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ABSTRACT: Mesoporous carbon with narrow pore size
distribution was novelly derived from rare earth-macromol-
ecule complexes, which were formed by the coordination
between §rafted novolac-type phenolic resin and rare earth
ions (Ce®"). The as-made resins or carbons were character-
ized by infrared spectrum, thermogravimetry, carbon tetra-
chloride adsorption, nitrogen adsorption, and scanning
electron microscope. The results showed that the rare earth—
macromolecule complexes were formed successfully, which
could promote the dispersion of rare earth elements in the
precursor and further control the pore structure and pore

size distribution of as-made mesoporous carbon during
steam-activation process. The as-made mesoporous carbon
exhibited typical mesoporous structure and relatively
narrow pore size distribution, and the mesoporosity of it
was up to 88%. © 2011 Wiley Periodicals, Inc. ] Appl Polym Sci
121: 3466-3474, 2011

Key words: rare earth—-macromolecule complexes; novolac-
type phenolic resin; mesoporous carbon; catalysis; steam
activation

INTRODUCTION

Among various carbon materials, mesoporous
carbon with pore size between 2 and 50 nm, which
has large surface areas and pore volumes as well as
unique framework, is widely used in selective mem-
branes, catalyst supports, biological reactors, sensors,
electrochemistry, heat insulators, etc.'” With the de-
velopment of science and technology, the researches
on mesoporous carbon gradually display great scien-
tific meaning and applicable value.

Many researches have been done to synthesize mes-
oporous carbon, and there is a profound compre-
hension on it. The conventional methods of synthesis
mesoporous carbon mainly include physical and
chemical activation method, catalytic activation
method by metal or metal-organic complex, polymer
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aerogel, and so on. However, the mesoporous carbon
produced by these methods usually has a wide pore
size distribution. To meet the increasing requirements
on the control of pore size, various processes and
techniques (template method, defluorination of PTFE,
carbon aerogels, polymer blends method, selection of
specific precursors, and selection of preparation condi-
tions) were proposed to create pores in carbon materi-
als and control their amount and size.® Some of the
processes, especially template method, seems to be
able to satisfy the requirements on the control of pore
structure, but their technology still needs some break-
through to be applied in industrial production.

The catalytic activation method is widely used for
its simplicity and efficiency, and it is also suitable for
industrial production. So, there are many reports
about catalytic activation, mainly relating to transition
metals (iron, cobalt, nickel, etc.”'%) and alkaline-earth
metals (calcium, etc."*'°). But only a few studies have
dealt with rare earth metals.'”'*" For example,
Tamai et al.'®'” first mixed the rare earth organic
compounds with pitch and got mesoporous carbon by
steam activation, in which the mesoporosity reached
up to 70%; Shen et al.'®'? investigated the catalysis of
cerium oxide and yttrium oxide by impregnating
method. However, catalytic activation method is com-
paratively limited in the control of pore structure
and pore size distribution due to the present loading
methods. Either impregnating or blending method
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Scheme 1 Illustration of the preparing processes.

belongs to physical doping, so that the dispersion of
metal elements in organic precursor cannot reach the
level of molecule. And the control of pore structure
and pore size distribution was restricted by this heter-
ogeneous dispersion. Consequently, it is necessary to
do something to overcome its disadvantage for its
future development. And we planed to link the pre-
cursor and catalyst by chemical bond to improve the
distribution of catalyst.

Rare earth element belongs to hard acid and is
easy to coordinate with hard base, and so oxygen is
the characteristic coordination atom for rare earth ele-
ment. Rare earth ion can form complexes with many
ligands containing oxygen atom, such as carboxylic
acid, p-diketone, and crown ether.”® Although pheno-
lic resin also has hydroxyl groups, their coordination
ability is weaker. Hence, we intended to introduce
carboxylic groups into the precursor, namely novo-
lac-type phenolic resin, to increase the opportunity of
forming coordination bonds. It was reported that
phenol can react with methyl methacrylate (MMA) at
the presence of potassium phenolate, in which there
exist two reactions simultaneously, namely, the addi-
tion reaction on double bond and the transesterifica-
tion.?! The two reactions are competitive, and the
addition reaction is predominant. Furthermore, Oya
et al”® had grafted MMA on phenolic resin fiber.
Hence, we expected that MMA would be grafted
on novolac-type phenolic resin chains by addition
reaction, and then the grafted phenolic resin would
easily be coordinated with rare earth ions forming
rare earth-macromolecule complexes. As shown in
Scheme 1, novolac-type phenolic resin first reacted
with MMA by the addition reaction of double bonds
to form grafted phenolic resin. Then, the grafted ester
groups hydrolyzed at basic condition forming car-
boxylic groups and these groups easily coordinated

with rare earth ions creating rare earth-macromole-
cule complexes. During a series of procedures,
namely solidification, carbonization, and steam acti-
vation, mesoporous carbon with narrow pore size
distribution would be obtained. In detail, the compat-
ibility between organic precursor and inorganic salts
would be largely improved by forming coordination
bonds, and so the dispersion of rare earth elements
would become more homogenous (Scheme 2). This
would greatly reduce the phenomenon of agglomera-
tion and improve the catalytic efficiency of rare earth
elements. Rare earth ion with high coordination num-
ber could bond several oxygen atoms simultaneously
connecting near chains together,® and so the solidifi-
cation would be limited owing to the steric effect
(Scheme 3). Rare earth elements would be fixed in
special areas by forming rare earth-macromolecule
complexes. During the following heating process, the
coordination bonds easily ruptured forming rare
earth oxides,” which acted as catalyst during further
steam-activation process (Scheme 4).'® By controlling
the activation condition, the rare earth oxides were
able to catalyze the assigned location and the neigh-
borhood to realize the aim of controlling pore struc-
ture and pore size distribution.

Consequently, this work used rare earth-macro-
molecule complexes, which were formed by the
coordination bond between grafted novolac-type
phenolic resin and rare earth ions (Ce*M), to promote
the dispersion of rare earth elements in precursor
and further to control the pore structure and pore
size distribution during steam-activation process.
Mesoporous carbon with narrow pore size distribu-
tion was obtained and characterized by infrared (IR)
spectrum, thermogravimetry (TG), carbon tetrachlor-
ide adsorption, nitrogen adsorption, and scanning
electron microscope (SEM).
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Scheme 2 Illustration of the grafting and coordinating reactions.

Scheme 3 Illustration of the structure of R-MMA-Ce.
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Scheme 4 Illustration of the structure evolution of R-MMA-Ce during heating process.

EXPERIMENTAL
Materials

The novolac-type phenolic resin was a commercially
available powder product with a polymerization
degree of ~ 500, which was purchased from resin
plant in Tianjin and assigned as NO.217. Ce(NOj3);e
6H,O (A.R.) was imported and distributed by Jinan
Henghua Technology Co. MMA (C.P.) was made by
Sinopharm Chemical Reagent Co. Potassium hydrox-
ide (KOH, A.R.) was from Tianjin Chemistry Rea-
gent Factory. Ethanol (A.R.) and carbon tetrachloride
(CCly, AR were produced by Reagent Factory,
Tianjin Beichen Founder. All the materials were
used as received without any further purification.

Synthesis

In a typical procedure, a 500-mL three-necked
round-bottomed flask equipped with a condenser
and a mechanical stirrer was charged with novolac-
type phenolic resin (10 g) and ethanol (100 mL). The
mixture was kept under reflux at 65°C with stirring
continuously. MMA (10 mL) and KOH (0.01 g) were
added after 0.5 h, and Ce(NO3);06H,O (0.1 g) was
added after another 0.5 h. After additional 6 h, the
mixture was filtered, transferred into a dish, and left
standing for 1-2 days. The resulting concentrated

solution was put into an oven at 100°C for 12 h.
And the cured resin (R-MMA-Ce) was scraped from
the dish. Then, the resin was calcined in a vertical
furnace at 180°C for 1 h and 800°C for 2.5 h under a
constant flow of nitrogen with a ramping rate of
2°C/min. In the process, it was activated at 800°C
for 1 h with steam. The remainder (C[R-MMA-Ce])
was washed several times with hydrochloric acid to
dissolve and remove cerium compounds and then
rinsed with hot deionized water until free of chlo-
ride ions before drying in air at 110°C overnight.

In addition, for comparison, resin without any
addition (R), resin with MMA (R-MMA), and resin
with Ce(NOj3);06H,O (R-Ce) were also synthesized
as aforementioned process and activated by steam to
get the corresponding activated carbon, denoted as
C[R], C[R-MMA], and C[R-Ce]. Full characterization
and detailed studies of the properties of all synthe-
sized materials were investigated and compared.

Characterizations

IR spectra were collected within the region of 4000
400 cm™' on a Nicolet Fourier spectrophotometer
(USA) in solid state using KBr pellet technique. The
thermal decomposition behaviors of the samples were
monitored using a SDT Q600 V8.2 Build 100 analyzer
from room temperature to 1100°C under nitrogen
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Figure 1 IR spectra of as-made resins: (a) R; (b) R-MMA;
(¢) R-Ce; (d) R-MMA-Ce.

atmosphere with a heating rate of 10°C/min. The
static adsorbed amount of CCl, [adsorbed amount of
CCly = adsorbed weight of CCly by sample (mg)/
weight of sample (g)] was measured in a desiccator-
containing CCly vapor.*** Nitrogen adsorption—
desorption isotherms were measured at —196°C on a
Quantachrome NOVA 2000e analyzer and a Tristar
3000 sorption analyzer. Before measurements, the
samples were degassed in vacuum at 200°C for at least
4 h. The Brunauer-Emmett-Teller (BET) method was
used to calculate the specific surface areas. The pore
volumes and pore-size distributions were derived
from the adsorption branches of isotherms by using
the Barrett-Joyner-Halenda (BJH) model.**2® The
total pore volumes (micropore volume + mesopore
volume) were estimated from the liquid volume of
nitrogen at a relative pressure of about 0.99. The
micropore volumes were calculated from the V — t
plot method. The mesopore volumes were obtained
by subtracting the micropore volumes from the total
pore volumes. The surface morphology of samples
was observed on a Hitachi 5-5200 field emission SEM.

RESULTS AND DISCUSSION
IR spectra of as-made resins

The infrared (IR) spectra of R, R-MMA, R-Ce, and
R-MMA-Ce are shown in Figure 1. After curing, the
chains connected together forming 3-D networks
structure, and there also existed some free phenols
and oligomers in the phenolic resin. So it was diffi-
cult to distinguish every peak in the spectra of R.
The characteristic peaks of MMA might be covered
by the intrinsic peaks of R, and the difference
between the spectra of R-MMA and R was not dis-
tinct. However, the broad peak at about 3300 cm ™
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attributing to the stretching vibration of phenolic
hydroxyls (vo—p) and the peak at about 1460 cm ™!
corresponding to the in-plane bending vibration of
phenolic hydroxyls (Sin-planeorr) became weaker. 223!
Moreover the peak at 1245 cm ™' owing to the symmet-
ric stretching vibration of aromatic ether (Vsc—o—c)
became stronger.””** And some small peaks locating
at fingerprint region disappeared or appeared. These
changes showed that some phenolic hydroxyls were
transformed to ether oxygen bonds, indicating that the
phenolic resin had reacted with MMA molecules.

In the spectra of R-Ce and R-MMA-Ce, there
appeared two new peaks at 1386 and 467 cm ',
respectively. The peak at 1386 cm ' was caused by
carboxylic groups,®?*°! while the peak at 467 cm ™'
was attributed to the coordination bonds of Ce—0.*
The peak at 467 cm ™! in the spectrum of R-MMA-Ce
was stronger than that in the spectrum of R-Ce, indi-
cating that there appeared more coordination bonds
in R-MMA-Ce. In a word, the IR spectra confirmed
that the grafting and coordinating reactions were
accomplished.

Pyrolysis behavior of as-made resins

Figure 2 represents the weight loss during pyrolysis
process of as-made resins. The weight loss was
determined from the change in weight between
cured resin and final sample. Owing to the conden-
sation of aromatic ribbon molecules and the volatili-
zation of low-molecular weight species, noncarbon
elements were removed as volatiles during pyrolysis
process. So, the weight loss of R began from 26°C
and became significant in the range from 400 to
800°C. The corresponding weight losses of R in
the pyrolysis temperature ranges of 26-311°C and
311-1089°C were about 5 and 22%, respectively.
Compared to R, the weight of R-MMA lost more
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Figure 2 TG curves of as-made resins: (a) R; (b) R-MMA;
(¢) R-Ce; (d) R-MMA-Ce.
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TABLE 1
Yield of Activation and Adsorbed Amount of CCl,

Yield of activation Adsorbed amount

Sample ID (%) of CCly (mg/g)
CIR] 41 491
C[R-MMA] 40 586
C[R-Ce] 23 855
C[R-MMA-Ce] 30 910

quickly, whose total weight loss was about 47%. The
MMA belongs to small molecule and is easier to vol-
atile. Although most of MMA had grafted on the
phenolic resin, the formed composition was bonded
by ether oxygen bonds and it was not stable.’* So,
the introduction of MMA made the decomposition
of phenolic resin more quickly.

The TG curves of R-Ce and R-MMA-Ce lay
between that of R and R-MMA, and the total weight
loss was 39 and 43% for R-Ce and R-MMA-Ce,
respectively. The introduction of Ce(NO;); would
increase the pyrolysis rate of phenolic resin, attribut-
ing to the catalysis of Ce elements during gasification
in the presence of water from Ce(NO3);06H,0."
Furthermore, the coordination bonds in the formed
complexes not only delayed the gasification for
the reinforcement of grafting, but also quicken the
decomposition of phenolic resin as a result of the
bond cleavage of Ce—O at about 500°C.** This syner-
gistic effect made the decomposition of R-MMA-Ce
faster than that of R or R-Ce, but slower than that of
R-MMA. The phenomenon also reflected that the
grafting and coordinating reactions were successful.

Activation yield and adsorption ability of carbons

The activation yield (the weight percentage of the
remainder after activation to the cured resin) and
adsorption ability of carbons are summarized in
Table I. The activation yield and adsorbed amount
of CCly for C[R] and C[R-MMA] were similar. How-
ever, the activation yield reduced almost by half,
and the adsorbed amount of CCl, increased to twice
when Ce(NOj3); was doped. This was attributed to
Ce elements, which could accelerate the steam acti-
vation and promote the forming of pores.'®

When the yield was similar, C[R-MMA-Ce] had a
larger adsorbed amount of CCly, which proved that
MMA was grafted on the phenolic resin and formed
complexes with Ce’" ions. In detail, if the rare earth—
macromolecule complexes were formed, it would
make Ce elements disperse more homogenously
and further promote the catalytic efficiency of Ce
elements, which would be favor for the development
of pores.

Pore structure of carbons

Nitrogen adsorption—desorption isotherms and pore
size distribution histograms of the carbons are
shown in Figures 3 and 4. And the corresponding
parameters including BET surface area, pore volume,
and pore size are summarized in Table II.

The isotherm of C[R] exhibited a prominent
adsorption at low relative pressures and then lev-
ered off, which belonged to type I isotherm, indicat-
ing the existence of micropores. However, there was
also a hysteresis loop of type H4 at the relative pres-
sures from 0.4 to 0.9, which featured parallel and
almost horizontal branches, attributing to adsorp-
tion—desorption in narrow slitlike mesopores.> The
adsorption behavior of C[R-MMA] was similar to
that of C[R], except that the hysteresis loop was not
closed completely. This might be caused by the pres-
ence of more micropores in C[R-MMA]. The fast
volatilization of free and weekly bonded MMA
would leave some smaller pores in the precursor.
The isotherm of C[R-MMA-Ce] belonged to Type II
isotherm with a hysteresis loop of type H3, in which
the isotherm mounted up gradually and did not
lever off. This illustrated that there appeared more
mesopores in C[R-MMA-Ce] than that in C[R]. Iso-
therm with Type H3 loop, which did not level off
at relative pressure close to the saturation vapor
pressure, was reported for materials composed of
aggregates (loose assemblages) of platelike particles
forming slitlike pores.®®> The isotherm of C[R-Ce]
was between Types I and II, and the hysteresis loop
was between Type H4 and H3. This made clear that
there appeared more mesopores in C[R-MMA-Ce]
than that in C[R-Ce], attributing to the formed rare
earth-macromolecule complexes.

The pore size distribution of C[R] and C[R-MMA]
both showed two weak peaks, illustrating that there

300+
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Figure 3 Nitrogen sorption isotherms at —196°C on car-
bons: (a) C[R]; (b) C[R-MMA], shifted 50 U upward; (c)
C[R-Ce], shifted 100 U upward; (d) C[R-MMA-Ce].
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Figure 4 Pore size distribution histograms of carbons: (a) C[R]; (b) C[R-MMA]; (c) C[R-Ce]; (d) C[R-MMA-Ce].

were some micropores and mesopores simultane-
ously in the two carbons. Although C[R-MMA-Ce]
and C[R-Ce] displayed very similar pore size distri-
bution with a peak centering at about 4 nm, the ver-
tex of C[R-MMA-Ce] was much higher. This indi-
cated there appeared an obvious increase of
mesopores and a narrow pore size distribution in
C[R-MMA-Ce].

BET surface areas were 767, 742, 215, and 541 m?/ g
corresponding to C[R], C[R-MMA], C[R-Ce], and
C[R-MMA-Ce], respectively. And their correspond-
ing total pore volumes were 0.37, 0.36, 0.27, and

0.60 cm®/g, respectively. The increase of total pore
volume accompanied by the decrease in micropore
volume, suggesting an increase of mesopores at the
expense of micropores, was similar to the results of
Hussein et al.>* And the mesoporosity (the percent-
age of mesopore volume to total pore volume,
Vimeso/ Viotal) Were 14%, 11%, 82%, and 88%, respec-
tively. When MMA was grafted and rare earth-mac-
romolecule complexes were formed in the precursor
resin, the mesoporosity increased enormously from
14 to 88%, which was much higher than that of just
doping Ce(NOj3); (82%). This phenomenon further

TABLE II
Porosity Parameters of Carbons Calculated from Nitrogen Sorption Isotherms
Sample ID SBET (mz/g) Vtotal (Cm3/g) Vmicro (Cm3/g) Vmeso (Cm3/g) Vmeso/ Vtotal (0/0) D (nm)
C[R] 767 0.37 0.32 0.05 14 1.94
C[R-MMA] 742 0.36 0.28 0.04 11 1.96
C[R-Ce] 215 0.17 0.03 0.14 82 3.18
C[R-MMA-Ce] 541 0.50 0.06 0.44 88 3.68

Sger, BET surface area; Vi, total volume; Vo, micropore volume; Vineso, mesopore volume; D, average pore

diameter.
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Figure 5 SEM photographs of carbons: (a) C[R]; (b) C[R-Ce]; (c) and (d) C[R-MMA-Ce].

proved that the formed rare earth-macromolecule
complexes could improve the dispersion of rare
earth elements, boost the efficiency of catalysis, and
increase the mesoporosity greatly.

Surface morphology of carbons

The SEM photographs of carbons are shown in
Figure 5. C[R] had a comparatively smooth surface
and some small holes, indicating the slightly activation
by steam. Compared to C[R], the surface of C[R-Ce]
was etched much more, and there appeared many cav-
ities irregularly. These may be attributed to the cataly-
sis of Ce elements,'® the distribution of which was not
very homogenous in the precursor resin for the limita-
tion of organic-inorganic compatibility.

The SEM photograph of C[R-MMA-Ce] showed
that many small particles seemed loosely assembled
together forming aggregate, which was agreed
with the results revealed by the nitrogen sorption
isotherm. Furthermore, it also displayed that the
etching was further deep and uniform. All these
demonstrated that the formed rare earth-macromol-
ecule complexes could improve the distribution of

Ce elements and further boost the catalytic efficiency
of Ce elements.

CONCLUSIONS

In summary, the mesoporous carbon with relatively
narrow pore size distribution was obtained by using
the novel method of rare earth-macromolecule com-
plexes. On one hand, the formed rare earth-macro-
molecule complexes could improve the distribution
of rare earth elements in precursor resin and boost
the catalytic efficiency of rare earth elements. On the
other hand, it could also fix rare earth elements in
special areas and control the pore structure and
pore size distribution to some extent. Although the
as-made carbon exhibited not very well in the pore
size distribution compared to template method, the
present finding provides an example for the devel-
opment of catalytic activation method to synthesize
mesoporous carbon with narrow pore size distribu-
tion. A further report will appear soon with respect
to optimizing the conditions of synthesis mesopo-
rous carbon with narrower pore size distribution by
this novel method.
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