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Thermodynamic Properties and Crystallization
Behavior of Pesticide Imidacloprid

Zhou Cairong
School of Chemical Engineering& Energy, Zhengzhou University
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1. Introduction

A large quantity of pesticide is produced and consumed in all the world. Pesticide industry
plays more and more important role in economy of agriculture. With the updating of
pesticide products, traditional pesticide, due to its high toxic residue and poor performance,
has been gradually replaced by new generation pesticide which is more friendly to
environment and mankind. Imidacloprid has become a typical representative of the new
generation pesticide for which gives due weight to its great efficiency, low toxicity and low
residue, and has been developed since the 1990s. Imidacloprid (1-[(6-chloro-3- pyridinyl)
methyl]-4,5-dihydro-N-nitro-1H-imidazol-2-amine, molecular formula CoHioCIN50O,, CAS
Registry No0.138261-4-3) » acts on the diverse acetylcholine receptor (nAchR) of insect
origin, is a new, selective, long-acting neonicotioid insecticide which can be used with
reasonable environmental safety (PAN Y. M. et al., 2000; Kagabu, S. et al.,1997; Heijb roek
W. et al., 1995). Imidacloprid is a commercial example of the chloronicotinyl insecticides
acting at the nicotinyl acetylcholine receptor (Bai et al., 1991; Moriya et al., 1992; Leicht,
1993), is reported as highly active insecticide for homopteran pests (Iwaya and Tsuboi, 1992;
Shiokawa et al., 1994; Gourment et al., 1996; Jian Zhong et al, 1996; Sannino, 1997;
Ramaprasad et al., 1998; Kumar et al., 2000a) and for some speces of the order coleoptera,
diptera and lepidoptera (Elbert et al., 1990, 1991). It has recently been registered in the world
for plant protection practices. Its bioefficacy and persistence has been studied on few crops
like wheat, barley, rice, cotton, chilli, okra, mustard and sugar beet (Dewar and Read 1990;
Rike et al,. 1993; Ishii et al., 1994; Jarande and Dethe, 1994; Rouchaud et al., 1994; Iwaya et
al., 1998; Kumar, 1999; Kumar et al., 2000a; Dikshit et al., 2000). So far, it has been one of the
new competitive pesticides in the world market (A.W.M. Huiijbrgts et al., 1995; KONG et al.,
2008). However, the original pesticide of imidacloprid contains huge amounts of 2-
Nitroaminoimidazoline(4,5-Dihydro-N-nitro-1H-imidazol-2-amine, CAS Registry No. 5465-
96-3, ab. NIM) and by-products (2-Nitriminoimidazolidine,1,1'- (2,5-pyridinediyl)bis-, ab.
NMP) which affect the quality of imidacloprid in the producing process. Crystallization
technology for the separation and purification of organic materials is used widely because of
low energy consumption and higher purity. So the solid-liquid equilibriums are of interest
for the development of theoretical models and in application of the chemical industry
(Kojima et al.,1997; Matsuoka et al.1989; Dalmazzone et al., 2002; Shibuya et al., 1993;
Khimeche et al., 2006; DING et al., 2000). As long as crystallization behavior is observed and
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22 Pesticides in the Modern World — Trends in Pesticides Analysis

the data for the pure substances are known it is possible to use the data obtained in any
solid-liquid equilibrium experiment to calculate the activity coefficient in the liquid phase.
The study of solid-liquid equilibrium of binary/ternary mixtures provides information on
both the intermolecular forces between solvent and solute and also on the nature of the
intermolecular compounds in the solid phase(Yamamoto 1., 1996). In the paper, the
thermodynamic properties of the solid-liquid equilibrium on imidacloprid, 2-
Nitroaminoimidazoline and NMP have been studied in order to solve the problem of the
separation and purification of imidacloprid. In addition, the crystallization metastable zone
width and crystallization behavior in some solvents and purification to the second powder
concentrated of imidacloprid have been also determined.

2. Standard combustion enthalpy and thermal capacity of imidacloprid and
some nitrogenous organisms

During the production process of imidacloprid, the yield and quality of product are
influenced by 2-Nitroaminoimidazoline and accessory substance NMP. The structural
formula of them are written in Fig.1.

(‘j:N NO, L\rN/No
ot 'm¥
R Yo s

N
Imldacloprld crystal (I & II 2-Nitroaminoimidazoline NMP

Fig. 1. The compound structure

The constant-volume combustion energies of three pure substance can be determined by a
precision oxygen bomb calormeter. The standard molar enthalpies of combustion and
formation can be calculated on the basis of thermodynamic theory. Moreover, The
relationship between the specific heat capacity and temperature could be discussed by
mathematics according to the experimental data. The related studies can provide a
thermodynamic basis for imidacloprid further application, and it will play an important
role on gainning high-yield purification of imidacloprid and be available for the
exploiting new synthesis method, engineering design and industry production of
imidacloprid.

2.1 Medicines and experiment apparatus

The crystals both imidacloprid and NMP are purified by recrystallization with pure organic
solvents, respectively, to obtain the purity of 99.9 % (mass fractions) by high performance
liquid chromatography. The melting points of them are separately 416.80+0.05K and
423.85+0.05K by DSC-60 (Japan Shimadzu Co.), which agrees well with the literature value
of (416.95+0.50 K) for imidacloprid (LIU, 2000). And NMP’s melting point has been reported
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(CHEN et al., 2009; ZHOU et al., 2010). 2-Nitroaminoimidazoline purchased from Jiangsu
Tianze Chemical Industrial Co. Ltd, China (purity = 99.00 %) has used as delivered without
further purification, and the melting point of it is 495.13+0.05K by DSC-60. Benzoic acid
used in the experiment is of AR grade with mass fraction purity of over 99.5% and
purchased from Shanghai chemical reagent company, R.. P. China. a-ALO; is the powder
for DSC Standard Material » provided by the Shimadzu company in Japan.

DSC-60 differential scanning calorimetry and DTG-60 thermogravimetric-differential
scanning calorimetry are provided by the Shimadzu company in Japan. The error of
electronia balance and microthermometer is, respectively, 0.1mg and +0.01°C. SPN-500
nitrogen generator (the HP analysis technology research institute in Beijing, China.) is used
to provides nitrogen atmosphere for the experiment of thermal analysis.

2.2 Principle of enthalpy of combustion determined
Based on the first law of thermodynamics, when a substance is burnt completely - the

combustion energy of material at constant volume is shown in Eq.(1) (CHEN et al., 2009;
Duane, 2000; Sergy, 1998; JIANG et al., 2005; ZHOU et al., 2002; AN et al., 2007).

Qy =AcU,, (1)

or if it is under constant pressure, the combustion enthalpy of material is shown in Eq.(2):
Qp = ACHm (2)
Where,

Here An represents the change of mole number for gaseous materials when the combustion
reaction occurs. R and T represent the universal gas constant 8.314 ] mol-! K- and the Kelvin
temperature. When the sample is combusted completely, temperature of both the oxygen
bomb calorimeter and surrounding medium (usually, that is water) rise because it give off
quantity of heat. The temperature variation (AT) is determined by experiment. The
combustion reaction heat Q, can be obtained for the material at constant volume by Eq. (4)
after the specific heat of Oxygen Bomb Calorimeter (ecaiar) is defined.

mQy =(3200C +€

water calar )

AT +Q; 4)

Where m is amounts of the sample, g; Cyater is specific heat capacity of water, 4.18 J-g1-K-1;
€calar 15 the specific heat of calorimeter, J-K-1; Qf is an attach heat quantity generated by air
of which is in the calorimeter, it is 0 J at the ideal state. Qy is the energy of combustion.
On the basis of the standard substance Q. ( 26460 ] -g1) of benzoic acid (Sergey, 1998; JIANG
et al., 2005, ZHOU. et al., 2002; AN. et al, 2007) , the heat of calorimeter (ecalar) can be
obtained from the Eq. (4), and the standard molar energy of combustion (AU?) can
calculaed by experimental data from Eq.(4). The standard moler enthalpy of the
substance(A_H? )is referred to be the change of combustion enthalpy in the ideal

combustiong reaction according to Eq.(3) at 298.15K and 101.325kPa.
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24 Pesticides in the Modern World — Trends in Pesticides Analysis

Combustion calorimetry. The constant-volume combustion energy of sample can be
determined by a precise thermal isolation oxygen bomb calorimeter (XRY-1C, shanghai
changji geology apparatus Ltd., R. P. China), in which fitted with a stirred water bath. An
amount of benzonic acid (BA) is taken and preformed by hand driven tablet machine. The
preforming sample is placed in stainless steel pot, and a metal wire used as ignition is
binded on a couple of electrode before oxygen is put into the oxygen bomb calorimeter,
which is bured in oxygen at pressure 3.00 + 0.50 MPa. Then the oxygen bomb is put into a
bucket contained 3200mL water ( at 298.15K). Stir is opened before the apparatus records
automatically. After 5 min, the metal wire is ignited. Meanwhile, it is that the sample starts
combustion when temperature quickly rised. Temperature readings are taken at 5s intervals
before and after the ignition. After temperature reach at the most height point and continue
10min, the test could be stopped automatically.

2.3 Principle and procedure of specific heat capacity determined
To determine the specific heat capacity of sample by DSC, heat flow signal from the sample
is compared to the DSC signal of a standard material of known specific heat (CHEN et al.,
2009). Both curves are corrected by a zero line or base line to correction experiment. Where
empty crucibles of both a reference and sample are separately placed in the furnace - the
system signal drift is measured under identical experimental conditions.
The specific heat capacity of sample determined is accomplished according to three step
technique progess at a linear heating rate by DSC-60:(i)assumes that the identical instrument
settings and conditions are used for each experimental step. (ii) the same empty reference
crucible is used for all steps and not removed from the DSC furnace. (iii) The three main
steps defined as follows are done by DSC.

Step 1: empty sample crucible is scanned to obtain DSC sign of zero line determined.

Step 2: to scan sample crucible where contains zinc and indium used as the substance of
calibration standard.

Step 3: to scan sample crucible in which contains the sample measured.
The experiments are done for each of them at least three times. Specific heat capacity C, of
the substance is then calculated by Eq.(5) as follows:

_ Mstandard % (Dsample (T) ~ ¢0 (T)

C o =
P Msample @standard (T) 4 (T)

xC

p,standard (5)

Where C,, M, and ¢ are , respectively, specific heat capacity > mass of sample, and DSC
output signal as heat flow rate of substance ; subscript symbols, such as sample, standard
and 0, are respectively, sample measured, standard chemical substance (e.g.zinc, indium),
and zero line.

A small amount of powdery solid sample (3 to 5mg) is taken and sealed in an aluminum
pan of DSC-60 for the analysis. The measurements are made under fixed conditions
of which is the constant heating rate of 5 C - min! and under nitrogen atmosphere
(40 mL-min?). a-AlLOs (standard material ) is used as reference material in the process of
the analysis. Before the samples are analyzed, it is necessary that the DSC-60 is calibrated
with indium (purity=99.99%, Tn=429.78 K, A, H =28.45 J-g1) and zincum (purity=99.99%,
Tm=419.58K, A, H=100.50]-g1) (Japan Shimadzu Co.). Data acquisition and online processing
could be done with TA-60WS Collection Monitor software.
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2.4 Standard molar enthalpy combustion and formation of imidacloprid and some
nitrogenous organisms

The detailed procedure has been described above-mentioned method. Freshly circular sheet
solid sample is prepared for determining the combustion heat of substance. Smooth curves
are fitted to the pre and after-period temperatures and the corrected temperature rise is
calculated by means of data processing soft-ware in the oxygen bomb calorimeter working
station using the Dickinson method (JIANG et al., 2005, ZHOU et al., 2002; AN et al, 2007),
in which AT is the ordinate that encloses equal areas above and below the reaction curve.
The energy equivalent of the calorimenter ecar could be determined with a standard
reference sample of benzoic acid. From three experimental dada ear is measured to be
15245 J-K-1. On the basis of thermodynamics principle > the standard molar enthalpy of
combustion is

AcH;,(298.15K) = AH, +AcH,,, (T)+AH, = AH, +Qy + AnRT + AH, (6)
Which
T 298.15
AHl - J Z(IZJ-CP,]- )reactanth ! AHz - I Z(bkcprk >producth (7a’b)
298.15 T

The individual values of both the standard molar energy and enthalpy of combustion are
listed in Table 1 together with the mean. The combustion reaction equations of imidacloprid,
NIM and NMP, can be written as Eq.(8) to Eq. (10):

CoH,(CINJO, (s) T 41/2 O, (g) =—— 9CO,(2) +9/2H,0 (I)+ HCl(g)+ 5/2 N, (g) 8)
C;HN,O, (s) +7/20,(g) ——— 3CO,(g)+3H,0 ()+2N, (g )
Cy H 3N, (5)+49/4 O, (g) ——11CO,(®)+13/2HO(1)+9/2 N, (g) (10)

and, A H,,=Qy+AnRT where An = -6, 1.5, -9, accordingly. Hence, the standard molar
enthalpy of combustion can be obtained for various samples by Eq. (3) , and the results are
listed in Tablel. The obtained values are, respectively, -5536.34 kJ-mol-, -2017.64 k]J-mol-, -
7976.88 kJ-mol-! for imidacloprid, NIM and NMP.

The standard molar enthalpy of formation, A fo1 , can be calculated by Hess’s law(Sergey,
1998), according to the thermochemical equations (8) to (10) as follows:

A ;Hf, [CoHCINGO, 8] =[ 94 H, (CO, ) +9 / 24 ;Hf, (H,O, 1)+ A H, (HC, g) |- AcH, [CoHy CINSO, 5] (11)

A(HY [CsHNL,O, 5] =] 3A HY, (CO,,8)+3A HY (H,01) |- AcH) [CHNLO, 8] (12)

AHG[CH NGOy, 5] =114 Hf, (CO,,8)+6.58 HY, (H0,1) |- AcHS[CyyH NGO, ] (13)

Where
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26 Pesticides in the Modern World — Trends in Pesticides Analysis

AHS (CO,, g)=(-393.52+0.13)k] -mol ™", A;HE (H,O, 1)=(-285.83+0.04)kJ-mol ",

AHS (HCl,, g) =(-92.307)k] -mol

( CHEN et al., 2009; Duane, 2000; George et al., 2006; WANG et al., 2002; ZHOU et al., 2010).
The standard molar enthalpy of formation for imidacloprid, NIM and NMP are calculated to
be -(616.12)k]-mol?, -(20.41) k] mol! and 1789.94 kJ-mol?!, respectively, based on the
standard molar enthalpies of combustion.

In the literature (CHEN et al., 2009), that the standard molar enthalpy of combustion AcH, is
(-5153.9 kJ-mol) for naphthalene agrees very closely with experimentally derived value of
(-5158.43 k] mol?) in the work, the relative error is 0.088%. The result shows that AcHy, value
of reliability prediction is superior.

2.5 The specific heat capacity of imidacloprid and some nitrogenous organisms

The specific heat capacity of imidacloprid could be measured by means of DSC-60
Differential Scanning Calorimeter in the hermetically sealed chamber. The conditions of
scanning: a-AlO; is used as the reference material » scanned area is between room
temperature and melting temperature of the sample measured  sample mass is about
5mg > heating rate is 5°C ‘min-l. The specific heat capacity is measured at least three times.
Fig.2 shows the relationship between the specific heat capacity with temperature for the
substances measured. The results indicate that a sequence of the specific heat capacity for
the substance determined at same temperature is NIM, imidacloprid, benzoic acid, NIM.
And the higher temperature is, the bigger the specific heat capacity is for the substances of
nitrogenous organisms measurated. At the same time, the bigger the relative molecular
weight is for the nitrogenous organisms, the bigger the specific heat capacity is also.
Relationship between the specific heat capacity and temperature can be obtained with the
least square method at solid phase states, and represented by Eq.s (14) to (17) (CHEN et
al., 2009).

C, (imidacloprid) = 2.04708 - 0.01949T +5.77744x 10°T* (14)
(R2=0.99559, SD=0.034)
C,p(NIM) = 2.56469 — 0.01224T +2.26134x10°T* (15)
(R2=0.98341, SD=0.01001)
C,(NMP) =92.03739 - 0.86937T +0.00272T> - 2.7657 x 10~°T° (16)
(R2=0.9916, SD=0.02746)

C, (benzoic acid) =11.62525—0.07464T +1.33277 x10~*T? (17)

(R2=0.99495, SD=0.02768)
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Where R is the multiple correlation coefficient, SD is the standard deviation. The
abovemented logistic equations accord with the statistical precision in mathematics so that it
is believable.

3.0 4 B imidacloprid
] ® NIM
2.8+ A NMP
2.6 4 ¥ benzoic acid
] equation value
2.4 -
224
2420
2
= 1.8
0 1.6
1.4 1
1.2 1
1.04 M
0.8 . ' . : i , . : .
280 300 320 340 360 380

T/K

Fig. 2. Change curve specific heats as temperature for different matters

2.6 Melting temperature and the melting enthalpy of imidacloprid and some
nitrogenous organisms

The melting temperatures and melting enthalpies of imidacloprid, NIM, NMP could be
measured by DSC. The values of them are given to be 416.8K, 495.13K, 423.85K > and -
109.93, -265.55, -102.22 ]J-g1, respectvely, in Fig.3. The thermal decomposition of the
substances have been studied by thermogravimetric analysis. The results of thermal
decomposition (in Fig.4~6) show that the heat stability of NIM and NMP is not good
because they are decomposed as soon as melting, but imidacloprid has good heat stability.
The decomposition temperature is, respectively, 525.10K, 495.13K, 450.25K for imidacloprid,
NIM, NMP(CHEN et al., 2009) .

In conclusion, the thermodynamic properties of imidacloprid, NIM, NMP are listed in
table 1.

Substances | To/K AH, | 1. K AH? AH 6 Cp=a+bT+cT2+d T3/ K] kg K1
J-gt /kJ-mol | /KkJ-mol? a b cx10° | dx10¢
imidacloprid |416.80|109.93 | 525.10 | 5536.34 -616.12 2.04708 | -0.01949 | 5.77744 0
NIM 49513 | 265.53 | 495.13 | 2017.64 -20.41 2.56469 | -0.01224 | 2.26134 0
NMP 423.85|102.22 | 450.25 | 7976.55 1789.94 | 92.03739 | -0.86937 272 -2.7657

Table 1. The thermodynamic properties of imidacloprid, NIM and NMP
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Fig. 3. The DSC melting curve of imidacloprid , NIM and NMP
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Fig. 4. The DTA-TGA curve of imidacloprid
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Fig. 5. The DTA-TGA curve of NIM
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Fig. 6. The DTA-TGA curve of NMP

3. The mixed crystal of imidacloprid

The spatial disposition is different for the molecule or atom of substance in crystal lattice
when they are crystallized. The reason is that the intermolecular bonding manner take place
change and make different crystal structures formed by effect of various factors on
crystallization precess, that is polymorphism. Only that the substance is dissolved or is
melted make the lattice structure change can the polymorphism disappear. Therefore, this
necessitated field experiments to study on pharmaceutical polymorphism is in favour of
establish biological activity and bioavailability of chemical compound, can promote
corresponding technology optimization, selection of the route of administration and dosage
form, enhance the pharmaceutical quality and stability(WANG, 2005).

3.1 The method of polycrystallinity transformation

3.1.1 The recrystal method

Recrystallization can prepare corresponding crystal form by using different solvents, such as
non-polar solvent aether, petroleum ether, chloroform, benzene, and polar solvent water,
acetic acid, pyridine, as well as medium polar solvent methanol, alcohol, acetone and the
mixture of organic solvent and water. To change and control the conditions of
crystallization, such as concentration, temperature, and the rate of crystal, can obtain
different crystal form (XIU, 1996). Only suitable solvent is used can the main crystal form be
obtained.

3.1.2 The melting method

In general, the crystal form of low melting is able to translated into the crystal form of higt
melting temperature at a suitable temperature. So we can use the melting method by heating
the crystal form of low melting to reach an aim of crystal form transformed. For example,
metoclopramine has a couple of endothermic peaks by using differential thermal
analysis(DTA), which is 125 t0129°C and 147 to 150°C, respectively. The first peak is solid -
solid transforming endothermic peak of which metoclopramine (I) change crystal form (II) ,
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30 Pesticides in the Modern World — Trends in Pesticides Analysis

another is solid -liquid endothermic peak of crystal form (II). If the substance is heated
15min at 135°C, the secongd peak will only appear when reusing differential thermal
analysis(DTA). It shows that metoclopramine (I) could be quickly changed into crystal form
(IT) as long as above metoclopramine (I) melting temperature(XIU , 1996).

3.1.3 The sublimation method

Pharmaceutical is put into an evaporating dish, covered with the glass hopper, heated little
and little, a large number sublimated crystal can be get in upper and border of the glass
hopper. The method can make pyrimethaimine (crystal form A) transformed into crystal

form (B) (ZHANG , 1995).

3.1.4 The smashing and grinding method

When using the smashing and grinding method * strong mechanical force made the surface
crystal structure of crystal grain diminish and the local energy level of particle surface
increase, so that lead to the misalignment and boundary deformation of crystal form.
Commonly, the metastabletype crystal form could be changed into the stability type of
crystal. There is also an exception to this rule, such as anhydrous caffieine is apt to make
stability type transform into metastabletype when it is smashed and grinded (Pirttimaki
Jukka and Laine Ensio, 1994).

3.2 Determine to imidacloprid polymorphism

To make clear a crystal substance is whether there is in polymorphism, the methods
are commonly used as (1) melting pointmethod; (2) Thermal analysis; (3) X-ray diffraction;
(4) infrared spectrometry; (5) nuclear magnetic resonance method. The polymorphism
of imidacloprid has been determined by using thermal analysis method. The DSC melting
curves of imidacloprid before and after crystal formation changed show in Fig. 7 and
Fig. 8

DSC
mW_
2.00

1.00;

0.00¢

-1.00;

-2.00¢

-3.00r

-4.00;

50.00 100.00 150.00
Temp [C]

Fig. 7. The DSC melting curve of imidacloprid before changed crystal formation
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DSC
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Fig. 8. The DSC melting curve of imidacloprid after changed crystal formation
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Fig. 9. The TGA melting curve of imidacloprid before and after recrystal

It is observed that there are two endothermic processes at 136.13°C to 138.29°C and 144.37°C
to 146.23°C , and has a strong exothermic process in 138.29°C to 144.37°C according to Fig.7.
Combining with Fig.9, there is no a significant change for TGA curve at 136.23°C to 146.23
°C, i.e. no weightlessness, so it show that the first peak is solid -solid transforming
endothermic peak of which imidacloprid (I) change into crystal form (II) , another is solid -
liquid endothermic peak of crystal form (II) in Fig.7.

By means of the recrystal method, imidacloprid could be dissolved in boiling water, then
dissolved out crystal when it is cooled. This recrystal sample has been analyzed by DSC, in
Fig.9, only there is a solid-liquid endothermic peak. And the TGA curves of imidacloprid
are same before and after recrystal. The result indicates also that the crystal form of
imidacloprid has been changed into a single form by solvent processing.

4. Crystallization metastable zone of imidacloprid in organic solvents

4.1 The solubility and supersolubility of imidacloprid
Materials. The process of recrystallization for imidacloprid is designed according to its the
physical and chemical properties and obtained the solubility data in the laboratory
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previously. The purity of imidaclaprid is analyzed by the melting point method, differential
scanning calorimetry and high performance liquid chromtography. The simple physical
method that is boiling water is used for transfering the mixed crystallization into a single
crystal. Eventually, the purity of products meets the requirements of the factory for the first
grade products(over 99%). Ethanol, acetone, 2-butanone, dichloromethane and 1,2-
dichoroethane used for the experiments were of analytical reagent grade. Distilled
deionized water of HPLC grade is used.

Apparatus and Procedure. The solubility and supersolubility of imidacloprid in different
solvents is measured by the synthetic method (dynamic method). The laser monitoring
observation technique is used to determine the dissolution temperature of the solid-liquid
mixture of known composition. The laser monitoring system consists of a laser generator, a
photoelectric transformer, and a light intensity display. The experiments are carried out in a
jacketed glass vessel with a magnetic stirrer, a constant temperature (+ 0.02 K) is maintained
at the required temperature by circulating water through the outer jacket from a
thermoelectric controller. The vessel has a perforated rubber cover plate to prevent the
solvent from evaporating, through which a mercury glass thermometer is inserted into the
inner chamber of the vessels for the measurement of the temperature. The uncertainty of
temperature is + 0.05 K at least.

Solvents for the solubility and supersolubility of measurement are prepared using an
electronic balance with an accuracy of + 0.0001 g. Predetermined amounts of imidacloprid
and the solvents are weighed and transferred into the vessel. The contents of the vessel are
heated very slowly at rates 1°C-h"'when the system would arrive balance. In the early stage
of the experiment, the laser beam is blocked by the unsolved particles of imidacloprid in the
solution, so the intensity of the laser beam penetrating the vessel is lower. The intensity
increased gradually along with the increase of the amount of imidacloprid dissolved. When
the last portion of imidacloprid just disappeared, the intensity of the laser beam penetrating
the vessel reached the maximum, and the temperature is recorded, and the solubility
expressed in mole fraction is calculated as follows

m
T (18)
M, M,

In which m; and m; represent the masses of solute and solvent. M; and M; are the molecular
weights of solute and solvent.
The contents of the vessel are heated continuely and temperature is rise 2 to 3°C when the
solid solute is dissolved completely. Then the contents of the vessel are coolled slowly at
rates 4 to 5°C-h! by temperature of circulating water controlled through the outer jacket.
The cooling rate is not too quickly toensure thermometer value in accord with them of
actual system. When the last portion of imidacloprid just appeared, the intensity of the laser
beam penetrating the vessel minished suddenly, and the temperature is recorded and obtain
the supersolubility of the solute. The difference in temperature is expressed to be the
crystallization metastable zone at the concentration.

4.2 The relationship of both the solubility and supersolubility with temperature for
imidacloprid

Extraction-crystallization process is frequently used for the separation and purificaton of
imidacloprid in industry. The relationships of both the solubility (w) and supersolubility
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(w") with temperature have been showed in Fig.10 and Fig.11 for imidacloprid in ethanol,
acetone, 2-butanone, dichloromethane and 1,2-dichoroethane (ZHOU et al., 2010). They
indicate that the solvent of having the most solubility is 2-butanone at same temperature,
and in turn, acetone, dichloromethane, 1,2-dichoroethane and ethanol. So 2-butanone can
used as extraction agent, and ethanol can used as washing agent to eliminate impurities of
which are liable to dissolve in imidacloprid. In common with dissolution rule for a lot of
crystal systems, it is found that the solubility and supersolubility of imidacloprid in solvents
increase with temperature increase.

16
1 4_' —u—ethanol, —@— acetone, —A— 2-butanone,
| —w—dichloromethane, —#— 1,2-dichoroethane
124
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Fig. 10. THe solubility of imidaclprid in organic solvents
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Fig. 11. THe supersolubility of imidaclprid in organic solvents
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4.3 Crystallization metastable zone width of imidacloprid

In order to produce crystals with a specified purity and crystal size distribution at minimum
cost, it is necessary to operate the crystallizer at the optimum supersaturation within the
metastable zone. In generally, only the actual metastable zone of substance is known can
the nucleation and the rate of crystallizing process be controlled in industry production
(ZHOU et al., 2002; AN et al., 2007). The operational condition of crystallization must be
controlled within metastable zone to ensure the quality of the crystal.

The metastable zone width is an experimentally measurable quantity and it depends mainly
on the cooling rate, temperature, concentration, presence of impurities and mechanical
effects. The metastable zone width is expressed as a maximum undercooling ATmax , which
is given by

ATmax = Ts - Tn (19)

In which T, and Ts are respectively, the temperatures corresponding to the onset of
nucleation and the saturation. The relation of maximum supersaturation to the maximum

undercooling can be expressed by
T *
Aw,,, = (dl)dT (20)
dr

To

Since the maximum undercooling is generally not very large, the temperature dependence
of dw*/dT can be assumed constant over the temperature range examined. Thus, the
maximum supersaturation can be siven by the following equation (Soloway et al., 1978):

Aw,. = ( dw%T)ATmax (21)

Where w" is the equilibrium concentration of substance in soild-liquid phase » dw* /dT is
the slope factor of some temperature point in the curve of relation between solubility and
temperature.
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Fig. 12. The metastable zone width of imidacloprid in organic solvents
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The saturate and supersaturate characteristics of imidacloprid in ethanol, acetone, 2-
butanone,dichloromethane and 1,2-dichoroethane at different temperature are investigated
by using laser detection technique. The crystallization metastable zone width of
imidacloprid in mentioned above solvents are also determined. The solubility, super-
solubility and crystallization metastable zone width (Aw) of imidacloprid in mentioned
above solvents increase with temperature rising, and those properties of imidacloprid in 2-
butanone are high compared with other solvents. The crystallization metastable zone width
(AT) of imidacloprid is about 44C, 5.8°C, 1.2°C, 1.8°C and 2.4°C in 2-butanone , acetone,
dichloromethane, 1,2-dichoroethane and ethanol at the same agitation rate, respectively, in
Fig.s 12(a), (b). (ZHOU et al., 2010)

4.4 The solid-liquid equilibrium data of binary and ternary organic systems for
imidacloprid+2-nitroaminoimidazoline +NMP by DSC

A complete data obtained by DSC of solid-liquid equilibriums(SLE) for (MIP+ NIM), (IMIP +
NMP), (NIM + NMP) and (NIM + NMP+ IMIP) systems are reported to solve the problems of
separation and purification in the production of imidacloprid. (ZHOU et al., 2011)

Procedure. Products (purity 299 .00%) were used directly. A series of binary systems of
IMIP+ NIM, IMIP + NMP, NIM + NMP were prepared in the following method. The
samples were weighed by electronic analytical balance (type BS110S, Germany) with the
accuracy of +0.1mg. Usually, the sample is prepared as follows: the compounds at some
molar ratio are heated very slowly inside a glass cell above the melting temperature of the
major component. Then the liquefied sample with continuous stirring was solidified. The
solvent-soluble method was selected for obtained an intimate mixture sample to avoid the
substances sublimation or decomposition above the melting temperature of the major
component. The sample at some molar ratio was put into amount of organic solvent. Then
the solution was stirred continuously, heated very slowly to ensure crystals dissolved. And
the glass cell was put into vacuum dryer at constant temperature 45°C until the solvent was
evaporated completely. The solidified sample was grinded to be powdery in a glass mortar
box with mortar pestle before the sample was kept in a desiccator with silica gel. Then a
small amount of powdery solid (3 to 4mg) is taken and sealed in an aluminum pan of DSC-
60 for the analysis.

Solid-liquid phase diagrams (SLPD) for binary systems were measured by DSC. Fig. 13 to 15
show the relationship for three binary systems between the experimental temperatures of
solid-liquid equilibrium and molar fraction of components. There were eutectic point for
the binary systems of (IMIP+NIM), (NIM+NMP) and (IMIP+NMP) because that there were
the characteristics of which first peak appeared at the constant temperature(Teu), and the
second peak temperature(Tsl) was change with molar ratio of components. The area of the
eutectic peak in a DSC curve was affected by both the amount of the sample and heat of
fusion of the melting component. The corresponding eutectic molar composition (xeu, 1)
was 0.4962, 0.4229, 0.5506 , and the eutectic temperatures (Teu) was 402.41 K, 407.46 K and
383.13K, respectively.

Moreover, solid-liquid phase diagram (SLPD) was investigated for the ternary system of
(NMP (1) +NIM (2) +IMIP (3)) mixtures with the above-mentioned method. The results
showed that it was also the eutectic type, the molar eutectic composition (xeu, 1) and
eutectic temperatures(Teu) is 0.3507 and 373.77K at x3/x2=1.857 , respectively, and are
presented in Fig. 16.
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5. Purification to the second powder concentrated of imidacloprid

So far, studies on to purifiy the second powder concentrated of imidacloprid have not been
conducted. Because imidacloprid has the solid state with by-products, filtering method
cannot reach an aim of it purified. For distillation, due to (i) imidacloprid has two kinds of
crystal form and the boiling point of them is much the same; (ii) imidacloprid has high
boiling point, long time and high temperature distillation process could make material
easily coked and breaked down in the kettle bottom, so also cannot be used. If separation
purification technology of crystallization is employed, not only it can simplify the process
flow, is apt to do mass production, but also it improve the quality of crystal, can effectively
reduce the production cost. Combined with the features of raw material of imidacloprid,
this experiment method of solvent extraction - recrystallization could be used to separate
and purify imidacloprid from the mixture of the second powder.

5.1 Experimental process flow
The experimental procedure is designed as follows on the basis of the preliminary

experiments:

Experimental operation steps: (i)take a certain amount of raw material (second powder of
imidacloprid) and put into a certain proportion of material and organic solvent A , stired at
room temperature for 20 minutes to remove impurities and decoloring part; (ii)after
filtrated, liquid is placed in bottle, filter cake dried is put in ing boiling water for 30 minutes;
(iii) filtrated in heating state, cleaning filter cake dried with organic solvent B to remove the
impurities of some soluble in B; (iv) according to steps (ii) after filter cake dried is put in
organic solvent C and heat to 60°C, natural cooling until crystallization dissolved out. The
crystal dried is used continuely recrystalled at least three times by the organic solvent C; (v)
after filtrated, liquid is evaporated by totating evaporator to recover solvent, filter cake is
imidacloprid.
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Fig. 17. The process chart of purification technology

5.2 Imidacloprid analysis

Imidacloprid used as standard substance (99.3% ) 0.2 g (accurate to 0.1 mg) is put in a
volumetric flash (50mL), add methanol to scale shake and make it completely dissolved .
They are used as reserve. Using a pipette take ImL to put in a volumetric flash (25mL) from
above prepared reserve liquid, add a mobile phase make it diluted to scale, shake well,
filtrate it with 45 pm filter membrane to prepare for analysis by HPLC. And this is identical
for the sample of product imidacloprid.

Agilent1100 high-performance liquid chromatography, and 4.6x250mm - C18 DOS
Chromatographic column, Chemical Station chromatographic data workstations, are used to
analyzed product imidacloprid. Chromatographic analysis conditions are as follow: column
temperature 25°C; methanol (gc) : pure water (double steamed water) = 40:60 (mL/mL) as
mobile phase; velocity 1.0mL-min!; detected wavelength 260nm; sampling volume 20 OpL .
The external standard method is used to calculate an amount of imidacloprid, and can be
expressed by

v =22%C1 4009, (22)

1XC,

Where C;, C; is , respectively, concentration of standard substance and sample product for
imidacloprid (mg-L1) ; A;, Az is , respectively, chromatographic peak area of them. The
analysis results are listed in table 2. Sensitivity experiments showed that the minimum
amount of detecting substance found to be 5x10-14g (SNR = 3) in HPLC for standard
imidacloprid solution in the above conditions, so that it is a method of high sensitivity,
cando with the analysis of residues.

To determine the accuracy of the above methods, were analyzed at least five for a sample.
The results showed the standard deviation is 0.28, and the coefficient of variation is 0.32%.
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sample Peak area of HPLC  Product purity ,%
Standard sample of imidacloprid 1811.66 99.70
The first batch of imidacloprid products 1790.00 99.69
The second batch of imidacloprid products 1750.00 99.24
The third batch of imidacloprid products 1730.00 99.73

Table 2. The results of analytical reagent for the purity of the Imidacloprid and NMP

5.3 Polycrystal transformation

The separation extracted of imidacloprid can get the crystals mixed, but not satisfy a single
effective crystal, so we could use recrystallization method to change its polycrystal. At
present, it is still not seen have to imidacloprid more crystal phenomenon reported.

We can take the experimental procedure: (i) take a quantitative products to join in a glass
container of which quantitative of cold water has been accommodated, heat to a nearly
boiling in a boiling water bath, then take the container to make natural cooling at room
temperature before filtrated and dried; (ii) take quantitative products to join separately in
glass container where a quantitative of solvent B, methylene dichloride, 1,2-dichloroethane,
chloroform, acetone, butanone, make solid dissolved completely after natural cooling to
room temperature, recrystallization, and filtrated and dried ; (iii) analyze the product
respectively with melting point instrument, thermoanalysis and HPLC on the qualitative
and quantitative analysis.

According to the above experiment steps, the test results see table 3.

solvents Crystal form Content of imidacloprid ,%
boiling water I 95.3
Solvent B I 96.5
methylene dichloride I 97.4
1,2-dichloroethane I 96.4
chloroform I 96.4
acetone I 97.2
butanone I 97.5

Table 3. Crystallization of mixed polymorph in deferent solvents

6. Conclusion

The enthalpy of combustion is a measure of the energy available from a substance. An
appropriate knowledge of this value is essential for providing the basis of a commercial
conttact between producer and user. Physical chemistry texts provide the necesssary tools
needed to calculate the combustion enthalpy of pure substances. Using DSC differential
scanning calorimetric, the thermodynamic basic data such as the melting point, melting
enthalpie of taurine and specific heat capacity, were examined. Relationship between the
specific heat capacity of taurine and temperature was accomplished with DSC. So these
thermodynamic basic data are available for the exploiting new synthesis method,
engineering design and industry production of imidacloprid. The results obtained in this
work indicate that solubility of imidacloprid can be determined accurately by laser
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monitoring technique. From the experimental data, it can be found that the solubility data of
imidacloprid in the organic solvents over the temperature range from 293.00 K to 323.0 K
increased with increasing temperature. And 2-butanone was a better solvent for the
purification of imidacloprid. The solid-liquid equilibrium data of both three binary systems
and one ternary system had been determined for imidacloprid, 2-Nitroaminoimidazoline,
NMP by DSC. All of them are identified as eutectic type. The SLE data can be successfully
applied on separation and purification processes of the substances.

There are two kinds of crystal forms for imidacloprid. Using the boiling water, the crystal
form(I) can be transformed crstal form(II) for the imidacloprid product mixed crystal. The
separation technology of extraction-crystallization employed the purity of imidacloprid
could reached over 99% for the second powder concentrated of which is produced in
industry process.
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List of symbols

ecalar  —the specific heat of calorimeter
C —heat capacity » J -g1-K-1 or ] mol* K-

DSC  —DSC signal for sample curve at temperature, mV
H —enthalpy ’ ] mol? or k] mol!
m —mass of sample, mg
M —relative molecular mass of substance, or an amount of sample
n —mole number
Q —quantity of heat > ] mol- or k] mol-!
R —the universal gas constant » 8.314] mol1 K-1
t —time > min
T —Kelvin temperature » K
U —energe of thermodynamics > ] mol? or k] mol-!
w —mass fration, or mass number
X —molar fration

Greek symbol
[0) — DSC output signal
A —variable quantity
superscript
0 —standard state
* —phase equilibrium state
Subscript

c —combustion heat
f —reaction heat
lit — literature
m —material, or melting enthalpy

max —the maximum value
n —the onset of nucleation.
P —constant pressure
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S —saturation
sample —substance measured
standard — substance used as the standard
\Y —constant volume
0 — zero line of DSC
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