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ABSTRACT 

Nitration of O-methylisouronium sulfate under mixed acid conditions gives O-methyl-

N-nitroisourea, a key intermediate of neonicotinoid insecticides with high application 

value. The reaction is a fast and highly exothermic process with a high mass transfer 

resistance, making its control difficult and risky. In this paper, a homogeneous 

continuous-flow microreactor system was developed for the nitration of O-

methylisouronium sulfate under high concentrations of mixed acids, with a homemade 

static mixer eliminating the mass transfer resistance. In addition, the kinetic modeling 

of this reaction was performed based on the theory of NO2
+

 attack, with the activation 

energy and pre-exponential factor determined. Finally, based on the response surface 

generated by the kinetic model, the reaction was optimized with a conversion of 87.4 % 

under a sulfuric acid mass fraction of 94 %, initial reactant concentration of 0.5 mol/L, 

reaction temperature of 40 °C, molar ratio of reactants at 4.4:1, and residence time of 

12.36 minutes.  

 

Keywords 
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1. Introduction 

The demand for high-quality insecticides is increasing as the world’s food crisis 

intensifies due to the changes in the natural environment and ongoing geopolitical 

crises.[1] O-Methyl-N-nitroisoureas (NIO) is a pivotal pesticide intermediate in the 

preparation of nitroguanidine derivatives, which are the raw material for highly 

effective and non-toxic neonicotinoid insecticides, such as dinotefuran and 

clothianidin.[2-4] Currently, the industrial production of O-methyl-N-nitroisourea 

usually involves the nitration of O-Methylisouronium sulfate (IO) with a mixture of 

sulfuric acid (H2SO4) and nitric acid (HNO3) in a batch reactor.[3] The reaction is a 

typical aliphatic nitration, which is fast and highly exothermic, requiring low reaction 

temperatures. In addition, the safety hazard of this reaction increased by using 

concentrated nitric and sulfuric acids. Therefore, it is necessary to modify the 

nitrification reaction process of O-Methylisouronium sulfate to improve the reaction 

efficiency and intrinsic safety. 

 

In recent years, continuous flow microreactors have been recognized due to their 

excellent mass and heat transfer performance, precise control over reaction parameters, 

and intrinsic safety.[5-8] Guo et al. constructed a continuous flow microsystem for o-

xylene nitrification and proved the process safety of o-xylene nitrification by the 

adiabatic temperature rise of the nitrification reaction and the characteristic heat transfer 

time of the microreactor.[9] The residence time of the microreactor was reduced by an 

order of magnitude and the volumetric mass transfer coefficient was increased by 

several orders of magnitude compared with that of a conventional stirred tank reactors. 

Jin et al. developed a continuous flow microreactor system for non-homogeneous 

nitrification of nitrobenzene using mixed acids.[10] The reaction time and temperature 

were reduced from >2 h and 80 °C in industrial operation to 10 min and 65 °C in the 

microreactor with high conversion and selectivity. Since O-methylisoureonium sulfate 

can be dissolved in high concentrations of sulfuric acid, it is expected to construct a 

homogeneous continuous-flow nitrification system, leading to better elimination of the 
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effects of mass and heat transfer.[11] 

 

Kinetic modeling is a classical approach to chemical reaction optimization, where the 

effects of various reaction parameters on the results are effectively quantified by 

mathematical formulas, thus providing an efficient guide to optimize reaction 

conditions.[12] Yao et al. constructed a kinetic model on thermal dissociation and 

oligomerization of dicyclopentadiene (DCPD) in a continuous flow microreactor.[13] 

Where cyclopentadiene was the target intermediate formed by the thermal dissociation 

of dicyclopentadiene, cascade oligomerization was a side reaction to be avoided. Based 

on the deep understanding of the kinetic differences between thermal dissociation and 

oligomerization, the residence time and temperature were designed rationally to 

improve the yield of cyclopentadiene. Since NO2
+

 is the actual substance that plays a 

role in the nitrification process,[14] kinetic modeling based on the concentration of 

NO2
+

  is essential for the understanding of the nitrification mechanism and 

optimization reaction. Luo et al. have carried out extensive research on this topic and 

accurately obtained kinetic data for the nitration of chlorobenzene,[15] o-

nitrotoluene,[16] and p-nitrotoluene[17] by constructing a homogeneously continuous 

flow reaction system. Therefore, it is feasible to model homogeneous nitrification and 

optimize the reaction in a continuous flow system based on NO2
+

. 

 

An important prerequisite for kinetic modeling is the elimination of mass and heat 

transfer. The effect of mass transfer resistance is greater for highly viscous reaction 

systems, especially at higher reactant concentrations. It is still difficult to eliminate the 

mass transfer effect using conventional microreactors,[18] leading to errors in the 

determination of nitration kinetics. Therefore, more efficient mixers are needed to 

eliminate the effects of mass and heat transfer. According to the mixing principle, there 

are active mixers and passive mixers.[19] Passive mixers do not require overly complex 

equipment and external energy inputs and are extensively used in continuous flow 

reactions.[20, 21] Passive mixers enhance the passive mixing of the liquid-liquid two-

phase mass transfer process on a microscopic scale, mainly by optimizing the 
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microchannel geometry,[22] addition of in-channel obstacles, etc.[23-25] Santana et al. 

designed an efficient fluid mixer "Elis" consisting of internal walls and circular 

obstacles. This static mixer achieves efficient mixing in a wide range of Reynolds 

numbers at the micro- and milli scale.[26] However, many static mixer designs are 

structurally complex and require the use of 3D printing technology to aid in their 

manufacture, which is more expensive to use. Kilcher et al. investigated in detail the 

efficient mixing of organic phases (cyclopentadiene, 1,2-dichloroethane, and 

MeBu3NCl) and aqueous phases (30 % NaOH) and optimized it by the use of a simple 

homemade “PTFE Raschig ring static mixer” (RRSM).[27] The RRSM is simple in 

structure, easy to fabricate, inexpensive for many flow reaction systems, and has a 

promising application. 

 

In this work, we constructed a continuous flow microreactor system to determine the 

kinetic parameters of IO nitration, which allows precise control of temperature and 

residence time. (Fig. 1) Due to the high viscosity of the reaction system, a simple and 

practical static mixer was designed to eliminate the effect of mass transfer on the kinetic 

measurements and validated experimentally. We developed a kinetic model for the 

nitration of O-Methylisouronium sulfate and optimized the reaction conditions for 

conversion rates, which is crucial for theoretical significance and practical value for 

process optimization. 

 

 

Figure 1. The schematic diagram of the Continuous flow microreactor system.  
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2. Materials and methods 

2.1 Chemicals 

O-Methylisouronium sulfate (IO, 95 %) Purchased from Shanghai Yien Chemical 

Technology Co., Ltd; Fuming Nitric acid (HNO3, 98.0 %) Purchased from Sinopharm 

Chemical Reagent Co., Ltd.; Sulfuric acid (H2SO4, 98.0 %) Purchased from Sinopharm 

Chemical Reagent Co., Ltd.; Pure water (H2O, AR, Hangzhou Wahaha Group Co., Ltd.); 

All reagents were used without further purification. Sulfuric acid solutions of different 

mass fractions are prepared with pure water and 98 % concentrated sulfuric acid in an 

ice bath with stirring. 

 

Solution A (IO): IO (0.1 mol, 24.64 g) was dissolved in H2SO4 (100 mL) under stirring 

conditions in an ice bath, solution volume VA=118 mL. 

Solution B (H2SO4 + HNO3): HNO3 (0.44 mol, 18.49 mL) was dissolved in H2SO4 (100 

mL) under stirring conditions in an ice bath, solution volume VB=112 mL. 

 

2.2 Continuous flow microreactor system 

The continuous flow microreactor system is shown in Fig. 1(a). Solutions A and B were 

stored in two glass vials (500 mL) with lids and were preheated by two high-pressure 

PTFE pumps (Pump A, Pump B, JJRZ-10004F, Hangzhou JingJin Technology Co., Ltd.) 

pumped into coiled stainless steel capillary tubes (SS316L, 1/16-inch diameter) that 

were sufficiently long (1 m). After being preheated to the reaction temperature, the 

material was first initially mixed in a T-mixer (SS316L, 1/16-inch diameter), followed 

by a homemade static mixer at the outlet of the T-mixer to fully mix the material. The 

reaction coil (SS316L, 1/8-inch diameter) was connected directly to the outlet of the 

homemade static mixer, nitration took place in the reaction coil. The residence time was 

precisely controlled by changing the flow rate of the reaction mixture or the length of 

the reaction coil. All preheat tubes, mixers, and reaction coils were immersed in the 

same water bath to maintain a constant temperature. Finally, after controlling the 
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residence time, the reaction was terminated by pumping excess pure ice water through 

a high-pressure PTFE pump (Pump C, JJRZ-10004F, Hangzhou Jingjin Technology Co., 

Ltd.) into the second T-mixer. 

 

The homemade static mixer consisted of two different mixing units as shown in Fig. 

1(b) (total internal volume: 1.3154 mL). The first mixing unit consists of a section of 

stainless steel coil (SS316L, 1/16-inch diameter, Beijing Xiongchuan Technology Co. 

Ltd.) and an electronic thermometer (Beijing Xiongchuan Technology Co. Ltd.). The 

second mixing unit consisted of a section of PTFE piping filled with SiO2 beads (SiO2 

beads, 3 mm diameter; piping, 1/4-inch diameter,10 cm length, Wuxi Hongxin Special 

Material Technology Co.) and an electronic thermometer connected to the outlet. 

 

2.3 Sample analysis 

When the continuous flow system was operated to a steady state (after 2-3 times the 

residence time), the reaction solution was quenched and diluted by a large amount of 

ice water at the outlet of the reaction system. The quenched and diluted reaction solution 

was collected and analyzed by high-performance liquid chromatography (HPLC, 

ThermoFisher Ulcel3000), and the conversion of the samples was derived from the 

external standard method based on the regression equation of the HPLC standard curve. 

HPLC detection conditions C18 column (10 μm, 4.6×250 mm, Welch Materials 

Shanghai, China), the mobile phase was 80 % MeOH and 20 % ultrapure water at a 

flow rate of 1 mL/min, and the detection wavelength was 195 nm. The conversion of 

IO was calculated by the following equation: 

𝑥IO = (1 −
𝐶IO

𝐶IO+ 𝐶NIO
)              (1) 

The residence time was calculated as follows: 

t=
𝑉

𝑄IO+ 𝑄HNO3

                    (2) 

where t is the reaction residence time and V is the volume of the microchannel. 𝑄IO 

and 𝑄HNO3
  are the volume flow rates of the raw material aqueous solution, 

respectively. Samples were tested three times under the same conditions and averaged 
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to minimize errors. 

 

2.4. Batch reaction 

The determination of reaction orders was conducted using batch reactions for 

simplification. These reactions were executed in a water bath with magnetic stirring 

(MR Hei-Tec, Heidolph) and a 25 mL single-necked round-bottomed flask. Solution A 

was placed in the flask and heated to the designated reaction temperature. Solution B, 

also pre-heated to reaction temperature, was rapidly introduced into Solution A. The 

mixture was stirred at 1100 revolutions per minute to minimize the effect of external 

diffusion (Fig. S1).[28] Samples were periodically collected throughout the reaction 

process. Both batch and continuous flow reactions in this study were performed under 

isothermal conditions. 

 

2.5 Kinetic modeling optimization process 

The classical integral method was employed to determine the reaction order [29]. 

Various integral forms of kinetic equations corresponding to different reaction orders 

were fitted against the experimental data. The reaction orders yielding the highest R2 

were selected as the best fit. Subsequently, the least squares method was used to fit the 

kinetic data obtained under different reaction conditions, allowing for the determination 

of the pre-exponential factors and activation energies. Finally, the accuracy of the 

resulting kinetic model was validated through experimental testing. 

 

3. Results and discussion 

In this section, we perform kinetic modeling for the continuous-flow synthesis of NIO 

from IO and mixed acid (Scheme 1). The reaction was then optimized by kinetic 

modeling. 
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Scheme 1. Nitration of IO with mixed acid.  

 

3.1 Prescreening experiments 

The solubility of IO in H2SO4 is critical in ensuring the smooth progression of nitration 

reactions within a homogeneous system. Given the strongly exothermic nature of this 

reaction, an excessively high concentration of IO can lead to an overproduction of heat, 

thereby elevating the associated risks. In contrast, a concentration that is too low may 

fall beneath the detection threshold, compromising the reliability of the experimental 

data. To strike a balance, the initial concentration of IO was set to 0.5 mol/L in the 

reaction mixture. In addition, the effect of the molar ratio between the two reactants 

was examined. As shown in Fig. S2, the conversion of IO gradually increased as the 

molar ratio of HNO3 elevated. The molar ratio of HNO3 was established at 4.4 eq, a 

value chosen to optimize both conversion and atom efficiency. 

 

3.2 Effect of two types of mixing equipment 

Upon achieving homogeneous nitration conditions, our next objective was to eliminate 

the influence of mass transfer. We assessed the impact of flow rate on the reaction 

conversion under two distinct mixing scenarios (Figure 2a and 2c). The assessments 

were performed with reaction temperatures at 30-40 °C to eliminate the impact of the 

high viscosity of sulfuric acid [30]. Fig. 2a illustrates the scenario employing solely a 

T-mixer, and Fig. 2c shows the effect of flow rate on the conversion under this setup. 

Even when the flow rate was escalated to 14 mL/min, the conversion failed to stabilize 
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at a plateau, suggesting that mass transfer limitations had not been fully addressed. 

Conversely, with the addition of our homemade static mixer which consists of a 1/16-

inch mixing coil and a SiO2 beads-filled column (Fig. 2b), the conversion rate plateaued 

once the total flow rate surpassed 8 mL/min (Fig. 2d), suggesting the elimination of 

mass transfer limitations. The improved mixing efficiency can be attributed to the 

mixer’s design features, such as its double reverse rotating vortex,[31, 32] large specific 

surface area,[33] and the incorporation of obstacles within the flow channel.[34, 35] 

 

 

Figure 2. Two mixing setups: (a) a T-mixer and (b) a T-mixer combined with a homemade 

static mixer, and the effect of the two mixing setups on the mixing process; (c) the T-mixer 

and (d) the T-mixer plus the homemade static mixer effect of flow rate on conversion. 

Reaction conditions: H2SO4 mass fractions = 98 %, reaction temperature T = 40 °C, residence 

time t = 2 min, Initial concentration of reactants 𝐶IO = 1 mol/L, 𝐶HNO3  = 4.4 mol/L. 

 

3.3 Determining reaction orders 

In a batch reactor setup, the reaction orders of IO and HNO3 were determined. The 
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initial concentration of HNO3 was set at a level significantly higher (14 times greater) 

than that of IO. This approach allowed for the assumption that the concentration of 

HNO3 remained constant throughout the reaction, enabling the conversion of the rate 

constant to Kβ (Eq. 3). The relationship between reaction time and the conversion of IO 

was analyzed according to the first-order (Eq. 4) and second-order (Eq. 5) reaction 

kinetics, where xIO represented the conversion of IO and t denoted the reaction time. 

The outcome of these fittings is presented in Fig. 3a for first-order and Fig. 3b for 

second-order. Notably, the higher R2 observed in Fig. 3a compared to Fig. 3b suggests 

that the reaction of IO follows first-order kinetics. 

−
𝑑𝐶IO

𝑑𝑡
= 𝑘𝐶IO

𝛼𝐶HNO3

𝛽 ≈ 𝐾β𝐶IO
𝛼

                     (3) 

ln(1 − 𝑥IO) = −𝐾βt                                (4) 

1

1−𝑥IO
=1-𝐾βt                                      (5) 

 

Given that the reaction order of IO was determined to be 1, Eq. 3 was subsequently 

transformed into Eq. 6. As nitration reactions are predominantly second-order, we 

explored the potential for the reaction order of HNO3 (β) to be either 0 or 1 by fitting 

the reaction data to Eq. 7 and Eq. 8, respectively. 

−
𝑑𝐶𝐈𝐎

𝑑𝑡
= 𝑘𝐶IO𝐶HNO3

𝛽
                               (6) 

ln(1 − 𝑥IO) = −𝐾βt                                (7) 

1

𝐶HNO30−𝐶IO0
ln (

1−𝑥HNO3

1−𝑥IO
) = −𝐾t                      (8) 

 

The fitting results, as depicted in Fig. 3c for β=0 and Figure 3d for β=1, revealed that 

R2 for the latter scenario (R2=0.988) was higher than that for the former (R2=0.974). 

This outcome indicates that the reaction order of HNO3 is also 1, which transforms Eq. 

6 to Eq. 9. 

−
𝑑𝐶IO

𝑑𝑡
= 𝑘𝐶IO𝐶HNO3

                                (9) 
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Also, with 𝑀 =
𝐶HNO30

𝐶IO0
, Eq. 8 can be rewritten to Eq. 10. 

ln [
𝑀−𝑥IO

𝑀(1−𝑥IO)
] = (𝑀 − 1)𝐶IO0𝑘𝑡                    (10) 

After the reaction order being determined, all the rest of experiments were conducted 

in the continuous flow reactor, and the t in Eq. 10 refers to residence time. 

 

 

Figure 3. Determination of the number of reaction orders. (a). ln(1 − 𝑥IO) versus t; (b). 
1

1−𝑥IO
 versus 

t; (c). ln(1 − 𝑥IO) versus t; (d). 
1

𝐶HNO30−𝐶IO0
ln (

1−𝑥HNO3

1−𝑥IO
) versus t. Reaction condition for 

determining IO’s reaction order: H2SO4 mass fractions = 98 %, reaction temperature (T) = 0 °C; initial 

concentration of reactants in reaction mixture: 𝐶IO0 = 1 mol/L, 𝐶HNO30 = 15 mol/L; stirring speed = 

1100 rpm. Reaction condition for determining HNO3’s reaction order: reaction temperature (T) = 0 °C; 

initial concentration of reactants in reaction mixture: 𝐶NIO0 = 1 mol/L, 𝐶HNO30 = 4.4 mol/L; stirring 

speed = 1100 rpm. 

 

3.4 Determining the apparent reaction kinetics 
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The variation in the conversion of IO (𝑥IO ) as the function of time (t) at different 

temperatures (30 ℃, 35 ℃, 40 ℃) and H2SO4 mass fractions (88 %, 90 %, 92 %, 94%, 

96 %, and 98 %) is depicted in Fig. S3 and subsequently modeled using Eq. 10. The 

fitting results shown in Fig. 4 exhibit robust linear correlations (R2>0.99), facilitating 

the calculation of rate constants based on the slopes of these lines across the varied 

temperatures and H2SO4 concentrations. Table 1 indicates that the reaction rate 

constants escalate with increasing H2SO4 mass fraction, which aligns with findings 

from previous studies on mixed-acid catalyzed nitration reactions [36, 37]. However, 

the data also reveal a decline in rate constants when the H2SO4 mass fraction exceeds 

94 %, suggesting a complex interaction at higher acid concentrations. 
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Figure 4. Determination of (𝑀 − 1)𝐶IO0𝑘 at different temperatures and H2SO4 mass fractions. (a) 

88 % H2SO4, (b) 90 % H2SO4, (c) 92 % H2SO4, (d) 94 % H2SO4. (e) 96 % H2SO4, and (f) 98 % H2SO4. 
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Table 1. Values of k for different H2SO4 mass fractions and at different temperature 

Mass fraction of H2SO4 (wt %) 

𝒌 × 𝟏𝟎𝟐 (L/mol/s) 

30 ℃ 35 ℃ 40 ℃ 

88 2.26 2.98 4.31 

90 5.51 6.91 8.40 

92 7.48 10.2 12.6 

94 10.3 12.3 15.1 

96 9.56 10.8 11.4 

98 8.13 8.70 9.37 

 

3.5 Determining the intrinsic reaction kinetics 

Given the strong correlation between the observed HNO3-based reaction rate constant 

and the H2SO4 mass fraction, intrinsic reaction constants independent of H2SO4 

concentration were determined to study the intrinsic kinetics of the reaction. Previous 

research has established that the relationship between the apparent and intrinsic kinetics 

of nitrification can be described by Eq. 11.[17, 38] 

lg 𝑘 = lg (
𝐶

NO2
+

𝐶HNO3

) + 𝑛𝑀𝐶 + lg 𝑘0                 (11) 

where 𝑘0 is the intrinsic rate constant only based on NO2
+

 and independent of sulfuric acid 

concentration,[39] n is a thermodynamic parameter related to the type of compound, and 𝑀𝐶 is the 

activity coefficient function introduced in the next section. 

 

By shifting the terms in Eq. 11, Eq. 12 can be obtained as: 

lg 𝑘 − lg (
𝐶

NO2
+

𝐶HNO3

) = 𝑛𝑀𝐶 + lg 𝑘0          (12) 

 

Therefore, by plotting lg 𝑘 − lg (
𝐶

NO2
+

𝐶HNO3

)  as the vertical coordinate and 𝑀𝐶  as the 

horizontal coordinate, the values of n and 𝑘0  can be obtained from the slope and 

intercept of the resulting fitting line. Since the values of 𝑀𝐶 and lg (
𝐶

NO2
+

𝐶HNO3

) change 



16 

with the change in sulfuric acid temperature and mass fraction, we determine the values 

of 𝑀𝐶 and lg (
𝐶

NO2
+

𝐶HNO3

) according to the method proposed by Luo et al.[17, 38]. As the 

ranges of sulfuric acid concentrations and temperature in our study were different from 

Luo et al.’s study, recalculations were required to obtain the values of 𝑀𝐶  and 

lg (
𝐶

NO2
+

𝐶HNO3

). 

 

3.5.1 Determination of 𝑴𝑪 values 

The value of 𝑀𝐶 can be calculated using Eq. 13 and 14. Eq. 13 [40] was employed to 

predict 𝑀𝐶  at various H2SO4 concentrations at 298K, specifically when the H2SO4 

concentration is between 15.2 and 18.4 mol/L. By fitting the predicted data, Mc as a 

function of H2SO4 concentration at a given temperature was determined (Fig. S5). In 

addition, the values of 𝑀𝐶  for different sulfuric acid concentrations at a given 

temperature can be obtained by substituting the corresponding temperature into Eq.14, 

as first introduced by Marziano et al. 

−𝑀𝐶(298K) = 2.16 × 10−4𝐶H2SO4

5 − 1.27 × 10−2𝐶H2SO4

4 + 0.28𝐶H2SO4

3 −

2.73𝐶H2SO4

2 + 10.6𝐶H2SO4
                        (13) 

𝑀𝐶(𝑇) = 𝑀𝐶(298K) [
200

𝑇
+ 0.3292]                (14) 

 

3.5.2 Determination of 𝐥𝐠 (
𝐂

𝐍𝐎𝟐
+

𝐂𝐇𝐍𝐎𝟑

) values 

Since NO2
+

 is the actual reactive species in the nitration reaction [14], an accurate 

estimation of its concentration is essential for the study of intrinsic kinetics. Based on 

the values of 
𝐶

NO2
+

𝐶HNO3

, reported in previous studies for different temperatures and sulfuric 

acid concentrations [41-43], the mass fraction of sulfuric acid was plotted against 

lg (
𝐶

NO2
+

𝐶HNO3

) . The fitting results shown in Fig. 5a exhibit robust linear correlations, 

enabling the calculation of lg (
𝐶

NO2
+

𝐶HNO3

) at temperatures of 23 °C, 40 °C, and 60 °C. 

Subsequently, by plotting lg (
𝐶

NO2
+

𝐶HNO3

)  versus 1/ T, a series of fitted curves for the 
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studied range of sulfuric acid concentrations (88-98 wt%) can be obtained, as shown in 

Fig. 5b. Thus, the values of lg (
𝐶

NO2
+

𝐶HNO3

) at different sulfuric acid concentrations and 

temperatures can be determined. 

 

 

Figure 5. Variations and fitting of as a function of (a). the mass fraction of H2SO4 at 23 °C, 40 °C, 

and 60 °C; (b). 1/ T at different H2SO4 concentrations lg (
𝐶

NO2
+

𝐶HNO3

). 

 

3.5.3 Determination of intrinsic kinetic parameters 

With lg (
𝐶

NO2
+

𝐶HNO3

)  and 𝑀𝐶  at different conditions determined in Fig. 5, lg 𝑘 −

lg (
𝐶

NO2
+

𝐶HNO3

)  was plotted against 𝑀𝐶  at different temperatures (Fig. 6a-c), and fitting 

these data into Eq. 12 lead to (R2> 0.99). The values of k0 and n at different temperatures 

are shown in Table 2. The value of k0 increases with increasing temperature and the 

value of n remains almost constant with temperature, which is consistent with the 

results reported in previous studies for other mixed acid-catalyzed nitration 

reactions.[15, 44] 
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Figure 6. Determination of thermodynamic parameters n and k0 and determination of activation 

energy and pre-exponential factors. 

 

Table 2. Values of n and lg 𝑘0 at different temperatures 

Temperature (℃) n 𝐥𝐠 𝒌𝟎 

30 1.0764 11.3749 

35 1.1127 11.8556 

40 1.1577 12.4352 

 

According to the values of k0 at different temperatures, the activation energy for the 

electrophilic attack of NO2
+

 on the IO can be calculated by the Arrhenius equation: 
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ln 𝑘0 = −
𝐸𝑎

𝑅𝑇
+ ln 𝐴                 (17) 

where R is the molar gas constant and T denotes the temperature in Kelvin, and Ea and 

A are the activation energy and pre-exponential factors for the IO nitration. 

 

By fitting ln𝑘0  versus 1/ T into Eq. 17 (Fig. 6d), the value of Ea and ln A was 

determined (Table 3). 

 

Table 3. Values of the pre-exponential factors and activation energy 

Factors Ea (kJ/mol) ln A 

Values 192.57 102.55 

 

3.6 The synergic effect of temperature and sulfuric acid concentration on the 

apparent kinetics 

As discussed above, the apparent rate constant is determined by three components, 

lg (
𝐶

NO2
+

𝐶HNO3

), 𝑛𝑀𝐶, and lg 𝑘0. First, the intrinsic rate constant k0 that is only temperature- 

dependent and is not affected by the concentration of sulfuric acid (Eq. 11). In addition, 

Fig. 5b shows that lg (
𝐶

NO2
+

𝐶HNO3

) increases with the increase in sulfuric acid concentration 

when the temperature is fixed. In contrast, 𝑛𝑀𝐶  is a negative value that decreases with 

higher sulfuric acid concentration (Table S1). As the concentration of sulfuric acid 

increases, the decrease in 𝑛𝑀𝐶  gradually surpassed the increase in lg (
𝐶

NO2
+

𝐶HNO3

) when 

the sulfuric acid concentration exceeded 94%, resulting in an overall decrease of k (Fig. 

7a). Similar trends were reported in the nitration of nitrobenzene[45] and o-

nitrotoluene[16], suggesting that the phenomenon observed in our study is not isolated. 
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Figure 7. (a). The value of apparent rate constant k at various H2SO4 mass fractions and different 

temperatures. (b). Validation of reaction kinetic models with different mass fractions of sulfuric 

acid. (From top to bottom, the theoretical response surfaces and experimental values are shown for 

sulfuric acid mass fractions of 94 % and 98 %, respectively.) (c). Response surface of the kinetic 

model under optimized conditions and experimental results. 

 

3.7 Validation of kinetic models 

Based on the IO intrinsic nitration kinetic model, we plotted the response surfaces of 

the predicted conversion of IO at different temperatures and different residence times 

under different mass fractions of sulfuric acid (94 % H2SO4 and 98 % H2SO4) by 

designing a series of validation experiments. The result is shown in Fig. 7b, with a 

temperature range of 30-40 ℃ and a time range of 4-12 min. For example, a conversion 
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predicted to be 80 % under conditions of 94 % H2SO4 and 6.33 minutes at 40 °C was 

actually 81.1 %, and a conversion forecasted at 70 % for 98 % H2SO4 and 8.58 minutes 

at 25 °C ended up being 69.3 %. The predicted conversion rates are in good agreement 

with the experimental ones (red dots). 

 

3.8 Reaction optimization using kinetic models 

From the study of the intrinsic kinetics of IO nitrification, it is known that the reaction 

rate is affected by the intrinsic rate constant, sulfuric acid activity coefficient function, 

and the concentration of NO2
+

 . The apparent rate constant increases and then 

decreases with increasing sulfuric acid mass fraction in the range of 88-98 %. We chose 

the sulfuric acid concentration (94 wt %), which has the largest apparent rate constant, 

as the optimized reaction condition to accelerate the rate of IO nitrification. In addition, 

higher temperatures and longer residence times also contribute to the conversion rate. 

We chose the highest temperature within the kinetic model cover (30-40 ℃) as the 

optimization condition and extended the validated reaction time range (4-12 min) to a 

certain extent. Therefore, the optimized reaction conditions for NIO were obtained by 

the response surface of kinetic modeling (Fig. 7c): the sulfuric acid mass fraction was 

94 %, the initial concentration of IO was 0.5 mol/L, the reaction temperature was 40 °C, 

the molar ratio was 4.4:1, and the reaction time was 12.36 min. Under this condition, 

the experimentally measured conversion was 87.4 %, shown as the red dot in Fig. 7c. 

 

4. Conclusion 

In this work, a homogeneous nitration system for the synthesis of O-methyl-N-

nitroisourea was constructed. To eliminate the mass transfer resistance between the two 

liquid phases during the reaction, a homemade simple and effective static mixer was 

used which rapidly achieved thorough mixing of the two phases with little temperature 

fluctuation. The effects of temperature, residence time, and sulfuric acid mass fraction 

on the reaction were investigated as well as the apparent and intrinsic rate constants 

based on nitric acid and NO2
+

 observations were obtained, respectively. The apparent 
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rate constants observed based on nitric acid are highly correlated with the mass fraction 

of sulfuric acid, increasing and then decreasing as the mass fraction of sulfuric acid 

increases, with 94 % sulfuric acid being the turning point. This is the result of a 

combination of the intrinsic rate constant, the sulfuric acid activity coefficient function, 

and the NO2
+

 concentration. Thus, the effect of different sulfuric acid mass fractions 

and temperatures on the apparent rate constants can be understood. In addition, a 

complete kinetic model of IO nitration based on NO2
+

 was developed to describe the 

reaction process, the activation energy of the IO nitration was calculated to be 192.57 

kJ/mol. Furthermore, the accuracy of the kinetic model was verified by comparing the 

predicted data with the experimental data. Finally, the reaction was optimized by kinetic 

modeling and 87.4 % conversion of IO was achieved under optimum conditions. This 

kinetic model can be used to understand the nitration process of IO and optimize the 

reactor design, which can serve as guidance for industrial production. 
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