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ABSTRACT: Microencapsulation of pesticides is a promising
attempt to reduce environmental pollution and prevent the active
ingredients from the interference of external factors. In this paper,
pendimethalin microcapsules were prepared by the interfacial
polymerization of 4,4-methylenediphenyl diisocyanate (MDI) and
ethylenediamine (EDA) based on microfluidic technology. Effects
of the microchannel structure, reaction temperature, surfactant
type, and fluid flow rates were investigated and evaluated. The
results showed that pendimethalin microcapsules prepared under
suitable conditions had a smooth surface, good monodispersity, a
high encapsulation efficiency (96.7%), and excellent thermal
stability. The size and morphology control of microcapsules were
realized by adjusting the flow rates of the continuous phase and the
hydrophilic monomer EDA aqueous solution. The release of pendimethalin had a sustained release characteristic that was closely
related to the morphology of microcapsules. Compared with the pendimethalin emulsifiable concentrate, pendimethalin
microcapsules exhibited outstanding herbicidal activity in the weed control experiments. Therefore, pendimethalin microcapsules
with tunable properties were successfully obtained from the microfluidic device and showed great potential in agricultural
applications.

1. INTRODUCTION

With the increasing global population and food demand,
pesticides are playing an increasingly important role in modern
agricultural production. Pesticides can not only protect crops
from pests and diseases but also improve the quantity and
quality of products.1 However, more than 90% of the applied
pesticides are lost instead of acting on the targets due to their
instability caused by volatilization, leaching, and degradation
(photolytic, pyrolytic, and microbial).2−5 This ineffective
utilization gives rise to repeated spraying of pesticides at a
high concentration, which increases the economic costs and
safety hazards.6 What is worse, excessive pesticides would
cause latent environmental pollution of the soil, groundwater,
and atmosphere, posing a serious threat to the ecosystem and
biodiversity.7−11 The encapsulation of pesticides has been
demonstrated to be a promising remedial technique for
resolving such problems to a great extent. Microcapsules
refer to tiny containers with a core−shell structure, in which
the core moiety is encased in the shell made of natural or
synthetic polymer materials. The polymer shell can protect a
susceptible active ingredient from surrounding influences and
slowly release it into the environment over a specified period of
time.

Some of the most commonly reported encapsulation
technologies include in situ polymerization,12,13 interfacial
polymerization,14,15 solvent evaporation,16 suspension cross-
linking,17 and complex coacervation.18−20 Among the above
methods, the interfacial polymerization, which is the reaction
of two multifunctional monomers to form a compact polymer
membrane at the interface of continuous and dispersed phases,
has found extensive applications in the preparation of many
pesticide microcapsules for its high reaction speed, mild
reaction conditions, and low manufacturing cost.21,22 Presently,
a variety of synthetic polymers have been selected as shell
materials for the preparation of pesticide microcapsules, such
as polyurea, polystyrene, and polymethyl methacrylate.23

Polyurea has attracted widespread attention due to its excellent
chemical resistance and mechanical and thermal properties.
However, the equipment used in its industrial production is
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usually a mechanically agitated intermittent reactor, which has
certain limitations. Because of the amplification effect and
nonuniform reaction, the size of particles is difficult to adjust
and is widely distributed, leading to poor repeatability of the
preparation, low stability of the product, and low controllability
of the release behavior.6

The microfluidic technology is an emerging technology for
generating diverse particles with well-defined structures and
narrow size distributions as it affords precise flow control, as
well as the ability to process trace amounts of liquid.24,25 This
method utilizes the shearing force of a flowing liquid to break
up another flowing immiscible liquid into tiny droplets, which
are subsequently solidified to form particles in the micro-
channels.26 In recent years, the microfluidic technology has
already shown superior capabilities in the manufacture of
droplets, microspheres, microcapsules, and multiple emulsions

with potential applications.27−32 In the field of agriculture,
microfluidic technology has been applied in the rapid trace
detection of residual pesticide.33−35 However, the fabrication
of pesticide microcapsules based on microfluidic technology
has been relatively rare. Zhong et al. developed a liquid-driven
coaxial flow focusing (LDCFF) process for the preparation of
pyraclostrobin-loaded poly(lactic-co-glycolic acid) (PLGA)
microcapsules.24 The microcapsule preparation based on a
microfluidic device offers many advantages such as easy
scalability, convenient cleaning, high reaction flux, large
specific surface area, and rapid heat and mass transfer
rates.36 Besides, the process parameters can be finely adjusted
to realize control over the size, porosity, surface morphology,
and shell thickness of microcapsules and to further achieve the
aim of a controlled and sustained release.26

Figure 1. Formation mechanism of pendimethalin microcapsules.

Figure 2. Possible reaction mechanism for the formation of the polyurea shell: (a) reaction of MDI with EDA, (b) cross-linking reaction between
polyurea molecules, and (c) reaction of MDI with water.
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Pendimethalin, a typical dinitroaniline herbicide, is mainly
used for the preemergence control of most grass weeds and
many broad-leaf weeds in several crops such as corn, cotton,
tomato, and wheat.37 The application of pendimethalin in the
fields of agriculture is seriously restricted since it is easily lost
through volatilization and photolysis.12,37 However, the main
formulation of pendimethalin is still the traditional emulsifiable
concentrate (EC) owing to its poor water solubility,38,39 which
contains a large amount of organic solvents, generating
unpleasant odors and resulting in great harm to humans in
the spraying process.6,38 Moreover, pendimethalin itself is
highly toxic to aquatic organisms, especially to fish, requiring
special attention when used in high-groundwater-level
areas.37,40 Therefore, it is of great necessity and importance
to design a controlled release formulation to prevent the side
effects and enhance the stability of pendimethalin.
In the past few years, a number of reports about

pendimethalin encapsulation have become available,38−42 but
the work on the fabrication of microcapsules related to precise
release control by using microfluidic technology has not been
done. In this paper, a practical approach was proposed to
prepare pendimethalin microcapsules in a simple microfluidic
device. Microcapsules with pendimethalin as the core material
and 4,4-methylenediphenyl diisocyanate (MDI) and ethyl-
enediamine (EDA) as the shell materials were successfully
fabricated. The effects of process parameters on the surface
morphology, size, encapsulation efficiency, and thermal
stability were systematically investigated. The controlled
release behavior and herbicidal activity of the microcapsules
were further explored. This article would provide valuable
information for the industrial fabrication of pendimethalin
microcapsules and reliable reference for the encapsulation of
other pesticides based on the microfluidic technology.

2. RESULTS AND DISCUSSION

2.1. Preparation of Pendimethalin Microcapsules.
The formation mechanism of pendimethalin microcapsules is
shown in Figure 1. As the dispersed-phase fluid came into
contact with the continuous-phase fluid in microchannel I, the
dispersed phase rapidly broke up into tiny droplets under the
influence of shearing and squeezing force.31 Simultaneously,
the stable emulsified droplets composed of pendimethalin and
MDI in the continuous phase were obtained under the
emulsification of the surfactant. Once in microchannel II, the
MDI within the droplets and the EDA in the aqueous solution

carried out interfacial polymerization at the droplet interfaces,
forming solid and uniform polyurea shells surrounding the
pendimethalin cores.
The possible reaction equations involved in the formation of

polyurea shell are shown in Figure 2. The main scheme for the
synthesis of polyurea was based on the addition reaction of the
isocyanate group (−NCO) in MDI and amino group
(−NH2) in EDA (Figure 2a).43 To be specific, when the oil-in-
water (O/W) emulsion and the EDA aqueous solution were
brought into contact, the MDI monomers from the dispersed
phase diffused toward the oil−water interface and reacted with
the EDA monomers to form polyurea in a very short time.44

The generated polyurea precipitated at the surface and
gradually formed a spherical film encapsulating the droplet.43

As the polymerization progressed, the length of the molecule
chain increased, and more polyurea was accumulated, which
increased the thickness of the film layer to eventually become
the complete polyurea shell. In addition, a cross-linking
reaction between polyurea molecules could take place at the
same time (Figure 2b), which made the polyurea shell more
compact and integrated. The polyurea formation could also be
accomplished through the reaction of MDI with water. Under
this circumstance, the isocyanate group in MDI first reacted
with H2O to form the unstable carbamic acid (−NHCOOH),
which rapidly decomposed into the amino group and CO2
(Figure 2c).45 The produced amino group could further react
with the isocyanate group, followed by the same polymer-
ization process described above.
The chemical structure of polyurea formed by the reaction

of MDI with water was distinctly different from that formed by
the reaction of MDI with EDA (Figure 2a,c). The latter is
more flexible than the former due to the presence of ethylene,
which was favorable for the formation of a spherical
microcapsule shell.45,46 Furthermore, the conversion of
isocyanate to amine was accompanied by the release of CO2,
which existed as bubbles and may make more small pores
appear on the surface of the polyurea shell.45 Although both
EDA and water could react with MDI, the reactivity of MDI
toward EDA was much higher than that of water.45,46 Hence,
the reaction of MDI with EDA dominated in the formation of
the polyurea shell, and the reaction of MDI with water only
occurred in large quantities in the absence of EDA.

2.1.1. Effects of the Microchannel. The previous studies
showed that the structure of the microchannel had a notable
impact on the flow statuses of the two phases, as well as the

Figure 3. Particle size distribution of microcapsules prepared by microchannels with different structures: (a) heart-shaped, (b) Y-shaped, and (c)
T-shaped.
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formation of emulsified droplets.47 The particle size distribu-
tions of the pendimethalin microcapsules prepared in the
different microchannels are shown in Figure 3. It can be clearly
observed from Figure 3a that the distribution of microcapsules
prepared by the heart-shaped microchannel presented a
normal distribution, and the particle sizes were in the range
of 0.71−11.14 μm with a mean diameter of about 9.62 μm.
When the Y-shaped microchannel was used, the particle sizes
were in the range of 0.53−10.08 μm, and the mean diameter
was about 7.96 μm; further, the distribution appeared to be a
bimodal distribution (Figure 3c). In contrast, the size
distribution of microcapsules prepared by the T-shaped
microchannel was considerably wide, which covered approx-
imately the range from 0.5 to 100 μm (Figure 3b). This was
probably due to the unique structure design of the heart-
shaped microchannel. As shown in Figure 4a, when the

dispersed- and continuous-phase fluids entered the heart-
shaped unit, they were hindered by the U-shaped structure
obstacle and split into two streams with different flow
directions, after which the two streams flowed along the
microchannel wall and converged again near the cylindrical
post, flowing into the next heart-shaped unit from the narrow
access.47−50 In this process, the dispersed phase and
continuous phase diffused and mixed with each other by
splitting and recombining, which was repeated several times in
a heart-shaped unit. However, in the T-shaped or Y-shaped
unit, the dispersed- and continuous-phase fluids flowed in the
different directions and underwent only one collision (Figure
4b,c). Therefore, the application of the heart-shaped micro-
channel in the microcapsule manufacture had prominent
advantages including a uniform dimension and good
monodispersity, which is a necessary prerequisite to realize
the coincident release of microcapsules.
2.1.2. Effects of the Surfactant. The surfactant can promote

the mutual mixing of the dispersed phase and the continuous
phase to form a completely dispersed emulsion and can also
prevent the aggregation of microcapsules once the shell is
formed.51 In this study, the effects of different types of
surfactants including SP-27001 (an ester compound of the
styrene maleic anhydride copolymer), 601 (tristyrylphenol
ethoxylates), and sodium lignosulfonate on the preparation of
pendimethalin microcapsules were explored. Figure 5 shows
the stability indices of the emulsions formed by the three
surfactants at the same amount of addition. It can be seen from
Figure 5a that the Turbiscan stability index (TSI) of the
emulsion prepared with sodium lignosulfonate as a surfactant
increased dramatically over a time scale of 200 min. It may be
explained with the alkalinity of sodium lignosulfonate, which
could accelerate the reaction of MDI with water. Figure 5b
shows that the stability index of the emulsion only increased by

0.4 within 200 min when surfactant 601 was used, indicating
that 601 had a better emulsifying effect than sodium
lignosulfonate. However, the agglomeration of microcapsules
was discovered during the formation of the shell. The reason
for this phenomenon may be that the terminal hydroxyl group
of phenol could react with MDI, which affected the synthesis
of the polyurea shell and enabled the microcapsules to adhere
to each other. As shown in Figure 5c, the TSI of the emulsion
in the presence of surfactant SP-27001 increased simply to 0.1
after 200 min, indicating that almost no particle migration or
particle size change occurred. This was due to the tremendous
advantages of SP-27001 in reducing the surface tension of the
system and improving the kinetic stability at the oil−water
interface. Specifically, the styrene in the main chain along with
the side carbon chain extending into the oil phase could
provide the steric hindrance, and the negatively charged
hydrolyzed maleic anhydride could provide the electrostatic
repulsion, aiding the homogeneous fine emulsified droplets to
exist for a long time.52 Thus, surfactant SP-27001 and polyurea
have a good adsorbability and compatibility, which was
beneficial to maintain the stability of the emulsion and restrain
the fast coalescence of droplets.

2.1.3. Effects of Temperature. Figure 6 shows the biological
microscopy images of pendimethalin microcapsules prepared
at different reaction temperatures (60, 65, and 70 °C). It is
obvious from Figure 6 that all microcapsules had nearly
spherical shapes with clear diffraction rings. The appearance of
a diffraction ring was due to the difference in the refractive
indexes between the external and internal parts of micro-
capsules, which could preliminarily confirm the generation of
the polyurea shell.14 When the temperature was at 60 °C, some
of the pendimethalin was not encapsulated and was distributed
outside the microcapsules in the form of a crystal (Figure 6a).
This may be due to the low melting point of pendimethalin
(56−57 °C), and a lower reaction temperature would make it
easier for the core material to crystallize and precipitate when
the emulsion comes into contact with the cold EDA aqueous
solution in the microchannel. When the temperature was at 70
°C, adhesion of microcapsules was observed, and the
uniformity of the microcapsules was deteriorated (Figure
6c). This was probably due to the accelerated thermodynamic
diffusion effect, which increased the frequency of collisions
between the reactive monomers and speeded up the rate of the
polymerization reaction.45 This suggests that to obtain the

Figure 4. Schematic diagram of the microchannels with different
structures: (a) heart-shaped, (b) Y-shaped, and (c) T-shaped.

Figure 5. TSIs of the emulsions formed by different types of
surfactants: (a) 601, (b) SP-27001, and (c) lignosulfonate.
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desired microcapsules under the above experimental con-
ditions, an appropriate reaction temperature is also necessary.
2.2. Characterization of Pendimethalin Microcap-

sules. 2.2.1. Fourier Transform Infrared Spectra Analysis.
Figure 7 shows the Fourier transform infrared (FTIR)

spectroscopy data of MDI, the polyurea shell, pendimethalin,
and pendimethalin microcapsules. It can be seen from Figure
7a that MDI had a strong characteristic peak at 2279 cm−1 due
to the presence of −NCO. As shown in Figure 7b, the
absorption peak appearing at around 1635 cm−1 was ascribed
to the stretching vibration of CO, the peak appearing at
3432 cm−1 was ascribed to the stretching vibration of N−H,
and the peaks at 1087 and 1049 cm−1 were attributed to the
C−N stretching vibration of amide and aromatic groups.23,43

These results could prove the formation of the urea linkage
between isocyanate and amine groups. Moreover, the −N
CO absorption peak disappeared in the spectrum, which
could also verify the synthesis of the polyurea shell. The
absorption peak appearing at 3428 cm−1 was assigned to the
stretching vibration of N−H, the peaks at 1536 and 1380 cm−1

were assigned to the stretching vibration of −NO2, and the

peaks at 1248 and 1187 cm−1 belonged to the C−N stretching
vibration of pendimethalin (Figure 7c).41 These characteristic
peaks could still be seen in the infrared spectrum of
pendimethalin microcapsules, and no new bands were
observed (Figure 7d), indicating that pendimethalin was
successfully encapsulated in the microcapsules and no reaction
between the pendimethalin and shell materials occurred.

2.2.2. Thermogravimetric Analysis. Figure 8 shows the
thermogravimetric analysis (TGA) curves of pendimethalin,
the polyurea shell, and pendimethalin microcapsules prepared
with different flow rates of the EDA aqueous solution (Qs). As
shown in Figure 8a, pendimethalin began to degrade and
evaporate at about 180 °C, and the weight loss ratio
approached 100% at approximately 305 °C. Similar results
were also found in the previous research studies.12,14,38 For the
polyurea outer shell, the weight loss mainly included two stages
with around 30% of the original weight remaining at 800 °C,
which could prove the excellent thermal stability of the shell.
The slight weight loss in the first stage between 110 and 200
°C was due to the degradation of the unreacted shell materials,
and the second decomposition stage above 320 °C was
attributed to the degradation of polyurea.
It can be seen that the curve profiles of pendimethalin

microcapsules highly overlap each other, indicating that they
had the same components and similar structures. The
microcapsules experienced weight loss in three important
stages with the increase in temperature. The first stage below
185 °C corresponded to the evaporation of water and the
decomposition of polyurea shell materials. The second
substantial weight loss observed between 185 and 315 °C
was attributed to the decomposition and evaporation of
pendimethalin, and the relative content of pendimethalin in
the microcapsules was approximately 65%. The third stage
above 320 °C was ascribed to the degradation of the residual
polyurea outer shell, and there were still some residues left
(with weight loss values of 7.48%, 10.17%, and 14.68%, as
shown in Figure 8c−e, respectively) after 800 °C. This may
suggest that the EDA aqueous solution with a higher flow rate
could make the shells of pendimethalin microcapsules thicker.

2.3. Size and Morphology Control of Pendimethalin
Microcapsules. The size of microcapsules is one of the
crucial factors imposing a paramount effect on the release
behavior and application performance of loaded pesticides.
According to the existing studies, the particle size of the
microcapsules was bound up with the flow rates of the
continuous phase and dispersed phase, which are recognized as
tunable parameters during the preparation in a microfluidic
device.24,53 Here, we focused our investigation on the effects of
Qc (the flow rate of the continuous phase) on the particle size
of pendimethalin microcapsules. As shown in Figure 9, the
mean diameter of microcapsules increased with the increase in
Qc. This was because when the flow rate of the continuous
phase was higher, the isocyanate was more readily converted to
amine under the action of water during the emulsion formation
process. Although the reaction between isocyanate and water
was very slow, the resultant amine could promptly polymerize
with isocyanate before the tiny emulsified droplets were fully
formed. This polymerization started from the surface of the
droplet by forming a polyurea film first, and once the film was
formed, the size of the microcapsule was basically fixed.45 To
make the particle size of the microcapsules as small as possible,
we continued reducing Qc while other experimental conditions
were kept constant. However, when Qc was less than 3 mL/

Figure 6. Biological microscopy images of pendimethalin micro-
capsules prepared at different temperatures: (a) 60, (b) 65, and (c) 70
°C.

Figure 7. FTIR spectra of MDI (a), polyurea shell (b), pendimethalin
(c), and pendimethalin microcapsules (d).
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min, it was difficult to obtain stable O/W emulsified droplets
due to the weakened squeeze and shear action of the
continuous phase on the dispersed phase, and no micro-
capsules were obtained as a consequence.
Figure 10 shows the relationship between the encapsulation

efficiency of pendimethalin microcapsules and the flow rate of
the continuous phase flow rate, Qc. When Qc was changed
from 3 to 5 mL/min, the encapsulation efficiency of
microcapsules increased from 63.4 to 96.7%. However, when
Qc was more than 5 mL/min, the encapsulation efficiency of
microcapsules gradually decreased with the increase in Qc. This
tendency was correlated with the loss of pendimethalin in the
dispersed phase. On one hand, when the flow rate of the
continuous phase was in a lower range, pendimethalin became
hard to disperse in the continuous phase and quickly settled
down due to the lack of water and the surfactant.6,38 On the
other hand, when the flow rate of the continuous phase was in
a higher range, more pendimethalin was dissolved in water, and
the concentration of the active ingredient in the dispersed
phase was comparatively low. In both cases, the reduction of

pendimethalin would ultimately cause an unsatisfactory drug
loading and encapsulation efficiency of the microcapsules.
For the range of parameters explored, microcapsules were

produced with a mean diameter ranging from 2.43 to 38.76
μm. This result indicated that within the range of the operable
parameters for generating the stable emulsion, it was feasible
and practical to accurately control the particle size of
microcapsules by changing the flow rate of the continuous
phase. However, too fast and too slow flow rates of the
continuous phase would both reduce the encapsulation
efficiency, which certainly decreased the production efficiency
of the microcapsule preparation technology. To balance the
size and encapsulation efficiency of microcapsules, we chose
the continuous phase flow rate of 5 mL/min for further
research.
It is important to mention that the effects of the Qs on the

particle size of pendimethalin microcapsules were also
examined, while the variation was slight. The mean diameters
of the microcapsules prepared with Qs values of 0.3, 0.5, 1.0,
and 2.0 mL/min were 9.18 m, 9.54 m, 9.37, and 9.44 μm,
respectively, suggesting that the flow rate of the EDA aqueous

Figure 8. TGA curves of pure pendimethalin (a), polyurea shell (b), and pendimethalin microcapsules with different Qs values of (c) 0.3, (d) 0.5,
and (e) 1.0 mL/min.

Figure 9. Effects of Qc on the particle size of pendimethalin
microcapsules for Qd = 5 mL/min and Qs = 0.5 mL/min.

Figure 10. Encapsulation efficiency of pendimethalin microcapsules
prepared with different Qc values for Qd = 5 mL/min and Qs = 0.5
mL/min.
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solution had no considerable influence on the microcapsule
size. This was reasonable because the size of the microcapsule
was proportional to the corresponding emulsified droplet size.
The emulsion had been basically formed in microchannel I,
which was supposed to be wrapped in microchannel II. Thus,
the EDA solution subsequently added could hardly affect the
size of the microcapsules. However, the morphologies of the
microcapsules produced with different Qs values were
significantly different. This was because the flow rate of Qs
determined the ratio of hydrophilic monomer EDA and
lipophilic monomer MDI, which affected the polymerization
reaction of the polyurea shell.
Figure 11 shows the scanning electron microscopy (SEM)

images of pendimethalin microcapsules with different Qs

values. When Qs was 0.3 mL/min, a large number of
microcapsules appeared with irregular shapes, and some
pendimethalin had leaked out from the microcapsules (Figure
11a). This was mainly due to the insufficient EDA amount. In
this case, the outer shell of the microcapsules was too thin to
completely cover the core moiety due to the lack of shell
materials, leading to the fragile structure and poor mechanical
properties. Meanwhile, the formation of the polyurea shell
might be dominated by the reaction between MDI and water,
producing more CO2 and forming pores on the shell surface,45

which was beyond the scope of this research. When Qs was
increased to 0.5 mL/min, the microcapsules had regular
spherical shapes with a smooth surface and high uniformity
(Figure 11b), which was conductive to the construction of
efficient controlled release formulation. As shown in Figure
11c, a small proportion of the microcapsules presented slight
wrinkles when Qs was 1.0 mL/min (Figure 11c). The
appearance of wrinkles resulted from the reduction of the
internal core volume caused by MDI being consumed in a
short time.44 However, when Qs reached 2.0 mL/min, most of
the microcapsules had big dimples and collapses (Figure 11d).
Another typical phenomenon observed was the adhesion of
microcapsules. This was attributed to excess EDA. At this high
concentration of EDA, the reaction between MDI and EDA

was greatly enhanced, and the degrees of shrinkage and
collapse were further increased, which was responsible for the
tendency of microcapsules to coalesce with each other and
thereby reduced their dispersion.46

These results highlighted the importance of EDA in
determining the shell morphology of the resulting pendime-
thalin microcapsules. This demonstrated that the morphology
of the pendimethalin microcapsules could be changed by
changing the flow rate the EDA aqueous solution, while the
flow rates of the continuous phase and dispersed phase were
kept constant.

2.4. Sustained Release of Pendimethalin Micro-
capsules. To explore the release behaviors of pendimethalin
microcapsules with different morphologies, the microcapsules
fabricated under different Qs values (0.3, 0.5, 1.0, and 2.0 mL/
min) were selected for the sustained release experiment. Figure
12 shows the cumulative release proportions of pendimethalin

microcapsules. It was found that the release rate of
pendimethalin from the microcapsules decreased with the
increase in Qs. In particular, the microcapsules prepared with a
Qs of 0.3 mL/min exhibited a burst release at the beginning
(Figure 12a). More than 71.2% pendimethalin was released
from microcapsules within 0.5 h, and the cumulative release
rate was up to 97.2% after 3 h. This was because the polyurea
shell formed in this case was very thin and fragile, contributing
to the permeation and effusion of the active ingredient from
the microcapsules. For the remaining three microcapsules, the
release curves of pendimethalin could be divided into two
stages, the first stage of initial rapid release, followed by the
second stage of relatively slow release, suggesting that all of
them possessed the behavior of controlled and sustained
release. As shown in Figure 12b, the cumulative release
proportion for the microcapsules prepared with a Qs of 0.5
mL/min was 67.9% at 10 h and reached 98.3% after 25 h. By
comparison, the cumulative release proportions for the
microcapsules prepared with a Qs of 1.0 and 2.0 mL/min
were 55.6 and 28.9% at 10 h and only reached 72.1 and 62.5%
after 25 h, respectively (Figure 12c,d). This may be because
the higher feeding rate of the EDA aqueous solution may
accelerate the reaction of MDI with EDA, facilitating the
deposition of polyurea on the surface to make the shell

Figure 11. SEM images of pendimethalin microcapsules prepared
with different Qs values of (a) 0.3, (b) 0.5, (c) 1.0, and (d) 2.0 mL/
min.

Figure 12. Cumulative release proportions of pendimethalin micro-
capsules prepared with different Qs values of (a) 0.3, (b) 0.5, (c) 1.0,
and (d) 2.0 mL/min.
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rougher,22 which needs a further proof. Furthermore, the
adhesion of microcapsules could reduce the contact area with
the release medium and hinder the release process of the active
ingredient, thus leading to the slowest release rate of the
microcapsules prepared with a Qs of 2.0 mL/min. These
variations in release behaviors were largely due to significant
differences in the surface morphologies of the microcapsules
prepared with different Qs values.
Figure 13 shows the biological microscopy images of

pendimethalin microcapsules in the release medium. As

shown in Figure 13a, lots of crystals could be seen in the
release medium, suggesting that most pendimethalin had
released from the microcapsules prepared with a Qs of 0.3 mL/
min. It can be clearly seen from Figure 13d that a huge number
of microcapsules with a Qs of 2.0 mL/min were coalesced in a
chunk, and nearly no pendimethalin was released as a
consequence. Comparatively, when Qs values were 0.5 and
1.0 mL/min, pendimethalin was released from the micro-
capsules at moderate rates (Figure 13b,c). These results were
in good agreement with the cumulative release curses of
microcapsules.
It could be concluded that the release behavior of

pendimethalin could be regulated by the surface morphology
of microcapsules, which was controlled by varying the flow rate
of the EDA aqueous solution. This may provide valuable
information for the direction of sustained release control in
microcapsules from another perspective.
2.5. Bioassay of Pendimethalin Microcapsules. Table

2 shows the stem control efficacy of pendimethalin micro-
capsules prepared with different Qs values against grassy weeds
and broad-leaf weeds at the same concentration. It was
considered that the herbicidal activity results were associated
with the surface morphology and release characteristics of the
microcapsules mentioned above. The microcapsules prepared
with a Qs of 0.3 mL/min exhibited similar herbicidal effects to
the pendimethalin EC. Despite the stem control efficacy for
grassy weeds of as high as 95.03%, the stem control efficacy of
microcapsules for broad-leaf weeds was simply 41.27% because
of the premature release. Among all samples, the microcapsules
prepared with a Qs of 0.5 mL/min had the best herbicidal

activity. In this case, the stem control efficacies against grassy
weeds and broad-leaf weeds were 89.78 and 90.24%,
respectively, indicating that the microcapsules could maintain
a longer effective duration than the pendimethalin EC. It is
worth noting that although the release time was the longest,
the herbicidal effect of the microcapsules prepared with a Qs of
2.0 mL/min was the worst. The reason for this may be that
pendimethalin was used as a pre-emergence herbicide in the
experiments, which mainly acted during the germination of
seeds and could not kill weeds that had already grown out of
the ground.39 This means that an excessively slow release rate
of microcapsules would cause the pendimethalin to miss the
critical period for weed control.
Table 2 shows the total stem control efficacy and fresh

weight reduction of pendimethalin microcapsules prepared
with different Qs values against weeds at the same
concentration. It is obvious that the total stem control efficacy
and fresh weight reduction of pendimethalin microcapsules
were comparable to that of the pendimethalin EC. However,
the stem control efficacy of pendimethalin microcapsules
against broad-leaf weeds when Qs was 0.5 or 1.0 mL/min was
much higher than that of the pendimethalin EC (Table 1).
Furthermore, microcapsules are more environmentally friendly
because they can avoid the use of toxic organic solvents.
Hence, as an innovative controlled release formulation,
pendimethalin microcapsules possess great potential and
could replace the use of the pendimethalin EC in agricultural
application.
In this study, we found that the flow rate of the EDA

aqueous solution could affect the surface morphology of the
polyurea shell and further regulate the application performance
including the release behavior and herbicidal activity of the

Figure 13. Biological microscopic observation of pendimethalin
microcapsules prepared with different Qs values of (a) 0.3, (b) 0.5, (c)
1.0, and (d) 2.0 mL/min.

Table 1. Stem Control Efficacy of Pendimethalin
Microcapsules Prepared with Different Qs Values against
Grassy Weeds and Broad-Leaf Weeds (0.3 mL/min, 0.5
mL/min, 1.0 mL/min, and 2.0 mL/min)

grassy weeds broad-leaf weeds

treatment

average
plant

number
stem control
efficacy (%)

average
plant

number
stem control
efficacy (%)

A 36.0 95.03a 78.7 41.27b
B 51.3 92.91a 36.3 72.91a
C 93.0 87.15ab 40.0 70.15a
D 511.3 29.38b 84.3 37.08b
EC 52.7 92.72a 82.0 38.81b
blank
control

724.0 134.0

Table 2. Total Stem Control Efficacy and Fresh Weight
Reduction of Pendimethalin Microcapsules Prepared with
Different Qs Values against Weeds (0.3 mL/min, 0.5 mL/
min, 1.0 mL/min, and 2.0 mL/min)

treatment
total plant
number

stem control
efficacy (%)

fresh
weight (g)

fresh weight
reduction (%)

A 114.7 86.63a 4.74 87.86a
B 87.7 89.78a 3.81 90.24a
C 133.0 84.49a 5.40 86.17a
D 595.7 30.57b 26.18 32.96b
EC 134.7 84.30a 5.89 84.92a
blank
control

858.0 39.05

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05903
ACS Omega 2021, 6, 34160−34172

34167

https://pubs.acs.org/doi/10.1021/acsomega.1c05903?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05903?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05903?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05903?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


encapsulated pendimethalin, which could act as a useful
reference for the design of pesticide microcapsules so as to
meet various application requirements.

3. CONCLUSIONS

In this work, pendimethalin microcapsules were developed via
the interfacial polymerization of MDI and EDA in a simple
microfluidic device. The pendimethalin microcapsules pre-
pared under appropriate conditions had a smooth surface,
good monodispersity, high encapsulation efficiency, and
excellent thermal stability. The size and morphology control
of the produced microcapsules could be achieved by changing
the value of Qd (the flow rate of the dispersed phase) and Qs.
The release behavior of microcapsules was closely related to
the morphology of microcapsules. The herbicidal activity of
pendimethalin microcapsules depended on the release of the
active ingredient. This paper will provide a reference for the
application of microfluidics in the preparation and character-
istic regulation of pesticide microcapsules.

4. MATERIALS AND METHODS

4.1. Materials. Pendimethalin (purity 98.5%) was supplied
by Shandong Binnong Technology Co., Ltd. (Shandong,
China). Lipophilic monomer MDI was purchased from
Wanhua Chemical Group Co., Ltd. (Shandong, China).
Hydrophilic monomer EDA and protective colloid polyvinyl
alcohol (PVA) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China). Methanol and n-hexane
were obtained from Shanghai Aladdin Biochemical Technol-
ogy Co., Ltd. (Shanghai, China). Surfactant SP-27001 (an
ester compound of the styrene maleic anhydride copolymer),
601, sodium lignosulfonate, and the commercial pendimethalin
EC (330 g/L) were kindly provided by Jiangsu Qingyu
Chemical Technology Co., Ltd. (Jiangsu, China). The
deionized water used in all experiments was prepared by a
distillation device.
4.2. Methods. 4.2.1. Experimental Setup. The preparation

process of pendimethalin microcapsules was completed in a
simple microfluidic device, which was divided into a feeding
system and a microchannel reaction system. The feeding
system consisted of three independent plunger pumps, and the
microchannel reaction system consisted of two connected
microchannel modules. The microfluidic flow structure was
composed of a dispersed-phase fluid (pendimethalin and
MDI), a continuous-phase fluid (the surfactant and PVA
aqueous solution), and an EDA aqueous solution fluid, which
were supplied by plunger pumps above at desired flow rates.
The emulsion formation and shell generation process were
separated in the two microchannel modules, namely, micro-
channel I and microchannel II. Briefly, the dispersed-phase and
continuous-phase fluids were injected into microchannel I for
the formation of emulsified droplets in water, and the EDA
aqueous solution fluid was injected into microchannel II to
initiate the interfacial polymerization as the emulsion flowed
in.
The Microchannel I normally used was a series of heart-

shaped units (corning advanced-flow reactor G1 fluidic
module) with a nozzle size of 100 μm and a height of 120
μm, which were made of glass. Y-shaped or T-shaped units 100
μm in width and 150 μm in height were used as an alternative
when the effects of the microchannel structure on the
preparation of microcapsules were explored in the experiment,

which were composed of Hastelloy. The microchannel II used
comprised tubing with a diameter of 500 μm, which was made
of stainless steel.

4.2.2. Preparation of Pendimethalin Microcapsules. The
pendimethalin microcapsules were prepared by an interfacial
polymerization method, in which an O/W emulsion was used
as a template, MDI was used as the first reactant, and EDA was
used as the second curing agent to generate the polyurea outer
shell. For a typical run, 5 g of PVA and 5 g of surfactant SP-
27001 were dissolved in 90 g of deionized water at 90 °C to
obtain the continuous phase. Then, 100 g of pendimethalin
was heated to 60 °C for complete melting and uniformly mixed
with 5 g of MDI to obtain the dispersed phase. Both the
continuous and dispersed phases were placed in a water
thermostat bath at 60 °C for further use. As for the EDA
aqueous solution, 10 g of EDA was dissolved in 90 g of
deionized water and placed in a water thermostat bath at 20
°C.
In this method, MDI and EDA quickly reacted at the oil−

water surface of the emulsion and formed solid polyurea shells
around the emulsified droplets. However, because of the high
reactivity of MDI and EDA, the shell could immediately
generate even before the droplets were completely formed,
resulting in the clogging of the microchannel.44 To overcome
this problem, the dispersed phase containing MDI and the
continuous phase were injected into microchannel I through
two plunger pumps, and the EDA aqueous solution was
injected into microchannel II through another plunger pump,
as mentioned above. The flow rates of the continuous phase
(Qc), the dispersed phase (Qd), and the EDA aqueous solution
(Qs) were optimized to be 5, 5, and 0.5 mL/min, respectively.
The temperature of the microfluidic device was kept at 65 °C,
and the residence time of fluids in the microchannel was 30
min. After the completion of the shell growth, the produced
microcapsules were gently collected by a glass container. Then,
the microcapsules were washed twice with deionized water and
dried in vacuum at room temperature to remove the water.
The microcapsules were further placed overnight in an oven at
45 °C to evaporate the vast majority of the water if a dried
sample was required in the characterization. It is to be noted
that the final obtained pendimethalin microcapsule product
was in the form of an aqueous suspension, and no organic
solvent was used in the preparation process. Pendimethalin
returns to the crystal state as the temperature is decreased and
is still well-encapsulated in the firm polyurea shells.
By means of the microfluidic technology, the manufacture of

pendimethalin microcapsules can be easily and continuously
performed for several hours. Since the formed emulsion could
remain stable over a wide range of process parameters, the flow
rates of the continuous phase and the EDA aqueous solution
were finely adjusted to prepare microcapsules with varying
sizes and morphologies. In addition, different types of
surfactants and microchannels were also used for the
preparation of microcapsules to optimize the production
conditions.

4.2.3. Characterization of Pendimethalin Microcapsules.
The chemical structures of the raw materials and prepared
pendimethalin microcapsules were analyzed with an FTIR
spectrometer (VERTEX 80 V, Bruker, Germany) at room
temperature by using compressed potassium bromide (KBr)
discs. The scanning range of the infrared spectrometer was
4000−500 cm−1 with 32 scans per spectrum, and the
resolution was 4.0 cm−1. The TSI of the emulsions, which
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represents the kinetic stability of the system, was measured by
a stability analyzer (Turbiscan LAB, FORMULACTION,
France).
The surface morphology of the pendimethalin microcapsules

was observed via a biological microscope (BM2000, Nanjing
Jiangnan Novel Optics Co., Ltd, China) and a scanning
electron microscope (EM-30Plus, COXEM, Korea). The mean
particle size and size distribution of the pendimethalin
microcapsules were determined by a laser diffraction particle
size analyzer (Bettersize2600, Dandong Baxter Instrument Co.,
Ltd, China). The thermal stability of the pendimethalin
microcapsules was measured by a thermogravimetric analyzer
(TGA 4000, Shanghai Innuo Precision Instrument Co., Ltd,
China) at a heating rate of 20 °C/min under a nitrogen
atmosphere (20 mL/min) from 30 to 805 °C.
4.2.4. Determination of the Encapsulation Efficiency.

During the formation of microcapsules, a small amount of
pendimethalin may dissolve in the water, and thereby, the
encapsulation efficiency of pendimethalin microcapsules
obtained is actually not 100%, which could be calculated by
measuring the content of free pendimethalin. First, 0.5 g of the
pendimethalin microcapsule sample was weighed and dissolved
in 30 mL of methanol in a beaker. The solution was transferred
to a volumetric flask and diluted to 50 mL with methanol. The
supernatant of the sample was collected after sonication and
centrifuging, which contained all the pendimethalin in the
sample. Then, 0.5 g of the pendimethalin microcapsule sample
prepared under the same conditions was also weighed and
dissolved according to the same procedure described above.
The supernatant of the sample was collected after centrifuging
without sonication, which contained the free pendimethalin in
the sample. The content of pendimethalin in the supernatant
was determined by using a high-performance liquid chroma-
tography (HPLC) equipment (LC-20AD, Shimadzu, Japan)
equipped with an ultraviolet (UV) detector.
The wavelength of the UV detector was set to be 230 nm.

The chromatographic separation was carried out by a stainless-
steel column (250 mm × 4.6 mm, 5 μm) filled with Zorbax
ODS, and the column temperature was set at room
temperature. The mobile phase was a mixture of methanol
and water (90:10, v/v) with a flow rate of 1.0 mL/min, and the
injection volume was 5 μL. The total amount and the free
content of pendimethalin could be confirmed based on the
known standard absorption curve.
The encapsulation efficiency was calculated according to eq

1, where C1 is the total amount of pendimethalin and C2 is the
content of free pendimethalin

=
−

×
C C

C
encapsulation efficiency(%) 1001 2

1 (1)

4.2.5. Sustained Release Experiment. The release charac-
teristics of pendimethalin microcapsules were measured
according to a reported method with minor modifications.41

Typically, 0.1 g of the dried pendimethalin microcapsule
sample was weighed and transferred to a 250 mL flask, and 100
mL of an n-hexane/methanol mixture (90:10, v/v) was added
as a release medium. The solution was kept at 30 °C and
stirred at a rate of 400 rpm. The same volume of a fresh release
medium was supplemented immediately when 0.5 mL of the
sample solution was taken out from the flask at different time
intervals (0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 15, 20, and 25 h). The
pendimethalin content of the sample solution and total

concentration of the dried sample were analyzed by HPLC,
as described above in Section 4.2.4.
The cumulative release proportion was calculated according

to eq 2, where C0 is the total amount of pendimethalin in the
sample and Ct is the content of pendimethalin in the release
medium at a certain moment

= ×
C
C

cumulative release proportion(%) 100t

0 (2)

4.2.6. Herbicidal Activity Experiment. The herbicidal
activity of pendimethalin microcapsules against grass and
broad-leaf weeds was evaluated in an indoor culture experi-
ment. The target weeds selected for testing included Poa annua
L., Lolium perenne L., and Polygonum lapathifolium L. Briefly,
air-dried and sieved topsoil was thoroughly mixed with
sphagnum peat (organic matter content: 2.1% and N, P, and
K content: 0.25%) in a particular proportion (90:30, w/w) to
obtain a soil mixture. Certain numbers of weed seeds were
sown evenly in a square pot (40 cm × 40 cm) containing the
soil mixture with the proper quantity. In the weed control
experiments, four microcapsule samples prepared with different
Qs values (0.3, 0.5, 1.0, and 2.0 mL/min) and the commercial
pendimethalin EC were diluted 400 times with deionized water
and applied to the surface of the mixed soil by spraying soon
after the planting. The same amount of deionized water was
also sprayed as a blank control. All pots were placed indoors to
receive light (14 h/10 h, L/D) and kept under the conditions
of 25−30 °C and around 60% relative humidity. The pH of the
soil was controlled to be between 7.0 and 7.5, and each pot was
irrigated by naturally absorbing water from the bottom. Thirty
days after the treatment, the surviving weeds were cut off with
scissors along the surface of the soil. The numbers of plants
were recorded, and the weight of the weeds was obtained to
calculate the effects of the active ingredient on the weeds. Each
treatment was repeated three times in a completely
randomized design.
The stem control efficacy was calculated according to eq 3,

where N1 and N0 represent the numbers of plants in the
treatment and blank control, respectively

=
−

×
N N

N
stem control efficacy(%) 1000 1

0 (3)

The fresh weight reduction was calculated according to eq 4,
where W1 and W0 represent the total fresh weights of the
plants in the treatment and blank control, respectively

=
−

×
W W

W
fresh weight reduction(%) 1000 1

0 (4)
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