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Table S1 Structural elements of the flow channel on the reaction side of the plate reactor/heat 

exchanger 

Structure I  Structure II Structure III 

d = 1 mm 

s = 5 mm 

 d1 = 2 mm / d2 = 1 mm 

s1 = 5.4 mm 

s2 = 19 mm 

d1 = 3 mm / d2 = 1 mm 

s1 = 8.2 mm 

s2 = 24 mm 

 

 

Table S2 Specifications for the different channel sections on the applied plate reactor/heat 

exchanger shown in Fig. 4 

  Mixer Preheating 

sections 

Residence 

time section 1 

Residence 

time section 2 

Structural element 

Cross-sectional area 

Channel volume 

Surface/volume ratio 

 

[mm2] 

[mL] 

[m−1] 

Arrowhead 

0.5 × 0.5 

< 0.01 

8000 

I 

1 × 1 

0.2/ 0.2/ 0.1 

4000 

I 

1 × 1 

1.88 

4000 

II 

2 × 2 

1.75 

2000 

 

  Residence 

time section 3 

Heat carrier 

channel 

Structural element 

Cross-sectional area 

Channel volume 

Surface/volume ratio 

 

[mm2] 

[mL] 

[m−1] 

III 

3 × 3 

9.43  

1333 

- 

3 × 10 

95 

867 

 

 

 

 



 

Fig. S1 Location of the thermometer (Pt100) for temperature measurements of the in- and 

outflowing fluids in the plate heat exchanger/reactor 

  

Fig. S2 Ternary phase diagram with the experimentally determined mole fractions for the two 

liquid phases formed during the [BMIM]Br synthesis. Open symbols represent the overall 

product composition (determined from analyses of the quenched product); filled symbols 

represent the composition of the single phases (determined from analyses after phase 

separation). The theoretical reaction progress for a reaction with equimolar reactant ratio is 

depicted by the dashed line. The dotted bimodal curve is a rough estimation of the separation 

between the single-phase region (above the curve) and the two-phase region (below the 

curve). 

  

Pt100 



Calculation of phase-specific concentrations and phase volumes 

Alkylation of 1-methylimidazole (MeIm) by 1-bromobutane (BrBu) follows a second-order rate 

equation.1 Thus, the reaction rate 𝑟𝑟𝑝 based on the volume of the reaction phase (rp) can be 

expressed as follows: 

𝑟𝑟𝑝 = 𝑘 𝑐𝑀𝑒𝐼𝑚,𝑟𝑝𝑐𝐵𝑟𝐵𝑢,𝑟𝑝 (S1) 

The temperature dependency of the reaction rate constant k is given by the Arrhenius equation 

(Equation S2).2  

𝑘 = 𝐴0𝑒(
−𝐸𝐴
𝑅𝑇

) (S2) 

The reaction rate based on the total volume can be obtained by applying the ratio of the reaction 

phase and total flow rates as a correction factor (Equation S3) 

𝑟 = 𝑟𝑟𝑝 ∙
�̇�𝑟𝑝

�̇�𝑔𝑒𝑠

 
(S3) 

Conversion and temperature profiles can be determined with differential equations (Equations 

S4–S6) that describe an ideal plug flow reactor. 

𝑑𝑋𝑀𝑒𝐼𝑚

𝑑𝑧
=

𝑟

𝑐𝑀𝑒𝐼𝑚,0 𝑢
  

(S4) 

𝑑�̇�𝑀𝑒𝐼𝑚,𝑟𝑝

𝑑𝑧
=

�̇�𝑟𝑝

𝑢
(−𝑟𝑟𝑝 + 𝑘𝑙𝑎 (𝑐𝑀𝑒𝐼𝑚,𝑟𝑝

∗ − 𝑐𝑀𝑒𝐼𝑚,𝑟𝑝)) 
(S5) 

𝑑𝑇

𝑑𝑧
=

1

𝜌𝑐𝑝𝑢
(𝑟(−∆𝐻𝑅) +

4𝑘𝑤

𝑑ℎ

(𝑇𝑤 − 𝑇))   
(S6) 

Equation S5 enables calculation of the phase ratio based on the mass balance. All mass and 

flow rates of the two phases can be derived from �̇�𝑀𝑒𝐼𝑚,𝑟𝑝 using the following equations: 

�̇�𝑀𝑒𝐼𝑚,𝑝𝑝 = �̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 − �̇�𝑀𝑒𝐼𝑚,𝑟𝑝 (S7) 

�̇�𝑟𝑝 = �̇�𝑀𝑒𝐼𝑚,𝑟𝑝 + �̇�𝐵𝑟𝐵𝑢 =
𝑀𝑀𝑒𝐼𝑚

𝜌𝑀𝑒𝐼𝑚

�̇�𝑀𝑒𝐼𝑚,𝑟𝑝 + �̇�𝐵𝑟𝐵𝑢 
(S8) 



�̇�𝑝𝑝 = �̇�𝑀𝑒𝐼𝑚,𝑝𝑝 + �̇�[𝐵𝑀𝐼𝑀]𝐵𝑟 =
𝑀𝑀𝑒𝐼𝑚

𝜌𝑀𝑒𝐼𝑚

(�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 − �̇�𝑀𝑒𝐼𝑚,𝑟𝑝) + �̇�[𝐵𝑀𝐼𝑀]𝐵𝑟 
(S9) 

The flow rates in Equations S8–S9 result from the relationship �̇�𝑖 = (𝑀𝑖 𝜌⁄
𝑖
)�̇�𝑖, and the flow 

rates �̇�𝑖 can be determined from the MeIm conversion via the mass balance.3 

�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 = �̇�𝑀𝑒𝐼𝑚,0(1 − 𝑋𝑀𝑒𝐼𝑚) (S10) 

�̇�𝐵𝑟𝐵𝑢 = �̇�𝐵𝑟𝐵𝑢,0 − �̇�𝑀𝑒𝐼𝑚,0 𝑋𝑀𝑒𝐼𝑚 (S11) 

�̇�𝐵𝑟[𝐵𝑀𝐼𝑀] = �̇�𝑀𝑒𝐼𝑚,0 𝑋𝑀𝑒𝐼𝑚 (S12) 

The distribution coefficient 𝐾p is used to determine the equilibrium concentration 𝑐𝑀𝑒𝐼𝑚,𝑟𝑝
∗  in 

Equation S5 as follows: 

𝐾𝑝 =
𝑐𝑀𝑒𝐼𝑚,𝑝𝑝

𝑐𝑀𝑒𝐼𝑚,𝑟𝑝
=

�̇�𝑀𝑒𝐼𝑚,𝑝𝑝

�̇�𝑀𝑒𝐼𝑚,𝑟𝑝

�̇�𝑟𝑝

�̇�𝑝𝑝

 
(S13) 

Equations S7–S12 are combined to give Equation S14, which can be used to calculate the 

distribution coefficient. 

𝐾𝑝 =

(�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 − �̇�𝑀𝑒𝐼𝑚,𝑟𝑝) (
𝑀𝑀𝑒𝐼𝑚

𝜌
𝑀𝑒𝐼𝑚

�̇�𝑀𝑒𝐼𝑚,𝑟𝑝 + �̇�𝐵𝑟𝐵𝑢)

�̇�𝑀𝑒𝐼𝑚,𝑟𝑝 (
𝑀𝑀𝑒𝐼𝑚

𝜌
𝑀𝑒𝐼𝑚

(�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 − �̇�𝑀𝑒𝐼𝑚,𝑟𝑝) + �̇�[𝐵𝑀𝐼𝑀]𝐵𝑟)
 

(S14) 

 

Equation S14 is a quadratic equation that can be solved for �̇�𝑀𝑒𝐼𝑚,𝑟𝑝. 

�̇�𝑀𝑒𝐼𝑚,𝑟𝑝 =
−𝑏 + √𝑏2 − 4𝑎𝑐

2𝑎
 

𝑎 =
𝑀𝑀𝑒𝐼𝑚

𝜌𝑀𝑒𝐼𝑚

(1 − 𝐾𝑝) 

𝑏 =
𝑀𝑀𝑒𝐼𝑚

𝜌𝑀𝑒𝐼𝑚

�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠(𝐾𝑝 − 1) + 𝐾𝑝�̇�[𝐵𝑀𝐼𝑀]𝐵𝑟 + �̇�𝐵𝑟𝐵𝑢 

𝑐 = −�̇�𝐵𝑟𝐵𝑢�̇�𝑀𝑒𝐼𝑚,𝑔𝑒𝑠 (S15) 

 



 

Fig. S3 Arrhenius plot for determining the reaction kinetic parameters (EA and A0, 

Equation S2) in the kinetic model for solvent-free [BMIM]Br synthesis 

 

Fig. S4 Simulated axial temperature profiles with the maximum dimensionless temperature 

increase ( ∆𝑇max
′ = 1.2)  for different hydraulic channel diameters. a) Dimensionless 

temperature difference (Equation 1) versus dimensionless time 𝑡′ = 𝑡/𝑡r . b) Reactor 

temperature versus hydrodynamic residence time 

  



Computational Fluid Dynamics (CFD) simulations for channel design optimization 

The design of the structural elements in the reaction channels of the millistructured plate reactor 

is based on an optimization by CFD simulations. In Fig. S5, this is illustrated exemplarily for 

the structural element III (Table S1) in the 3-mm channel of the reactor. By simulating single 

phase flow in a simple 3 mm zigzag structure at a flow rate of 10 mL min-1, dead zones in the 

90° flow redirection regions can be visualized (Fig. S5a). If the channel width in these regions 

is narrowed, this effect can be significantly reduced (Fig. S5b). A simulation of radial mixing 

in both structural elements is compared in Fig. S6 and Fig. S7. For these simulations, a 

segregated concentration profile was defined for the cross-section at the inlet (c = 1 mol L-1 at 

a central surface area of 1.5   1.5 mm2). The remaining segregation at the outlet cross-sections 

was compared for evaluation of the radial mixing efficiency. It is to be noted that the focus of 

the simulations was on the relative comparison of the performance of the different structural 

elements. Because a grid-invariant solution could not be ensured, the results are partially 

affected by numerical diffusion. 

 

        

Fig. S5 Streamlines and visualization of the flow velocity in the reaction channel with a cross-

sectional area of 3  3 mm2 (cut plane at channel height h = 1.5 mm); a) Zigzag structure; b) 

Optimized channel geometry (structure III, see Table S1) 

  

a b 

u [m s-1] 

u [m s-1] 



 

Fig. S6 Concentration profiles in the reactor channel with a cross-sectional area of 3  3 mm2 

(cut plane at channel height h = 1.5 mm, inlet concentration c = 1 mol L-1 in a central cross-

sectional area of 1.5  1.5 mm2); a) Zigzag structure; b) Optimized channel geometry 

(structure III, see Table S1) 

 

  

Fig. S7 Concentration profiles in the reactor channel with a cross-sectional area of 3  3 mm2 

(cut planes at channel height h = 1.5 mm and various channel lengths, inlet concentration 

c = 1 mol L-1 in a central cross-sectional area of 1.5  1.5 mm2); a) Zigzag structure;  

b) Optimized channel geometry (structure III, see Table S1) 

  

a b c [mol m-3] 

c [mol m-3] 

c [mol m-3] c [mol m-3] 
a b 



Experimental characterization of the mixing performance 

The mixing performance in the microreactor setup and in the milled mixers of the 

millistructured plate reactor was characterized by an experimental approach with competitive 

test reactions. The chosen test reaction, a diazo coupling, is one of several mixing sensitive test 

reactions that were described by Baldyga, Bourne, and co-workers4–6. In a first quasi-

instantaneous reaction of 1-naphthol (A) and diazotized sulphanilic acid (B), isomeric monoazo 

dyes 2-[(4′-sulphophenyl)azo]-1-naphthol (o-R) and 4-[(4′-sulphophenyl)azo]-1-naphthol (p-

R) are formed (S16 and S17). Subsequently, their secondary couplings produce one bisazo dye 

(2,4-bis[(4′-sulphophenyl)azo]-1-naphthol, S), in a fast, but comparatively slower reaction (S18 

and S19). The shorter the mixing time in the reactor after contacting both reactant solutions, the 

lower is the yield of the bisazo dye (YS). For the detailed reaction scheme and kinetic aspects, 

see Bourne et al.5 and Baldyga et al.6 Experimental details of the characterization approach can 

be found in a previous publication by some of the authors7. 

A + B
    
→ o-R         (S16) 

A + B
 

→ p-R         (S17) 

o-R + B
  

→ S          (S18) 

p-R + B
 

→ S          (S19) 

 

Fig. S8 shows a comparison of the arrowhead mixer in the microreactor setup (0.5 mm inner 

diameter, circular cross-section, 10 µm frit in the mixing channel) with the milled arrowhead-

mixer in the plate reactor (0.5 mm  0.5 mm, quadratic cross-section, followed by a 1 mm 

zigzag channel, see Fig. 4). Similar values for YS were obtained for both the commercially 

available mixer (IDEX Health & Science, Oak Harbor, WA, USA) and the milled arrowhead 

mixer. At the aimed flow rate of 10 mL min-1, a low bisazo yield (YS < 5%) indicated excellent 

mixing performance (mixing times tR ≪ 1 s, see Baldyga et al.6 for the characteristic mixing 

times of the test reactions). The comparison with a 1 mm mixer in a similar prototype plate 

reactor demonstrated a significant increase of mixing performance due to the decreased channel 

diameter. 



 

Fig. S8 Experimental results of the bisazo dye yield YS as a function of the total flow rate for 

the different investigated micromixers; a decrease of YS indicates an increase in the mixing 

performance.    



NOTATION 

𝐴0 frequency factor of the reaction, nth-order (Ln−1 mol1−n s−1) 

𝑐𝑗  concentration of component j (mol m−3) 

𝑐𝑗,0  theoretical initial concentration of component j in the reaction mixture (mol m−3) 

𝑐p  heat capacity of the fluid (J kg−1 K-−) 

𝑑h hydraulic channel diameter (m) 

𝐸A activation energy of the reaction (J mol−1) 

∆𝐻R enthalpy of reaction (J mol−1) 

𝑘 rate constant of the reaction, nth-order (Ln−1 mol1−n s−1) 

𝑘la volumetric mass-transfer coefficient (s−1) 

𝐾p distribution coefficient (dimensionless) 

𝑘w overall heat transfer coefficient (W m−2 K−1) 

𝑀𝑗 molar mass of component j (g mol−1) 

�̇�𝑗 molar flow rate of component j (mol s−1) 

�̇�𝑗,0 theoretical initial molar flow rate of component j (mol s−1) 

𝑟  reaction rate (mol m−3 s−1) 

𝑅 universal gas constant (8.314 J mol−1 K−1) 

𝑡 time (s) 

𝑡′ dimensionless time 𝑡′ = 𝑡/𝑡r 

𝑡r characteristic time scale of the reaction (s)  

𝑇 temperature (K) 

𝑇w wall temperature (K) 

Δ𝑇′ dimensionless temperature difference 



𝑢 axial flow velocity (m s−1) 

�̇� volumetric flow rate (m3 s−1) 

𝑋MeIm conversion of 1-methylimidazole (dimensionless) 

𝑌𝑆 yield of the bisazo dye 2,4-bis[(4-sulphophenyl)azo]-1-naphthol 

𝑧 axial distance from the reactor inlet (m) 

 

Greek Symbols 

𝜌 density of the fluid (kg m−3) 
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