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The existence of Pb(i) ions in water systems poses significant potential hazards to public health and the
environment. In the present study, poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) brush-
modified NisSi,Os(OH)4 nanotubes were prepared, and their adsorption efficiency against the Pb(i) ions
was investigated. The characterization results of FTIR spectroscopy, TGA, TEM, and XPS indicated the
successful grafting of PAMPS on the surface of free NizSi,O5(OH)4 NTs, and the prepared PAMPS-g-
NizSi,Os(OH)4 NTs exhibited a 6-8 nm grafting layer, which could provide abundant binding sites for
metal adsorption. During the Pb(i) removal process, a pH-dependent adsorption behavior was observed,
and the adsorption processes fitted well with the pseudo-second-order kinetic model and the Langmuir
isotherm model. Compared with unmodified NizSi,Os(OH)4, the PAMPS-g-NizSi,O5(0OH)4 NTs exhibited
obviously faster adsorption of Pb(i) and higher equilibrium adsorption capacity for the removal of Pb(i).

The maximum adsorption capacity calculated via the Langmuir isotherm model was 0.653 mmol g—*
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(1353 mg g™} at 298 K. In a metal coexisting system, the total adsorption capacity of the NTs was

increased; this indicated the potential of the proposed NTs in the removal of Pb(i) from metal coexisting

DOI: 10.1039/c9ral0971d

rsc.li/rsc-advances removal of Pb(i).

1. Introduction

With the rapid development of social modernization, waste-
water containing heavy metal ions is produced mainly from
the metallurgy, tanning, battery and chemical manufacturing
industries, which is causing a negative effect on the environ-
ment and human health.*® Pb(u), ranked second in the list of
prioritized hazardous substances issued by the US Agency for
toxic substances and Disease Registry, has attracted signifi-
cant concern as it can cause encephalopathy,® hepatitis,’
nephritic syndrome and high blood pressure® even at low
concentrations. In recent years, many technologies, such as
chemical precipitation, electrodeposition, ion exchange,
coagulation and adsorption, have been applied to remove
Pb(u) from wastewater.”** Among them, adsorption is regar-
ded as the most effective method due to its low cost, ease of
operation, flexibility, simplicity of design and environmental
friendliness.>™*
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wastewater. This study showed the significant potential of PAMPS-g-NizSi,Os(OH)4 NTs in the effective

Various adsorbents, including biomass, polymers, activated
carbons and minerals, have been applied to remove Pb(u) from
contaminated wastewater.**” Moreover, it has been observed
that these adsorbents require further modifications to increase
the number of active binding sites and make them readily
available for adsorption.’®" Although some of the above-
mentioned adsorbents are able to remove Pb(u) from contami-
nated wastewater, high cost is still the main concern or
disadvantage of these adsorbents in practical applications.
Most of the inorganic minerals are limited by the drawbacks of
costly regeneration, low adsorption capacity, poor selectivity
and diversity of product structure and composition; however,
some of them are still applied. Thus, an alternative adsorbent
with high adsorption capacity and selectivity and rapid regen-
eration rate is urgently required to remove the Pb(u) ions from
contaminated wastewater.

Nano-adsorbents not only work rapidly, but also have
significant pollutant-binding capacities.*** Unfortunately,
unmodified nanomaterials are prone to agglomeration due to
their several modes of interactions and consequently, their
adsorption capacity and selectivity would be significantly
reduced or lost. Thus, the modification of nanomaterials plays
a key role in facilitating their stability. Many studies have been
conducted on the modification of nanomaterials, such as nano-
magnetic iron oxides,* nano-alumina,* hydroxyapatite nano-
particles,* and carbon nanotubes,*® and their application in the
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treatment of heavy metals. Among them, silicate nanomaterials,
especially silicate nanotubes (NTs), are considered as promising
candidates as they remain well-dispersed and stable in aqueous
solutions due to the negative charge and abundant silanol
groups on their surfaces.””?* Some studies have reported the
application of silicate NTs in metal removal such as silicate-
titanate nanotubes in hydrogel exhibit efficient removal of
Cd(u)* and PMAA-modified silicate nanotubes exhibit effective
removal of Cu(u)," indicating the potential application prospect
of silicate NTs. In addition, the molecular chain of polymers
contains one or more electron donor atoms, such as N, S, O, and
P, that can form coordinate bonds with most of the toxic heavy
metals; thus, these polymers can be used to enrich or separate
heavy metal ions by adsorption, chelation and ion exchange.
Several researchers have reported that 2-acrylamido-2-
methylpropanesulfonic acid (AMPS)-modified adsorbents
exhibit high isoelectric point and good adsorption ability for
metal ions in wastewater.*** Some studies have reported that
NTs can be modified by vinyl monomer or polymers including
siloxane-poly(i-lactic acid)-vaterite®* and poly(methacrylic
acid).”® However, no studies have been reported on the modi-
fication of silicate NTs by PAMPS. Thus, the assumption that
PAMPS-modified silicate NTs will be highly efficient in the
removal of Pb(u) from water is hypothetical.

Herein, we report the fabrication of a novel adsorbent by
grafting AMPS onto nickel silicate NTs. As schematically shown
in Fig. 1, an alkyl bromide-containing ATRP initiator was first
immobilized on Ni;Si,05(OH), NTs via a trimethylamine (TEA)-
catalyzed condensation reaction. Subsequently, the AMPS
polymer brushes were grafted onto the Ni;Si,O5(OH),-NH
surface (PAMPS-g-Ni;Si,O5(OH),) via the ATRP method. The
superiority of the PAMPS-g-Ni;Si,05(OH), NTs is expected to not
only significantly increase the number of adsorption sites and
thus increase the uptake capacity of Pb(u) ions, but also facili-
tate the rapid regeneration of these NTs for recycling. The Ni;-
Si,05(OH), and PAMPS-g-Ni;Si,05(OH), NTs were characterized
by Fourier transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), thermogravimetric analysis
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Fig. 1 Schematic illustration of the preparation of PAMPS-g-NisSi,-
Os5(0OH)4 nanotubes. The introduction of alkyl bromide-containing
ATRP initiator on the surface of NizSi,Os(OH)4 NTs via trimethylamine
(TEA)-catalyzed condensation reaction, and the grafting of AMPS
polymer brushes on the surface of NizSi,O5(OH)4-NH, via ATRP
method to prepare the PAMPS-g-NizSi;Os(OH)4 NTs.
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(TGA), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM). Batch adsorption experiments were
conducted to investigate the effect of solution pH on the
adsorption capacity of Pb(u) ions, adsorption kinetics, adsorp-
tion isotherms and desorption of Pb(u) ions from the surfaces of
the PAMPS-g-Ni;Si,O5(OH), NTs. Moreover, a hypothetical
adsorption mechanism was proposed to account for the specific
interactions between bonding sites and Pb(u) ions.

2. Materials and methods

2.1. Materials

2-Acrylamido-2-methylpropanesulfonic acid (AMPS, >99%),
triethylamine (TEA, >99%), methylbenzene and ethanol were
purchased from Kelong Co., Ltd. (Chengdu, China). 3-Amino-
propyltriethoxysilane (APTES, >96%) and 2-bromoisobutyryl
bromide (BIBB, >98%) were purchased from Aladdin Industrial
Co. (Shanghai, China). 1,1,4,7,10,10-Hexamethyl-
triethylenetetramine (HMDETA, >97%) was purchased from
best-reagent Chemical Reagent Co. (Chengdu, China). Cuprous
chloride, cupric chloride and Pb(u) ion standard solution
(1000 mg L") were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO, USA). All chemical reagents and solvents
were of analytical grade and used without further purification.
Deionized water used in the following experiments was purified
using an ultrapure reverse osmosis system (Chengdu Ultrapure
Technology Co. China).

2.2. Synthesis of PAMPS-g-Ni;Si,O5(OH), NTs

The preparation protocol for PAMPS-g-Ni;Si,O5(OH), NTs
included four main steps. In the first step, the Ni;Si,O5(OH),
NTs were prepared by a hydrothermal reaction method as
previously reported.* In the second step, the Ni;Si,O5(OH),-
NH, NTs were prepared by reacting 0.2 g of Ni3Si,O5(OH), with
0.1 mL of APTES in 15 mL of methylbenzene under ultrasonic
conditions. The suspension was refluxed for 24 h at 95 °C; then,
the as-prepared Ni;Si,O5(OH),~NH, NTs were rinsed several
times with ethanol and deionized water alternately and dried
for 12 h at 40 °C in a vacuum oven. In the third step, surface
bromination of the NizSi,Os5(OH),~-NH, NTs with BIBB was
performed. Approximately 0.2 g of Ni;Si,O5(OH),~NH, NTs was
dispersed in a mixture of 15 mL methylbenzene, 0.3 mL of TEA
and 0.1 mL of BIBB, and the mixture was refluxed for 24 h at
25 °C. The Ni3Si,05(OH),-Br NTs were rinsed several times with
ethanol and deionized water alternately and dried for 12 h at
40 °C in a vacuum oven. In the fourth step, the immobilization
of PAMPS on the formed Ni;Si,O5(OH),-Br NTs was achieved
through the SI-ATRP described in our previous study. Typically,
0.2 g of Ni3Si,O5(OH),-Br NTs was dispersed in 4 mL of AMPS
solutions (pH = 7.5) under a N, atmosphere, and then, CuCl,,
HMTETA and CuCl were added in turn (n[AMPS]: n[CuCl]: n
[CuCl,] : nf[HMTETA] =50 : 1.0 : 0.1 : 1) and reacted at 50 °C for
8 hours. Finally, the obtained products were rinsed several
times with ethanol and deionized water alternately to remove
the oligomers and residual copper and then dried at 40 °C for
12 h.

This journal is © The Royal Society of Chemistry 2020
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2.3. Characterization of the PAMPS-g-Ni;Si,05(OH), NTs

The obtained PAMPS-g-Ni;Si,O5(OH), NTs were characterized to
confirm their structural features. The morphologies of PAMPS-
£-Ni3Si,05(0OH), NTs were observed using the Tecnai G2 F20 S-
TWIN field-emission transmission electron microscope (FE-
TEM, FEI, USA) equipped with an energy dispersive X-ray
spectrometer (EDS, JEOL, Japan). The FTIR spectrum was ob-
tained using a frontier FTIR spectrometer (PerkinElmer, USA)
with KBr disks in the wavenumber range of 600-4000 cm ™. XPS
measurements were conducted using the Kratos AXIS Ultra DLD
spectrometer (Kratos Analytical, UK) under monochromatized
AlKo X-ray radiation (1486.6 eV). The organic loading in the
PAMPS-g-Ni;Si,05(OH), NTs was measured by TGA performed
using the TGA/DSC 2 thermogravimetric analyzer (Mettler
Toledo, Switzerland) at the heating rate of 20 °C min~" from
30 °C to 700 °C under a nitrogen atmosphere.

2.4. Batch adsorption experiments

2.4.1. Effect of solution pH. The effect of pH on Pb(n)
adsorption was studied after adding 50 mg of PAMPS-g-Ni;Si,-
05(0OH), NTs to 100 mL of a Pb(n) solution (0.24 mmol L™ ") in
the pH range of 1.0-6.0. These flasks were shaken in a thermo-
static shaker at 298 K for 120 min. The Pb(u) concentrations of
each sample before and after adsorption were determined by an
AA240 atomic absorption spectrometer (Varian, USA). The Pb()
removal rate (R) and adsorption capacity (g., mg g ') were
calculated according to eqn (1) and (2), respectively.

R= "% 100% 1)
Co
(co—¢c) x V
o= 2 7 2
q - (2)

where g. (mg g~ ") is the amount of Pb(n) adsorbed per gram of
PAMPS-g-Ni;Si,05(OH), NTs at equilibrium, ¢, is the initial
Pb(n) concentration (mg L), c. is the residual Pb(u) concen-
tration (mg L"), V stands for the volume of the solution (L), and
m is the mass of the adsorbent (g).

2.4.2. Adsorption kinetics. The adsorption kinetics experi-
ments were carried out in 100 mL of a 0.24 mmol L™ Pb()
solution with 50 mg of PAMPS-g-Ni;Si,O5(OH), NTs. The pH
value of the solutions was adjusted to 5.0, and the adsorption
process was conducted at 298 K for the time intervals of 2, 5, 8,
10, 15, 30, 60, 90, and 120 min. The concentration of Pb(u) was
analyzed at regular intervals during the adsorption process.

2.4.3. Adsorption isotherms. Isothermal adsorption exper-
iments were conducted in 100 mL of Pb(u) solution, where the
initial concentrations of Pb(m) ranged from 0.097 mmol L™" to
0.58 mmol L™ " and the dose of PAMPS-g-Ni;Si,05(OH), NTs was
50 mg. The pH value of the solutions was adjusted to 5.0, and
the adsorption process was conducted at 298 K successively for
120 min. The adsorption capacity at equilibrium was calculated
according to the mass balance of Pb(u) before and after
adsorption.

2.4.4. Regeneration of the PAMPS-g-Ni;Si,O5(OH), NTs.
For the examination of the desorption properties of adsorbent,
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50 mg of PAMPS-g-Ni;Si,O5(OH), NTs was added to 100 mL of
the Pb(u) solution with the initial concentration and pH of
0.24 mmol L™ and 5.0, respectively. The mixtures were then
placed in a shaking bath at 298 K and 150 rpm for 120 min. The
adsorbent was separated from the solution, washed with
distilled water, and used in the desorption tests. For the
regeneration tests, the saturated adsorbent was stirred in 20 mL
of HCI solution (0.1 mol L™") at 298 K and 150 rpm for 60 min.
Then, the adsorbents were washed with distilled water and
dried in an oven before the re-adsorption tests. The removal
rates in each cycle were measured.

3. Results and discussion

3.1. Characterization of PAMPS-g-Ni;Si,O5(OH), NTs

The prepared PAMPS-g-Ni;Si,05(OH), NTs were obtained and
dried for structural characterization. The FTIR spectra (Fig. 2A)
could preliminarily confirm the formation of the modified NTs.
In the spectrum of NizSi,Os(OH), NTs (Fig. 2A(a) and S17), the
peak at 3652 cm ™' was attributed to the stretching vibrations of
Ni-OH and the peak at 3450 cm™' corresponded to the
stretching vibrations of the hydroxyl group. Typical asymmetric
stretching vibrations were observed at 1070 cm ™' and 980 cm ™ *,
which demonstrated the presence of Si-O and Si-O-Si, respec-
tively. Fig. 2A(b) and (c) exhibit a new peak at 1720 cm ™', cor-
responding to the O=C-N group, indicating that the surface of
the Ni;Si,O5(OH), NTs has been successfully amidated.
Fig. 2A(d) and (e) show the spectra of the final PAMPS-g-Ni;-
Si,O5(OH),; product obtained at different reaction times. In
their spectra, peaks at 1043 cm™ " and 1201 cm™ ", which cor-
responded to the features of the S=O group, were observed,
indicating the existence of sulfonic groups. In addition, the
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Fig. 2 (A) FTIR spectra and (B) TG curves of (a) NizSi,Os(OH),4, (b)
NizSi>Os(OH)4—NH,, (c) NizSi;Os(OH)4—Br, (d) PAMPS-g-NizSi>,Os(-
OH)4-1 prepared via a 2 h ATRP reaction, and (e) PAMPS-g-NisSi>-
Os5(OH)4-2 prepared via an 8 h ATRP reaction. TEM images of (C)
NizSi,Os(OH)4 and (D) PAMPS-g-NizSi,Os(OH)4 NTs.
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bending vibration absorption bands I, II, and III of the N-H of
acrylamide were observed at 1680 cm ™', 1552 c¢cm™ ', and
1300 cm ™', respectively. The results indicated that the PAMPS
polymer brushes were successfully bound on the surface of the
Ni;Si,05(0OH), NTs. The TG curves of the NTs obtained before
and after modification are shown in Fig. 2B. Free Ni;Si,O5(OH),
NTs exhibited three mass loss stages and finally remained
stable when heated to 600 °C. The mass loss stage from 60 °C to
180 °C corresponded to the loss of physically adsorbed water;
the stage from 250 °C to 500 °C indicated the condensation and
dehydration of the hydroxyl groups on the surface of NTs, and
the stage between 500 °C and 600 °C corresponded to the
further decomposition of hydroxyl groups. In the spectrum of
Ni3Si,05(OH),-ABr (Fig. 2B(c)), the mass loss rates in the 300
°C-500 °C range were obviously increased; this possibly resulted
from the decomposition of the introduced amide groups and
Br. However, for the final product PAMPS-g-Ni;Si,O5(OH),
(Fig. 2B(d) and (e)), the mass loss in the range from 250 °C to
500 °C was significantly increased, which corresponded to the
condensation of the successfully grafted PAMPS.

On the other hand, the mass loss of the product obtained
after an 8 h reaction was significantly higher than that of the
product obtained after a 2 h reaction; this indicated a positive
correlation between the PAMPS grafting rate and reaction time.
This phenomena could also be observed from the DTA curves
(Fig. S27). Only slightly endothermic phenomena were observed
before the grafting of PAMPS. However, a significantly
enhanced endothermic rate was detected after the grafting of
PAMPS, which further indicated the successful grafting of
PAMPS. Moreover, the endothermic rate in the stage from
250 °C to 500 °C of the product obtained after reaction for 8 h
was obviously higher than that of the product obtained after
reaction for 2 h; this also indicated that prolonging the reaction
time was helpful for PAMPS grafting. Uniform size and excellent
dispersion were observed in the surface morphology of PAMPS-
£-Ni3Si,05(0OH), NTs. Compared with free NTs, the modified
NTs exhibited a grafting layer with a thickness of about 6-8 nm
(Fig. 2D), which could provide abundant binding sites for metal
adsorption. In the C 1s XPS spectrum of PAMPS-g-Ni;Si,O5(OH),
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Fig. 3 XPS spectra of the prepared PAMPS-g-NizSi,Os(OH)4 NTs.
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NTs (Fig. 3), the peaks of C-H (284.6 eV), C-N (285.2 eV), C-S
(286.6 eV), and O=C-NH (287.0 eV) were observed. However,
a new signal was observed at 168.0 eV that corresponded to S 2p,
and the intensity of the N 1s peak at 400.1 eV was markedly
enhanced than that in the case of the intermediate product
(Fig. S31). Thus, the abovementioned characterization indicated
that the PAMPS chain was successfully grafted onto the surface
of free NizSi,O5(OH), NTs.

3.2. Effect of initial pH on Pb(u) adsorption

Solution pH is an important parameter during the adsorption
process due to its strong influence on the surface characteristics
of the adsorbent and the speciation of heavy metal ions in
solution.*®*” The surface charges of Ni;Si,O5(OH), and PAMPS-
g-NizSi,O5(OH), NTs were examined by zeta potential
measurement in the pH range 1.0-12.0 (Fig. S471). The pH,,. (pH
zero-point charge) values of Ni3Si,Os(OH), and PAMPS-g-Ni;-
Si,O5(OH),; NTs were about 4.2 and 2.3, respectively. For Nis-
Si,O5(OH),, the positive surface potential is attributed to the
protonation of the hydroxyl groups from Si-OH and Ni-OH.
After the introduction of AMPS, the pH,;,. value of the PAMPS-g-
Ni3Si,05(0OH), NTs decreased due to the protonation of the
sulfonic acid group, indicating the successful grafting of AMPS.
With an increase in the solution pH, the zeta potential gradually
decreased and became negative. This result should be ascribed
to the deprotonation of corresponding groups and favors cation
adsorption by electrostatic interaction.
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Fig. 4 (A) The effect of pH on the removal of Pb(i) using PAMPS-g-
NizSi>Os(OH)4 NTs; (B) fitting curves for Pb(i) adsorption on PAMPS-g-
NizSi;Os5(OH), NTs obtained using pseudo-first-order (PFO) and
pseudo-second-order (PSO) kinetic models.
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Fig. 4A shows the effect of initial solution pH on the
adsorption of Pb(u) on NizSi,O5(OH), and PAMPS-g-Ni;Si,Os(-
OH), NTs in the pH range of 1.0-6.0. It is obvious that the
adsorption of Pb(u) on the Ni;Si,O5(OH), and PAMPS-g-Ni;Si,-
Os5(OH), NTs increases with an increase in the solution pH due
to complexation between Pb(u) and functional groups, such as
hydroxyl and sulfonic acid groups, on the surface of adsorbents.
At lower pH values, excess H' protonates the material and the
surface charge of the material becomes positive, which hinders
the electrostatic attraction between the material and the Pb(u)
ion. The maximum adsorption capacity of PAMPS-g-Ni3Si,Os(-
OH), NTs (0.342 mmol g~ ') was higher than that of Ni;Si,Os(-
OH), (0.172 mmol g ); this indicated that the sulfonic acid
group was the main adsorption site for Pb(u). As the pH values
increased from 1.0 to 6.0, the functional group -SO;H was
deprotonated to -SO; ™, which could form a complex with Pb(u).
These results indicated that the dominant Pb(u) adsorption
sites on the PAMPS-g-Ni3Si,O5(OH), NTs were the deprotonated
sulfonic acid groups in the AMPS structure. Based on the results
of zeta potential and Pb(u) adsorption at different pH values, the
pH value of 5.0 was found to the optimum value for Pb(u)
removal by the PAMPS-g-Ni;Si,O5(OH), NTs.

3.3. Adsorption kinetics

Adsorption kinetics, which concerns the mass transfer of the
adsorption process, is an important consideration in the prac-
tical application of potential adsorbents.***® Fig. 4B illustrates
the adsorption kinetic data of Pb(u) adsorption onto Ni;Si,-
O5(OH), and PAMPS-g-Ni;Si,O5(OH),; NTs. In the first 20 min,
the adsorption capacity of PAMPS-g-Ni;Si,O5(OH), NTs for Pb(u)
reached 0.295 mmol g~ ', and the adsorption equilibrium was
reached at 60 min with an adsorption capacity of 0.33 mmol
g '. However, the adsorption capacity of Ni;Si,O5(OH), for
Pb(u) was only 0.125 mmol g ' in the first 20 min. The
adsorption rate of Pb(u) in the case of PAMPS-g-Ni;Si,O5(OH),
NTs was significantly faster than that in the case of Ni;Si,O5(-
OH),. It can be observed that the adsorption rate of Pb(u) is very
fast; this is consistent with the previously reported fact that the
fast adsorption rate in the case of nanostructures is due to the
short diffusion path and low diffusion resistance of nano-
structures. This phenomenon indicated that the PAMPS-g-Ni,-
Si,Os(OH), NTs provided more adsorption sites due to the
introduction of the sulfonic acid group.

The pseudo-first-order and pseudo-second-order kinetic
models were further employed to obtain the adsorption kinetic
data, and their equations are expressed as follows:**

Pseudo-first-order:

ki x t
2.303 (3)

log(qe — ¢;) = log q. —

Pseudo-second-order:
t 1 n t
q: ky x Qez e

(4)

where ¢, (mg g~ ") and g. (mg g ') represent the amount of Pb(ir)
adsorbed at time ¢ and at equilibrium time, respectively; k;
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(min~") and &, (g mg " min~") represent the rate constants of
the pseudo-first-order and pseudo-second-order kinetic models,
respectively.

The pseudo-second-order kinetic model was more suitable to
fit the experimental data according to the correlation
coefficients (RZ) of the pseudo-first-order and pseudo-second-
order. (Table 1). The calculated equilibrium adsorption capac-
ities g. were 39.45 mg g~ " and 69.68 mg g~ for Ni;Si,05(0OH),
and PAMPS-g-Ni;Si,O5(0OH), NTs, respectively. These values
were extremely close to the experimentally determined adsorp-
tion capacities (0.1904 and 0.3363 mmol g '). On the other
hand, the gained adsorption capacity (69.68 mg g~ ) was higher
than those of the several previously reported materials such as
apricot stone activated carbon (21.38 mg g '),"* pine cone
activated carbon (27.53 mg g~ '),* and silica-modified calcium
alginate-xanthan gum (18.9 mg g~ ).*

3.4. Adsorption isotherms

Adsorption isotherms are widely used methods to evaluate the
distribution of pollutants between the solid and liquid phase,
which are beneficial to understand the nature of adsorption.*
In order to investigate the adsorption characteristic of PAMPS-g-
Ni3Si,05(OH), NTs against Pb(u), two commonly used models,
i.e. Langmuir and Freundlich models, were employed to
describe the adsorption process. The two models are presented
as follows:**

qe = KLCImaxCe/(l + KLCe) (5)
e = KFCe”n (6)

where g. (mmol g~ %) is the pollutant uptake at equilibrium, gax
(mmol g™ ) is the maximum adsorption capacity, C. (mmol L™*)
is the residual pollutant concentration, K;, (L mmol™") is the
Langmuir binding constant, Ki is the Freundlich constant
related to adsorption capacity, and n is a constant that describes
the adsorption intensity.

The fitting curves of the two isotherm models at 298.15 K,
308.15K, 318.15 K, and 328.15 K are illustrated in Fig. 5, and the
corresponding equilibrium parameters are listed in Table 2. It
can be observed that the adsorption capacity of the PAMPS-g-
Ni;Si,05(OH), NTs exhibits a positive correlation with the Pb(u)
initial concentration as well as temperature. For all the systems
considered in this study, the fitting degree of the Langmuir
model was obviously better than that of the Freundlich model;
this indicated that Langmuir isotherm could acquire more
accurate parameters and was more suitable to evaluate the
thermodynamic process. On the other hand, the Langmuir
model assumes that the adsorption process only takes place on
the outer surface of the adsorbent, the surface of the adsorbent
is uniform, and there is no interaction between the adsorbed
substances in the adsorption process. Thus, it could be specu-
lated that the grafted PAMPS was possibly uniformly distributed
on the surface of the NTs. The calculated maximum adsorption
capacities (¢m,) of Pb(u) were 0.653, 0.672, 0.688, and
0.694 mmol g~ " at 298, 308, 318, and 328 K, respectively. These
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Table 1 Parameters of kinetic models predicting the experimental data for the adsorption of Pb(i) ions on the NizSi,Os(OH), and PAMPS-g-

N|35|205(O H)4 NTs

Model parameters

Samples Models K¢ (min~") K, (g mmol ' min™") ge (mmol g™ x* (x1077) R

Ni;Si,05(0H), PFO 0.070 — 0.1685 4.635 0.988
PSO — 0.4359 0.1904 2.002 0.995

PAMPS-g-Ni;Si,05(0H); PFO 0.2434 — 0.3174 16.329 0.984
PSO — 1.2116 0.3363 2.998 0.997

high adsorption capacities possibly resulted from the nano-
structure and the abundant binding sites.

The effect of temperature on the adsorption of Pb(u) by
PAMPS-g-Ni;Si,05(OH), NTs at 298, 308, 318 and 328 K is shown
in Fig. 6. Thermodynamic parameters, including Gibbs free
energy (AG), entropy change (AH) and enthalpy change (AS),
were further used to study the thermal properties during the
adsorption process, which were calculated according to the
van't Hoff equations®” as follows:

AG=—RTInK 7)
AH AS
In K = —ﬁ -+ ? (8)

where R is the ideal gas constant (8.314 ] mol " K™ "), T is the
temperature in Kelvin, and K (L mol™") is the adsorption equi-
librium constant.

AH and AS were calculated from the slope and intercept of
the linear plot according to In K versus 1/T (Fig. 6), and the
relative parameters are listed in Table 3. The positive AH and AS
values show that the adsorption of Pb(u) by the PAMPS-g-
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Fig. 5 Fitting curves of Pb(i) adsorption thermodynamics obtained
using (A) Freundlich and (B) Langmuir isotherm models for the PAMPS-
g—Ni3Si205(OH)4 NTs.
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Table 2 The parameters of the Langmuir and Freundlich models for
Pb(i) adsorption on PAMPS-g-NizSi,Os(OH), NTs at different
temperatures

Temperature (K)

Models Fitted parameters 298.15 308.15 318.15 328.15
Langmuir  ¢max (Mmol g™ %) 0.653 0.672 0.688 0.694
Ky, (L mmol ™) 12.239 14.842 18.324 26.341
x> (x107%) 2.028 3.205 2.492  3.623
R 0.993  0.990 0.993  0.991
Freundlich K (mmol*™"LY"¢™") 0.871 0.920 0.971 1.007
n 2.419 2.546  2.670  2.950
x> (x107%) 1.230 1.570 1.510 1.820
R 0.957 0.952 0.958 0.956

Ni3Si,05(0OH), NTs is an endothermic and entropy-driven
process. The negative values of AG illustrate that the adsorp-
tion of Pb(u) by the PAMPS-g-Ni;Si,O5(OH), NTs is spontaneous.
The AG value decreased with an increase in temperature, indi-
cating that the adsorption of Pb(u) by the PAMPS-g-Ni;Si,O5(-
OH), NTs was promoted at higher temperatures.

3.5. Possible mechanism of adsorption of Pb(u) on PAMPS-g-
Ni3Si205(OH)4 NTs

The surface chemistry of the adsorbent before and after
adsorption was studied by XPS using the Kratos Axis Ultra DLD
X-ray photoelectron spectrometer to further investigate the

33}
- = Ph(ID)

van't Hoff
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31k
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29F

In K,

28
27F

26

25

24 'l 1 '}
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1
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Fig. 6 van't Hoff fitting of the thermodynamic parameters at 298, 308,
318 and 328 K.
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Table 3 Thermodynamic parameters for Pb(i) removal using the
PAMPS-g-NizSi,Os(OH)4 NTs

Temperature AH® (k] AS° () AG® (k]
(X) mol ™) mol ™) mol ™)
298.15 20.32 88.62 —6.102
308.15 —6.988
318.15 —7.874
328.15 —8.761

possible interactions. The XPS results are illustrated in Fig. 7.
Compared with the spectra of the free PAMPS-g-Ni;Si,Os(OH),
NTs shown in Fig. 3, new peaks of Pb 4f and Pb 4d were
observed at 139.11 eV and 414.1 eV, respectively, in the total
scans of the XPS spectra of the metals after adsorption (Fig. 7),
which confirmed the successful adsorption of Pb(u) on the
adsorbent. In the high-resolution spectra of C 1s, the intensities
of the peaks corresponding to C-S and O=C-N were greatly
decreased after the adsorption of Pb(u); this indicated the
involvement of the sulfonic group and heteroatoms in the
adsorption of metal ions. In the high-resolution spectra of O 1s,
the area about 531.0 eV that correspond to the oxygen atoms
from coordination system with metal was observed, indicating
the formation of Pb-O. In addition, the spectrum of Pb 4f was
composed of two peaks at 139.2 eV and 143.8 eV, corresponding
to Pb 4f;/, and Pb 4f;),. Therefore, these phenomena indicated
that the adsorption of Pb(1r) on PAMPS-g-Ni;Si,O5(OH), NTs was
mainly based on the interaction between the oxygen atom in the
sulfonic group and metal ions.

3.6. Removal of co-existing metal ions

In an actual wastewater system, there are usually many coex-
isting pollutants. Therefore, it is of great significance to study
the removal efficiency of coexisting pollutants. In the present
study, the competition of Pb(u) with other metal ions, i.e. Cu(u)
and Mg(u), was investigated through static adsorption experi-
ment. As illustrated in Fig. 8A, these three metal ions could be
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Fig. 7 XPS spectra of the PAMPS-g-NizSi,Os(OH), NTs after the
adsorption of Pb(i).
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adsorbed by the NTs based on the interaction between the metal
ions and sulfonic adsorption sites. The adsorption capacity of
the PAMPS-g-Ni;Si,O5(OH), NTs for Pb(u) was slightly lower
than that of the free NTs, whereas the total adsorption capacity
for the three metal ions was increased by about 17.2%. These
phenomena indicated the perfect metal removal capacities of
the PAMPS-g-Ni3Si,O5(OH), NTs. In addition, the removal effi-
ciency of Pb(u) was obviously higher than those of Cu(u) and
Mg(u), and the difference between the adsorption capacities was
in agreement with the hard-soft-acid-base (HSAB) theory. The
sulfonic group is handover base, Pb(u) and Cu(u) is boric acid,
and Mg(u) is hard acid. Moreover, Pb(n) has a bigger ionic
radius; thus, the coordination ability between the sulfonic
group and the three metals exhibits the following order: Pb(u) >
Cu(u) > Mg(u). The results demonstrate that the PAMPS-g-Ni;-
Si,05(OH), NTs are an excellent adsorbent for the removal of
coexisting metals from wastewater.

3.7. Desorption and regeneration abilities

The regeneration and reuse ability of a smart adsorbent is an
important factor for its further application. The surface of the
PAMPS-g-Ni;Si,05(OH), NTs contains large amount of sulfonic
groups, which can adsorb Pb(u) via electrostatic interaction. In
the desorption process, the Pb(u)-bonded sulfonic groups could
be reproduced through the ion exchange of Pb(u) by H'. In this
study, the NTs were regenerated using 0.1 M HCI followed by
washing with deionized water. As shown in Fig. 8B, the removal
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Fig. 8 (A) The adsorption capacities of PAMPS-g-NizSi,Os(OH)4 NTs
against the Pb(), Cufi), and Mg(i) co-existing system, and (B) regen-
eration and recovery of the PAMPS-g-NizSi;Os(OH)4 NTs.
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efficiency of the regenerated NTs was maintained at a high level
(higher than 90%), and only a slight decrease was observed after
three desorption/adsorption cycles. We speculated that the
reduction resulted from the formation of a tiny amount of Pb(ir)
complex. Overall, the reuse phenomena indicate that the
PAMPS-g-Ni;Si,05(OH), NTs exhibit well regeneration ability
after simple picking and rinsing and are a promising adsorbent.

4. Conclusions

In the present study, a novel adsorbent, PAMPS-g-Ni;Si,O5(OH),
NTs, was fabricated via the grafting of PAMPS brushes onto the
surface of nickel silicate NTs. The structure of the adsorbent
was characterized by FTIR spectroscopy, TGA, TEM, and XPS.
Batch adsorption studies indicated that the adsorption capacity
of the PAMPS-g-Ni;Si,05(OH), NTs was closely related to the pH
value, and an optimized removal efficiency was achieved against
Pb(u) at the pH value of 5.0. The adsorption kinetics study
indicated that the pseudo-second-order kinetic model was
highly suitable to fit the experimental data. The calculated
equilibrium adsorption capacity g. was 0.3363 mmol g '
(69.68 mg g ') for PAMPS-g-Ni;Si,05(OH), NTs, which was
higher than 0.1904 mmol g~' (39.45 mg g ') gained by free
Ni3Si,O5(0OH),. The Langmuir-fitted maximum adsorption
capacity of Pb(u) on PAMPS-g-Ni;Si,O5(OH), NTs was
0.653 mmol g~ ' (135.3 mg g ') at 298 K. In addition, the
PAMPS-g-Ni;Si,05(OH), NTs adsorbent was highly efficient for
the removal of coexisting metals from wastewater. The XPS
results revealed that the possible adsorption mechanism for the
removal of Pb(u) involved interaction between the oxygen atom
of the sulfonic group and metal ions. Overall, the PAMPS-g-
Ni;Si,05(0OH), NTs could be a promising candidate for the
uptake of metal pollutants from water.
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