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Abstract

A highly stable and high-density amino group (6.54 pmol/m?) was loaded on super-hydrophobic
silica aerogel derived from pumice by the ultrasonic method and used to remove arsenate (As).
After ultrasonic amine grafting, the specific surface area did not change, as 832 m?/g of a specific
surface, a hole volume of 3.84 cm*/g, and an average hole diameter of 12.39 nm were observable.
The selected parameters were directly dependent on As adsorption (100% As removal at the pH
rate of 6.85, reaction time of 120 minutes, and initial solute concentration of 95.21 pg/L based
on multiple non-linear regression analyses). The kinetics of As adsorption was best explained
by the pseudo-first-order kinetic, which is proof of the chemical adsorption mechanism. The
heterogeneous surface with multilayer adsorption sites for As adsorption was obtained from
various isotherm models. The maximum uptake capacity of 42.2 mg/g was observed based on
the Khan model. The spent adsorbent was successfully regenerated and reused by HCI, but a
substantial reduction in adsorption capacity was detected after five regeneration-reuse cycles.
Based on the results, the ultrasonic method was found to be more effective, economical, and
environmentally friendly compared to conventional sol-gel methods for the surface amine
functionalization of silica aerogel to remove As from the aqueous solution.
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1. Introduction

High levels of surface and groundwater pollution
with arsenate (As) have been widely reported in many
countries, such as India, Bangladesh, and other parts of
the world (1). It has been estimated that more than 230
million people are globally subjected to the poisoning
level of As (2). Even at extremely low concentrations, As
is considered a serious threat to human health, such as
peel, bellows, and other types of living body cancer (3).
For this reason, WHO set 10 ug/L of As in water as the
permissible limit (4). Arsenic exists as arsenite (As(III))
and As(V) in water; among them, arsenite is 5-10 times
more toxic than As (5). Therefore, the removal of As has
received more attention among researchers. Conventional
water treatment processes, such as chemical precipitation,
advanced oxidation processes, electrochemical processes,
membrane filtration, and adsorption process, have been
tested for As removal (6). Among them, the applicability
of advanced oxidation process, membrane filtration,
chemical precipitation, and electrochemical process has
been limited due to their process complexities, energy
costs, and production of secondary sludge. Nonetheless,

adsorption is the most convenient method for the
removal of various pollutants due to its simplicity, cost-
effectiveness, environmentally friendly nature, and
frequent reusability (7). Recently, silica aerogel as a new
adsorbent has attracted more attention due to its exclusive
characteristics, such as the vast area to mass (500-1200
m?*/g), numerous porosity rates (80%-99.8%), and slight
density (~0.003 g/cm’) (8). However, the negative charge
in silica-derived materials (an isoelectric point of less
than 3.5) limited their application for capturing electron-
impaired materials, suchasinbred and cationiccompounds
(9). By organic and inorganic surface modification, one
can develop an adsorbent that can be used for capturing
anionic and cationic species in wide solution pH rates (10).
In this regard, 3-aminopropyl triethoxysilane (APTES)
has priority for surface modification of silica-derived
materials due to its fast hydrolysis nature and abilities to
render three reactive ethoxy bonds per molecule and form
polymers and oligomers that increase the adsorption of
pollutants by silica-based materials (11). Considering
that the aminopropyl bond (R-NH,) has a pK_of 10.8,
the adsorbent surface retains a positive charge up to a
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pH value of 11, which is favorable for anchoring various
organic and inorganic species (12). Considering the
unique properties of silica aerogel and amine-coated silica
aerogel, we previously reported the adsorption properties
of ibuprofen and cefixime (8, 13) by sol-gel amine
functionalized pumice-derived silica aerogel (AMPDSA).
The work seeks to demonstrate the ultrasonic method for
grafting amine on pumice-derived silica aerogel (PDSA)
due to its inexpensiveness, environmentally friendly
nature, and simplicity and use it for the adsorption of As
from an aqueous environment.

2. Materials and Methods

2.1. Chemicals

Materials were of analytical grade and used without any
refinement. Natural pumice was collected from Tikmedash
areas (East Azerbaijan, Iran). The mentioned materials
included hydrogen form resin (Amberlite@IR120), APTES
(99%), hexamethyldisilazane (HMDS, >299%), anhydrous
toluene (99.9%,>0.005% water), hydroxybenzaldehyde
(salicylaldehyde, purity>99%), and caustic soda (extra
pure). The other materials were ammonia solution (25%),
n-hexane (99%), disodium hydrogen As heptahydrate
(Na,HAsO,.7H,0) (purity>99%), and ethanol (99.9%),
all of which were obtained from Sigma-Aldrich Company
(St. Louis, MO, USA).

2.2. Synthesis of Pumice-Derived Silica Aerogel

Water glass was obtained and utilized for silica aerogel
synthesis as in our previously published works (8, 13);
however, HMDS was used instead of trimethoxymethylsilane.
The sodium silicate solution was prepared by mixing 2.50 g
of pumice in 250 mL of the 1 M hydroxide sodium solution
for 6 hours at 100 °C. After cooling to room temperature, the
suspension was filtered and employed as the silica source. To
separate the sodium ions, an equal volume of Amberlite@
IR120 resin and the prepared silicate solution was shaken
until the solution pH fell to below 3, which is evidence of
Na*replacement with H*and the formation of silicic acid.
About 50 mL of the derived silicic acid was transferred to
a 100 mL beaker, and while stirring slowly, the ammonium
solution (0.5 M) was added dropwise until a bright gel
was obtained. The gel was aged in anhydrous ethanol for
72 hours in a water bath at 60 ‘C. Then, the ethanol in gel
pores was replaced with n-hexane at ambient temperature
for 24 hours. Next, the gel was introduced to a mixture of
the HMDS/n-hexane solution (2%, v/v) to reduce capillary
stress and avoid structural contraction during standard
pressure drying. Finally, the surface-silylated gel was eluted
several times with normal hexane to remove excessive
HMDS and dried in an oven at 40 ‘C, 60 °C, 80 'C, 120 °C,
and 180 °C for 2 hours (14).

2.3. Amine Grafting on Pumice-Derived Silica Aerogel

Instead of using the conventional refluxing method, the
ultrasonic method (a simple, time-consuming, and more
effective method) was used for the grafting of amine on
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the PDSA surface. To achieve a high amine loading rate,

the effect of temperature (20°C, 40°C, and 80°C) and the

presence/absence of 10 mL tetraethylorthosilicate (TEOS)

as a co-hydrolyzer agent underwent investigation. For

this purpose, about 5.0 g of PDSA was added to 100 mL of

toluene containing 2.50 mL of APTES and then sonicated

at a frequency of 80 kHz and power of 100% by one of the

following methods for 1 hour:

e Sample 1: Adding 10 mL TEOS as the prepared
mixture sonicated at 80 'C

e Sample 2: Preparing a mixture sonicated at 80 ‘C in
the absence of TEOS

e Sample 3: Adding 10 mL TEOS as the prepared
mixture sonicated at 40 'C

e Sample 4: Using as a prepared mixture sonicated at
40 °C in the absence of TEOS

e Sample 5: Adding 10 mL TEOS as the prepared
mixture sonicated at 20 °'C

e Sample 6: Using as a prepared mixture sonicated at
20 °C in the absence of TEOS

After sonication, the samples were filtered and washed

three times with toluene and dried at 120 “C for 24 hours.

From the above list, samples with the lowest amine

release were selected, named AMPDSA, and used as the

As adsorbent.

2.4. Materials Characterization

Methylene iodide and water as the dispersive liquid
(5 uL on a 1 cm? surface) and the regular liquid,
respectively, were used to measure the surface energy and
hydrophobicity using an OCA 15 plus instrument. The
X-ray diffraction (XRD) pattern of PDSA and AMPDSA
was recorded by CuKa radiation (1.54056 A°) under 40
kV and 30 mA with a step width of 0.02° and scan rate
of 1°/s (PHILIPS, model PW-1730, Netherlands). The
morphology was studied using transmission electron
microscopy and field emission scanning electron
microscopy (FESEM) equipped with energy dispersive
X-ray spectroscopy (FESEM-TESCAN, Model MIRA
3, Czech Republic). Functional species on the surface
of natural pumice, PDSA, and AMPDSA were studied
by Fourier-transformed infrared (FTIR) spectroscopy
(Perkin Elmer-spectrum 65, the USA) in the wavenumber
range of 400-4000 cm. Nitrogen adsorption-desorption
isotherm at 77 K was collected using a BET setup (Belsorp
Mini, Japan) to determine the specific surface area
and pore size distribution (BJH). All the samples were
degassed at 150°C for 4 hours for BET tests. The Schiff
base reaction was used to investigate the amount and
bond type of grafted amine on prepared silica aerogel (15).
To this end, each sample from the above-mentioned route
was dissolved in 100 mL ethanol and stirred for 2 hours
at 500 rpm. The sample was then filtered, and 500 pL of
salicylaldehyde was added to 5 mL of the supernatant.
Amine reacted with salicylaldehyde and formed a light-
yellow color that had the maximum absorbance at 404 nm
(Shimadzu-1700, Japan). The intensity of that color was
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proportional to the released amine from the AMPDSA
adsorbent. The 209 F1 instrument with a heating rate of
10 "C/min under N, atmosphere was utilized to study the
thermogravimetric analysis of samples.

2.5. Batch Adsorption Test

Disodium hydrogen As heptahydrate was used to prepare
a stock As solution in drinking water to simulate the real
condition. The target As solution was achieved by diluting
the stock solution. Central composite design (CCD)
based on response surface methodology was employed
to identify the interactions between the variables, such as
solution pH (4.50-8.50), contact time (20-140 minutes),
and As concentration (20-120 ug/L), and optimize the
responses shaped under the influence of process variables.
All batch experiments were conducted at a constant 0.05
g/L adsorbent mass. The number of experiments was
determined using Eq. (1):

CCD=2"+2k+C, (1)

Wherekand C_are the number of parameters and center
points, respectively. Using Eq. (1), the number, order, and
removal efficiency of As based on the CCD method are
presented in Table 1. All 20 runs were executed randomly
and then analyzed using Eq. (2) as follows:

k k el
Y= 'BO + Zi:lﬁixi +Zi:lﬂiixi ZISiSjﬂifxix.f té

' ()

Where Y and K denote the dependent variable (removal
efficiency) and digit of the variables, respectively.
Moreover, i and j are the figures for patterns, and B is
the intercept term. In addition, X , X,,...,.X, represent the
coded autonomous parameters, and {3, indicates the first-
order (linear) main effect. Further, B, and p,, demonstrate
the quadratic (squared) effect and the interaction effect,
respectively, and ¢ implies the random error or allows
for discrepancies or uncertainties between predicted
and measured values. The open-source R software was
used for experimental design and model fitting. The

Table 1. Parameters of Kinetic Models

Kinetic Model Parameters 0.05 mg/L 0.1 mg/L
k, 0.060 0.070
Pseudo-first-order et 281 1971
4 o) s 9.95 19.56
g e R 0.99 0.99
RSS 1.49 3.74
K, 0.005 0.070
Pseudo-second-order et 981 1971
W o) qjm 1236 23.48
dt R? 0.99 0.99
RSS 1.62 4.15

Note. RSS: Residual sum of squares.

Grafting amine on PDSA using ultrasonic method for as adsorption

significance of independent variables in the system and
their interactions was studied by the analysis of variance.
Additionally, an a level of 0.05 was selected to identify the
statistical significance of all results. According to Table S1,
100 mL of the As solution was prepared with a defined
concentration and solution pH (adjusted using 0.1 M
NaOH or HCI solutions). Afterward, a certain amount
of the adsorbent was added to the solutions, agitated for
the desired adsorption time, and then filtered through
a 0.45 um membrane filter. At the end of each run, the
final As concentration was detected by an ICP-MASS
spectrometer (Agilent 7500 ICP-MS).

3. Results and Discussion

3.1. Material Characterization

Fig. 1 depicts the water contact angle of the prepared
silica aerogel. As expected, the prepared sample revealed
a super-hydrophobic surface of 151.4° water contact
angle, which was higher than those obtained with 10%
MTMS (143°) in our previous works (8, 13). A higher
water contact angle well demonstrates the good silylating
process of silica aerogel due to the more methyl groups in
the structure of HDMS. According to Young’s equation,
Eq. (3), the surface energy and hydrophobicity of any
matter have a straight and oblique relationship with the
water contact angle:

ysv = y/sl +}/va05'0 (3)

Where y_ and y, represent the solid-vapor and the
solid-liquid, respectively, and y, denotes the vapor-liquid
interfacial energies. The 0 parameter shows the angle of
the solid surface and water drop. Accordingly, solids with
contact angles smaller than 90° have higher surface energy,
indicating that the water droplet dispersed on the surface.
On the other hand, water droplets will make a contact
angle superior to 90° in the materials with lower surface
energy (16). Surface-free energy and hydrophobicity are
associated reversely. Therefore, materials with lower
surface-free energy will be aquaphobic, while hydrophilic
materials will have higher surface energy. Surface-free

Fig. 1. Water Contact Angle of Prepared Silica Aerogel
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energy can be calculated from Fowkes theory (17). For
this purpose, the angle of contact of completely dispersive
liquid (e.g., di-iodomethane) and frigid solvents (e.g.,
water) was obtained, and the total surface-free energy was
calculated using Eqs. (4) and (5):

7! =3.564(1+Cos6d) @)
24 =5.344(1+C0s9p) (5)

Where »¢ is the surface energies related to methylene
iodide, and y7 represents the surface energies related
to water. Moreover, 0d and Op are the angles of contact
of methylene iodide and water, respectively. The total
interfacial free energy will be the sum of Eqgs. (4) and (5).
The angle of contact of methylene iodide on silica aerogel
was 81.36°, which corresponds to 54.59 mJ/m? surface free
energy.

The Schift base reaction was conducted to investigate
the density of loaded amine and amine release rate from
prepared samples (Section 2.3). As was reported in our
previous works (8, 13), the pure 2.5% APTES (0.01M)
solution had a 3.84 maximum absorbance peak at 404
nm. According to this reaction, lower absorbance is in
accordance with the higher durability of synthesized
adsorbent in water environments and decreased released
amine in the solution. The ultraviolet-visible spectra of the
supernatant of samples 1-6 after reacting with ethanol are
shown in Fig. S1 and compared with the pure 2.5% APTES
solution. According to experimental results, the order
of released amine was as sample 1>sample 3>sample
5>sample 4>sample 6>sample 2. The maximum
absorbance value for sample 2 was 0.01, demonstrating
that only 0.026% of grafted amine was released into
the solution. Based on the results, sample 2 revealed
extremely low amine release (the maximum absorbance
of 0.01), indicating the high stability of the loaded amine
and the desirable performance of the employed grafting
method. Overall, our findings well prove that the APTES
successfully loaded on PDSA with an insignificant
percolating and high durability by the time-consuming,
simple, and inexpensive ultrasonic method. Complete
grafting of the 2.50% APTES could extend the surface
coverage of 6.54 umol/m? (18). In this regard, the grafting
method for sample 2 rendered about 6.54 micromoles
amine per square meter of PDSA surface. This high
loading value is indicative of the attached APTES to the
surface of aerogel via both ionic and covalent bonding
(19). On the other hand, in the monolayer coverage, each
APTES molecule occupies about 50 square angstroms
(3.32 umol/m?). Therefore, it could be assumed that the
multilayer APTES coverage of the PDSA occurred in our
experiments (20). This can be attributed to the fact that
the fast hydrolysis and condensation of APTES in the
polar solution decrease the activity of APTES, followed
by the agglomeration of APTES oligomers. Thus, the use
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of a non-polar solvent, such as toluene, can be helpful
(12). The second reason is the ultrasound irradiation
at elevated temperatures, which could facilitate the fast
hydrolysis of APTES, render more available ethoxy
groups, expand the PDSA pores, and penetrate APTES
molecules to the endmost attaching sites (21). Hence,
using the proposed ultrasonic method, higher amounts
of amine will be grafted on the PDSA surface than that
reported in previously published studies (18). Due to the
high amine density and stability, sample 2 was selected
and used in our future experiment.

Fig. S2 illustrates the XRD pattern of prepared samples
(PDSA and AMPDSA). Accordingly, a sharp peak at
20=27.9° of samples is related to phillipsite, a natural
zeolite present in the sample. XRD patterns with a hump
between 20=20° and 40° also indicate the amorphous
structure of both samples (14). After APTES grafting, the
pattern did not change, implying that the APTES grafting
step had no effect on phase structure (22).

Fig. 2 displays the N, adsorption-desorption curve
and hole size extension of prepared samples (PDSA and
AMPDSA). The specific surface area of 989 m?/g, hole
volume of 529 cm’/g, and average pore diameter of
21.67 nm were recorded for PDSA. In agreement with
the International Union of Pure and Applied Chemistry
guidelines, a type IV isotherm pattern with H3 hysteresis
loops was observed, which is a common specification of
mesoporous adsorbents having notch-shaped holes or
disc-like particles. The pore size distribution of PDSA
varied between 1 nm and 100 nm, with a peak at 22 nm,
which further demonstrates the mesoporous structure
of the sample (23). In addition, the desorption isotherm
did not reach zero and stayed continually at p/p =0.3.
This may be due to the trapped nitrogen in aerogel pores
(24). A specific surface of 832 m?/g, a hole volume of
3.84 cm?®/g, and an average pore diameter of 12.39 nm
were detected after amine grafting. These reductions
are due to the filling of AMPDSA pores with the APTES
molecules (12). No additional change was observed in
the adsorption-desorption isotherm and hysteresis loops
of AMPDSA, indicating that ultrasonic grafting did not
result in any gas adsorption behavior. On the other hand,
the presence of hysteresis loops in both samples revealed
that capillary pucker happening in the mesoporous
of the samples resulted in the finite uptake of gas at a
relatively high pressure (22). Furthermore, the presence
of point B demonstrated infinite multilayer-monolayer
adsorption, at which monolayer adsorption was finished
but multilayer adsorption was initiated (14).

Fig. 3 depicts the FESEM, TEM, and mapping of prepared
samples (PDSA and AMPDSA). The textural properties of
PDSA and sol-gel prepared AMPDSA were well described
in our previous works (8, 13). Similarly, more sphere-like
morphology with an average diameter of less than 25 nm
and any aggregation was observed in the present work
due to the well surface treatment and more methyl groups
of HMDS, preventing pucker and aggregation (Fig. 3A).
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Fig. 2. Nitrogen Adsorption-Desorption Isotherm of PDSA (A) and AMPDSA (B). Note. PDSA: Pumice-derived silica aerogel; AMPDSA: Amine-functionalized

pumice-derived silica aerogel

Fig. 3B shows the surface morphology of ultrasonic-assisted
amine-grafted PDSA. As expected, the morphology of the
modified PDSA did not change under 80 kHz frequency
and 100% power. Despite the slight reduction in specific
surface (Fig. 2B), sonication led to more bridge formation
between the aerogel spinal column and APTES groups (3).
Figs. 3C and 3D depict the TEM of PDSA and AMPDSA.
The TEM image displays the more specified pearl-like
structure for PDSA, which is stated for water glass-based
aerogel (Fig. 3C). Subsequently, more agglomeration and
heterogeneity were observed for AMPDSA (Fig. 3D).
Figs. 3E and 3F illustrate the mapping of PDSA and
AMPDSA, respectively. The presence of nitrogen was well
demonstrated in the structure of AMPDSA, confirming
the ultrasonic grafting method.

The FTIR spectrum of PDSA and AMDPSA is shown in
Fig. $3. According to the results, the PDSA had characteristic
peaks at the wavenumbers of 775.24 cm™, 1079.08 cm™,
1276.64 cm™, and 2900-3000 cm™'. The peaks at 775.24 cm™*
and 1276.64 cm™ can be related to Si-CH, groups of HMDS
on the PDSA surface (3). In addition, the characteristic peak
at 1079.08 cm™ can be assigned to the symmetric bending of
the Si-O-Si groups. Moreover, the narrow and weak peaks
observed at 2900-3000 cm™ are attributed to the Si-OH and
Si-H,O groups and the physisorbed water molecules on the
surface of the silica-based aerogel (9). After APTES grafting,
various characteristic peaks were detected, which can be
related to the stretching and binding vibration of aliphatic
carbon and amine groups in the structure of loaded APTES.
The peak at 461.39 cm™ is due to the symmetric stretching
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Fig. 3. FESEM of PDSA (A), AMPDSA (B), TEM of PDSA (C), AMPDSA (D), Mapping of PDSA (E), and AMPDSA (F). Note. FESEM: Field emission scanning electron
microscopy; PDSA: Pumice-derived silica aerogel; AMPDSA: Amine functionalized pumice-derived silica aerogel; TEM: Transmission electron microscopy

vibration of the Si-O-Si groups. A sharp peak appeared at
1043.10 cm™, which can be attributed to the unhydrolyzed
ethoxy (-OCH, CH,) groups of APTES molecules (10).
A narrow peak that appeared at 1632.77 cm™ is due to a
symmetric vibration of the NH, groups in the APTES
structure. Additionally, the peaks developed at 2352.72
cm” in PDSA and AMPDSA samples are due to the Si-H
stretching vibrations (11). A wide and relatively sharp peak
at 3433.52 cm™ can be specified for the N-H stretch of
amino groups (15).

3.2. Arsenate Adsorption Modeling

Table S1 provides the predicted and experimental data
with percent errors of responses for all batch experiments
as well as with definite residuals. By fitting the designed

parameters and the responses given in Table S1 onto
multiple non-linear regression analyses, the second-order
polynomial equations in un-coded form (real values)
were obtained for modeling As adsorption using Eq. (6)
as follows:

R =-241.67+0.9959A +5.44B+19.39C-5.73AB

~16.76AC—5.32BC-20.734° ~8.94B° -18.73C*>  (6)

The analysis of variance was performed to test the
significance of the fit of the second-order polynomial
equation on adsorption data, the results of which are
listed in Table S2. The analysis of the variance of the
regression models well confirmed the high significance of
quadratic models, as was obvious from the Fisher F-test
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conducted (F=72.91) with a very small P value (P<0.05). As adsorption capacity increased with increasing contact
In addition, the model, which was not remarkable based time and the initial As concentration. This phenomenon
on a lack of fit (11.23>0.05), well demonstrated the good is most presumably due to the development of the
fitness of the model. running force gradient from the liquid toward the surface

The residuals between predicted and experimental adsorbent to prevail over the mass transfer resistance at
values were extremely small, which is evident from the higher As concentrations and more available adoption
good compromise between predicted and observed sites at higher adsorbent mass (1). On the other hand,
values, as well as the points raceme around the oblique As adsorption increased with increasing solution pH
line (Fig. S4). from 4.5 to about 7 and then decreased by increasing

To better describe the concepts of independent variables pH to 8.5. As reported in our previous works (8, 13),
(A, B, and C) and their interactions (A vs. B, A vs. C,and B the pure surface charge of the AMPDSA was positive at
vs. C) on dependent variables (Y = As removal efficiency), pH below 7.4 and negative at pH above 7.4 according to
2D and 3D plots for the computed responses were also pH, . On the other hand, As(V) was in the anionic form
developed based on uncoded equations (Eq. 6). The (H ,AsO, and HASOf") at pH below 6.97. Therefore,
results are depicted in Figs. 4 to 6. As shown, all studied electrostatic interaction between the anionic species of
values demonstrated a significant effect on As removal. As and the positive surface of AMPDSA was responsible

Contact time (min)
Removal (%)

80.00

Contact time (min)  s0.00

20,00 45.00 T0.00 95.00 120,00

As concentration (ug/L)

Fig. 4. Two-Dimensional and Three-Dimensional Response Surface Diagrams Showing the Effects of Contact Time and Initial Arsenate Concentration ata pH Rate of 6.5

a3
7575
58.5

[58.2828] [47 0235
41.25

As concentration (pg/L)
Removal (%)

120.00 ~ a0

70.00
As concentration (Hg/L) 4500

550
550 Solution pH

450 550 650 750 850

Solution pH

2000 450

Fig. 5. Two-Dimensional and Three-Dimensional Response Surface Diagrams Displaying the Effects of Solution pH and Initial Arsenate Concentration at the
80-Minute Reaction Time
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for As adsorption (2). According to the used model and
optimization of variables in Solver Add-Ins, complete
removal of As (100%) was obtained at 120 minutes of
contact time, an initial As concentration of 95.21 ug/L,
and a solution pH rate of 6.85.

3.3. Kinetic Modeling of Arsenate Adsorption

The non-linear form of pseudo-first-order (25) and
pseudo-second-order (26) kinetic models were used
for better understanding the retention behavior of
AMPDSA, the results of which are summarized in
Table 1. As uptake rate was rapid in the first 30 minutes
and reached equilibrium in 120 minutes (Fig. 7). The
higher adsorption rate at the initial stage is mostly due to
the strong electrostatic attraction between anionic species

Contact time (min)

550

6.50

Solution pH

750

Removal (%)

of As and the positive surface of AMPDSA, enhancing the
formation of an inner coordination sphere. However, the
two models demonstrated a higher correlation coefficient,
while the pseudo-first-order model showed a lower
residual sum of squares (RSS) value (Table 1). In addition,
the closeness of experimental and calculated equilibrium
values is another evidence that adsorption uptake obeys
the pseudo-first-order model. Accordingly, chemical
adsorption is most likely responsible for the retention of
As(V) on the adsorption site of AMPDSA (27).

3.4. Isotherm of Arsenate Adsorption

The adsorption type and the relationship between As and
the adsorbent were studied with the non-linear form of
various two- and three-variable isotherm models. The

Solution pH

Fig. 6. Two-Dimensional and Three-Dimensional Response Surface Diagrams Depicting the Effects of Solution pH and Reaction Time at the 70 pg/L Arsenate Concentration
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Fig. 7. Fitting of Equilibrium Data Onto Pseudo-First-Order and Pseudo-Second-Order Kinetic Models
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resultsareillustratedin Figs. 8and 9,and related parameters
are listed in Tables 2 and 3. All studied isotherm models
were best fitted onto equilibrium data; however, a higher
correlation coefficient with related lower RSS was observed
for the Khan equation, which is a blend of Langmuir
and Freundlich equations. It is helpful for explaining
multi- and single-ingredient adsorption environments
(28). Therefore, this model suggests monolayer and
multilayer adsorption of As(V) on the heterogeneous
surface of the AMPDSA by physical or chemical sorption
(27). According to the Temkin equation, a high value of

30 o

Grafting amine on PDSA using ultrasonic method for as adsorption

adsorption heat (b,) and equilibrium binding constant
(k,) represents fast endothermic adsorption of As at the
initial stage and the strong bonding of the solute onto
the medium. The equilibrium data were fitted with the
Dubinin-Radushkevich model to investigate whether
As uptake was controlled by a physical or chemical
process. The parameter k_(mol’/kJ?) is the average free
energy of adsorption per mole of the solute. The value
lower than 8 (kJ/mol) demonstrates physical adsorption.
The calculated k , parameter was 1.58, suggesting that
physiosorption predominantly controlled As uptake.
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However, the lower correlation coefficient value for this
model indicates that such physical forces during sorption
at such As concentrations have a slight effect (29). The

Table 2. Parameters of Two-Parameter Isotherm Models

Isotherm Model Isotherm Parameters

Freundlich K, n R2 RSS
_ 1/n
q.=K,C, 22.52 3.00 0.99 3.40
Langmuir a. B R RSS
g - 4,bC,
¢ 1+5C, 39.42 4.20 0.99 4.10
Temkin
o B, A, R2 RSS
q,=| — xln(k,Ce)
b, 5.80 53.11 0.99 4.50
Dubinin-Radushkevich Q. K, R RSS
(~Kus®)
9. = (qS )e 26.02 0.20 0.95 9.27
Jovanovich
q K. R? RSS
o b i
de =K,Ce
q, 35.26 3.48 0.96 17.82

Note. RSS: Residual sum of squares.

Table 3. Parameters of Three-Parameter Isotherm Models

Isotherm Model Isotherm Parameters

Khan q,

b 8 R? RSS

©(1+5C)" 4220 2025 075 099 041

Redlich-Peterson K, b, g R? RSS
_ KwC.
q.= 1 g

+p,CS 29420 11.80 077 099 050

Note. RSS: Residual sum of squares.
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Jovanovich model was fitted to the equilibrium data to
confirm that adsorption holes increase exponentially with
the adsorption of solute, which is evidence of multilayer
adsorption. The heterogeneous surface of the AMPDSA
and multilayer adsorption can thus be derived according
to this model (30). In addition to the Khan equation,
the Redlich-Peterson model shows a higher correlation
coefficient but lower RSS. This model incorporates
elements from the Freundlich and Langmuir equations
and recompenses the errors. According to this model,
the adsorption mechanism is hybrid, and therefore, it
varies from the real monolayer adsorption (31). The
multilayer sorption of As onto the AMPDSA adsorbent is
well demonstrated based on this model. In summary, the
correlation of the equilibrium data onto various isotherm
modes suggests the heterogeneous surface of AMPDSA
with multilayer adsorption sites for retaining As species.

3.5. Fourier-Transformed Infrared After Adsorption

Fig. 10 displays the FTIR of the adsorbent after As
adsorption in optimal conditions. As shown, new peaks
have appeared on the adsorbent after the adsorption of
As. A broad pattern at 3880.60 cm™, 2923.55 cm’, and
2852.20 cm™ can be assigned to a decrement in symmetric
stretching and asymmetric modes of CH, groups in the
structure of amino groups after As adsorption (2). A new
peak at 1091.51 cm™ and 798.38 cm™! corresponds to As-O
and As=0 bonds, respectively (1).

3.6 Regeneration of the Spent Adsorbent

The spent adsorbent from the optimal removal condition
(a pH value of 6.85, a reaction time of 120 minutes, and
the initial As concentration of 95.21 pg/L) was extracted
and regenerated from the economical point and stability

163341
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Wavenumber, cm™

Fig. 10. FTIR Spectra of AMPDSA After Arsenate Adsorption at Optimal Conditions.” Note. FTIR: Fourier-transformed infrared; AMPDSA: Amine-functionalized
pumice-derived silica aerogel. "A pH value of 6.85, reaction time of 120 minutes, and initial arsenate concentration of 95.21 pg/L
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of the adsorbent using 1 M HCI. After nine adsorption- adsorption capacity during nine adsorption-regeneration
regeneration cycles, the adsorption susceptibility of cycles, the adsorption-desorption isotherm, and the
AMPDSA declined by 63%. Fig. 11 shows the trend of FESEM of the spent adsorbent. During the first four cycles,
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the adsorption capacity was reduced by 14%, and then a
remarkable reduction (49%) was observed from cycle 5
to cycle 9 (Fig. 11A). The characteristic surface area, hole
volume, and average pore diameter declined to 572.64
m?/g, 0.74 cm’/g, and the average hole diameter of 5.19
nm, respectively (Fig. 11B). In addition, the FESEM of the
spent adsorbent (Fig. 11C) revealed a relatively smooth
surface with clogged space between aerogel structures.
The desorption of adsorbed As may be due to the complete
protonation of donating nitrogen heteroatoms of binding
sites on the surface of the adsorbent (32). The decrease in
the specific surface area and clogging of the silica aerogel
particle is mainly due to the compression of the adsorbent
during several adsorption-regeneration cycles, trapping
of sodium ions from HCl in the structure of aerogel, and
destruction of the aerogel pore channel (33, 34).

4. Conclusion

In this work, super-hydrophobic silica aerogel with a water
contact angle of 151.4° was synthesized from pumice-
derived water glass and amine grafted with ultrasonic
aid to remove As(V) from the aqueous solution. Various
characterization methods confirmed the formation of
a well-defined silica aerogel structure. The ultrasonic
method was found to be more effective, economic, and
environmentally friendly than conventional sol-gel
methods for surface amine functionalization of the silica
aerogel. Box-Benkin surface response methodology was
used for modeling the batch As adsorption. Multiple non-
linear regression analyses confirmed that the selected
parameters had a direct influence on As uptake. Based on
this finding, the optimum conditions of three variables
were computed as a pH value of 6.85, a reaction time
of 120 minutes, and an initial As concentration of 95.21
ug/L. Further, the associated removal efficiency value was
determined to be about 100%. The pseudo-first-order
equation could successfully describe the kinetic of As
adsorption on the prepared adsorbent, which is evidence
of chemical adsorption. According to kinetic models, As
uptake was fast at the initial stage and attained equilibrium
in 120 minutes. Equilibrium data were analyzed by various
isotherm equations with higher fitness and lower RSS
with the Khan and Redlich-Peterson isotherm models.
Accordingly, the maximum uptake capacity was 42.2 mg/g
with a heterogeneous surface for multilayer adsorption
sited for retaining As species. The spent adsorbent
was successfully regenerated and reused by HCI, but a
substantial reduction in adsorption capacity was observed
after five regeneration-reuse cycles. Eventually, the results
demonstrated that the ultrasonic method can easily
introduce high-density amino groups to the silica aerogel
surface, which can be used as a potential adsorbent for As
adsorption from aqueous media and wastewater.
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