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a  b  s  t  r  a  c  t

Water  treatment  for the removal  of  organic  or inorganic  pollutants  has  become  a  serious  global  issue
because  of  the  increasing  demand  for public  health  awareness  and  environmental  quality.  The  current
paper,  reports  the  applicability  of mesoporous  aluminosilica  monoliths  with  three-dimensional  struc-
tures and  aluminum  contents  with  19  ≤ Si/Al  ≥  1 as  effective  adsorbents  of  organic  molecules  from  an
aqueous  solution.  Mesocage  cubic  Pm3n  aluminosilica  monoliths  were  successfully  fabricated  using  a
simple, reproducible,  and  direct  synthesis.  The  acidity  of the  monoliths  significantly  increased  with
increasing  amounts  of aluminum  species  in  the  silica  pore  framework  walls.  The  batch  adsorption  of
the organic  pollutants  onto  (10  g/L)  aluminosilica  monoliths  was  performed  in an  aqueous  solution  at
ubic structures, Organic pollutants
ano-adsorbent
nilines
dsorption
emoval

various  temperatures.  These  adsorbents  exhibit  efficient  removal  of organic  pollutants  (e.g.,  aniline,  p-
chloroaniline,  o-aminophenol,  and  p-nitroaniline)  of  up  to 90%  within  a short  period  (in the  order  of
minutes).  In  terms  of  proximity  adsorption,  the  functional  acid  sites  and  the condensed  and  rigid  mono-
liths  with  tunable  periodic  scaffolds  of the  cubic  mesocages  are  useful  in  providing  easy-to-use  removal
assays  for  organic  compounds  and  reusable  adsorbents  without  any  mesostructural  damage,  even  under
chemical  treatment  for  a number  of repeated  cycles.
. Introduction

Water pollution results in serious health problems, particularly
n third world countries. The considerable contamination of the
queous environment by organic pollutants still requires the devel-
pment of quick and simple methods for the removal, separation,
nd determination of these compounds [1,2]. A common problem
n many industries is the disposal of large volumes of wastewa-
er containing major classes of these organic compounds, which
re carcinogenic and mutagenic, with high toxicological potentials.
mong these discharged pollutants, aniline compounds are one of

he most important organic intermediates that are widely used in
he manufacture of conducting polymers, rubbers, drugs, dyes, and
esticides [2].  The potential use of aniline compounds resulted in

heir large-scale disposal into wastewater. For example, nitroani-
ine is a highly toxic agent to humans that is absorbed through
he skin or through inhalation [3].  Exposure to this organic sub-
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stance can result in a condition called methemoglobinemia, which
is characterized by changes in the blood. Hemoglobin is specifi-
cally converted into methemoglobin. Such a conversion results in
the impairment of blood cells, consequently reducing their capacity
to transport oxygen [4].

Efficient techniques for the removal of these highly toxic com-
pounds from water have drawn significant interest [5]. Among the
possible techniques for water treatments, the adsorption process
by solid adsorbents shows potential as one of the most attrac-
tive and efficient methods for the purification and separation of
trace organic contaminants in wastewater treatment [5].  Various
adsorbents, such as organic clay [6],  silica gel [7],  zeolites [8],
montmorillonite [9],  resins [10], polymers [11], activated carbons
[12a], �-Al2O3 [12b], and iron powders [13], have been used for
the removal of aniline compounds from wastewater. Although
these solid materials are commonly used as efficient adsorbents
for the removal of organic pollutants from contaminated water,
particularly activated carbons, the development of new adsorbent
materials that can enhance the adsorption capacity and affinity and
of reproducible and reversible assays is still necessary [3,14,15].
Mesoporous molecular sieves have received increasing interest
from the scientific community because of their unique properties
[16–20]. Mesoporous materials have been identified as promis-
ing adsorbents for biochemical molecules, such as amino acids,

dx.doi.org/10.1016/j.jhazmat.2011.10.088
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Scheme 1. Aluminosilica monoliths with a disc-like shape (A) and mesocage pores
4 S.A. El-Safty et al. / Journal of Haza

eptides, and proteins [16]. For instance, mesoporous silica can
lso be used to remove some organic and inorganic pollutants
rom water [15,17,18].  Bibby and Mercier used cyclodextrin-
unctionalized mesoporous silicas as adsorbents for different
ater-soluble aromatic molecules, including p-nitrophenol and p-
itroalinine [19]. The open-framework nature and large pore size
2–50 nm)  of mesoporous adsorbents are the key components for
he fast adsorptivity and accessibility of the molecules to the bind-
ng sites [18,19]. Arumugam and Perumal reported that neutral
lumina adsorbents could be used for developing a new purifi-
ation process for pharmaceutical and chemical wastes, such as
enzophenone, aniline, p-nitroaniline, and resorcinol [20]. Zeolites
ith different pore orientations and organizations have been used

o remove p-nitroaniline molecules from an aqueous medium [21].
Recently, the increasingly stringent device requirements based

n mesoporous materials for advanced applications, such as catal-
sis [22], sensing [23], molecular transport and separation [24],
nd multifunctional designs [25], have demanded modulated pore
tructures, functional surface chemistry, and the incorporation of
eteroatoms, such as aluminum [22,26–32].  In this regard, the syn-
hesis of aluminosilica monoliths with high acidity and structural
ntegrity may  result in the expansion of widespread applications
33–35].  The current research efforts focus on two critical issues:
1) the fabrication of three-dimensional (3D) cubic Pm3n nanoscale

onolithic discs as membrane platforms and (2) the design of easy-
o-use, portable, and reusable chemical adsorbents for the removal
f up to 90% of organic pollutants within a short period (in the order
f minutes) from an aqueous solution.

. Experiments

.1. Synthesis of cubic Pm3n aluminosilica monolithic adsorbents

The simple synthesis process for monolithic aluminosilica
dsorbents was based on the direct templating of the microemul-
ion liquid crystalline phase of the Brij 56 surfactant. In this direct
ynthesis of cubic Pm3n aluminosilica monoliths, for example, at
he Si/Al ratio of 9 (w/w) and at a Brij 56/tetramethylorthosilicate
TMOS) ratio of 0.5 (w/w), the precursor solution [1 g of Brij 56,
.5 g dodecane, 2 g TMOS, 0.569 g Al(NO3)3, 2.5 g H2O–HCl (at pH
.3), and 10 g of ethanol] was stirred for 30 min  to form a homoge-
ous sol–gel solution. The resulting optical gel-like mixture was
laced in a graduate ingot. The mixture subsequently acquired the
hape and size of the cylindrical casting vessel. The monoliths were
ently dried at room temperature for 2 h and then allowed to stand
n a tightly closed ingot for 1 day to complete the drying process
Scheme 1).

To obtain monolithic samples with various aluminum contents
t the Si/Al ratio of 19, 10, 4, 2.3, 1.5, and 1, the molar composi-
ion of Al(NO3)3 was varied from 0.7 × 10−3 mol  to 13.6 × 10−3 mol
see Table S1, Supporting information). The organic moieties were
emoved by calcination at 550 ◦C under air for 5 h. The calcined
age cubic Pm3n monoliths clearly had stable and tough discs with
.2 mm thickness and ∼12 mm length. In turn, the transparency of
he monoliths was lost by calcination [18,36]. In addition, Al/SBA-
5 aluminosilica powder was synthesized using the conventional
ydrothermal method (see Supplementary materials).  Advanced
haracterization techniques, such as N2 adsorption isotherms, X-
ay diffraction (XRD), transmission electron microscopy (TEM) and
hree-dimensional TEM surfaces (3D TEM), energy dispersive X-ray

icroanalyzers (EDX), 27Al magic-angle spinning nuclear magnetic

pectroscopy (27Al MAS  NMR), and NH3 temperature-programmed
esorption (NH3-TPD), were used for the determination of the
tructural, textural, and physicochemical properties of aluminosil-
ca adsorbents (see Supplementary materials).
(B)  as adsorbents (C) of organic compounds (I–IV) inside the mesocage cavity and
onto pore surfaces of 3D cubic Pm3n structures (D). Note that 3D TEM image (B) was
recorded with aluminosilica monoliths with a Si/Al ratio of 4.

2.2. Batch adsorption method of organic pollutants

The batch adsorption of the organic pollutants (I, II, III, and
IV) onto (0.2 g) aluminosilica monoliths was performed in an
aqueous solution at different temperatures (30–45 ◦C, ±0.1 ◦C
range). The adsorption process was  performed using a shaker
thermostat, where the shaking rate was  kept constant for all exper-
iments. The initial concentration of adsorbates in the range of
5 × 10−3 mol/L to 8 × 10−4 mol/L was  measured using a Shimadzu
3700 model solid-state ultraviolet–visible spectrophotometer at
specific wavelengths of 287, 289, 289, and 262 nm for I, II, III,  and
IV molecules, respectively. The adsorption amount (qe, mmol g−1)
of the molecules at the equilibrium step was  determined according
to the following equation:

qe = Co − Ce

V
m (1)

where V is the solution volume (L); m is the mass of monolithic
adsorbents (g); and Co and Ce are the initial and equilibrium adsor-
bate concentrations, respectively. The percentage uptake (%U) of
the adsorbate solutes at the adsorption equilibrium was  calculated
using the following equation:

% U = Co − Ce

Co
× 100 (2)

The fraction of the coverage mesocage adsorbent surfaces (fc,
g/m2) occupied by the pollutant molecules was calculated accord-
ing to the following equation:

fc = Mˇ

S
(3)

where M is the molecular area of pollutant molecules in the range of
63–70 Å2 [17], S (m2/g) is the surface area of the monolithic adsor-
bents, and  ̌ is the number of molecules adsorbed per unit area
of mesocage adsorbents. However,  ̌ can be calculated as follows:

 ̌ = (qe/S) × NA, where NA is Avogadro’s number (6.02 × 1023 mol−1).
The intraparticle diffusion of pollutants into mesocage adsor-

bents can be determined by plotting the fractional attainment of
equilibrium Fe = qt/qf against t1/2 according to Fick’s second law

relationship [37]:

Fe

(
qt

qf

)
= 6

r
√

Dt/�
(4)
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ig. 1. XRD (A), N2 isotherms (B), and HRTEM (C and D) patterns of cubic Pm3n alum
hat  the representative HRTEM micrographs and FTD (inserts) patterns (C and D) o
RTEM and FTD patterns were recorded along the [2 1 0] (C) and [1 0 0] (D) zone ax

here qt/qf is the ratio of the adsorbed quantity of the pollutant
olecules at time (t) to the amount adsorbed at saturation time, r

s the pore radius of mesocage adsorbents, � is a constant, and D is
he intraparticle diffusion coefficient.

The thermodynamic equilibrium constant (Kc), which is depen-
ent on the fractional attainment of equilibrium (Fe) of the
dsorbed molecules, can be deduced from the following equation
37]:

c = qf

1 − qf
(5)

here qf can be determined from the ratio of the number of
olecules adsorbed at a given time (qt) to that adsorbed at infinity

q�) (i.e., qf = qt/q�).
The batch adsorption of organic pollutants (I, II, III,  and IV)  onto

he aluminosilica monolith adsorbents was analyzed using Lager-
ren first-order kinetics, according to the following equation [17]:

n (qe − qt) = ln qe + ktt (6)

here kt is the rate constant (per gram adsorbent, pga) of the first-
rder kinetics.

The adsorption characteristics of a solute onto the adsorbent can
e studied through the Langmuir isotherm [17,37]:

C 1
(

1
)

e

qe
=

KLqm
+

qm
Ce (7)

here qm (mmol  g−1) is the amount of adsorbate adsorbed to
orm a monolayer coverage, and KL is the Langmuir adsorption
lica monoliths with Si/Al ratios of 19 (a), 9 (b), 4 (c), 2.33 (d), 1.5 (e), and 1 (f). Note
ned cubic Pm3n aluminosilica monoliths were recorded with Si/Al ratios of 9. The
pectively.

equilibrium constant. From the plot of Ce/qe against Ce, qm, and
KL can be determined from the slope and the intercept.

3. Results and discussion

3.1. Textural and physicochemical properties of aluminosilica
monolith adsorbents

The synthesis of aluminosilica monoliths with active acid sites,
multidirectional (3D) pore connectivity, well-defined cage cavi-
ties, and disc-like shape is promising for easy-to-use adsorbents for
organic molecules within a short period (within minutes). The 3D
TEM micrographs (Scheme 1B) show that the uniform pore surfaces
of the mesocage monoliths were decreased with high aluminum
contents. The uniformity of the pore surface not only results in a
facile accessibility of the organic molecules (Scheme 1C), but also
increases the homogeneous transport of the molecules from the
aqueous phase to the nano-adsorbent surfaces (Scheme 1D).

The 3D cage cubic Pm3n aluminosilica monoliths were success-
fully fabricated throughout the phase transformation mechanism
[22b,36]. In the microemulsion phase domains, the addition of
alkane with long alkyl chain lengths (dodecane) to the Brij
56/TMOS/aluminum salt mixture substantially affected the forma-
tion of 3D mesophase and the enlargement of pore sizes of the

aluminosilica mesostructures [36]. In the current report, the sol-
ubilization of alkane into the hexagonal phase domains of Brij 56
resulted in the hexagonal P6mm-cubic Pm3n phase transition with
shape- and size-controlled cage pores, as evidenced from the XRD
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ig. 2. 27Al MAS NMR  spectra of cage cubic Pm3n aluminosilica monoliths with Si/Al
atios of 9 (a), 4 (b), 1.5 (c), and 1.0 (d).

atterns (Fig. 1A). The XRD patterns (Fig. 1A) of the monoliths
ith low aluminum content (Si/Al < 4) show well-resolved diffrac-

ion peaks that tentatively result in the assignment of ordered
ubic Pm3n geometries (Fig. 1Aa–c). The resulting XRD reflection
eaks (Fig. 1Ad–f) indicate that the aluminum contents resulted in

 decrease in the structural ordering of monoliths. However, the
ddition of a large amount of aqueous aluminum salt to the syn-
hesis composition domains increases the polar volume fractions,
hus increasing the unit-cell constants of the cubic structures [38].

The N2 adsorption isotherms (Fig. 1B) of aluminosilica mono-
iths showed an H2-type hysteresis loop and well-defined
teepness of isotherms, indicating that uniform cage-like pore
tructures were characteristic of the cubic Pm3n aluminosil-
ca monoliths [39]. With hexagonal Al/SBA-15 adsorbents, the
sotherms showed a pronounced H1-type hysteresis loop, indicat-
ng the formation of open cylindrical pore size of ∼6.0 nm [39].
enerally, the adsorption branches significantly shifted toward a

ower relative pressure (P/Po) with increasing aluminum contents.
ased on the N2 isothermal results, the cage aluminosilica mono-

iths and cylindrical powders (Al/SBA-15) were observed to have
he appreciable textural parameters of specific surface area (SBET),

esopore volume, and tunable pore diameters. The decrease in
hese textural parameters was observed because of the structural
rdering degradation with high aluminum contents of monoliths
see Table 1).

The TEM images (Fig. 1C and D) showed that the 3D mesoscopic
ualities of the aluminosilica monoliths still retained their long-
ange structural ordering over a large area, even for samples with
i/Al ratios as high as four. The overall TEM lattice images and corre-
ponding Fourier transform diffractogram (FTD) patterns (inserts)
ecorded along the [2 1 0] and [1 0 0] indices indicated the forma-
ion of cubic Pm3n structures. The FTD images show specific lattice
ringes along the zone axes of cubic Pm3n lattice symmetries. With
ow silica contents (1.5 ≤ Si/Al ≤ 1), representative TEM images (see
ig. S1)  revealed a short-range ordering or even worm-like meso-
ore channels interconnecting in large-sized domains.

The coordination state of the aluminum species was investi-
ated using 27Al NMR  (see Fig. 2). In all the aluminosilica samples
19 ≤ Si/Al ≤ 1), two 27Al peaks centered at the chemical shift of −1
nd 58 ppm, indicating the existence of octahedral (AlVI, AlO6, extra

ramework) and tetrahedral (AlIV, AlO4, framework) aluminum
ites, respectively. Tetrahedrally coordinated aluminum sites were
ignificantly increased with increasing aluminum contents in the
esocage monoliths, as evidenced by the increase in the AlIV/AlVI
Fig. 3. NH3-TPD spectra and a deconvolution of each peak of cage cubic Pm3n alu-
minosilica monoliths fabricated with Si/Al ratio of 9.

ratio from 1.08 to 2.33 (see Table S1). The coordination and location
of aluminum sites in the frameworks play a key role in the genera-
tion of the surface acidity of aluminosilica monoliths, as evidenced
by the NH3 temperature-programmed desorption (NH3-TPD) pro-
files.

The TPD profiles show two  main peaks of NH3 desorption at
approximately 200 ◦C and a small, broad intensity peak in the range
of 400–500 ◦C (Fig. 3). These peaks indicated that two  types of acid
sites were characterized by aluminosilica monoliths with all Si/Al
ratios, as evidenced by the deconvolution analysis of the desorption
curve (Fig. 3). To quantitatively determine the amount and strength
of acid sites of mesoporous aluminosilica, the peaks at approxi-
mately 200 ◦C and 450 ◦C were deconvoluted using the Gaussian
function, with temperature as the variant. The components of the
peaks at approximately 200 ◦C and 450 ◦C were 60.63% and 39.33%,
respectively. These component ratios indicated that ammonia was
desorbed from the weak “Lewis” and mildly strong “Bronsted” acid
sites of the OH-groups of aluminosilica adsorbents. Furthermore,
the number of acid sites increased with the amount of aluminum
(see Table S1), which is in agreement with recent reports [40]. The
enhancement of surface acidity might result in a strong interaction
between the surface functional groups of the adsorbents and the
adsorbates.

3.2. Batch contact-time adsorption experiments

The removal of the aluminosilica nano-adsorbent with different
organic pollutants (I–IV) was conducted through batch contact-
time experiments in an aqueous solution. The adsorbed amount
as a function of the exposure time of the organic pollutants to the
monoliths was  studied using UV–vis spectroscopy.

Fig. 4A shows the time-rate dependence of the adsorption
amount of molecule solutes (I, II, III,  and IV)  using mesocage mono-
lithic adsorbents at specific conditions (i.e., 40 ◦C, adsorbent dose
of 10 g/L, adsorbate concentration of 1.6 × 10−3 mol/L, and constant
shaking rate). Fig. 4B reveals the adsorbed amount as a function of
the initial concentration of adsorbates (Co, mol/L) in the range of
5 × 10−3 mol/L to 8 × 10−4 mol/L. Results reveal the increase in the
adsorption amount of monolith adsorbents with increasing initial
concentration. Fig. S2 shows the effect of the concentration range
on the adsorbed concentration of adsorbates (I–IV). A linear graph

−4 −3
in the range of 8 × 10 mol/L to 1.6 × 10 mol/L of the adsorbate
concentration, with a correlation coefficient range of 0.98–0.99,
was characteristic of the adsorption curves for all adsorbates.
However, the saturation effects resulted in a nonlinear
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Table 1
Synthesis conditions, as well as structural and textural parameters of cage cubic Pm3n aluminosilica monolith adsorbents fabricated using the microemulsion phases of Brij
56  as soft templates and with a wide range of Si/Al ratios (w/w)  in a preparation gel. Unit cell parameter (a), BET surface area (SBET), NLDFT mesopore size (R), and total pore
volume (Vp).

Monoliths with
Si/Al ratios (w/w)

Synthesis conditions EDX analysis Structure parameters

102 × T[a] (mol) (103) × Al (NO3)3 (mol) Brij 56/TMOS (w/w) Si:Al Si:Al (±0.01) a[b] (nm) S(BET) (m2/g) R (nm) V(mesopore) (cm3/g)

19 1.31 0.7 0.5 1:0.053 1:0.0536 12.5 700 4.7 0.73
9  1.31 1.5 0. 5 1:0.11 1:0.111 12.7 780 4.7 0.81
4 1.31  3.4 0. 5 1:0.25 1:0.253 12.7 560 4.6 0.74
2.3 1.31  5.8 0.5 1:0.43 1:0.433 12.7 475 4.4 0.76
1.5 1.31  9.1 0. 5 1:0.66 1:0.673 13.0 440 4.2 0.64
1.0  1.31 13.6 0.5 1:1 1:1.02 13.0 430 4.4 0.53
9a 0.96 1.06 0.5 1:0.11 1:0.111 9.9 740 6.0 0.75

T
mplat
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[a], TMOS; a[b], and unit cell parameter (aPm3n = d2 1 0
√

5, and aP6mm = 2d1 0 0
√

3).
a Hexagonal Al/SBA-15 adsorbents fabricated using Pluronic P123 and TEOS as te

orrelation at the inflection point with high concentrations
≥1.6 × 10−3 mol/L). The nonlinear adsorption curves indicated
hat the low concentrations of the adsorbates (I–IV) can be
emoved from aqueous water in a one-step treatment. Fig. 4C
hows the temperature-dependent kinetic response of the p-
l–Ar–NH2 (III) adsorption. Results indicated that the increase in
he temperature resulted in the increased activation energy of the
dsorbates in the aqueous phase and consequently enhanced the
dsorption amounts.

The relative adsorption affinity of the mesocage adsorbent for
rganic pollutants was decreased in the order of I < II < III < IV.

ig. 4D shows the fractional attainment of equilibrium Fe against
1/2 of the monoliths. Evidently, Fig. 4B can be classified into
hree portions. First, the linear portion reflects the instantaneous

ig. 4. Time–rate dependence of the adsorption amount of organic pollutants [1.6 × 10−3

ime–rate dependence curve of the adsorption assay of p-Cl–Ar–NH2 (III). Fractional atta
olecules (I, II, III,  and IV)  onto [10 g/L] cage aluminosilicate-based adsorbents with a Si/
e and silicon sources, respectively.

adsorption stage. During this step, the monolithic particles of the
adsorbents are considered to be surrounded by a boundary layer of
fluid film, through which the adsorbate solute must diffuse prior
to external adsorption on the adsorbent surfaces. The second part
is the curve portion that signifies the intraparticle diffusion step,
and the third portion is the final equilibrium stage. However, the
intraparticle diffusion coefficient, D, is calculated from the slope
of the second portion of Fig. 4B (Table 2) [17]. The plateau in
Fig. 4D provides evidence that intraparticle diffusion might control
the mass transport of the pollutant molecules from the aque-
ous phase to the aluminosilica monolith pores. However, one of

the main features of aluminosilica monolith frameworks is the
existence of micropores (4–5 Å) interconnecting the 3D ordered
mesopores, which might make such a framework more suitable for

M]  (I, II, III and IV)  (A). Effect of both concentration (B) and temperature (◦C) on the
inment of the equilibrium of the adsorption assays (D) of [1.6 × 10−3 M]  adsorbate
Al ratio of 1.5 at 40 ◦C.
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Fig. 5. Integrated first-order rate equation of the adsorption of the organic pollu-
tants  [1.6 × 10−3 M]  (I, II, III,  and IV) at 40 ◦C (A). (B) Effect of temperature on the

adsorption rate of organic pollutant [1.6 × 10−3 M]  (III). (C) Arrhenius plot of the
adsorption of the organic pollutants [1.6 × 10−3 M]  (I, II, III,  and IV) onto [10 g/L]
mesocage aluminosilica monoliths with a Si/Al ratio of 1.5.

the adsorption of these organic pollutants. These interconnecting
pores facilitate the diffusion inside the entire micropore struc-
ture volume (Vm = 0.03–0.05 cm3/g) [22,23,41] (see Fig. S4). These
ordered monoliths with micro, meso, and macropore sizes are suit-

able for the adsorption of either small or bulk molecules [24].

High mass transport, homogenous intraparticle diffusion (D),
and coverage surfaces (fc) were significantly affected by the active
functional acid sites (see Table 2). The calculated (fc) and (D) values
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Table 3
Illustration of the kinetic and thermodynamic parameters of the adsorption of [1.6 × 10−3 M]  organic pollutants (I, II, III,  and IV)  into aluminosilica monolith adsorbents
[10  g/L] with a Si/Al ratio of 1.5.

Adsorbate T (◦C) kt (min−1) Kc Kinetic parameters Thermodynamic parameters

Ea (kJ mol−1) �H# (kJ mol−1) �S# (kJ mol−1)1 �G# (kJ mol−1) �G (kJ mol−1) �H (kJ mol−1) �S  (J K−1 mol−1)

Ar–NH2 (IV)

30 0.076 3.70

28.09 25.51 −182.27 82.11

−3.30

16.04 63.90
35 0.089  4.18 −3.66
40  0.111 4.63 −3.98
45 0.127 4.99 −4.25

p-Cl–Ar–NH2 (III)

30 0.066 2.97

29.85 27.27 −177.73 82.46

−2.73

22.32 82.78
35  0.075 3.49 −3.19
40  0.010 4.02 −3.62
45 0.112 4.50 −3.98

o-NH2–Ar–OH (II)

30 0.058 2.44

30.98 28.40 174.81 82.68

−2.25

18.44 68.51
35  0.072 2.92 −2.74
40  0.094 3.19 −3.03
45  0.101 3.48 −3.29
30 0.050 2.34

−16

−2.14
35  0.069 2.66 −2.51

o
h
l
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t
w
m
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n
h
o
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(
t
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o

o
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t
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v
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I
m

p-NO2–Ar–NH2 (I) 34.75 32.1740  0.087 2.90 

45  0.096 3.13 

f the ordered nanoscale adsorbents effectively increased with the
igh loading of aluminum contents [22b,30]. Although the mono-

iths with low Si/Al ratios show a distortion in the pore ordering
nd a decrease in the surface area and pore volumes (see Table 1),
he enhancement of both fc and D of the monolithic adsorbents
as achieved (Table 2). Furthermore, the fc and D parameters of the
onolithic adsorbents were decreased in the order of I < II < III < IV.

ased on this adsorption behavior, the lower adsorption effective-
ess of these organic pollutants was clearly consistent with the
igher basicity (i.e., higher pKa) of these adsorbates, except with
-NH2–Ar–OH (II). However, the pKa values are 4.6, 3.97, 9.7, and
.01 for IV,  III,  II, and I molecules, respectively. The finding trends,

n general, are not in accordance with well-known adsorption
ehavior, in which stronger basic properties of aniline compounds
higher pKa) result in a higher adsorption value. The noncorrela-
ion adsorption behavior of o-NH2–Ar–OH (II) with its pKa value

ay  be attributed to the high interaction affinity through the NH2-
nd OH-groups of the adsorbate (II) molecule with the OH-groups
f the solid adsorbents.

The kinetic and thermodynamic studies show further evidence
f the adsorption behavior of these organic pollutants (Fig. 5 and
ig. S3).  Fig. 5A and B show that the first-order kinetic equation
est describes the data on molecule adsorption on monolith adsor-
ents. The values of the rate constant, kt (pga), of molecule (I,
I, III,  and IV) adsorption were determined from the slope of the
inear first-order kinetic equation. The kinetic studies exhibited
hat the kt value decreases in the following sequence: VI > III > II > I
see Table 3), which represents the same sequence of the adsorp-
ion amounts and the fc and D parameters of these adsorbates
Table 2 and Fig. 4A). Fig. 5B shows the increase of kt with
ncreasing temperature, indicating that kt is only temperature
ependent.

The activation energy, E of molecule (I, II, III,  and IV) adsorp-
ion was deduced from an Arrhenius plot (Fig. 5C). Other activation
arameters of the free energy of activation, �G#, the enthalpy
f activation, �H#, and the entropy of activation, �S#, were cal-
ulated from Eyring’s equation and are listed in Table 3 (see
ig. S3).  Results showed that the lower E value with higher kt

alue is in agreement with the sequence of the adsorption affin-
ty of the adsorbates in the monoliths. The values of the activation
arameters (Table 3) are almost consistent with those found in

ther diffusion studies through the interior particle pores of a
esin, reflecting the ease of diffusion of organic pollutants (I, II,
II, and IV)  through the interior micro, meso, and macroporous

onoliths.
3.32 83.00 15.43 58.16−2.77
−3.02

The plot of ln Kc vs. 1 = T (Fig. S3)  gives the numerical values of
�H of the adsorption of organic pollutants. �G  and �S are calcu-
lated and presented in Table 3. The thermodynamic equilibrium
constant, Kc, increased with temperature for all adsorption assays,
whereas the absolute value of �G increases with decreasing tem-
perature. This result indicates that adsorption is spontaneous and
more favorable at high temperature, which confirmed an endother-
mic  adsorption process. In addition, the �S value increases in this
sequence: IV > III > II > I, contributing to a greater value of Kc and
greater stability of thermodynamic adsorption.

The Langmuir isotherm is the simplest theoretical model for
monolayer adsorption. Fig. 5A shows the adsorption isotherms of
pollutant compounds, I–IV.  The results (Fig. 6A) indicate the forma-
tion of a monolayer of pollutants on the nano-adsorbent monoliths.
From the linear plot of the Langmuir isotherm (Fig. 6B, inserts),
the monolayer adsorption capacity, qm, and the Langumir coverage
constant, KL, were obtained. The qm and KL values were decreased
in the order of I < II < III < IV.  This tendency is consistent with the
adsorption behavior of these compounds.

Fig. 7A shows that the percentage uptake (%U) of organic pollu-
tants was effectively appended to the loading amount of the active
function sites of the aluminum species into the adsorbents. The
adsorption uptake depends on the amount of surface functional
groups. All Lewis acid sites might transform into Bronsted acid
sites because of the adsorption of organic molecules onto the alu-
minosilica monoliths in aqueous solutions [40]. The tendency of
organic molecules to coordinate with Lewis acid sites is minimal.
The number of Bronsted acid sites for aluminosilica monolith adsor-
bents is the key factors for the enhanced adsorption uptake with
high Al contents. The adsorption amount of adsorbate molecules
on the monolithic adsorbents also depends on the extent of the
aluminum surface chemistry of the cage aluminosilica structures
(Fig. 7A). However, the functional aluminum active sites of four- or
six-coordinate species contribute to adsorbate molecule binding.
Such a synergistic interaction did not show significant alteration
of the chemical properties of the active aluminum species, as evi-
denced by the 27Al NMR  spectra recorded after adsorption assays
(data not shown). The results (see Table S1) show that the increase
in AlIV/AlVI ratios results in an enhanced adsorption amount of the
pollutants. This finding indicates that the organic molecules might
readily be adsorbed onto monoliths that show highly tetrahedral

(AlIV, AlO4

−, framework) aluminum sites.
Furthermore, the mesostructural geometries and 3D dimen-

sions of the aluminosilica adsorbents have significant effects on
the overall adsorption uptake of organic molecules (see the relative
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Fig. 6. The Langmuir adsorption isotherms (A) and the linear form of the Langmuir plot (
ratio  of 1.5 at 40 ◦C.

Fig. 7. Representative organic compounds uptake (A and B) of I (a), II (b), III (c), and
IV  (d) onto [10 g/L] cubic cage Pm3n aluminosilica adsorbents (monoliths) fabri-
cated with different Si/Al ratios (A). To investigate the effect of ordered mesoporous
monoliths, the uptake of I (a), II (b), III (c), and IV (d) onto [10 g/L] ordered powder
Al/SBA-15 and amorphous aluminosilicas commercially supplied with a Si/Al ratio
of  9 was studied (B). The uptake of II (b) was also studied onto [10 g/L] commer-
cially supplied Amberlite IRA-904 anion exchange resin in chloride form (B). Batch
contact-time experiments were conducted at 40 ◦C, equilibrium time, shaking rate,
and at an adsorbate concentration (1.6 × 10−3 M).
B) of (I, II, III,  and IV)  onto [10 g/L] aluminosilica monolith adsorbents with a Si/Al

adsorption uptake of the amorphous and ordered aluminosilicas at
a Si/Al ratio of 9, Fig. 7B). The results (Fig. 7B) revealed that the
ordered pore geometry had higher adsorption uptake of pollutants
than the amorphous aluminosilica samples, indicating that the tex-
tural surface parameters (SBET, as well as pore volumes and orders)
and pore organizations significantly affected adsorption functional-
ity in terms of intraparticle diffusion and binding coverage surfaces
of pollutants onto the adsorbent monoliths (Fig. 7B).

To demonstrate the adsorption applicability of aluminosil-
ica monolith adsorbents, adsorption experiments of the organic
molecules using Amberlite IRA-904 anion exchange resin in chlo-
ride and mesoporous aluminosilicas (Al/SBA-15, powder forms)
with a Si/Al ratio of 9 were conducted. However, although the
monoliths had smaller pore sizes (∼4.7 nm) than the Al/SBA-15
powder materials (Table 1), the former showed a higher adsorp-
tion amount (q), coverage surfaces (fc), and percentage uptake (%U)
for all adsorbate molecules (Fig. 7B) [42]. In turn, the good dis-
tribution of the solute onto the powder aluminosilicas compared
with monoliths made the diffusive mass transport into a small par-
ticle size, such as powder Al/SBA-15 materials, sufficiently rapid
compared with the monoliths during the removal of all adsorbate
samples (Table 2). The relatively high absorptivity of the mono-
lith compared with Al/SBA-15 powder might be attributed to the
larger particle size of micro-, meso-, and macro-porous monoliths
compared with that of SBA-15 materials [42].

The adsorption uptake (%U) of molecule (II) using hierarchi-
cal monoliths was also compared with commercial and mature
resin (Amberlite IRA-904) (Fig. 7B). Results indicated that both
monoliths and Amberlite resin may  act as effective adsorbents in
terms of the overall uptake of adsorbates. Indeed, the monoliths
are of interest because they offer easy-to-use removal assays and
portable adsorbents compared with powder Al/SBA-15 or Amber-
lite IRA-904 materials, which require an intensive design during
the adsorption and assessment monitoring of organic pollutants.

3.3. Adsorption/removal mechanism

Among these removal systems, the possible interactions
between the adsorbate pollutants and aluminosilica monoliths are
considered the driving forces for the molecular adsorption of pollu-
tants. The adsorption sequence of these pollutants is correlated to
the acid–base characteristic of the solute molecules and the load-
ing content of aluminum into the pore surfaces. The substitution
nature and relative position in the aromatic ring of molecule (IV) are
significantly affected by the acid–base characters of the molecules

based on the effect on the NH2 bond strength. However, the
coexistence of Ar–NH2 compounds (I–IV) in an aqueous medium
during adsorption can allow hydrogen bond-forming interac-
tions with H2O molecules (solvation). The effect of H2O-pollutant
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Fig. 8. Reusability study of up to six times for the removal assay of [1.6 × 10−3 M]  I
(a),  II (b), III (c), and IV (d) onto [10 g/L] cage aluminosilicate adsorbents fabricated
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ith a Si/Al ratio of 1. The reusability of o-aminophenol (o-NH2–Ar–OH) (c,II) was
lso  studied onto commercially supplied Amberlite IRA-904 anion exchange resin
n  chloride form at 40 ◦C.

olecular interactions increases with substituted Ar–NH2 pollu-
ants in the order of Cl < OH < NO2 [43,44]. The strong interactions
hereby render the mobility of these molecules on cage aluminosil-
ca adsorbents less facile [43].

On the other hand, the insertion of aluminum into the solid
esocage monoliths resulted in the development of active acid

ites at the internal mesopore surfaces of the adsorbents [23,27,28].
hese natural surfaces of acid sites strongly induced both H-
onding and dispersive interactions with pollutant molecules. The
dsorption behavior of pollutant molecules I–IV on mesocage alu-
inosilica is qualitatively considered according to the solvation

ffinities of I–IV molecules within the aqueous medium during the
dsorption process, as previously reported on the adsorption onto
ther metal oxide surfaces, such as TiO2 and Fe2O3 [44]. Generally,
he current findings indicate that aluminosilica monoliths can act
s effective adsorbents of the pollutant molecules from aqueous
olutions.

.4. Applicability of the adsorbents in recycling systems

The reusability of the adsorbent monoliths is of particular
nterest in developing recyclable adsorption systems. After a com-
lete adsorption process, the mesocage solid monoliths were
ollected and repeatedly washed with an acidic aqueous solution
HCl = 1 × 10−3 M]  and then dried at 200 ◦C for 12 h under air to
emove the remaining molecular adsorbates. This feature enables
ore effective management by concentrating the collected pollu-

ants, thereby reducing the volume of materials to be controlled.
easurements of the textural properties of the regenerated mono-

iths reveal that the specific surface area and mesopore volumes
ere slightly decreased (approximately 2–5% from the original
ata shown in Table 1). However, the pore shape and size were
nchanged. Reused adsorbents are still effective for the adsorp-
ion of organic adsorbates after 6 recycles (Fig. 8). However, no
ignificant changes in the adsorbent affinity toward the removal of
rganic pollutants (I–IV) from the aqueous solution were observed
fter several cycles, as quantitatively evidenced by the adsorbed
mount per unit area of adsorbents (fc) (see Fig. 8). In addition,
he proposed monolith adsorbents retain high adsorption efficiency

ver commercial adsorbents, such as Amberlite IRA-904 resin, even
fter a number of recycles. Fig. 8 shows that the Amberlite IRA-
04 adsorbent lost approximately 20% of its original efficiency
fter only a single regeneration/recycle, whereas the monolithic

[
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adsorbents lost 5% after six recycles. The current finding revealed
that the Amberlite IRA-904 adsorbent cannot be used after four
cycles. These results clearly indicate that the binding of organic
adsorbates onto monolith adsorbents did not result in the degra-
dation of the functional surface sites despite the extended recycles.
Indeed, the proposed nanoadsorbent design provides easy-to-use
removal assays for organic compounds and portable and reusable
chemical adsorbents for a number of recycles.
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