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ABSTRACT: We present a new concept for studies of the kinetics of fast gas—
liquid reactions. The strategy relies on the microfluidic generation of highly
monodisperse gas bubbles in the liquid reaction medium and subsequent analysis
of time-dependent changes in bubble dimensions. Using reactions of CO, with
secondary amines as an exemplary system, we demonstrate that the method

Reaction 1

enables rapid determination of reaction rate constant and conversion, and

comparison of various binding agents. The proposed approach addresses two

2R;NHR, — (RyR,NH,)* (O:ZI:NR1R2)‘

challenges in studies of gas—liquid reactions: a mass-transfer limitation and a
poorly defined gas—liquid interface. The proposed strategy offers new
possibilities in studies of the fundamental aspects of rapid multiphase reactions, and can be combined with throughput

optimization of reaction conditions.

B INTRODUCTION

Gas—liquid reactions such as the sequestration of CO, by
aqueous alkanolamines, the reaction of H,S with aqueous ferric
sulfate, or the hydrogenation, fluorination, and chlorination of
organic molecules are of great practical importance."* To
generate new, efficient catalysts and optimized chemical
formulations, fundamental knowledge has to be developed on
the mechanisms of gas—liquid reactions and their kinetic and
thermodynamic characteristics. Currently, rate constants of
rapid gas—liquid reactions determined by conventional
methods have large (up to +35%) variations,* for at least
two reasons. First, the reaction rate is limited by the rate of gas
transfer through the gas—liquid interface. In order to overcome
this mass-transfer limitation, gas—liquid reactions are studied in
reactors with mechanically agitated stirring; however, the
kinetic data obtained by this method are sensitive to the
relative position of the stirrer.”® Second, a poorly defined
interface between the gas and liquid phases leads to uncertainty
in determining the mass-transfer parameters. This problem is
partly solved by using wetted-wall columns, in which liquid
reaction medium is evenly distributed as a thin film at the gas—
liquid interface;”® however, the mass-transfer limitation still
persists.3

Recently, microfluidics (MFs) has opened new, exciting
opportunities in fundamental studies of chemical reactions such
as glycosylation, synthesis of carbamates, oxidation, and
reduction.””™"> In particular, multiphase MF reactors offer
advantages of large and well-defined interfacial areas, fast
mixing, and reduced mass-transfer limitations."> In comparison
with conventional batch reactions, multiphase reactions
conducted in a MF format allow precise control of reaction
conditions, high product yield and conversion, and enhanced
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selectivity.'"* Microfluidic studies of reactions occurring in
liquid—liquid reaction systems, that is, in droplets suspended in
a continuous liquid phase, enable kinetic studies of reactions on
the millisecond time scale by monitoring the change in
intensity of a fluorescent dye compartmentalized in the
droplets.'>'® Yet, MF studies of the kinetics of fast gas—liquid
reactions (which may take a fraction of a second) remain a
challenge.'” ™" For example, a study of hydrogenation of
cyclohexene in a multiphase packed-bed reactor yielded mass-
transfer coefficients that were nearly 2 orders of magnitude
larger than the values obtained in standard laboratory-scale
reactors, and the gas—liquid interface was not well-defined.”® A
study of CO, absorption by an aqueous NaOH solution in a
falling film microreactor exhibited a mass-transfer limitation, as
well as flow maldistribution.*! In addition, conventional Fourier
transform infrared (FT-IR) spectroscopy is not suitable for fast
gas—liquid reactions: the reaction time is shorter than the
acquisition time of even a single FT-IR scan,”* whereas a series
of data points are required to investigate reaction kinetics.*’
Here we propose a new strategy for studies of the kinetics of
rapid gas—liquid reactions that overcomes the two main
drawbacks described above. The method includes the MF
generation of bubbles of a reactive gas in the liquid reaction
medium and subsequent analysis of the reaction-controlled
change in the dimensions of the bubbles as they move through
the downstream microchannel. In addition to the determi-
nation of rate constants, the MF method can be used for
comparative studies of the efficiency of various gas-binding
agents and for the throughput screening of reaction conditions.
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Figure 1. Reversible CO, binding to secondary amines conducted in the MF reactor. (a) Schematic of the MF reactor. Reactions 1 and 2 (shown in
(b) and (c)) occur in regions 1 and 2, respectively. An ITO glass-based heater (shown as a light-brown plate) is introduced underneath region 2. An
aluminum plate (not shown in the schematic) is placed underneath region 1, in order to maintain the temperature in region 1 at 23 °C. The blue
arrows show the direction of flow of the fluids in the MF reactor. The height and the width of the microchannel are 125 and 150 pm, respectively;
the length of the microchannel is 605 mm. (b) Reaction of CO, with a secondary amine yields a carbarmate salt (reaction 1). The volume of CO,
plugs (orange color) decreases as CO, reacts with RiNHR,. (c) Release of CO, mediated by the increase in temperature (reaction 2) leads to the

expansion of CO, plugs.

The proposed MF method offers the following useful
characteristics: (i) small dimensions of the microchannels (on
the order of 10°m), which provide a short distance for gas
mass transfer in a liquid phase;**** (ii) generation of highly
monodisperse gas bubble (plugs) separated by liquid slugs
comprising a binding aégent, which leads to a well-defined gas—
liquid interfacial area;*®~>® (jii) good mixing in the liquid slugs
and absence of cross-contaminations between adjacent slugs;'"?
and (iv) a correlation between the distance traveled by the
reagents and the reaction time through a so-called “distance-to-
time transformation”,"> as well as rapid data acquisition.

As an exemplary reaction, we used the reversible binding of
CO, to secondary amines discovered by Jessop et al*’ The
reaction of CO, with a low-polarity liquid transforms the latter
into an ionic liquid, whereas subsequent heating of the system
or purging it with an inert gas releases CO, and recovers the
low-polarity liquid. The solvent “polarity switch” offers a
promising green chemistry application by eliminating the need
to replace solvents in multistep reactions, as well as other
important applications;**>* however, progress in applications
of this group of reactions is undermined by the lack of
fundamental understanding of the reaction kinetics.>”

We also verified the applicability of the proposed MF
method to the reaction of CO, with N-methyldiethanolamine
dissolved in water. The value of the rate constant determined
using our MF method was within the range determined by
using a stirring-cell reactor and a wetted-column reactor.

B RESULTS AND DISCUSSION

Figure 1 shows a schematic of the MF reactor used in the
present work, the experimental design, and the chemical
reactions between CO, and an exemplary binding agent.
Gaseous CO, and the solution of R{NHR, in acetonitrile are
supplied to the two inlets of the MF reactor (Figure 1a). At the
Y-junction of the reactor, the gaseous stream breaks up in a
periodic manner and generates CO, plugs that are separated
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with a liquid-filled space (slugs). The reaction between CO,
and RyNHR, (reaction 1 in Figure 1) starts at the Y-junction,
where the reagents come in contact, and continues in region 1
of the MF reactor, yielding a carbamate salt. The reverse
reaction (reaction 2) is triggered by heating region 2 of the
reactor.

Figure 1b,c shows the direct and reverse reactions between
CO, and R;NHR,, respectively, and the notations for the
lengths of gaseous plugs and liquid slugs. When CO, plugs
travel through region 1, their volume is reduced (Figure 1b)
due to the mass transfer of CO, from the gas phase into the
liquid, which is accompanied by reaction 1. (We note that the
drop in pressure along the microchannel favors plug expansion;
however, this effect is slower and weaker than that caused by
the mass transfer and reaction 1, which dominate over short
distances from the Y-junction.) Thus, the stabilized volume of
the CO, plugs corresponds to the equilibrium of the direct and
reverse reactions.

We note that, at room temperature, the equilibrium is
strongly shifted toward reaction 1.>*** In the present work, the
concentration of R{NHR, in acetonitrile did not exceed 10 wt
%, in order to avoid a significant change in the properties of the
solution (Table S1) and the formation of the precipitate in the
solution of the carbamate salt in acetonitrile, as well as the
temperature of the system due to exothermic reaction 1.
Subsequent to reaction 1, heating of region 2 favors the reverse
reaction (reaction 2), which yields R NHR, and CO,, thereby
leading to an increase in the volume of the plugs (Figure 1c).

We studied the kinetics of reaction 1 by monitoring the
reduction in the length of CO, plugs with reaction time. The
original dimensions of the plugs were sufficiently large to
preserve their plug-like shape upon completion of reaction 1,
which allowed us to assume that the gaseous plugs and the
liquid slugs move with the same Velocity36 and, in this manner,
to convert the distance that they traveled into the reaction time.
We measured the average velocity of the CO, plugs in the
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different regions of the microchannel (separated by various
distances from the Y-junction) and determined the reaction
time as the ratio of a particular distance over the locally
averaged velocity of the CO, plugs (see Supporting
Information). We defined a “unit cell” length (L) as the sum
of the lengths of the CO, plug (Lg) and the adjacent liquid slug
(L,) (Figure 1b). The volume, Vg , of the CO, plugs was
calculated as V, = A(L, — dy,) + (7d,3/6), where A and d,, are
the cross-section area and the hydraulic diameter of the CO,
plug, respectively. The volume of the liquid adjacent to the CO,
plugs in the “unit cell’ was calculated as V, = LyA" — V,,, where
A’ is the area of the cross-section of the microchannel (Figure
S1).

We used a solution of N-ethylbutylamine (NHEtBu) in
acetonitrile as a binding agent. The CO, plugs generated in the
solution of NHEtBu underwent a dramatic shrinkage as they
traveled in the downstream channel (Figure 2a). At a distance
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Figure 2. Characterization of reaction 1. (a) Optical microscopy image
of the CO, plugs (dark color), which are separated by the liquid slugs
(light color) of the 4.0 wt % solution of NHEtBu in acetonitrile. The
arrows show the direction of fluid flow in the microchannel. The
vertical red dashed lines show representative positions at which the
measurements of plug length took place, that is, d,, d,, and ds,
corresponding to the distances of 2, 12, and 22 mm, respectively, from
the Y-junction. The scale bar is S00 ym. (b) Variation in the mean
length of CO, plugs, L, (black solid squares, red solid diamonds), and
the length of liquid slugs, L, (black open squares, red open diamonds),
in acetonitrile (squares) and in the 4.0 wt % solution of NHEtBu in
acetonitrile (diamonds), plotted as a function of the distance, d, from
the Y-junction. (c) Estimated variation in pressure in the MF reactor
(Table S1). (d) Variation in the number of moles of CO, reacted with
NHEtBu, normalized by the volume, V, of the neighboring liquid
slug in a “unit cell”, plotted as a function of time t. The flow rate of the
4.0 wt % solution of NHEtBu in acetonitrile was 3.2 mL h™. The inlet
pressure of CO, was 0.68 X 10° Pa (with respect to standard pressure
of 1.01 X 10° Pa).

of ~22—72 mm from the Y-junction, the length of the plugs
was almost invariant. These two trends are shown in Figure 2b,
where the variations in the mean lengths of the gaseous plugs
and liquid slugs (L, and L, respectively) are plotted as a
function of the distance from the Y-junction. We also
conducted a control experiment, that is, the generation and
dissolution of the CO, plugs in acetonitrile. In the system

3129

under study and in the control systems, the lengths of the liquid
slugs remained constant over the course of experiments;
however, the stabilized mean length of the CO, plugs was
~37% smaller in the solution of NHEtBu in acetonitrile than in
the control experiment (Figure 2b). In both systems, the length
of the gaseous plugs began to increase when the distance from
the Y-junction exceeded ~70 mm, due to the dominant effect
of the decrease in pressure in the plugs as they moved toward
the outlet (the pressure at the outlet was 1.01 X 10° Pa).

The rate of reaction 1 was characterized by the change in the
ratio n1cq, ./ Vy or With reaction time t, where ncg , is the number
of moles of reacted CO, and V,,, is the volume of the slug of
the solution of NHEtBu in acetonitrile in a “unit cell” (Figure
1b). The reaction time was determined as t = d/U,, where d is
the distance from the Y-junction and Uj is the velocity of the
CO, plugs (see Table S1). The ratio ncg,,/V; o was calculated
as

nCOZ,r/Vs,tot = nCOZ,tot/Vs,tot - ”Coz,d/Vs,d (1)
where n¢g,ior and nco, 4 are the numbers of moles of CO,
sequestered at time ¢ by the solution of NHEtBu in acetonitrile
and by pure acetonitrile, respectively, and V 4 is the slug
volume in pure acetonitrile. We assumed that CO, behaves as
an ideal gas and that the effect of the temperature change upon
CO, dissolution is insignificant.>” The number of moles of CO,
sequestered by the solution of NHEtBu in acetonitrile was then
determined as

nco,tor = (FoVo — BV;)/RT @)
where P, and P, are the pressures of CO, at the inlet and in the
MF reactor at time t, respectively, and V, and V; are the
volumes of the CO, plugs at t & 0 (immediately after the Y-
junction) and at time t, respectively. Similarly, in the control
system the value of ncg 4 was determined as

nco,d = (RV" — B'V/)/RT (3)
where P/ is the pressure of CO, at time ¢, and V;) and V; are the
volumes of CO, plugs at t & 0 and at time f, respectively.

The initial pressure of CO, was set to Py = 0.68 X 10° Pa (all
the pressures in the present work are reported relative to
standard pressure of 1.01 X 10° Pa). In the course of the
reaction, the pressure P; changed owing to reaction 1, the
dissolution of CO, in acetonitrile, and the change in
hydrodynamic resistance along the microchannel.’® The
variation in pressure in the reactor (Figure 2c) was estimated
by calculating the friction factor and the streamwise pressure
gradient in the channel (see Table S1).* Figure 2d shows the
variation in the ratio ncq,,/V; with reaction time. Following a
sharp increase in ncq,,/Vi, within the first 15 ms of the
reaction, the system reached equilibrium, at which point 58 + 3
mol m™3 of CO, reacted with NHEtBu.

To determine the rate constant of reaction 1, we studied the
temporal variation in the ratio nco,,/V,.: at various
concentrations of NHEtBu in acetonitrile (NHEtBu was the
rate-limiting reagent). Figure 3a shows that in the NHEtBu
concentration range from 4.0 to 10 wt % (corresponding to the
molar concentration from 0.31 to 0.78 mol L™!), the amount of
reacted CO, and the rate of its consumption increased at a
higher concentration of NHEtBu, suggesting a higher rate of
reaction 1 and no mass-transfer limitation. For all the
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Figure 3. Kinetics of reaction 1. (a) Variation in the normalized
number of moles of reacted CO,, n¢q,,/ Vo plotted as a function of
reaction time t for solutions of NHEtBu in acetonitrile. The
concentrations of NHEtBu are 4.0 (black diamonds), 6.0 (red
squares), 8.0 (green triangles), and 10 wt % (blue circles). The lines
are given for eye guidance. (b) Variation in kt (see eq 4) plotted as a
function reaction time t, where k is the rate constant for reaction 1 at
23 °C. The slope of the trend line yields the value of k. The symbols
correspond to the concentrations given in (a). The inlet pressure of
CO, was 0.59 X 10° Pa. The flow rate of the liquid phase was 3.2 mL
hl

concentrations of NHEtBu, the ratio ncg,,/V, remained
invariable after the first ~16 ms, indicating that reaction 1
reached an equilibrium.

Since the rate of the reaction CO, + 2R;R,NH — R;R,NH,
+ R RNCOO is determined by the rate of the first step, that is,
the second-order reaction CO, + R,R,NH —
R;R,NCOOH,>** we applied eq 4 to the kinetics of reaction
1 as in ref 40:

1 ([Bly — 2X)[A]y
[Bly —2[Aly  ([Aly — X)[B]o

kt

4)

where [A], and [B], are the initial concentrations of CO, and
NHEtBu, respectively, in the liquid phase, X = ncq ,/V o is the
concentration of CO, reacted at time ¢, and k is the reaction
rate constant. For reaction 1, X = X, where X, is the
concentration of the carbamate salt in the liquid phase. We
assumed that at a particular moment of time [A]y = nco,or/
Vi sor- In the range of [B], from 4.0 to 10 wt %, the plot of the
variation of the right-hand side term in eq 4 vs t yielded a
straight line with the slope equal to k = 75 + § m® kmol ' 5™
(M s7") (Figure 3b).

By applying a similar approach to studies of the kinetics of
the reaction of CO, with N-dipropylamine (NHPrPr), we
found k = 82 + 5 m> kmol™' s (M™! s7!). The close values of
rate constants for the reactions of CO, with NHEtBu and
NHPrPr suggested that these two reagents have a similar
activity of binding to CO,.

We also tested the MF method for the reaction of CO, with
N-methyldiethanolamine (MDEA) in an aqueous solution. The
overall reaction is CO, + MeN(EtOH), + H,0 —
Me(EtOH),NH* + HCO; . In the first step, MDEA
instantaneously reacts with H,O and forms OH ions. It is
accepted that reaction rate r of CO, with MEDA in water is
determined by the reaction rate of CO, with OH ions
(rco,jorr) and the reaction rate of CO, with MDEA

(rco,mpea) (eq Sa), and that the overall reaction order is 2

(the reaction of CO, with water is usually neglected).“’42 The
overall rate constant, k, is thus determined by the rate constant
of the reaction of CO, with MDEA (kco,/mpea) and the rate
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constant of the reaction of CO, with OH™ ions (kco_/orr), as in

eq Sb.4
= 1co,/MDEA T 7CO,/OH" (5a)
k = 7'/[C02]
= kco,/mpea[MDEA] + kco, /on~[OH ] (sb)

where [MDEA] and [OH ] are the concentrations of MDEA
and OH ions, respectively, and kco, /o and kco,/mpea are the
rate constant of the reactions of CO, with OH™ ions and with
MDEA, respectively. Based on the earlier works of Ko et al.**
and Pinsent et al,,** we determined the value of kco,jou for T =
296 K (23 °C) by using the relation log,o(kco,jon ) = 13.635 —
2895/T.

In the MF experiments, the dissolution of CO, in water at
pH = 7.0 was used as a control experiment. The pressure and
the velocity the CO, plugs were determined as described above.
We determined the overall reaction rate constants to be k = 5.8
+ 0.1 and 8.6 + 0.1 m® kmol™* s (M™ s7') for 2 and 4 wt %
MDEA aqueous solutions, respectively. For these two solutions,
we measured pH to find [OH ], and subsequently, by using eq
Sb, determined kco /mpea to be 6.4 = 0.8 m? kmol ™' s7' (M

0.008 - %
0.006 P
0.004 - A
A
00021 ¢~
0 S —
00 02 04 06 08 10

tis

Figure 4. Determination of the rate constant of the reaction of CO,
with MDEA in an aqueous solution. The variation in (1/([B], —
[A]p)) In(([B], — X)[A]o)/([A]y — X)[B],) (equal to kt) is plotted as
a function of the reaction time. The slope of the trend line yields the
value of the rate constant k. The concentrations of the aqueous
solution of MDEA were 2.0 (blue open squares) and 4.0 wt % (black
open diamonds). The flow rate of the liquid phase was 0.8 mL h™*,
Pco, = 0.97 X 10° Pa, and the temperature was 23 °C.

s™') (Figure 4). This value is in the range of 5—10 m® kmol ™
s (M s7!) determined for the reaction of CO, with MDEA
in an aqueous solution, by using fast mixing and wetted-wall
column methods.*"*

In the second series of experiments, subsequent to reaction 1,
we triggered the reverse reaction (reaction 2) by increasing the
temperature in region 2 from 23 to 60 °C. Upon heating, the
CO, plugs expanded (Figure Sa). Figure Sb shows the variation
in the mean length of the gaseous plugs in the system
undergoing reaction 2 and in the control system, both plotted
as a function of plug position d in the microchannel. The point
of origin corresponds to d = 72 mm, at which the lengths of the
CO, plugs were stabilized. In both systems, the length of the
CO, plugs noticeably increased when they entered region 2
(shown in the graph as the shaded gray area); however, the
relative increase in the plug length in the solution of NHEtBu
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Figure S. Characterization of reaction 2. (a) Optical microscopy
images of CO, plugs in 4.0 wt % solution of NHEtBu in acetonitrile at
positions d,—d, from the Y-junction: d; = 2, d, = 42, d; =202, and d, =
602 mm. (b) Variation in the mean length of the CO, plugs, L, in the
“anit cell” plotted as a function of distance d for reaction 2 (red
squares) and for the dissolution of CO, in acetonitrile (black squares).
From (a) to (b), the flow rate of 4.0 wt % NHEtBu solution was 3.2
mL h'; the inlet pressure of CO, was 0.57 X 10° Pa. The arrows
indicate the direction of flow in the microchannel. The scale bar is 500

pm.

in acetonitrile was significantly larger than in the control
system. A stronger expansion of the CO, plugs in the presence
of NHEtBu occurred due to the dissociation of the carbamate
salt (reaction 2), in addition to the release of CO, from
acetonitrile and expansion of CO, plugs at 60 °C. We assumed
a similar extent of possible minor vaporization of acetonitrile
from the control system and from the acetonitrile solution of
NHEtBu, and ignored the change in vapor pressure of NHEtBu
in the acetonitrile solution.

Using eqs 1—3, we determined the equilibrium concentration
of the carbamate salt in acetonitrile after reaction 1 to be X, =
65 =+ 3 mol m™>. The total number of moles, oy Of COy
remaining in the liquid phase after reaction 2 was determined as
etor = Mintor — Mouttory Where fy o and #1,, . are the numbers of
moles of CO, in the gaseous plug at the Y-junction and at the
outlet of the MF reactor, respectively. Similarly, in the control
system, the number of moles of CO, dissolved in acetonitrile
was determined as n,q = fy,q — Moy,q Where ny, 4 and ng, 4 are
the numbers of moles of CO, in the gas phase at the inlet and
the outlet of the reactor, respectively. The number of moles of
CO, remaining in the continuous liquid phase after reaction 2
was determined as n,, = #1;; — 1. The values of 1, o foutow
iy ¢ and 1., 4 were calculated using eq 2. The concentration of
the carbamate salt, X o/ Viwop in the solution after
completion of reaction 2 was determined to be 15 + 2 mol m™>.
Using the equilibrium concentration of the carbamate salt X, =
65 + 3 mol m™* (after completion of reaction 1), we calculated
the equilibrium conversion in reaction 2 as (X, — X,')/X, and
determined it to be 77 + 3%.

B CONCLUSIONS

A MF method offers the ability to conduct time- and labor-
efficient studies of rapid gas—liquid reactions. For such
reactions, it offers rapid acquisition of the kinetic data. In
addition, the method provides the capability of high-throughput
screening of reaction conditions and the selection of new
efficient reagents. In our work, the MF method was utilized for
systems with relatively low concentrations of the reagents and
products and, hence, for the low-viscosity media. Further
development is needed to utilize the method for the processes
used for CO, sequestration in the oil industry.
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The MF method can be extended to reactions of CO, H,, or
N,O in organic solvents.*>™** These reactions have important
applications in CO, reduction, hydrogen storage, and activation
of small molecules. Furthermore, by measuring rate constants
as a function of reaction temperature, the reported method
provides the ability to determine thermodynamic characteristics
of gas—liquid reactions. The MF method can be further used
for high-throughput optimization of reaction conditions. A
thorough understanding of the underlying mechanisms of the
gas—liquid reactions will provide the basis for the discovery of
new, efficient reagents and catalysts.

B ASSOCIATED CONTENT
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Methods, determination of the area of a cross-section of the
microchannel and of CO, plugs, image of microfluidic chip,
measurements of the velocity of CO, plugs in the micro-
channel, calculation of reaction time, change in the viscosity
and surface tension of amine solution before and after reaction,
reduction in pressure along the microreactor, and video clips of
CO, dissolution and reaction. This material is available free of
charge via the Internet at http://pubs.acs.org.
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