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Abstract. Mesoporous resorcinol-formaldehyde (RF) xerogels were difficult to obtain by
conventional sol-gel polymerization at atmospheric pressure because the resulting tenuous
RF-gel structures tended to shrink or collapse during subsequent hot-air drying. To avoid
this problem, costly and energy-intensive supercritical drying and freeze-drying are often
used. In this work the main goal was to produce high-quality RF xerogels with good
mesoporosity and high surface area by employing a hydrothermal process. The hydrogel
synthesis was carried out in an autoclave at elevated temperature and pressure in order to
sufficiently strengthen its network structure. The initial reactant ratio was held constant to
search for most suitable hydrothermal temperature and initial pH. The experimental
results showed that the reaction in the autoclave at 140 °C and initial pH of 6 could
successfully produce RF xerogels with good mesoporosity (peaking pore radius . = 2.38
nm), high specific surface area and large pore volume. The hydrothermal process was on
the overall relatively simple, low-cost, and less time-consuming compared to the
conventional atmospheric method.
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1. Introduction

Resorcinol-formaldehyde (RF) gels have received considerable attention in the literature over past decades
due to its useful properties which include high porosities (>80%) in micropore to mesopore range, high
specific surface areas (400-1200 m?/g), and large pore volumes [1, 2]. RF gels also exhibit extremely low
thermal conductivity resulting from its porous structure. In addition, RF gels could be carbonized at high
temperature under inert atmosphere to produce thermally stable pure-carbon structures called RF carbon
gels [3]. Achieving the desired mesoporosity of RF carbon gels has been the focus of a majority of many
research works regarding their synthesis since it is often the mesoporosity that determines their industrial
applications [4, 5]. Application of mesoporous RF carbon gels includes supporting materials for catalysts [0],
electrode materials for electric double layer capacitors (EDLC) [7], column chromatography (HPLC and
GC) packing [8], adsorbents [9], thermal insulators [10] and so on. These carbon gels have a clear advantage
over microporous materials regarding the adsorption and transformation of large organic molecules. Usable
to direct medicines to their target organs (controlled drug delivery and targeting), mesoporous RF carbon
gels may also play an important role in the therapeutic field [5].

Although mesoporous RF gels could be prepared via a template method (soft/hard template), a simple,
low-cost, template-free method is preferable if it can be achieved by optimizing initial synthesis parameters
and regulating the evaporation of water solvent during the drying step [13,14]. Synthesis of RF gels is
conventionally conducted in a similar way to phenolic resin preparation, using sol-gel polycondensation.
Briefly, reactants including resorcinol (R) and formaldehyde (F) are mixed at an appropriate ratio with water
(W) as solvent in the presence of catalyst (C), usually a basic catalyst such as sodium carbonate [11]. Then
the clear solution is heated to a specific temperature (< 100 °C) at nearly atmospheric pressure and held for
a period of time to form stable, cross-linked hydrogels. The RF hydrogels may then be washed with an
organic solvent to remove unreacted residuals. To obtain solid mesoporous RF gels, the RF hydrogels have
to be carefully dried to remove water from their pore structures by a suitable drying method that could
maintain the mesopores formed in the tenuous networks. The three typical drying techniques [12] are
supercritical drying with carbon dioxide, freezing drying with solvent exchange, and conventional drying in
an inert atmosphere (ait/nitrogen), which yield solid-dried RF gels called RF aerogels, RF cryogels, and RF
xerogels, respectively. The COs-supercritical drying is the most suitable method for obtaining RF gels with
excellent mesoporous property because the solvent is removed under supercritical conditions where the
pores are free from capillary forces, thereby eliminating the shrinkage and collapse of pore structure.
However, the cost of supercritical drying is extremely high. Though freeze-drying with solvent exchange is
more economical compared with the supercritical and offers an effective alternative to prepare mesoporous
RF gels with controlled pore structure, it is still expensive and time-consuming in terms of operating cost
and solvent exchange step [13]. Though drying in inert atmosphere, especially hot-air drying, is the simplest
and cheapest means, the resultant surface area, pore volume and average pore size of RF xerogels ate
significantly smaller than their aerogel and cryogel counterparts [12]. These inferior properties may be
attributed to the partial collapse of their tenuous pore structures during water evaporation due to high
capillary forces exerted by water surface tension. Alternatively, the production cost may be minimized if
expensive and complicated drying processes (supercritical COz drying and freeze-drying) could be avoided
by synthesis of high-quality RF-hydrogels with strong pore structures that can be maintained during
conventional hot-air drying.

The primary objective of this work is to hydrothermally synthesize high-quality RF hydrogels that can
undergo hot-air drying to yield good-quality mesoporous RF xerogels. More specifically, RF hydrogel
synthesis was carried out in an autoclave which is a closed system at elevated pressure and temperature to
strengthen the hydrogel structure while suppressing evaporation of water molecules under autogenous
pressure. The hydrothermal temperature and initial pH of solution were varied in search of a suitable
condition that minimizes structural collapse during subsequent hot-air drying.

2. Materials and Methods
2.1. Chemicals

RF hydrogels were synthesized by polycondensation of resorcinol (1, 3-dihydroxybenzene, CsH4(OH)2, 99%
purity from E. Merck) with 36% methanol-stabilized formaldehyde (HCHO, Fluka Chemie). Sodium
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carbonate (NaxCOs, E. Merck) was used as basic catalyst, and distilled water as solvent. The sol-gel
polycondensation took place in a 50 mI.-Teflon-lined stainless steel autoclave (see Fig. 1 (a)-(b)) containing
multiple inserted glass tubes (illustrated in Fig. 2(b)) with inside diameter and length of 3.0 mm and 50.0
mm, respectively.

2.2. Synthesis and Characterization of Mesoporous RF Xerogels

RF solution was prepared according to the method first proposed by Pekala [11]. First, resorcinol (R) was
dissolved in distilled water (W) at a predetermined R/W molar ratio of 0.041. Next, formaldehyde (F) with
a fixed R/F molar ratio of 0.5 was mixed in the solution and a small designated amount of sodium
carbonate catalyst (C) was gradually added dropwise while stirring for 30 min to obtain a homogeneous
clear solution. Then the RF solution was filled in the glass tube molds and aged at elevated temperature to
complete polycondensation reactions, thereby becoming solid RF hydrogel monoliths.

Two different sets of aging experiments, namely, conventional aging in open atmosphere at 160 °C and
hydrothermal aging in the autoclave illustrated in Fig. 1 (a closed system with autogenous pressure) were
carried out to compare their effect on the mesoporosity of resultant RF xerogels.
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Fig.1. Illustrations of (a) the components of an autoclave, and (b) the assembled stainless steel autoclave.

In the first set of aging experiments, the initial pH of RF solutions was varied from 4.0 to 7.0 by
changing the amount of added catalyst to investigate its effect on the porous structure of atmospheric RF
xerogels. To age the RF solution, the filled glass tube molds were heated up in an oven to a reaction
temperature of 160 °C in open atmosphere for 48 hours. In the second set of aging experiments, the filled
glass tubes with a predetermined pH of 6.0 were put in the autoclave as shown in Fig. 2. Next, the
autoclave was put in the oven, where a designated reaction temperature was provided. The aging step was
held isothermally for 48 hours. Then the autoclave was left to cool naturally to room temperature. In either
case, the monolithic RF hydrogel samples were taken out to undergo removal of water solvent by
conventional hot-air drying at 40 °C for 72 hours and become RF xerogels. To investigate the effect of
hydrothermal condition on the porous structure, the hydrothermal temperature was varied from 140 to 200
°C while the molar ratios between R/F and R/W as well as initial pH wete fixed at 0.5, 0.041, and 6.0,
respectively [13]. The porous properties of RF xerogels were analyzed by a BET analyzer using adsorption-
desorption of nitrogen at 77 K (BEL: BELSORP-mini, Japan). The mesopore size was defined according to
IUPAC (2 nm < pore diameter < 50 nm). Surface area, [, and d., were calculated by BET method.
Mesopore volume was determined according to BJH method. Micropore volume was determined according
to t-plot method.
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Fig. 2. Ilustrations of (a) two different sets of aging experiments, and (b) RF gel monolith (left) and
autoclave configuration (right).

3. Results and Discussion

3.1. Atmospheric RF Xerogels: Effect of Initial pH Solution on Surface Area, Pore Volume and
Pore Structure

Table 1 summarizes the synthesis conditions of all RF xerogels synthesized via atmospheric and
hydrothermal preparation, and their corresponding porous properties, including BET surface area (S3e7),
total pore volume (I7), mesopore volume (1), micropore volume (17im), 7pat, and average pore size
(dmg). The 1y denotes the pore size at which a peak value or mode of the pore size distribution from BJH
method is observed.

Table 1 Synthesis conditions and porous properties of air-dried RF xerogels.

T : SpET Vr Vones Vi Toeak g

Sample R/F R/W R/C pH rC] System m/g  [omi/e [cm¥/g [em¥/g) [am]  [om]
pH-4 0.5 0.041 100 4 160 atmospheric 189 0.18 ND 0.18 ND 3.8
pH-5 0.5 0.041 150 5 160 atmospheric 248 0.19 ND 0.19 ND 3.1
pH-6 0.5 0.041 200 6 160 atmospheric 277 0.17 ND 0.17 ND 2.5
pH-7 0.5 0.041 250 7 160 atmospheric 202 0.14 ND 0.14 ND 2.8
T-140 0.5 0.041 200 6 140 autoclave 363 0.35 0.28 0.06 2.38 3.8
T-160 0.5 0.041 200 6 160 autoclave 251 0.22 0.19 0.01 1.64 3.6
T-180 0.5 0.041 200 6 180 autoclave 183 0.16 0.11 0.01 1.21 3.4
T-200 0.5 0.041 200 6 200 autoclave 131 0.13 0.10 0.02 1.85 3.9

Notes: ND = not detected

Figure 3 illustrates that the adsorption/desorption isotherms of all four atmospheric RF xerogels
prepared at different initial pH belonged to type I in IUPAC classification. This type I isotherm is typical
microporous materials with exposed surfaces residing almost exclusively inside the microspores which,
once filled with adsorbate, leave little external surface for further adsorption. This type I isotherm also
indicates the absence of mesopores in the prepared-atmospheric RF xerogels.
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Fig. 3. Effect of initial pH of solution on Nz adsorption-desorption isotherms of atmospheric RF xerogels.

Similatly, Fig. 4 and Table 1 show the effect of the initial pH on the Sper, and 171 of the atmospheric
RF xerogels, whereas Fig. 5 shows the corresponding pore size distributions. Obviously, RF xerogels
synthesized with an initial neutral pH of 7.0 possessed relatively low surface area of 202 m2/g. Interestingly,
as the pH decreased from 7.0 (neutral) to 6.0 (slightly acidic), the surface area increased remarkably from
202 to 277 m?/g. This may be attributed to the simultaneous increase in pore volume (from 0.14 to 0.17
cm?/g) and decrease in pore size (from 2.8 to 2.5 nm). In addition, it is known that a lower initial pH (more
acidic) would catalytically promote the structure-forming condensation reaction, thereby forming a
relatively strong cross-linked structure where the majority of the pores would still remain intact during the
drying step [15]. However, the surface area decreased monotonically over the pH range of 6.0 to 4.0 as
shown in Fig. 4 and Table 1, mainly because a more acidic condition would promote formation of larger sol
particles, bigger primary particles, thereby resulting in wider interparticle spaces and relatively larger
micropores, which could contribute to less surface area. As a result, the average pore size increased
significantly from 2.5 to 3.8 nm while the pore volume remained more or less the same. In fact, Table 1
and Fig. 5 clearly reveal that a lower pH (more acidic) would tend to produce not only a larger pore size but
also a broader pore size distribution. This trend is consistent with the observed trends of pore volume
shown in Fig. 4 and also reported for cryogels [16].
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Fig. 4. Effect of initial pH of RF solution on sutface atea and pore volume of atmospheric RF xerogels.

Meanwhile, the sheer effect of reaction pressure on the porous property of xerogels could be observed
by comparing samples prepared under atmospheric pressure with pH of 6 to those at T of 160 °C under
autogenous steam saturation pressure of 0.63 MPa. The latter samples had significantly larger pore volume
and pore size than the former because of 2 main reasons. First, the autoclave allowed autogenous pressure
buildup that completely suppressed evaporation and escape of water molecules from the forming pores.
Secondly, the stronger pre-stressed nanostructure of the latter samples resulted in less shrinkage and
collapse, thereby maintaining larger pore volume and size. On the other hand, despite a smaller pore
volume the former samples still managed to exhibit a slightly larger surface area due to significantly smaller

pore size.

150

100

dv/dr [Enm3/g-nm]
o

Poreradius, r [nm]

Fig. 5. Effect of initial pH of RF solution on pore size distributions of atmospheric RF xerogels.
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3.2. Hydrothermal RF Xerogels: Effect of Hydrothermal Temperature on the Surface Area, Pore
Volume and Pore Structure

Since the RF solution with initial pH = 6 was found to clearly provide the highest surface area despite a
slightly smaller pore volume as mentioned in section 3.1, this pH value was used in the second experimental
set (hydrothermal process in autoclave). The investigated hydrothermal temperatures of 140, 160, 180, and
200 °C had corresponding steam saturation pressures of 0.36, 0.63, 1.00 and 1.57 MPa, respectively. Fig. 6
and 7 show N adsorption-desorption isotherms of RI xerogels prepared at different hydrothermal
temperature and the corresponding surface area and total pore volume, respectively. Meanwhile, Fig. 8
shows the effect of hydrothermal temperature on pore size distribution. As shown in Fig. 6, all isotherms
were similar and exhibited a type IV Nz isotherm with a type H2 hysteresis loop [17]. This combination of
the 2 features was usually attributed to capillary condensation of N> occurring in the mesopores and was
similar to those observed for sol-gel derived inorganic oxide xerogels. It should be noted that type II
hysteresis loop was very complex, and might result from not only “ink bottle” shaped pores but also cross-
linked networking [17]. In any case, Fig. 6 and 8 confirm that the hydrothermal RF xerogels exhibit
significant mesoporosity.
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Fig. 6. Effect of hydrothermal temperature on N adsorption-desorption isotherms of hydrothermal RF
xerogels.

Figure 7 and Table 1 reveal that, as the hydrothermal temperature decreased from 200 to 140 °C, both
the surface area and pore volume increased remarkably from 131 to 363 m2/g, and from 0.13 to 0.35 cm3/g,
respectively, while the average pore sizes remain nearly the same. Similar to the catalytic effect of a more
acidic pH, a higher temperature would accelerate reactions and result in a fewer number of larger primary
particles. This then led to the formation of a three-dimensional network structure with thicker walls and a
smaller size of xerogel with higher density and less pore volume. Since there was negligible shrinkage of all
hydrothermal gel samples during drying, their gel network as well as total pore volume and average pore
size would remain unchanged [13, 18, 19, 20]. Because of the unchanged pore size, the increase in pore
volume would contribute proportionally to the increase in surface area.
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Fig. 7. Effect of hydrothermal temperature on the surface area and pore volume of hydrothermal RF
xerogels.

Figure 8 and Table 1 reveal that the values of 7 and 1. of RF xerogels increased as the
hydrothermal temperature decreased. More specifically, the lowest hydrothermal temperature of 140 °C
(Sample T-740) resulted in a bimodal pore size distribution of larger pore size with 7, = 2.38 nm. In
contrast, the pore size distribution of Sample T-760 was unimodal with smaller pore size and 7 = 1.64 nm.
The T-740 xerogel sample was composed of more than 80% mesoporosity compared to its total pore
volume. This result was consistent with its isotherm with a large hysteresis loop as shown in Fig. 6.
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Fig. 8. Pore size distributions of hydrothermal RF xerogels synthesized at various hydrothermal
temperatures.
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It should be noted that, in the case of conventional atmospheric sol-gel synthesis, RF gelation and
aging are normally carried out below the boiling point of the RF solution (below boiling point of water
solvent, 100 °C). More specifically, the hydrogels are usually aged at low temperature (25-90°C) for many
days to form cross-linked network which could sufficiently strengthen its structure before hot-air drying.
To elucidate the advantage of the present hydrothermal process over the conventional process, our T-740
xerogels were compared with those reported for conventionally synthesized samples in the literature.
Tamon et al. [13] reported that the RF sols were gelled by aging them at atmospheric pressure, first at 25 °C
for 1 day, at 50 °C for 1 day and then at 90 °C for 3 days to obtain RF hydrogels which were subsequently
dried in an oven kept at 50 °C for 48 hours to yield RF xerogels. The R/F ratio and R/C ratio of their
solutions were the same as those of our T-740 whereas their R/W ratios were 0.0204 and 0.0613. The
corresponding surface area, pore volume and pore size for their both samples were 152 m?/g, 0.27 m3/g,
3.6 nm and 255 m?/g, 0.31 m?3/g, 3.6 nm, respectively. Since the effect of the R/W ratio on both surface
area and pore volume may be assumed to be linear [13], the corresponding characteristics of their RF
xerogel aged at atmospheric pressure with R/W ratio of 0.041 would be estimated to be about 204 m?2/g,
0.29 m3/g and 3.6 nm, respectively. Meanwhile, the corresponding values of T-740 with the same R/W
ratio of 0.041were 363 m2/g, 0.35 m3/g and 3.8 nm. Therefore, with respect to our hydrothermal samples,
the surface area and pore volume significantly increased by almost 80% and 20%, respectively, whereas the
pore size slightly increased from 3.6 to 3.8 nm. This superior porous property of 1-740 xerogels may be
ascribed to effective strengthening of RF hydrogel structure during hydrothermal process at elevated
temperature and pressure.

Figure 9 shows SEM images of the cross sections of RF xerogel sample T-740. Fig. 9(a) provides
evidence that its macroscopic structure was composed of interconnected secondary particles. The
macropores were in effect the “macrovoids” formed between the secondary particles. The macrovoid size
ranged from 200 to 800 nm. The obtained T-740 RF xerogels had a hierarchical pore system of micro-,
meso- and macro-pores with high specific surface area and large pore volume. It is known that such a
hierarchical pore system enables more efficient mass transport into and out of the porous material than a
unimodal pore system with the same total surface area. In addition, mesoporous RI xerogels could be
further carbonized to obtain thermally stable mesoporous RF carbon gels with slightly more micropores
and higher surface area which could be useful for many potential applications.
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Fig. 9. SEM images of hydrothermal RF xerogel (T-140) at (a) low magnification and (b) high magnification
of 10000 and 20000, respectively.

4. Conclusions
Hot-air dried mesoporous RF xerogels with a hierarchical pore system of micro-, meso-, and macro-pore
were successfully synthesized by sol-gel polycondensation of resorcinol with formaldehyde using a facile

hydrothermal process in the autoclave. The process was on the overall relatively simple, low-cost, and less
time-consuming when compared to the conventional atmospheric method which required long aging time
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and/or sophisticated drying methods. The optimum hydrothermal temperature and initial pH of RF
solution were found to be 140 °C and 6, respectively. The result of this work could provide a novel
practical method for producing RF gels with remarkably high mesoporosity, large surface area and large
pore volume. In addition, usage of a closed autoclave system also prevents emission of hazardous
formaldehyde to the environment during the aging step.
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