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performance of chlorfenapyr
microcapsules with a degradable polylactide-based
polyurethane wall material

Linfang Zhu, a Guangqi Jiang, *ab Jun Cena and Linhuai Lia

To improve the utilization rate of chlorfenapyr and make the wall material of chlorfenapyr microcapsules

easily degradable, polylactide diol, toluene diisocyanate and 1,4-butanediol were used to prepare

a chlorfenapyr microcapsule suspension by interfacial polymerization. The product was characterized by

the methods of optical microscopy, scanning electron microscopy and Fourier-transform infrared

spectroscopy. The results indicated that the microcapsule particles were spherical, with an encapsulation

efficiency of 84.20%. The diluted product had good wetting and spreading abilities on cabbage leaves.

Compared with other commercial formulations, the slow-release effect of the microcapsule suspension

was more obvious and the release mechanisms conform to Fickian diffusion, with the release rate

controllable by adjusting the external pH conditions. Furthermore, the wall material of the microcapsules

showed good degradation performance in a phosphate-buffered solution. Microencapsulation by this

method significantly increased the validity period of chlorfenapyr and the wall material was also

degraded easily.
1 Introduction

Pesticide-based slow and controlled release systems allow the
active ingredient of the pesticide to be released continuously
and stably, so that the lowest effective level of pesticide can be
maintained for a long time.1 Microencapsulation is a common
method used to achieve slow and controlled release perfor-
mance for many kinds of pesticides, and the slow and
controlled release performance is mainly determined by the
properties of the active ingredients of the pesticide and the
nature of the wall materials of the microcapsules.2 Microen-
capsulation of pesticides can reduce the loss of pesticides by
volatilization and degradation when exposed to external envi-
ronments, thereby enhancing the utilization rate and reducing
the toxicity of the pesticides.3 Recently, H.W. An et al. fabricated
a universal drug delivery platform based on an intracellular self-
assembly strategy to achieve effective drug delivery.4 H. Sawalha
et al. demonstrated that the properties of the capsules could be
optimized through the polymer solidication process, and the
choice of appropriate non-solvents and oils can have an
important role in the preparation of such capsules.5

Polyurethane (PU) is widely used in the elds of medicine,6–8

pesticides9 and materials10 due to its low cost and good thermal
stability. PU is also one of the commonly used materials in the
ring, Guizhou University, Guiyang, China
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esticide and Agricultural Bioengineering,

uiyang, China. E-mail: gqjiang@163.com

26
preparation of microcapsules.11,12 However, PU is difficult to
degrade and can pollute soil environments. To develop green
and environmentally-friendly pesticide formulations, degrad-
able materials have been used as wall materials for microcap-
sules and this has become a focus for agricultural chemists.13,14

Nowadays, it is easily to obtain degradable PU by adding
biodegradable substances in its preparation process.15,16 Among
these substances, polylactic acid (PLA) is low cost and has good
degradability and biocompatibility. The nal products of PLA
degradations are CO2 and H2O, which are friendly to humans
and the environment, resulting in PLA oen being used as
a carrier material for drugs and cells in encapsulation elds.17–20

Chlorfenapyr is a widely used insecticide and acaricide in
vegetables, fruits, and other crops, but damage to crops occa-
sionally occurs in some areas and chlorfenapyr is highly toxic to
aquatic organisms, thereby limiting its applications in agricul-
ture.21–23 Commonly, commercial formulations of chlorfenapyr
are microemulsions (ME), emulsiable concentrates (EC) and
other traditional formulations. Its microcapsule suspension
with a general PU wall material has rarely appeared in the
Fig. 1 Structure of chlorfenapyr.

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2ra02787a&domain=pdf&date_stamp=2022-06-06
http://orcid.org/0000-0002-7589-8439
http://orcid.org/0000-0002-7064-0914
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra02787a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012026


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 8

/1
/2

02
5 

5:
59

:4
4 

PM
. 

 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
market and to the best of our knowledge, chlorfenapyr micro-
capsule suspension (MS) with a degradable PU wall material
have not been reported so far. The structure of chlorfenapyr is
shown in Fig. 1.

In this study, chlorfenapyr microcapsules were prepared by
interfacial polymerization with optimized preparation condi-
tions. The slow-release performance differences between the
microcapsule formulation and other commercial formulations
were investigated and the release mechanisms were studied. In
addition, the wetting and spreading abilities of the diluted
microcapsule suspension on the surface of cabbage leaves and
the degradation performance of the microcapsule wall material
in a phosphate-buffered solution (PBS) solution was also
studied. The chlorfenapyr microcapsules showed excellent
slow-release, wetting and degradation performance.
Fig. 2 Synthesis of PU wall material.
2 Materials and methods
2.1 Materials

Chlorfenapyr was provided by Capot Chemical Co., Ltd (Zhe-
jiang, China) and used as received. Polylactide diol (PLA-500,
500 g mol�1) was purchased from Hubei Yisheng New Mate-
rial Co., Ltd (Hubei, China). Toluene diisocyanate (TDI, 98%,
80/20) was acquired from Meicheng International Trade Co.,
Ltd (Jiangsu, China). The 1,4-butanediol (BDO) is an analytical
reagent and was purchased from the Tianjin Damao Chemical
Reagent Factory (Tianjin, China). Stannous octoate (Sn(Oct)2,
95%) was provided by Shanghai Tengzhun Biotechnology Co.,
Ltd (Shanghai, China). Polycarbodiimide was purchased from
Dongguan Shunjie Plastic Technology Co., Ltd (Guangdong,
China). Agricultural emulsier 600# was bought from Chengdu
Jinshan Chemical Reagent Co., Ltd (Sichuan, China). Sodium
dodecyl benzene sulfonate (SDBS) was supplied by the Tianjin
Beichen Fangzheng Reagent Factory (Tianjin, China). Span 80
and Tween 20 were purchased from the Jiangsu Hai'an Petro-
chemical Factory (Jiangsu, China). Cyclohexanone, methanol
and n-hexane, as analytical reagents, were bought from the
Aladdin Industrial Corporation (Shanghai, China). 10% chlor-
fenapyr microemulsion was purchased from Guangdong
Zhenge Biological Technology Co., Ltd (Guangdong, China).
10% chlorfenapyr suspension concentrate (SC) was bought
from BASF SE Co., Ltd (Ludwigshafen, Germany).
2.2 Preparation of chlorfenapyr microcapsules

2.2.1 Synthesis of PU prepolymer. The PU prepolymer was
synthesized according to the literature procedure.16,24 As shown
in Fig. 2, 19.14 g were dried at 120 �C under a vacuum for 2 h
PLA-500 and 20.00 g TDI were weighed in a 250mL three-necked
ask. The three-necked ask was then placed in a constant
temperature water bath under the protection of N2. 22.82 g of
cyclohexanone and 0.30 g polycarbodiimide were added to the
reaction system, at this time, the viscosity of the system was
198.0 mPa s. When the temperature increased to 75 �C, Sn(Oct)2
(0.3%, wt/wt) was added as a catalyst aer 3 h and then reacted
for 10 min to obtain the PU prepolymer, the viscosity of the
prepolymer increased to 343.0 mPa s.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.2.2 Preparation of chlorfenapyr microcapsules. The
10.00 g of chlorfenapyr were dissolved in 26.30 g of PU prepol-
ymer to form an oil phase. 1.00 g of agricultural emulsier 600#,
0.49 g of sodium salt of polynaphthalene sulphonic acid and
0.03 g of xanthan gumwere dissolved in deionized water to form
a water phase. The two phases were mixed and sheared at a high
speed of 12 000 rpm to form a uniform O/W emulsion. The
emulsion was placed into a 250 mL three-necked ask and
2.95 g of BDO solution were slowly added dropwise at a stirring
speed of 600 rpm, before being placed in a 50 �C water bath for
constant temperature solidication for 4 h. Finally, the mixture
was naturally cooled and a chlorfenapyr microcapsule suspen-
sion could be obtained.
2.3 Characterization

2.3.1 Morphological characteristics and elemental distri-
bution of microcapsules. A small amount of microcapsule
suspension was taken and evenly smeared on a glass slide.25 The
preliminary morphology of the microcapsule was analyzed
using an OLYMPUS BX43 optical microscope (OM, Olympus
Corporation, Japan). The structure and surface morphology of
the microcapsule was recorded using SU8020 scanning electron
microscopy (SEM, Tianmei Scientic Instruments Co., Ltd,
China). The distribution of elements in chlorfenapyr micro-
capsules was measured with energy dispersive spectroscopy
(EDS, Tianmei Scientic Instruments Co., Ltd, China).

2.3.2 Particle size distribution. The particle size distribu-
tion of the microcapsule suspension was measured by an
LS13320 laser particle size analyzer (Beckman, USA).

2.3.3 Fourier-transform infrared spectroscopy. An amount
of microcapsule suspension was taken, centrifuged, washed
and dried. The Fourier-transform infrared (FTIR) spectra of the
samples were determined using a VERTEX70 FTIR spectrometer
(Brooks, Germany) at a wavelength scan range of 400–
4000 cm�1.
RSC Adv., 2022, 12, 16918–16926 | 16919
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Table 1 Effect of preparation conditions on encapsulation efficiency
of microcapsules

Sample Core/shell
Polycarbodiimide
(%)

PLA-500/
TDI

Encapsulation
efficiency (%)

M1 1 : 1 0 1 : 3 78.48
M2 1 : 2 0 1 : 3 91.83
M3 1 : 3 0 1 : 3 76.60
M4 1 : 4 0 1 : 3 —
M5 1 : 2 0.5 1 : 3 84.20
M6 1 : 2 1 1 : 3 82.25
M7 1 : 2 0.5 1 : 2 84.25
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2.3.4 Determination of encapsulation efficiency (EE)%. An
amount of chlorfenapyr was dissolved in a methanol solution
and the volume was adjusted to 25 mL as a standard solution.
An amount of the microcapsule suspension was weighed and
placed into a 25 mL volumetric ask and an appropriate
amount of methanol was added, and the suspension was then
ultrasonically disrupted for 2 h and subsequently diluted to
25 mL with a methanol solution to determine the total content
of chlorfenapyr in the microcapsule suspension (LC)%. An
amount of the microcapsule suspension was put into a 2 mL
centrifuge tube, the suspension was then extracted with hexane
three times and the extracts were combined and diluted to
25 mL with a methanol solution to determine the content of
chlorfenapyr outside of the microcapsules (X)%. The encapsu-
lation efficiency (EE)% of the microcapsules was calculated by
eqn (3).26

The chlorfenapyr concentration in the solution was deter-
mined using a LC-20A high-performance liquid chromatograph
(HPLC, Shimadzu, Japan) with a UV detector, three parallel
experiments were conducted for each of the microcapsule
samples. The test conditions were methanol/water (92/8, v/v) as
a mobile phase with a ow rate of 1 mL min�1. The sample
injection volume was 5 mL and the detection wavelength was
261 nm.27 The active ingredients were separated using a Zorbax
Eclipse XDB C18 column (4.6 mm � 250 mm, 5 mm, Daicel
Investment Co., Ltd, China). The above solutions were ltered
with a 0.22 mm nylon 66 lter membrane.

ðLCÞ% ¼ 0:98� Ap �my

mp � Ay

� 100 (1)

ðX Þ% ¼ LC%�mp � Ac

mc � AP

� 100 (2)

ðEEÞ% ¼ LC� X

LC
� 100 (3)

where Ap is the peak area of chlorfenapyr in the disrupted
microcapsule suspension, mAU, Ay is the peak area of chlorfe-
napyr in the standard solution, mAU, my is the mass of chlor-
fenapyr in the standard solution, g, mp is the mass of the
disrupted microcapsule suspension, g, Ac is the peak area of
chlorfenapyr in the extraction solution, mAU, and mc is the
mass of the chlorfenapyr microcapsule suspension for
extraction, g. X% is the content of chlorfenapyr outside of the
microcapsule, LC% is the loading content of the microcapsule.

2.3.5 Contact angle and surface tension measurements.
The contact angle of the microcapsule suspension was
measured as follows. The microcapsule suspension was diluted
500-fold with deionized water. The contact angle of the
suspension on the surface of the cabbage leaf was measured
with an OCA 25 contact angle measuring instrument (Dataphys
Instruments Co., Ltd, China),28–30 with 2 mL of the solution
deposited on the surface of cabbage leaves. The complete
droplet prole in the diffusion process was obtained from the
digitized image.31,32

The surface tension values of the prepolymer, microcapsule
and diluted samples were measured by an OCA 25 contact angle
16920 | RSC Adv., 2022, 12, 16918–16926
measuring instrument (Dataphys Instruments Co., Ltd, China)
and we maintained the measured surface tension value of
distilled water at 72.0 � 0.2 mN m�1 at the beginning. Each
sample was tested in triplicate. The environmental temperature
during the measurement was 25 � 2 �C.

2.3.6 Measurement of microcapsule release rate. The slow-
release performance was determined by measuring the cumu-
lative release rate of chlorfenapyr from the microcapsule and
other commercial formulations. 10% chlorfenapyr microcap-
sule suspension, 10% chlorfenapyr microemulsions and 10%
chlorfenapyr suspension concentrate 0.15 g samples were
placed in a dialysis bag with the interceptedmolecular weight of
3000, which was immersed in a brown reagent vial containing
400 mL of release medium of a methanol/water (3/2, v/v) solu-
tion. The reagent vial was placed on a shaker at 130 rpm. A
1.5 mL of the release medium outside the dialysis bags were
collected at difffferent time intervals, and 1.5 mL of the fresh
release medium was added to maintain the same volume of
release medium. The concentration of chlorfenapyr in the
solution was determined by HPLC.

2.3.7 Release kinetics study. The release kinetics of the
microcapsules were studied as the published literature.33 The
zero-order, rst-order, Higuchi and Korsmeyer–Peppas equa-
tions were used to t the release curve of chlorfenapyr in order
to study the release mechanism of the active ingredient in the
chlorfenapyr microcapsules.

2.3.8 Degradability study of wall material of microcap-
sules. The degradability of the wall material of the microcap-
sules was measured as follows. The degradation test was carried
out in a PBS solution (pH ¼ 7.4) at 37 �C and the surface
morphology changes of the microcapsules were observed by
SEM.15,34,35
3 Results and discussion
3.1 Screening of preparation conditions

During the preparation of microcapsule suspension, factors
such as the emulsier, core/shell ratio and the ratio of PLA-500
to TDI affected the morphology, encapsulation efficiency and
stability of the microcapsule.

3.1.1 Selection of emulsier. Agricultural emulsier 600#,
SDBS, Span 80 and Tween 20 were selected as emulsiers and
an O/W emulsion was prepared aer high-speed shearing. The
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) OM image of microcapsule sample M5. (b and c) SEM images of microcapsule sample M5.

Fig. 4 SEM/EDS image of microcapsule.
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morphology of the O/W particles and the stability of the emul-
sion were observed with an optical microscope. The results
showed that when the agricultural emulsier 600# emulsier
was used, the emulsion was stable and the particles were
uniform. The emulsion prepared by SDBS could not be
dispersed aer shearing for 2 min. The emulsion prepared by
Span 80 and Tween 20 was relatively stable, but the particles
had poor dispersibility and irregular particle morphologies.

3.1.2 Effect of preparation conditions on encapsulation
efficiency of chlorfenapyr microcapsules. As shown in Table 1,
the chlorfenapyr microcapsule suspension was prepared with
core/shell ratios of 1 : 1, 1 : 2, 1 : 3 and 1 : 4. When the core/
shell ratio was 1 : 1, the formed capsule wall was thinner and
the encapsulating effect of chlorfenapyr was 78.48%. When the
core/shell ratio was 1 : 2, the encapsulation efficiency of the
microcapsules increased to 91.83%. However, as the core/shell
ratio continued to decrease, the viscosity of the system
increased, resulting in a decrease in the encapsulation effi-
ciency. When the core/wall ratio was 1 : 4, the uidity of the
system was so low that the reaction cannot proceed.

According to the literature, polylactide-based PU materials
have good degradation properties.36,37 The polycarbodiimide
can react with the carboxylic acid produced by the hydrolysis of
the polyurethanematerial, which can terminate its self-initiated
cracking process, and is oen used as a stabilizer for poly-
urethane materials.36,38 Our experimental results showed that
© 2022 The Author(s). Published by the Royal Society of Chemistry
the encapsulation efficiency of the microcapsule suspension
without a stabilizer was reduced to �40% within 3 days, while
the encapsulation efficiency of the microcapsule suspension
was still be maintained above 80% aer 60 days when 0.5% of
stabilizer was added.

As shown in Table 1, the PLA-500/TDI ratio was xed at 1 : 2
or 1 : 3 to prepare the PU prepolymer. The encapsulation effi-
ciency of the microcapsules reached �84% when the PLA-500/
TDI ratio was 1 : 2 or 1 : 3, but in the case of 1 : 2, there was
serious agglomeration phenomenon in the suspension.

Finnally, agricultural emulsier 600#, a core/shell ratio of
1 : 2, stabilizer at 0.5% and a PLA-500/TDI ratio of 1 : 3 were
selected to prepare the 10% chlorfenapyr microcapsule
suspension (sample M5).
3.2 Morphology analysis and element analysis

The OM image of the chlorfenapyr microcapsules is shown in
Fig. 3(a). It can be seen that the obtained microcapsule had
good dispersibility. The SEM images of the microcapsules are
shown in Fig. 3(b) and (c). It is clear that the microcapsule
particles were spherical and the wall material was relatively
dense. Based on SEM image of Fig. 3(b), the particle size
distribution of the prepared microcapsules is between 0.19 and
1.32 mm, and the average particle size is 0.667 mm. In Fig. 3(c),
some incomplete capsule particles were found, which clearly
RSC Adv., 2022, 12, 16918–16926 | 16921
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Fig. 5 Particle size distribution of microcapsule sample M5.

Fig. 6 FTIR spectra of (a) chlorfenapyr, (b) TDI and (c) microcapsule
sample M5.

Fig. 7 Contact angle of diluted microcapsule sample M5 on the
surface of cabbage leaves.

Fig. 8 Droplet shape during wetting.
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demonstrated the core/shell structure of the microcapsules.39,40

In order to further verify whether chlorfenapyr is encapsulated
in microcapsules, an element mapping analysis was performed
using EDS. As shown in Fig. 4, the analysis date showed traces of
uorine, chlorine and bromine, element distribution provided
evidence for the successful loading of chlorfenapyr.
Fig. 9 Release curves of 10% chlorfenapyr ME, 10% chlorfenapyr SC
and 10% chlorfenapyr MS.
3.3 Particle size distribution

During the microcapsule formation, the shear forces, interfacial
tension and viscous stress have a signicant inuence on the
particle size distribution of microcapsules.31 The particle size
distribution of the microcapsule sample M5 is given in Fig. 5.
The average particle size of the microcapsules was 0.8 mm, the
average/median ratio was 1.218 and the particle size distribu-
tion range was between 0.147 and 2.92 mm. There are two
particle size centers for sample M5.
16922 | RSC Adv., 2022, 12, 16918–16926
3.4 FTIR spectral analysis

Fig. 6 shows the FTIR spectra of chlorfenapyr, TDI and the
microcapsule sample M5. As shown in curve a, the peak at
2230 cm�1 was attributed to the characteristic stretching
vibration peak of –CN in chlorfenapyr.41 In curve b, the char-
acteristic absorption peak of –NCO of TDI was at 2266 cm�1.42,43

In curve c, the characteristic peak of –NCO disappeared
completely, indicating that the TDI reacted completely in the
system and polyurethane was formed.44,45 The appearance of the
characteristic absorption peak at 1748 cm�1 proved that PLA
was successfully introduced into the microcapsule wall
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The release curves for the 10% chlorfenapyr MS in a methanol/
water (3/2, v/v) solution with different pH values.
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material.2 The curve c had the characteristic peaks of chlorfe-
napyr, which proved that chlorfenapyr was successfully encap-
sulated in the microcapsules.
3.5 Contact angle and surface tension analysis

The wetting and spreading abilities of the pesticide formula-
tions on the surface of the crop is oen reected by the contact
Fig. 11 Kinetic plots of chlorfenapyr microcapsule: (a) zero-order equa
Peppas equations.

© 2022 The Author(s). Published by the Royal Society of Chemistry
angle and 90� is used as the limit of whether the droplets can be
wetted on the surface of the leaves.46,47 Fig. 7 shows the changes
of the contact angle of the diluted microcapsule sample M5 on
the surface of the cabbage leaf with time. When the droplet was
deposited on the leaf surface, the contact angle was 93.1�.
Within 30 s, the contact angle of the droplet dropped rapidly to
79.8�. At 300 s, the contact angle decreased to 68.9�. The
dynamic change of the droplet shapes during the wetting
process is shown in Fig. 8, where it can be seen that the shape of
the droplet changed signicantly over time. Furthermore, the
surface tension values of the prepolymer, microcapsule and
diluted samples were measured. The prepolymer is 3.29 mN
m�1, the chlorfenapyr microcapsule suspension is 1.98 mNm�1

and the sample diluted 500-fold with deionized water is 6.13
mN m�1.
3.6 Slow-release performance

The slow-release performance of the microcapsule was deter-
mined by factors such as the active ingredients encapsulated in
the microcapsules and the nature of the wall material.35,48 Fig. 9
shows the release curves of the 10% chlorfenapyr micro-
emulsion, 10% chlorfenapyr suspension concentrate and 10%
chlorfenapyr microcapsule suspension (microcapsule sample
M5), respectively. Among them, the cumulative amount of
chlorfenapyr released from the 10% chlorfenapyr
tions; (b) first-order equations; (c) Higuchi equations; (d) Korsmeyer–
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Table 2 Results of microcapsule release kinetics fitting

Kinetic model Fitted equation R2

Zero-order Mt/MN ¼ 0.2015t 0.9468
First-order Ln(1 � Mt/MN) ¼ 0.0025t 0.9651
Higuchi Mt/MN ¼ 2.7056t1/2 0.9808
Korsmeyer–Peppas Mt/MN ¼ 0.6779t0.7845 0.9429
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microemulsion was 98.57% when the release time was 144 h.
The cumulative amount of chlorfenapyr released from the 10%
chlorfenapyr suspension concentrate was 49.16% when the
time was 150 h. In comparison, the cumulative amount of
chlorfenapyr released from the microcapsule sample M5 was
much slower, with only 33.80% at 150 h. It can be seen that
microencapsulation effectively extended the release time of
chlorfenapyr.

Fig. 10 shows the slow-release curves for the 10% chlorfe-
napyr microcapsule suspension in release media with different
pH values. When the other conditions were the same, in release
media of pH¼ 9, the release rate of chlorfenapyr was the fastest
because alkaline conditions are most conducive to the hydro-
lysis of polylactide based polyurethane.49 Because the hydrolysis
of polylactide-based polyurethane under acidic conditions was
also faster than in neutral media, the cumulative release rate of
chlorfenapyr at pH ¼ 5 was slightly higher than at pH ¼ 7,
which was consistent with previous results.26,50
3.7 Release kinetics of microcapsules

The establishment of the kinetic model can effectively evaluate
the release mechanism of the active ingredients in the micro-
capsules. Commonly used mathematical models for microcap-
sule formulations are the zero-order, rst-order, Higuchi and
Korsmeyer–Peppas equations, where Mt and MN are the
Fig. 12 (a) The hydrolysis mechanism of the ester group on the polylactic
of the original M5 sample; (c) SEM image of theM5 sample after being incu
after 12 days incubation in PBS solution.

16924 | RSC Adv., 2022, 12, 16918–16926
cumulative release amounts of the drugs at the time of t andN,
respectively.48 The kinetic plots of chlorfenapyr microcapsule
are shown in Fig. 11. Four different kinetic models were used to
t the slow-release curve of the chlorfenapyr microcapsule at pH
¼ 7.51 The tting results are shown in Table 2. Among these
models, the Higuchi model had the best results. The R2 value
reached 0.9808, which inferred that the release of chlorfenapyr
in the microcapsule belonged to Fickian diffusion.
3.8 Degradability of wall material of microcapsules

It has been reported in the literature that the ester group was
rst hydrolyzed in the hydrolysis process of the polylactide
based polyurethane material. The carboxylic acid in the product
can play a catalytic role and accelerate the degradation of the
material.52 In Fig. 12(a), we provided the hydrolysis mechanism
of the ester group on the polylactic acid molecular chain of the
polyurethane wall material. Fig. 12(b) shows the SEM image of
the original M5 sample. Fig. 12(c) shows the SEM image of the
M5 sample aer being incubated in PBS and hydrolyzed for
150 h. Fig. 12(d) shows the morphology of microcapsule sample
M5 aer 12 days incubation in PBS solution. In the case, most of
the capsule particles were degraded into fragments, but there
were still a few spherical particles. Meanwhile, the viscosity of
the system reduced from 562.0 mPa s to 302.3 mPa s, which
indirectly revealed the chemical degradation of the wall mate-
rials. Comparing Fig. 12(d) with Fig. 12(c), we found that aer
the microcapsules were incubated in PBS solution for 12 days,
the samples showed more fragments.
4 Conclusions

Chlorfenapyr microcapsules with degradable polylactide based
polyurethane wall material was prepared by interfacial poly-
merization. This kind of microcapsule possessed high
acid molecular chain of the polyurethane wall material; (b) SEM image
bated in PBS for 150 h; (d) themorphology of microcapsule sample M5

© 2022 The Author(s). Published by the Royal Society of Chemistry
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encapsulation efficiency and narrow particle size distribution,
and its release mechanisms conformed to Fickian diffusion.
Compared with other commercial formulations, chlorfenapyr
microcapsules effectively prolonged the release time of chlor-
fenapyr and the release rate was controlled by adjusting the
external pH conditions. The diluted microcapsule formulations
had good wetting and spreading abilities on the surface of
cabbage leaves. Furthermore, the polylactide-based poly-
urethane wall material of chlorfenapyr microcapsules showed
excellent degradation performance in a PBS solution.
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