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Abstract:� This� article� discusses� the� screening� of� chemical�
reactions� using� a� microreactor� equipped� with� infrared�
spectroscopy� as� online� analytics.� An� esterification� reaction�
has� been� optimized� in� continuous� mode� with� the� proposed�
setup.�The�esterification�did�not�work�well�due� to� the�material�
of� the� microreactor� (stainless-steel� 316Ti)� that� catalyzed� the�
decomposition�of�formic�acid.�However,�despite�the�occurrence�
of�decomposition,�an�optimization�could�be�achieved�with� this�
system.
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1. Introduction

Our world has limited resources and a population that con-
tinually increases. Sustainable development is the main key to 
success for the future in the 21st century. Chemistry must play a 
central role in this process. In this context, only optimized chem-
ical processes which have reached a maximum efficiency will 
lead to more sustainable products and production. Developing 
new chemicals implies, in an early step, an analysis of different 
parameters to be used during the optimization phase. A funda-
mental challenge in organic chemistry is to understand the reac-
tion mechanism. In order to obtain this information, the chemical 
kinetics, including the reaction order and the rate constants, must 
be determined through experimentation.

The determination of the reaction mechanism requires inten-
sive testing in the laboratory. Today, the chemist often uses an 
automated parallel system to collect data. The fed-batch mode 
is most often chosen to carry out the reaction. Its advantage is 
the flexibility during the introduction of the reactants and the 
possibility to work with solids, liquids or gases. The transfer 
from a fed-batch process to continuous mode is often difficult. 
Nevertheless the continuous mode has numerous advantages 
over fed-batch such as the possibility to work under steady-state 
conditions. This results in the possibility to adapt and control 
parameters, which facilitates the extraction of useful information. 
Using a tubular continuous microreactor with a small volume, a 
high heat transfer capacity and advanced automation possibili-
ties presents significant benefits. Efficient screening of chemi-
cal reactions using fed-batch or continuous processes attempts 
to minimize: 
– manpower,
– contact of laboratory personnel with chemicals,
– screening time, and
– quantity of chemicals used.

The use of a fully-automated microreactor[1] equipped with 
online analytics and software specifically designed for screen-
ing of chemical reactions should provide answers to these ques-

tions. This paper is based on the Bachelor thesis of Mathieu 
Roch.[2]

2. Reaction

Scheme 1 shows the esterification reaction between formic 
acid and methanol, producing methyl formate and water, as tested 
by Droz.[3] In a typical case (fed-batch process), the water is dis-
tilled off during the reaction to move the equilibrium to the right. 
In the present case, due to the use of a microreactor made of stain-
less steel, the potential metal-catalyzed decomposition of formic 
acid must be considered. Scheme 2 presents this decomposition 
to produce water and carbon monoxide.

3. Experiment Setup

The setup presented in Fig. 1 can be divided into three main 
parts: the pumps, the microreactor, and the infrared spectropho-
tometer.

Two different pumping systems have been used with this in-
stallation. The first system was formed by two MZR 7208X1 S 
pumps from LEWA able to work in a range from 0.048 to 288 ml/
min. The second system is made with two Encore™ HPLC pumps 
from Zymark functioning between 0.1 and 5 ml/min. The exact 
added mass was measured with two lab balances (Mettler-Toledo 
GmbH PR5002) placed upstream.

The microreactor used in the present study is an Ehrfeld 
system (Ehrfeld Mikrotechnik BTS, Wendelsheim, Germany) 
formed of an A3 clamping device, a slit plate mixer LH 25 (655 
μl) with a temperature sensor, a Meander reactor (11.3 ml) ther-
mostated with a Julabo oil bath (20 °C to 100 °C), a coaxial 
heat exchanger (620 μl) also connected to a second Julabo MV 
oil bath, and connection modules from Ehrfeld and from the 
Swagelok company.

The infrared spectra are realized with a PerkinElmer Spec-
trum 100 FTIR spectrophotometer including an ATR probe (Pike 

Scheme�1.�Esterification�reaction�between�formic�acid�and�methanol.

Scheme�2.�Probable�decomposition�reaction�of�formic�acid�in�presence�
of�metals.
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GladiATR) and a flow cell. A Mettler-Toledo React-IR can also 
be connected to this setup through a homemade flow cell.

4. Screening Methodology

In order to analyze the kinetics of the reaction, the concentra-
tion of the species at different times must be measured. With the 
reaction being carried out in a continuous tubular microreactor 
(assumption of a plug flow reactor – Reynolds number below 
1’500), the flow rate of each pump can be modified to obtain 
different residence times. The concentration profile in the out-
flow as a function of the residence time can then be compared 
to the concentration profile of the same reaction implemented 
in a batch reactor. One possibility in order to use such a tubu-
lar microreactor to screen conditions is to test systematically a 
large set of feasible flow rates in the range allowed by the setup. 
Another option is to use a design of experiments strategy. The 
second method has been used in the present study, based on a 
Central Composite Face-centered (CCF) experimental design.[4] 
The CCF design, for three parameters, can be represented by a 
cube. The parameters are chosen on the extremes of the cube edge 
(corresponding to the maxima and minima of each parameter), at 
the center of each side, and at the middle of the cube. This method 
can be used not only for the determination of kinetic parameters 
but also to achieve a reaction optimization (yield and selectivity). 
The design of experiments strategy can also be used to analyze 
the correlation between the parameters. 

Infrared spectroscopy was used to retrieve the concentration 
of the species for the esterification reaction. The Beer-Lambert 
law described for example by Stuart,[5] applied to the spectral 
information (matrix D), approximates the spectrum to a linear 
combination of the pure infrared spectra (matrix S) multiplied by 
the molar concentration (matrix C). 

D = C · ST 

Using multiple linear regression (MLR),[6] the estimated con-
centration C can be retrieved by setting the error (E) to 0. This 
estimation corresponds to a multiplication of the data matrix (D) 
by the pseudo-inverse matrix of the pure infrared spectra (S).

C = D · (ST)+  

Advanced chemometric methods[7] give more robustness in 
the concentration estimation. The Multivariate Curves Resolu-
tion (MCR)[8] is implemented in our screening technique.

In order to study the kinetic behavior of the reaction, a kinetic 
model was implemented. With the assumptions that the tubular 

microreactor can be represented by a perfect plug flow reactor 
and that the mixture is in a single phase with a constant heat 
capacity (c

P
) and density (r) and in isothermal conditions, the 

model is given by the partial mass balances for each species. 
As an example, for the esterification reaction of formic acid and 
methanol to methyl formiate and water,[9] the model is based on 
the following system of five differential equations.

where k
+1

 is the kinetic constant of the forward reaction of esteri-
fication in L/(mol·s–1), k

–1
 is the kinetic constant of the backward 

reaction of esterification in L/(mol·s–1), k
2
 is the kinetic constant 

for the decomposition of the formic acid in 1/s–1, [HCOOH] is 
the molar concentration of the formic acid, [MeOH] is the molar 
concentration of the methanol, [HCOOMe] is the molar concen-
tration of the methyl formiate, [H

2
O] is the molar concentration 

of water, [CO] is the molar concentration of carbon monoxide, 
u is the linear velocity of the fluid in m/s, and z the position in 
the tube in m.

Due to the decomposition reaction of formic acid, the as-
sumptions about the monophasic system and a constant density 
are not respected. However, more complex models are not dis-
cussed here. The minimization of the error function between the 
model and the data is based on the Nelder-Mead method using 
the principle of the Simplex. The method works iteratively as 
described by Mathews and Fink.[10]

5. Results and Discussion

The concentrations calculated with the online infrared spec-
trophotometer are based on a limited region of the spectra (be-
tween wavenumbers of 450 cm–1 and 1’500 cm–1). These values 
have been validated with Nuclear Magnetic Resonance (NMR) 
analysis. The measurement error is approximately 5% between 
the two methods. The points measured at approximately 44 °C 
are used to determine the kinetics constants. The values are: k

+1
 

= 2·10–4 mol·l–1·s–1, k
–1

 = 5·10–4 mol·l–1·s–1, and k
2
 = 3·10–3 s–1. 

Fig. 2 shows the comparison between the measured data and 
the simulation based on the calculated kinetics constants. The 
observed difference between the measured data and the simu-
lated data can be explained with the unexpected decomposi-
tion of formic acid. The proposed model does not include the 
two phase (gas/liquid) system. Fig. 3 presents a comparison 
between the batch reaction and the continuous reaction. The 
batch reaction is carried out in a glass vessel which prevents 
decomposition.

6. Conclusion

This work highlights the role played by the metal-catalyzed 
decomposition of formic acid in the esterification reaction be-
tween formic acid and methanol. The continuous implementation 
of this reaction in an automated tubular microreactor provides 
estimates of the kinetic parameters. The precision of these esti-
mates could be increased by measuring the concentrations at a 
wider range of flow rates. The proposed methodology provides a 

Fig.�1.�Scheme�of�the�microreactor�used�including�the�two�pumps,�
the�mixer,�the�Meander�reactor,�the�heat�exchanger,�and�the�infrared�
spectrophotometer.
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Fig.�2.�Comparison�between�the�measured�data�and�the�simulation�for�
the�esterification�reaction�in�the�tubular�microreactor.

Time�[min]

C
on

ce
nt

ra
tio

ns
�[M

]

Fig.�3.�Comparison�between�the�esterification�reactions�carried�out�in�a�
glass�vessel�(batch�mode)�and�in�the�metal�Ehrfeld�reactor�(continuous�
mode).
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reaction screening platform that requires minimal personnel and 
material resources.
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