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Abstract Mesoporous aluminas were synthesized via a
sol-gel process by templating an amphiphilic graft
copolymer, PVC—g-POEM, consisting of a poly(vinyl
chloride) (PVC) backbone and poly(oxyethylene methac-
rylate) (POEM) side chains. The mesoporous structures of
aluminas with large surface areas were confirmed by X-ray
diffraction, transmission electron microscopy, and nitrogen
adsorption/desorption analysis. Aluminas synthesized with
PVC—g-POEM graft copolymer exhibited higher CO,
adsorption capacities (0.7 mol CO,/kg sorbent) than alum-
inas synthesized without graft copolymer (0.6 mol CO,/kg
sorbent). The adsorption capacity of alumina strongly
depends on its structure and calcination temperature; amor-
phous (400 °C) > vy phase (800 °C) > « phase (1000 °C).

Introduction
Mesoporous materials are of special interest due to their

excellent properties such as large surface areas, narrow
pore-size distributions, and tunable pore sizes that are not
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present in the bulk state [1-4]. Alumina (Al,O3) has
received attention in the catalysis area because of its
potential applications in cracking, hydrocracking, and
hydrodesulfurization of petroleum feedstocks [5—11]. The
characteristics of alumina, such as large surface area, tai-
lored pore size, high thermal stability, and capacity for
modification with catalytically active species are of tre-
mendous interest [12]. In particular, alumina is considered
to be a good adsorbent for CO, gas [13, 14].

In general, mesoporous metal oxides are usually syn-
thesized via sol-gel processes using ionic or non-ionic
surfactants [12]. Recently, an amphiphilic block copolymer
was utilized as a template to provide a large surface area
and to control pore size [15-22]. Yuan et al. [22] synthe-
sized ordered mesoporous y-aluminas via a sol-gel process
templated by a Pluronic series consisting of poly(ethylene
oxide) (PEO) and poly(propylene oxide) (PPO) triblock
copolymer. However, to the best of the knowledge, there
have been no reports on the graft copolymer-directed
synthesis of mesoporous alumina. Graft copolymers are
more attractive than block copolymers due to their easier
synthesis and low cost [23-26].

Here, we provide the first report on the synthesis of
mesoporous aluminas templated by a graft copolymer and
their CO, adsorption properties. An amphiphilic graft
copolymer, PVC—g—POEM, consisting of poly(vinyl chlo-
ride) (PVC) backbone and poly(oxyethylene methacrylate)
(POEM) side chains, was synthesized using atom transfer
radical polymerization (ATRP). The structures and mor-
phologies of the mesoporous aluminas were character-
ized using X-ray diffraction (XRD), transmission electron
microscopy (TEM), thermogravimetric analysis (TGA) and
nitrogen adsorption/desorption analysis. Equilibrium CO,
adsorption uptake on the alumina is also reported in this
article.
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Experimental procedure
Materials

Poly(vinyl chloride) (PVC, M, = 97,000 g/mol, M, =
55,000 g/mol); poly(oxyethylene methacrylate) (POEM,
poly(ethylene glycol) methyl ether methacrylate, M, =
475 g/mol); 1,1,4,7,10,10-hexamethyltriethylene tetramine
(HMTETA, 99%); and copper(I) chloride (CuCl, 99%),
aluminum isopropoxide, (Al(O-Pr);), and hydrochloric
acid (HCI, 37 wt%) were purchased from Sigma-Aldrich.

Synthesis of the graft copolymer

PVC-g-POEM graft copolymer was synthesized using
ATRP following a previously reported method [23, 24]. In
brief, 6 g of PVC were dissolved in 50 mL of N-methyl-
2-pyrrolidone (NMP) by stirring at 90 °C for 4 h. After
cooling the solution to room temperature, 15 g of POEM,
0.1 g of CuCl, and 0.23 mL of HMTETA were added to
the solution. The green mixtures were stirred until
homogeneous, and purged with nitrogen for 30 min. The
reaction was carried out at 90 °C for 18 h. After poly-
merization, the resultant mixtures were diluted with tet-
rahydrofuran (THF). After passing the solutions through a
column with activated Al,O3 to remove the catalyst, the
solutions were precipitated into methanol. The grafted
copolymers were purified by dissolving in THF and rep-
recipitating into methanol three times. PVC-g-POEM
graft copolymer with PVC:POEM = 4:6 wt ratio was
obtained in a powder form and dried in a vacuum oven
overnight at room temperature.

Preparation of the mesoporous alumina

First, 1 g of PVC-g—POEM graft copolymer was dissolved
in 20 mL of THF and then, 1.5 mL of HCIl and 2.04 g of
aluminum isopropoxide (10 mmol) were added to the
polymer solution at different weight ratios, i.e., PVC—g—
POEM:AI(O-Pr); = 1:1, 1:3, and 0:1, which are referred
to as P1A1, P1A3, and POA1, respectively. When prepared
with a weight ratio of POEM:Al(O-Pr); higher than 1:3,
e.g., 1:5, the properties of the alumina ranged between 1:3
and 0:1 according to the simple mixing rule. Thus, we
focused on three compositions: P1A1, P1A3, and POAI.
After vigorous stirring, the samples were put into a 50 °C
oven to undergo the solvent evaporation process. After
overnight aging, calcination was carried out at various
temperatures, 400, 800, and 1000 °C, for 4 h with a
ramping rate of 4 °C/min.

Characterization

Powder XRD analysis was carried out with a Rigaku Co.
Miniflex diffractometer using CuK, X-ray radiation at a
scan speed of 3°/min. TEM images were obtained from a
JEOL JEM 1010 microscope operating at 300 kV. For the
TEM measurements, the samples were dispersed in alcohol
and a drop of the resulting solution was then placed onto a
standard copper grid. The Brunauer—-Emmett-Teller (BET)
surface areas, pore sizes, and pore volumes of the samples
were determined from the N, adsorption at —196 °C using
a Micromeritics Tristar 3000 system. Each sample was
degassed under vacuum at 200 °C for 12 h prior to N,
physisorption. TGA was performed to evaluate the thermal
behavior of the PVC-POEM graft copolymer and meso-
porous aluminas. TGA was carried out in a TA Instruments
Q50 under N, gas flow with a heating rate of 10 °C/min.
Equilibrium CO, adsorption uptake on samples was also
measured via TGA. Before CO, adsorption experiments,
samples were cleaned by flowing N, gas at 30 °C for 8 h.
After regeneration, the change in sample weight was
recorded under the condition of pure CO, gas flow at a
pressure of ~ 1 atm and at a temperature of 30 °C for 10 h

Results and discussion

A hydrophilic-hydrophobic microphase-separated struc-
ture is critical for synthesizing organized mesoporous
alumina. The amphiphilic PVC—g-POEM graft copolymer
was used as a structure-directing agent to synthesize mes-
oporous aluminas via a sol-gel process using an alu-
mina precursor, Al(O-Pr);, as represented in Scheme 1.
Al(O-Pr); is expected to be selectively incorporated into
hydrophilic POEM domains where alumina crystallites are
formed in situ during calcination, originating from favor-
able interactions between Al(O-Pr); and POEM. Upon
calcination at a temperature of 400 °C or higher, meso-
porous aluminas were obtained with an average pore size
of 10-27 nm.

The adsorption/desorption of nitrogen in the mesopor-
ous aluminas was measured as shown in Fig. 1. All char-
acterized samples corresponded to type IIb isotherms
exhibiting type H3 hysteresis according to the TUPAC
classification, which describes the characteristic adsorption
behavior of non-rigid mesoporous solids [27]. The hyster-
esis indicates the presence of slit pores. The data on the
BET surface area, pore size, and pore volume of P1Al,
P1A3, and POA1 are summarized in Table 1 at calcination
temperatures of 400, 800, and 1000 °C. The aluminas
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PVC-g- POEM

AI(O-Pr),

Sol-gel

Scheme 1 Schematic illustration for the synthesis of mesoporous
alumina

templated by PVC—g—POEM (P1A1 and P1A3) had higher
surface areas and total pore volumes, and smaller average
pore sizes than alumina prepared without PVC-g-POEM
(POA1) at all calcination temperatures. In the comparison
of P1A1 and P1A3, P1A1 had a higher surface area and
smaller pore size than P1A3 at the calcination temperatures
of 400 and 1000 °C. However, at the calcination temper-
ature of 800 °C, P1A3 had a higher surface area and
smaller pore size. This implies that there may be different
optimal ratios of PVC—g-POEM for surface area and
porosity at different calcination temperatures. Among the
tested calcination temperatures, small mesopores were best
developed at 800 °C, resulting in the highest surface areas
and total pore volumes. Figure 2 shows the mesopore
distribution analyzed using the Barret-Joyner—Halenda
method. The alumina calcined at 400 °C exhibited a nar-
rower pore size distribution, whereas the distribution pat-
tern at 800 °C was much broader. This suggests that
alumina calcined at 400 °C is more uniformly packed
together than alumina calcined at 800 and 1000 °C.

We investigated the structures and phase transitions of
aluminas that were templated by the graft copolymer using
XRD patterns, as shown in Fig. 3. The PVC-g-POEM
graft copolymer was completely amorphous, exhibiting a
broad peak at around 20°. The structure of alumina syn-
thesized by AI(O-Pr); and PVC-g-POEM was strongly
dependent on the calcination temperature. Thermal trans-
formation of boehmite is known to give the transition order
y = 0 > 0 — o [20-22]. Pseudo-boehmite was generated
as a result of the hydrolysis of Al(O-Pr)z;, which is trans-
formed into transition aluminas through the same trans-
formation sequence as boehmite. Calcination at 400 °C
gave rise to the amorphous structure of alumina, which was
converted to y phase (JCPDS, card no. 29-63) after further
treatment at 800 °C [22]. When the calcination temperature
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Fig. 1 Nitrogen adsorption—desorption isotherms at —196 °C for
alumina after calcination at different temperatures: a P1A1, b P1A3
and ¢ POA1

was further increased to 1000 °C, several sharp peaks
assigned to the o phase (JCPDS, card no. 11-0661) of
alumina appeared, although the small portion of O-phase
(JCPDS, card no. 11-0517) was observed around 45.6°
[20].
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Table 1 Surface area and porosity of aluminas after calcination at different temperatures

P1Al P1A3 POALI
Calcination temperature (°C) 400 800 1000 400 800 1000 400 800 1000
BET surface area (m2/g) 43.1 107.6 50.6 35.1 120.3 23.0 20.5 76.4 18.8
Average pore diameter (nm) 16.1 10.5 18.3 17.4 9.6 21.9 19.4 11.6 26.7
Total pore volume (cm3/g) 0.183 0.325 0.263 0.139 0.319 0.140 0.082 0.247 0.133
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Fig. 2 Pore size distribution of alumina after calcination at different
temperatures: a P1A1, b P1A3 and ¢ POA1

mina, leading to a dense and packed alumina structure.
Upon calcination at 1000 °C, the resulting alumina
segments were angulated and rougher, indicating an
increase in crystallinity (Fig. 4d).
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Fig. 4 TEM images of alumina: a P1A1 after calcination at 400 °C, b P1A3 after calcination at 400 °C, ¢ POAI after calcination at 400 °C,

d P1A1 after calcination at 1000 °C

The TGA results for PVC-POEM graft copolymer and
P1A1 aluminas calcined at different temperatures are
shown in Fig. 5. The PVC-POEM graft copolymers were
thermally decomposed at temperatures between 240 and
550 °C. The alumina samples calcined at 800 or 1000 °C
did not show significant weight loss. The alumina sample
calcined at 400 °C showed about 20% weight loss until
600 °C. Some portion of the weight loss could be due to
PVC-POEM graft copolymer remaining after calcination.
However, the amount of remaining copolymer is expected
to be small, because the weight loss between 240 and
550 °C is less than 6%. The major weight loss before
240 °C is probably the result of the removal of impurities
such as water vapor and CO,.

Figure 6 compares equilibrium CO, adsorption uptakes
on P1A1, P1A3, and POA1 after calcination at 400, 800, and
1000 °C. In all three samples, the highest equilibrium CO,
adsorption uptake was obtained at the calcination tempera-
ture of 400 °C, and the equilibrium CO, adsorption uptake
decreased with increasing calcination temperature. As cal-
cination temperature increased, the alumina phase changed

@ Springer
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Fig. 5 TGA curves for PVC-POEM graft copolymer and P1Al
aluminas after calcination at different temperatures

in the order of y » 0 —» 0 — « and became chemically
more inert, resulting in reduced CO, adsorption uptake.
Compared to POA1, the equilibrium CO, adsorption uptake
was increased by 10-50% in P1Al and P1A3. The
enhancement of CO, adsorption on the template-synthesized
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Fig. 6 Equilibrium CO, adsorption uptake on aluminas after calci-
nation at different temperatures

aluminas resulted from increased surface areas that were
favorable for adsorption. The CO, adsorption uptake of
template-synthesized aluminas calcined at 400 °C is com-
parable with previous results reported in the literature that
ranged from 0.4 to 0.9 [14, 28]. The CO, adsorption uptake
of the template-synthesized aluminas is expected to be
improved further by optimizing the preparation method.

Conclusions

This study demonstrates the use of the ATRP process to
synthesize an amphiphilic PVC—g—POEM graft copolymer
that was then effectively used as a template for the in situ
growth of mesoporous alumina via a sol-gel process.
Nitrogen adsorption/desorption analysis revealed that both
the surface area and total volume of the alumina increased
while the pore diameter decreased upon the utilization of the
graft copolymer as a template. The amorphous PVC-g—
POEM graft copolymer was completely amorphous, exhib-
iting a broad peak at around 20°, as confirmed by XRD
analysis. The alumina was in an amorphous state after ther-
mal treatment at 400 °C, which converted to y phase at
800 °C and « phase at 1000 °C. The equilibrium CO,
adsorption uptake on the alumina synthesized by templating
PVC—g-POEM was always higher than that synthesized
without templating, following the order of: amorphous
(400 °C) > 7y phase (800 °C) > o phase (1000 °C).
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