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ABSTRACT: Polymer/inorganic nanocomposites exhibit special properties due to highly intimate interactions between organic
and inorganic phases and thus have been deployed for various applications. Among them, nanocomposites with monolayer
polymer coverage on the inorganic surface demonstrate the highest efficiency for applications. However, the controllable
synthesis of the polymer monolayer in mesopores of inorganic substrates remains a challenge. In this study, poly(acrylic acid)/γ-
alumina nanocomposites (PAA/alumina) were synthesized via the in situ polymerization of acrylic acid impregnated in
mesopores of alumina. By applying the preneutralization of monomers, the polymerization was found to be highly controllable in
generating monolayer PAA coverage. The formation of monolayers was verified by thermogravimetry, semiquantitative Fourier
transform infrared spectroscopy, N2 adsorption−desorption, and Pb(II) adsorption. Alternatively, the organic loadings of PAA/
alumina composite samples could be controlled in the range of 0.2 to 1.0 equiv of monolayer, together with the linearly
correlated metal ion adsorption capacity. As calculated by the complexation model, one Pb(II) is combined with two carboxylate
groups of PAA. The formation of the monolayer polymer inside mesoporous oxide channels represents a method for the
development of highly promising functional nanocomposites.

■ INTRODUCTION

Polymer/inorganic nanocomposites are a family of materials
that have received tremendous attention lately because of their
potential applications in biological sciences,1 nanotechnology,2

optoelectronics,3 therapeutics,4 and catalysis.5 Well-prepared
nanocomposites preserve both the hardness and thermal
stability of the inorganic components and the flexibility,
ductility, dielectricity, and processability of polymers.6−8

Mesoporous alumina is widely used in industry as a versatile
adsorbent and catalyst support due to its high specific surface
area, high thermal and mechanical stabilities, abundant hydroxyl
groups, and low cost.9,10 Water can be adsorbed on the γ-
alumina surface through the Al(III) ion acting as a Lewis acid to

accept the lone pair on the oxygen atom in water, and the
formed aluminol group (Al−OH) on the surface acts as a
Brønsted acid site. Additionally, the neighboring aluminol
groups can form oxygen bridges and act as a Lewis acid site by
losing a water molecule. Both the Brønsted acid and Lewis acid
sites can adsorb metal ions and organic matter strongly
depending on the solution pH.10 However, the surface hydroxyl
group shows a lower binding ability to metal ions than that of
carboxyl group or the amino group;11 therefore, surface
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functionalization can be used to improve the binding capacity
of alumina.12 In this study, poly(acrylic acid) was chosen to
improve the cation adsorptivity of alumina.
Poly(acrylic acid) (PAA) is a routinely used weak anionic

polyelectrolyte. Although lacking certain selectivity for cations,
PAA has still been utilized as an effective adsorbent owing to
the massive carboxyl groups on the side chains.13,14 The
morphology of PAA chains and the dissociation of carboxyl
groups are largely influenced by the solution pH.15 At low pH,
the intrachain hydrogen bonds formed between neighboring
carboxyl groups causes the molecule to adopt the coiled
conformation. As the pH increases, the carboxyl groups start to
ionize and repel each other to stretch the polymer chains.16

The carboxyl groups in PAA can form more stable coordination
bonds with metal ions via either the bridging bidentate or the
chelating bidentate mode.17 However, it is difficult to directly
use PAA because of its high solubility in water. Thus, the
loading of PAA onto an inorganic network has been extensively
utilized to circumvent this obstacle.18,19

Three methods−impregnation, the sol−gel process, and in
situ polymerization−are commonly used to prepare polymer/
inorganic nanocomposites.5,20,21 Impregnation, as an easy
operation and time-saving process, is widely used to prepare
nanocomposites.22 However, the impregnation of polymers
presumably follows a reptation model and thus is unfavorable
to the inner-pore loading of macromolecules.9 The sol−gel
process exhibits good ability for the nanometer-level dispersion
of the two phases; however, the complicated preparation
process hampers its practical applications.23 The in situ
polymerization is a versatile method for the preparation of
nanocomposites and has a high level of control over the
physiochemical properties of the products.24 During in situ
polymerization, a certain amount of monomeric precursors was
adsorbed onto the surface of the inorganic phase first, followed
by a commonly controlled polymerization process. Nano-
composites can be synthesized with high organic loadings
because the small size of monomers allows the organic
molecules to fully diffuse into the inorganic phase.5 Also, it is
easy to modify the monomers with desired functionalities to
afford specific characteristics in the products during the in situ
polymerization.25

In our recent work, PAA/alumina nanocomposites were
fabricated by in situ polymerization of acrylic acid in mesopores
of alumina.26,27 According to the study, PAA molecules directly
covering alumina surfaces were presumed to be the most
efficient sites for metal ion adsorption. Thus, it is preferred to
form PAA/alumina nanocomposites with monolayer PAA
coverage on alumina surfaces. Earlier, the formation of a
monolayer polymer coverage on mesoporous aluminosilicate
SBA-15 was reported.28 The inorganic support was filled with
furfuryl alcohol and then heated to 80 °C to undergo acid-
catalyzed polymerization. The polymer was formed on the wall
while the remaining monomers were evaporated at the same
temperature. Carbonization of the polymer followed by
removing the inorganic support would eventually afford carbon
molecular sieves. Therefore, a method for the preparation of a
monolayer polymer covering a porous inorganic support is
highly valuable in many aspects.
Herein, we report a controllable method for the synthesis of

PAA/alumina nanocomposites with monolayer organic content.
The monolayer PAA coverage was then verified by TG, FT-IR,
and N2 adsorption−desorption. The formation of the
monolayer polymer inside mesoporous oxide channels

represents a method for the development of highly functional
nanocomposites. The application of this unique structure was
demonstrated for the Pb(II) adsorption from polluted water.

■ EXPERIMENTAL SECTION
Materials. Acrylic acid (AA), potassium persulfate (PPS),

ammonium persulfate (APS), and lead nitrate were acquired from
Chengdu Kelong Chemical Co. (China). 4,4′-Azobis(4-cyanovaleric
acid) (V501) was purchased from Chengdu Best Chemicals Co. Ltd.
(China). γ-Alumina was obtained from Tianjin Kemiou Chemical Co.
(China), ground into 40−60 mesh powder, and activated at 500 °C for
3 h prior to use. Other chemical reagents were all of analytical grade.
Ultrapure water was used with an electrical resistivity of 18.25 MΩ·
cm−1. All reagents were used without further purification unless
otherwise stated.

Synthesis of Monolayer PAA/Alumina Nanocomposites. In
order to obtain monolayer PAA coverage at the inner surface of
mesoporous alumina channels, acrylic acid was first adjusted to an
optimal degree of neutralization. Here, a solution of acrylic acid of 80%
neutralization was loaded in alumina via incipient wetness impregna-
tion. The sample was rinsed repeatedly to remove free monomer and
dried overnight. V501 (with twice the amount of NaOH (in moles) in
solution to facilitate dissolution) and water were added to the alumina
hybrid, and then the polymerization was conducted at 65 °C for 12 h
under N2 atmosphere and quenched with ice water. The sample was
then fully washed and dried at 60 °C overnight to yield the PAA/
alumina nanocomposite sample. In addition, composites with different
AA loadings varying from 0.2 to 2.0 monolayer equivs were also
prepared using the optimized condition. The as-prepared composites
were named P/Al-N, where N represents the number of equivalent
PAA monolayers that we intend to obtain. The relationship between
the PAA loading (ΓPAA) and Pb(II) equilibrium adsorption capacity
(qe) was investigated upon varying the amount of AA added (ΓAA).
Each nanocomposite has been prepared in three paralleled batches,
and the adsorption experiments have also been performed in triplicate.

Pb(II) Adsorption on PAA/Alumina Nanocomposites. Pb(II)
adsorption on PAA/alumina nanocomposites was conducted in a
batch equilibrium procedure with triplicate trials. In a typical
experiment, PAA/alumina nanocomposites (0.01 ± 0.0002 g) were
suspended in a Pb(II) solution (25 mL) at pH 5.0−5.1, and adsorption
proceeded for 48 h at room temperature. The Pb(II) concentration
after adsorption was measured with an atomic absorption spectropho-
tometer (AAS) (AA32DCRT, Shanghai Analytical Instrument Co.,
China). The Pb(II) equilibrium adsorption capacity (qe) was
calculated as follows29

=
−

q
c c V

m
( )

e
0 e

(1)

in which qe is the amount of Pb(II) adsorbed at equilibrium (mg·g−1),
c0 and ce are the concentrations of Pb(II) solution at the beginning and
at equilibrium (mg·L−1), respectively, m is the mass of composites (g),
and V is the volume of Pb(II) solution used (L).

Effect of Polymerization Parameters. On the basis of the above-
mentioned procedure, the polymerization time, acrylic acid neutraliza-
tion and addition, neutralization degree, and reactant ratio were varied
to examine the impact of each parameter on the formation of
monolayer PAA. The formed nanocomposites were also tested for
their Pb(II) adsorption capacity. The adsorption experiments have
been performed in triplicate.

Characterization. TG. Thermogravimetry (HCT-2 differential
thermal balance, Beijing Hengjiu Scientific Instrument Co.) was
conducted in the range of 80−600 °C in air. The sample was initially
held at 80 °C for 20 min to remove the adsorbed water. The process
was monitored until the weight variation reached a level of ≤0.01 mg.
The sample was then heated to 600 °C at a constant heating rate of 10
°C·min−1. After temperature programming, the TG curve was
differentiated and the PAA loading amount (ΓPAA) was calculated on
the basis of the TG and obtained DTG data.
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FT-IR. Room-temperature Fourier transform infrared spectroscopy
(PerkinElmer Spectrum Two) was conducted in the range of 4000−
400 cm−1 using KBr pellets containing ∼2 wt % samples.
N2 Adsorption−Desorption. The specific surface areas, total pore

volumes, and average pore diameters were determined using N2
adsorption−desorption isotherms at −196 °C, which were charac-
terized by an automated surface area and pore size analyzer
(Quantachrome NOVA 1000e). Before each measurement, the
samples were degassed in vacuum at 200 °C for 3 h. The specific
surface areas of samples were calculated by the Brunauer−Emmett−
Teller (BET) method, and the pore size distribution and average pore
diameter were determined according to the Barrett−Joyner−Halenda
(BJH) method applied to desorption isotherms.
PXRD. Powder X-ray diffraction analysis was performed with a DX-

2700 X-ray diffractomer (Dandong Haoyuan Instrument Co. Ltd.)
with Cu Kα (40 kV, 30 mA) radiation, an angle range from 10 to 80°,
and a step size of 0.03°.
FESEM and HRTEM. The morphologies of the samples were

determined using an FEI Nova NanoSEM450 field emission scanning
electron microscope (FESEM) operated at 5 kV. High-resolution
transmission electron microscopy (HRTEM) images of samples after
Pb(II) adsorption were obtained using an FEI Tecnai G2 S-Twin F20
transmission electron microscope operating at 200 kV.
GPC. The molecular weight and molecular weight distribution of as-

polymerized PAA in nanocomposites were measured via Viscotek
270max gel permeation chromatography (Malvern Instruments Ltd.,
U.K.) equipped with a TSKgel GMPWXL column and RI, LA, and RA
detectors. Ultrapure water containing 0.1 M NaNO3 and 2 wt % NaN3
was used as the eluent at 40 °C and 0.6 mL·min−1, and poly(ethylene
oxide) (PEO; Mw = 27 700 and PDI = 1.03) was used as an analysis
standard. Before measurement, the samples were digested via excess 6
M NaOH, neutralized to pH 7 by 1 M HNO3, dialyzed to remove
contained salts (molecular weight cutoff = 500 Da), condensed via
evaporation, and filtered through 0.22 μm filter membrane to give the
final solutions for characterization.

■ RESULTS AND DISCUSSION

Controllable Synthesis of PAA/Alumina Nanocompo-
sites with Monolayer PAA Coverage. To monitor the
formation of PAA coverage on alumina, TG results were
obtained to extrapolate the PAA loadings equivalent to PAA
monolayers. The PAA loading amount to form a monolayer of
coverage is 341.89 μg·m−2,26 and the PAA loading amounts of
composites are converted into the equivalent PAA monolayer
coverage.
During the in situ polymerization of acrylic acid to form

PAA, there is no net loss of matter. Therefore, the amount of
added acrylic acid was used to estimate the efficiency of
polymerization inside mesopores of alumina, assuming that the
acrylic acid monomers in excess of the needed amount for the
formation of a monolayer were adequately rinsed off. The
relationship between PAA loading and the amount of acrylic
acid added is shown in Figure 1. When the acrylic acid loading
was increased from 0.2 to 1.0 equiv monolayer of PAA, the
obtained ΓPAA of the composite materials rose linearly. Within
this region, the relationship between PAA coverage in the
composites ΓPAA and the added amount of acrylic acid ΓAA can
be described by ΓPAA = 0.833ΓAA, with R2 = 0.9995. Therefore,
for ≤1.0 monolayer PAA coverage, the adsorbed PAA amount
can be precisely controlled by the amount of acrylic acid added
prior to polymerization.
Above 1.0 monolayer, the increase in ΓAA led to a ΓPAA

plateau of only ∼1.1 equiv monolayer. The discrepancy can be
interpreted with the mechanism depicted in Chart 1. When
acrylate ions are used to impregnate alumina pores, the negative
−COO− groups can bind to the −OH of the alumina wall via

hydrogen bonding. During the incipient wetness impregnation
of the ionized monomers, acrylate ions will adsorb onto the
oppositely charged alumina surfaces first in order to form a
monolayer coverage. Any remaining acrylate ions are squeezed
within the pores of alumina, repelled by the adsorbed acrylate
(Chart 1a). Extensive rinsing removes extra acrylate from the
alumina’s outer surface. The one-monolayer acrylate ions
undergo polymerization to form the corresponding PAA
monolayer, while the remaining acrylate ions residing inside
alumina channels will diffuse out during the solution polymer-
ization process. When molecular acrylic acid monomers are

Figure 1. Relationship between obtained equivalent PAA layers in
PAA/alumina nanocomposites and added acrylic acid equivalent
layers.

Chart 1. Adsorption of (a) ionic acrylate and (b) molecular
acrylic acid on the alumina surface
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impregnated, one-monolayer acrylic acid molecules form
hydrogen bonds with the −OH on the alumina wall surface.
But more incoming acrylic acid molecules can still form
hydrogen bonds with adsorbed acrylic acid (Chart 1b). In this
case, PAA coverage of more than one monolayer is observed.
Characterization of PAA/Alumina Nanocomposites

with Controllable PAA Coverage. In semiquantitative FT-
IR spectra (Figure 2), the broad and strong peak at 1639 cm−1

can be attributed to the OH bending vibration of pristine
alumina,9,30 while the sharp peak at 1391 cm−1 can be
attributed to the −COO− symmetric stretching vibrations of
PAA.31 The vibrational peak of the carboxylic acid group
deviates from those reported in the literature (∼1410
cm−1)14,32,33 yet is in good agreement with that of the aqueous
carboxylic acid group.31 It is thus assumed that the as-prepared
PAA monolayer resembles the carboxylic acid in aqueous
solution. Normalization was performed using the −OH
bending peak absorption intensity to provide a linear growth
trend in the 0.2−1.0 monolayer ΓAA range while reaching a
plateau above 1.0 monolayer ΓAA loading. The FT-IR results of
PAA growth in the nanocomposites are very similar to those
presented in Figure 1.
Sample P/Al-1.0 was further analyzed via TG and DTG

(Figure 3). There are three peaks observed in the DTG curve
of the sample. The peak at 124 °C corresponds to the removal
of free and bounded water, the peak at 259 °C is from the
formation of PAA anhydride, and the peak at 391 °C is
attributed to the degradation of the PAA chain.14,34,35 The PAA
loading amount is calculated by subtracting the weight loss of
alumina from that of composites referred to as the latter two
peaks after normalization. Other samples present similar TG−
DTG results as sample P/Al-1.0 despite the different weight
loss, and their TG−DTG plots are thus shown in the
Supporting Information as Figure S1.
On the basis of the TG curve of alumina, the percent weight

loss was calculated to be ∼2.71% over the whole temperature
range. Bordelanne et al. has come up with an equation to
calculate the fragment density36

α = Δ
×
w

M SOH A (2)

where Δw is the percent weight loss of alumina, MOH is the
molecular weight of the hydroxyl group (17.01 g·mol−1), and SA
is the BET surface area of alumina. The surface hydroxyl group
density of alumina is calculated to be ∼7.88 μmol·m−2 or 4.74
−OH·nm−2. In our previous work, we performed a calculation
to show the needed AA loading amount to form a monolayer
which is ∼341.89 μg·m−2 or 2.86 molecule·nm−2.26 Following
the above results, a hydroxyl group will occupy 0.21 nm2 of
surface area; assuming that the occupied area is a circle, the
distance between two hydroxyl groups is calculated to be ∼0.52
nm. In the PAA chain, the bond distance of C−C is estimated
to be 0.15 nm via Chem3D software, and the C−C−C angle is
109.5°. Calculating via the law of cosines could give the
distance between two carboxyl groups of 0.25 nm. Thus, there
are about two AA repeat units in the distance between two
hydroxyl groups to form a monolayer.
Physicochemical parameters of pristine alumina and above-

mentioned composites characterized by N2 adsorption−
desorption are drawn in Figure 4. (N2 adsorption−desorption
isotherms are shown in Figure S2, and the original
physicochemical data are listed in Table S1). It is observed

Figure 2. FT-IR spectra of composites with different acrylic acid
loadings.

Figure 3. TG (solid lines) and DTG (dashed lines) curves of pristine
alumina (presented in black) and sample P/Al-1.0 (presented in red).

Figure 4. Relationship between two physicochemical parameters
BET surface area (red ■) and pore volume (black ○)and PAA
loading amounts in pristine alumina and PAA/alumina nano-
composites.
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that both BET surface areas and pore volumes are linearly
related to the added acrylic acid amounts (R2 = 0.9716 for
surface area and 0.9905 for pore volume). This phenomenon
provides further evidence that polymerized acrylic acid is
mainly retained inside the alumina pores.
We designate MN (mg) as the mass of PAA in one gram of

composite sample P/Al-N (measured with TG), hN (nm) as the
thickness of the polymer layer, and l (cm) as the total length of
tubes in one gram of alumina, which could be calculated with
eq 3.

π
= ×

( )
l

V
10 cm

d

A

2

2
14

A

(3)

Experimental values are used for all parameters referring to
pristine alumina, including the specific surface area (SA), pore

volume (VA), pore diameter (dA), and specific surface area of a
composite (SC,N):

π= ×S d l 10 mN NC, C,
3 2

(4)

On the basis of eq 4, dC,N could be calculated by substituting
SC,N with corresponding values. Calculated data are used for
solving the pore volume (VC,N) and pore diameter (dC,N) of the
composite samples:

= −d d h( 2 ) nmN NC, A (5)

After the values of hN were obtained, the density (ρ) of as-
prepared PAA could be obtained using nonlinear fitting of eq 6:

=
−

ρ

( )
h

S1
nmN

M

M
1000

A

N

N (6)

Figure 5. HRTEM images of (a and b) pristine alumina and (c and d) P/Al-1.0 with adsorbed Pb(II).
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The fitting result shows that the density of as-prepared PAA
in PAA/alumina is 1.16 g·cm−3, slightly lower than that of
commercial PAA (1.23 g·cm−3).37 We assume that this is due to
the conformational difference between the PAA monolayer and
bulk PAA.
PXRD peaks (Figure S3) and FESEM images (Figure S4) of

PAA/alumina nanocomposites display no obvious distinctions
from pristine alumina, indicating that the PAA components
show no distinguishable impact on the morphology of alumina.
GPC measurements show a molecular weight of as-polymerized
PAA components at around 10 000 Da for the composite
samples (Table S2), demonstrating the successful in situ
polymerization of adsorbed AA.
Two samples, pristine alumina and P/Al-1.0, were subjected

to HRTEM analysis after immersion in Pb(II) solution (Figure
5). In Figure 5a,b, adsorbed Pb(II) ions are shown as dark spots
concentrated in the alumina channels, confirming that the pores
are the major anchoring sites for metal ion adsorption in
alumina. The shallow shades of the outer surface of alumina
indicate that Pb(II) adsorbed outside the channels has largely
been removed. Figure 5c,d shows that PAA/alumina shares a
similar Pb(II) adsorption pattern with pristine alumina. On the
basis of the statistical analysis (Figure S5), the average pore
diameter exhibited a decreasing trend after the introduction of
PAA. Upon close inspection, it appears that there is slightly
more Pb(II) adsorption on the alumina outer surface. It is
possible that some PAA molecules formed during the
polymerization cover the outer surfaces of alumina and now
act as metal-ion-adsorbing sites.
Pb(II) Adsorption Characteristics of PAA/Alumina

Nanocomposites. Samples P/Al-N with N = 0.2−2.0 with
an interval of 0.2 were tested for Pb(II) adsorptivity. The
relationship between the amount of Pb(II) adsorbed and the
amount of acrylic acid added is shown in Figure 6. Although the

latter five points were crowded due to the similar ΓPAA and qe
values, the amount of Pb(II) adsorbed still shows a strong
linear correlation with the PAA loading amount (qe =
0.1748ΓPAA + 44.92, R2 = 0.9908) over the whole ΓPAA range
in our experiment. The intercept (44.92) represents the
calculated qe value of pristine alumina, and the slope

(0.1748) gives the constant that measures the enhancement
from the introduction of a certain amount of PAA.
Because a linear correlation between the Pb(II) adsorption

amount and the PAA loading amount was observed, we assume
that Pb(II) ions might interact with PAA through certain
patterns. According to the literature, the Pb(II) ion mainly
binds to carboxylic acid via complexation,17,38,39 thus the
number of carboxylate and Pb(II) ions was calculated to
determine the binding properties between PAA and Pb(II).
The carboxylate amounts and Pb(II) adsorption amounts could
be obtained by eqs 7 and 8, respectively,

μ=
Γ × ×

· −
−N

S
M

ND
mol gCOO

PAA C

AA

1

(7)

μ=
−

× · −
+N

q q

M
10 mol gPb

C A

Pb

3 1
2

(8)

where ΓPAA and SC have the same meanings as mentioned
above, ND represents the neutralization degree, which is 80%
in this case, MAA and MPb are the molar weights of acrylic acid
(72.06) and lead (207.2), respectively, and qC and qA are the
Pb(II) equilibrium adsorption amounts of composites and
pristine alumina, respectively. The calculated results are
presented in Table 1; the average coordination number of
carboxylate to adsorbed Pb(II) ion varies from 2.15 to 2.61,
with the deviation of P/Al-0.2 being mainly due to greater
differences in surface area. Carboxylate could commonly form
bridging mode (μ2-η

1:η1) or chelating mode (η2) complexes
with divalent metal ions including Pb(II) with a coordination
number of 2 (Chart S1).17,40 Our results present a coordination
number that is slightly greater than 2, consistent with the
literature results.

Effect of Polymerization Parameters. On the basis of
characterization and analysis, we presume that the PAA
monolayer coverage could be formed under our polymerization
conditions. And we wonder whether the PAA monolayer could
be formed when the polymerization parameters varied.
Therefore, the polymerization time, acrylic acid neutralization
and addition, degree of neutralization, and reactant ratio were
changed to examine the impact of each parameter on the
formation of monolayer PAA.

Polymerization Time. Composite samples P/Al-2h, -4h, -8h,
and -12h were prepared by varying the polymerization time to
2, 4, 8, and 12 h, respectively. The relationship among ΓPAA, qe,
and polymerization time is plotted in Figure 7a. It can be
observed that before complete formation of the PAA
monolayer there is an increased ΓPAA value with an elongated
reaction time, indicating a higher degree of polymerization.41,42

P/Al-12h exhibits a ΓPAA value of 338.42 μg·m−2, close to the
value of a monolayer. Reducing the polymerization time would
lead to incomplete polymerization, therefore hampering the
formation of the PAA monolayer and influencing its ability to
adsorb metal ions. Therefore, a polymerization time of 12 h
could best form the monolayer PAA coverage.

Monomer/Initiator Ratio. In solution polymerization, PAA
molar weights could be modified by changing the ratio of
(acrylic acid)/(initiator).41,43,44 Here, the reagent addition ratio
was varied, and the results were shown in Figure 7b. In the
Figure, the ΓPAA value increases first with the increasing
monomer/initiator ratio and then decreases after reaching a
maximum at a ratio of 600. During the solution polymerization,
initiators need to diffuse into the mesopores of alumina to

Figure 6. Relationship between the amount of Pb(II) adsorbed in
PAA/alumina nanocomposites and the PAA loading amount.
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initiate the polymerization. When the ratio is below the
maximum point, enough initiators enter the pores to initiate the
polymerization, forming more PAA. With more PAA chains
produced, these macromolecules might block the further entry
of initiators into the inner pores,45 forming piled PAA slabs at
the opening of channels. Therefore, after reaching the
maximum monomer/initiator ratio, lower initiator concen-
tration inside the pores results in a lower polymerization
efficiency, thus reducing the ΓPAA value. The Pb(II) equilibrium
adsorption amount correlates with the ΓPAA value, indicating
that monolayer PAA could best adsorb metal ions. Thus, the
maximum monomer/initiator of 600 is the optimal ratio for the
formation of monolayer PAA coverage.
Reactant Addition Sequence. In the in situ polymerization

process, the sequence addition of monomer and initiator may
influence the composition of the prepared composites. In this
study, four sequences that were examined are listed in Table 2,
and experimental results are presented in Figure 7c. All of the

addition amounts were calculated on the basis of the use of
1.000 g of alumina. If not specified, AA represents 0.07 mL of
acrylic acid, NaOH represents 0.17 mL of 5 M NaOH solution,
and init. represents 0.04 mL of 0.025 M V501 solution. The as-
prepared samples are named P/Al-A, B, C, D. From Figure 7c,
among four samples, P/Al-B had the best performance with
respect to Pb(II) adsorption, followed by P/Al-D, P/Al-A, and

Table 1. Calculated Average Coordination Number of Carboxylate to Adsorbed Pb(II) Ions in PAA/Alumina Nanocomposites

sample carboxylic ion amount (μmol·g−1) Pb(II) amount (μmol·g−1) average coordination number

P/Al-0.2 156.55 ± 9.21 60.21 ± 6.32 2.61 ± 0.12
P/Al-0.4 291.18 ± 30.83 135.11 ± 8.51 2.15 ± 0.09
P/Al-0.6 455.62 ± 20.68 211.26 ± 4.19 2.16 ± 0.06
P/Al-0.8 610.68 ± 33.15 262.48 ± 7.12 2.32 ± 0.06
P/Al-1.0 749.79 ± 23.11 315.55 ± 4.96 2.38 ± 0.04

Figure 7. Effects of (a) polymerization time, (b) reactant addition ratio, (c) reactant addition sequence, and (d) neutralization degree on the PAA
loading amount (presented in red) and Pb(II) equilibrium adsorption amount (presented in black).

Table 2. Reactant Addition Sequences

sequence impregnation 1 impregnation 2 solution reaction

A AA + 0.29 mL of H2O init. + NaOH + 4.56
mL of H2O

B AA + NaOH + 0.12
mL of H2O

init. + 0.32 mL
of H2O

5 mL of H2O

C init. + 0.32 mL of
H2O

AA + NaOH + 4.76
mL of H2O

D AA + NaOH + 0.12
mL of H2O

init. + 4.96 mL of H2O
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P/Al-C. The difference between the preparation of P/Al-A and
P/Al-D is that in P/Al-A preparation NaOH was introduced
into alumina pores to neutralize preadsorbed acrylic acid while
in P/Al-D preparation NaOH was directly added to acrylic acid
monomer before monomer impregnation. Comparing the two
samples, P/Al-D contained a lower PAA content than did P/Al-
A, yet qe of P/Al-D was higher than that of P/Al-A. We suggest
in an early study that −COO− may better coordinate with
metal ions than −COOH.9 This conclusion has been suggested
in other literature reports.39,46,47 In addition, P/Al-B and P/Al-
D were both impregnated first with neutralized AA monomer,
but P/Al-B was then impregnated with the initiator. It can thus
be assumed that the incipient wetness impregnation would lead
to an even distribution of both monomer and initiator in the
mesoporous channels, resulting in better formation of the PAA
monolayer. Therefore, sample P/Al-B could best form the PAA
monolayer and most effectively complex with Pb(II) compared
to nanocomposites prepared by other reactant addition
sequences.
Acrylic Acid Neutralization Degree. The optimized

neutralization degree was studied to verify its impact on the
metal ion complexation capability of the produced composite
samples. ΓPAA values of seven composite samples, P/Al-0%,
-50%, -60%, -70%, -80%, -90%, and -100%, were compared, as
shown in Figure 7d. All samples show relatively high ΓPAA
values, and P/Al-80% demonstrates slightly higher content.
With regard to qe, sample P/Al-0% has an obviously lower value
than all of the other samples. This phenomenon can be
correlated to the coordination pattern of carboxylate versus
carboxyl groups stated above. Among the neutralized samples,
qe value grew with increasing neutralization degree until
reaching 80%. After this maximum point, excess Na+ ions
remaining could lower the electrostatic attraction between
carboxylate and Pb(II).48 Therefore, nanocomposite prepared
with 80% neutralized acrylic acid is considered to have the best
capability to capture metal ions.

■ CONCLUSIONS
In this study, we synthesize PAA/alumina nanocomposites via
the in situ polymerization of acrylic acid impregnating
mesopores of alumina. The monolayer PAA coverage is
achieved by preneutralizing AA monomer before in situ
polymerization, and the PAA content in the channel of
nanocomposites exhibits a loose monolayer coverage instead
of piled PAA blocks. When the monomer addition amount falls
in the range of 0.2 to 1.0 equiv monolayer, the preparation is
featured with a controllable polymer adsorption inside alumina
pores. The formation of the monolayer polymer inside
mesoporous oxide channels represents a promising method
for the development of monolayer functional nanocomposites.
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