
RSC
Sustainability

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
N

ov
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

0/
23

/2
02

5 
5:

47
:0

6 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Hexafluorophosp
aDepartment of Organic Chemistry, Faculty o

Minh City, Vietnam. E-mail: thphuong@hcm
bVietnam National University, Ho Chi Minh
cCenter for Innovative Materials and Arch

Vietnam

† Electronic supplementary informa
https://doi.org/10.1039/d3su00247k

Cite this: RSC Sustainability, 2024, 2,
211

Received 19th July 2023
Accepted 9th November 2023

DOI: 10.1039/d3su00247k

rsc.li/rscsus

© 2024 The Author(s). Published by
hate ionic liquid-modified silica
sorbent for selective separation and
preconcentration of Pb2+, Cd2+, and Cr3+ in water
samples†
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Tan Hoang Le Doan, bc Linh Thuy Ho Nguyen bc and Phuong Hoang Tran *ab

A sorbent based on ionic liquid-modified silica has been developed for the determination of Cd2+, Pb2+, and

Cr3+ in water. Five materials, namely DL1@SiO2 to DL5@SiO2, were prepared from five ionic liquids,

including N,N,N-trimethyl-N-hexadecylammonium and N-alkylpyridinium hexafluorophosphate, which

were grafted onto silica gel. These materials were used to enrich the trace concentration of three

metallic cations (Cd2+, Pb2+, and Cr3+) in water samples, followed by the ICP-MS analysis. Among these

sorbents, DL1@SiO2 showed highly efficient sorption. The detection limit of this method for Cd2+, Pb2+,

and Cr3+ was 0.173 mg L−1, 0.046 mg L−1, and 0.185 mg L−1, and the relative standard deviation (RSD) was

4.9%, 3.4%, and 1.2%, respectively. The procedure was applied to determine Cd2+, Pb2+, and Cr3+

contents in a spiked tap water sample (Ho Chi Minh City) with satisfactory recovery from 74 to 100.8%.
Sustainability spotlight

Silica gel graed with ionic liquids has emerged as a promising and cost-effective material for various environmental applications. One critical aspect is the
detection and preconcentration of heavy metal concentrations in tap water, which plays a crucial role in monitoring water quality and safeguarding human
health. In line with this objective, we synthesized N,N,N-trimethyl-N-hexadecylammonium and N-alkylpyridinium hexauorophosphate ionic liquids immo-
bilized on silica gel, which were subsequently employed as stationary phases in the solid phase extraction method for preconcentrating trace heavy metals. The
utilization of these materials signicantly contributed to the enhancement of a simple and affordable solid-phase extraction method for the precise analysis and
determination of trace heavy metals in water samples.
1. Introduction

Industrial development, agricultural practices, and human
activities are causing major environmental issues, which
signicantly increase toxic pollutants in water, food, and soil.1,2

Over the past few years, water pollution by heavy metals with an
atomic density higher than or equal to 4.5 kg dm−3, such as
cadmium (Cd), lead (Pb), mercury (Hg), arsenic (As), chromium
(Cr), etc. caused severe problems to human health due to the
high level of toxicity.3–6 While they prove resistant to natural
degradation, they readily accumulate in living organisms,
thereby presenting a potential hazard to human health, even at
low concentrations.7 Water contamination with heavy metals is
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a global issue that affects human health directly and indirectly.8

Cadmium at trace levels accumulates in the human body,
affecting numerous organs such as liver, lung, brain, etc.
Cadmium is the reason for hepatic, hematological, and
immunological effects on human health. Lead potentially
harms every organ and system in the body.9 Adults who have
been exposed for an extended period may experience lower
performance in various tests that assess nervous system func-
tions, weakness in their ngers, wrists, or ankles, minor
increases in blood pressure, and anemia.10 Heavy metals exist in
ultra-trace level concentrations and in complicated matrices, in
which there are many other substances that interfere with the
analysis of the target heavy metal ions.4 Consequently, it is
a great challenge to design and construct a reliable and effective
technique for analytical determinations of heavy metals.11,12

Traditionally, there are several methods for extraction of
heavy metals, including liquid–liquid extraction (LLE),13

chemical precipitation,14 and ion exchange.15 These methods,
however, have several issues, including requirements for large
volumes of high-purity organic solvents, expensive glassware
and equipment, and low quantitative recoveries. Besides, these
RSC Sustainability, 2024, 2, 211–222 | 211
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problems can bemitigated by using solid-phase extraction (SPE)
techniques,16 which are easily automated and rapid extractions
and provide better efficiency and an eco-friendly environment.17

Compared with other extraction methods, SPE has the charac-
teristics of high sensitivity, high enrichment factors, and less
organic solvent usage. SPE is also an efficient and selective
method for the preconcentration of analytes.18–21 SPE is a cost-
effective and reliable technique as an alternative to LLE in
sample preparation.19,22

To extract and enrich trace metal ions from environmental
samples, a range of ligands or functional groups are immobi-
lized onto a solid support matrix which are called solid phase
extractants. Silica gel is extremely signicant as an ideal form of
support since it has numerous different benets. Silica gel is
chosen as a support because of its high surface area, and high
mechanical and thermal stability.23 In addition, silica gel is also
effortlessly modied by interacting with silane-coupling agents
via the silanol group on the surface.24,25 Immobilization of
organic compounds with specic functional groups on the
surface of silica gel has found widespread application in
research and industrial domains.25–28 While organic compound-
modied silica gel for chromatography was popularly used, sol–
gel silicates were studied and used as efficient adsorbent
materials for the removal of these pollutants from water.29,30

Ionic liquids (ILs) are composed entirely of cations and
anions that melt below 100 °C.31 ILs are mainly organic
compounds with asymmetric alkyl chains that avoid forming
lattice structures, which ensures that the ionic liquids exist in
the liquid phase at below 100 °C. Currently, ILs are widely
considered green materials and applied in various elds due to
their diversity in chemical structures. ILs can be easily tuned by
substituting cations or anions according to the particular
purpose. Their success comes mainly from their unique and
fascinating characteristics, including low or negligible vapor
pressure associated with high thermal stability, tunable
viscosity, and miscibility with water and organic solvents.18,32,33

ILs have been known as green solvents in various elds,
including organic synthesis, extraction, polymers, and nano-
materials.18,34,35 These stationary phases can be used as sorbents
for sample preparation through a variety of sorption mecha-
nisms, including anion exchange, hydrogen bonding, and
hydrophobic interactions. The immobilization of ILs to silica
materials and the diversity of IL structures provide a new
application direction in analytical chemistry. Immobilization of
ILs to silica materials and the diversity of IL structures offer
a new approach to application in analytical chemistry.36–38 Liu
and co-workers rst introduced ionic liquid-immobilized silica
for headspace solid-phase microextraction of benzene, xylene,
toluene, and ethylbenzene.39 In the last decade, the ILs sup-
ported onto silica gel used as efficient sorbents in SPE have been
studied intensively.40–52

In 2010, Liang and co-workers prepared 1-butyl-3-
methylimidazolium hexauorophosphate-modied silica via
physical modication and applied it for the determination of
trace amount of Cd2+ in water samples with adequate
outcomes.53 1-Methyl-3-butyl-imidazolium bromide ionic
liquid was a moiety physically attached to silica gel by Ayata
212 | RSC Sustainability, 2024, 2, 211–222
and co-workers.54 The separation and determination of Pb2+

ion in environmental samples was developed with an SPE
column containing ionic liquid-modied silica. Gharehbaghi
and co-workers prepared a 1-butyl-3-methylimidazolium hex-
auorophosphate ionic liquid-modied silica sorbent for
simultaneous preconcentration of Cd2+, Co2+, Mn2+, Ni2+, and
Pb2+ ions from water samples.55 In order to increase the
adsorption, the complex of metal ions and 1-(2-pyridylazo)-2-
naphthol ligand was formed at a suitable pH. Saleem and co-
workers reported extraction of Pb2+ from water samples
using ionic liquid-modied silica sorbents.56 In their research,
both 1-butyl-3-methylimidazolium bis(tri-
uoromethylsulfonyl) imide and 1-hexyl-3-methylimidazolium
bis(triuoromethylsulfonyl) imide were coated onto the
surface of silica which was demonstrated to be a suitable
stationary phase for the SPE process. In the same year, 1-(2-
aminoethyl)-3-butylimidazolium hexauorophosphate was
prepared and modied onto silica gel by Shengping Wen and
co-workers.57 This material was used in the direct retention of
Cd2+ via the complex formation of a metal ion and amino
group of silica-supported ionic liquid. Although the modi-
cation of an ionic liquid onto the surface of a silica hinge on
physical interaction is easy and simple, they were corroborated
as a novel stationary phase for the SPE route in the qualitative
analysis of metallic elements.

In this paper, we develop a sorbent using ionic liquids
graed onto silica gels for SPE ionic liquids. Five materials,
including N,N,N-trimethyl-N-hexadecylammonium and N-
alkylpyridinium hexauorophosphates graed onto silica gel
were synthesized and characterized by FTIR, TGA, BET, SEM,
and EDX. It is the rst time these materials were applied as
solid-phase extractants to extract Pb2+, Cd2+, and Cr3+ from an
aqueous solution. To examine the effect of these materials,
extractions were carried out in a standard solution and real
water samples. The optimized conditions for sorption and
enrichment of Pb2+, Cd2+, and Cr3+ were studied. The extraction
performance of the material can be compared to that of the
previous literature.

2. Experimental section
2.1. Materials, equipment, and analytical methods

N,N,N-trimethyl-N-hexadecylammonium bromide ($99%),
potassium hexauorophosphate ($99%), Triton X-100, and
nitric acid (70% in H2O) were purchased from Sigma-Aldrich.
The standards of Pb2+, Cd2+, and Cr3+ ions were purchased
from Fisher-Acros. 1-(2-Pyridylazo)-2-naphthol (PAN), toluene,
acetonitrile (99.8%), and methanol were obtained from Merck.
Silica gel was obtained from Himedia (India) (60–200 mm).
Deionized water was prepared using a Milli-Q system. Molded
Frits (20 mm) were used for a 3 mL empty tube.

The pH analysis was performed with the Mettler–Toledo
parameter. FT-IR analyses were performed with a Bruker E400
using KBr pellets. N2 isotherm measurements were recorded on
a Quantachrome NOVA 3200e. TG analysis was measured using
a Q-500 instrument. Scanning electron microscopy (SEM) was
performed on a Hitachi S-4800. EDX analysis was performed on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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an EMAX energy EX-400. Elemental analysis was performed on
an Agilent 7500X with an Octopole Reaction System Inductively
Coupled Plasma Mass Spectrometer.

2.2. Preparation of ionic liquid immobilized onto silica

2.2.1. Activation of silica. The rst important step in the
synthesis of SPE sorbents was activation of silica gel by heating
it with nitric acid (1 : 1, w/w) at 80 °C for 4 h. The purpose of
activation is not only to upgrade the content of silanol groups
on the surface but also to ease metal oxides. Next, silica gel was
stirred with hydrochloric acid (1 : 1, w/w) for a day at room
temperature. Finally, silica gel was washed twice with distilled
water until pH 7.0 was reached and dried under vacuum at 120 °
C for 24 h.

2.2.2. Preparation of DL1@SiO2. DL1 was prepared by rst
adding N,N,N-trimethyl-N-hexadecylammonium bromide
[Me3NC16H33]Br (5 mmol, 1.822 g) and potassium hexa-
uorophosphate (5 mmol, 0.920 g) in a round-bottomed ask
(Fig. 1). The mixture was then stirred for 4 h at room temper-
ature with distilled water. Aer completion of the reaction, the
mixture was washed several times with distilled water until no
precipitation appeared with the AgNO3 solution. The result
showed that the bromide anion was exchanged by hexa-
uorophosphate anion. The material was dried in the oven at
100 °C and stored in a desiccator. DL1 ionic liquid was char-
acterized by FTIR, 1H, and 13C NMR.

FT-IR (4000–400 cm−1, KBr): 3376 cm−1, 2917 cm−1,
2850 cm−1, 1385 cm−1, 1055 cm−1, 788 cm−1.

1H NMR (500 MHz, MeOD) d 3.41–3.33 (m, 2H), 3.31 (dt, J =
3.2, 1.6 Hz, 1H), 3.14 (s, 9H), 1.82–1.75 (m, 2H), 1.44–1.23 (m,
29H), 0.90 (t, J = 7.0 Hz, 3H) (Fig. S1†).

13C NMR (125 MHz, MeOD) d 138.50 (s), 123.31 (s), 121.81 (s),
51.91 (s), 50.84 (s), 36.75 (s), 24.24 (s), 6.07 (s) (Fig. S2†).

N,N,N-trimethyl-N-hexadecylammonium hexa-
uorophosphate [Me3NC16H33]PF6 (3.5 mmol, 1.503 g) was
heated with activated silica gel (1 : 3, w/w) in 30 mL acetone in
a round-bottomed ask for 4 h. Upon completion, acetone was
evaporated using a vacuum rotavap to provide a solid white
product (DL1@SiO2).
Fig. 1 The preparation of DL1.

Fig. 2 The preparation of DL2 to DL5 ionic liquids.

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2.3. Preparation of DL2@SiO2 to DL5@SiO2. DL2 ionic
liquid was prepared by adding pyridine and butyl bromide
(C4H9Br) with a molar ratio of 1 : 1 in a round-bottomed ask.
The reaction mixtures were heated at 100 °C for 4 h. The crude
product was obtained in yellow color with high viscosity and
washed with diethyl ether (3 × 10 mL) to remove excess
substrates. Next, N-butylpyridinium bromide (2 mmol, 0.432 g)
and potassium hexauorophosphate (2 mmol, 0.368 g) were
heated for 4 h for anion metathesis (Fig. 2). The mixture was
ltered through Celite to remove KBr. N-butylpyridinium hex-
auorophosphate (DL2) was obtained aer evaporating the
methanol. The same procedure was adopted for other ionic
liquids (DL3, DL4, and DL5) with the replacement of butyl
bromide with octyl bromide, decyl bromide, and octadecyl
bromide, respectively.

N-alkylpyridinium hexauorophosphate (0.5 g) was entirely
dissolved in 50 mL acetone in a 250 mL round-bottomed ask.
Aer that, activated silica was added to the solution and stirred
for 4 h. The acetone was removed under a vacuum rotavap to
provide white products (DL2@SiO2 to DL5@SiO2).

DL2, DL3, DL4, and DL5 ionic liquids were characterized by
FTIR, 1H and 13C NMR.

2.2.3.1 DL2 ionic liquid. FT-IR (4000–400 cm−1, KBr):
3428 cm−1, 2970 cm−1, 2880 cm−1, 1637 cm−1, 1057 cm−1,
792 cm−1 (Fig. S11†).

1H NMR (500MHz, MeOD): d 9.06 (d, J= 5.9 Hz, 2H), 8.62 (t, J
= 7.8 Hz, 1H), 8.14 (t, J = 6.5 Hz, 2H), 4.69 (t, J = 7.6 Hz, 2H),
2.08–1.97 (p, J = 7.4 Hz, 2H), 1.47–1.39 (m, 2H), 1.01 (t, J =
7.4 Hz, 3H) (Fig. S3†).

13C NMR (125 MHz, MeOD) d 145.6, 144.7, 128.3, 61.8, 25.8,
22.3, 13.2 (Fig. S4†).

2.2.3.2 DL3 ionic liquid. FT-IR (4000–400 cm−1, KBr):
3424 cm−1, 2954 cm−1, 2856 cm−1, 1638 cm−1, 1051 cm−1,
821 cm−1 (Fig. S12†).

1H NMR (500 MHz, MeOD) d 9.05 (d, J = 5.8 Hz, 2H), 8.62 (t, J
= 7.8 Hz, 1H), 8.14 (t, J = 6.8 Hz, 2H), 4.71–4.65 (t, J = 7.6 Hz,
2H), 2.07–2.00 (p, J = 7.4 Hz, 2H), 1.39 (d, J = 3.8 Hz, 4H), 1.32
(dd, J = 12.7, 5.9 Hz, 6H), 0.90 (t, J = 6.9 Hz, 3H) (Fig. S5†).

13C NMR (125 MHz, MeOD) d 146.9, 145.9, 129.5, 63.2, 32.8,
32.4, 30.4, 27.1, 23.6, 14.3 (Fig. S6†).

2.2.3.3 DL4 ionic liquid. FT-IR (4000–400 cm−1, KBr):
3441 cm−1, 2954 cm−1, 2853 cm−1, 1639 cm−1, 1054 cm−1,
822 cm−1 (Fig. S13†).

1H NMR (500 MHz, MeOD): d 9.19–9.16 (m, 2H), 8.73 (t, J =
7.8 Hz, 1H), 8.28–8.23 (m, 2H), 4.81–4.77 (t, J = 7.6 Hz, 2H), 2.15
(p, J = 7.4 Hz, 2H), 1.50 (d, J = 3.9 Hz, 4H), 1.42–1.37 (m, 9H),
0.99 (t, J = 7.0 Hz, 3H) (Fig. S7†).
RSC Sustainability, 2024, 2, 211–222 | 213
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13C NMR (125 MHz, MeOD) d 145.5, 144.6, 128.2, 61.8, 31.6,
31.1, 29.3–28.8, 28.7, 25.8, 22.3, 13.0 (Fig. S8†).

2.2.3.4 DL5 ionic liquid. FT-IR (4000–400 cm−1, KBr):
3990 cm−1, 2953 cm−1, 2849 cm−1, 1639 cm−1, 1051 cm−1,
826 cm−1 (Fig. S14†).

1H NMR (500 MHz, MeOD) d 9.05 (d, J = 5.5 Hz, 9H), 8.61 (t, J
= 7.8 Hz, 4H), 8.13 (t, J = 6.9 Hz, 7H), 4.71–4.62 (m, 10H), 2.09–
2.01 (m, 8H), 1.28 (s, 30H), 0.89 (t, J = 7.0 Hz, 3H) (Fig. S9†).

13C NMR (125 MHz, MeOD) d 146.9, 145.9, 129.5, 63.1, 32.9,
32.4, 30.9–30.2, 30.0, 27.1, 23.6, 14.4 (Fig. S10†).
2.3. Preparation of the column

To prepare an SPE column, 200 mg of ionic liquid immobilized
on activated silica gel was precisely weighed and placed between
two 20 mm frits in the empty cartridge with 6.0 cm length and
0.9 cm internal diameter. The columns were labeled and stored
at room temperature for sample preparation.
2.4. General procedure for the solid-phase extraction

For DL1 to DL5, the working solution, including 50 mg L−1 of each
metal and PAN 2.5× 10−3 M, which is an orange-colored dye, acts
as a tridentate ligand and can form stable chelate complexes
between metal ions with its oxygen atom and azo group. It was
freshly prepared in distilled water from 1000mg L−1 stock solution
of three metal ions (Pb2+, Cd2+, Cr3+). The pH of the working
solution was adjusted to 8.5 using borax buffer to formmetal–PAN
complexes. The SPE columns were cleaned and conditioned with
distilled water (5× 3mL). The working solution (30mL, 50 mg L−1)
and PAN using borax buffer (pH 8.5) were loaded on the column.
The molar ratio of metal ions and PAN (1 : 6) was applied for the
presentmethod, followed by our previous report.58 A small amount
of KCl was added to enhance the ionic force, and Triton-X 100
played the role of a surfactant to dissolve all the precipitate to
generate a homogeneous solution.
Fig. 3 FT-IR spectra of DL1-SiO2, SiO2, and DL1.
2.5. Adsorption experiment

The adsorption experiment was performed by adding 100 mg
of DL1-SiO2 adsorbent into 20 mL of the metallic solution,
including Cr3+, Cd2+, and Pb2+, at room temperature to eval-
uate the adsorption capacity. The metallic solution consisting
of three metallic ions, Cr3+, Cd2+, and Pb2+, was prepared at
different concentrations 10, 30, 50, and 100 mg L−1 with PAN
and the pH was adjusted to 8.5. Aer adsorption, DL1-SiO2 was
removed from the working solution using a 0.45 mm syringe
and the concentration of the metallic solution was determined
by ICP-MS. The adsorption process was explained by Langmuir
(1) and Freundlich models (2). These models can be expressed
as an equation where a and amax are the equilibrium and
monolayer sorption capacities of the sorbents (mg mg−1),
respectively, C is the equilibrium concentration (mass per unit
volume) (mmol L−1), and k is the rate constant related to
adsorption.

c

a
¼ c

amax

þ 1

kamax

(1)
214 | RSC Sustainability, 2024, 2, 211–222
for the Freundlich equation, K is the Freundlich constant,
which represents adsorption capacity; 1/n is an empirical
constant indicating the adsorption intensity of the system.

log a ¼ log k þ 1

n
log C (2)
3. Results and discussion
3.1. Characteristics of materials

DL1 ionic liquid was synthesized following the procedure
described in the previous literature. The structure of DL1 was
conrmed by FTIR, 1H, and 13C NMR analyses. The as-
synthesized DL1 was graed onto silica to provide DL1-SiO2.
The structure of DL1-SiO2 was determined by FTIR spectroscopy.
The FTIR spectra of DL1, silica, and DL1-SiO2 are presented in
Fig. 3. The peak at 1050 cm−1 was related to asymmetric Si–O–Si
vibration. The variation in the width of the Si–O–Si vibration at
1050 cm−1 suggested that free silanols were involved in the
silylation process, as indicated by the increase in the silanol
band in the ionic liquid-modied silica spectrum.59 As depicted
in Fig. 3, there was a typical broad peak, which was referred to as
O–H stretching vibration. FT-IR spectra of the IL showed char-
acteristic peaks at 2917, 2850, and 1385 cm−1, which were
associated with the stretching vibration of C–H groups and C–N
bonding.60 The peak at 819 cm−1 can be attributed to P–F
stretching vibration.59 These signals of FT-IR spectra can prove
that the ionic liquid N,N,N-trimethyl-N-hexadecylammonium
(DL1) was successfully graed onto a silica gel surface.

Thermal gravimetric analysis (TGA) was used to determine
the stability and the mass of the ion liquid graed on the silica
gel (Fig. 4). TGA was conducted in the temperature range from
25 to 800 °C with a 5 °C min−1 heating rate in an air atmo-
sphere. N,N,N-trimethyl-N-hexadecylammonium
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 EDX spectrum and SEM mapping of elemental distribution in DL1

Fig. 4 Thermal gravimetric analysis diagram of DL1-SiO2.
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hexauorophosphate showed a decline in weight (∼4%) at
below 250 °C, which could be attributed to the solvent and H2O.
From 250 to 350 °C, there was a signicant weight loss (10%)
that was due to an organic molecule that corresponded to the
ionic liquid. The result showed that the ionic liquid immobi-
lized silica gel was successfully synthesized.

The N2 sorption isotherm was recorded at 77 K and the
specic surface area of the DL1-SiO2 sorbent was 166.595m

2 g−1

with an average pore width of 36 Å. Fig. S15† demonstrates that
immobilizing the ionic liquid on silica reduced the surface area
and pore width of silica gel, at about 166.595 m2 g−1 and 0.469
cm3 g−1, respectively. The results indicated that the immobili-
zation process for the ionic liquid on silica was successfully
achieved.

Energy-dispersive X-ray spectroscopy was used to assess the
elemental composition of the ionic liquid-functionalized silica
-SiO2.
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Fig. 6 Scanning electronmicroscopy images of (a) commercial silica gel and (b) ionic liquid DL1 grafted onto silica gel at differentmagnifications.
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gel surface (EDX). EDX mapping was utilized to estimate the
distribution of components derived via random scanning of
particular locations. As depicted in Fig. 5, the majority of DL1-
SiO2 was composed of silica and oxygen. The EDX spectrum of
216 | RSC Sustainability, 2024, 2, 211–222
the synthesized material exhibits distinctive peaks at energy
levels of 0.28 and 0.39 keV, indicating the likely presence of
carbon (C) and nitrogen (N) on the material's surface. Further-
more, the appearance of elements F and P found in the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The concentration of leaching metals applying different
materials.

Fig. 8 Effect of sample volume.
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spectrum at 0.70 keV and 2.06 keV showed that the PF6 anion
was successfully altered and graed onto the silica gel surface.
In conclusion, the EDX results revealed the contribution of
carbon, nitrogen, oxygen, silica, and phosphonium in the
composition, showing that ionic liquids were successfully
coated onto the silica.

Scanning electron microscopy was used to examine the
morphological properties of the synthesizedmaterial DL1-SiO2 at
various magnications. As seen in Fig. 6, aer immobilizing the
ionic liquid DL1 onto silica gel, the material has a lamellar
fracture and a rough surface, the same as the shape of regular
silica gel. There is no substantial change in particle size between
commercial silica gel and DL1 immobilized silica gel. This
suggests that the silica gel particles were mechanically stable
during immobilization. Besides, at magnication 2.000 and
10.000, several macro channels were evenly distributed on the
material's surface as opposed to thin surface morphologies of
pure silica gel, indicating the increase in sorption efficiency
toward metal ions. Overall, the results have conrmed that the
graing process has a signicant inuence on the material's
morphology which determines the metal adsorption capacity.
3.2. The ability of retention

Five types of sorbents were tested to nd the best sorbent for the
preconcentration of metal ions (Fig. 7). All the sorbents that were
placed into the SPE columns were preconditioned with 5 ×

3.0 mL of distilled water. 30 mL of a mixed standard working
solution including three metallic ions (50 mg L−1 for each) and
the PAN indicator with the ratio 1 : 6 was prepared and adjusted
to pH 8.5. Next, the working solution was loaded through the SPE
column at a ow rate of 1.0 mLmin−1. Fivematerials were tested,
including silica modied with imidazolium ionic liquids and
pyridinium ionic liquids with different alkyl chains. Aer loading
through the column, the leaching solution from 5 cartridges was
© 2024 The Author(s). Published by the Royal Society of Chemistry
determined by ICP-MS to analyze the concentration of each
metallic ion. The results demonstrated that the pyridinium hex-
auorophosphate provided low effectiveness in the sorption of
Cr3+, Cd2+, and Pb2+. The study revealed that the alkyl chain of the
pyridinium ionic liquids did not affect the sorption of metal ions.
The DL1-SiO2 sorbent with ammonium hexauorophosphate
provided the best sorption efficiency toward metal ions.
3.3. Effect of sample volume

The sample volume plays a key role in obtaining a high pre-
concentration. It was determined that combining a high-loading
volume with a low concentration decreased retention. Aer
choosing DL1@SiO2 as the best adsorbent, two working solu-
tions, including 30 mL, 50 mg L−1 and 150 mL, 10 mg L−1 of the
three investigated metallic ions were loaded through the column
containing DL1@SiO2. Both of them were adjusted to pH 8.5 and
when the loading process was nished, the ions retained on the
materials were eluted using HNO3/ethanol (1 mol L−1). The
content of the eluted solution was determined by ICP-MS to
obtain the recovery. The recovery of a material is the amount of
a metallic ion that is present in the solution aer the cartridge is
eluted by the suitable solvent. The results were compared with
the total amount of the metallic ions found in both leaching
solution and eluent solution. The recovery was calculated
according to the following equations:

Recovery ðH%Þ ¼ Ce

C0

� 100

where C0 is the initial concentration of each metallic ion in the
solution (mg L−1); Ce is the concentration of each metallic ion in
the eluted solution (mg L−1).

As depicted in Fig. 8, at a concentration of 50 mg L−1 and
a loading volume of 30 mL, the retention of Cr2+ and Pb2+ was
over 95%, while the retention of Cd2+ was below 60%. With the
same concentration of metal ions, the use of 10 mg L−1 and
a loading volume of 150 mL provided lower recovery than
50 mg L−1 and a loading volume of 30 mL, presumably because
of self-elution.
RSC Sustainability, 2024, 2, 211–222 | 217
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Fig. 10 Effect of nitric acid volume on the elution recovery.
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3.4. Effect of pH

The sorbent did not retain the pure metal ions, so the popular
reagent PAN was chosen to complex with metal ions. The pH of
sample solutions, which has a signicant impact on the stability of
the metal–PAN complexes, is one of the essential factors for effi-
cient retention of themetal ions on the sorbent. Tond the optimal
pH for simultaneous extraction of the metal ions from aqueous
samples, pH was varied in the range of 6.5–9.5 using buffers
prepared from borax and sodium hydroxide or hydrochloric acid
(0.1 mol L−1). The sorption percentage of metal ions was calculated
based on the difference between the concentration of metal ions in
the initial solution and the solution leaching from the SPE column.
It was evident that the sorption of all metal ions on the DL1@SiO2

increased with the rise of pH and reached the maximum at pH 8.5.
The low efficiency of the sorption was observed at pH < 7.5 due to
the unstable metal–PAN complex. All subsequent work was,
therefore, carried out at the optimum pH of 8.5 (Fig. 9).

3.5. Effect of elution conditions on recovery

The eluent is an important parameter for SPE investigation.
According to preliminary studies and experiments, HNO3/
ethanol (1.0 mol L−1) was used as a good eluent for column
elution to cleave metal complexes' bonds.37 As shown in Fig. 10,
quantitative recoveries were afforded with Cr3+ and Pb2+ using 1
or 2 mL of HNO3/ethanol (1.0 mol L−1). A low recovery of Cd2+

(∼60%) was obtained with 2 mL of HNO3/ethanol. Actually,
there is a slight discrepancy in the recovery of three metallic
cations between eluting with 1 and 2 mL of HNO3/ethanol.
Therefore, the small amount of elution will contribute to
minimizing the consumption of acid and reducing the amount
of acid released into the environment.

3.6. Interference study

Water matrices are complicated in which several interfering ions
can affect the result of analysis. Aer loading the mixed standard
solution (50 mg L−1 for each metallic ion) containing foreign ions
Fig. 9 Effect of pH on the recovery of three metallic ions.

218 | RSC Sustainability, 2024, 2, 211–222
with high concentration into the column, the recovery of the three
ions, Cr3+, Cd2+, and Pb2+, was achieved by eluting the mixed
standard solution with 1.0 mL of HNO3/ethanol (1 mol L−1)
solution. Then the content in the effluents was determined using
ICP-MS and the recoveries were calculated. As shown in Table 1,
the results indicated that most of the tested ions had no notable
inuence on the determination of the solution consisting of Cr3+,
Cd2+, and Pb2+ species. The following tolerance amount ratios
were obtained: 500-fold excess of Na+, K+, Ca2+ and Mg2+, 450-fold
excess of Cl−, 2000-fold excess of SO4

2− and 650-fold excess of
CO3

2−. The results showed that the interferences of most foreign
ions for the preconcentration of Cr3+, Cd2+, and Pb2+ species in
real samples were negligible. This can be explained by the fact
that interfering cations in this experiment cannot form coordinate
covalent bonds with the colored dye PAN. Besides, the complex-
ation between the three metallic cations and PAN occurred
without the interference of the coexisting anions, namely, Cl−,
SO4

2−, and CO3
2− in the matrices. The method was also selective

for preconcentrating and extracting Cr3+, Cd2+, and Pb2+.
3.7. Adsorption isotherm

In this study, adsorption isotherms gave information about the
concentration of metallic ions between the standard solution and
adsorbent, the number of metals adsorbed by DL1@SiO2 and the
Table 1 Effects of the interfering ions on the recoveries of the metal
ions

Ion Added salt
Ratio [interfering
ion]/[metallic ion]

Recovery (%)

Cr Cd Pb

Na+ Na2CO3 500 100.01 74.56 97.23
K+ KCl 500 100.12 78.32 98.11
Ca2+ CaCl2 500 100.67 73.24 98.20
Mg2+ MgSO4 500 98.39 74.67 97.96
Cl− KCl 450 99.37 74.39 93.11
SO4

2− MgSO4 2000 98.26 75.21 95.96
CO3

2− Na2CO3 650 100.24 74.42 96.23

© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3su00247k


Fig. 12 Freundlich model of (a) Cr3+, (b) Cd2+, (c) Pb2+.

Fig. 11 Langmuir model of (a) Cr3+, (b) Cd2+, (c) Pb2+.
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mechanism of the PAN-metal complexes adsorbed by DL1@SiO2.
The Langmuir and Freundlich isotherm models were used to
analyze the adsorption data, and the results are shown in Fig. 11
and 12. Herein, the Langmuir isotherm model assumes that there
are a xed number of active sites in a single layer, that each active
site can only adsorb an ion, and there is no interaction between the
adsorbed ions. Besides, the Freundlich isothermmodel shows that
the energy and behavior of active sites on the absorbent vary
depending on the adsorbent. As depicted in Fig. 11 and 12, the R2

values from the Langmuir model of the three metallic ions were
0.9826, 0.8199, and 0.9805, which were higher than the Freundlich
values. Thus, the Langmuir model is suitable for the adsorption
process with the amax of 14.58, 10.89, and 20.63 mg mg−1 (Fig. 11).

The Freundlich isotherm assumes that each adsorption site
has different energy and interacts differently with different
molecules. The 1/n value indicates the type of isotherm as
follows: irreversible (1/n = 0), favorable (0 < 1/n < 1), or unfa-
vorable (1/n > 1). As shown in Fig. 12, the slope values of 1/n for
Cr3+, Cd2+ and Pb2+ being lower than 1 indicate that complexes
of PAN and the three metallic ions Cr3+, Cd2+, and Pb2+ were
adsorbed favorably onto the DL1@SiO2 surface. It was obvious
from the correlation coefficient value (R2) that the Langmuir
model tted the experimental data better than the Freundlich
Table 2 Validation of the proposed method

Analyte LOD (mg L−1) LOQ (mg L−1) RSD (%)

Cr 0.173 0.347 1.2
Cd 0.046 0.093 4.9
Pb 0.185 0.370 3.4

© 2024 The Author(s). Published by the Royal Society of Chemistry
model, which indicated the monolayer adsorption of Cr3+, Cd2+,
and Pb2+ onto the homogeneous surface of DL1@SiO2 (Fig. 12).

3.8. Reusability of DL1@SiO2

The advantage of adsorbent reuse is greatly related to the cost of
practical application of the material. The reusability of
DL1@SiO2 was repeatedly investigated for all three metallic
ions. The difference in metal removal efficiency of the rst and
h adsorption–desorption cycles for the ions Cr3+, Cd2+, and
Pb2+ was 4.8%, 5.7% and 4.5%, respectively, indicating that
DL1@SiO2 can be reused at least ve times without a signicant
decrease of the sorption capacity.
RSC Sustainability, 2024, 2, 211–222 | 219
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Table 3 Comparison of the present method and other previous literature studies

Method Metal ions
Enrichment
factor LOD (mg L−1) RSD (%) Reference

1-Methyl-3-butyl-imidazolium bromide
graed silica gel

Pb2+ 185 0.7 4.2 54

Graphene oxide (GO)–titanium dioxide
(TiO2)

Cu2+, Pb2+, La3+, Ce3+, Eu3+, Dy3+ and Yb3+ 10 0.13–2.64 3.2–9.8 61

Aminothioamidoanthraquinone graed
silica gel

Pb2+, Cu2+, Ni2+, Co2+ and Cd2+ 100 1.0–22.5 #9 62

Iminodiacetic acid (IDA) graed
MWCNTs

V5+, Cr6+, Pb2+, Cd2+, Co2+, Cu2+ and As3+ 66–101 0.4–3.4 1–4 63

Activated carbon Cd2+, Co2+, Cu2+, Ni2+, Pb2+, and Zn2+ 80 0.17–2.6 1.3–3.7 64
This work Cr3+, Cd2+, Pb2+ 30–150 0.046–0.185 1.2–4.9
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3.9. Validation of the method

The current method's quantitative characteristics, including
LOD, LOQ, and RSD, were investigated by determining the
metallic cations in tap water, and the results are presented in
Table 2. Tap water was taken in Ho Chi Minh City and was
added to six volumetric asks with the same volume (25 mL).
Next, 0.2 mg L−1 standard solution and PAN were spiked into the
tap water with the molar ratio 1 : 6. The real sample solution
(100 mL) was loaded through the column at a ow rate of 0.7–
0.8 mL min−1. The elution step started when the solution
HNO3/ethanol 1 mol L−1 (1 mL) was applied. Six replicates were
performed to assess the method's precision, and the RSDs were
calculated. The LOD and LOQ values are estimated by analyzing
6 duplicates of spiked tap water samples with low analyte
concentration. As indicated in Table 2, the results yielded the
average concentration value (�x), relative standard deviation
(SD), LOD, and LOQ.

LOD = 3SD, LOQ = 3LOD

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðx� xÞ2

n� 1

s
; RSD ¼ SD

x
� 100

The RSD values of the current method were approximately
1.2–4.9%.

The current method's analysis performance was compared
with that of the previous literature (Table 3). Our method can be
attributed to the novel N,N,N-trimethyl-N-hexadecylammonium
Table 4 Determination of Cr3+, Cd2+, and Pb2+ (mg L−1) in a water
sample

Sample Tap water

Recovery (%)Added (mg L−1) 0 0.2

Found Cr 0.032 � 0.009 0.248 � 0.015 100.8
Cd 0.153 � 0.010 0.301 � 0.070 74
Pb 0.118 � 0.044 0.312 � 0.062 97

220 | RSC Sustainability, 2024, 2, 211–222
ionic liquid immobilizing on silica sorbent, which exhibited
high extraction of Cr3+, Cd2+, and Pb2+.

3.10. Real sample analysis

To test the efficiency of the present method, the tap water in Ho
Chi Minh City was analyzed using the procedure. The sample was
spiked with 0.2 mg L−1. As depicted in Table 4, the recovery values
for Cr3+, Cd2+, and Pb2+ were 100.8%, 74% and 97%, respectively.
The result showed that the present method was accurate.

4. Conclusion

We have developed ionic liquid-modied silica, which is an
effective sorbent for Cr3+, Cd2+, and Pb2+. The ionic liquid-
immobilized silica sorbent was characterized by FTIR, TGA,
BET, SEM, and EDX. The material provided high efficiency
toward Cr3+ and Pb2+. However, Cd2+ was not suitable for the
SPE process using this sorbent. The current method is very
simple, inexpensive, and environmentally benign. The results
demonstrated that the ionic liquid-modied silica could be
suitable for further potential applications of SPE technology for
analytical chemistry.
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