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The pore formation in the system resol resin — ethylene glycol — p-toluenesulfonyl chloride based on polymeri-
zation induced phase separation (PIPS), post-curing and pyrolysis techniques are studied by thermal analysis
methods, pyrolysis gas chromatography mass spectrometry and electron microscopy. The presence of p-tolue-
nesulfonyl chloride leads to accelerating of curing reaction and reaction order increasing. It was shown that PIPS
step determines the texture and morphology of final carbon matrix precursors. The increasing of PIPS step
temperature results in decreasing of the segregation scale and increasing of segregation intensity of phase sep-

aration. The decreasing of PIPS step temperature leads to increasing of macropores sizes, but decreasing of
mesopores cumulative volumes. The increased mesopores content at high PIPS temperature is supposed to be
resulted and from the oligoethylene glycol formation. Insufficient PIPS step time leads to partial collapsing of
formed porous structure during pyrolysis.

1. Introduction

The ceramic matrix composites (CMCs) are widely used nowadays as
the structural materials under the conditions of corrosive and oxidative
atmosphere, temperature cycling and thermal shock [1,2]. There are
many methods of CMCs manufacture such as chemical vapor infiltration
[3], use of polymer-derived ceramics, sol-gel processing [4,5] and others
with their advantages and disadvantages [6]. The reactive melt infil-
tration has outstanding advantages over traditional ceramic processing
methods which include relatively low temperature of manufacturing
and ability to form complex near-net final shapes and to achieve zero or
low porosity [7]. In the case of carbide-forming reactive melts such as
silicon based alloys, the initial carbon preforms should have sufficient
open porosity and permeability to achieve the uniform distribution of
reactive melts before carbide formation. There are many methods to
obtain the porous carbon matrix, for example, using the thermosetting
matrix-precursors and pore-forming substances [8,9], different tem-
plates [10,11], directed crystallization [12] and many others. Poly-
merization induced phase separation (PIPS) is quite convenient tool for
pore formation where non-reactive reagents in reactive monomer during
polymerization create the domains resulting in voids after pyrolysis.
Since PIPS depends on thermodynamic, kinetic and viscoelastic factors
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[13], different structures and morphologies can be obtained by changes
of the components nature, their concentrations and polymerization
time-temperature conditions. One of the promising systems for creation
of porous carbon matrix is phenol-formaldehyde resin and ethylene
glycol. There are many works concerning formation of porous carbon
matrix in this system [14,15] including verified mathematical modeling
of PIPS [16], but they regard only the characterization of the final
products. The investigations of the intermediate products and the pro-
cesses by different methods including thermal analysis can not only
optimize the synthesis conditions, but improve the materials engineer-
ing at general. This work is devoted to study of pore formation in the
system resol phenol-formaldehyde resin — ethylene glycol — p-toluene-
sulfonyl chloride by electron microscopy, pyrolysis gas chromatography
mass spectrometry and thermal analysis methods.

2. Experimental
2.1. Materials
The resol phenol-formaldehyde (RPF) resin synthesized from phenol

(99%, ACROS ORGANICS) and paraformaldehyde (90%, ACROS OR-
GANICS) in the presence of NaOH (molar ratio of Phenol/
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Fig. 1. The reaction mechanisms in the system investigated: 1 — resol resin synthesis, 2 — acid catalyst formation, 3 - resol resin curing, 4 — cured resol resin pyrolysis,

5 — ethylene glycol acid-catalyzed polycondensation, 6-1,4-dioxane formation.

Formaldehyde/NaOH = 1/1,7/0,024), ethylene glycol (99+%, ACROS
ORGANICS) and p-toluenesulfonyl chloride (99+%, ACROS ORGANICS)
were used as initial reagents.

2.2. Synthesis

2.1 g of p-toluenesulfonyl chloride were added to 20 g of ethylene
glycol and stirred for 5 min. Then 20 g of RPF were added and stirred for
10 min by shaking. The composition obtained was denoted as FET1105.
10 g of FET1105 were put to the test-tube of geltimer GelNorm and
inserted into the gel-timer furnace. After the gelation the sample were
held at the same furnace until 8 h had reached. The samples after PIPS
steps were denoted as FET1105-X, where X is the PIPS temperature (50,
60 or 70 °C). After the PIPS step the initial homogenous liquid compo-
sition separates in two phases: liquid one which is denoted as L (ethylene
glycol and the liquid co-products of resol resin polycondensation) and
solid one which is denoted as S (the main product of composition
curing). The post-curing was carried out at 180 °C for 6 h. The samples
after post-curing were denoted as FET1105-X-180. As a reference sam-
ple, the pure resol resin was used, which was cured in two steps: at 90 °C
for 8 h and at 180 °C for 6 h. The cured reference sample was denoted as
RPF-90-180. The pyrolysis of the samples was carried out in the furnace
under dynamic argon atmosphere (101l/min) using chosen time-
temperature program.

3. Characterization

The curing reaction was investigated on the STA 449 F3 Netzsch
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device in the high-pressure crucible at the heating rate of 10 K/min. The
evolved gas analysis during pyrolysis was performed on STA 449 F3
Netzsch device connected with Bruker Tensor 27 IR-spectrometer. The
pyrolysis gas chromatography mass spectrometry was carried out on
GCMS-QP2010S (Shimadzu) chromate-mass-spectrometer with Double-
Shot Pyrolyzer (PY-2020iD). The thermoporometry was carried out on
DSC 204 F1 Netzsch device at the heating rate of 1 K/min in the sealed
aluminum crucibles. The calibration of temperature was carried out
with the using of In, Sn, Zn, Bi, CsCl and bi-distilled water. The cali-
bration of DSC-signal was carried out with the using of sapphire cali-
bration disk. ASTM E2041-08 [17] was used for kinetics calculation. The
degree of cure (conversion degree or fraction reacted) was calculated in
accordance with ASTM E2041-08.

4. Result and discussion
4.1. The study of curing

Since the curing of the phenol-formaldehyde resin is accompanied
with low-molecular weight products evolution (reaction 3, Fig. 1) and
the using of ordinary pierced crucible can result in artifacts on the DSC-
curves [18], the high-pressure crucibles were used for thermal analysis
measurements.

The addition of ethylene glycol to resol resin slows down signifi-
cantly the curing reaction [19], but the presence of catalyst in the system
shifts the curing process to the area of lower temperatures (Fig. 2A).
Moreover, the presence of catalyst allows performing gelation in the
system without mass loss, since the possible temperature of the synthesis
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Fig. 2. A - DSC curves (A) and the dependence of do/dt on o (B) for RPF (1) and FET1105 (2) and FET1105-60 (3).

is quite low to vaporize the product of polycondensation (water mole-
cules) [19].

The FET1105 heat of cure is only 40 + 4% of pure RPF resin, while
the resol content in composition FET1105 is 48%. These observations
directs on decreasing of cure degree of composition polymer network in
composition in comparison with pure resol resin and about 15% of
initial reactive groups do not participate in the curing reaction. Despite
the fact that p-toluenesulfonyl chloride reacts easily with alcohols
including phenols, this pathway of reactive groups (methylol groups in
resol [20]) withdrawal should be excluded, since this reaction take place
in the presence of base [21]. It should be mentioned, however, that
according to Ref. [9], ethylene glycol in the phenol-formaldehyde sys-
tem and the presence of pure formaldehyde can participate in curing
mechanism resulting in ~Ph-CH2-O-CH2-CH2-Ph-fragments formation.

According to Ref. [22], the curing kinetics of phenol-formaldehyde
resins is best described as n-order model with the Borchardt-Daniels
method (BD-method). The calculation of degree of cure (a) and reaction
rate (da/dt) were carried out using ASTM E2041-08. As one can see from
the dependence of do/dt on o (Fig. 2B), the presence of catalyst and
ethylene glycol shifts the curve profile to the left. According to Ref. [23]
such behavior can be related with increasing of reaction order.

4.2. The study of polymerization induced phase separation and post-
curing products

The idea of pore formation in the chosen system is based on poly-
merization induced phase separation (PIPS) and the morphology and
sizes of domains enriched with non-reactive compounds (ethylene gly-
col) should be dependent on the temperature. For example, the tem-
perature influences the rate of thermoset component curing and,
consequently, the thermodynamic factors of PIPS (enthalpy and entropy
of demixing) change more rapidly with temperature increasing. The
temperature also influences the mass transfer properties in the system
and diffusion of components increases with increasing temperature. In
accordance with morphology map of PIPS [24], the PIPS at higher
temperature generally results in formation of the particles with smaller
sizes, while polymerization induced phase separation at lower temper-
ature leads to the particles with larger sizes. According to Ref. [25], the
gelation and vitrification arrest the development of primary morphology
during PIPS, while secondary phase separation can take place and after
gelation. Nevertheless, the gel-point is critical time to formation of pore
structure main morphology. However, according to Ref. [19], the final
post curing at 180°C of the composition immediately after gelation
leads to the collapsing of the pores during pyrolysis and formation of the
materials with density, which is nearly equal to initial uncured
composition. It was suggested that gelation time is insufficient to form
precursors that are structurally stable to pyrolysis. According to gelation
measurements, the gel points of FET1105 are 20, 66 and 220 min at 70,
60 and 50 °C, respectively. According to Ref. [14] the developed pore
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Table 1
Some properties of RPF and FET1105 after PIPS, post-curing and pyrolysis steps.
Sample m (PIPS), m (post- m (800°C), Ig00/ Psoo/
% curing)‘, % % Ios° P25’
RPF 98" 82,8 65,3 0,197 1,1
FET1105 99 63,7 42,2 0,242 0,6
(954+4)"

# Residual mass after holding at 90 °C for 8 h (no PIPS).

b Residual mass after holding at 60 °C for 8 h, where 95 — residual mass of solid
fraction and 4 - residual mass of liquid fraction (see experimental part).

¢ Residual mass after holding at 180 °C for 6 h.

4 Residual mass after heating up to 800 °C under inert atmosphere (heating
rate of 5 K/min).

¢ Linear shrinkage after heating up to 800 °C under inert atmosphere (heating
rate of 5 K/min).

f The ratio of density at 800 °C to one at 25 °C before any heat treatment.

structures after pyrolysis in the system phenol-formaldehyde resin —
ethylene glycol — acid catalyst can be obtained after heat treatment at
low temperature step (PIPS step) for 8 h. For example, the treatment of
the sample FET1105 at 60 °C for 8 h leads to vitrification [26] of the
polymer matrix (glass transition temperature is 66 °C, Fig. 2A) in
FET-1105-60 sample and the reaching of conversion degree being equal
to 92%.

There are some mass loss and shrinkage of the samples during the
PIPS and post-curing steps. The mass loss during the PIPS and post-
curing steps of initial RPF and FET1105 are presented in Table 1. The
PIPS step of FET1105 causes minor separation of visible solid (mg) and
liquid (my) fractions. As one can see from Table 1 the post-curing of
initial phenol formaldehyde resin (RPF) is accompanied with mass loss
of 17 wt %, which can be related with releasing of low molecular weight
condensation products. On the other hand the post-curing of FET1105-
60 solid fraction is accompanied with 36 wt% mass loss due to not
only condensation products but non-RPF products (ethylene glycol, p-
toluenesulfonyl chloride and their interaction products) as well. The
linear shrinkage of the FET1105 sample during PIPS step and post-
curing was negligible. The linear shrinkage of RPF after post-curing
was about 2%. Thus, the density of RPF and FET1105 after PIPS steps
(at 60 °C for FET1105 and at 90 °C for RPF) and post-curing decreased
by 12 and 40%, respectively.

The structure forming step due to PIPS at different temperatures for
8 h and post-curing step at 180 °C for 6 h results in different morphology
of the samples (Fig. 3) which is consistent with morphology map [24]:
the lower temperature of PIPS the larger particle (pore) sizes in
macroscale. The pores in the samples were formed due to removal of the
domains enriched with ethylene glycol and other non-RPF products.

As can be seen from Fig. 3, there are quite uniform distribution of the
pores in the samples, moreover the pores seems to have irregular forms.
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Fig. 3. Scanning electron microscopy images of the samples after post-curing ( x 20000): A — PIPS at 50 °C (FET1105-50); B — PIPS at 60 °C (FET1105-60); C — PIPS

at 70°C (FET1105-70).
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Fig. 4. The dependences of length (1), mass (2) and relative density (3) of the composition on the temperature during the heating under inert atmosphere of the

samples: A — RPF-90-180, B - FET1105-60-180.

So it could be suggested, that PIPS in the system resol phenol-
formaldehyde resin — ethylene glycol — p-toluenesulfonyl chloride goes
more likely via spinodal decomposition mechanism [27].

It is known that texture and morphology of polymerization induced
phase separation are characterized by two values: the scale of segrega-
tion and the intensity of segregation [28]. As can be seen from Fig. 3 the
temperature enhancing leads to the pore numbers increasing and,
consequently, to decreasing of phase separation segregation scale [28].
On the other hand, according to mass changes measurements the
non-RPF fraction in FET1105-X-180 samples after PIPS at different
temperatures are 20, 18 and 12 wt% for PIPS steps at 50, 60 and 70 °C,
respectively. The non-RPF fraction is the calculated residuals from
ethylene glycol and p-toluenesulfonyl chloride taking into account mass

loss in pure RPF during different heat treatments (PIPS step, post-curing
or pyrolysis). Strictly speaking, the non-RPF fraction can differ from
calculated values since the resol resin can behave differently in FET1105
than in pure state. The results obtained indicate that less pore-forming
and catalyst molecules are trapped inside cured polymer matrix and
the thermoset enriched phases have probably less content of non-RPF
molecules when PIPS temperature increases. Thus, the PIPS tempera-
ture increasing probably results in the increase of the segregation
intensity.

4.3. The study of pyrolysis and pyrolysis products

The heating of the samples after post-curing to 800°C leads to

B

C

Fig. 5. Scanning electron microscopy images of the samples after post-curing and pyrolysis ( x 20000): A — PIPS at 50 °C (FET1105-50-180); B — PIPS at 60 °C

(FET1105-60-180); C — PIPS at 70 °C (FET1105-70-180).
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Fig. 6. DSC-curves of water melting in the water-saturated samples (A) and differential pore sizes distribution curves of the samples (B): 1 — FET1105-70-180; 2 -

FET1105-60-180; 3 - FET1105-50-180; 4 — bi-distilled water.

stepwise mass loss and linear shrinkage (Fig. 4), moreover the calculated
in the approximation of isotropic shrinkage relative density after some
fluctuations becomes about 19% higher and 3% lower than the density
before pyrolysis for RPF-90-180 and FET1105-60-180, respectively.

The initial (up to 180 °C) mass loss of the sample after post-curing at
180°C for 6h can be related with releasing of water and non-RPF
products mixture which was trapped inside the massive sample (3 g)
and became available during the cutting of the sample from the middle
for thermogravimetry measurement (13 mg). Moreover, it should be
noted, that according to mass balance, there was still 18 wt% of non-RPF
products in the massive FET1105-60-180 sample. On the other hand the
mass loss of the small sample from the middle of massive FET1105-60-
180 sample under the heating to 330°C is accompanied with mass
loss of 29% while the cured resol resin RPF-90-180 losses only 2,5%.

It should be noted that the samples of the same initial chemical na-
ture, but which were post-cured immediately after gelation, tend to
densify by ~50% during pyrolysis step [19]. This observation empha-
sizes that sufficient PIPS time (more than only gel-time) is urgent for the
formation of stable to pyrolysis porous structure.

The SEM images of the samples after pyrolysis are presented in Fig. 5.

As can be seen from Figs. 3 and 5, the pore structures after pyrolysis
changed slightly: the pores broadened, but the carbon walls thinned.
The thinning of carbon walls, especially for the cases of samples with
low-temperature PIPS step, is probably explained by evolution of trap-
ped non-RPF products.

The method of thermoporometry was used to obtain the pore size

distribution of the samples obtained. The method of thermoporometry is
based on decreasing of melting point with decreasing of sample size
according to Gibbs-Thomson equation [29]. To minimize the influence
of water admixtures the subtraction results of DSC-sample curves and
DSC-water curve were used for calculation. The DSC-curves used for
calculation are presented in Fig. 6A. The differential pore size distri-
bution curves calculated according to procedure described in Ref. [29]
are presented in Fig. 6B. The coefficients used for calculation were:
dT/dt=1K/min (0.01667 K/s), 2K=52nm °C, §=0.8nm [30]. The
dependencies of ice density and melting enthalpy on temperature were
used in accordance with [31].

As one can see from Fig. 6B the increasing of PIPS temperature causes
the increasing of mesopores cumulative volume. It should be noted that
during heating of the sample FET1105-X-180 in the temperature range
of 250-320 °C, the 1,4-dioxane is the main volatile product with dipole
moment despite water and carbon dioxide. The 1,4-dioxane formation
during heating of the sample at the temperatures much higher than 1,4-
dioxane boiling point (101°C) can be probably explained by acid-
catalyst depolymerization of olygoethylene glycol formed in the sys-
tem during PIPS step and post-curing. The formation of 1,4-dioxane and
tetraethylene glycol can be seen from the results of pyrolysis gas chro-
matography mass spectrometry (Py-GCMS) (Fig. 7). Peak at retention
time of 2,5 min (Fig. 7B) corresponds to 1,4-dioxane (Fig. 7C) and peak
at 8,9min (Fig. 7D) - tetraethylene glycol (Fig. 7E). The peaks at
retention time between 5 and 8 min are interaction products of ethylene
glycol.
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Fig. 7. Pyrolysis-GC/MS chromatogram of the FET1105-50-180 at 300 °C (A) and the mass-spectra of peak at retention time 2,5 min (B), peak at retention time

8,9 min (D), 1,4-dioxane (C) and tetraethylene glycol (E).
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It is known that increasing of polyethylene glycol content and its
molecular weight after phenol-formaldehyde blend pyrolysis causes the
increasing of mesopores content [32]. Thus, it can be suggested that
increased content of mesopores in the samples with higher PIPS step
temperature can be explained and by olygoethylene glycol formation
inside phenol-formaldehyde matrix.

5. Conclusion

The pore formation during polymerization induced phase separation
(PIPS), post-curing and pyrolysis processes in the system resol phenol-
formaldehyde resin/ethylene glycol/p-toluene sulfonyl chloride was
studied by thermal analysis methods, pyrolysis gas chromatography
mass spectrometry and electron microscopy. It was shown that addition
of ethylene glycol and p-toluene sulfonyl chloride leads to increasing of
reaction order of phenol-formaldehyde curing. It was shown that PIPS
temperature increasing result in decreasing of phase separation segre-
gation scale and increasing of macropores sizes. The PIPS temperature
increasing also leads to increasing of phase separation intensity and
cumulative volume of mesopores. The increased cumulative volume of
mesopores is suggested to be a result of olygoethylene glycol formation.
It was shown, that the main pore structure and morphology was formed
during PIPS step. Insufficient PIPS time causes the formation of struc-
tures, which collapses during pyrolysis conditions.
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