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ABSTRACT. Microreactors have been utilized for controlling fast chemical reactions. However, 

the scale-up strategy for fast reactions is not established enough due to the difficulty in 

quantifying the effect of the reactor size on the mixing performance, heat removal, and 

observable reaction rate. We present a chart for analyzing the effect of the mixing rate on the 

observable kinetic constant and a chart for estimating the temperature rise in the reactor. By 

using these charts, the validity of the rate analysis and the maximum reactor diameter, which 

control the reaction temperature, were determined. Commercial computational fluid dynamics 

(CFD) software was employed to solve the partial differential equations and to build the charts, 

and experiments were conducted to validate the results. We demonstrated the concept by using 

ultrafast organolithium reaction in milliseconds. The product throughput was increased 8 times 

with a reactor diameter that was twice as wide as the original reactor. 

 

INTRODUCTION 

The microreactor, a small-sized chemical reactor for continuous operation, has played a crucial 

role in the concepts of green chemistry and process intensification1,2. The continuous operation 

of microreactors enables industrial mass production with much smaller equipment compared to 

the conventional batch equipment. For example, FUJIFILM built a micro chemical plant for 

production of organic pigment suspension with 1wt% concentration3. It was reported that a 

micromixer with 50-200 μm channel diameter4 produced the suspension in the scale of 50 

tons/year.  MITSUBISHI RAYON also built a bench scale plant using microreactors5 for 

oxidative dehydrogenation of lactate to pyruvate6. Parallelized microreactors are used for 

oxidizing 0.1 mol/L of ethyl lactate in acetonitrile with the flow rate of 860 mL/min. Industrial 
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chemical production using a microreactor is beneficial for reducing plant size along with 

environmental footprint. 

At the microscale, mass and heat transfer are dramatically improved by shorter diffusion 

lengths and high surface-to-volume ratios. Microreactors are now widely used for efficient 

multiphase reactions7, on-demand synthesis of pharmaceuticals8, fine particle synthesis9,10, and 

novel organic synthesis routes called flash chemistry11. The concept of flash chemistry is the 

utilization of short-lives intermediates before they convert to undesired products with the 

assistance of microreactors. Reactions involving organolithium compounds are mainly used in 

flash chemistry. By reducing the residence time, unstable organolithium compounds can be 

efficiently converted to desired products at around room temperature12, or without the 

introduction of protecting groups13. 

 Screening of the temperature and residence time using contour maps is often employed 

for optimizing reaction conditions in lab-scale flash chemistry. Comparison of the contour maps 

under different reaction conditions such as substrates14 and mixing intensity15 has been 

meaningful and insightful for optimizing the conditions. However, this is not applicable when 

the reactor dimension is changed for increasing throughput. The reactor dimension influences 

both mixing and temperature profiles such that all the contour maps can change with the size 

enlargement. A systematic method for analyzing the effect of the microreactor dimension is 

essential for effectively implementing flash chemistry for mass production. 

 Two approaches, a fully model-based reactor design with rate analysis and a simple 

determination of acceptable maximum reactor size, are possible for scale-up. The fully model-

based approach according to reaction kinetics and rate equations is canonical for chemical 
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engineers to design a reactor for industrial production. The model-based approach is beneficial to 

further optimize the reactor shape and operating conditions. Previous researchers have performed 

the design of microreactors based on rate analysis in moderately fast reactions16,17. In contrast, 

rate analysis has rarely been conducted for fast reactions involving organolithium compounds18. 

Roberge et al. recommended not kinetic analysis but black box modeling for a reaction faster 

than 1 s17. The difficulty lies in the reliability of kinetic parameter determination. Rate analysis is 

valid only when experiments are conducted under reaction-limited conditions. Microreactors 

have enabled fast reactions, but it is difficult to certify that the results obtained within a second 

were not affected by mixing at all. An evaluation protocol for whether experiments were in the 

reaction-limited condition or in the mixing-limited condition is needed. 

On the other hand, the simple scale-up by linearly increasing both the reactor size and the 

flow rate is a more straightforward and easier approach. In this case, the maximum reactor size 

that can maintain the mixing and heat transfer performance should be analyzed to acquire the 

same reaction results. Mixing characterization in industrial reactors were often studied by using 

chemical test reaction systems such as Bourne reactions19,20 and Villermaux-Dushman reaction 

system21. Because of their convenience in evaluating mixing performance with changing the 

mixer geometry and operating conditions, many studies on micromixers have been done with 

these reaction systems22–24. A linear correlation based on the kinetic model is used to convert the 

test results to the mixing times25,26. However, our recent study27 as well as the discussions on the 

Villermaux-Dushman reaction system by Kölbl and Kraut28 proved that the actual mixing time 

could differ by an order of magnitude from the estimation based on the chemical test reaction 

systems owing to the complex reaction profiles inside the microreactors. Many studies using 

computational fluid dynamics (CFD) simulations have revealed important factors for mixer 
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design29–32, though, these studies based on CFD simulations are generally focusing on the 

complex convection phenomena occurring in a specific mixer with a fixed size. An easy-to-use 

relationship for determining mixing time from mixer size and operating condition is merely 

found to the best of our knowledge. Regarding the characterization of the heat transfer 

performance, Baldyga et al. modeled the non-isothermal micromixing to formularize the effect of 

temperature rise on the results of the Bourne reactions33. Because the temperature rise played a 

minor and unimportant role in the Bourne reactions compared to the mixing33,34, their function as 

a probe for temperature rise is rather qualitative35 and is affected by the coupled mixing 

behavior36. Analytical methods rather than chemical test reactions have been more favored and 

successfully utilized to discuss the heat removal in a microreactor. For instance, Kockmann and 

Roberge37 proposed criteria for obtaining the maximum reactor diameter for avoiding thermal 

runaway based on the parametric sensitivity analysis. Even so, another criterion is needed for 

treating fast organic reactions. For example, organolithium reactions in a solvent rarely suffer 

from thermal runaway due to the heat capacity of the solvent and the limited amount of the 

reactant. However, the reaction selectivity of the organolithium reaction can be dramatically 

changed by a temperature difference of only 5 K38. The actual temperature rise in a microreactor 

from the set temperature should be known for conducting and analyzing the reaction properly. 

The temperature rise in a tubular reactor was well studied and formulated decades ago39, 

however, these equations necessarily require the activation energy for calculation. The activation 

energy of the organic reaction studied in a laboratory is hardly obtained. As a result, classical 

equations are not useful for many practical situations of research and development of organic 

chemistry involving a microreactor.  
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This study aimed to suggest procedures for the quantitative analysis of the mixing and 

heat transfer problems in a microreactor for scaling-up fast (< 1s) and ultrafast (<10 ms) 

chemical reactions. The first section is dedicated to the kinetic analysis. A theoretical analysis 

was conducted to construct a simplified model. The partial differential equations (PDEs) derived 

from the model was solved by a commercial CFD software. Dimensionless numbers were used 

to build a chart to determine whether the reaction was in the reaction-limited condition or in the 

mixing-limited condition. The second section features the determination of the maximum reactor 

diameter for satisfying the mixing and heat transfer performances for reaction control. The 

temperature rise in the reactor was numerically solved and analyzed using a dimensionless 

number. Scale-up of the ultrafast organolithium reaction was demonstrated using the results in 

the second section. 

EXPERIMENTS AND SIMULATIONS 

Materials. Mesityl bromide (MesBr), p-iodoacetophenone (p-IAP), acetophenone (AP), n-

undecane, a 1.6 M solution of n-butyllithium (n-BuLi) in hexane, phenolphthalein (PP), 

ammonium chloride, ethanol, methanol, tetrahydrofuran (THF), and hexane were purchased from 

FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and used without further 

purification. A super dehydrated grade solvent was used for the organolithium reactions. Ultra-

purified water was prepared using a Milli-Q water purification system (Millipore, Milford, MA, 

USA) and used throughout the experiment. 

Numerical analysis of the mixing with reaction. The relationship between the mixing rate and 

the observable reaction rate was evaluated by numerically solving PDEs for a simplified 

situation. The mixing and the reaction in a 2D multilamination (2D ML) mixer, which is an 
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idealized model of laminar mixing in a microreactor40, were considered. Figure 1 shows the 

schematics of the 2D ML mixer. Fluids A and B flowed into the reactor in a laminar form in the 

2D ML mixer. The width of the lamina, W2D, determined how the mixing and the reaction 

proceeded. We simulated a constant-volume liquid phase reaction triggered by the mixing of 

fluids A and B. Both fluids had the same physical properties and flow rate. The density and 

viscosity of the fluids were set to be equal to those of water at room temperature: 1000 kg m-3 

and 0.001 Pa s, respectively. The diffusivity of each species in the solution, D, was 10-9 m2 s-1. 

The reaction formulas, rate equations, and initial concentrations are given below: 

 A+B → 2R, r = kCACB
  

where r and k are the reaction rate and the rate constant, respectively; Cj is the molar 

concentration of species j. The initial concentration of species A, CA0, was set to 0.001 kmol m-3. 

Note that the concentration of A in the feed solution is the twice of CA0. The initial 

concentrations of species B in the feed solution and thus CB0 were changed for each calculation. 

The commercial code for CFD simulations, ANSYS FLUENT 13.0 were employed for solving 

PDEs. The calculations were carried out with a laminar flow model in a steady state. The 

calculation space was discretized in 108000 rectangular grid elements. No mesh dependency was 

confirmed by refining the mesh to 432000 elements after each calculation.  
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Figure 1.  2D ML mixer for CFD simulation of the mixing with reaction. 

In-line measurement of the phenolphthalein decolorization. A base solution colored with 

phenolphthalein (PP) and an acid solution were mixed so that the pink color disappeared with the 

progress of mixing. The concentrations were as follows: 

Acid solution; [HCl] = 12 mM. 

Base solution; [NaOH] = 10 mM, [PP] = 0.26 mM. 

The PP molecules presented a pink color upon releasing two protons under basic conditions. 

Neutralization of the solution made deprotonated molecules (PP2-) disappear according to the 

reaction shown in Scheme 1. The kinetic analysis of the decolorization reaction was conducted 

as the pseudo first-order reaction of phenolphthalein and water41. The kinetic constant k at 15˚C 

was reported to be 4.7×104 s-1. 

Scheme 1. Decolorization reaction involving phenolphthalein (PP). 
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The solutions were fed into a device using PHD ULTRA syringe pumps (Harvard Apparatus, 

MA, USA) at room temperature. The device was made of polydimethylsiloxane and was 

fabricated by Fluidware Technologies (Saitama, Japan). The geometry of the device is shown in 

Figure 2. 

 

Figure 2. V-shaped microchannel for the in-line measurement. 

 The channel cross section was a rectangle that was 0.30 mm in width and 0.15 mm in height. 

The device was placed on the measurement stand of the portable UV-Vis spectrophotometer 

(MV-3100, JASCO, Tokyo, Japan). The measurement point was set at 2, 5, or 10 mm from the 

confluence point. The absorbance of deprotonated PP at 550 nm was measured after at least 1 

min of operation. The channel was filled with the base solution, and the absorbance value (ABS) 

was measured before each experiment. The conversion of PP2- was calculated using the 

following equation: 

Conversion of PP2- = measured ABS during experiment × total flow rate
 ABS before experiment × flow rate of base solution 

 

The Reynolds number (Re) was used to analyze the results. Re is a dimensionless number 

defined as the ratio of the inertial force to the viscous force working on the flowing fluid. Re is 

calculated as: 

Re =
𝜌𝜌𝑣𝑣ave𝑑𝑑
𝜇𝜇
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where ρ is the density of the fluid, vave is the average velocity of the fluid, d is the diameter of the 

reactor, and μ is the viscosity of the fluid. The hydraulic diameter calculated from the cross-

sectional area and the wetted perimeter of the cross-section was used for d in noncircular 

channels. 

Mixing time measurement in tee mixers. The same amounts of 12 mM HCl solution and 10 

mM NaOH solution were mixed with 1 mM PP in transparent tee mixers to measure the mixing 

times. Three mixers with varying dimensions (T-0.5, T-1.1, and T-2.0) were evaluated. Photos 

were taken using a digital single-lens reflex camera (D50, Nikon, Tokyo, Japan). We estimated 

the mixing time (tmix) from the decolorization length, Lmix, and the average velocity (vave) as 

follows: 

 𝑡𝑡mix = 𝐿𝐿mix
𝑣𝑣ave

 

where Lmix was derived from the procedure employed by Lim et al42. Because the PP solution 

appeared as pink, a complementary green channel in the RGB image was used for tracing the 

decolorization. The intensity profile with a green channel along the center of the tee channel was 

analyzed using ImageJ (NIH, USA). First, the intensity difference between the flow at the 

confluence point and the completely mixed flow far downstream was obtained. Then, the mixing 

point was defined as the point at which the intensity difference from the nozzle satisfied 90% of 

the previously obtained value. The 90% value was defined to avoid the error caused by small 

signal-to-noise ratio around 100%. Then, Lmix was calculated as the length from the T-junctions. 

An example of the analysis is shown in Figure S1 in the supporting information. At least three 

photographs were taken and the average length was used for calculation.  
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Tee-0.5, a tee mixer with a square channel of 0.50×0.50 mm, was fabricated by Fluidware 

Technologies. The larger mixers, Tee-1.1 and Tee-2.0, were directly printed from a computer 

design using an inkjet 3D printer (Agilista, Keyence, Osaka, Japan) with UV curable transparent 

acrylate polymer (AR-M2, Keyence). The printer featured a resolution of 635 dpi in the x-

direction, 400 dpi in the y-direction, and 15 μm in the z-direction. After the experiments, the 

mixers were cut and the actual dimensions of the channel were measured. The measured 

dimensions of the channels were as follows: 

Tee-1.1; W 1.19 mm × H 0.95 mm. 

Tee-2.0; W 1.92 mm × H 2.18 mm. 

The hydraulic diameters were used for calculating Re at each condition. 

Numerical analysis of an exothermic reaction with heat removal. The relationship between 

the reactor dimensions and temperature rise in the reactors was evaluated by solving PDEs using 

FLUENT 13.0. Laminar flow in a tubular reactor was simulated with a 2D calculation space with 

an axisymmetric center and an isothermal wall, as shown in Figure 3. The fluid was fed into the 

reactor inlet with the parabola velocity profile of well-developed laminar flow. The first-order 

reaction, or the second-order reaction, as shown below, were simulated: 

A → R, r = kCA, ΔHr = -100 kJ mol-1 

A → R, r = kCA
2, ΔHr = -100 kJ mol-1 

where ΔHr is the reaction enthalpy. All physical properties were set as constants independent on 

the temperature. The density, viscosity, thermal conductivity, and heat capacity of the fluids 
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were 1000 kg m-3, 0.001 Pa s, 0.6 W m-1 K-1 and 4182 J kg-1 K-1, respectively. The initial 

concentration of A was fixed to be 1.05 mol/L. The resulting adiabatic temperature rise was 25 K. 

The wall temperature was set to 298 K. Physical properties of water except the viscosity don’t 

change so much with the temperature rise from 298 K to 323 K43, supporting the assumption of 

the constant physical properties. The maximum temperature rise along the center axis was 

evaluated by varying the reactor radius and the kinetic constant. A total of 80000 rectangular grid 

elements were used for discretization. No mesh dependency was confirmed by refining the mesh 

to 320000 elements after each calculation. 

  

Figure 3. Tubular microchannel with an isothermal wall for numerical analysis of the 

exothermic reaction. 

Protecting-group-free organolithium reaction with p-iodoacetophenone. A halogen-lithium 

exchange reaction to the substrate bearing the ketone carbonyl group without protection was 

carried out according to the procedure reported by Kim et al13. The reaction scheme is shown in 

Scheme 2. p-IAP was instantly converted to p-acetyl-phenyllithium (p-APLi) by mesityllithium 

(MesLi). p-APLi easily attacked the unprotected ketone carbonyl group of another p-APLi 

molecule to produce byproducts. However, by sequentially adding electrophiles such as 

methanol within a timescale of milliseconds, desired products corresponding to the used 

electrophiles were obtained with a yield of up to 76%. 



 14 

Scheme 2. Ultrafast halogen-lithium exchange reaction conducted in this study. 

 

The reaction was conducted with a flow reactor system consisting of three T-mixers and 

stainless-steel tubing, as shown in Figure 4.  

 

Figure 4. Reactor system for the ultrafast halogen-lithium exchange reaction 

The first mixer was for the in situ generation of MesLi from n-BuLi and MesBr. The second 

mixer was for converting p-IAP to p-APLi. The third mixer was for trapping p-APLi with 

methanol to obtain AP. All the mixers had an internal diameter of 0.5 mm. Stainless tubing 

between the second and third mixers was regarded as the “reactor.” The reactor tubing was 3.0 

cm in length and had an internal diameter of 0.5 mm. Tee mixers with an inner diameter of 0.50 

mm (U-428, IDEX Health & Science) and stainless steel tubing with an inner diameter of 0.50 

mm (1/16CT-4, GL Science, Tokyo, Japan) were used. The tubing was connected with a nut for 

space-limited applications (F-354, IDEX Health & Science) and a standard nut (U-400, IDEX 

Health & Science; 6010-48710, GL Science). A mixture of 0.18 M of MesBr in THF, 0.43 M of 

n-BuLi in hexane, 0.20 M of p-IAP in THF, and 0.60 M MeOH in THF was fed into the device 
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with a flow rate ratio of 5 : 1.8 : 3 : 2. The resulting molar ratio in the mixture is MesBr 1.5: n-

BuLi 1.3: p-IAP 1: methanol 2. MesLi was formed using MesBr surplus and p-APLi was formed 

using MesLi formed. Methanol oversupply converted all of p-APLi and MesLi. n-Undecane was 

added to the p-IAP solution at a concentration of 5 mM for the inertial internal standard. 260D 

syringe pumps (Teledyne Isco, Lincoln, USA) were used for feeding solutions. The temperature 

of the device was controlled by immersing the first mixer in an ice bath at 0˚C and immersing the 

second and third mixers in an acetone bath at -70˚C. Stainless steel tubing with an i.d. of 1 mm 

and a length of 0.5-2 m was connected to the inlet of the mixers for cooling down the fluid to the 

set temperature. The produced solution was collected in a vial that held a saturated NH4Cl 

aqueous solution for aqueous workup. The organic solution was then analyzed by gas 

chromatography. A GC-2010 (SHIMADZU, Kyoto, Japan) system equipped with a flame 

ionization detector was employed with a fused silica capillary column (SHIMADZU, CBP-1). 

The temperature of the oven was increased from 50 to 280˚C at a rate of 10˚C min-1. The 

conversion of p-IAP and yield of AP were obtained from the calibration curve acquired as the 

area ratio to the n-undecane. Neither qualification nor quantification of side products were 

conducted because up to 20 small peaks of unknown species were observed in chromatograms of 

the obtained solution. The plausible paths for side products are reaction occurring ketone group 

and lithio group to generate oligomers, deprotonation and radicalization reactions of the p-APLi 

to generate fragmented species. 

VALIDATION METHOD FOR THE RATE ANALYSIS OF FAST REACTIONS 

Influence of mixing on the observable reaction rate of fast chemical reactions. We simulated 

the influence of mixing on quasi-first order reaction and second order reaction by changing the 
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𝐶𝐶B0
𝐶𝐶A0

  in the 2D ML mixer shown in Figure 1. Figure 5(a) presents the typical results for the quasi-

first order reaction, 𝐶𝐶B0
𝐶𝐶A0

= 100. The concentration profiles of reactant A in the 2D ML mixer are 

shown for different lamella widths. Because the concentration of reactant B was 100 times larger 

than that of reactant A, the slope of the concentration profiles in the semi-logarithmic plot can be 

regarded as the observable kinetic constant in the pseudo first-order reaction of reactant A. If the 

mixing is ideally fast and perfect, the slope of the concentration profile should be equal to -kCB0 

(= -100 s-1). In the case of 2.5 μm lamellae, the slope was -97 s-1. The situation can be regarded 

as an almost ideal reaction-controlled scheme. In contrast, with 100 μm lamellae, the value 

decreased to -5.8 s-1. The situation can be regarded as undesirable diffusion-controlled scheme. 

The intermediate value of -35.7 s-1 was observed with the strong curvature in the case of 25 μm 

lamellae, indicating the intermediate situation between mixing controlled scheme and reaction-

controlled scheme. In the 2D ML model, only two dimensionless variables are essential for 

quantifying the influence of the mixing on the observable kinetic constant. The Damköhler 

number ϕ defined as 𝑘𝑘𝐶𝐶B0𝑊𝑊2D
2

𝐷𝐷
 and the feed concentration ratio 𝐶𝐶B0

𝐶𝐶A0
 were determined as key 

variables for determining the ratio of observable kinetic constant to the true kinetic constant, 𝑘𝑘obs
𝑘𝑘

. 

Derivation of dimensionless variables from the partial differential equations is explained in the 

supporting information. We defined 𝑘𝑘obs
𝑘𝑘

 as the effectiveness factor η. η = 1 means that mixing is 

enough faster than the reaction so the reaction rate is not influenced by the mass transfer. If 

mixing becomes slower compared to the reaction kinetics, η value decreases and the reaction rate 

is dominated by the mass transfer. Figure 5(b) summarizes the simulation results in the 2D ML 

model for various ϕ and 𝐶𝐶B0
𝐶𝐶A0

.  The cases of 𝐶𝐶B0
𝐶𝐶A0

 = 100 and 𝐶𝐶B0
𝐶𝐶A0

 = 10 are both regarded as the quasi-
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first order reaction but with the different diffusion flux value. 𝐶𝐶B0
𝐶𝐶A0

 = 1 is the case of second order 

reaction. The calculation procedure of the kobs from the simulation results is described in the 

supporting information.  

  

  

Figure 5. Simulation results in 2D ML mixers: (a) Semi-logarithmic plot of the concentration 

profiles of reactant A with CB0 = 0.1 kmol m-3, and k = 1000 m3 kmol-1 s-1; (b) Relationship 

between the dimensionless variables and the effectiveness factor obtained by changing k and CBm. 
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The profile of the chart was similar to that of the effectiveness factor and the Thiele modulus for 

solid catalyzed reactions44. The similarity would be because both are problems of diffusion and 

reaction. In both cases of the second-order reaction kinetics and the pseudo first-order reaction 

kinetics, the shapes of the profile were similar. The larger value of 𝐶𝐶B0
𝐶𝐶A0

  only resulted in slight 

larger value of 𝜂𝜂 in the high 𝜙𝜙 area. The value of 𝜂𝜂 was almost 1 at 𝜙𝜙 = 1 regardless of the value 

of 𝛼𝛼. This means that the obtained kinetic constant is reliable if 𝜙𝜙 is less than 1. The chart would 

be a useful tool for determining the reliability of the kinetic analysis. 

Determination of the dimensionless numbers using in-line measurement. To verify the 

obtained relationship and its usage in realistic conditions, we conducted a case study of kinetic 

analysis with in-line measurements. The decolorization reaction of PP2- with neutralization 

shown in Scheme 1 was chosen as the model reaction. The reaction can be regarded as a quasi-

first-order reaction in acidic conditions. In this case, the main reactant A was phenolphthalein 

and the other reactant B was water with surpassing amount. The decolorization reaction has 

advantages due to its simplicity, the known kinetic constants, and a strong characteristic 

absorbance peak that is easy to measure with in-line spectroscopy. The V-shaped transparent 

microchannel was placed on the measurement stand of the UV-Vis spectrophotometer to detect 

the concentration of the remaining PP2-. We evaluated the reaction profiles by changing the total 

flow rate of the solutions and the measurement point. Figure 6 presents the obtained profiles with 

a total flow rate of 6-12 mL min-1. With the lower flow rates, the curve was stepwise and 

completely different from the linear profiles presented in Figure 5. The mismatch would be 

caused by the discrepancy between the model considering uniform sized lamellae, and the real 

fluid dynamics inside the mixer. In fact, the stepwise profile agreed well with our previous 

computational study on the mixing and reaction with moderate Re in a microchannel with a 



 19 

confluence point29. We’d like to note that diffusion in the fully developed laminar flow after the 

disturbance is slow and hardly achieved within the residence time in the reactor. Mixing 

incompletion in this regime has been confirmed in the following section, as well as our previous 

CFD study32. Additional mixing structure, such as bending structures45 is needed for achieving 

mixing completion in this regime. In contrast, when the flow rate was high at 12 mL min-1, the 

profile was almost a simple exponential decay curve similar to Figure 5. The mixing profile, 

which was linear in a semi-logarithmic plot, would be caused by the chaotic mixing at higher 

Re46. The observable kinetic constant at 12 mL min-1 was 1.34×103 s-1. In this case, η was 

determined to be 0.029 from the reported true kinetic constant of 4.7×104 s-1. ϕ was then derived 

to be 3×103 from Figure 5(b) using the curve for  𝐶𝐶B0
𝐶𝐶A0

= 100 considering that the decolorization 

was a pseudo first-order reaction with water. The corresponding W2D value in the 2D ML model 

was obtained to be 8 μm by substituting D = 10-9 m2 s-1, ϕ = 3×103, and 𝑘𝑘𝐶𝐶B0 = 4.7×104 s-1 to 

𝜙𝜙 = 𝑘𝑘𝐶𝐶B0𝑊𝑊2D
2

𝐷𝐷
. The maximum k value that satisfies 𝜙𝜙 ≤ 1 was calculated to be 16 s-1. In summary, 

the 2D ML model focusing only on the diffusion is simplified but applicable for the practical 

convective mixer when the flow rate is high enough. This would be because intense vortices at 

the junction divide the fluids into the micro segments at once. Note that we think that 8 μm is a 

quite reasonable value for the diffusion length of the fluids mixed in the micromixer from our 

previous studies. Experimentally, we have compared the mixing performance of micromixers 

with fluid collision to a micromixer with interdigital fluid division4. It showed that a tee mixer 

with an inner diameter of 1.6 mm and with high flow rate had similar mixing performance to an 

interdigital mixer with slit width of a 40 μm and with small flow rate, implying that fluid 

collision can divide the fluid to segments as small as fortieth of the channel diameter. Other 
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studies using CFD simulations29 elaborating vortices in tee mixer (H = 100 μm, W = 200 μm) 

confirmed that intense collision at the junction broke down the fluids to segments below 10 μm.  

 

Figure 6. Protonation profile of PP2- in a V-shaped micromixer. Dotted lines represent the fitted 

exponential curves. 

SIMPLE SCALE-UP STRATEGY OF FAST REACTIONS 

In this section, we discuss a simple procedure to scale-up fast and ultrafast chemical reactions 

that were successfully conducted in a microreactor. The advantages of microreactors in 

homogeneous reactions are the rapid mixing and heat transfer. We evaluated both properties with 

different scales to obtain the maximum reactor diameter that can maintain the required heat and 

mass transfer performance. 

Mixing time evaluation with mixer scales. The mixing times in tee mixers with various 

dimensions were evaluated using the decolorization of PP2-. Not the in-line UV-Vis spectroscopy 

but a regular digital camera and image analysis were employed in this section for their simplicity. 

Figure 7 shows the results against the flow rate and Re. A flow rate range of 10-400 mL min-1 
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was evaluated. As shown in Figure 7(a), both an increase in the flow rate and a reduction in the 

mixer size shortened the mixing time. As shown in Figure 7(b), the mixing time profiles against 

Re were analogous in all three mixers. The mixing time shortened dramatically with the increase 

of Re at the range of Re < 2000. The slope became moderate for higher Re. The transition to 

turbulent flow regime47, which was reported to occur in the region of Re > 2100, would be 

related to the analogous profiles. The tendency was similar to our previous report using microjet 

mixers27. Note that in the region of Re smaller than 400, we could not observe complete 

decolorization within the straight channel of the device, which had a maximum length of 10 cm. 

The results gave us two insights about the relationship between the scale of a mixer and the 

mixing time. First, scaling-down of the channel (i.e., usage of the microreactor) is desirable to 

achieve a fast mixing shorter than 10 ms. The dramatic decrease in the mixing time was not 

achieved only by increasing the flow rate and Re. Second, the microscale is not necessarily 

needed for the reaction on a subsecond time scale. Tee-1.1 achieved mixing in 10-100 ms when 

the flow rate was higher than 50 mL min-1 and Re > 1000. Such a high flow rate would not 

suitable for the lab-scale experiment so that the use of microreactor will be the choice at the 

stage of the fundamental study. However, when the development for the industrial application 

starts and the reaction time is not as short as milliseconds, use of millireactor with intensified 

flow rate should be considered. Needless to say, the analysis for heat removal performance 

described in the following section should be conducted before changing the reactor size. 
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Figure 7. Mixing times obtained by measuring the lengths for decolorization with neutralization 

in three tee mixers against (a) flow rate and (b) Reynolds number. Dashed lines are shown for 

helping the readers’ understanding of the tendency. 

 

Heat removal performance dependent on the reactor scale. Next, we evaluated the influence 

of reactor size on the heat removal ability. Numerical calculations were employed for its 

accuracy in measuring the temperature profile inside the reactor. A simplified reactor model in 

which the reacting fluid flows inside an isothermal circular wall was employed. A dimensionless 

number β was employed for analyzing the results. β was previously used by Hartman et al. as the 

ratio of the heat generated in the reactor to the heat removed from the reactor48. They determined 

β for the flow reactor as −𝑟𝑟Δ𝐻𝐻r𝑑𝑑
2

4Δ𝑇𝑇ad𝜅𝜅
, where r is the reaction rate, d is the reactor diameter, Δ𝑇𝑇ad is 

the adiabatic temperature rise, and 𝜅𝜅 is the thermal conductivity of the fluid. Here, we further 

modified and simplified 𝛽𝛽. First, the adiabatic temperature rise was obtained as 

Δ𝑇𝑇ad =
Total reaction enthalpy

Heat capacity
=  
−𝐶𝐶A0𝑉𝑉Δ𝐻𝐻r
𝜌𝜌𝑉𝑉𝑐𝑐p

=
−𝐶𝐶A0Δ𝐻𝐻r
𝜌𝜌𝑐𝑐p
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where CA0 is the initial concentration of the main reactant, 𝜌𝜌 is the density, and Cp is the specific 

heat of the reaction media. Second, the reaction rate was substituted for the initial concentration 

of the reactant and kinetic constant k. In the case of the first-order reaction of the species A, 

𝑟𝑟 = 𝑘𝑘𝐶𝐶A0 

is used. Then, 𝛽𝛽 can be simplified as the ratio of the reaction rate to the thermal diffusion rate: 

𝛽𝛽 =
−𝑘𝑘𝐶𝐶AΔ𝐻𝐻r𝑑𝑑2

4−𝐶𝐶AΔ𝐻𝐻r𝜌𝜌𝑐𝑐p
𝜅𝜅

=
𝑘𝑘𝑑𝑑2

4 𝜅𝜅
𝜌𝜌𝑐𝑐p

=
𝑘𝑘

4𝛼𝛼/𝑑𝑑2
=

reaction rate
thermal diffusion rate

 

where 𝛼𝛼 is the thermal diffusivity defined as 𝛼𝛼 = 𝜅𝜅
𝜌𝜌𝐶𝐶p

.  

Detailed derivation of β from the original description and from the heat balance equation is 

described in the supporting information. Figure 8(a) shows the simulation results for the first-

order reaction with β and the standardized maximum temperature rise Δ𝑇𝑇max/Δ𝑇𝑇ad, where Δ𝑇𝑇max 

is the difference between the highest temperature in the simulated region and the temperature of 

the reactor wall. The example of the temperature profile in the reactor is presented in the 

supporting information. We would like to note that the obtained relationship between β 

and  Δ𝑇𝑇max/Δ𝑇𝑇ad  is universal at least for Ea = 0 because the other variables in the partial 

differential equations were negligible compared to β (see the supporting information). When β 

was 0.1, the temperature rise was approximately 2% to the adiabatic condition, meaning that 

isothermal operation was almost achieved. The value of the activation energy did not make much 

difference when β value was smaller than 1. When the value of the β increased to 10 and higher, 

Δ𝑇𝑇max/Δ𝑇𝑇ad  increased significantly. The slope of the curve was highly dependent on the 

activation energy, indicating the acceleration of reaction by heat generation. In the range β > 100, 
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Δ𝑇𝑇max/Δ𝑇𝑇ad went close to 1 even with zero activation energy. Figure 8(b) shows the results 

corresponding to the second-order reaction, in which β was defined as 𝑘𝑘𝐶𝐶A0
4𝛼𝛼/𝑑𝑑2

. Similar curves with 

little bit smaller values of Δ𝑇𝑇max/Δ𝑇𝑇ad to the first-order reaction was obtained. We could derive 

the rules of thumb for analyzing the heat removal performance of microreactors as follows: 

1) Setting the diameter for satisfying β < 1 is effective for successful heat removal. If possible, β 

< 0.1 can create an almost isothermal condition. 

2) With β value larger than 10, heat removal becomes difficult. If β is larger than 100, the 

reaction proceeds in an almost adiabatic manner. 

Although more detailed analysis and formulation based on the mathematical discussion were 

conducted previously39, we decided to propose these simplified rules for practical usage in 

organic chemistry. Mathematical treatment for the activation energy requires coupling of the 

temperature rise and activation energy so that the activation energy becomes prerequisite of the 

analysis. Determination or estimation of the activation energy is very difficult and hardly done 

during the development of organic reactions. Considering that activation energy had little effect 

in the range of β < 1 and β > 100, performance analysis without considering the activation 

energy can provide easy and practical criteria for determining the size of microreactors. 

Figure 8(c) is the diagram of the value of β to the reactor diameter and the rate constant 

calculated from the definition. The α value of water at 20˚C was used for the calculation. The 

time for achieving 99% conversion is displayed as the reaction completion time t99 at the left axis. 

For the same β value, t99 for the second-order reaction was about 20 times larger than that for the 

first-order reaction. Heat removal of the second-order reaction is harder than the first-order 
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reaction because of the higher initial reaction rate. β was larger than 10 with d = 1.0 mm and a 

kinetic constant of 1.0 s-1, implying that the isothermal operation was difficult with a milliscale 

reactor for a fast reaction which has a time scale of seconds. In contrast, with d = 0.2 mm, β was 

smaller than 1.0 even with k = 10 s-1, implying that the microreactor could handle the heat of a 

reaction with a timescale of seconds or less. However, k over 1000 s-1 resulted in β of 

approximately 100 even with a 0.2 mm reactor diameter. By comparing Figure 7 and 8, we could 

say that achieving short mixing time is far easier than keeping isothermal operation with fast 

reaction. For example, a reactor with 1 mm i.d. can realize 10 ms mixing time from Figure 7 but 

β for reaction in 10 ms with 1 mm i.d. is around several hundred or higher from Figure 8.  

We would like to emphasize that whether the large β value is allowed or prohibited depends on 

the employed reaction system and reactant concentrations. If the concentration is moderate and 

the reaction has little sensitivity to the temperature, adiabatic operation with β > 100 has little 

effect on the reaction. On the other hand, if the reactant solution is dense and the reaction is 

sensitive on the temperature, even β = 1 would not be acceptable because it still causes about 

20% temperature rise to the adiabatic situation.  

In the case of scaling-up of fast reactions, we propose the assessment method based on the 

evaluation of β. First, estimate the value of β with the current reactor diameter, reaction time, and 

reasonable reaction order. Then, the following criteria can be used. 

1) If β is smaller than 0.1, reactor diameter can be safely enlarged within the range satisfying β 

< 0.1. 

2) If β is already higher than 100, it means that reaction proceeds almost in adiabatic condition. 

Even though the current results may be influenced by reaction heat, there would be no more 
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influence of the reaction heat emerging with scaling-up. If the current reaction performance 

is fair enough, the maximum diameter of the reactor can be determined only by the mixing 

performance. 

3) If β falls in the range of 0.1 < β < 100, a small change of the reactor diameter can affect the 

reaction significantly. Further assessment on the temperature sensitivity is recommended 

before scaling-up. 

The calculation in this work intentionally neglected the effect of channel structures on the heat 

transfer ability. It is reported that a well-designed channel structure can make a complicated flow 

profile to obtain a several-fold higher heat transfer coefficient than the straight channel49. If the 

estimated β value is between 0.1 and 100 and the reaction is sensitive to the temperature, it 

would be important to consider optimizing channel geometry. Unfortunately, the interplay 

among channel structure, flow profiles, and heat transfer is too complicated50,51 to include in the 

discussion in this work. 
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Figure 8. Effect of the scale of a reactor on the reaction heat removal: (a) relationship between 

the dimensionless number β and the maximum temperature rise in the reactor for the first-order 

reaction, and (b) for the second-order reaction; and (c) β value for various reactor dimensions 

and a kinetic constant of the reaction with α = 1.43×10-7 m2 s-1. 
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Case study with ultrafast organolithium reaction. Here, we discuss the possibility of 

enlarging the size of the microreactor employed for the ultrafast reaction shown in Scheme 2. A 

reaction time within a few milliseconds is needed for conducting this reaction system because 

intermediate p-APLi decomposes quickly even at the reaction temperature of -70˚C. Kim et al.13 

achieved successful synthesis utilizing a specially integrated microreactor with a diameter of 

0.25 mm and length of 1.0 cm. Under the best conditions with a 76% yield, a 1.5 ms reaction 

time was realized by a total flow rate of 23.6 mL min-1. The product throughput was 0.055 mol h-

1 in this condition.  

First, we determined the maximum diameter satisfying the mixing requirement. During scaling-

up of the system, the mixing time must be kept within a few milliseconds. Judging from Figure 7, 

a reactor diameter of 0.5 mm, which is twice the original diameter, can achieve mixing within 1 

ms with a large enough Re. Then, we conducted an assessment on the reaction heat removal 

based on the criteria discussed in the previous sub-section. Table 1 shows the estimated value of 

β and the maximum temperature rise for the halogen-lithium exchange reaction between p-IAP 

and MesLi. In spite of the small diffusion length in the reactor Kim et al. employed, the reaction 

in milliseconds went beyond the heat removal capacity to result in a very high β value and a non-

negligible temperature rise. The assumptions used in the calculation are explained in the 

supporting information. This situation is classified as case 2) in the previous discussion. So, the 

maximum reactor diameter was determined to be 0.5 mm by the mixing requirement. With a 

diameter of 0.5 mm, the calculated β value went even higher than 2000, but the temperature rise 

in estimation itself changed little compared to the original condition.  

Figure 9 shows the results of our experiment conducted using a reactor system with an optimized 

diameter of 0.5 mm. The commercial tees and tubing for liquid chromatography were used for 
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constructing the reactor system. The original results by Kim et al. using an integrated reactor 

with an inner diameter of 0.25 mm are presented together. Both reactors provided almost the 

same yield in the examined range of residence times. Re in our reactor was calculated to be 6300 

for the operating condition with the shortest residence time of 2 ms. It satisfied the operation 

range for complete mixing in milliseconds shown in Figure 7. The conversion of p-IAP was 

greater than 99% under all conditions, indicating that mixing was completed within the reactor. 

Residence times shorter than 2 ms could not be evaluated due to the limitation of the pump flow 

rate and the minimum reactor length achieved with the commercial tees and tubing. In our best 

condition, the total flow rate was 213 mL min-1, and the product throughput was 0.44 mol h-1, 

which was 8 times higher than in the original condition. 

 

Table 1. β parameters and expected temperature rise for the halogen-lithium exchange reaction 

in this study 

Reactor diameter [mm] β [-] Expected maximum 

temperature rise [K] 

0.25 (Kim et al.) 566 7.9 

0.50 (This study) 2262 8.1 
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Figure 9. Results of the protecting-group-free organolithium reaction with different reactor sizes. 

 

CONCLUSIONS 

In this paper, we quantified the relationship between the mixing rate and the observable reaction 

kinetics, the mixing performance depending on the reactor size, and the heat removal 

performance derived from the reaction rate and the reactor diameter. We proposed strategies for 

conducting fast chemical reactions utilizing microreactors based on the above models and results. 

To conduct reaction rate analysis, the required mixing performance can be determined from the 

chart using the Damköhler number. If the mixing performance is not sufficient for the target 

reaction, the observable kinetic constant must be smaller than the true one. For scaling-up fast 

chemical reactions conducted in microreactors, the maximum reactor scale that maintains the 

reaction condition can be determined from the mixing time and the expected maximum 

temperature rise. The dimensionless number β is useful for estimating the temperature rise in the 

reactor. If β in the original condition is smaller than 0.1, the maximum reactor diameter should 

be the one that obtains a value of β = 0.1. If β in the original condition is larger than 100, it 

implies that a further increase of β with the reactor scale would affect the reaction little. The 
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scale-up strategy was demonstrated successfully with the protecting-group-free halogen-lithium 

exchange reaction. We optimized the reactor size to be 0.50 mm for maximizing the throughput 

while keeping the original reaction performance. In our previous study, we proposed and 

demonstrated the concept of numbering-up the micromixers after maximizing the throughput of 

each channel within the pressure drop limitation27. The strategy would be more practically used 

with the mixing time measurement and heat removal analysis presented in this study. This study 

proved that the throughput of several hundred mL/min in one microchannel is possible. 

Numbering-up of the microchannels, whose diameters are optimally determined, will be able to 

produce a feasible amount of chemicals for industrial scale. 

For future studies, reaction optimization for an ultra-fast reaction based on detailed kinetics and 

reaction mechanisms should be challenged. In this work, we employed THF for the solvent in the 

organolithium reaction for comparing the reactor performance with the literature. THF is a good 

solvent for activating the organolithium species52, but it would also activate the side-reaction so 

that as low temperature as -70°C is needed. Other solvents with less activation effect, such as 

tetrahydropyran and diethyl ether would allow the higher reaction temperature and make the 

process more industrially feasible. However, screening with varying all of the solvents, reactant 

concentrations, reaction temperature, and a reaction time is obviously highly cost consuming 

approach. Kinetic analysis with considering the reaction pathways and the agglomeration of 

lithiated compounds would be essential for determining the best condition in a vast reaction 

space. In-situ analysis tools with microreactors such as NMR53 and FT-IR54 may provide 

important scientific knowledge and idea on such a complicated reaction system. 
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Supporting Information.  

The following file is available free of charge.  

Mixing time measurement from the decolorization length 

Mesh discretization and temperature contour in FLUENT 

Derivation of dimensionless variables 

Calculation method of kobs 

Estimation of β for the halogen-lithium exchange reaction 

 (PDF). 
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NOMENCLATURE 

Symbols 

cp specific heat capacity of the fluid [J kg-1 K-1] 

Cj molar concentration of species j [mol m-3]  

Cj0 initial concentration of species j in the reactor [mol m-3] 

d reactor diameter [m] 

D diffusion coefficient [m2 s-1] 

tmix mixing time calculated by the decolorization length [s] 

t99 reaction completion time in which 99% of the reactant is consumed [s] 

𝑇𝑇0 temperature of the reactor inlet 

Δ𝑇𝑇ad adiabatic temperature rise [K] 

Δ𝑇𝑇max maximum temperature rise in the reactor [K] 

Δ𝐻𝐻r reaction enthalpy [J mol-1] 

H Hight of the reactor channel [mm] 

k rate constant of the first order or of the second order reaction [s-1, or m3 kmol-1 s-1] 

kobs observable rate constant affected by mixing [s-1, or m3 kmol-1 s-1] 

lmix decolorization length [mm] 

r reaction rate [kmol m-3] 

vave average velocity of the fluid [m s-1] 

Re Reynolds number [-] 

W2D Width of the fluid lamellae [μm] 

W Width of the reactor channel [mm] 

 

Greek Symbols 

α thermal diffusivity [m2 s-1] 

β ratio of reaction rate to thermal diffusion rate [-] 

η effectiveness factor of the homogeneous reaction [-] 
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κ thermal conductivity [W m-2 K-1] 

ρ density of fluid [kg m-3] 

μ viscosity of fluid [Pa s] 

𝜙𝜙 Damköhler number [-] 
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