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Evaluation of porous structure of resorcinol-formaldehyde
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Abstract

The porous structures of resorcinol-formaldehyde (RF) hydrogels were evaluated by thermoporometry (TPM) based on the thermodynamic
relationship between the size of the pores and the solidification temperature of the freezable pore water in the pores. Adding the thickness of the
nonfreezable pore water layer to the ice crystal size distribution of the freezable pore water calculated from the thermogram (a recording of the
heat flux during the solidification of the freezable pore water) allowed for the determination of the porous properties of the RF hydrogels. It was
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onfirmed that the RF hydrogels possess a fairly uniform mesoporous structure formed between the interconnected primary particles,
ize of the mesopores clearly increased with the increase in the molar ratio of resorcinol to catalyst (R/C) used in the preparation of th
olution. The dependence of both the mesopore volume and the surface area of a given RF hydrogel on theR/C ratio were also established.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A sol–gel polycondensation of metal alkoxides yields a trans-
arent hydrogel that possesses a structure composed of a three-
imensional network that arises from interconnecting primary
articles. If such a hydrogel is dried under supercritical condi-

ions so as to maintain the network structure, a highly porous
olid, called an aerogel, can be obtained. The most common

norganic aerogel is a silica aerogel[1]. The numerous potential
ndustrial applications of these materials, including adsorbents,
olumn-packing materials for HPLC, and supporting materials
or catalysts, has led to the synthesis of various aerogels and
elated porous materials during the last two decades. An organic
erogel can also be synthesized by the sol–gel polycondensation
f, for example, resorcinol with formaldehyde under slightly
asic aqueous conditions followed by supercritical drying with
arbon dioxide[2–4]. Resorcinol-formaldehyde (RF) organic
erogels are useful precursors of carbon aerogels, which can be
repared by pyrolyzing an RF aerogel in an inert atmosphere

2–4].

The key to the success of aerogels in the above applicati
their mesoporosity. Achieving the desired mesoporosity in
aerogels has been the focus of the majority of the resea
this area[4,5]. RF aerogels have been used as a standard
rial to study the relationship between synthetic conditions
mesoporosity. However, the porous structure of an RF aero
not the same as that of the original hydrogel, since the shrin
of the mesopores during supercritical drying is not neglig
Therefore, it is necessary to assess the porous structure
hydrogels as synthesized to understand and control the
porosity of the resulting RF aerogels more precisely. Altho
the authors have previously studied the structure formatio
RF hydrogels during the sol–gel polycondensation of resor
with formaldehyde using scattering techniques (SAXS, D
and SLS)[6,7], the porous structure of the RF hydrogels co
not be assessed, and has yet to be reported. As a result, th
tionship between the conditions of the sol–gel polycondens
and the mesoporosity of the RF hydrogels has not yet been
ified.

Thermoporometry (TPM) is a suitable method for study
the structure of a porous solid immersed in a fluid based o
thermodynamic relationship between the pore size and the
∗ Corresponding author. Tel.: +81 298 61 7896; fax: +81 298 61 4660.
E-mail address: yamamoto-t@aist.go.jp (T. Yamamoto).

peratures at which freezing or melting of the fluid in the pores
occurs. This relationship allows for the determination of the pore
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size, pore volume, pore shape, and the internal surface area of
a wet solid before drying. During the last two decades, TPM
has been used to characterize various porous materials. Quin-
son et al. measured the pore-size distribution of a silica gel and
a titanium gel synthesized by the hydrolysis and sol–gel poly-
condensation of metal alkoxides and determined the parameters
for controlling the porous structures[8–10]. Ishikiriyama et al.
evaluated the pore-size distribution, the shape factor, and the
internal surface area of a series of silicas with different pore
radii in the range of 2–30 nm[11–13]. The influence of drying
on the porous properties of hydrothermally-aged silica hydro-
gels was studied by Titulaer et al.[14,15]. Wulff conducted TPM
studies using acetonitrile as an alternative pore-filling solvent
[16]. Recently, ordered mesoporous silicas such as MCM-41,
FSM-16, and SBA-15 were synthesized using spontaneously
formed surfactant micelles as structure-directing agents[17–19].
The well-defined structure of these mesoporous silicas has con-
firmed the accuracy of TPM in the characterization of various
mesoporous materials. Denoyel et al. examined the melting
and freezing of water in a series of ordered mesoporous silicas
with different pore sizes and obtained an empirical relationship
between the pore-shape factor and the radius of the mesopores
[20]. The authors also evaluated the accuracy of TPM in determi-
nation of the mesoporosity of SBA-15[21]. Based on the above
results, TPM has been confirmed to be a useful and reliable
method in determining the mesoporosity of wet porous solids.
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able pore water that does not undergo a phase transition due to
strong interactions with the pore surface. Hence, the radius of
the mesopores,Rp, can be estimated from the radius of the ice
crystals from the freezable pore water and the thickness of the
layer of nonfreezable pore water,tnf:

Rp = Rn + tnf. (1)

It was reported that the thickness of the layer of the adsorbed
water on the silica surfaces is between 0.4 and 1.2 nm[9,13,22],
which corresponds to 2–4 layers of water molecules based on the
Lennard-Jones dimension of a water molecule (0.27 nm). Here,
the thickness of this layer can be evaluated from the mass of
the nonfreezable pore water per mass unit of dry sample,Wnf,
according to the following equation:

tnf = Wnf

ρnfSBET
(2)

whereρnf is the density of the nonfreezable pore water, which
is approximately equivalent to the density of bulk ice at 273 K
(0.917× 103 kg/m3) [13].

The size distributions of ice crystals of the freezable pore
water formed in the pores can be obtained by adopting the fol-
lowing equation to the thermogram:

dVn

dR
= dq

dt

dt

dT

dT

dR

1

ρ(T )�H(T )m
(3)
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In the present study, thermograms during the freezing
elting of the water contained in RF hydrogels were acqu
sing differential scanning calorimetry (DSC). The porous p
rties of various RF hydrogels were determined by addin

hickness of the nonfreezable pore water layer to the ice cr
ize distribution of the freezable pore water obtained from
reezing thermogram. Using this data, the relationship betw
he amount of basic catalyst used in the sol–gel polycon
ation and the resulting mesoporosity of the RF hydrogels
larified.

. Theoretical

Based on the model depicted inFig. 1, pore water can b
lassified into two types; freezable pore water that under
usion or solidification upon heating or cooling, and nonfre

Fig. 1. Model of the types of pore water.
l
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hereVn, dq/dt, and dt/dTrepresent the volume of an ice crys
he heat flow, and the reciprocal of the rate of cooling or hea
espectively.ρ(T) and�H(T) denote the density and the entha
hange of the freezable pore water, respectively, both of w
epend on the temperature as follows[13]:

(T ) = 0.917× (1.03− 1.17× 10−4T ) (4)

H(T ) = 334+ 2.12× (T − 273)− 0.00783× (T − 273)2

(5)

Brun et al. empirically obtained a relationship between
ize of an ice crystal and the freezing temperature depre
f the freezable pore water,T0 − T, expressed by the followin
quation[8]:

n = 64.7

T0 − T
− 0.230 (6)

Since Eqs.(4)–(6)are proposed for freezable pore water
ooling period, the size distribution of the ice crystals is ca
ated by adopting the equations to the solidification thermog
y taking both the thickness of the layer of nonfreezable w
nd the shape of the pore into account, the pore size distrib
an be obtained as follows:

dVp

dRp
= dq

dt

dt

dT

dT

dRp

1

ρ(T )�H(T )m

(
Rp

Rn

)f

(7)

here the exponentf can be interpreted as the geometr
imension of the pore. The value off is 2 for cylindrical pore
nd 3 for spherical pores. Titulaer et al. proposed the follow
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empirical equation to determine the value off [15]:

f = 1 + 2

F
(8)

Here,F can be experimentally determined from the peak tem-
perature of the solidification curve,Ts, and that of the fusion
curve,Tf , in the thermograms by:

F = T0 − Ts

T0 − Tf
(9)

The pore volume,Vp, is obtained by taking into account the
layer of the nonfreezable pore water, and can be expressed by
the following equation:

Vp = Vn

(
Rn + tnf

Rn

)f

(10)

whereVn is calculated by the integration of Eq.(3).
The surface area of an ice crystal,Sn, formed in the pores can

be calculated by using the following equation:

Sn = Vn
dSn

dVn
= Vn

f

Rn
(11)

The surface area of the pores,Sp, can be estimated by the
following equation:

Sp = Sn

(
Rn + tnf

R

)f−1

(12)
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3.3. Adsorption measurement of N2

The adsorption and desorption isotherms of N2 on the
RF cryogels were measured at 77 K using an automatic gas
adsorption-desorption apparatus (BEL Japan; Belsorp28-SA).
The BET surface area,SBET, was estimated by applying the BET
equation to the isotherm. In this article, the IUPAC definition of
mesopores (rp = 1–25 nm) is applied.

3.4. DSC measurement

Prior to the DSC measurements, the synthesized RF hydro-
gels were immersed in 20-times their volume of pure water
(Wako Pure Chemical Industries, research grade) and stirred
at 298 K for 24 h to remove the residual reactants and exchange
the solvent filling the pores with pure water. This rinse was
repeated more than seven times. The prepared samples were
then sealed into an aluminum vessel. The thermograms of the
water in the vessel were measured by using a differential scan-
ning microcalorimeter (Shimadzu; DSC-60) equipped with a
cooling apparatus. The vessel also contained a small amount of
bulk water. Prior to measurement, the vessel was kept at 248 K.
It was heated to 272 K, which is just below the melting point
of bulk water. The measurement was conducted by cooling the
vessel to 248 K again followed by heating to 276 K, which is
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. Experimental

.1. Synthesis of RF hydrogels and RF cryogels

RF hydrogels were synthesized from resorcinol (R) (Wako
ure Chemical Industries, research grade), formaldehyd

Wako Pure Chemical Industries, research grade, 37 w
ormaldehyde stabilized with 8 wt.% methanol aqueous s
ion), sodium carbonate (C) (Wako Pure Chemical Indust
esearch grade), and distilled water after deionization (W). H
odium carbonate was used as the basic catalyst for the s
olycondensation. The molar ratio of resorcinol to catalyst (
as varied in the range of 200–600 mol/mol, while the m

atio of resorcinol to formaldehyde (R/F) and the ratio of re
inol to water (R/W) were fixed to 0.5 mol/mol and 500 kg/m3,
espectively. The solution was poured into glass tubes (
iameter, 4 mm; length, 40 mm) and gelled by curing at 29

or 24 h, at 323 K for 24 h, and finally at 363 K for 72 h to obt
n RF hydrogel. The RF hydrogels synthesized are referr
s RF-200, RF-400, and RF-600, where the number indi

heR/C value.
The freeze-drying of an RF hydrogel was conducted by h

ng the hydrogel at 243 K for 6 h and subsequently at 263 K
4 h under vacuum to obtain an RF cryogel.

.2. SEM observation

The cross sections of an RF cryogel and a silica gel (Q
Fuji Silysia Chem. Ltd.) were observed using an SEM (JE
SM-6340FS).
)
;

,
,
el

r

o
s

)

bove the melting temperature of the bulk water. All of the m
urements were conducted using a sufficiently low cooling
eating rate of 5 K/h to avoid thermal and time delays[13]. At

he end of each measurement, the vessel was dried unde
um for 24 h to determine the total water content based o
hange in mass. Consequently, the amount of water in the v
as estimated to be in the range of 20.0–25.0 mg. On the
and, the mass of dried sample in the vessel was in the ran
.0–8.0 mg in all of the measurements.

. Results and discussion

.1. Morphology of the porous structure

Fig. 2 shows the cross section of a RF cryogel synthes
ith R/C = 200. A cross section of a typical silica gel (Q-3

s also shown. One can see that the silica gel is compos
pherical particles among which many mesopores are for
he pore shape factor,F, of the silica gel Q-30 was estimat

o be 1.8, which almost coincides with that of the silica
reviously reported by Quinson et al.[9]. The shape factors

he RF hydrogels were determined and are shown inTable 1
ince RF cryogels also possess a porous structure com
f interconnected spherical particles and the pore shape f
f RF cryogel are in fairly good agreement with those of s

able 1
ore shape factors of the samples

ample Q-30 RF-200 RF-400 RF-6

(−) 1.8 1.9 1.9 1.8
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Fig. 2. SEM image of a cross section of RF-200 and Q-30.

gels, it is assumed that the porous structure of RF hydrogels are
similar to those of silica gels.

4.2. Evaluation of freezable pore water

Before characterizing the RF hydrogels, the mesoporosity of
the silica gel was evaluated. As shown inFig. 3, this evaluation

Fig. 3. Pore size distributions of Q-30 assessed by N2 gas adsorption measure-
m

Fig. 4. Thermograms during and freezing and melting of the freezable pore
water in RF hydrogels with various pore sizes; (a) RF-200, (b) RF-400, and (c)
RF-600.

confirmed a fairly good consistency between the pore size distri-
butions determined by TPM and those measured by the N2 gas
adsorption measurement.Fig. 4 shows the thermograms mea-
sured during the freezing and melting of the freezable pore water
in the RF hydrogels. In the thermograms of such hydrogels, an
exothermic curve attributed to the freezing of the freezable pore
water and an endothermic curve corresponding to the melting
of the freezable pore water are present. As has been previously
reported[15,23], a hysteresis, i.e., an inconsistency between the
freezing curve and the melting curve, is clearly observed. As can
also be seen inFig. 4, the peak temperatures of both the freezing
curve and the melting curve of the freezable pore water decrease
with decreasingR/C value, indicating that the pore size of an RF
hydrogel depends on the synthetic conditions of the initial RF
solution. This observation will be discussed in more detail in the
following section.

4.3. Evaluation of nonfreezable pore water

It was assumed that the BET surface areas of the RF cryogels
were considered to be the same as those of the RF hydrogels.
Fig. 5shows the relationship between the BET surface area of an
ent and TPM.
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Fig. 5. The relationship between the BET surface area of an RF cryogel and
the amount of nonfreezable pore water in an RF hydrogel; broken line: average
thickness of the nonfreezable pore water layer, dotted line: linear fit of Eq.(2)
relating the BET surface area of an RF cryogel and the amount of nonfreezable
pore water in an RF hydrogel.

RF cryogel and the amount of nonfreezable pore water. Applying
Eq. (2), the thickness of the nonfreezable pore water layers in
the RF hydrogels was estimated to be 0.8 nm. These estimated
thickness values are close to the value previously reported by
Quinson et al. for silica gel beads[9].

4.4. Determination of the porous properties

By using the thickness of the nonfreezable pore water layer
estimated in the previous section, the pore size distributions of
the RF hydrogels were obtained, as shown inFig. 6. An RF
hydrogel synthesized usingR/W = 500 kg/m3 was shown to have
a narrow size distribution of mesopores. It should be noted that
the peak radius of the pore size distribution increased with the
increase inR/C, or in other words, with the decrease in the con-
centration of the basic catalyst for the sol–gel polycondensation.
This is because the size of the primary particles that make up the

F e
r

Fig. 7. Comparison of specific surface areas of RF hydrogels and the BET
surface area of RF cryogels.

network structure of an RF hydrogel increase with a decrease
in the catalyst concentration of the RF solution, as previously
reported[7]. As a result of this finding, it is believed that the
size of the mesopores formed from the primary particles also
decreases. This result clearly indicates that the size of the meso-
pores of an RF hydrogel can be precisely controlled by varying
the amount of catalyst used in the initial RF solution.

The specific surface area,Sp, TPM, of a RF hydrogel and the
BET surface area,SBET, of a RF cryogel are compared inFig. 7.
The difference betweenSp, TPM andSBET can be attributed to
the assumption in evaluation oftnf using Eq.(2). Another pos-
sible reason of the difference is that a RF cryogel possesses a
small amount of micropores, which cannot be assessed by TPM.
Fig. 8shows thatSp, TPM and the volume of mesopores,Vp, TPM,
of an RF hydrogel also depend on theR/C ratio. Among the RF
hydrogels in this study, RF-400 seems to possess the maximum
specific surface area and mesopore volume. These results indi-
cate that both the surface area and the volume of the mesopores
of an RF hydrogel can also be changed by adjusting the amount
of basic catalyst used in the initial RF solution.

F ized by
v

ig. 6. Pore size distributions of RF hydrogels synthesized by varying thR/C
atio.
ig. 8. Specific surface areas and pore volumes of RF hydrogels synthes
arying theR/C ratio.
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5. Conclusions

The effects of the synthetic conditions on the mesoporosity
of RF hydrogels, which are synthesized by the sol–gel polycon-
densation of resorcinol with formaldehyde in a slightly basic
aqueous solution, were studied using TPM. Consequently, the
relationship between the molar ratio of resorcinol to the basic
catalyst (R/C) used in the preparation of the RF solution and the
mesoporosity of the resulting RF hydrogel was clarified. The
RF hydrogels were confirmed to possess a distribution of meso-
pores with a fairly uniform size, which could be controlled by
adjusting theR/C ratio. The dependencies of both the mesopore
volume and surface area of the RF hydrogels on theR/C ratio
were also shown.
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