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(PF) as a carbon precursor and ethylene glycol (EG) as a pore-forming agent. The structure, morphology and the specific surface area of

the obtained samples were characterized by X-ray diffraction, scanning electron microscopy and Quadrasorb SI sorption analyzer. The

results show that the diameters of the mesoporous carbon are about 20-30 nm. It is found that the specific surface areas of the product are

3:7.
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INTRODUCTION

Porous carbon materials have received a great deal of atten-
tion due to their applications'. Porous carbon materials have
been applied to gas separation, water purification, catalyst
supports and electrodes for fuel cells**. Porous carbon mate-
rials have been synthesized using various methods, such as
physical and chemical activation®, catalytic activation’ and
carbonization processes®. Many kinds of materials, such as
starch, cyclodextrin, coal and resins, are employed as carbona-
ceous material to prepare mesoporous carbons’"'.

Phenol resins are increasingly used as precursors for various
carbons in the form of fibers, particles and membranes'> 4.
Phenol resins is used to prepare glassy carbon (GC) by pyroly-
zing under inert atmosphere and temperatures between 600
and 3000 °C". Usually, glassy carbons contain a high propor-
tion of closed pores that are not accessible for gas molecules.
So it is ineffective in their applications. Physico-chemical
activation and pyrolyzed are two effective methods to open
these closed pores. In activation method, phenol resin is usually
first carbonized to obtain the pyrolytic material, which is then
modified. However, integrated monolithic porous carbons are
difficult to obtain with above two methods”"".

In this work, ethylene glycol (EG) is employed as a pore-
forming agent to form opened pores in carbonized mate-
rials derived from phenol-formaldehyde resins (PF). And the
influence of various mass ratio of phenol-formaldehyde and
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ethylene glycol on the pore structure of porous carbons
obtained is investigated.

EXPERIMENTAL

All the reagents were of analytical grade and used without
further purification. The as-synthesized catalysts were charac-
terized by powder X-ray diffraction (XRD, Rigaku D/max-
2500 X-ray generator, CuK, radiation), scanning electron
microscopy (SEM, JEOL JSM-6700F), nitrogen adsorption-
desorption isotherms were carried out at 77.3 K on a Quadrasorb
SI sorption analyzer. The samples were outgassed for 8 h at
300 °C under a vacuum in the degasport of the analyzer. The
specific surface area was calculated with the Brunauer-Emmett-
Teller (BET) model and pore size distribution was calculated
from the adsorption-desorption data using the Density
Functional Theory (DFT) method.

General procedure: In a typical procedure, phenol-form-
aldehyde resin (PF) was employed as carbon precursor. Ethylene
glycol (EG) served as solvent and pore-forming agent and
benzenesulfonyl chloride was used as a curing catalyst. Phenol
resin, ethylene glycol and benzenesulfonyl chloride were
mixed by stirring mechanically for 0.5 h at room temperature,
then poured into molds and cured at 50 °C for 6 h. After 6 h,
the rigid body was removed from mold while excess glycol
was removed by draining with absorbent paper. The rigid body
was then postcured by less than 2 °C/h velocity to 180 °C
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from 60 °C and held for 16 h. The sample was pyrolyzed by
slowly ramping to 800 °C in a flowing nitrogen atmosphere,
followed by cooling naturally to room temperature. The mass
ratio of phenol-formaldehyde and ethylene glycol was 7:3,
1:1, 2:3 and 3:7, respectively. And the resulting porous carbon
was designated as S-1, S-2, S-3 and S-4, accordingly.

RESULTS AND DISCUSSION

In XRD pattern of the synthesized carbon simple. Two
characteristic diffraction peaks in the curves can be indexed
as (002) and (100) crystal planes of carbon. The diffraction
peak at 26 value of 23.2° corresponds to the (002) plane and
the dop is 0.3832 nm measured by the width of the peak at
23.2°.

The morphology of the obtained products was investigated
by SEM analysis. Fig. 1 shows the SEM images of the obtained
S-1to S-4 samples. Fig. 1 illustrates the micrographs of porous
carbons prepared with different PF/EG ratio. It is obvious that
the morphologies of the carbons obtained show differences.
S-1 and S-2 are all nanoparticles and well distributed with
diameter of about several nanometers. A large number of
interconnected pores with pore size of nanometer are observed
in S-3 and S-4 (Fig. 1c and d).

More information from Fig. 1c and d can be proved by
the Fig. 2. The size distribution of the samples is shown in the
diameter histograms (Fig. 2) obtained by statistically measu-
ring the sizes of more than 50 individual pores on SEM images.
The pores of S-3 are well distributed with an average diameter
of about 25 nm (Fig. 2a), while S-4 possesses the average

pore size of 30 nm (Fig. 2b). The decreasing of the PF/EG
ratio results in different sizes of pore.

Fig. 3 shows the nitrogen adsorption/desorption isotherms
and pore size distribution for S-1 to S-4 obtained from an
automatic adsorption instrument. The desorption and adsor-
ption curves of S-1 and S-2 are almost coincide with each
other, respectively. This means that the samples of S-1 and
S-2 have no mesoporous. It is obvious that the samples of S-3
and S-4 exhibit type IV isotherms, corresponds to mesoporous
adsorption'®. Characteristic features of the isotherms are its
hysteresis loop, which is associated with capillary condensation
taking place in mesopores and the limiting uptake over a range
of high P/P°. The initial part of the isotherm is attributed to
monolayer-multilayer adsorption.

The pore size distribution of S-3 and S-4 from nitrogen
adsorption/desorption isotherm data agrees basically with that
deduced from the results of SEM. The pores are mainly located
at 20 to 30 nm and the pore sizes distribute narrowly. It is
attributed to the carbon skeleton. Small peaks before 20 nm
for S-3 and S-4 can be attributed to the stacked pore.

Table-1 lists the data of pore sizes and specific surface
areas of S-1 to S-4 shown in the Figs. 3 and 4. It shows the
average pore sizes increased from 22.9 to 30.8 nm with decrea-
sing the ratio of PF/EG. The BET surface area of carbons has
continuously increased with the decrease of PF/EG ratios.
When the mass ratio of PF and EG is 2:3, the specific surface
area reached the maximal value (175.3 m%g). It can be drawn
a conclusion that S-3 and S-4 are confirmed to be mesoporous
carbons from the data shown in Table-1, Figs. 3 and 4.
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Fig. 2. Pore size distributions of the product: (a) S-3, (b) S-4

0.30

0.25

0.20

0.15

Frequency

0.10

0.05

0.00

20 30 40 50 60 70 80

Pore diameter (nm)



7206 Yang et al.

Asian J. Chem.

0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)

Fig. 3. N, adsorption/desorption isotherms of S-1 to S-4

TABLE-1
PROPERTIES OF S-1 TO S-4

Simple  PF/EG Pore size (nm) specific surface area (m%/g)
S-1 7:3 - 9.615
S-2 1:1 - 29.64
S-3 2:3 229 121.1
S-4 3.7 30.8 175.3
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Fig. 4. Pore size distribution of S-3 and S-4

The above results indicate that the pores of the synthesized
carbon are due to the rates of PF/EG. The porous carbon
exhibits the highest specific surface area when PF/EG is 3:7.
The miscibility of polymeric resin in EG is decreasing with
the increasing of molecular weight and then phase separation
in the resin mixture develops concurrently with polymerization,
with only a polymeric resin-rich phase and a glycol-rich phase
being obviously. After postcuring and subsequent pyrolysis,
the former becomes a carbon skeleton, while the latter is removed
and results in pores'’. During phase separation with various
PF/EG ratio, dispersed glycol-rich phase is formed as PF/EG
= 7/3, while continuous glycol-rich phase is formed as PF/EG
< 1. Because there are no effective channels in the rigid body
of subsequently removing the dispersed glycol-phase, sponge

structure and some cracks are formed. In contrast, continuous
glycol-rich phase in the rigid body endows effective channels
for removing of the ethylene glycol, so mesoporous carbons
with interconnected pores are obtained'®.

Conclusion

In summary, porous carbons have been synthesized via
the mixtures of phenol-formaldehyde resin (PF) as a carbon
precursor and ethylene glycol (EG) as a pore-forming agent.
Furthermore, mesoporous carbons with interconnected pores
and apparent porosity were obtained when the PF/EG ratio
was not more than 1. Variation in the PF/EG ratio caused diffe-
rent morphologies, pore size distribution and the BET surface
area of the mesopores carbons. Decreasing the PF/EG ratio
endowed the mesoporous carbons with narrow pore size distri-
bution and short average pore size. The average pore size was
controlled between 22.9 and 30.8 nm. The specific surface
area was 175.3 m%/g when the mass ratio of PF/EG was 3:7.
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