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self-assembly of ionic (PNIPAM-
co-VIM) microgels and their adsorption property
for phosphate ions†

Jianping Yang,*a Bei Huang,b Zhengxiang Lva and Zheng Cao *bc

Using N-isopropyl acrylamide (NIPAM) as the main monomer, 1-vinyl imidazole (VIM) containing tertiary

amine groups as the functional comonomer, and 1,5-dibromo pentane as the crosslinking agent, ionic

P(NIPAM-co-VIM) microgels were prepared by a two-step method. The crosslinking agent was reacted

with tertiary amino groups by the quaternary amination. The results of zeta potential and particle size

analysis showed that P(NIPAM-co-VIM) microgels were positively charged and had a particle size of

about 400 nm, and the microgels with 11 wt% VIM still showed temperature sensitivity with a volume

phase transition temperature of approximately 37.5 °C. The effects of VIM content, ambient temperature,

and pH on the adsorption properties of the microgels for phosphate anions were explored. The self-

assembly of the positively charged P(NIPAM-co-VIM) microgels with polyelectrolytes and the adsorption

behavior of the layers for phosphate anions were studied using a quartz crystal microbalance (QCM). It

was found that at a phosphate concentration of 0.3 mg mL−1, VIM mass fraction of 11%, pH of 5, and

temperature of 20 °C, the largest adsorption capacity of P(NIPAM-co-VIM) microgel on phosphate ions

could reach 346.3 mg g−1. The frequency responses of the microgel-modified QCM sensor could reach

3.0, 18.8, and 25.9 Hz when exposed to 10−8, 10−7, and 10−6 M phosphate solutions. Therefore, the ionic

(PNIPAM-co-VIM) microgels could be promising for fabricating anion-binding materials for separation

and sensing applications.
1 Introduction

A microgel is a kind of polymer with a size of 50–5000 nm and
a crosslinked network structure. It is easy to introduce func-
tional groups into a microgel, and it has a large specic surface
area and fast environmental response performance.1–7

Currently, there are many studies on environmentally sensitive
microgels, which can change physically or chemically with
a change in the external environment. According to different
external inuence factors, environmentally sensitive microgels
can be divided into temperature-responsive microgels,
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magnetic-responsive microgels, pressure-responsive microgels,
near-infrared laser-responsive microgels, pH-responsive
microgels, and multi-responsive microgels.8–16 Nowadays,
microgels have many applications in dye and ion sensing and
adsorption, such as selective adsorption of metal ions, such as
Ni2+, Cu2+, Co2+, Pb2+, and dye molecules,17–24 but there are few
reports on the adsorption of phosphate ions.25,26 Phosphorus
discharged into water can easily lead to eutrophication, and
phosphorus-containing wastewater discharged into soil will
cause soil zinc deciency. Phosphorus mainly exists in the form
of phosphate ions in a water environment. Therefore, it is of
great signicance to develop efficient microgel adsorption
materials and to remove excessive phosphate ions from
water.27,28

Hui et al.29 prepared polyvinyl alcohol hydrogel microspheres
containing aluminum ions (Al3+) in a internal network structure
by a chemical crosslinking method. It was found that with an
increase in AlCl3 concentration and an extension of cross-
linking time, the permeability of the hydrogel decreased, and
the adsorption capacity for phosphate ions rst increased and
then decreased. Liu et al.30 prepared zirconium(IV)-loaded
crosslinked chitosan particles (CCP-Zr) by a membrane forming
and crosslinking method, and studied their adsorption prop-
erties for phosphate ions. The adsorption mechanism was
attributed to the electrostatic interaction and ion exchange
RSC Adv., 2023, 13, 3425–3437 | 3425
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reaction between CCP-Zr and phosphate ions. Using N-iso-
propyl acrylamide (NIPAM) as the main monomer and N-allyl
thiourea (ATU) as the functional comonomer, Chen et al.31

prepared thermosensitive P(NIPAM-co-ATU) microgels by free
radical polymerization. Due to the strong adsorption of thiourea
groups and phosphate ions, the adsorption capacity of
P(NIPAM-co-ATU) microgels for phosphate ions can reach 91mg
g−1. It can be seen that an adsorption method based on
microgel particles or microspheres is a suitable method for
treating low-content pollutants in solution. It has the advan-
tages of simple operation, low cost, and high efficiency, and has
become a research hotspot at home and abroad. The functional
groups on the microgel network structure can adsorb phos-
phate ions by electrostatic interaction. It is very important to
nd and develop microgel materials that can strongly adsorb
phosphate ions and realize the adsorption and separation of
phosphate ions.

In recent years, environmentally responsive ionized micro-
gels have attracted more andmore attention and are expected to
be ideal materials for the adsorption and separation of phos-
phate ions. Using N-isopropyl acrylamide (NIPAM) as the main
monomer and 1-vinyl imidazole (VIM) or 4-vinyl pyridine (4VP)
as the comonomer, Zhou et al.32 successfully obtained a ther-
mosensitive ionic microgel with narrow distribution by in situ
quaternization crosslinking via soap-free emulsion polymeri-
zation. As crosslinking agents, 1,4-dibromobutane and 1,6-
dibromohexane are quaternized with tertiary amine groups in
the copolymer to form a crosslinked network and thermo-
sensitive ionic microgels. In addition, the ionic microgels
showed good encapsulation and release ability for anionic dyes
(such as methyl orange, MO). However, there are few applica-
tions for the adsorption and separation of phosphate ions by
such ionic microgels. It is considered that microgels can be
functionalized by ion exchange, the design of crosslinking
agents with new structures, and further quaternization. They
can be applied to treatment of dye wastewater, degradable
templates, metal ion detection, and other elds.33–35 In addition,
there is an urgent need for real-time detection and efficient
technical means to facilitate the study of the interaction
between ionized microgels and phosphate ions, and to provide
a reference for the better development of adsorption and
sensing materials for phosphate ions. A quartz crystal micro-
balance (QCM) is a powerful tool for detecting the mass change
of a trace material on the surface of the quartz crystal sensor,
with high detection sensitivity, easy surface modication, real-
time detection, and other advantages, and it has been widely
used in polyelectrolyte self-assembly,36–38 protein or enzyme
adsorption,39,40 chain conformation,41,42 chemical sensors,43–47

and biodegradation48 and other elds. In this work, N-isopropyl
acrylamide (NIPAM) was used the main monomer, and 1-vinyl
imidazole (VIM) was added as a functional copolymer monomer
to prepare a temperature-sensitive P(NIPAM-co-VIM) microgel,
and its structure, properties, and ability to adsorb phosphate
ions were studied. At the same time, the layer-by-layer (LbL) self-
assembly behavior of the charged and ionized microgels and
the oppositely-charged polyelectrolytes driven by electrostatic
forces was studied by QCM technology, and the self-assembled
3426 | RSC Adv., 2023, 13, 3425–3437
microgels were used as sensing coatings for QCM, and the
adsorption interaction between microgels and phosphate ions
was studied. The addition of functional monomer VIM is ex-
pected to improve the capacity of the microgel to adsorb
phosphate ions and to develop high-efficiency phosphate ion
adsorption materials.
2 Experimental
2.1 Chemicals and materials

1-Vinyl imidazole (VIM, $98%), N-isopropyl acrylamide
(NIPAM, $99%), 2,2′-azoisobutyronitrile (AIBN, $98%), 1,4-
dioxane (DOA, $99%), 1, 5-dibromopentane (DMP, $97%),
polyethyleneimine (PEI, branched, Mw = 10 000, $99%),
sodium polystyrene sulfonate (PSS, $99%), potassium persul-
fate ($99%), and N,N′-methylenebis(acrylamide) (MBA, $98%)
were all purchased at J & K Chemical Co., Ltd. (Beijing,
Shanghai). Ascorbic acid (C6H8O6, $99%) and potassium anti-
mony tartrate ($99%) were obtained from Sinopharm Group
Chemical Reagent Co., Ltd. Ammoniummolybdate tetrahydrate
((NH4)6MO7O24$4H2O, $99%) was bought from Shanghai
Shenbo Chemical Co., Ltd. Potassium dihydrogen phosphate
(KH2PO4, $99%) was obtained from Yonghua Chemical Tech-
nology Co., Ltd. (Suzhou, China). Sodium phosphate dodeca-
hydrate (Na3PO4$12H2O, $99%) was purchased from Jiangsu
Qiangsheng Chemical Co., Ltd. (Changshu, China).
2.2 Preparation of ionic P(NIPAM-co-VIM) microgels

P(NIPAM-co-VIM) microgels were synthesized by a two-step
method. The P(NIPAM-co-VIM) linear copolymer was rstly
synthesized as follows: 1.5 g of NIPAM, 0.18 mL of VIM, and
0.036 g of AIBN were dissolved in 18 mL of DOA. The mixture
was magnetically stirred and dissolved, and reacted at 70 °C for
24 h in a nitrogen atmosphere. Aer the reaction, the polymer
solution was placed in a dialysis tube (molecular weight cut-off
8000–14000) and puried in water for 24 h, changing the water
every 8 h. The puried P(NIPAM-co-VIM) linear copolymer was
dried in a vacuum oven at 60 °C. The dried linear copolymer was
dissolved in 60 mL of deionized water, and 118 mL of 1,5-
dibromopentane was added as a crosslinking agent. The
mixture obtained above was purged with nitrogen gas and
reacted at 70 °C for 24 h. Aer the end of the reaction, the
microgel dispersion was placed in a dialysis tube (molecular
weight 8000–14000) and puried in deionized water for 24 h,
changing the water every 8 h. By keeping the amount of NIPAM
monomer constant, the mass fraction of VIM was controlled to
be 11 wt%, 30 wt%, 50 wt%, and 70 wt%, which correspond to
molar feed ratios of NIPAM/VIM of 1/0.14, 1/0.38, 1/0.63, and 1/
0.89, respectively. Therefore, the synthesis of microgels with
different mass fractions of VIM was achieved. Note that the
amount of the crosslinker was kept constant for the synthesis of
P(NIPAM-co-VIM) microgels. The PNIPAM microgel was
prepared via the free radical polymerization of NIPAM. 0.891 g
of NIPAM and 0.18 g of MBA crosslinker were dissolved in
45 mL of water, and the mixture was bubbled with nitrogen,
stirred, and heated at 70 °C. Then, the initiator potassium
© 2023 The Author(s). Published by the Royal Society of Chemistry
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persulfate was added, and the reaction was allowed to carry on
for 24 h. The purication and separation of PNIPAM microgels
were similar to P(NIPAM-co-VIM) microgels.

2.3 Drawing of phosphate adsorption standard curve

1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and 8.0 mL of phosphate anion
standard solutions with a concentration of 0.02 mg mL−1 were
taken in 8 volumetric asks with a volume of 50 mL, and each
solution was diluted with about 25 mL water. Then, 5.0 mL of
ammonium molybdate solution and 3.0 mL of ascorbic acid
solution were added to each solution in the volumetric ask and
diluted with water to the full scale of 50 mL. Fig. S1† shows
pictures of blank solution and phosphomolybdate blue solu-
tions prepared from eight groups of phosphate solutions with
different concentrations (see ESI†). These groups of solutions
were kept at room temperature for 10 min, and the spectro-
photometric determination of phosphate was then performed
at 890 nm using a UV-1800 ultraviolet spectrophotometer (Shi-
madzu, Japan). All measurements were made using cuvettes.
The standard work curve was established, as shown in Fig. S2,†
aer having carried out the procedure of the standard work
curve. The linear equation was obtained and the linear scope of
phosphate concentration was 0.4–3.2 mg L−1. The linear
correlation coefficient R was 0.98, which means that this linear
equation shows good linear correlation and can satisfy the
photometric measurement of phosphate.

2.4 Phosphate anion adsorption experiment

Firstly, phosphate solutions with various concentrations of
0.05, 0.2, and 0.3 mg mL−1 were prepared in a 250 mL beaker,
respectively. 0.05 g of dried microgel powder was dispersed in
10 mL of water, and then placed in a dialysis tube for adsorp-
tion. The whole solution was sealed with plastic wrap, and
stirred magnetically at a certain temperature; the adsorption
time was two days. The pre-adsorption and post-adsorption
phosphate ion solutions were diluted to the concentration
range of the standard curve, and their absorbance values were
determined by the phosphorus–molybdenum blue method. The
adsorption capacity is calculated as follows:

Qe ¼ C0V0 � C1V1

m
(1)

where Qe is the adsorption capacity of the microgel for phos-
phate ions (mg g−1), m is the mass of the dried microgel for
adsorption (g), C0 is the concentration of phosphate solution
before adsorption (mg mL−1), C1 is the concentration of phos-
phate solution aer adsorption (mg mL−1), V0 is the volume of
phosphate solution before adsorption (mL), and V1 is the sum of
the volume of phosphate solution and the volume of the
microgel solution (mL).

2.5 Inuence of time on adsorption

0.2 g of Na3PO4$12H2O was dissolved in 250 mL of water to
obtain a phosphate solution with a low concentration of 0.2 mg
mL−1. The adsorption of phosphate anions by microgels was
carried out, and the UV-vis absorbance values of the phosphate
© 2023 The Author(s). Published by the Royal Society of Chemistry
solution at regular time intervals were measured before and
aer adsorption. The inuence of time on the phosphate
adsorption of PNIPAM and P(NIPAM-co-VIM) microgels was
investigated.
2.6 Inuence of phosphate concentration on adsorption

0.05 g, 0.2 g, and 0.30 g of Na3PO4$12H2O were dissolved in
250 mL of water, respectively. Phosphate solutions with
different concentrations were obtained. The effect of phosphate
concentration on phosphate adsorption by PNIPAM and
P(NIPAM-co-VIM) microgels was studied.
2.7 Inuence of pH on adsorption

0.2 g of Na3PO4$12H2O was dissolved in 250 mL of water to
obtain a phosphate solution, and the pH of the phosphate
solution was adjusted to 5, 7, and 10, respectively. The inuence
of pH on phosphate adsorption of PNIPAM and P(NIPAM-co-
VIM) microgels was studied.
2.8 Inuence of temperature on adsorption

0.2 g of Na3PO4$12H2O was dissolved in 250 mL of water to
obtain a phosphate solution with a concentration of 0.2 mg g−1.
The temperature of the adsorption experiment was adjusted to
20 °C and 55 °C, respectively. The effect of temperature on the
adsorption performance of the PNIPAM and P(NIPAM-co-VIM)
microgels was investigated.
2.9 LbL self-assembly of polyelectrolyte/microgels on QCM
sensor

Firstly, the QCM sensor (gold-coated AT-cut quartz crystal,
fundamental frequency f0 of 5 MHz, Suzhou Siju Biomaterials
Co., Ltd., Suzhou, China) was cleaned with a mixture of
deionized water, hydrogen peroxide, and ammonia with
a volume ratio of 5 : 1 : 1. Aer cleaning, the QCM sensor was
taken out and soaked in an ethanol solution, and then dried
with nitrogen. The concentrations of PEI solution, PSS solution,
and P(NIPAM-co-VIM) solution were 0.02 g mL−1, 0.01 g mL−1,
and 0.048 mgmL−1, respectively. The QCM sensor was placed in
the ow cell of the QCM (iQCM equipment, Model QCM-A DBY-
17, Hangzhou Longqin Advanced Materials Sci. & Tech. Co.,
Ltd., Hangzhou, China), and deionized water was passed into
the QCM ow cell at a ow rate of 100 mL min−1. The normal-
ized frequency shi (Df3/3) of the QCM sensor was recorded at
the third overtone (n = 3) as the baseline in deionized water.
Aer stabilization, the PEI solution was rst introduced. Due to
the interaction between the amino groups of PEI and gold, the
PEI chains were adsorbed onto the QCM sensor surface, leading
to a decreased frequency shi of the QCM sensor. Aer the
adsorption had reached equilibrium, the PSS solution was
introduced and adsorption of the negatively charged PSS chains
took place on the PEI layer. Finally, the positively charged
microgel was introduced to form the self-assembled PEI/PSS/
P(NIPAM-co-VIM) on the QCM sensor surface. The entire self-
assembly process was monitored using the QCM.
RSC Adv., 2023, 13, 3425–3437 | 3427
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2.10 Instruments and characterization

A scanning electron microscope (JSM-6360LA, JEOL, Japan) was
used to observe the size and morphology of the samples. The
microgel solution was dropped onto a glass sheet of 1 cm ×

1 cm, and dried naturally at room temperature. The surface of
the resulting sample was coated with a thin gold lm before
observation.

A Fourier transform infrared spectrometer (FT-IR, Thermo
Nicolet Avatar 370, USA) was employed to characterize the
samples. The prepared P(NIPAM-co-VIM) microgel was dried at
60 °C in a vacuum oven and dried into a white powder form. The
powder of the microgel was mixed with KBr powder in a ratio of
1 : 100 to form tablets, and the FT-IR spectra of the PNIPAM and
P(NIPAM-co-VIM) microgels were determined.

A zeta potentiometric and particle size analyzer (Zetasizer
Nano ZS, Malvern) was adopted to analyze the zeta potential and
particle size of the PNIPAM and P(NIPAM-co-VIM) microgels in
aqueous solution. The pH of the solution was adjusted by HCl
or NaOH. The temperature of the solution was set from 20 °C to
55 °C.

Tapping mode atomic force microscopy (AFM, NanoMan VS,
Veeco Instrument Inc., USA) was adopted to determine the
morphology of the QCM sensor surface before and aer the self-
assembly of the PEI/PSS/microgel at room temperature in air.

A contact angle measurement instrument (HARKE-SPCA,
Beijing Harke Test Instrument, Beijing, China) was employed
to test the water contact angle of the samples. The PNIPMAM
and P(NIPAM-co-VIM) microgels were coated on a slide, and
placed in a vacuum oven at 60 °C for drying. The contact angle
between the microgel lm and water was measured aer drying
to study its hydrophilicity.

The adsorption response of the self-assembled PEI/PSS/
microgels to phosphate ions was studied using QCM. The self-
assembled microgel-modied QCM sensors were xed into
the ow unit of the QCM, and deionized water was rst passed
at a ow rate of 100 mL min−1. Taking the resonance frequency
of the QCM sensor in deionized water as a reference, different
concentrations of 10−8, 10−7, and 10−6 M of phosphate ion
solutions were channeled into the ow unit. Because the self-
assembled microgels contain many binding sites that can
interact with phosphate ions, phosphate ions were adsorbed
onto the surface of the self-assembled multilayer, leading to
a decrease in the resonance frequency (Df3/3) of the QCM
sensor. The mass per unit area of adsorbed phosphate ions can
be calculated semi-quantitatively with the Sauerbrey49 equation,
which can be converted into number per unit area with the
molar molecular weight of phosphate anions.

Dm ¼ �CDfn
n

(2)

where the constant C is 17.7 ng cm−2 Hz−1, n is the overtone,
and Dfn is the frequency change. The normalized QCM
frequency change (Df3/3) was obtained at the third (n = 3, 15
MHz) harmonic. Similarly, during the self-assembly process,
the mass of the adsorbed polyelectrolyte and microgel can also
be calculated semi-quantitatively using this formula.
3428 | RSC Adv., 2023, 13, 3425–3437
3 Results and discussion
3.1 Synthesis and formation mechanism of ionic microgels

A schematic reaction of the P(NIPAM-co-VIM) microgel is shown
in Fig. 1. As shown in Fig. 1a, this work takes N-isopropyl
acrylamide (NIPAM) as the main monomer and 1-vinyl imid-
azole (VIM) as a functional comonomer, and P(NIPAM-co-VIM)
linear copolymer is rstly obtained by free radical copolymeri-
zation. Information including molecular weights and compo-
sition for the linear copolymer precursors of P(NIPAM-co-VIM)
for synthesizing the microgels are of signicance and should be
characterized, in order to better understand the adsorption
properties of the resulting microgels. Therefore, the NMR and
GPC characterizations of the linear copolymer precursors of
P(NIPAM-co-VIM) with different VIM fractions of 11%, 30%,
50%, and 70% were carried out, and their real ratios of NIPAM/
VIM were calculated by NMR, and molecular weight and PDI by
GPC are listed in Table S1 in the ESI.† From Table S1,† it can be
seen that when the molar feed ratios of NIPAM/VIM were 1/0.14,
1/0.38, 1/0.63, and 1/0.89, the real ratios of NIPAM/VIM in
copolymers by NMR were calculated to be 1/0.12, 1/0.33, 1/0.55,
and 1/0.82, respectively. The molecular weights of P(NIPAM-co-
VIM) with different VIM fractions of 11%, 30%, 50%, and 70%
were found to be in the range from 4.92× 104 to 6.14× 104 with
PDI values from 2.23 to 1.99. As shown in Fig. 1b and c, an
aqueous solution of the linear copolymer is translucent at 15 °C,
and the solution becomes milky white aer heating at 45 °C;
that is, when the temperature is increased to the LCST of the
copolymer, the conformation shrinks and collapses due to
a volume phase change, forming hydrophobic globules and
a color change from clear to turbid. This demonstrated that
a P(NIPAM-co-VIM) linear copolymer had been prepared. Finally
(as shown in Fig. 1d), P(NIPAM-co-VIM) microgels were ob-
tained by quaternary crosslinking between 1,5-dibromopentane
(as the crosslinking agent) and the comonomer tertiary amine
group. Note that the PNIPAMmicrogel could not be synthesized
in the same way as the P(NIPAM-co-VIM) microgel. The NIPAM
monomer has only a double bond in its molecular structure,
and the linear NIPAM homopolymer chain can be synthesized
via free radical polymerization initiated by AIBN. Since it is not
like the P(NIPAM-co-VIM) copolymer and there is no VIM
monomer unit, and it is impossible to form a PNIPAM microgel
by crosslinking with 1,5-dibromopentane. Therefore, in this
work, PNIPAM was prepared into a homopolymer microgel
using MBA as a crosslinking agent. In order to illustrate the role
of VIMmonomer in P(NIPAM-co-VIM) microgels, the copolymer
chains can be crosslinked by 1,5-dibromopentane during the
preparation process and can be charged, and it is also easy to
bind phosphate ions. In comparison, PNIPAM microgel is
a completely homopolymeric microgel without VIM units or
positively charged groups, and shows weak adsorption capacity
for phosphate ions.
3.2 FT-IR, particle size, and SEM studies

Fig. 2 shows the FT-IR spectra of PNIPAM and P(NIPAM-co-VIM)
microgels, the particle size of PNIPAM and P(NIPAM-co-VIM)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the synthesis of ionic P(NIPAM-co-VIM) microgels, including polymerization (a), linear P(NIPAM-co-VIM) copolymer
solution at 20 °C (b) and 45 °C (c), and final crosslinking (d).
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microgels as a function of temperature, and SEM photographs
of PNIPAM and P(NIPAM-co-VIM) microgels. As shown in
Fig. 2a, from the PNIPAM spectrum, the characteristic
Fig. 2 FT-IR spectra of the PNIPAM and P(NIPAM-co-VIM) microgels (a
a function of temperature (b), and SEM images of the PNIPAM (c) and P(

© 2023 The Author(s). Published by the Royal Society of Chemistry
absorption peaks at 1642 cm−1 and 1546 cm−1 are attributed to
the C]O and N–H stretching vibrations (amide characteristic
absorption) of the NIPAM part, respectively. From the spectrum
), the particle size of the PNIPAM and P(NIPAM-co-VIM) microgels as
NIPAM-co-VIM) microgels (d).

RSC Adv., 2023, 13, 3425–3437 | 3429
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Fig. 3 The curve of the adsorption capacity of PNIPAM and P(NIPAM-co-VIM) microgels for phosphate ions over time (a). Zeta potentials and
water contact angles of PNIPAM and P(NIPAM-co-VIM) microgels before and after adsorption of phosphate ions (b).
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of P(NIPAM-co-VIM), it can be seen that the peak at 3100 cm−1

belongs to the C–H stretching vibration of the imidazole ring,50

and the absorption band at 1459 cm−1 belongs to the stretching
vibrations of the C]C and C]N groups in the imidazole ring.
In addition, the peaks at 820, 763, and 667 cm−1 are ascribed to
the deformation out-of-plane-bending of the imidazole ring.
Fig. 4 The adsorption capacities of PNIPAM and P(NIPAM-co-VIM) micro
(a), different VIM contents (b), temperature (c), and pH (d).

3430 | RSC Adv., 2023, 13, 3425–3437
Based on these results, the P(NIPAM-co-VIM) microgel was
successfully synthesized by a two-step method. As can be seen
from Fig. 2b, the particle size of both PNIPAM and P(NIPAM-co-
VIM) microgels decreases as the temperature increases, due to
the presence of NIPAM in the feedstock of the microgel, which
is a temperature-sensitive monomer. When the temperature is
gels for phosphate ions at different phosphate solution concentrations

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Schematic diagram of the self-assembly process of PEI/PSS/(PNIPAM-co-VIM) microgels (a). The frequency shift of the microgel-
modified QCM sensor over time during self-assembly (b). The frequency shift of the QCM sensor for the surface adsorption of PEI, PSS, and
microgel at equilibrium as a function of layer number (c), and the corresponding areal mass for the surface adsorption of PEI, PSS, andmicrogel at
adsorption equilibrium as a function of the layer number (d).
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lower than the lower critical solution temperature (LCST, ∼32 °
C) of the temperature-sensitive PNIPAM chain,51 it will be
hydrophilic and have an expanded swollen structure; when the
temperature is higher than its LCST, it will become hydro-
phobic, shrink, and become a compact globule. Fig. 2b shows
the change in the particle size of PNIPAM and P(NIPAM-co-VIM)
microgels with temperature. From Fig. 2b, at 26 °C, the particle
size of the PNIPAM microgel is about 790 nm. With an increase
in the test temperature, at 32 °C, the particle size dropped
sharply; that is, 32 °C is the phase transition temperature of the
PNIPAM microgel. Compared to the PNIPAM microgel, the
P(NIPAM-co-VIM) microgel has a particle size of about 420 nm
at 26 °C. This particle size difference between the PNIPAM
microgel and the P(NIPAM-co-VIM) microgel is due to differ-
ences in synthesis method, composition, and crosslinking
density. From Fig. 2b, it can be observed that its particle size
decreases with an increase in temperature, and the phase
transition temperature of the P(NIPAM-co-VIM) microgel is
about 37.5 °C, attributed to the hydrophilicity of VIM and the
electrostatic repulsion caused by partial ionization. From the
SEM images in Fig. 2c and d for the PNIPAM and P(NIPAM-co-
VIM) microgels, respectively, it can be seen that the synthesized
temperature-sensitive microgels are all spherical particles. In
Fig. 2c, the microgel particles at the edges are bonded together
to form a thick lm layer, and it can be seen from the middle
© 2023 The Author(s). Published by the Royal Society of Chemistry
part that the diameter of the particles is about 400–500 nm. In
Fig. 2c, there are several larger particles at the edges, which may
be due to the aggregates of small microgel particles during SEM
sample preparation, including the microgel swelling and
drying, while the P(NIPAM-co-VIM) microgel particles in Fig. 2d
are more uniform, with a diameter of about 200–300 nm. It can
be seen from the SEM results that the particle size of the ionic
P(NIPAM-co-VIM) microgel prepared by the two-step method
seems smaller than the particle size of the microgel measured
by the particle size analyzer in solution.
3.3 Adsorption curve, zeta potential, and water contact angle
tests

Fig. 3a shows the variation in the phosphate adsorption
capacity of the PNIPAM and P(NIPAM-co-VIM) microgels over
time (where the concentration of phosphate ions is 0.2 mg
mL−1, the adsorption temperature is 20 °C, and pH = 5). As can
be seen from Fig. 3a, with an increase in time, the adsorption
capacity of the microgels for phosphate ions increased, and the
adsorption reached equilibrium at 30 h. In contrast, when the
adsorption equilibrium was reached, the adsorption capacity of
the PNIPAM microgel for phosphate ions reached 50.8 mg g−1.
The adsorption capacity of the P(NIPAM-co-VIM) microgel for
phosphate ions reached 210.7 mg g−1. The adsorption capacity
RSC Adv., 2023, 13, 3425–3437 | 3431
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Fig. 6 Frequency response of PEI/PSS/(PNIPAM-co-VIM) microgel-modified QCM sensors to different concentrations of phosphate ions (10−8,
10−7, and 10−6 M) (a). The insert shows the adsorptionmechanism of the self-assembled PEI/PSS/(PNIPAM-co-VIM)microgel for phosphate ions.
The frequency response (b) and areal mass (c) of the microgel-modified QCM sensor at saturation as a function of phosphate concentration.
Adsorption response of a blank QCM sensor to different phosphate ions and its interaction mechanism (d).
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of the P(NIPAM-co-VIM) microgel for phosphate ions is better
than that of the PNIPAM microgel for phosphate ions, which is
due to the excellent anion adsorption capacity of the
Fig. 7 Three-dimensional AFM topography height maps of the self-asse
adsorption of phosphate ions on the QCM sensor surface, and blank QC

3432 | RSC Adv., 2023, 13, 3425–3437
quaternized imidazole groups in the P(NIPAM-co-VIM) micro-
gel, which can bind to phosphate ions by electrostatic force, and
since the counter ions (Br−) in the microgel can be replaced by
mbled PEI/PSS/(PNIPAM-co-VIM) microgel before (a) and after (b) the
M sensor (c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of phosphate ion adsorption properties of different adsorption materials

Adsorption materials Cu2+ ions-loaded poly(AAc/AM/SH) hydrogels Ferrihydrite Graphene P(NIPAM-co-VIM) microgel
Adsorption capacity (mg g−1) 87.62 104.8 89.37 346.3
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phosphate ions by an ion exchange reaction. This makes the
adsorption property of P(NIPAM-co-VIM) microgels for phos-
phate ions much better than that of the PNIPAM microgel.
Fig. 3b shows the potential test results of the PNIPAM and
P(NIPAM-co-VIM) microgels before and aer the adsorption of
phosphate ions. The initial zeta potentials of the P(NIPAM-co-
VIM) and PNIPAM microgels are 26.1 mV and 16.0 mV,
respectively, which are conducive to the adsorption of phos-
phate ions. Aer the adsorption of phosphate ions, the zeta
potential values of the P(NIPAM-co-VIM) and PNIPAMmicrogels
drop to 2.2 mV and 9.3 mV, respectively. This is due to the
adsorption of negatively charged phosphate ions, and the
potential drops naturally aer the microgel binds to the phos-
phate ions. As can be seen from Fig. 3b, the potential difference
of the P(NIPAM-co-VIM) microgel aer adsorption of phosphate
ions is greater than that of the PNIPAM microgel, indicating
there are more phosphate ions bound to the P(NIPAM-co-VIM)
microgels than those bound to PNIPAM microgel. Fig. 3b also
shows the water contact angle between the PNIPAM and
P(NIPAM-co-VIM) microgels and water. As can be seen from
Fig. 3b, the water contact angle before the PNIPAM microgel
adsorbs phosphate ions is 42°. Aer the adsorption of phos-
phate ions, the water contact angle is 32°. The P(NIPAM-co-VIM)
microgel has a contact angle of 29° with water before the
adsorption of phosphate ions, and 18° with water aer the
adsorption of phosphate ions. As can be seen from the results of
the contact angle, both PNIPAM and P(NIPAM-co-VIM) micro-
gels exhibit good hydrophilicity properties, due to the presence
of hydrophilic amino groups in the microgels, which form
hydrogen bonds with water. Moreover, the contact angle with
water aer the adsorption of phosphate ions is reduced, due to
the binding of phosphate anions contained in the adsorption
microgel, which are oxygenated anions, which can form
hydrogen bonds with water molecules. In contrast, P(NIPAM-co-
VIM) microgels are more hydrophilic due to the presence of
quaternary imidazole groups within them, which bind well to
water through hydrogen bonds. As a result, the hydrophilic
performance of microgels with the addition of functional
monomer VIM has improved. Zeta potentials and water contact
angles for P(NIPAM-co-VIM) microgels containing different VIM
contents were also measured. It can be seen that zeta potentials
for P(NIPAM-co-VIM) microgels with different VIM mass frac-
tions of 11%, 30%, 50%, and 70% were 26.1, 27.4, 28.2, and
29.1 mV, respectively. In addition, the water contact angles for
P(NIPAM-co-VIM) microgels with different VIM mass fractions
of 11%, 30%, 50%, and 70% were found to be 29°, 27°, 24°, and
21°, respectively. These results indicate the inuence of the
amount of VIM units with functionality of charged groups and
hydrophilic nature on the properties of the formed P(NIPAM-co-
VIM) microgels.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.4 Inuence of phosphate solution concentrations, VIM
content, temperature, and pH

Fig. 4 shows the adsorption capacity of PNIPAM and P(NIPAM-
co-VIM) microgels for phosphate ions at different phosphate
solution concentrations, different VIM contents, temperature
(Fig. 4c), and pH (Fig. 4d). As can be seen from Fig. 4a, the
phosphate ion concentration does affect the adsorption
capacity of the microgel (the adsorption temperature is 20 °C,
pH = 7). When the concentration of phosphate ions in an
aqueous solution was 0.05 mg mL−1, the adsorption capacities
of the PNIPAM and P(NIPAM-co-VIM) microgels for phosphate
ions were 16.1 mg g−1 and 52.4 mg g−1, respectively. When the
concentration of phosphate ions in an aqueous solution was
0.20 mg mL−1, the adsorption capacities of the PNIPAM and
P(NIPAM-co-VIM) microgels for phosphate ions increased to
39.6 mg g−1 and 192.3 mg g−1, respectively. When the concen-
tration of phosphate ions in aqueous solution was 0.30 mg
mL−1, the adsorption capacities of the PNIPAM and P(NIPAM-
co-VIM) microgels for phosphate ions were 44.5 mg g−1 and
309.0 mg g−1, respectively. It can be seen that for low or high
concentrations of phosphate ions, P(NIPAM-co-VIM) microgels
all have a certain adsorption ability. Fig. 4b shows the adsorp-
tion amounts of phosphate ions in four groups of microgels
with VIM contents of 0, 11%, 30%, 50%, and 70%, respectively
(the concentration of phosphate ion solution is 0.2 mg mL−1,
the adsorption temperature is 20 °C, and pH = 7). As can be
seen from Fig. 4b, the adsorption capacity for phosphate ions by
a pure PNIPAMmicrogel is 39.6 mg g−1 under these conditions.
Aer adding VIM with different mass fractions of 11 wt%,
30 wt%, 50 wt%, and 70 wt%, the adsorption capacities of
P(NIPAM-co-VIM) microgels for phosphate ions were 192.3,
120.5, 42.1, and 40.4 mg g−1, respectively, and their adsorption
ability was better than that of microgels without VIM, due to
electrostatic interactions, hydrogen bonding, and ion exchange
between microgels and phosphate ions. When the VIM content
is 11%, the adsorption capacity of the microgel for phosphate
ions is signicant, which also shows that the introduction of
VIM does not follow the rule of the more the better, since too
much VIM may affect the network structure of the P(NIPAM-co-
VIM) microgel. When the VIM content gradually increases, the
phase transition temperature of the obtained copolymer also
moves in the direction of high temperature, and the phase
transition is not easily observed, resulting in the morphology
and size of the microgel becoming more and more uncontrol-
lable at the same preparation temperature, and the internal
crosslinking network structure of the microgel is also not
perfect and regular, resulting in a decrease in the adsorption
amount of phosphate anions achieved. A microgel with
a normal and complete network structure also plays a crucial
role in the adsorption of phosphate ions. Fig. 4c shows
a histogram of the adsorption of phosphate ions by four groups
RSC Adv., 2023, 13, 3425–3437 | 3433
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of microgels with VIM contents of 0, 11%, 30%, 50%, and 70%,
respectively (where the concentration of phosphate ions is
0.3 mg mL−1, the adsorption temperature is 20 °C, pH = 5). As
can be seen from Fig. 4c, the adsorption capacities of pure
PNIPAM microgels for phosphate ions at 20 °C and 55 °C are
55.6 and 30.3 mg g−1, respectively. At 20 °C, aer adding VIMs
with different mass fractions of 11 wt%, 30 wt%, 50 wt%, and
70 wt%, the adsorption capacities of P(NIPAM-co-VIM) micro-
gels for phosphate ions were 346.3, 205.3, 61.9, and 53.8 mg g−1,
respectively. Similarly, at 55 °C, aer adding VIMs with different
mass fractions of 11 wt%, 30 wt%, 50 wt%, and 70 wt%, the
adsorption capacities of P(NIPAM-co-VIM) microgels for phos-
phate ions were 182.5, 105.1, 44.1, and 32.6mg g−1, respectively.
At high temperatures, the adsorption of phosphate ions by ionic
P(NIPAM-co-VIM) microgels decreases. According to a tempera-
ture sensitivity test of P(NIPAM-co-VIM) microgels, the particle
size shows a sharp change with an increase in temperature. The
volume phase transition temperature (VPTT) of a P(NIPAM-co-
VIM) microgel in an aqueous solution occurs at about 37.5 °C.
When the temperature is lower than VPTT, the microgel swells
in water, resulting in a volume increase. When the temperature
is higher than VPTT, the microgel undergoes a contraction in
the water, resulting in a decrease in volume. Therefore,
compared to the shrinking state at 55 °C, the P(NIPAM-co-VIM)
microgel at 20 °C is swelling and has a large volume and an
expanding network, allowing the binding of phosphate ions on
the microgel. This also shows that temperature does have an
effect on the adsorption of phosphate ions by P(NIPAM-co-VIM)
microgels, and a larger adsorption capacity can be obtained
when the temperature is lower than the VPTT. A study on the
degree of swelling of the nal microgels as a function of pH is
helpful to gain a better understanding of the adsorption ability
of the resulting microgels when the pH values varies. Fig. S3†
shows the particle size of the nal swollen P(NIPAM-co-VIM)
microgels as a function of pH (see ESI, Fig. S3†). From Fig. S3,†
it can be seen that the particle size and swelling of P(NIPAM-co-
VIM) microgels were greatly inuenced by pH. At a low pH
(acidic solution), P(NIPAM-co-VIM) microgels containing VIM
groups are easily positively charged on its network, leading to
more binding sites and a high degree of swelling, which is
benecial for adsorbing more phosphate anions. In contrast, at
a high pH (alkaline solution), the number of positively charged
groups on the network of P(NIPAM-co-VIM) microgels contain-
ing VIM groups decreased, resulting in a reduced number of
binding sites and a low degree of swelling, which is not helpful
for interacting with phosphate anions. Fig. 4d displays the
change of the adsorption capacities of four groups of microgels
with VIM contents of 0, 11%, 30%, 50%, and 70% respectively
(wherein the phosphate ion concentration was 0.30 mg mL−1

and the adsorption temperature was 20 °C). Under the condi-
tion of neutral pH = 7, the adsorption capacities of pure PNI-
PAM microgel and P(NIPAM-co-VIM) microgels with different
mass fractions of 11%, 50%, and 70% were 44.5, 309.0, 172.1,
46.8, and 44.3 mg g−1, respectively. Under alkaline conditions,
the adsorption capacities of phosphate ions by pure PNIPAM
microgel and P(NIPAM-co-VIM) microgels with different mass
fractions of 11%, 30%, 50%, and 70% were 4.1, 26.7, 14.9, 10.5,
3434 | RSC Adv., 2023, 13, 3425–3437
and 8.3 mg g−1, respectively. As can be seen from Fig. 4d, the
adsorption capacity of the microgel for phosphate decreases
with an increase in pH from 5 to 10. When the solution is acidic,
the adsorption capacity of the microgel for phosphate is the
largest; when the solution is alkaline, the adsorption capacity is
reduced. This is because the presence of H+ at pH= 5 causes the
potential values of the solution and microgel to rise, and the
adsorption capacity of the microgel for phosphate ions
increases due to electrostatic attraction. When pH = 10, the
presence of OH− makes the solution and microgel negatively
charged, and since OH− and phosphate ions are negatively
charged ions and there is repulsion, the adsorption amount is
reduced.
3.5 Self-assembly process of ionic microgels and
polyelectrolyte on QCM sensors

Fig. 5 shows a schematic diagram of the self-assembly process
of the PEI/PSS/(PNIPAM-co-VIM) microgel on the QCM sensor
surface, the frequency changes of the modied QCM sensor
with time during the self-assembly process, the frequency shi
and surface adsorption areal mass of the modied QCM sensor
when the surface adsorption of PEI, PSS, and microgel reaches
equilibrium with the number of layers. The zeta potential of the
P(NIPAM-co-VIM) microgel can reach 26.1 mV with a positive
charge on the surface. Using the charged characteristics of ionic
microgels, the self-assembled multilayer lm is constructed on
the surface of the QCM sensor, and is used as the sensing
coating. The high sensitivity of the QCM sensor that can detect
mass changes in the ng range is used for the detection of trace
phosphate ions in water. From Fig. 5a, a layer of PEI polymer is
rst adsorbed on the gold surface of the QCM sensor using the
strong interaction of the amino group of PEI with gold. Subse-
quently, a negatively charged PSS chain is introduced and
adsorbed on the surface of the positively charged PEI layer by
electrostatic attraction. Finally, by electrostatic interaction,
a layer of positively charged P(NIPAM-co-VIM) microgel is
adsorbed on the top of the PSS layer. Fig. 5b shows the curve of
the frequency shi of the P(NIPAM-co-VIM) microgel-modied
QCM sensor over time during the self-assembly process. As
can be seen from Fig. 5b, the frequency shi of the blank QCM
sensor is rst stabilized in deionized water and serves as
a baseline. As the PEI solution is introduced into the ow unit of
QCM, the PEI molecular chain gradually adsorbs to the surface
of the QCM sensor due to the interaction between amino and
gold, and the frequency shi of the QCM sensor decreases
signicantly. Subsequently, the negatively charged PSS and the
positively charged P(NIPAM-co-VIM) microgel were introduced,
and the phenomenon of electrostatic adsorption behavior and
frequency decrease was also found. As can be seen from Fig. 5c
and d, the frequency shis corresponding to the adsorption
saturation of each layer of PEI, PSS, andmicrogel alone are 71.7,
198.5, and 85.1 Hz, and the areal masses of the adsorption
calculated with the Sauerbrey equation are 1.27, 3.51, and 1.49
mg cm−2, respectively. The areal mass value of the microgel
adsorbed on the QCM sensor is close to the value of 4.876 mg
cm−2 with microgels reported by Cao et al.24 Cao et al. prepared
© 2023 The Author(s). Published by the Royal Society of Chemistry
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anionic poly(N-isopropyl acrylamide-co-acrylic acid) [P(NIPAM-
co-AA)] microgels, and studied the self-assembly behavior of
these anionic microgels and their response to heavy metal ions
in water using QCM technology.

3.6 Interaction of the self-assembled microgels with
phosphate anions by QCM

QCM sensors can detect the mass of adsorbent substances in
the nanogram range of quartz crystal surfaces. With this prop-
erty, it can be used to detect trace amounts of phosphate ions in
ambient waters. Fig. 6 shows the frequency response of a blank
QCM sensor modied with PEI/PSS/(PNIPAM-co-VIM) microgel
to different concentrations of phosphate ions (10−8, 10−7, 10−6

M). The insert shows the adsorption mechanism of the self-
assembled PEI/PSS/(PNIPAM-co-VIM) microgel on phosphate
ions. Phosphate ions can be adsorbed on the surface of the
QCM sensor by electrostatic attraction of positively charged
groups on the microgel network structure. As can be seen from
Fig. 6a, the frequency shi of the QCM sensor modied with the
self-assembled PEI/PSS/(PNIPAM-co-VIM) microgel is stabilized
in deionized water and can be used as the baseline. Subse-
quently, a phosphate anion solution of 10−8 mol L−1 was
introduced into the ow unit of the QCM, and it can be seen
from Fig. 6a that the frequency shi of the modied QCM
sensor gradually decreased to −3.0 Hz, and the nal adsorption
equilibrium was reached, indicating that the self-assembled
microgel modied QCM sensor had an adsorption response to
10−8 mol L−1 phosphate solution. When phosphate anion
solutions with higher concentrations of 10−7 mol L−1 and
10−6 mol L−1 were introduced, the frequency shi of the
modied QCM sensor continued to decrease. Fig. 6b shows the
logarithmic plot of the frequency response of the microgel-
modied QCM sensor and phosphate ion solution concentra-
tion when the adsorption microgels for phosphate anions reach
equilibrium at each phosphate solution concentration. From
Fig. 6b, the frequency responses corresponding to concentra-
tions of 10−8, 10−7, and 10−6 M phosphate ions are 3.0, 18.8,
and 25.9 Hz, respectively. If the areal mass of the adsorbed
phosphate ions is approximated using the Sauerbrey equation,
as shown in Fig. 6c, the areal masses corresponding to
concentrations of 10−8, 10−7, and 10−6 M phosphate ions are
53.6, 332.0, and 458.2 ng cm−2. As can be seen from Fig. 6d,
there is no adsorption response to phosphate ions at concen-
trations of 10−8, 10−7, and 10−6 M due to the absence of func-
tional microgel modication on the surface of the blank QCM
sensor. The mechanism of interaction is shown in the insert to
Fig. 6d. It can be seen that with ionized microgels as a sensing
coating for QCM, QCM technology can be used to detect trace
amounts of phosphate ions in the environment.

3.7 Morphology analysis

Fig. 7 shows three-dimensional AFM topography height maps of
the self-assembled PEI/PSS/(PNIPAM-co-VIM) microgel before
(Fig. 7a) and aer (Fig. 7b) the adsorption of phosphate ions on
the surface of the QCM sensor. To illustrate, this gure shows
a morphology of the sample obtained in a dry state of air, which
© 2023 The Author(s). Published by the Royal Society of Chemistry
is different from the morphology of the swelling state dispersed
in solution. As can be seen from Fig. 7a and b, the charged
P(NIPAM-co-VIM) microgel successfully self-assembles with the
polyelectrolyte on the gold electrode surface of the QCM sensor,
with a spherical distribution, the surface is not fully covered,
and the particle size of the microgel is around 300 nm. Aer the
adsorption of phosphate ions, it remains spherical in a distrib-
uted state, and the self-assembled microgel remains stable on
the QCM sensor surface without shedding. AFM images of the
blank QCM sensor surfaces show that no microgel particles are
found and the surface has a low roughness and is relatively
smooth.
3.8 Comparison of adsorption properties of different
materials

Table 1 shows a comparison of the phosphate anion adsorption
properties of different adsorption materials. The maximum
adsorption capacity of the P(NIPAM-co-VIM) microgel prepared
in this study for phosphate ions is 346.3 mg g−1. Singh et al.52

prepared a copper-ion-supported poly(acrylic acid/acrylamide/
sodium humate) poly(AAc/AM/SH) hydrogel for the adsorption
of phosphate anions, and its adsorption capacity for phosphate
ions was 87.62 mg g−1. The study found that electrostatic
interaction, ion pairing, and Lewis acid–base interaction work
together to enhance the adsorption of phosphate ions. Mallet
et al.53 studied the adsorption of phosphate ions on ferrihydrite
with a maximum adsorption capacity of 104.8 mg g−1, which is
mainly attributed to the formation of chemical bonds between
Fe and phosphate ions on the surface of ferrihydrite. Vasudevan
et al.54 reported that graphene has an adsorption capacity of
phosphate ions up to 89.37 mg g−1. It can be seen that the
adsorption property of the P(NIPAM-co-VIM) microgel prepared
in this study is better than that of the other three materials, but
further efforts are still needed to prepare materials with an
efficient adsorption effect on phosphorus or phosphate ions.
4 Conclusions

This study showed that the addition of functional monomer
VIM improved the adsorption of phosphate ions by microgels.
The synthetic microgel has temperature sensitivity and good
hydrophilicity, temperature exerts a certain inuence on its
adsorption of phosphate ions, and the adsorption property is
better when the temperature is lower than the VPTT. The
adsorption results showed that the adsorption property of
P(NIPAM-co-VIM) microgel on phosphate ions was much better
than that of PNIPAM microgel, due to the positive electric
charge of the P(NIPAM-co-VIM) microgel and because it
contains a quaternized imidazole ring, which could form strong
binding with phosphate ions. When the mass fraction of VIM is
11%, pH = 5, and the temperature is 20 °C, P(NIPAM-co-VIM)
has the largest adsorption capacity for phosphate ions, and the
adsorption capacity can reach 346.3 mg g−1. The layer-by-layer
self-assembly results of the microgel with polyelectrolyte show
that the P(NIPAM-co-VIM) microgel can be self-assembled on
the QCM sensor surface, and its self-assembly multilayer has
RSC Adv., 2023, 13, 3425–3437 | 3435
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a certain adsorption response to phosphate ions. Compared
with the adsorption performance of several other materials, the
ionic P(NIPAM-co-VIM) microgel prepared in this work has
certain advantages in the adsorption of phosphate ions, and is
expected to be used in the eld of phosphate ion adsorption and
sensing.
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Sens. Actuators, B, 2018, 258, 766–774.

46 Z. Cao, Y. Zhang, Z. Luo, W. Li, T. Fu, W. Qiu, Z. Lai,
J. Cheng, H. Yang, W. Ma, C. Liu and L. C. P. M. de Smet,
Langmuir, 2021, 37, 12148–12162.

47 Z. Cao, J. Guo, X. Fan, J. Xu, Z. Fan and B. Du, Sens. Actuators,
B, 2011, 157, 34–41.

48 J. Zhu, J. Pan, C. Ma, G. Zhang and G. Liu, Langmuir, 2019,
35, 11157–11166.

49 G. Sauerbrey, Z. Phys., 1959, 155, 206–222.
50 S. M. Abdellatif Soliman, M. F. Sanad and A. E. Shalan, RSC

Adv., 2021, 11, 11541–11548.
51 H. G. Schild, Prog. Polym. Sci., 1992, 17, 163–249.
52 T. Singh and R. Singhal, J. Appl. Polym. Sci., 2013, 129, 3126–

3139.
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