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ABSTRACT

Amino, di-amino, and tri-amino groups functionalized mesoporous silica (N-SBA-15, 2 N-
SBA-15, and 3 N-SBA-15) were synthesized using reed ash as silica source. Batch experi-
ments were conducted to investigate the impact of contact time, adsorbent dosage, solution
pH, temperature, and concentration of Pb(Il) ions onto SBA-15, N-SBA-15, 2 N-SBA-15, and
3N-SBA-15. The results revealed that the overall adsorption process well fitted the pseudo-
second-order kinetic model. The maximum adsorption capacity of N-SBA-15, 2N-SBA-15,
and 3N-SBA-15 for Pb(Il) was 108.16, 102.77, and 93.65mg/g at 298 K, respectively. The
adsorption capacities increased with the increase in temperatures and with the decrease in
soluble salt concentrations. Thermodynamics analysis showed that the adsorptions of Pb(II)
were feasible, spontaneous, and exothermic in nature. The capacity of the modified SBA-15
did not lose significantly after six adsorption—desorption cycles. The Pb(II) adsorption pro-
cess was dominated by chemical adsorption process. The results suggested that reed ash
was an ideal silica source to prepare N-SBA-15, 2N-SBA-15, and 3 N-SBA-15 for the
removal of Pb(I) ions from aqueous solutions.
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1. Introduction

Lead (Pb) had been regarded as one of the most
hazardous substances in drinking water, which could
cause many diseases and damages to human health

*Corresponding authors.

[1]. Therefore, effective removal of lead ions (Pb(II))
from water has been a vital issue [2]. Conventional
processes, such as electrochemical treatments [1],
adsorption [3], chemical precipitation [4], ion exchange
[5], and membrane filtration [6], have been widely
studied for the removal of Pb(l) from aqueous
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solutions. Among these methods, adsorption is consid-
ered to be highly efficient, environmental friendly,
and cost-effective [7]. The widely used adsorbent was
activated carbon. However, activated carbon showed
high cost of preparation and regeneration which
would limit its practical applications for water treat-
ment [7]. To solve this problem, the development of
more efficient, highly selective, and inexpensive adsor-
bents is urgently required.

SBA-15 is a kind of periodic mesoporous silica,
which had been reported to be a suitable adsorbent
for heavy metal ions removal from water due to the
unique properties such as well-defined pore size and
shape, large surface area, and uniform distribution of
functional groups (—-NH,, —SH, —S—, etc.) on the pore
surfaces [8]. For example, the widely studied sulfur-
containing functional groups modified SBA-15 that
exhibited good selectivity to Hg* ion in aqueous solu-
tions [8]. However, the silica source supply was very
critical for the preparation of periodic mesoporous sil-
ica. Large-scale manufacture of mesoporous silica was
difficult due to the very high cost and toxicity of both
the templates and the variety of silica sources includ-
ing sodium silicate, fumed silica, and silicon tetraeth-
oxide [9]. Silica, in most plants (mainly Poaceae,
Cyperaceae, and so on), is amorphous [10], which could
be transformed to crystalline (cristobalite) by a sinter-
ing process. Generally, plant residues, such as rice
husk, contained crystalline silica particulates after
burnt [11]. Crystalline silica particulates from plant
residues have been sorted as “Group 1” hazardous
compound by International Agency for Research on
Cancer [9]. Therefore, the silica in plant ash (~94%)
was an alternative cheap amorphous silica source for
the synthesis of silicon-based materials [12]. Recently,
the use of the agricultural waste, like sedge, rice husk,
and fly ash from rice milling and coal combustion, has
been proved to be potential silica sources for the
preparation of mesoporous silica such as SBA-15 [9],
ZSM-5[12], SBA-16 [13], MCM-41 [14,15], and MCM-48
[16]. And tris (2-aminoethyl) amine-grafted MCM-48
generated from rice husk ash showed maximum CO,
adsorption of 70mg/g adsorbent [9], while tetrabutyl-
ammonium bromide-modified ZSM-5 zeolites synthe-
sized from rice husk ash exhibited better Pb(II)
adsorption capacity [12].

Common reed (Phragmites australis), a silicon-rich
perennial vascular grass, is widespread in the world.
Due to its fast growth rate and good resistance to
flood and salinity, reed often grows in many aquatic
ecosystems as the dominant inhabitants [17]. It is not
normally cultivated, but for centuries, it has been
harvested in the wild as a raw material for handicrafts
or firewood [18]. However, reed ash used as an
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alternative cheap silica source for the preparation of
silica-based materials as a promising adsorbent in
environmental application remains to be explored.

In the present study, periodic mesoporous silica
SBA-15 was prepared from reed ash. The synthesized
SBA-15 was characterized by TEM, XRD, FTIR, XPS,
and N, adsorption—desorption. The adsorption perfor-
mances of the resultant SBA-15 and amino-modified
SBA-15 (N-SBA-15, 2 N-SBA-15, and 3 N-SBA-15) were
investigated.

2. Materials and methods
2.1. Reagents and materials

Chemicals including 3-aminopropyltriethoxysilane
(APTES, 298.0%), N-[3-(trimethoxysilyl) -propylethyl-
ene] diamine (TPED), trimethoxysilyl-propyl-diethyl-
enetriamine (TPDT), and block copolymer surfactant
EO20PO70EOQ20 (Pluronic P123, BASF) (Mav =5800)
were all purchased from Sigma-Aldrich (USA). Pb(II)
stock solution (1,000mg/L), NaOH, HCI, EDTA,
NaNO;, and toluene were obtained from Xilong
Chemical Co., Ltd. (China). Toluene was distilled and
dried before use. All the glassware and plastic centri-
fuge tube were soaked in 1mol/L HNO; overnight
and cleaned with deionized water before use. All
chemicals reagents were of analytical grade.

Reed was harvested from the wetland near the
Weihe River in Yangling, China. After peeling the
plumes, the leaves, and leaf sheaths, the reed stem
was cut into small pieces (~10 cm). The small pieces
were ultrasonically cleaned for 15min with tap water
and then rinsed three times with distilled water.

2.2. Sample preparation

Small pieces of reed stem were dried at 348K for
48 h before sintering. The sintering was carried out at
973K for 24h in a laboratory muffle. The white ash
was collected for the preparation of SBA-15. The ash
contained was 133.4 g/kg dry biomass, and the ash
samples contained 61.23 g/kg silica, 11.73 g/kg potas-
sium, 29.82 g/kg sodium, 8.28 mg/kg magnesium, and
1.60 g/kg calcium. Sodium silicate solutions were pre-
pared by dissolving 20g ash in 4mol/L NaOH, fol-
lowed by a refluxing process at 363K for 24 h. Solid
sodium silicate was precipitated by introducing con-
centrated HCI (~35%) into the sodium silicate solution.
The precipitate was filtered by 0.5 pm membrane filter
and washed with distilled water to remove chloride
ions. The precipitate was dried in an oven at 393 K for
6h. SBA-15 was prepared following the procedures
described by Jullaphan et al. [19], which was
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Fig. 1. Schematic diagram for the preparation of the
amino- functionalized SBA-15.

represented in Fig. 1. Briefly, 4g block copolymer
P123 was dissolved in 60 mL distilled water at room
temperature. 12 g sodium silicate derived from reed
ash was slowly added to the solution and stirred for
2 h at 318 K. Then, 20 mL concentrated HCI was added
to the mixture and kept stirring for 2h. The mixture
was then aged in a sealed Teflon autoclave at 373K
for 48h under static conditions. The mixture was
cooled at room temperature. The white solid product
was filtered from the mixture, washed with distilled
water for the removal of redundant P123, and then
dried at 378 K for 2h. The SBA-15 was obtained by
calcining the dried solid in air at 823 K for 6 h. Before
modification, the SBA-15 was activated in a vacuum
oven for 12h at approximately 423 K. N-SBA-15, 2 N-
SBA-15, and 3N-SBA-15 were achieved by grafting
the functional groups (amino, di-amino, and tri-amino
groups in this case) to the pore surfaces of SBA-15 by
refluxing the mixture of 1g SBA-15 in 60 mL of dry
toluene with 0.3g APTES, in 60mL of dry toluene
with 0.3g TPED, and in 60mL of dry toluene with
0.3g TPDT in nitrogen for 24h, respectively. The
resulting N-SBA-15, 2N-SBA-15, and 3 N-SBA-15
were collected by filtration and washed with dried tol-
uene thoroughly, and then dried in vacuum at 353 K.
The dried materials were quickly ground and dried in
vacuum at 353K for 4h before storing in a static
vacuum drier.

2.3. Characterizations

Infrared spectra of raw SBA-15 and modified SBA-
15 were collected using a Tensor 27 Fourier transform
infrared (FTIR) spectrometer (Bruker, Germany). X-ray
diffraction (XRD) measurements were carried out
using the Cu Ko radiation with a wavelength of 1.54 A
in the range of 0.5-8" on a Philips X'Pert MPDPW
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3050 X-ray diffraction meter (PANalytical B.V.,
Netherlands). C, H, and N contents were determined
by a CE 440 elements analyzer (Agilent, US). XPS
(X-ray photoelectron spectroscopy) was performed on
an AXIS Ultra DLD X-ray photoelectron spectropho-
tometer (Kratos, England) with an MgK X-ray source
(1253.6 eV of photons). Binding energies of the spectra
were calibrated by the C 1s peak at 285.0 eV. Nitrogen
adsorption/desorption isotherms at 77 K were mea-
sured on a TriStar 3000 instrument (Micromeritics,
US). Specific surface areas were calculated with the
BET (Brunauer-Emmet-Teller) methods. The pore size
distribution (PSD) curves were calculated using the
Barrett-Joyner-Halenda (BJH) method and the average
pore sizes were obtained from the peak positions of
the PSD curves. The leachability of the N-SBA-15,
2N-SBA-15, and 3 N-SBA-15 was investigated by soak-
ing 0.1g modified SBA-15 sample into 40mL of
1 mol/L HCI solution in a sealed flask at 333 K for 8,
respectively. The total organic carbon contents in
supernatants were measured with a Shimadzu TOC-
VCPH analyzer. And the thermostabilities of the
amino-modified SBA-15 samples were measured by
thermogravimetric analysis (Q500, TA Instruments,
US). Transmission electron microscopy (TEM) images
were recorded on H-9500 (Phenomenex, US) electron
microscope at 160kV. The zeta potential of each
sample was measured using a Zeta potential analyzer
(Zetasizernano ZS90, England).

2.4. Batch adsorption tests

Batch adsorption tests were conducted to examine
the performances of amino-modified SBA-15 for the
removal of Pb(Il) from aqueous solutions. The contact
time of 4h was adopted throughout the equilibrium
tests according to our preliminary tests. In a typical
test, 25 mg of modified SBA-15 was added to a plastic
centrifuge tube containing 40 mL of 5-400 mg/L Pb(II)
solution. pH of the solutions were adjusted with 0.1
mol/L HNO; and NaOH from 1.03 to 5.48. The
adsorption temperatures were set at given tempera-
tures (298, 303, 308, and 318 K). After equilibrium, the
samples were filtrated through a 0.10 pm membrane
filter. The concentrations of Pb(Il) in the filtrates were
analyzed with ICP-MS (Agilent 7700, Agilent technol-
ogies, US). All the tests were repeated three times.
The adsorption capacity (g, mg/g) of amino-modified
SBA-15 for Pb(Il) was calculated by Eq. (1).

e = W 1
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where C; is the concentration of Pb(Il) before adsorp-
tion (mg/L), C. is the equilibrium concentration of Pb
(II) after adsorption (mg/L), V is the volume of solu-
tion (L), and m is the mass (g) of the adsorbent.

2.5. Kinetics

Kinetics studies were performed at 298 K. Two kinetic
models (the pseudo-first-order (Eq. (2)) and the pseudo-
second-order (Eq. (3)) [20]) were applied to the adsorp-
tion data to better understand the effects of amino-modi-
fied SBA-15 and time on the adsorption process.

= logg. —k—lt ?2)

t 1 t
5:@4‘% (3)

where g. and g (mg/g) are, respectively, the solid-
phase-concentrations of metal adsorbed on the adsor-
bent at equilibrium and any time t; k; (min™') and
k> (g/mgmin) are the pseudo-first-order and pseudo-
second-order adsorption rate constants, respectively.

2.6. Adsorption isotherms

Adsorption capacities of amino-modified SBA-15
for Pb(Il) were examined at four different tempera-
tures (298, 303, 308, and 318 K) at pH 4.26. The experi-
mental data were treated with the Langmuir (Eq. (4))
and Freundlich (Eq. (5)) models [21].

C 1 C
4= 4)
qe KL Qm
1
logge = log Kp + Elog Ce ®)

where C, is the equilibrium concentration of Pb(Il) in
the solution (mg/L), g. is the adsorption capacity of
Pb(l) at equilibrium (mg/g), gm is the maximum
adsorption capacity of Pb(l), mg/g, K. (L/mol) is a
Langmuir binding constant related to the energy of
adsorption, and Kr and 7 are the Freundlich empirical
constants.

Ky, values derived from the Langmuir modeling of
isotherm data were used to estimate the thermody-
namic parameters of changes in enthalpy (AH"),
entropy (AS°), and free energy (AG®) according to the
following equations [22]:

AG® = —RT In K. (6)

AH® = RT,T1/(T> — T1) In Ki2/Kp (7)
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AS® = AH® — AG®/T (8)

where R is the universal gas constant (8.314]/mol K),
T is the absolute temperature (K), and K, is expressed
in L/mol.

2.7. Fixed-bed column adsorption and regeneration test

The adsorption efficiency and reusability of the
modified SBA-15 was conducted by using fixed-bed
glass column. A solution containing 25mg/L Pb(II)
(Co) at optimum pH was pumped upward through
the column with a bed height of 12cm and an inert
diameter of 6 mm. The influent flow rate was 0.4
mL/min. Samples of the column effluent were col-
lected and analyzed for the concentration of Pb(I).
After breakthrough, the Pb(I)-loaded porous media
column was gently washed threetimes with distilled
water to remove unadsorbed Pb(IlI). And then, 5mL
of different desorbents, ethylendiamine tetraacetic
acid (EDTA), HCl, and NaNO; was injected into the
column upward at an influent flow rate 0.4 mL/min,
respectively. Samples of the column effluent were
collected and the Pb(II) concentrations in the effluent
(Cetr) were analyzed after all the desorbents drained
out from the columns. To test the reusability of the
modified SBA-15, the adsorption—desorption cycles
were repeated for six times using the same affinity
adsorbent.

3. Results and discussion
3.1. Characterization

A typical image of the morphology of the SBA-15
was exhibited in Fig. 2(a) and 2(b). It can be seen
that the SBA-15 particles have a mean diameter of
~1,000 nm, which shows many honeycomb domains
with relatively uniform size of channels in the SBA-15,
which is in good agreement with the SBA-15 morphol-
ogy presented in previous reports [23].

The nitrogen adsorption—desorption isotherms of
the SBA-15 samples showed a type-IV isotherm with
an obvious Hl1-type hysteresis loops, which represent
a mesoporous cylindrical structure (Fig. 2(c)). The pore
diameters (Dgjy), the BET surface area (Sggr), and the
total pore volumes (Vi) of the calcined SBA-15 sam-
ple together with the amino-modified SBA-15 samples
were summarized in Table 1. In comparison with
SBA-15, decrease in the Dgjpy, Sprr, and Vi values is
observed for N-SBA-15, 2 N-SBA-15, and 3 N-SBA-15
due to functional groups inside the channels of SBA-
15 [24].



1558 R. Li et al. | Desalination and Water Treatment 55 (2015) 1554-1566

(€) 1000 ———sBA1s

600

400

200 -

N, adsorption amount (cm®g)

(=]

200 nm
(d)
—e—N-SBA-15
800 - —=—2N-SBA-15 -
—a—3N-SBA-15 3
z
w
S 3N-SBA-15
=
@ 2N-SBA-15
=
5 N-SBA-15
SBA-15
0.0 0.2 0.4 0.6 0.8 1.0 1 3 4 5 6 7
PiPy 2 Theta (Degrees)
()

(e) 100

Weight loss (%)

70

0 200

400

600 800 1000

Temperature (°C)

Transmittance (%)

N-SBA-15

4000

3000 2000

Wavenumbers {cm‘1}

1000

Fig. 2. Characterization of adsorbents. (a) and (b) Transmission electron micrographs of SBA-15, (c) nitrogen adsorption-—
desorption isotherms, (d) small-angle X-ray scattering pattern patterns, (e) thermogravimetric analysis of modified SBA-
15, and (f) FTIR spectrum of modified SBA-15.

Table 1
Physicochemical property of the amino-modified SBA-15 samples

SBET Viotal N content H content C content
Samples (m?/g) (em®/g) Dgjy; (nm) (mmol/g) (mmol/g) (mmol/g) pH zpc
SBA-15 893 1.27 9.43 - - - 2.98
N-SBA-15 741 1.06 9.02 1.33 26.49 6.62 4.43
2N-SBA-15 548 0.83 7.43 2.54 24.61 7.87 9.31
3N-SBA-15 172 0.56 4.76 3.03 27.83 10.03 9.83
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The low-angle XRD spectra for SBA-15, N-SBA-15,
2N-5BA-15, and 3N-SBA-15 are shown in Fig. 2(d).
All the synthesized adsorbents exhibited a single
strong peak (100) on their XRD pattern followed by
two additional peaks (110, 200), which could be
indexed on a hexagonal lattice [25]; the grafting of
functionalized amino groups onto the surface of the
mesoporous channels of SBA-15 did not seriously per-
turb the overall ordered structure of the mesoporous
silica [23]. The intensities of the XRD peaks for amino-
modified SBA-15 were lower than those of SBA-15,
which was probably caused by the channels filling in
the SBA-15 or the anchoring ligands on the outer sur-
face of SBA-15 [26].

The thermogravimetric analysis (TG) curves of the
pure SBA-15 silica sample, N-SBA-15, 2 N-SBA-15, and
3N-SBA-15 samples are shown in Fig. 2(e), respec-
tively. The TG curves of the samples indicate a signifi-
cant weight loss, which starts with the increase in the
temperature. The weight loss observed below 150°C in
representative samples is associated with water
desorption. The weight loss between 150 and 600 C is
due to the dehydroxylation of the silicate networks
[26]. Compared with ~9% weigh loss of the SBA-15
sorbent recorded during heating from the room tem-
perature to 1,000 C, the N-SBA-15, 2 N-SBA-15, and 3
N-SBA-15 samples exhibit weigh losses of 15.8, 18.6,
and 25.3%, respectively. The larger weigh loss in 3 N-
SBA-15 sample means that more amino groups were
introduced into SBA-15, which could be found in
Table 1.

FTIR was used to identify the incorporation of
amino groups in the silicate frameworks. The FTIR
spectra of SBA-15, N-SBA-15, 2N-SBA-15, and 3 N-
SBA-15 are shown in Fig. 2(f). The typical Si-O-Si
vibration bands at 460, 810, and 1,090 cm ™! present in
all samples were attributed to the condensed silica
network [24]. A strong absorption band at ~3,433 cm™'
was attributed to the -OH stretching vibrations of sila-
nol groups [27]. The stretching bands at 2,870-2,940
cm™' were attributed to asymmetric and symmetric
C-H stretching in the organic carbon chain [28]. The
FTIR spectra of modified SBA-15 showed that -NH
functional groups were successfully grafted on SBA-15
after surface modification, which was identified by the
presence of both the weak N-H stretching bands at
798 cm ™" and the strong peaks of the -NH, group at
1,558 cm ™" [29].

3.2. Effect of pH on Pb(II) adsorption

The pH of solutions was known as one of the most
important parameters affecting the adsorption of
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heavy metal ions. It influences the protonation of the
functional groups on the adsorbents, as well as the
solution chemistry of the heavy metal ions [30].
Adsorption curves of Pb(Il) on SBA-15 and modified
SBA-15 at different pH are shown in Fig. 3(a). From
Fig. 3(a), it was evident that the removal rate of the
unmodified SBA-15 for Pb(Il) was less than 6%, and
the removal rate of the modified SBA-15 for Pb(II)
increased sharply from less than 10% at pH 1.03 to
96.6, 95.1, and 92.6% at pH 4 for N-SBA-15, 2 N-SBA-
15, and 3 N-SBA-15, respectively. This indicated that
the adsorption of the modified SBA-15 for Pb(Il) ions
was strongly dependent on pH. Increase in adsorption
capacity of SBA-15 after modification was attributed
to the introduction of amino functional groups that
show strong affinity for Pb(II).

After adsorption, the final solution pH (pH.) was
increased when compared with the initial solution pH
(pHy), which is shown in Fig. 3(b). It has been stated
that amine-modified mesoporous silica acted as a
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Fig. 3. Influence of initial pH (a) on the Pb(II) onto synthe-
sized adsorbents, and pH change before and after Pb(II)
adsorption (b).
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buffer over a wide range of pH from 5.0 to 9.0 regard-
less of the number of amine groups on the ligand
chain [29]. For all values of pH; in this study, pH. was
around 9.0 due to the protonation of the silanol sur-
face and amine groups [29,30] as =SiOH+H" —
=SiOH;, -NH,+H" — -NHj. Similar phenomena
was observed by Hajiaghababaei et al. [28] using ethy-
lenediamine-functionalized SBA-15 as adsorbent for
the Pb(l) and Cd(II) adsorption. To avoid the forma-
tion of precipitation in the aqueous solution, the pH
of 4.26 (using the NaAc-HAc buffer solution) was cho-
sen as the optimum initial pH value for Pb(II) removal
in the subsequent adsorption tests with modified SBA-
15 as the adsorbents.

3.3. Effect of adsorbent dosage and contact time on Pb(II)
adsorption

Fig. 4(a) revealed that the removal of Pb(l) ions
increased with the increase in adsorbent dosages. The
removal remained unchanged above 90.5g/L of
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'4':'._'_‘_T_:-_j!_—_:_ :! !
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- 801 fils
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£ S
g A/
] / |
§ i
¢ 60 |
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Fig. 4. Effect of adsorbent dosage (a) and contact time (b)
on the removal of Pb(II).
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amino-modified SBA-15 dosage. This was due to the
increase in adsorption sites with the increase in the
adsorbent dosage. Maximum removal of Pb(I) at
adsorbent dosage of 25mg/L was found to be 96.56,
95.13 and 92.54% for N-SBA-15, 2 N-SBA-15, and 3 N-
SBA-15, respectively. The results were similar to those
reported by Hajiaghababaei et al. [28] and Srivastava
et al. [31].

The adsorption capacities vs. contact time of Pb(II)
on modified SBA-15 is shown in Fig. 4(b). It is
observed that the adsorption of Pb(II) ion by 3 N-SBA-
15 reached equilibrium in ~90 min, while the adsorp-
tion of Pb(l) by N-SBA-15 and 2 N-SBA-15 was very
rapid during the beginning ~20min. Adsorption
kinetic parameters of Pb(Il) adsorption on amino-mod-
ified SBA-15 are shown in Table 2. Table 2 showed
that the experimental data well fitted pseudo-second-
order equation. Similar results have been reported on
the adsorption of Pb(Il) ions on the ethylene glycol-bis
(2-aminoethylether)-N, N, N*,N"-tetra acetic acid-mod-
ified chitosan [20], amino-modified MSU-F-S/Fe;O,
[29], Fe,O3 ceramisite [32], and Al,O; nanoparticles
[33].

3.4. Adsorption isotherm

Fig. 5 showed the adsorption of Pb(Il) on the
amino-modified SBA-15 at different temperatures. It
is found that the adsorption capacity of Pb(Il) on the
amino-modified SBA-15 increased significantly with
the increase in Pb(Il) concentrations. The Langmuir
and Freundlich isotherms models are employed to fit
the experimental data. The results are shown in
Table 3. It is observed that the determination coeffi-
cients (R*) of the Langmuir model are higher than
those of the Freundlich model, which indicates that
the adsorption could be described by Langmuir
model. The maximum adsorption capacity (gmax) of
N-SBA-15, 2 N-SBA-15, and 3 N-SBA-15 for Pb(II) was
calculated to be 108.16, 102.77, and 93.65mg/g at
298 K, respectively. It can be seen that the maximum
adsorption capacity of amino-modified SBA-15 for Pb
(I) decreased with the increase in ligands length and
N density. Similar study pointed out that the
decrease in the maximum adsorption capacity of
amino, di-amino, and tri-amino groups functionalized
MSU-F-5/Fe;04 for Pb(I) or Cu(ll) adsorption was
due to the fact that heavy metal ions adsorption pro-
cess may be considerably governed by steric factors
[29]. Compared with the performance of other adsor-
bents (Table 4), amino-modified SBA-15 prepared
from reed ash showed relatively high adsorption
capacity for Pb(II).
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Table 2
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Kinetic parameters obtained from pseudo-first-order and pseudo-second-order for the adsorption of Pb(Il) onto amino

modified SBA-15

Pseudo-second-order

Pseudo-first-order

Samples q eexp (Mg/8) Gecal (MG/g) k> (g/mg/min) R? 7 eexp (Mg/g) ki (min™") rR?

N-SBA-15 97.74 97.14 1.55%x107% 0.995 32.66 1.191 0.814
2 N-SBA-15 95.43 95.77 413x107° 0.996 62.37 1.428 0.889
3 N-SBA-15 92.75 92.59 2.65%107° 0.989 68.08 1.935 0.949

3.5. Thermodynamics

The Gibbs free energy change (AG®) was plotted as
a function of temperature, which can be used to con-
firm the feasibility and the spontaneous nature of the
adsorption process. The adsorption thermodynamics
parameters (AG®, AH®, and AS®) of Pb(Il) on amino-
modified SBA-15 were evaluated by applying Egs. (6)-
(8). Table 5 shows the estimated values for the ther-
modynamics properties of Pb(Il) at various tempera-
tures. The AG® values were calculated to be —23.03, —
21.23, and -23.46 kJ/mol at 298K for N-SBA-15, 2 N-
SBA-15, and 3 N-SBA-15, respectively. The negative
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values in free energy indicated that Pb(II) adsorption
on amino-modified SBA-15 was a thermodynamically
favorable and spontaneous process. The decrease in
AG® values with increased temperature suggested that
Pb(Il) adsorption on amino-modified SBA-15 was a
chemical process by nature. The negative values of
AH® indicated that the adsorption process was exo-
thermic. The AS® values estimated were positive, indi-
cating that the adsorption process is driven by
enthalpy change. Similar results were reported by
other types of adsorbents, including Fe;O,@5i0,-NH,;
[21], and Pb(D-imprinted chitosan bead [22] for the
remove aqueous Pb(II).
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Fig. 5. Adsorption isotherm of Pb(II) on modified-SBA-15 (a—c) and plot for the estimation of thermodynamic parameters

(d).
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Table 3

Pb(I) adsorption isotherm parameters obtained from Langmuir and Fredundlich model at different temperatures

Langmuir model

Freundlich model

Adsorbents Temperatures (K) Im (mg/g) Kc (L/mol) rR? Kr, (mg/g) (L/mg)'/™ 1/n R?
N-SBA-15 298 108.16 10.88 0.997 0.456 0.314 0.956
303 113.75 11.58 0.998 0.502 0.315 0.962
308 127.64 12.62 0.998 0.590 0.308 0.958
318 146.08 13.15 0.997 0.685 0.332 0.959
2N-SBA-15 298 102.77 5.27 0.999 0.424 0.397 0.964
303 113.34 6.06 0.992 0.448 0.391 0.847
308 127.01 5.95 0.989 0.521 0.388 0.865
318 141.31 6.02 0.997 0.583 0.395 0.934
3 N-SBA-15 298 93.65 12.94 0.991 0.421 0.285 0.871
303 101.74 14.15 0.988 0.450 0.283 0.896
308 112.10 12.25 0.996 0.510 0.300 0.913
318 121.63 11.13 0.998 0.552 0.317 0.900
Table 4
Comparison of the maximum monolayer adsorption capacities of some adsorbents
Adsorbent Temperature
Adsorbent pH dosage (g/L) X) gm (mg/g) Isotherm Kinetics Refs.
Ethylene glycol-bis(2- 4.0 2.0 298 103.6 L S [20]
aminoethylether)-N,N,N,N-
tetraacetic acid modified chitosan
Pb(I) imprinted chitosan bead 5.33 0.40 298 79.2 L S [22]
Ethylenediamine functionalized 4.5 1.0 — 360 — — [28]
SBA-15
N-MSU-FS/Fe;0, 4.0 1.0 298 2224 L S [29]
N N-MSU-F-S/Fe;0, 4.0 1.0 298 219.0 L S [29]
NN N-MSU-F-S/Fez04 4.0 1.0 298 190.5 L S [29]
Fe,O5_ceramisite 5.0 20.0 298 17.5 — S [32]
Al,O3 nanopartilces 5.0 1.0 298 29.1 L — [33]
Thiol-functionalized SBA-15 396-4.17 25 303 394 L — [34]
Chitosan-g-poly(acrylic acid)/ 5.5-6.0 40 303 637.02 L F S [35]
vermiculite (CTS-g-PAA/VMT)
hydrogel composites
Malic acid modified cattail stem 5.5 15 293 299.2 L S [36]
Citric acid modified cattail stem 5.5 15 293 352.2 L S [36]
Sawdust 6.0 0.2 293 17.03 — — [37]
Thiol-functionalized buckwheat 6.0 0.2 293 43.14 — — [37]
hull
Buckwheat hull 6.0 0.2 293 34.06 — — [371]
Thiol-functionalized buckwheat 6.0 0.2 293 44.84 — — [37]
hull
Cotton 6.0 0.2 293 10.78 — — [37]
Thiol-functionalized cotton 6.0 0.2 293 28.67 — — [37]
Silica modified calcium alginate— 2.0-7.0 0.004 293 18.9 L S [38]
xanthan gum hybrid bead
N-SBA-15 4.26 0.625 298 108.16 L S This
study
2 N-SBA-15 4.26 0.625 298 102.77 L S This
study
3 N-SBA-15 4.26 0.625 298 93.65 L S This

study
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Table 5
The adsorption thermodynamic parameters of the Pb(II) on amino modified SBA-15
Temperature (K) AG” (k] /mol) AH" (k] /mol) AS® (k] mol ' K™)
N- SBA-15 298 -23.03 -7.50 0.1026
303 -23.57
308 -24.18
318 -25.07
2N- SBA-15 298 -21.23 -3.99 0.0851
303 -21.94
308 —22.26
318 -23.01
3N- SBA-15 298 -23.46 -6.55 0.0559
303 —24.08
308 -24.10
318 —24.63

3.6. Effect of salt concentrations on Pb(II) adsorption

The effect of salt concentrations on Pb(II) removal
was tested by adding 25mg of amino-modified SBA-
15 to a plastic centrifuge tube containing 40 mL of 25
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mg/L Pb(II) with different concentrations of NaNO;
solution. The pH of the solutions was 4.26. The
adsorption was carried out for 4h at 298K. The
removal of Pb(l) decreased with the increase in the
NaNO; concentrations, which is shown in Fig. 6(a).
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Fig. 6. Effects of ionic strengthen on Pb(II) adsorption by modified SBA-15 (a) and the reusability of modified SBA-15

(b-d).
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The Pb(II) removal by N-SBA-15 and 2N-SBA-15 did
not show significant decrease when the concentration
was less than 10 mmol/L, whereas the removal by 3
N-SBA-15 decreased significantly (p>0.05) with the
increase in NaNQOj concentrations. This indicated that
N-SBA-15 showed better adsorption ability than 2 N-
SBA-15 and 3 N-SBA-15. The potential explanation is
the fact that the steric hindrance increased with the
total length of ligands, which resulted in limited pore
space for Pb(II) mass transfer [29].

3.7. Reusability

The breakthrough curves of column test for Pb(II)
ions are shown in Fig. 6(b—d). All curves showed “S”
shapes. For each amino-modified SBA-15, the break-
through and the exhaust times of Pb(II) were found to
be slightly increased with the increase in the N con-
tent, which resulted in a higher removal of Pb(I) in
the order of N-SBA-15, 2 N-SBA-15, and 3 N-SBA-15
due to the mass transfer [26] and the steric hindrance
[29]. After breakthrough, the Pb(Il) desorption perfor-
mance was examined by HNO; NaNO; and EDTA
solution, and the results are shown in Fig. 6(b-d).
After six cycles, the Pb(Il) desorption ratio decreased
from 94.18 to 91.37% for HNOs;, and from 95.23 to
92.09% for EDTA, while the NaNOj; solution was inva-
lid for the Pb(II) desorption. EDTA exhibited an excel-
lent Pb(Il) desorption potential due to its strong
chelating ability for heavy metal ions and replaced the
amino groups on the SBA-15.

3.8. Adsorption mechanism

In order to investigate the surface elemental
compositions and the existing chemical speciation of
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the SBA-15, (b) XPS detailed spectra of Pb 4f after Pb(II)

the lead element of adsorbent before and after Pb(II)
adsorption, an XPS analysis was conducted by choos-
ing the raw 2N-SBA-15 and Pb-adsorbed 2 N-SBA-15
as samples. The XPS spectra are shown in Fig. 7. The
strong peaks attributed to C and N were present in
the XPS wide-scan spectrum of 2 N-SBA-15 before Pb
(I) adsorption, while the strong peak of Pb appeared
after Pb(Il) adsorption in Fig. 7(a). This proved the
uptake of Pb(II). The high-resolution XPS spectra of
Pb 4f obtained after Pb(Il) adsorption are presented in
Fig. 7(b). The peak at 138.2eV was assigned to Pb
4f;,5, and the peak at 143.6eV was assigned to Pb
4f5,5 [33]. The characteristic conjugated peaks of Pb(II)
appeared clearly. The main speciation of Pb in the
single-element solution system at pH 4.26 should be
Pb(II), not PbOH*, Pb(OH),°, or Pb(OH);" by the Pb(II)
species distribution calculation [35]. This demon-
strated that the Pb(II) adsorption process was
dominated by chemical adsorption process.

4. Conclusions

Amino-modified SBA-15 was prepared by using
the reed ash as silica source for the removal of Pb(II)
ions. Pb(Il) adsorption onto modified SBA-15 was a
pH-dependent process, and its adsorption kinetics fol-
lowed the pseudo-second-order model. Compared
with 3 N-SBA-15 and 2N-BA-15, N-SBA-15 exhibited
larger adsorption capacity. The concentrations of
NaNOj; solution influenced the Pb(II) adsorption. Esti-
mated thermodynamic parameters indicated that the
Pb(Il) adsorption process was spontaneous and exo-
thermic in nature. Moreover, the modified SBA-15 was
feasibly regenerated by HNO; and EDTA solution.
The pH study, the thermodynamic, and the XPS anal-
ysis results verified that the Pb(II) adsorption process
was dominated by chemical adsorption process.
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