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Abstract: The stability of the suspension system of the two crystal forms of pyraclostrobin is evaluated
using multiple light technology, and the adsorption performance of polycarboxylate dispersant on
the surface of two different crystalline pyraclostrobin particles is compared in combination with
XRD, FTIR, XPS, and SEM from the microscopic view. The adsorption kinetics and thermodynamics
studies of 2700 on the surfaces of different crystalline forms of pyraclostrobin particles show that
the adsorption process of 2700 on the surfaces of pyraclostrobin crystal forms II and IV conform
to pseudo-second-order kinetic adsorption model. The Ea values for crystal forms II and IV are
12.93 and 14.39 kJ·mol−1, respectively, which indicates that both adsorption processes are physical
adsorption. The adsorption models of 2700 on the surfaces of pyraclostrobin crystal forms II and IV
are in accordance with Langmuir adsorption isotherms. The ∆Gad values of crystal forms II and IV
are negative and the ∆Sad values are positive at different temperatures. Therefore, the adsorption
processes are spontaneous and accompanied by entropy increase. The results of this study provide
an important theoretical basis for the selection of polycarboxylate dispersants in the suspension of
pyraclostrobin. This study also provides a reference for the research of polycrystalline pesticide
suspension concentrate.
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1. Introduction

Suspension concentrate, which is a development direction of modern pesticide formulations,
is one of the four environmentally friendly formulations recommended by FAO. It has increasingly
become a major research area in water-based formulations due to its high efficiency, environmental
compatibility, safe use, and convenient application. Suspension concentrate disperses the insoluble
or poorly soluble solid drugs in water into water with a certain degree of fineness to form a uniform
and stable suspension system [1]. Suspension concentrate is a heterogeneous solid-liquid dispersion
system between colloidal dispersion and coarse dispersion, and it is thermodynamically and kinetically
unstable [2]. Problems, such as delamination, pasting, bottoming, and crystal growth, often occur in
the production, storage, and transportation; these issues restrict the application and development of
suspension concentrate. Research on the physical stability and stability mechanism of the suspension
concentrate is the key to solving a series of problems.
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In the preparation process of the suspension concentrate, the growth of crystals and the coalescence
or flocculation between particles can be inhibited by adding a suitable dispersant, to improve the physical
stability of the suspension concentrate [3,4]. In recent years, many researchers studied the physical
stability of suspension concentrate from the microscopic level, particularly the adsorption capacity,
adsorption force, and adsorption morphology of the dispersant on the surface of the original drug
particles [5]. The adsorption thermodynamics and adsorption kinetics have also been used to explore the
effect of the dispersant [6]. For example, Ma et al. performed infrared spectroscopy, X-ray photoelectron
spectroscopy, and scanning electron microscopy to study the adsorption performance of polycarboxylate
dispersant on the surface of fipronil particles, and combined them with adsorption theory to explore
the stability mechanism of polycarboxylate dispersant on suspension concentrate [7]. Hao et al.
used the oscillation adsorption method to determine the adsorption performance of various anionic
dispersants on the surface of imidacloprid particles and examined the effects of the types and amounts
of dispersants on the stability of imidacloprid suspension concentrate [8–10]. These studies provide
theoretical basis and technical support for improving the stability of pesticide suspension concentrate.

The material crystal form is the manifestation of material existence. Different crystal forms of
substances can directly affect the physical and chemical properties of substances. Different crystal forms
of the same substance may have significant differences in solubility, melting point, and dissolution [11].
The emergence of pyraclostrobin, boscalid, and other crystal forms patents in recent years has gradually
increased the attention to the influence of pesticide crystal forms on the stability of pesticide suspension
concentrate. Pyraclostrobin is a strobilurin fungicide with pyrazole structure and is one of the most
widely used fungicides in the world. It also has a wide bactericidal spectrum, high efficiency, and low
toxicity [12]. Pyraclostrobin is a representative polycrystalline compound in pesticide. It has four
crystal forms, and two of them exist stably (form II and IV). In the practical production of pyraclostrobin
suspension concentrate, the product is often pasting, layering, and bottoming caused by the crystal
form of pyraclostrobin. The different crystal forms of the pyraclostrobin can directly affect the physical
stability of the pyraclostrobin suspension concentrate. Therefore, the stability of different crystal
suspension systems of the same pesticide should be explored.

Polycarboxylate dispersant is an anionic dispersant that is commonly used in pesticide suspension
concentrate, and it has good dispersing properties [13,14]. It uses electrostatic repulsion and steric
hindrance to prevent the aggregation of ultrafine solid particles in the suspension system and improve
the stability of suspension concentrate [15]. This study uses two crystal forms of pyraclostrobin
and polycarboxylate dispersant as models, and the stability of the suspension system of the two
crystal forms of pyraclostrobin and polycarboxylate is evaluated using multiple light technology in
combination with XRD, FTIR, XPS, and SEM to compare the adsorption performance of polycarboxylate
dispersant on the surface of two different crystalline pyraclostrobin particles from the microscopic view.
At the same time, the stability mechanism of the two crystalline pyraclostrobin suspension systems is
further discussed in consideration of adsorption thermodynamics and kinetics, and the theoretical
basis for the preparation of stable suspension concentrate for polymorphic pesticides is provided.

2. Results and Discussion

2.1. Stability Analysis

The multiple light scatterometer uses near-infrared light as the light source and reflects the change
in the particle size and concentration of the sample through the curve of the transmitted light and
backscattered light with time. We analyzed the stability of the sample by calculating the TSI [16].
Notably, a larger TSI, means the system is more unstable.

Figure 1 shows the time-dependent spectrum of transmitted and backscattered lights of two
crystalline pyraclostrobin suspension systems. The left and right sides of the scan graph represent the
bottom and top of the sample cell, respectively. The change in backscattered light intensity on both
sides is related to the migration of particles (precipitation, floating, or clarification). The middle of the
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scan represents the middle of the sample cell, and the change in backscattered light intensity reflects
the change in particle size (agglomeration or flocculation).
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Figure 1. Backscattering and transmitting light intensity variation for two pyraclostrobin suspension
systems with time. (A) pyraclostrobin crystal II, (B) pyraclostrobin crystal IV.

The figure shows that the backscattered light intensity between samples A and B do not change
over time, which indicates that the particle size of the solid particles in the two crystalline pyraclostrobin
suspension systems do not change, and the particles do not agglomerate. Obvious transmitted light
appears in sample A, which implies that the sample of pyraclostrobin crystal form II suspension system
is stratified.

From the TSI value of Table 1, we obtain that the TSI (top) of pyraclostrobin crystal form II is 34.6,
and the TSI (top) of pyraclostrobin crystal form IV is 19.9. Therefore, the stratification phenomenon of
the former is more obvious than that of the latter. The TSI (total) of pyraclostrobin crystal form II is 8.3,
and the TSI (total) of pyraclostrobin crystal form IV is 5.1. A smaller TSI, indicates that the system is
more stable. Therefore, the suspension system of pyraclostrobin crystal form IV is more stable than
that of pyraclostrobin crystal form II suspension system.

Table 1. TSI of two pyraclostrobin suspension systems.

Suspension System TSI (Top) TSI (Middle) TSI (Bottom) TSI (Total)

Pyraclotrobin II 34.6 1.6 1.6 8.3
Pyraclotrobin IV 19.9 1.4 1.4 5.1

2.2. Crystal Structure Analysis

XRD is one of the main methods to study the polymorphs of drugs [17]. The diffraction patterns of
polymorphs are different from each other and have characteristic peaks, which are especially suitable
for crystal type discrimination. XRD analysis reveals the two pyraclostrobin crystal and their samples
absorbing 2700. As shown in Figure 2, the reflection peaks in the X-ray powder diffraction graph
of pyraclostrobin crystal form II are the same as those after the adsorption of 2700, both of which
contain its five characteristic peaks. The reflection peaks in the X-ray powder diffraction graph of
pyraclostrobin crystal form IV are the same as those after the adsorption of 2700, both of which contain
all of its five characteristic peaks. Crystal forms II and IV of pyraclostrobin adsorb the dispersant 2700,
and the crystalline forms do not change.



Molecules 2020, 25, 5637 4 of 17

Molecules 2020, 25, x FOR PEER REVIEW 4 of 16 

 

2700 has no effect on the two crystal forms of pyraclostrobin in the suspension system of the two 

crystal forms of pyraclostrobin. 

 

Figure 2. XRD results of pyraclostrobin crystal II (A-a) and adsorbed dispersant 2700 (A-b), 

pyraclostrobin crystal IV (B-a) and adsorbed dispersant 2700 (B-b). 

2.3. Adsorption Morphology and Adsorption Type Analysis 

2.3.1. Particle Microscopic Surface Morphology Analysis 

SEM was conducted to study the microscopic morphology of the two crystalline pyraclostrobin 

particles before and after the adsorption of dispersant 2700. Figure 3 shows that before adsorbing the 

dispersant, the surfaces of two pyraclostrobin crystal forms are smooth and the surface of crystal 

form IV is much smoother than that of crystal form II. After adsorbing 2700, several small particles 

are absorbed to the smooth surface of pyraclostrobin particles and distributed orderly. This result is 

due to the fact that the hydrophobic groups of 2700 coat the surface of pyraclostrobin particles and 

their hydrophilic groups are fully exposed. These conditions effectively prevent the agglomeration 

of pyraclostrobin particles and improve the stability of solid–liquid dispersion system. 

 

Figure 3. SEM images of the two pyraclostrobin crystals with or without adsorbed dispersant 2700. 

(A) pyraclostrobin crystal II, (B) pyraclostrobin crystal II +2700, (C) pyraclostrobin crystal IV, (D) 

pyraclostrobin crystal IV +2700. 

Figure 2. XRD results of pyraclostrobin crystal II (A-a) and adsorbed dispersant 2700 (A-b),
pyraclostrobin crystal IV (B-a) and adsorbed dispersant 2700 (B-b).

The crystal form of the drug can be converted to each other under the conditions of the external
environment. The above mentioned XRD analysis results imply that the polycarboxylate dispersant
2700 has no effect on the two crystal forms of pyraclostrobin in the suspension system of the two crystal
forms of pyraclostrobin.

2.3. Adsorption Morphology and Adsorption Type Analysis

2.3.1. Particle Microscopic Surface Morphology Analysis

SEM was conducted to study the microscopic morphology of the two crystalline pyraclostrobin
particles before and after the adsorption of dispersant 2700. Figure 3 shows that before adsorbing
the dispersant, the surfaces of two pyraclostrobin crystal forms are smooth and the surface of crystal
form IV is much smoother than that of crystal form II. After adsorbing 2700, several small particles
are absorbed to the smooth surface of pyraclostrobin particles and distributed orderly. This result is
due to the fact that the hydrophobic groups of 2700 coat the surface of pyraclostrobin particles and
their hydrophilic groups are fully exposed. These conditions effectively prevent the agglomeration of
pyraclostrobin particles and improve the stability of solid–liquid dispersion system.
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Figure 3. SEM images of the two pyraclostrobin crystals with or without adsorbed dispersant
2700. (A) pyraclostrobin crystal II, (B) pyraclostrobin crystal II +2700, (C) pyraclostrobin crystal IV,
(D) pyraclostrobin crystal IV +2700.
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2.3.2. Adsorption Type of Dispersant on Particle Surface Analysis

In this experiment, the adsorption force of dispersant 2700 on the surface of different crystalline
particles of pyraclostrobin was analyzed by FTIR. The results are shown in Figure 4.
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Figure 4. FTIR results of pyraclostrobin crystal II with or without adsorbed dispersant 2700: (A-a) 2700,
(A-b) pyraclostrobin crystal II, (A-c) pyraclostrobin crystal II +2700; pyraclostrobin crystal IV with
or without adsorbed dispersant 2700: (B-a) 2700, (B-b) pyraclostrobin crystal IV, (B-c) pyraclostrobin
crystal IV +2700.

As shown in Figure 4, no new absorption peak appears after pyraclostrobin crystal form II or IV
adsorbs the dispersant 2700. In the FTIR spectrum, the absorption peak dose not move significantly
to the low or high frequency range after adsorbing dispersant 2700. No hydrogen or chemical bond
occurs between the dispersant 2700 and pyraclostrobin crystal form II or IV.

2.3.3. Adsorption Model of Dispersant on Particle Surface

The adsorption model can more intuitively describe the adsorption process of dispersant 2700 on
the surface of pyraclostrobin particles (Scheme 1). The dispersant 2700 is adsorbed on the pyraclostrobin
particles surface through the long chain of the hydrophobic skeleton and mainly van der Waals force.
At the same time, the carboxylate anion group on the side chain is hydrophilic and can be free in the
water and form a certain thickness of adsorption layer on the surface of the pyraclostrobin particles.
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2.4. Adsorption Thermodynamics

2.4.1. Adsorption Isotherms

Adsorption is a surface phenomenon, which is a process in which adsorbates gather from the
solvent to the surface of the adsorbent. Adsorption equilibrium is controlled by factors such as the
properties of the adsorbent and the adsorbate, the composition of the solution, and the temperature [18].
In this experiment, dispersant 2700 is adsorbate, pyraclostrobin crystal forms II and IV are adsorbents,
and the solvent is water. The adsorption isotherms of dispersant 2700 on the surface of pyraclostrobin
crystal form II and IV particles at different temperatures are shown in Figure 5.
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Figure 5. Adsorption isotherms of dispersant 2700 onto pyraclostrobin crystal II particle (A) and
pyraclostrobin crystal IV particle (B) at different temperatures.

Figure 5A shows that the adsorption capacity of 2700 on the surface of pyraclostrobin crystal
form II increases with the increase in equilibrium concentration at the same temperature. At a low
equilibrium concentration, the adsorption capacity increases rapidly, and it slows down and ultimately
reaches the saturation adsorption when the equilibrium concentration increases to a certain extent.
At different temperatures, the adsorption capacity of 2700 on the surface of pyraclostrobin crystal form
II increases with the rise in temperature.

As shown in Figure 5B, the adsorption capacity of 2700 on the surface of pyraclostrobin crystal
form IV increases with the increase in equilibrium concentration at the same temperature. When the
equilibrium concentration increases to a certain extent, the increase rate slows down and the adsorption
capacity ultimately reaches the saturation adsorption. At different temperatures, the adsorption
capacity of 2700 on the surface of pyraclostrobin crystal form IV decreases with the rise in temperature.

2.4.2. Adsorption Models

The adsorption isotherms of dispersant 2700 on the surface of pyraclostrobin crystal form II and
IV particles at different temperatures are of type I (the type of adsorption isotherm referred to in this
article comes from the IUPAC name). Therefore, the Langmuir and Freundlich adsorption equations
are used to fit the data, respectively. The fitting results are shown in Table 2.
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Table 2. Fitting parameters of Langmuir and Freundlich adsorption isotherm for dispersant 2700 onto
pyraclostrobin crystal forms II and IV at different temperatures.

Crystal T/K
Fitted by Langmuir Equation Fitted by Freundlich Equation

Qe/mg·g−1 a/L·g−1 R2 Kf n R2

II
298.15 1.613 1.547 0.9711 0.0175 1.768 0.9441
308.15 2.002 1.682 0.9737 0.0257 1.829 0.9431
318.15 2.561 1.775 0.9713 0.0494 1.927 0.9509

IV
298.15 2.018 2.261 0.9928 0.0428 2.048 0.9524
308.15 1.757 2.166 0.9864 0.0256 1.849 0.9061
318.15 1.559 1.945 0.9809 0.0167 1.733 0.9255

As shown in Table 2, the adsorption isotherms of 2700 on the surfaces of the different crystalline
forms of pyraclostrobin particles are highly fitted with the Langmuir model. Specifically, the correlation
coefficients (R2) are over 0.97 and 0.98 for crystal forms II and IV, respectively. With the increase in
temperature, the adsorption capacity of 2700 on the surface of pyraclostrobin crystal form II increases
from 1.613 mg·g−1 to 2.561 mg·g−1, while the adsorption capacity on the surface of pyraclostrobin
crystal form IV decreases from 2.018 mg·g−1 to 1.559 mg·g−1. The difference in the saturated adsorption
capacity of 2700 on the surface of pyraclostrobin crystal forms II and IV becomes more significant with
the increase in temperature.

For the suspension system with 2700 as the dispersant, pyraclostrobin crystal form II requires a
larger amount of dispersant to achieve adsorption equilibrium than pyraclostrobin crystal form IV
with the increase in temperature.

2.4.3. Adsorption Thermodynamics Analysis

Through the study of adsorption thermodynamics, we can understand the trend, degree and
driving force of adsorption process, which is important to explain adsorption characteristics, laws,
and adsorption mechanism.

Table 3 shows that the adsorption free energy ∆Gad values of pyraclostrobin crystal forms II and
IV at different temperatures are negative and the absolute value increases with the rise in temperature.
Therefore, the adsorption processes of 2700 on the surfaces of two pyraclostrobin crystal forms are
spontaneous. The adsorption enthalpy change ∆Had of pyraclostrobin crystal form II is positive,
which means that the adsorption process is an endothermic process. The adsorption enthalpy change
∆Had of pyraclostrobin crystal form IV is negative, which means that the adsorption process is an
exothermic process. The adsorption entropy change ∆Sad of pyraclostrobin crystal forms II and
IV at different temperatures are positive, which implies that the adsorption processes of 2700 on
the surfaces of two pyraclostrobin crystal forms are processes of entropy increment. In the whole
adsorption processes, the movement of 2700 on the surfaces of two pyraclostrobin crystal forms
becomes increasingly chaotic. The adsorption of 2700 on two pyraclostrobin crystal forms will decrease
the entropy, and the desorption of water will increase the entropy at the same time. Furthermore,
the molecule volume of 2700 is much larger than that of water, and the adsorption of 2700 on the
surfaces of two pyraclostrobin crystal forms is accompanied by the desorption of multiple water
molecules. Therefore, the entropy increase caused by the desorption of water molecules on the surfaces
of two pyraclostrobin crystal forms is much larger than the entropy decrease caused by the adsorption
of 2700. This phenomenon results in processes of entropy increment.
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Table 3. Determination results of thermodynamics.

Crystal T/K Kad ∆Gad/kJ·mol−1 ∆Had/kJ·mol−1 ∆Sad/J·mol−1·K−1

II
298.15 670,383.2 −33.25

5.43
129.73

308.15 728,884.6 −34.58 129.84
318.15 769,158.6 −35.85 129.75

IV
298.15 979,790.8 −34.20

−5.91
94.89

308.15 958,623.1 −35.23 95.15
318.15 842,854.1 −36.09 94.86

The type of adsorption force is decided by the numerical range of the adsorption enthalpy change.
The chemical bond force is greater than 60 kJ·mol−1, the hydrogen bond force is 20–40 kJ·mol−1, and the
van der Waals force is less than 20 kJ·mol−1. As shown in Table 3, the absolute values of the adsorption
enthalpy change of pyraclostrobin crystal forms II and IV are both lower than 20 kJ·mol−1, which means
that the main adsorption force of 2700 on the surfaces of two pyraclostrobin crystal forms belongs to
van der Waals force.

2.5. Adsorption Layer Thickness Analysis

The dispersant adsorbed on the surface of the solid particles can form an adsorption layer with
certain thickness to maintain the stability of solid–liquid dispersion system, and determining the
adsorbed layer thickness can visually reflect the steric effect. In this study, XPS was used to determine
the adsorption layer thickness of dispersant 2700 on the surfaces of two pyraclostrobin crystal forms at
different temperatures.

Figure 6A,B that the electron peak intensities of N and Cl are weakened, while the electron peak
intensities of C and O are significantly enhanced. At the same time, a new electronic peak of Na
appears after the pyraclostrobin crystal form II adsorbs dispersant 2700. This result is due to the
coating effect of the dispersant, which implies that the dispersant 2700 forms a good adsorption layer
on the surface of the pyraclostrobin crystal form II particles (Table 4).
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Table 4. Electron bonding energy and concentration of each element in pyraclostrobin crystal II with
adsorbed 2700.

Name
Pyraclotrobin II Pyraclotrobin II

with 2700 (298.15 K)
Pyraclotrobin II

with 2700 (308.15 K)
Pyraclotrobin II

with 2700 (318.15 K)

Position Area Position Area Position Area Position Area

N (1s) 401.10 29,252.4 401.20 27,931.4 401.20 26,996.7 401.20 26,636.3
Cl (2p) 200.60 18,574.3 200.60 16,988.7 200.60 16,860.2 200.50 16,708.4
O (1s) 533.50 59,037.4 533.60 61,186.7 533.50 62,584.7 533.60 65,519.8
C (1s) 284.80 124,089 284.80 126,252 284.80 129,413 284.80 134,873

Na (1s) —— —— 1071.40 449.08 1071.30 562.97 1071.10 618.96

As shown in Figure 6C,D, the electron peak intensities of N and Cl are weakened, while the
electron peak intensities of C and O are significantly enhanced. At the same time, a new electronic
peak of Na appears after the pyraclostrobin crystal form IV adsorbs dispersant 2700. This finding
is due to the coating effect of the dispersant, which indicates that the dispersant 2700 forms a good
adsorption layer on the surface of the pyraclostrobin crystal form IV particles (Table 5).

Table 5. Electron bonding energy and concentration of each element in pyraclostrobin crystal IV with
adsorbed 2700.

Name
Pyraclotrobin IV Pyraclotrobin IV

with 2700 (298.15 K)
Pyraclotrobin IV

with 2700 (308.15 K)
Pyraclotrobin IV

with 2700 (318.15 K)

Position Area Position Area Position Area Position Area

N (1s) 401.20 28,264.8 401.20 27,618.5 401.20 27,915.6 401.20 28,066.9
Cl (2p) 200.50 18,202.1 200.60 16,802.3 200.60 16,950.9 200.50 17,243.8
O (1s) 533.50 56,399.9 533.60 61,307.1 533.50 60,197.0 533.50 58,579.1
C (1s) 284.80 118,269 284.80 123,032 284.80 121,102 284.80 119,032

Na (1s) —— —— 1071.40 849.15 1071.30 770.02 1071.10 686.22

The dispersant 2700 does not contain Cl element and pyraclostrobin contains Cl element. Thus,
Cl element is selected as the characteristic element. By measuring the attenuation degree of the Cl 2p
photoelectron after passing the adsorbed layer (Figure 7), the average adsorbed layer thickness can be
approximately calculated according to Equations (14) and (15).
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Figure 7. Cl 2p XPS spectrum of pyraclostrobin crystal II particle surfaces (A) and pyraclostrobin
crystal IV particle surfaces (B) with adsorption dispersant 2700 at different temperatures.

Table 6 shows that 2700 forms an adsorption layer with certain thickness on the surface of two
pyraclostrobin crystal forms. The adsorbed layer thickness of 2700 on the surface of crystal form II
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increases with the rise in temperature, while the adsorbed layer thickness of 2700 on the surface of
crystal form IV decreases with the rise in temperature. This finding is in accordance with the results of
adsorption isotherms and thermodynamics analysis.

Table 6. Adsorption layer thickness of 2700 on two pyraclostrobin crystal particle surfaces at
different temperatures.

T/K d/nm (Crystal II) d/nm (Crystal IV)

298.15 0.378 0.339
308.15 0.411 0.302
318.15 0.449 0.229

2.6. Adsorption Kinetic

2.6.1. Adsorption Kinetic Curves

The adsorption rate is an important indicator to evaluate the speed that dispersants reach the
adsorption equilibrium on the surfaces of the pesticide particles. To investigate the effect of temperature
on the adsorption rate of 2700 on the surfaces of pyraclostrobin crystal forms II and IV, the relationships
between the adsorption capacity and the adsorption time of 2700 on the surfaces of two pyraclostrobin
crystal forms at different temperatures were determined (Figure 8).
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Figure 8. Kinetics adsorption isotherms of the adsorption process of dispersant 2700 on pyraclostrobin
crystal II (A) and pyraclostrobin crystal IV (B) at different temperatures.

Figure 8 show that the adsorption capacity of 2700 on the surfaces of two pyraclostrobin crystal
forms increases as adsorption time progresses at different temperatures. At the initial stage of adsorption,
the adsorption capacity increases quickly. Then, the curve becomes gentle, and the adsorption capacity
eventually reaches the adsorption equilibrium over time. The faster adsorption rate can be attributed
to the higher concentration of 2700 in the solution than that on the surface of particles at the initial
stage. According to the chemical equilibrium principle, the adsorption is carried out positively and
the adsorption rate is faster. During adsorption, the concentration of 2700 on the surfaces of particles
increases and the adsorption rate slows down until the adsorption equilibrium.

2.6.2. Adsorption Kinetic Models

The adsorption rate constant is an important evaluation index for the adsorption process. Two kinds
of adsorption kinetics models were used to study the adsorption process of 2700 on the surface of two
pyraclostrobin crystal forms at different temperatures (Figure 9).
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Figure 9. Pseudo-second-order adsorption isotherms of the adsorption process of dispersant 2700 on
pyraclostrobin crystal II (A) and pyraclostrobin crystal IV (B) at different temperatures.

The fitting results in Table 7 show that the correlation coefficients R2 of the pseudo-second-order
kinetic equation are all more than 0.999, which indicates that the pseudo-second-order kinetic model
is most suitable to fit the adsorption process. The pseudo-second-order kinetic model contains the
whole adsorption process. Thus, it can reflect the adsorption kinetics of 2700 on the surfaces of two
pyraclostrobin crystal forms realistically and comprehensively.

Table 7. Fitted values of kinetic equation for the adsorption of dispersant 2700 on the surfaces of
different pyraclostrobin crystal particles at different temperatures.

Crystal T/K
Pseudo-First-Order Model Pseudo-Second-Order Model

k1/
min−1

Qe,exp/
mg·g−1

Qe,cal/
mg·g−1 R2 k2/

g·mg−1·min−1
Qe,exp/
mg·g−1

Qe,cal/
mg·g−1 R2

II
298.15 0.0040 1.252 0.447 0.4175 0.1957 1.252 1.048 0.9990
308.15 0.0034 1.553 0.502 0.3313 0.2213 1.553 1.228 0.9992
318.15 0.0040 2.051 0.403 0.3579 0.2719 2.051 1.864 0.9998

IV
298.15 0.0067 1.651 0.388 0.4663 0.1589 1.651 1.559 0.9993
308.15 0.0048 1.454 0.412 0.3825 0.1916 1.454 1.292 0.9991
318.15 0.0040 1.252 0.402 0.4187 0.2289 1.252 1.068 0.9994

The apparent activation energy Ea is calculated by the rate constant k2 according to Equation (14).
For the adsorption process of 2700 on the surface of pyraclostrobin crystal form II, the fitting equation
is y = −1555x + 3.5691, the correlation coefficient is 0.974, and the Ea is 12.93 kJ·mol−1 calculated from
the slope. For the adsorption process of 2700 on the surface of pyraclostrobin crystal form IV, the fitting
equation is y = −1730.5x + 3.9641, the correlation coefficient is 0.999, and the Ea is 14.39 kJ·mol−1

calculated from the slope. The physical adsorption Ea is usually 5–40 kJ·mol−1, and the chemical
adsorption Ea is generally 40–800 kJ·mol−1. Thus, the adsorption processes of 2700 on the surfaces of
two pyraclostrobin crystal forms all belong to physical adsorption as supported by consisting with
FTIR analysis results.

3. Materials and Methods

3.1. Materials and Reagents

Pyraclostrobin (crystal IV) with a purity of 98% was provided by Noposion Agrochemicals, Co.,
Ltd. (Shenzhen, China) and pyraclostrobin (crystal II) with the same purity was made by our laboratory.
The molecular structure of pyraclostrobin is shown in Scheme 2A. Two pyraclostrobin crystal and their
respective samples after adsorbing the dispersant were characterized by XRD (SmartLab, Rigaku, Japan).
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Polycarboxylate (TERSPERSE®2700, abbreviated as 2700, Mw = 7808) was provided by
HUNTSMAN (Woodlands, TX, USA), the structure of which is shown in Scheme 2B. Analytical
grade methanol was purchased from Sinopharm Chemical Regent Co., Ltd. (Beijing, China) and the
distilled water was self-made.

3.2. Stability Analysis

We adopted wet grinding process, weighed a certain amount of pyraclostrobin and polycarboxylate
dispersant, made up to 100% with deionized water, and made all the materials wet and flowable.
We used a high-shear emulsifier to cut for 1–2 min and poured the sheared sample into a sand milling
cylinder. We added a certain amount of zirconia beads for 3 h grinding, and the resultant discharged
to obtain the sample.

We shook the prepared pyraclostrobin suspension system (20 mL) into a glass sample bottle,
scanned it every 1 h with a multiple light scatterometer (Turbiscan Tower, Formulaction, France) at
25 ◦C for 48 h [19,20]. The relative stability of each system can be compared by the turbiscan stability
index (TSI). The calculation formula of the stability kinetic index is given as follows:

TSI =

∑
h

∣∣∣scani(h) − scani−1(h)
∣∣∣

H
, (1)

where i is the number of measurements, h is the scanning height of the instrument, scan is the intensity
of backscattered or transmitted light, and H is the maximum height of the measurement.

3.3. Microscopic Analysis

Two pyraclostrobin crystals and their respective samples after adsorbing the dispersant were
dried. Then, the dried samples were observed by SEM (S-4800, Hitachi, Kanto, Japan) after being
sputtered with a thin layer of gold.

3.4. FTIR Analysis

The suspensions of pyraclostrobin crystal II and IV after being oscillated at 298.15 K were
centrifuged, and the precipitation was dried at vacuum condition and then measured by FTIR
(Tracer-IR 100, Shimadzu, Osaka, Japan) over potassium bromide pellets.

3.5. Adsorption Thermodynamic

The oscillating adsorption method was adopted to determine the adsorption isotherms of 2700 on
the surfaces of two crystal of pyraclostrobin particles [21,22]. Briefly, a certain amount of pyraclostrobin
was placed in a 100 mL flask. Then, a certain concentration of 2700 solution was added. The flasks
were sealed and placed at 298.15, 308.15, and 318.15 K for a certain period of time under oscillation
condition. When the adsorption reached equilibrium, the supernatant was filtered through a filter with
a pore size of 0.22 µm. Then, the filtrate was diluted to the appropriate concentration, and its mass
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concentration was determined using an ultraviolet visible spectrophotometer (UV-1800, Shimadzu,
Osaka, Japan). At the same time, a blank experiment was performed to eliminate the interference of
pyraclostrobin in the water on UV absorption. The adsorption amount is calculated according to the
following equation:

Qt = (C0 −Ct + Cb)V/m, (2)

where Qt is mass per unit mass of the drug adsorption dispersant (mg·g−1), C0 is the mass concentration
of the dispersant solution (mg·L−1), Ct is the mass concentration of the solution after adsorption
equilibrium (mg·L−1), Cb is the mass concentration of blank sample (mg·L−1), V is volume of solution
(L), m is the mass of pyraclostrobin (g).

Different adsorption curves reflect different adsorption methods. Different adsorption models are
used to fit the adsorption isotherms to obtain the relevant adsorption coefficients [23].

1. Langmuir equation

The Langmuir equation has a great general range of application [24,25]. Despite its simplifying
assumptions, which may appear unrealistic in most of the applications, it is popular mainly because of
its simple form and reasonably good predication characteristics. Equations (3)–(5) present a general
form of the Langmuir equation.

Qt = aCeQe/(1 + aCe), (3)

Qt/Qe = aCe/(1 + aCe), (4)

Ce/Qt = 1/aQe + Ce/Qe, (5)

2. Freundlich equation

This equation is a classical isotherm based on the assumption of logarithmic reduction in the heat
of adsorption by increasing surface coverage [26,27]. It is a general and versatile model expressed as
Equations (6) and (7):

Qt = K f C
1
n
e , (6)

ln Qt = (1/n) ln Ce + ln K f , (7)

where Qt is the apparent adsorption capacity (mg·g−1), Qe is the saturated adsorption capacity (mg·g−1),
a is the Langmuir adsorption coefficient (L·g−1), Ce is the adsorption balanced concentration (mg·L−1),
and Kf and n are the adsorption coefficients.

Gibbs free energy change (∆Gθ), the adsorption enthalpy change (∆Hθ), and the adsorption
entropy change (∆Sθ) are calculated to study the adsorption thermodynamics [28,29]. The calculation
of adsorption equilibrium constant K and the relationship among the three thermodynamic parameters
are shown in Equations (8)–(11).

K = MwCBb, (8)

4Gθ = 4Hθ − T 4 Sθ = −RT ln K, (9)

ln K =
(
4Sθ/R

)
−

(
4Hθ/RT

)
, (10)

4 Sθ =
(
4Hθ −4Gθ

)
/T, (11)

3.6. Adsorption Kinetics

The oscillating adsorption method was adopted to determine the adsorption kinetic curves of
2700 on the surfaces of two crystals of pyraclostrobin particles [30,31]. Briefly, a certain amount of
pyraclostrobin was placed in a 100 mL flask. Then, a certain concentration of 2700 solution was added.
The flasks were sealed and placed at 298.15, 308.15, 318.15 K under oscillation condition. At the
same time, a blank experiment was performed to eliminate the interference of pyraclostrobin in the
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water on UV absorption. The supernatant was sampled at regular intervals, and its concentration was
determined following the method in Section 3.5.

To investigate the kinetic constants of adsorption, the data of adsorption amount at different time
are fitted by pseudo-first-order kinetic model Equation (12) and pseudo-second-order kinetic model
Equation (13) [32].

ln(Qe −Qt) = ln Qe − k1t, (12)

t/Qt = 1/k2Q2
e + t/Qe, (13)

where Qt is the apparent adsorption capacity (mg·g−1), Qe is the saturated adsorption capacity (mg·g−1),
k1 is the adsorption rate constants of pseudo-first order kinetic equation (min−1), k2 is the adsorption
rate constants of pseudo-second order kinetic equation (g·mg−1

·min−1), and t is the adsorption time.
The adsorption rate constant k satisfies the Arrhenius Equation (14) [33]:

ln k = ln z− Ea/RT, (14)

where Ea is the apparent activation energy (kJ·mol−1), R (8.314 J·K−1
·mol−1) is the gas constant, k is the

adsorption rate constant, T is the temperature of the solution (K), and z is the Arrhenius factor.

3.7. XPS Analysis

A certain amount of pyraclostrobin was placed in 100 mL flasks with a certain concentration of
2700 aqueous solution. Then, the suspensions were placed at 298.15, 308.15, and 318.15 K and oscillated
for a certain period. After the suspensions were centrifuged, the precipitations were dried at a vacuum
condition and then measured by XPS (Axis Ultra, Kratos, Stretford, Manchester, UK) [34,35].

Id = I0∗ exp[−d/λ(Ek)], (15)

λ(Ek) = 49E−2
k + 0.11(Ek)

0.5, (16)

where I0 is the initial photoelectron intensity, Id is the photoelectron intensity through thickness d, d is
the adsorption thickness (nm), Ek is the photoelectron kinetic energy (ev), and λ is the average escape
depth of the photoelectron (nm).

4. Conclusions

In this study, the adsorption properties of polycarboxylate dispersant 2700 on the surface of two
different crystal pyraclostrobin particles were investigated. The crystal structure of two different crystal
forms of pyraclostrobin before and after the adsorption of dispersant was characterized by XRD, SEM,
and FTIR techniques. The crystal form of pyraclostrobin do not change after adsorption of dispersant.

The adsorption kinetics and thermodynamics studies of 2700 on the surfaces of different crystalline
forms of pyraclostrobin particles show that the adsorption process of 2700 on the surfaces of
pyraclostrobin crystal forms II and IV conform to pseudo-second-order kinetic adsorption model.
The Ea values for crystal forms II and IV are 12.93 and 14.39 kJ·mol−1, respectively, which indicates that
both adsorption processes are physical adsorption. The adsorption models of 2700 on the surfaces of
pyraclostrobin crystal forms II and IV are in accordance with Langmuir adsorption isotherms and the
adsorption processes are spontaneous and accompanied by entropy increase. The absolute values of the
adsorption enthalpy change of pyraclostrobin crystal forms II and IV are both lower than 20 kJ·mol−1,
which means that the main adsorption force of 2700 on the surfaces of two pyraclostrobin crystal forms
belongs to van der Waals force.

The adsorption process of crystal form II is an endothermic process. The adsorption equilibrium
concentration of 2700 on the surface of pyraclostrobin crystal form II continues to increase as temperature
rises. The adsorption process of crystal form IV is an exothermic process. The adsorption equilibrium
concentration of 2700 on the surface of pyraclostrobin crystal form IV decreases continuously with the
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rise in temperature. In the case of a certain amount of polycarboxylate dispersion, pyraclostrobin crystal
form IV easily reaches the adsorption equilibrium. Thus, it is more suitable for the suspension system
of pyraclostrobin, which is different from the two crystal forms of pyraclostrobin. The results of studies
on the stability of the pyraclostrobin suspension system are consistent.

The results of this study provide an important theoretical basis for the selection of polycarboxylate
dispersants in the suspension concentrates of pyraclostrobin. During suspension, the amount of
polycarboxylate dispersant should vary according to the crystal form of pyraclostrobin. This study
also provides a reference for the research of polycrystalline pesticide suspension.
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