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The partial removal of the structure-directing templates from mesoporous aluminophosphate (AIPO) was studied for developing
simple and effective adsorbents for elimination of anionic dye from wastewater. The template species were removed out from the as-
synthesized AIPO samples using progressive sequences of sonication of the as-synthesized AIPO in ethanol. The ultrasound-treated
AIPO materials were characterized using standard solid-state techniques. The micellar types are altered in the modified samples
following the sonication. The as-synthesized and ultrasound-treated AIPOs were examined for adsorption of congo red (CR) as an
anionic probe dye. Presence of feasible admicelles in the treated samples provides suitable conditions for establishment of effective
interactions between CR and the adsorbent. The products sonicated for 15 min shows the highest adsorption for CR and longer
irradiation of ultrasound does not improve it. The obtained adsorption data were well fitted with Langmuir isotherm model based on
the calculations performed on the linear form of the equation. A remarkable maximum CR adsorption of 666.3 mg/g was observed for
our superior sample. The removal of CR by our AIPO materials follows both pseudo-first order and pseudo-second order reaction
kinetics but it is more fitted with the first order based on the calculated correlation coefficients.

The most widely observed AIPO structure type (AIPO-n),
Introduction so where n denotes a particular crystalline phase, readily prepared
in the presence of a wide variety of organic templates.9 Also, a
variety of organically structure-directed aluminophosphates with
anionic chains (one-dimensional), layers (two-dimensional), and
frameworks (three-dimensional) have been successfully
synthesized.m’11 These materials are suitable precursors due to
of the flexibility of the interlayer space and exciting changes can
be made to the layers themselves. Moreover, a change on the
hydrophobic/hydrophilic character in the interlayer functional
groups is possible.

It would be interesting to study the adsorptive behavior of
these layered materials especially the lamellar mesostructured
materials with well-defined porous sheet mesostructures. The
interlamellar spaces between the Al-O-P layers are occupied by
supramolecular templates with hydrogen-bonding possibilities
6s to terminal oxygen atoms in the inorganic Iayers.lz’14 The

supramolecular templates in the synthesis of lamellar AIPOs can

be neutral long-chain amine,ls'17 anionic surfactant with a

phosphate headgroup,18 and cationic quaternary alkyl-

ammonium surfactant.”®* The materials are usually prepared

70 under hydrothermal conditions. In some cases employing
ultrasonic waves are beneficial for the synthesis progress.14

Tetrapropylammonium hydroxide (TPAOH) mainly used as

template in synthesis of AIPO-S,B’23 ZS.M-S,M’25 silicalite-1% and

One of the greatest problems that the world is facing today is
that of environmental pollution, increasing with every passing
year and causing grave and everlasting damage to the earth.!
Water pollution can be caused by discharge of wastewater
containing dyes, heavy metals and non-degradable chemical
compounds from industrial and commercial waste into surface
waters. Dyes are considered an objectionable type of pollutant
because they are toxic and may significantly affect
photosynthetic activity in aquatic life due to reduced light
penetration.2 Numerous techniques have been applied for the
removal of pollutant materials from wastewater.”” Among them
adsorption is the procedure of choice and gives the best results
as it can be used for removal of a variety of pollutants from
various contaminated water sources.® The design of a potent
adsorbent with high capacity has a significant importance which
is related to the possibility of establishing various interactions,
surface area, pore volume and porosity of the adsorbents.

The discovery of the ordered aluminophosphate (AIPO)
molecular sieves by Wilson et al. at 1982 announced a rapidly
growing of the chemistry of non-silicate microporous solids.® The
structure of aluminophosphates consisted of alternating
tetrahedral AlO, and PO, connected by shared oxygen atoms.
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TS-17% microporous materials. Additionally, the utilization of
75 this chemical for synthesis of a lamellar aluminophosphate as a
co-structure directing additive could be valuable.

In the synthesis of mesostructure materials template acts as a
structure-directing agent that is essential for control of the
frameworks. The pore sizes can be regulated by varying the

so chain length of the surfactants template in the synthesis
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process. These templates generally are removed after the
synthesis to generate the genuine porous structure to be used
for various applications.29 Conventionally, the template removal
has been carried out by calcinations at elevated temperatures.
However, in lamellar mesostructures aluminophosphates
because of the template molecules have been located between
Al-O-P layers, the calcination process for template removal may
cause collapse of the structure. This shows that these products
are sensitive to thermal treatment.'®?%*° Therefore, complete
template removal in mesolamellar AIPOs seems to be unlikely.
However, there is an alternative procedure for template
removal. Solvent extraction is an alternative procedure with less
destructive effects for template removal.™** The main
disadvantage of this method includes, dependency of the
solvent extraction efficiency on the strength of the interaction
between organic molecules and the framework, multiple steps,
longer time and high consumption of solvent.®3%

The aluminophosphate materials have applications is in
catalytic processes.34’35 The lamellar aluminophosphate may also
be used as a precursor to synthesis other type of AIPO
materials.*®*®”  There are reports about the use of
aluminophosphates as the adsorbent as well ¥4 However, to
the best of our knowledge the lamellar mesostructured AIPO
has not been used as an adsorbent for removal of water
pollutants. Investigation which has been conducted in our
research laboratory * has shown that the partial removal of the
surfactant molecules from mesoporous MCM-41 developed
simple and effective adsorbents for water remediation. This
attractive efficiency is due to establishment of hydrophobic and
electrostatic interactions between pollutant and surfactant
molecules. Therefore, this procedure which is based on partial
removal of template molecules out of the structure could be
tested on layered aluminophosphate materials. The ultrasonic
treatments can be used as a simple, fast and effective way for
partial template removal from these materials.”>**** Our
prepared adsorbent by this way will be used for the removal of
pollutant from wastewaters, while the lamellar structure is
preserved.

With regard to these considerations, in this work we have
attempted to demonstrate that the lamellar aluminophosphate
(AIPO-L) can be converted to a highly efficient adsorbent by
partial removal of the template using a sonication procedure.
The congo red dye was utilized as a model pollutant to test the
adsorption capability of the samples. The results showed that
when the AIPO-L sample was exposed to the ultrasonic waves in
an alcoholic solvent for a short period of time, part of the
template molecules can be removed without disrupting of
mesolamellar structure. Both as-synthesized and sonicated
samples were able to absorb the dye molecules. But, the
ultrasonic treatment significantly promotes the adsorption
capability of the adsorbent.

Experimental section
Reagents and materials

Aluminium triisopropylate (AI[OCH(CHs),]s, AlIP, > 98.0%), ortho-
phosphoric acid (H3PO,4, 85%), tetrapropylammonium hydroxide
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60°Cfor1h

3.59 g AliP +
2.11g H,PO, +
12.50 mL H,Q

2.00g AliP +
15.00 mL H,0
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8.74mL
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Scheme 1. Schematic presentation of synthesis procedure for
preparation of as-synthesized and sonicated aluminophosphate samples

((CsH7)4N(OH), TPAOH, 20% w/v solution in water),
cetyltrimethylammonium bromide ((C;gH33)N(CHs)sBr, CTAB, >
98.0%), ethanol (C,HsOH, = 99.5%) and congo red

(C3,H,,NgNa,06S,, CR, reagent grade) were obtained from Merck
chemical company. All the chemicals were used as received
without any further purification.

Synthesis of mesostructure lamellar AIPO

The previously reported procedure in the literature with some
modification was used for the synthesis of mesostructure
lamellar aIuminophosphate.33 For this purpose 3.59 g AlIP and
2.11 g H3PO, were added into 12.5 mL deionized water and the
mixture was stirred at 60 °C for 1 h. Then, 2.00 g CTAB was
dissolved in 15.0 mL deionized water and added to the previous
mixture. The mixture was stirred again at 60 °C for 1 h. Then,
8.74 mL of 20 wt.% solution of TPAOH was added dropwise into
the above mixture. The pH of mixture was adjusted at about 8.0
with adding of 1.0 M HCI. This mixture was stirred at 60 °C for
another 2 h and then transferred into a Teflon-lined stainless
steel autoclave for hydrothermal treatment. It was heated at a
constant temperature of 175 °C for 24 h. The final nominal molar
composition of the gel mixture was as follows:

1.00 Al,05 : 1.06 P,05 : 0.32 CTAB : 0.63 TPAOH : 110.13 H,0
Finally, the autoclave was cooled to room temperature and the
resultant precipitate was centrifuged and washed with deionized
water and ethanol for several times and dried at 120 °C for 12 h.
The final product was designated as AIPO-L. We noticed that
addition of TPAOH in lower amounts (just enough to maintain
pH at about 8) did not lead to AIPO-L. We called this amorphous
product as AIPO-B (Fig. 1).

Ultrasonic treatment procedure

The sonication of the as-synthesized AIPO-L for template
removal was carried out in a 7500-S ultrasonic bath (SAIRAN
Instrument Company, Iran) with an ultrasound power of 600 W,
heating power of 800 W and frequencies of 28 kHz, equipped
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with a timer and a temperature controller. For sonication
purpose, 0.3 g of AIPO-L was dispersed in 45 ml of ethanol in a
baker. Then, the suspension was immersed into water in the
ultrasonic bath, and irradiated for 5, to 20 min at temperature of
45 °C. The suspension was stirred during ultrasound irradiation
using a mechanical stirrer at the speed of 300 rpm. After
sonication, the sample was recovered by centrifugation, washed
with ethanol and dried at 80 °C for 5 h. The sonicated samples
were designated as AIPO-L(Ux) where U stands for ultrasound-
treated samples and x shows time (min) of ultrasound
irradiation. The entire steps of the procedure for preparation of
AIPO-L(Ux) are depicted in scheme 1.

Characterization

A Philips PW1840 X-ray diffractometer with Cu K, radiation was
used to record the powder XRD patterns of the samples within a
26 range of 1.5-10°. FT-IR spectra were recorded with Bruker
alpha spectrophotometer. The size and morphology of the AIPO-
L sample were studied using LEO-1430VP scanning electron
microscope. Energy dispersive X-ray analysis (EDX) system
(TESCAN-LMU Vega model) was used for the compositional
analysis of the sample. For the textural analysis Nitrogen
adsorption/desorption experiments were performed at —-196 °c
using Belsorp mini Il apparatus. Prior to the gas adsorption
measurements, the samples were degassed at 120 °c. Specific
surface areas were calculated according to Brunauer—-Emmett—
Teller (BET) method and the pore size distributions were
obtained based on the conventional Barret-Joyner—Halenda
(BJH) method. Thermogravimetric analysis (TGA) was performed
on a TG (6300 SLL-Nanotechnology company) to estimate the
residual amount of the template in the as-synthesized and
sonicated AIPO-L samples. The measurements were carried out
under static air from room temperature to 500 °C with a heating
rate of 10 °C/min.

Adsorption Studies

Congo red (CR) which is a secondary diazo dye with two
sulfonate and amine groups and also the hydrophobic aromatic
rings (Scheme 2) was used as a model pollutant to investigate
the adsorption capability of the as-synthesized and the
sonicated AIPO-L samples. For this purpose 15 mg of the
adsorbents were added into 50 mL of CR solutions at initial
concentration of 200 mg/L. The solution was stirred for definite
time periods. To study the adsorption isotherms, experiments
were carried out at concentration range of 200-500 mg/L. All the
experiments were conducted at natural pH and room

(= N
o=—s \\N

”\0’ Na*

Scheme 2. Chemical structure of congo red.
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Fig. 1. Low angle XRD patterns of (a) AIPO-L, (b) AIPO-B, (c) AIPO-L(U5), (d)
AIPO-L(U10), (e) AIPO-L(U15), (f) AIPO-L(U20).

temperature. The solution and the solid phase were separated
by centrifugation and the residual dye concentration was
measured by spectrophotometric method. A double beam
Shimadzu UV-2100 spectrophotometer was used for the
determination of dye concentration at 498 nm. The adsorption
capacity of AIPO-L samples was calculated by using the following
equation:

_(€g—CelV

m

q (1)

Where q is the amount of dye adsorbed per unit weight of
adsorbent (mg/g); C, and C. are the initial and final
concentrations of the dye solution (mg/L), respectively; V is the
volume of the dye solution (L); and m is the amount of the
sorbent used (g).

Results and discussion

XRD Analysis

The low-angle X-ray diffraction patterns of the as-synthesized
and sonicated aluminophosphate materials are shown in Fig. 1.
The XRD pattern of AIPO-L (Fig. 1.a) consists of two intense
diffraction peaks at 26 of 3.08" and 6.13" with the d-spacing of
28.7 A and 14.5 A, respectively. This reveals the ordered nature
of the synthesized AIPO-L. This XRD pattern is quite similar to
those reported for mesostructure single lamellar phase
aluminophosphates (AIPO-L),lS’22 indicating a successful
synthesis of lamellar mesostructure aluminophosphate. The
obtained d-space values can be related to interlamellar
distances. In some of these reports tetramethylammonium
hydroxide (TMAOH) was used as a basic source to adjust the pH
value of the starting mixtures and/or for increasing the Al/P ratio
to change the structure of the products from lamellar to
hexagonal. In our work we replaced TMAOH by TPAOH. We used
TPAOH for the two purposes of pH adjustment and also as
structure-directing agent. Our investigation showed that, when
TPAOH is used as an amount that is just sufficient for pH
adjustment, an amorphous phase (AIPO-B) is obtained (Fig. 2b).
However, proper amount of TPAOH in the synthesis gel leads to
the ordered phase of AIPO-L. This indicates that TPAOH has an
essential role in the synthesis of mesostructure AIPO-L. TPAOH
as a moderate

This journal is © The Royal Society of Chemistry [year]
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Table 1. The 26 and d-space values for the two characteristics x-ray
reflections of as-synthesized and sonicated samples

Sample 20 (degree) d-space (A)

AIPO-L 3.08 6.13 28.7 14.5
AIPO-L(U5) 313 622 282 14.2
AIPO-L(U10) 3.20 6.33 27.6 14.0
AIPO-L(U15) 3.22 6.37 27.5 13.9

organic lye can act not only as a pH adjuster, but as a co-
structure directing agent to increase the order and stability of
AIPO-L structure. Kimura et al. in their work states that
tetramethylammonium cations interact with aluminophosphate
oligomers and suppress the polymerization of the
aluminophosphate oligomers. % Our textural analysis (later in
the text) will provide confirmation for function of TPAOH in
establishment of meso-structure AIPO-L.

The XRD patterns show that the orders of the mesostructure
lamellar structures are preserved for all samples following
ultrasounic treatment. However, slight shift to the higher 26
values (and consequently lower d-spacing) were observed for
the sonicated samples (Table 1). This could be attributed to the
removal of surfactant template and reduction of interlamellar
space.

If the sonication duration exceeds than 15 min, the intensity
of the XRD peaks are reduced significantly (Fig. 2f). This may
shows partial destruction of the lamellar mesostructure. We did
not investigated such samples.

FT-IR spectroscopy

FT-IR spectra of the as-synthesized and ultrasound-treated
AIPO-L samples are shown in Fig. 2. The broad band at 3400-
3500 cm™ and 1600-1650 cm™ were assigned to the asymmetric
O-H stretching and bending vibrations of water molecule,
respectively. 394044 The two bands at 2850-2950 cm™ are
ascribed to C-H vibrations of —CH; and —CH,— carbon chain of
the surfactant molecules. The band at 1450-1500 cm™ is due to
alkylammonium vibrations of the surfactant and TPAOH
molecules. ****' The bands in the range of 900-1100 em™”
corresponds to P-O stretching vibration of tetrahedral PO,. 39,44

Transmittance (%)

4000 3600 3200 2800 2400 2000

Wavenumber (cm™)

Fig. 2. FTIR spectra of (a) AIPO-L, (b) AIPO-L(U5), (c) AIPO-L(U10) and (d)
AIPO-L(U15).

1600 1200 800 400

The band at 500-550 c¢m™ can be attributed to triply

ss degenerate O-P-O bending vibration of PO,. 39,44

The band at

700-750 cm’l, indicates the stretching vibration of AI-O in
combination with P-0. * Fig. 3 indicates that the vibrations
related to template molecules (2850-2950 em™ and 1450-1500

cm™) became weaker as the sonication step proceeded. Thi
clearly verifies that parts of template species have been expelled

=
S

out of the AIPO-L.

S

Fig. 3 shows the FT-IR spectra of the effluents of the
ultrasound-treated samples and also the FT-IR spectrum of CTAB
solution in ethanol (Fig. 3.d) containing the same amount of

CTAB that was used in the synthesis process. As can be

observed, the spectral characteristics of the effluents are similar
with those of CTAB solution which indicates release of CTAB
molecules upon sonication. Our previous studies concerning

ultrasound template removal from mesoporous MCM-41

29

revealed that ultrasound irradiation cause micelle disruption and

the intact template molecules are released out. Therefore, when
AIPO-L sample is sonicated for a certain time part of the
template molecules will be removed out from AIPO-L without
destruction of its lamellar mesostructure. As a result, longer

sonication time will lead to more release of the surfactant

molecules into ethanol (Fig.3 a, b and c). It will be seen later that
the surfactant molecules remained into the lamellar structure of
AIPO-L are responsible for adsorption of the dye molecules. The
rate of the adsorption will be related to the amount of the

surfactants left inside the AIPO-L structure.

Morphological and compositional analysis

The morphology of the as-synthesized mesostructure AIPO-L was
studied by scanning electron microscopy. As it is observed in Fig.
4.a and 4.b the SEM micrographs of AIPO-L consisted of some

flake-like and spherical crystalline nanoparticles with dimension

range of 30-100 nm. The figures display regions composed of
layered structure which somewhat is similar to those are
presented in some literature for lamellar aluminophosphate.

19,36,37,45

Also, occurrence of holes can be seen in some particles.

95

nce (%)

100

105 4000 3600 3200 2800 2400 2000 1600 1200 400

Wavenumber (cm)

Fig. 3. FTIR spectra of the ethanolic effluent after sonication of (a) AIPO-
L(U5), (b) AIPO-L(U10), (c) AIPO-L(U15) and (d) the prepared solution of
110 CTAB in ethanol.

The spherical aggregated morphology was observed in
90 the lamellar phase with highly condensed AIPO framework. 4

5
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Fig. 4. SEM images of as-synthesized AIPO-L with different magnifications.

The elemental analysis of the as-synthesized AIPO-L was
performed using EDX signals recorded at different points (Fig. 5
and Table 2). The table shows that the observed wt.% of Al and P
in the lamellar mesostructure sample are 21.4 and 13.5,
respectively. When the values of wt.% are divided by their
respective atomic weights and normalized (Al + P = 1), 399 the
observed molecular formula would be Alg 4P 35033,. Therefore,
the molar ratio of Al and P in the as-synthesized AIPO-L sample is
0.64/0.35. Fig. 5 shows that in addition to the mentioned main
elements, the aluminophosphate sample holds some carbon-
containing compounds which is due to presence of template
molecules.

Textural analysis

The results of nitrogen adsorption/desorption isotherms and
their respective BJH pore size distributions for AIPO-L, AIPO-
L(U5) and AIPO-L(U15) are presented in Figs. 6. All the
aluminophosphate samples show isotherms of type IV
(according to the IUPAC convention). They show sharp inflation
due to capillary condensation, which is characteristic of
mesoporous materials. Y The sample’s adsorption-desorption
profile indicates presence of H3-type hysteresis loops at high
P/P,, suggesting presence of slit-shaped pores.47 This is due to
lamellar structure of the aluminophosphate samples. The broad
BJH pore size distribution suggests wide range of porosity with

cpsfeV.

3.0

20 (o] ]

00l ; — —
0 2 4 p— 6 8 10
KeV

Fig. 5. EDX patterns of as-synthesized AIPO-L.
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Table 2. EDX chemical analysis of as-synthesized AIPO-L.

Element Weight % Atomic %
Aluminium 21.4 14.9
Phosphorus 13.5 8.2
Oxygen 65.1 76.8

maximum pore size distributions of 2.5 - 3.1 nm. From the figure
it can be deduced that, the mesoporosity and uniformity in the
pore size distributions have not been altered upon sonication of
the mesolamellar aluminophosphate.

The values of BET surface area, pore volume and pore
diameter for the as-synthesized and sonicated samples are
shown in Table 3. It is observed that, the value of surface area
and pore volume increased successively following longer
sonication time. The highest surface area is 311.3 mz/g which is
recorded for AIPO-L(U15) sample.

Thermal analysis

For quantitative determination of the amount of the surfactant
expelled out of the sonicated aluminophosphates, the samples
were analyzed with thermogravimetric method. The
thermograms for the as-synthesized AIPO-L in addition to AIPO-
L(U5) and AIPO-L(U15) recorded from 25 to 500 °C are shown in
Fig. 7. General features of the thermograms are similar to those
reported so far [28, 46] and shows a continuous mass loss. The
first step of the weight loss (6.3%) about 100-170 °C is due to
desorption of the interlayered and physisorbed water. 183044 A
relatively vast two-steps weight loss was observed within the
range of 170-470 °C. Previous studies have demonstrated that
the CTA" species are decomposed mainly in the temperature
range of 150 to 360 °C. 34198 Therefore, the weight loss within
170-470 °C will be associated with the thermal decomposition of
both CTA and TPA cations. *® The two-steps weight loss within
170-470 °C may indicate presence of both CTA and TPA in the
structure of AIPO-L. This range of weight loss can be used to
evaluate the amount of the template removed out in the

This journal is © The Royal Society of Chemistry [year]
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Table 3. Textural properties and thermogravimetric data of aluminophosphate samples.

Sample Sger (mz/g) Pore volume® (cms/g) 55 Pore diameter® (nm) Template amount® (%)
AIPO-L 96.5 0.24 3.09 46
AIPO-L(U5) 193.7 0.42 2.81 34
5
AIPO-L(U15) 311.3 0.56 60 2.51 22

“ Specific surface area calculated from the linear BET plot.

® Total pore volume at P/P, = 0.98.

€ Maximum of the size distribution calculated using the BJH method.

? Weight loss of samples related to the template molecules, based on the thermogravimetric analysis.

65
0 5 10 15 20 25 30

Porediameter(nm)

22% for AIPO-L(U5) and AIPO-L(U15) samples, respectively (Fig. 7
and Table 3). This means that due to sonication about 12% and
24% of the templates have been removed out from interlamellar
70 spaces of AIPO-L(5) and AIPO-L(15), respectively. This is further
confirmation for the partial removal of the template species.
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Adsorption studies
The results of congo red adsorption on as-synthesized and
75 sonicated aluminophosphate samples are presented in Fig. 8. It

Volume adsorbed (cm? STP/g)
8
o
2

—e—2 is observed that AIPO-L has the potential for CR removal from

§ 020 040 060 as0 1.00 aqueous solutions. A dose of 15 mg of AIPO-L is capable to
Relative pressure (P/Fo) remove more than 82% of CR existed in 50 mL of a 200 mg/L

solution of the dye within 90 min. This corresponds to 552.60

i so mg/g adsorbent capacity. Moreover, this potential is greatly

0.09

enhanced for the ultrasound-treated AIPO-L. In fact, all of the
dye are adsorbed onto AIPO-L(U5), AIPO-L(U10) and AIPO-L(U15)
after 90, 50 and 40 min, respectively (more than 662 mg/g
adsorption capacity). This indicates that sonication of AIPO-L
sample and partial removal of the template species has lead to a
considerable improvement in rate of adsorption and capacity of
the adsorbent.

Several mechanisms might be involved for the adsorption of
CR on our aluminophosphates. The hard-hard acid-base
interactions between Al and P in AIPO-L and the nitrogen groups
Relacive pressure (P/Py) of CR molecules could be a case. Also, hydrogen bonding
between H atoms of the hydroxyl groups of AIPO-L and oxygen
and/or nitrogen of CR may be involved in adsorption of the dye
onto the adsorbent (Fig. 9a). The hydrophobic interactions
between alkyl chains of surfactant molecules and apolar part of
the dye molecules may contribute for the adsorption (Fig. 9b).
4041,49 Employing sonication procedure and partial removal of
the surfactant cations from interlamellar space of AIPO-L
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45 Fig. 6. Nitrogen adsorption—desorption isotherms and corresponding
pore-size distribution curves derived from the BJH method (inset) of (a)

60 b
AIPO-L, (b) AIPO-L(U5) and (c) AIPO-L(U15). o
sonicated samples (Fig. 7.b and 7.c). 2
so Based on the thermogravi-metric results, about 46% of the B o o e b = o B o ] = &
weight of the as-synthesized AIPO-L is due to the template Tepetitute €0
molecules. The amount of template species are about 34% and 115 Fig. 7. Thermogravimetric curves of (a) AIPO-L, (b) AIPO-L(U5) and (c)
AIPO-L(U15).
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20 —a AIPO-L

180 e AIPO-L(US)
AIPO-L(U10}

160 e AIPO-L(UI10)
—e= AIPO-L(UIS)

140
e AIPO-B

120

<. (mg/L)

CR Con

Time(min)

15 Fig. 8. Adsorption capability of aluminophosphate samples for removal
of congo red dye. Adsorbent dose: 15 mg, volume of dye solution: 50

mL, initial dye concentration: 200 mg/L.

20 without collapse of the lamellar structure will provide an
appropriate space for interactions. In addition to that, formation
of bilayers of the surfactant molecules (admicelles) may provide
an electrostatic interaction between the surfactant positive head
and the negatively charged SO; groups of CR. This results in
increasing the adsorption capacity of the ultrasound-treated
aluminophosphates.

It worth mentioning that in the AIPO-B which TPAOH was
added just for pH adjustment the adsorption of dye is much less
than AIPO-L (see Fig. 8). This is sensible because AIPO-B did not
show the conventional AIPO-L X-ray pattern (Fig. 1.b).

)
o

Adsorption Isotherms

Equilibrium data or adsorption isotherms describe how the
adsorbate molecules interact with adsorbent particles and
determines its maximum adsorption capacity. In the present
study, experimental data were evaluated by using two well-
known, the Langmuir and Freundlich isotherm equations.

The Langmuir adsorption isotherm assumes that the
adsorption takes place at specific homogeneous sites within the
adsorbent by monolayer adsorption without any interaction
between adsorbed species. *® The linearized Langmuir equation
is represented as follows:

40

Where q. is the adsorbed amount of the dye, C. is the
equilibrium concentration of the dye in solution, q, is the
maximum amount of adsorption which complete monolayer
coverage on the adsorbent surface (mg/g), and K_ is the
Langmuir constant (L/mg) indicating the affinity for the binding
of adsorbates. The essential features of the Langmuir isotherm
can be expressed in terms of a dimensionless constant called
separation factor or equilibrium parameter (R,) which is defined
by Eq. (3).
R = 1+K1C
L"m
(3)
Where C, is the maximum initial dye concentration (mg/L). The
values of this parameter are basically classified into four groups,
indicating the shape of the isotherm, in which R>1 is
unfavourable, R ;=1 is linear, 0<R.<1 is favourable, and R;=0 is
irreversible.
The Freundlich isotherm describes a non-ideal adsorption that
takes place on heterogeneous surfaces and suggests that
adsorption is multilayer. *® This isotherm is explained by the
following equation:

S

1
logg, =logKg +;IogCe (4)

Where g, is the amount of dye adsorbed per unit of adsorbent
(mg/g), C. is the concentration of dye solution at adsorption
equilibrium (mg/L), K¢ (mg/g) and n are the Freundlich isotherm
constants relating adsorption capacity and adsorption intensity.
Higher the 1/n value more favorable is the adsorption.

The adsorption constants of CR onto AIPO-L, AIPO-L(U5), AIPO-
L(U10) and AIPO-L(U15) were calculated and listed in Table 4.
The values of the correlation coefficients (RZ) for the Langmuir
isotherm (R®> > 0.99) suggests that the aluminophosphate
samples are well fitted with this model and the R, values
obtained for all samples (0 < R, < 1) confirm the favorable
process of adsorption. Therefore, it can be concluded that, dye
adsorption on AIPO-L samples is a homogeneous and monolayer
process. The Freundlich model is less capable of describing the
adsorption equilibrium due to the lower value of R%. The

o
S

100

i:i+ 1 1 ) maximum monolayer adsorption capacity of AIPO-L for CR is
9e dm Kiapm Ce 666.67 mg/g as calculated from Langmuir model which increased
105 to 1000 mg/g for AIPO-L(U15). This clearly confirms the great
45
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* Fig. 9. Pictorial representations for adsorption of CR on AIPO samples: (a) acid-base interactions and hydrogen bonding; (b) hydrophobic interactions.
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Table 4. Isotherm parameters for adsorption of CR on aluminophosphate samples

Langmuir isotherm

Freundlich isotherm

’ Sample A . R, R? “ 1/n R?
(mg/g)  (L/mg) (mg" /g L)
AIPO-L 666.67 01613 00122 5 0.9916 440.25 0.0669  0.9692
Y AIPO-L(US) 833.33 02973 00067  0.9917 655.09 0.0524  0.9850
AIPO-L(U10) 909.09 03928 00051  0.9921 661.61 0.0626  0.9649
AIPO-L(U15) 1000.0  0.8330  0.0024 1 0.9936 755.61 0.0505  0.9735

15
potential of our mesostructure lamellar AIPO-L adsorbents for
the removal of CR molecules from wastewaters. The improved
efficiency the of the ultrasound-treated sample (AIPO-L(U15))
shows success of our thought. Table 4 shows that the Langmuir

20 K. constant increases with increasing sonication time that can
verify the formation of favorable position in the interlamellar
space of AIPO-L.

Adsorption kinetics

The adsorption kinetics provides views about adsorptive
25 interaction pathways, rate of dye removal and controls the

efficiency of the process. Among the several kinetics models, the

pseudo first-order and pseudo second-order models which are

based on chemical reactions order have been widely used. 3152

Pseudo first-order model proposed by Lagergren can be
30 expressed as follows:

9.

™ (5)

At boundary conditions t=0 to t=t and =0 to qg=q; the
integration of Eq. (6) gives:

35 In(qe —qt)= Ing.q —kqt (6)
Where g. and g, is the amount of dye adsorbed per unit of
adsorbent (mg/g) at equilibrium and at any time t, k; is the
pseudo-first order rate constant (1/min), and t is the contact
time (min). The adsorption rate constant (k;) were calculated

40 from the slope of the plot of In (q.-q;) against t.

The pseudo-second-order model is given as Eq. (7):

=kqla,—a;)

d
Bt _ (90 -, (7)

Integrating this equation for the boundary conditions (t=0 to t=t
and g=0 to g=q,), gives rearranged linear form:

75

RN S (8)

q: kzqezz de2

Where q., is theoretical equilibrium adsorption capacity and k; is
the pseudo-second order rate constant (g/mg.min). A plot of t/q;

s0 against t provides second order adsorption rate constants g
and k, values from the slopes and intercepts, respectively.

The kinetics parameters of both models for the as-synthesized
and sonicated samples are presented in Table 5. The K and qe,
values are calculated from the linear plots of t/q versus t (Fig.

ss 10). The correlation coefficients are very high for both models,
suggesting that the adsorption process may follows from both
kinetic models. However, the correlation coefficients for pseudo-
first-order are higher and the experimental g (geexp) are closer
to the calculated ge (ge,car) Values based on the first-order model.
9 Therefore, the pseudo-first order kinetic model well fitted the
experimental data. Table 5 also shows that the rate constant
increased with increasing sonication time; so that k; and k, for
AIPO-L(U15) is about 2.9 and 4.7 times faster than that of the as-
synthesized AIPO-L, respectively. Hence, it is concluded that the
95 ultrasonic treatment has had a positive impact on the capability
of AIPO-L for CR adsorption.
It should be noted that in most literature when the dye
adsorption process comply with the pseudo-second order
model, the adsorption is very fast at first, and then it is more
100 slowly due to the saturation of adsorption sites. *%3% However, in
case of AIPO-L sample most of dye molecules are adsorbed

dt
) Table 5. Kinetic parameters for adsorption of CR on aluminophosphate samples.
s
Pseudo first-order model - Pseudo second-order model
Qe, exp (M8/8)

Sample Ki(1/min) e cal (Me/g) R’ Kz (g/mg.min)  de,coi (Mg/8) R”
* AIPO-L 552.60 4.12x107 556.63 110 0.9927 4.29x10” 769.23 0.9839

AIPO-L(U5) 662.03 5.67x107 660.24 0.9992 7.20x10° 833.33 0.9932
w AIPO-L(U10) 662.30 8.68x10” 660.50 0.9991 11.43x107 833.33 0.9972

115
AIPO-L(U15) 666.30 11.86x107 665.07 0.9997 20.09x10° 769.23 0.9987

8 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 8 of 11



Page 9 of 11

25

40

45

%
S

60

RSC Advances

a

a AIPO-L
4 AIPO-L(US)
x AIPO-L(U10)
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w AIPO-L
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Fig. 10. Kinetic models for adsorption of CR onto AIPO-L samples. (a)
pseudo-first-order and (b) Pseudo-second-order rate equations.

through hydrophobic interactions in interlamellar space which
the dye removal is a relatively gradual process due to the micelle
accumulation and restriction of space. In the sonicated samples
due to expansion of space for hydrophobic interactions and also
probable involvement of electrostatic interactions the dye
adsorption process proceeded more quickly.

Conclusion

Partial elimination of the structure-directing surfactant
molecules from the ordered mesoporous aluminophsphate leads
to develop highly efficient adsorbent for the removal of congo
red from aqueous solution. The as-synthesized AIPO-L adsorb
congo red due to micellar interactions with the dye molecules.
The capacity of this adsorbent was improved by expelling out
some of the template molecules out of the pore layers.
Different amounts of the surfactant molecules were taken out of
the pores of AIPO-L using successive ultrasound irradiation of
the materials. The AIPO-L sample irradiated for 15 min shows
best result. This increase in adsorption capacity may be
attributed to the formation of the surfactant bilayers which
provide suitable conditions for establishment of both
hydrophobic and electrostatic interactions between CR and the
solid.  Longer ultrasound treatment lowered the structural
ordering of AIPO-L and was not studied further. The Langmuir
isotherm is a suitable model to describe adsorption of CR onto
AIPO-L and the modified samples. A remarkable Q.. of about
1000 mg/g was observed for AIPO-L(U15). The high loading
capacity observed for AIPO-L and for AIPO-L samples succeeded
controlled and optimized elimination of the template from it,
may leads to develop potential adsorbents for anionic species
remediation in certain applications.
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e Ultrasound irradiation alters micellar arrangement in lamellar aluminophosphate improving its
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