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Preparation and characterization of attapulgite
microcapsules coated with acrylic polymer
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Abstract: The attapulgite core-shell microcapsule type flame retardant was prepared by in situ polym-
erization. Attapulgite (ATP) was used as a core material with poly(methyl methacrylate) (PMMA) and
poly(methyl methacrylate-co-acrylic acid) [P(MMA-co-AA)] as shell materials. The attapulgite was modi-
fied by the silane coupling agent. The effects of different shell materials and modification methods on
the structure and properties of attapulgite core-shell microcapsules were studied by scanning electron
microscopy, particle size distribution, infrared analysis and thermogravimetric analysis. The results
showed that the coating effect was best when the amount of silane coupling agent was 1% of the at-
tapulgite mass. The particle size of the microcapsule prepared with PMMA as shell material was uni-
form and the coating efficiency was better. After the copolymerization of acrylic acid (AA) in MMA shell
materials, the cladding efficiency was improved. At the same time, the thermal decomposition tempera-
ture of the microcapsule shell material was greatly reduced, which is beneficial to the performance of
attapulgite flame retardant.

Keywords: microcapsule, attapulgite, methyl methacrylate, acrylic acid, silane coupling agent.

Otrzymywanie i charakterystyka mikrokapsutek attapulgitu powlekanych
polimerami akrylowymi

Streszczenie: Metodq polimeryzacji in situ otrzymano uniepalniajace attapulgitowe mikrokapsutki o bu-
dowie typu rdzen-otoczka. Rdzen stanowit attapulgit (ATP) modyfikowany silanowym srodkiem sprze-
gajacym, a poli(metakrylan metylu) (PMMA) lub poli(metakrylan metylu-co-kwas akrylowy) [P(MMA-
-co-AA)] — otoczke. Wplyw rodzaju uzytego materiatu powtokowego i metody modyfikacji na strukture
i wlasciwosci otrzymanych mikrokapsutek oceniano metoda skaningowej mikroskopii elektronowej,
na podstawie rozkladu wielkosci czastek, analizy widm w podczerwieni i analizy termograwimetrycz-
nej. Najlepsze wlasciwosci wykazywata otoczka attapulgitowego rdzenia otrzymana z zastosowaniem
$rodka sprzegajacego w ilosci 1% mas. ATP. Wielko$¢ mikrokapsutek wytworzonych z udziatem PMMA
byta jednorodna, a efektywno$¢ powlekania ATP modyfikowanego silanowym srodkiem sprzegajacym
byla wigksza. Wydajnos$¢ powlekania za pomoca kopolimeru P(MMA-co-AA) byta lepsza niz w wy-
padku PMMA, a znacznie nizsza temperatura rozktadu termicznego kopolimeru stanowiacego otoczke
mikrokapsuiki stwarza korzystne warunki dla uniepalniajacego dziatania attapulgitu.

Stowa kluczowe: mikrokapsuika, attapulgit, metakrylan metylu, kwas akrylowy, silanowy srodek
sprzegajacy.

ATP is the abbreviation for attapulgite, also known
as palygorskite, which is a special rod-like magnesium-
aluminum silicate mineral [1]. Because attapulgite has
rich internal pores, it contains a lot of crystal water, and
is rich in elements such as magnesium and aluminum.
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Therefore, high temperatures can produce oxides such
as MgO and Al O, covering the surface of the polymer
matrix as an isolation layer. It has a flame retardant effect
[2, 3]. However, attapulgite also contains impurities that
have poor compatibility with various polymers/compos-
ites thus reducing its flame retardant effect. In recent
years, in order to solve this phenomenon, researchers have
used different methods to purify, modify, and coat the
attapulgite, thereby enhancing the dispersion and com-
patibility of the attapulgite and the polymer matrix [4, 5].

Studies have found that the various properties of mod-
ified attapulgite can be fully utilized, and the modifica-
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tion methods have become increasingly mature, which
is an important direction for researchers to explore [6].
Wang et al. [7] mixed 8 wt % ATP, acid-treated ATP and
silane coupling agent KH-560-treated ATP into castor oil
to prepare polyurethane/attapulgite (PUR/ATP) nano-
composites, and systematically studied the influence of
the three modified attapulgite pairs on the various prop-
erties of PUR/ATP nanocomposites. The results showed
that 8 wt % of the three ATPs can significantly enhance
the castor oil-based PUR, and the silane coupling agent
modification treatment has a more effective enhancement
effect than the acid treatment. Ling ef al. [§] modified ATD,
activated by hydrochloric acid, with the silane coupling
agent KH-570 to improve the adsorption performance of
ATP to dyes. The experimental results showed that the
modified attapulgite had a strong adsorption capacity
for methylene blue. The adsorption of methylene blue on
KH570-ATP increased the decolorization rate to 79.55%.
Poly(methyl methacrylate) (PMMA) has a stable struc-
ture, environmental protection, high thermal stability,
and good compatibility with various polymers [9-12].
The modification of attapulgite can be significantly
improved. Wang Pinghua et al. [13] used in situ polymer-
ization to graft MMA monomer on the surface of modi-
fied attapulgite, and then compounded with LDPE (low
density polyethylene) to prepare LDPE/ATP nanocom-
posites. The results showed that attapulgite and PMMA
coated on the surface can effectively solve the interface
bonding problem of the composite material, and effec-
tively reduced the polymerization inhibition effect of
MMA, and improved the comprehensive performance of
the composite material.

This topic first uses PMMA as the surface coating
material of attapulgite, coated with attapulgite modified
by silane coupling agent KH-570, and regulates the mod-
ification method and temperature of attapulgite. Then,
acrylic acid (AA) was used as the second comonomer to
copolymerize with the polymerized monomer methyl
methacrylate (MMA) to enhance the coating effect of
attapulgite, improve the compatibility and dispersity
of attapulgite in various polymers, and to analyze and
study its various properties.

EXPERIMENTAL PART
Materials

Attapulgite (ATP, industrial grade, Gongyi Yuanheng
Water Purification Material Factory), hydrochloric acid
(chemically pure, Sinopharm Chemical Reagent Co.,
Ltd.), methyl methacrylate (MMA, chemically pure,
Sinopharm Chemical Reagent Co., Ltd.), acrylic acid (AA,
chemically pure, Sinopharm Chemical Reagent Co., Ltd.),
v-methacryloxypropyltrimethoxysilane (KH-570, chemi-
cally pure, Nanjing Youpu Chemical Co., Ltd.), absolute
ethanol (analysis pure, Sinopharm Chemical Reagent Co.,
Ltd.), self-made deionized water, glacial acetic acid (chem-

ical pure, Sinopharm Chemical Reagent Co., Ltd.), ammo-
nium persulfate (analytical pure, Sinopharm Chemical
Reagent Co., Ltd.).

Preparation of attapulgite microcapsules

Surface treatment of attapulgite: an appropriate
amount of attapulgite was placed in a beaker. Separately,
the silane coupling agent KH-570 (1% mass of the mass of
attapulgite) was diluted to 10% with absolute ethanol. The
coupling agent in ethanol was added to the attapulgite
uniformly and continuously stirred (JRJ300-SH digital
display shearing emulsifying mixer, Shanghai Specimen
Model Factory). The mixed product was placed in an
oven (101-3A electric heating blast drying oven, Tianjin
Test Instrument Co., Ltd.) at 45°C to dry for 2 hours, and
then ground to obtain alkylated attapulgite.

Preparation of PMMA-coated attapulgite core-shell
microcapsules

A certain amount of modified attapulgite in deionized
water was dispersed, sheared and stirred at 3000 rpm for
10 minutes, and the turbid liquid was transferred, after dis-
persion was complete, into a three-necked flask with a stir-
rer. The temperature was raised to 60°C, then add 0.23 g
of initiator ammonium persulfate to initiate polymeriza-
tion for 2.5 hours. After completion of the reaction, the
obtained product was suction filtered with a circulating
water vacuum pump [SHZ-D (III) circulating water vacuum
pump, Zhengzhou Keda Machinery Equipment Co., Ltd.],
washed twice with absolute ethanol and deionized water
respectively, ground and then dried in an oven to obtain
PMMA coated attapulgite core-shell microcapsules.

Preparation of acidified attapulgite microcapsules

Anhydrous ethanol was added to attapulgite and
diluted to 10% concentration, sheared and stirred at 55°C,
800 rpm for 60 minutes, then washed 5 times with deion-
ized water, dried, and ground.

The acidified attapulgite was added to ethanol and dis-
persed ultrasonically for 10 minutes to make the attapulg-
ite become a flocculent turbid liquid. Meanwhile, the
silane coupling agent was hydrolyzed — the molar ratio
of silane coupling agent to water was 1:3. The pH was
adjusted to 2.5-3 with glacial acetic acid, hydrolyzed at
60°C and stirred at 800 rpm 1 hour. Finally, the silane cou-
pling agent hydrolysate was taken and dispersed in etha-
nol at a ratio 2% of the mass of attapulgite. After 10 min-
utes of ultrasonic dispersion, the mixture was heated
at 70°C in a three-necked flask, stirred rapidly, reacted
for 120 minutes and the product was filtered, washed,
vacuum dried at 45°C, crushed, and sieved to obtain the
acidified attapulgite [14].

Preparation of PMMA coated acidified attapulgite
core-shell microcapsules: the method is the same as in
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Fig. 1. Scanning electron microscopy: a), b) - uncoated ATP, c), d) - 60°C, 1 wt % KH-570 treatment, e), f) — 60°C, HCI, 1 wt % KH-570
treatment, g), h) — 70°C, HCl, 1 wt % KH-570 treatment
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the case of PMMA coated attapulgite core-shell micro-
capsules.

Methods of testing
Scanning electron microscope (SEM)

The finished product of attapulgite microcapsules was
vacuum sputtered with gold on the surface, and the sur-
face morphology of the particles was carefully observed
with a high-resolution field emission scanning electron
microscope (Zeiss SIGMA 500/VP, German Carl Zeiss
company).

Infrared absorption spectroscopy (FT-IR)

The sample was ground and scanned with an iS50
Fourier transform infrared spectrometer (U.S. Thermo
Fisher company), with a resolution of 1 cm™ and a scan
frequency of 32 times.

Thermogravimetric analysis (TGA)

The integrated thermal analyzer (HCT-1 Comprehensive
Thermal Analyzer, Beijing Hengjiu Scientific Instrument
Factory) was used to observe the decrease in sample mass
with increasing temperature. The thermogravimetric
analysis of the sample started at room temperature and
ended at 650°C, with a heating rate of 10°C/min.

Particle size distribution test (PSD)

An appropriate amount of finished powder was taken
into the sampling tube, an appropriate amount of deion-
ized water was added for dispersion, placed into an ultra-
sonic instrument for ultrasonic dispersion, and then
dropped into the sampler (BT-50 Ultrasonic Disperser,
Dandong Better Instruments Co., Ltd.) for particle size
testing.

RESULTS AND DISCUSSION
Surface topography analysis

The SEM images of pure attapulgite samples and mod-
ified attapulgite particles are shown in Fig. 1.

According to Figs. 1a, 1b, the uncoated attapulgite par-
ticles mainly present irregular rod-like structures with
diameters between 0.5-5 um and different lengths. After
modification and surface coating with methyl methacry-
late, the surface morphology of attapulgite changed sig-
nificantly (Figs. 1c-h). As shown in Figs. 1c, 1d, when
the amount of silane coupling agent KH-570 is 1% of the
mass of attapulgite, a thicker PMMA shell is formed on
the surface of the attapulgite, and the coating efficiency
was about 80%. When the attapulgite was acidified with
hydrochloric acid, as shown in Figs. le, 1f, the effect of
the grafted KH-570 small molecules on the polymer-
ized MMA monomer was reduced, and the density of
the polymers was different. The surface MMA had fewer
polymerization sites, and the self-aggregation of MMA
into spheres was more obvious, and the coating rate was
about 50%; when the reaction temperature was raised to
70°C, as shown in Figs. 1g, 1h, the crystal boundary of
attapulgite treated with hydrochloric acid is clear and
the overall structure of attapulgite was well maintained
but the increased temperature did not reduce the self-
aggregation of MMA.

The electron micrograph of the modified attapulgite
particles prepared by adding acrylic acid as the second
polymer is shown in Fig. 2.

The experiment maintained the core-to-shell ratio
as 1:1, the additional amount of the two polymeric
shell materials was Mygn M= 1011, and the dosage
of KH-570 was 1% of the mass of attapulgite. Through
the comparison with Fig. 1a, it can be clearly observed
that the coating effect of P(MMA-co-AA) on attapulgite
was greatly improved, but the dispersibility decreased
(Fig. 2). The reason for this phenomenon is that in the

Fig. 2. Scanning electron microscope image of P(MMA-co-AA) copolymer shell material
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Fig. 3. Granularity test results of: uncoated ATP; 1 wt % KH-570
processing; HCI, 1 wt % KH-570 processing

process of the reaction, the surface energy and dispersion
interaction were controlled by grafted KH-570 organic
groups to change the hydrophobicity and balance the
characteristics of the attapulgite, and improve the com-
patibility of the attapulgite and the matrix, but the unit
attachment amount of KH-570 small molecules on the
surface of attapulgite was not the same. Therefore, during
the polymerization process, the amount of PMMA depos-
ited on the surface of attapulgite varied greatly. As the
reaction continued, more and more MMA monomers par-
ticipated in the polymerization, the PMMA deposited on
the surface of the attapulgite increased, and the coverage
area gradually increased until entire attapulgite parti-
cles were covered. Then, the comonomer AA was added,
and the intermolecular homopolymerization of MMA
occured. At the same time, it also undergoes copolymer-
ization with AA. The location and time of precipitation
are random and ultrasonic dispersion cannot be carried
out during the entire experiment so that although the
coating rate is greatly increased, adhesion occurs.

Particle size analysis

The particle size test results of pure attapulgite sam-
ples and attapulgite microcapsules are shown in Fig. 3.

From the particle size distribution, most untreated
attapulgite samples are distributed between 0.29-7.45 um,
with a medium particle size, D50 of 3.368 um. Compared
with the original attapulgite sample, the particle size of
core-shell particles prepared by 1 wt % KH-570 modi-
fied attapulgite clay had a slight increase, and the median
particle size reached 4.556 pm, which shows the success
of preparation of attapulgite core-shell particles; after
acidizing the attapulgite, it can be observed that the
D10, D50, and D90 of the sample decreased slightly. The
reason for this phenomenon is the number of silane cou-
pling agent KH-570 molecules grafted on the surface of
attapulgite decreased after acidification, which affected
the particle size test results. The particle size of the
attapulgite microcapsules prepared by adding AA as the
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Fig. 4. Granularity test results of PMMA/ATP, P(MMA-co-AA)/ATP

second comonomer is significantly larger than that of the
original attapulgite. As shown in Fig. 4, the median diam-
eter of the attapulgite microcapsules reached 4.279 um.
Compared with the original attapulgite particles, the
average particle size was 0.911 um larger, but the average
particle size of the MMA alone coating is 0.277 um larger
than that of the PIMMA-co-AA) copolymer. Combined
with the electron microscopy observations, it can be seen
that when the coating rate is similar, the P(IMMA-co-AA)
copolymer can be better uniformly dispersed on the
attapulgite particles.

Thermal performance analysis

Due to the special mineral structure of attapulgite,
its mass loss is mainly caused by the loss of adsorbed
water on the surface, cation-bound structured water in
the middle of the octahedral layer, adsorbed water in the
pores inside the crystal, and loss of crystal water. Figure 5
shows the TGA thermal mass loss curve of untreated
attapulgite. The temperature rise range starts from room
temperature to 650°C and the temperature rise rate is
10°C/min.
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It can be seen from Fig. 5 that the thermogravimetric
analysis process of the attapulgite can be divided into
four stages: first, the surface adsorbs water at about 50°C
and then starts to lose this water: the water loss rate is
fast and mass loss obvious. The mass loss is relatively
constant between 250°C, which is due to the beginning
of loss of crystal water located at the edge of the chan-
nel. The mass loss decreased gently between 300~500°C,
which may be caused by the heat absorption of this part
of the crystal water and structured water; after 500°C,
the curve does not change significantly, the dehydration
volume decreases, the dehydration rate decreases, and
the quality loss phenomenon does not occur. Obviously,
it further shows that the internal hydroxyl structure
of attapulgite is damaged and the pore structure col-
lapsed [15].

Figure 6 shows the thermogravimetric curves of
PMMA as the shell material and P(MMA-co-AA) as the
shell material in order to explore the influence of the addi-
tion of acrylic acid on the coating effect of attapulgite,
and the two curves represent respectively MMA and
MMA-AA, which are used as comonomers. Compared
with pure PMMA/ATP, the initial degradation tempera-
ture of P(MMA-co-AA)/ATP is reduced by about 23°C.
The pyrolysis process of acrylic shell material has a mass
loss of about 1.29%, which is significantly higher than the
0.5% mass loss of pure PMMA/ATP. Therefore, the addi-
tion of acrylic acid can significantly improve the coating
efficiency of attapulgite by the shell material, increase the
copolymer conversion and polymerization rate, and can
greatly reduce the thermal stability of the shell material.

Infrared analysis

The FT-IR spectra of pure attapulgite samples, acid-
treated ATP at 60°C and acid-treated ATP at 70°C are
shown in Fig. 7.

The characteristic absorption band of pure attapulgite
at 3498-3653 cm™ represents the hydroxyl vibration

-1
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Fig. 7. Infrared test results of uncoated ATP, 60°C acidification
treatment, 70°C acidification treatment

absorption peak of coordinated water in the ATP crys-
tal tunnel. The absorption peak at 1628 cm™ corresponds
to the bending vibration of zeolite water. The absorp-
tion at 975 cm™ should be the bending vibration of the
hydroxyl group. In addition, it can be found in the FT-IR
that the absorption band around 425 cm™ is the charac-
teristic absorption peak of the Si-O-Si bending vibra-
tion. After acidification and modification of attapulgite
with hydrochloric acid, new absorption peaks appeared
at 1386-1534 cm™ and 1724 cm™, and 1386-1534 cm™ that
originated from methyl hydrocarbons. The characteristic
absorption peak of the bond, the absorption peak of the
carbonyl group at 1724 cm”, indicates that PMMA was
successfully grafted on the surface of attapulgite. When
the second comonomer AA is added there is a C=O group
stretching vibration peak in the ester group at 1730 cm?,
as shown in Fig. 8, but there is no hydroxyl vibration
absorption peak of the coordination water. From the
spectrum it can be seen that there are both the chemi-
cal structure of acrylic acid and the structure of methyl
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methacrylate, indicating that the P(IMMA-co-A A) copoly-
mer coating is basically complete.

CONCLUSIONS

Acrylic resin was used as a shell material. After
attapulgite was modified by the silane coupling agent
KH-570, the surface of the attapulgite (ATP) was chemi-
cally coated by in situ polymerization to prepare the mod-
ified attapulgite shell. The core microcapsule flame retar-
dant, the amount of coupling agent and the composition
of the shell material all have a certain influence on the
coating effect.

Observation of the surface morphology and ther-
mal performance test analysis show that PMMA forms
a single shell material for coating. When the amount
of silane coupling agent KH-570 is 1% of the mass of
attapulgite, the coating effect is the best, and heating or
acidification of modified attapulgite will reduce the coat-
ing effect.

Using P(IMMA-co-AA) as the shell material has a better
coating effect on attapulgite, and the coating thickness
is significantly increased compared with PMMA shell
material, which improves the copolymer conversion rate
and polymerization rate. At the same time, the addition
of AA can greatly reduce the thermal decomposition tem-
perature of the microcapsule shell material, which is ben-
eficial to the flame retardant performance of attapulgite.
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