannin (SIOT) samples treated with either NaOH or HF.
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Fig. 2. Changes of porous parameters when using HF as etchant with respect to
NaOH. The curves are just guides for the eye.

by the removal of SiO, clusters not accessible to, or not soluble in,
NaOH. As a result, HF produced more porous samples at high S/T ratio,
since the total pore volume was almost 80% higher than when NaOH
was used. NaOH can indeed be enough for dissolving truly small (nano)
particles, but as far as clusters are concerned, HF always performs
better. As a result, the porosity of silica-rich materials can be much
more developed by using HF.

The nitrogen adsorption-desorption isotherms of carbon aerogels
treated with either NaOH or HF are given in Fig. 3. All such isotherms
were combinations of type I and type IVa according to the IUPAC
classification, thus evidencing the presence of both micro- and meso-
porosity. The type IVa was accompanied by hysteresis loops, corre-
sponding to capillary condensation and presenting intermediate shapes
between types H2(b) and H5 [63]. The stepwise desorption branches
suggest that these carbons present bimodal porosity associated with
certain pore structures containing both open and partially blocked
mesopores. This type of desorption isotherms can be observed when
pore network effects occur, i.e., when large pores have to be emptied
through narrower pores connecting them to the outer surface of the
material. In this case, those large pores are emptied at lower pressure
than open pores of comparable diameter.

Fig. 3 also suggests shows that more sodium silicate in the initial
formulation produced less microporous carbon aerogels after removal
of the silica, whereas the mesoporosity passed through a maximum.
Indeed, by considering the adsorbed N, volume at low relative pressure,
it can be seen that the height of the plateau decreased, on average,
when the S/T ratio increased. This phenomenon is accompanied by a
widening of the micropore size distribution, as revealed by the slight

Sample S/T mass ratio Bulk density” (g cm ™) Total porosity” (%) Total pore volume® (cm® g~1) Intrusion volume® (cm® g~ 1)
NaOH HF NaOH HF NaOH HF NaOH HF
SIOT30 0.30 0.77 0.59 67.3 70.8 0.87 1.20 0.54 0.78
SIOT45 0.45 0.67 0.52 70.6 73.8 1.05 1.43 0.69 1.05
SIOT75 0.75 0.65 0.49 73.4 75.9 1.12 1.53 0.79 1.37
SIOT104 1.04 0.52 0.32 74.8 82.4 1.44 2.57 1.30 2.37

@ Obtained from Hg porosimetry.
> Obtained from Eq. (1).
¢ Obtained from Eq. (2).
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Fig. 3. N, adsorption-desorption isotherms (filled and empty symbols, respectively) of SiO,-Tannin (SIOT) samples treated with either NaOH or HF and containing

various initial S/T mass ratios: (a) 0.30; (b) 0.45; (c) 0.75; and (d) 1.04.

Table 2
Results of N, adsorption measurements.
Sample Apggr SNLDFT Vo.o7 Vbr Lo Vineso Vyu NLDFT Vup nNLDFT Viu nNLDFT
(m*g™ m?g™h (em® g™ (em® g™ (nm) (em®*g™") (em®*g™) (em®*g™") (em®*g™")
Na HF Na HF Na HF Na HF Na HF Na HF Na HF Na HF Na HF
SIOT30 701 770 791 836 0.76 0.91 0.27 0.29 0.92 0.99 0.54 0.68 0.22 0.23 0.16 0.16 0.06 0.07
SIOT45 709 783 777 832 0.92 1.23 0.28 0.30 1.04 1.13 0.71 1.02 0.21 0.21 0.14 0.13 0.07 0.08
SIOT75 497 759 445 739 1.00 1.87 0.14 0.29 1.20 1.25 0.93 1.71 0.07 0.16 0.04 0.08 0.03 0.08
SIOT104 451 542 460 504 0.81 1.11 0.17 0.21 1.21 1.34 0.70 0.99 0.11 0.12 0.06 0.04 0.05 0.08

broadening of the knee of the N, adsorption branch at low P/P,. As for
the mesoporosity, the width of the hysteresis loop unambiguously in-
creased from S/T = 0.3 to 0.75, and decreased at S/T = 1.04. However,
the final total porosity of those aerogels, corresponding to the adsorbed
amount at saturation, did not change proportionately with the amount
of silica initially introduced. Especially in the case of samples etched
with NaOH, the adsorbed volume of N, at saturation remained in the
range 500-600 STP cm® g~ 1, irrespective to the S/T ratio. This finding
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suggests that a significant part of the porosity was already pre-existing
in the carbon aerogels.

Besides, Fig. 3 shows that, at constant initial amount of Na,SiOs,
etching with HF led to more porous carbon aerogels than with NaOH.
Indeed, HF can dissolve silica particles of any size, unlike NaOH, thus,
as soon as clusters are dissolved by HF, formerly inaccessible silica
nanoparticles become available and in turn can be dissolved conse-
quently. This effect is observed not only by the higher adsorbed volume
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of N, at saturation, but also by the higher plateau at low relative
pressure. As a result, both micro and mesoporosity were developed
upon silica dissolution. All the data of porous texture, corresponding to
results of N, adsorption measurements for SIOT-Na and SIOT-HF sam-
ples are gathered in Table 2 and are discussed below.

HF systematically led to higher values of porous texture parameters,
whether these are surface area, micro and mesopore volumes, or
average micropore width. For instance, the surface areas were in the
ranges 450-710 m? ¢! and 540-780 m? g~ ! for samples treated with
NaOH and HF, respectively. Thus, HF induced an increase of Aggr of
around 10-20% in comparison to analogue samples treated with NaOH.
Again, this finding is easily explained by the higher ability of HF to
dissolve big silica particles blocking the access to nanoparticles buried
in the bulk of the carbon material. As soon as clusters are leached out,
nanoparticles become available and can be etched. Consequently the
surface area, mainly due to very narrow pores, can increase sig-
nificantly. The Syrprr Was quite similar to Apgr, with differences lower
than 10%. Apgr underestimates the surface area when pores narrower
than 0.7 nm exist. In the same way, Vpg overestimates the micro-
porosity, and was only given herein for comparison purposes with other
studies reported in the literature.

All micropore volumes (whether total or subdivided into ultra- and
supermicropores) decreased, on average, with the amount of silica, and
so did the surface areas. Such a decrease led to a rise of mesopore
fraction, up to 93% and 91% for SIOTs-Na and SIOTs-HF, respectively.
However, the mesopore volumes, V., and hence the total pore vo-
lumes measured by adsorption, V; o7, passed through a maximum at S/
T = 0.75. Such maximum is likely due to the formation of silica clusters
which are difficult to eliminate at too high S/T mass ratios. Those
clusters produced broader pores, leading to the observed decrease of
surface area and pore volumes, even when using HF, which proved to
be more efficient that NaOH in all cases. The presence of such clusters
was confirmed by SEM observation (see next section), and was also
suggested by the way the average micropore width, L,, changed with
the S/T ratio of samples etched with either HF or NaOH, see Fig. 4.
Indeed, whereas the L, of SIOTs-HF samples continuously increased
with the S/T ratio, a clear saturation is seen for SIOTs-Na samples above
S/T = 0.75 due to blocking of pores by SiO, nanoparticles.

It is also worth noticing that carbon gels prepared in the way de-
scribed here present significantly higher pore volumes than those of
tannin-based carbon gels having comparable BET area but prepared
from classic polycondensation with formaldehyde. For instance, the

14 ‘
——HF
13 ~*Na i
12t i
&
£
—° q1L i
1L 4
09 | | | | |
0.2 0.4 0.6 0.8 1 1.2
S/T wt. ratio

Fig. 4. Changes of average micropore width of samples etched with either HF
or NaOH, as a function of the initial S/T mass ratio in the formulation.

77

Carbon Resources Conversion 2 (2019) 72-84

results given in Table 2 show that formaldehyde-free carbon aerogels
prepared with silica acting both as autocondensation catalyst and
porogen, and treated with HF afterwards, are much more mesoporous
than their counterparts made with formaldehyde and without silica
[55]. Besides, their BET area is also higher, on average, despite their
microporosity is lower. This is an excellent characteristic, given that
aerogels are generally much sought after for their exceptionally large
and almost purely mesopore volume. The same applies to for-
maldehyde-derived cryogels, whose micro and mesopore volumes, BET
areas and average micropore widths, are lower than the present ma-
terials etched with HF [56].

For SIOTs-Na and SIOTs-HF samples, the microporosity (V,, niorr)
represents 7-29% and 9-25% of the porosity measurable by adsorption
(Vo.97), respectively. The part of the microporosity corresponding to
ultramicropores (V,, nrprr) Was the highest at low S/T ratio and de-
creased when the latter increased, as seen by the micro/mesopore-size
distributions shown in Fig. 5 according to two ways: the usual way on
the one hand, i.e., 0V/ow versus w, where V is the pore volume and w is
the pore width, and the “log differential” way on the other hand, i.e.,
dV/dlogw versus w. The latter presentation is known to emphasise the
pores of higher diameters, which otherwise would be hardly visible
[64].

When S/T increased, the intensity of the narrow and high peak
centred on 0.45-0.58 nm, depending on the material (see Fig. 5(a) and
(c)), indeed decreased significantly, whatever the etching agent. The
increased amount of autocondensation catalyst indeed improved the
crosslinking of the polymeric matrix and reduced the evolution of gases
during pyrolysis that produces microporosity. For this reason, Vy, n.orr,
Vg neorr and Vy, nippr all decreased when increasing the S/T ratio. At
the same time, a population of mesopores centred on ~4-24 nm in-
creased with S/T, with a maximum at 0.75 as observed above. For some
samples, additional small peaks centred on ~1nm could be also ob-
served, but with no certainty as to their significance, due to some
known biases of the DFT method near 1 nm. The present gels can thus
be considered as roughly bimodal in the range of micro- to meso-
porosity.

The BJH model was applied to the desorption branches of N,
sorption isotherms for obtaining more detailed information about me-
sopores, and the corresponding results are presented in Fig. 6. SIOT-Na
samples presented one main asymmetric peak centred on ~5nm for S/
T ratios of 0.3, 0.45 and 0.75, and one centred on ~10nm for S/
T = 1.04. The height of those peaks decreased when the S/T ratio in-
creased, but as the distribution broadened at the same time, it led to an
increase of mesopore volume until S/T = 0.75, as observed in Table 2.
For the latter ratio, the distribution was clearly bimodal, with a second
peak centred on ~21 nm. The samples SIOT-HF were different in the
sense that, except SIOT104-HF, all presented bimodal distributions, and
the position of their two major peaks moved with the S/T ratio. Thus,
the samples prepared with S/T = 0.3 and 0.45 had almost similar
identical distributions, except the corresponding absolute pore vo-
lumes, whereas samples with higher S/T had peaks visibly shifted to-
wards higher pore sizes. At the highest S/T mass ratio, the distribution
was much broader until only one broad peak remained. Such dis-
tribution was nearly exactly the same for both SIOT104-HF and
SIOT104-Na, suggesting that the nature of the etching effect had no
more influence on the mesoporosity above a critical amount of silica in
the initial formulation.

The mesoporous and macroporous structure of SIOTs samples in-
vestigated by mercury porosimetry led to the intrusion curves vs. pore
diameters presented in Fig. 7, whereas the values of total intrusion
volumes were already provided in Table 1. The intrusion volumes in-
creased with the S/T mass ratio for both types of materials, but those of
the SIOTs-HF samples increased the most. This finding again suggests
that NaOH was as not as efficient as HF for producing porosity at high
S/T values.

Whether etched with NaOH or HF, it can be seen that a low fraction
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Fig. 5. Micro/mesopore size distributions of samples of various S/T ratios and treated with either: (a-b) NaOH, or (c-d) HF, calculated by application of the NLDFT
method: (a) and (c) are differential distributions, whereas (c) and (d) are log differential distributions.

of macropores and of large mesopores is produced, and that most of the
porosity that was released corresponds to mesopores smaller than
22 nm. Indeed, at such value of diameter, the intruded volume increases
sharply. This finding suggest that only a few big silica particles (roughly
in the range ~5-320 um) were present in the carbon gels, whereas most
of the silica existed as particles with sizes ~4-22 nm. Among the latter,
two populations could even be deduced: ~4-6 nm and ~6-22 nm. The
mesoporous structure of SIOT materials thus presented a bimodal
character in this range of porosity, which was confirmed by adsorption
results based on the BJH model. The corresponding pore-size distribu-
tions deduced from Fig. 7 are presented in Fig. 8, and obvious simila-
rities with the former Fig. 6 can be seen.

Fig. 8 shows that the PSDs of both kinds of samples, SIOTs-Na and
SIOTs-HF, are nearly the same, exhibiting the bimodal character ex-
pected from Fig. 7 with two main peaks centred in the ranges ~6-9 nm
on the one hand, and ~12-50 nm on the other hand. For the lowest S/T
mass ratio, 0.30, HF removed a higher fraction of bigger silica nano-
particles, leading to a peak of higher intensity in the PSD, and removed
smaller silica nanoparticles, thus shifting the corresponding peak
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maximum to lower values of pore diameter. This phenomenon is ex-
plained by the opening of the narrowest mesopores formerly blocked by
bigger SiO, particles. As a support of such assumption, the peak at high
pore diameters became broader and asymmetric, and its maximum was
shifted to even higher diameters. Concerning the samples SIOT75 and
SIOT104, the peaks occurred exactly at the same positions whether HF
or NaOH was used, but HF etching again increased the corresponding
pore volumes. This indicates that S/T mass ratios higher than 0.75 re-
sulted in the agglomeration of SiO, particles and created the macro-
porous structure of the carbon gels.

3.3. Morphology

The morphology of carbons before and after etching with NaOH or
HF is shown in Fig. 9. The surface of raw carbon aerogels was found to
be covered by 1-10 um round-shaped deposits of SiO, particles, see
Fig. 9(a), which could definitely not account for the nanoporous
structure of the materials. The etching in NaOH or HF was intended to
remove the silica and consequently to open the porous structure, but in
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Fig. 6. Pore size distributions obtained by application of the BJH model to the desorption branches of N, isotherms for samples etched with: (a) NaOH, and (b) HF.

the case of NaOH, the process was not sufficient for samples with high
S/T mass ratio: a large amount of the SiO, was indeed left in the carbon
structure, as clearly seen by the white inclusions in Fig. 9(b). In con-
trast, the HF etching resulted in neat carbon materials without visible
traces of SiO,, see Fig. 9(c).

As for the latter, two distinct surface aspects were observed, with an
outer uniform and rather smooth skin, or with the fine nodular struc-
ture usually found in carbon gels. The typical size of those nodules was
in the range 30-100 nm, i.e., typical of other carbon aerogels based on
tannin [55].

EDX analysis was carried out in order to estimate the concentrations
of elements present on the surface of carbon aerogels before and after
each kind of etching. The results are presented in Fig. 10 for SIOT104
before and after etching with HF. The pyrolysis of organic aerogels
loaded with sodium silicate resulted in carbon materials fully covered
and/or impregnated with silica compounds. Elemental mapping shows
that Si (green in Fig. 10(a)) was closely associated with O (turquoise
blue), and that Na (dark blue) was very well dispersed. Some red islands
could also be observed, associating C and Si, likely to correspond to the
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SiC phase. The presence of SiC was confirmed by quantifying the local
concentrations of elements in those red areas: C and Si elements were
indeed much more abundant than elsewhere. Finding SiC is not sur-
prising as it was previously shown that, for instance, carbonisation of
rice straw containing up to 20 wt. % of SiO, also leads to carbon ma-
terials containing small inclusions of silicon carbide [65,66]. The
etching led to carbon materials with traces of Si and Na in amounts 0.14
and 0.02 wt. %, respectively, see Fig. 10(b). However, EDX is only a
semi-quantitative method, so those amounts are subject to non-negli-
gible uncertainty.

EDX carried out on SIOT104 sample etched with NaOH (not shown)
led to rather similar results (C: 91.54 at.%; Na: 0.02 at.%; O: 5.47 at.%)
although with a higher amount of silica (2.96 at.%, compare with
Fig. 10(b)), proving once more that NaOH is not as efficient as HF when
used as etching agent. Such low amount of silica is due to the fact that
SiO, dissolution proceeds from the surface to the inner part of the
material. EDX being a surface analysis, it cannot account for the bulk
silica content, which was expected to be significantly higher than in the
sample etched with HF.
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Fig. 7. Hg intrusion curves for samples of various S/T ratios and treated with either: (a) NaOH, or (b) HF.
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Fig. 8. Pore-size distributions deduced from the data of Hg porosimetry shown in Fig. 7.

TEM observations were also performed in order to investigate both
the porous structure and the morphology of the carbon aerogels. The
corresponding pictures are given in Fig. 11. At the lowest magnifica-
tion, a well-developed porous structure is clearly visible in the form of
spherical or round-shaped pores. Such pores result from the dissolution
of silica nanoparticles. The measurements carried out with ImageJ
software revealed that their average diameters are within the range
~5-50 nm, in agreement with the aforementioned results of adsorption
treated with the BJH model, and also with the pore size distributions
derived from Hg porosimetry. At higher magnification, TEM evidenced
the highly disordered texture of the carbon material, as expected when
using a phenolic molecule such as tannin as carbon precursor.

XRD patterns are shown in Fig. 12. All samples (treated with HF)
produced nearly the same XRD profiles, with the 002 reflection ap-
pearing as a broad shoulder with a maximum at Bragg angle 26-20-23°
(see the precise values in Table 3). The presence of such broad reflec-
tion reveals the existence of crystallites of quite limited size (L.) per-
pendicular to the aromatic layers. The values of L. calculated from Eq.
(6) decreased from 1.19 to 0.91 nm when the S/T mass ratio increased
(see Table 3). The order of magnitude of such values is in complete
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agreement with what has been reported earlier for other tannin-based
carbons, as explained in Section 3.1. The 10l (26 = 44°) and 111
(26 = 80°) peaks appeared as reflections both broad and of low in-
tensity. The corresponding values of L, calculated again from Eq. (6)
but accounting for the crystallite size along the aromatic layers de-
creased from 2.59 to 1.97 nm when the S/T mass ratio increased
(Table 3).

The interlayer spacing dpp» had values ranging from 0.383 to
0.436 nm, and thus was much higher than that of perfect hexagonal
graphite (0.335nm). Finally, the average number of aromatic layers,
N,, was calculated according to Eq. (7). The values of L, L., dgpoz and N,
are also given in Table 3. All these data further confirm that the present
carbon aerogels were highly disordered, and that the disorder of the
carbon texture increased further with the initial amount of sodium si-
licate in the formulation.

4. Conclusion

The present work focused on synthesis and investigation of carbon
aerogels prepared by autocondensation reaction of flavonoid tannin
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Fig. 9. Morphology of SIOT carbon aerogels having the highest initial S/T ratio, SIOT104: (a) before; and after etching with: (b) NaOH and (c) HF. Images (a) and (b)
were obtained with the backscattered electron detector, whereas (c) was obtained with the secondary electron detector.
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Fig. 10. EDX analysis of the sample having the highest initial S/T ratio, SIOT104: (a) before; and (b) after etching with HF.
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Fig. 11. Bright-field TEM pictures of samples treated with HF at two different magnifications: (a) SIOT45-HF; (b) SIOT104-HF.
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Fig. 12. XRD patterns of SIOT samples treated with HF.

with Na,SiOs. The use of waterglass as a hardener is a great advantage
as it was found to successfully replace the toxic and carcinogenic

82

Table 3
Structural parameters derived from the XRD data of Fig. 12.

Sample S/T Bragg  Interlayer  Crystallite size (nm) Average
mass  angle spacing number of
ratio 20 (°) dooz”" (nm) aromatic

layers, N.°
L L’

SIOT30-HF 0.30 23.22 0.38 2.59 1.19 3.12

SIOT45-HF 0.45 20.33 0.44 2.23 1.02 2.33

SIOT75-HF 0.75 22.71 0.39 2.10 0.96 2.47

SIOT104-HF 1.04 21.74 0.41 1.97 0.91 2.22

@ Obtained from application of Bragg’s law.
> Obtained from Eq. (6).
¢ Obtained from Eq. (7).

formaldehyde customarily employed for crosslinking tannin-based gels.
Actually, Na,SiO3 plays a double role, firstly as a catalyst for auto-
condensation of tannins, and secondly as a hard template able to drive
the mesoporous structure of the final carbon aerogels. The present work
has thus shown that autocondensation of tannin is a very effective route
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to obtain carbon materials characterised by high surface area and
presenting highly developed pore volumes, the latter being significantly
higher than those of tannin-based carbon gels prepared in a classic way,
e.g., by crosslinking with formaldehyde.

Furthermore, the pore texture parameters could be controlled by the
silicate/tannin mass ratio. By applying different S/T ratios, the bulk
density and hence the total porosity could be tuned. However, the BET
area was hardly controlled by the initial amount of waterglass added to
the formulation. On the other hand, it was observed that etching the
silica that formed after pyrolysis of the organic gels with either NaOH
or HF had a dramatic impact on the pore texture of the final carbon
aerogels. It was found that the materials treated with HF were much
more controllable than those obtained with NaOH. Carbons treated
with HF presented clear trends of pore volumes as a function of S/T
mass ratio and higher porosities than with NaOH, suggesting that
treating those carbon gels with HF may result in well-developed and
controlled porous properties.

Although practical applications have not been considered in the
framework of the present paper, which was only devoted to the studies
of synthesis mechanisms and of preparation - structure relationships, it
is clear that the present carbon materials might be used as adsorbents in
general, as catalyst supports, or as porous electrodes. In other words, all
applications already reported and discussed for carbon aerogels (see for
instance [67]) can be considered, and especially because these mate-
rials present even more developed porous structures than most of their
counterparts. This will be the object of a forthcoming work.
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