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S1. Properties of the SHS and the liquids

All reagents were obtained from Sigma-Aldrich Canada. The chemical structures and the

physical properties of the reagents are summarized in Table S1 below. Deionized water was

obtained using Milli-Q® system.

Table S1 Chemical structures and properties of the reagents!
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S2. Experimental setup

Figure S1 shows the schematic of the microfluidic (MF) platform. The experimental setup
included a fluorinated ethylene propylene (FEP) tubing (1/8” OD, 1/16” ID, McMaster-Carr), a
programmable syringe pump (PHD Ultra, Harvard Apparatus, U.S.A.) equipped with a gas-tight
glass syringe (10 mL syringe, SGE Analytical Science), a custom-made pressurized reservoir
connected to a CO, gas cylinder (99.995% purity, Linde), Tefzel® (ETFE) connectors and fittings
(IDEX Health and Science), a data acquisition box (National Instrument DAQ USB-6008) and two
sensors (TT Electronics, OPTEK OCB 350 Series). The sensors contained a photoresistor
measuring different current values when a liquid is present or absent in the tubing. The sensors
were calibrated and connected to the data acquisition box. The data acquisition box and the
carrier syringe pump were connected to the computer. Using LabVIEW program, the syringe
pump flow direction was controlled. As a droplet of a liquid passes the photoresistor of the
sensor, the current change can be used as a cue for the LabVIEW program to change the flow

direction of the syringe pump.

Prior to the experiments, the FEP tubing was purged with CO,. A 10 mL syringe was filled
with CO,, and placed on the syringe pump. An aqueous droplet with the volume of 3.3-30 L
was generated at the second T-junction (T-2) and subsequently moved to the first T-junction (T-
1) by changing the pressure of the carrier CO, gas syringe. Once the aqueous droplet was near
T-1, the flow from the carrier CO, gas syringe was temporarily stopped. An oil droplet with the
volume of 10 — 20 pL was generated at the first T-junction (T-1). The aqueous droplet and the
oil droplet originally separated by a small segment of CO, gas, came into contact in the
observation zone. The time, at which the two-phase adjacent oil and aqueous droplets were
brought in contact, was set as the initial time (t=0). The carrier CO, gas syringe pump was
started, again, to move the droplets to the observation zone (red dotted square in Fig. S1) at a
low velocity of ~ 5 mm/s. Once the droplet was detected by the first sensor (green square in

Fig. S1), the velocity was increased to the oscillatory flow rate (6.8 — 27.0 mm/s).

In the course of experiments, the two-phase segment oscillated between the two sensors

set at a distance of 20 cm (or 30 cm, for the results of Fig. 7 in main text). The analysis of the



dimensions of the aqueous and oil droplets was performed when the segment reached its
extreme positions (Figs. 2b and 2d of main text). When the two-phase droplets reached either
one of the sensors, the analog output reached a logical trip lower than the calibration point,
which served as a trigger in the NI LabVIEW program to change the flow direction. The back-
and-forth motion of the two-phase segment continued until the LabVIEW program was

manually stopped.

In the course of the experiments, a video of the oscillatory motion of the droplets was
recorded (Nikon D7200). To improve the quality of visualization, either 0.1 wt% of Sudan Blue
dye was added to the oil phase, or 0.05 vol% of Orange food dye was added to the aqueous
phase. The video was analyzed using custom-developed MATLAB code to measure the temporal
variation in droplet volume. Using the relationships below (Section S4), this information was

processed to determine the fraction of amine extracted, Namine,aq/Namine tot, @S @ function of time.
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Fig. S1 Schematic of the oscillatory microfluidic platform.



S3. Examination of wetting of the walls of the FEP tube reactor with the aqueous and the oil

droplets

In the course of oscillation experiments, the relative positions of the aqueous and oil droplets
changed, as shown in Fig. 2 of the main text. Due to the lubricating effect of the thin oil film, as
the two-phase liquid segments moved, the aqueous droplet gradually transferred to middle of
the oil droplets (Fig. 2b), and then moved through the oil droplet to lead the two-phase liquid
segment (Fig. 2c). This is due to the unbalanced surface tension forces at the three-phase
contact line inside the fluorinated tubing material (FEP), which has a low surface energy (Fig.

S2a)®.

To examine the difference between the surface energies, we measured the static contact
angles of the aqueous and oil liquids on the FEP surface using Drop Shape Analyzer (DSA100,
Kriiss GmbH). Prior to measurements, a 1/16” thick FEP sheet (McMaster-Carr) was cleaned
with ethanol and dried with N, gas. A 50 uL droplet of either deionized water (Mill-Q®) or oil
(7:3 v/v of hexadecane and toluene, Sigma Aldrich) was placed on the FEP surface. Under the
sessile-drop mode, using the height-width method’, the contact angles of the aqueous (Fig 2b)
and the oil droplets (Fig 2c) were determined to be 85.5 + 1.2° and 20.3 * 2.5°, respectively.
Thus we conclude that since the oil droplet has a lower surface energy at the interface with the
FEP tubing, it remained in contact with the FEP tubing for the whole duration of the back-and-
forth motion of the two-phase segment. This film provided lubrication for the aqueous droplet,
which will have a more facile motion inside the FEP tubing® during the back-and-forth motion.
As the aqueous droplet moved through the oil droplet, the interfacial surface area between the
liquids increased (Fig S4) and additional mixing was created. Both factors favored the mass

transfer of the amine.
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Fig. S2 a) Optical snapshot (top) and schematics (bottom) of the oil droplet (blue color) and
aqueous droplet (orange color) wetting the interior of the FEP tube. The surface tension forces
at the three-phase contact line are unbalanced (inset). b, c) Aqueous droplet (b) and oil droplet

(c) positions on the FEP substrate in atmosphere of air.

S4. Calibration of the density of the aqueous and oil phase as functions of SHS (amine)

concentration

The densities of the aqueous and oil liquids were determined at varying SHS (amine)

concentrations in each liquid as

Poit = @ [Auu] + Poiro (S1)
paq =b [Aaq] + paq,O (52)1

where p,i and p,q are the densities of the SHS-free oil and SHS-free aqueous phase in g/mL,
respectively, [Aq] and [A,q] are the molar concentrations of the SHS in the oil and in the
aqueous phase (M), respectively, and a and b are the constants obtained from the density

calibration measurements of the SHS (in g/mol units).

The calibration was carried out using the same experimental setup as that used for the flow

oscillation experiments. To determine the coefficient g in Eg. S1, the amine and the oil were



mixed at different volume ratios. The lengths of the droplet of amine with a particular density,
Pamine, and the droplet of amine-free oil with a density, p,s = 0.886 g/mL were measured prior
to their mixing. The densities of amines used in the present work are given in Table S1. The

density of the mixture of amine in oil was calculated as

moil,mixture Myl solvent + Mmine (53)
Poilmixture = =
Voil,mixture Loil,mixture X Atubing
_ Loil,s X poil,s X Atubing + Lamine X pamine X Atubing
poil,mixture - L % A (54)
oil,mixture tubing
_ Loil,s X poil,s + Lamine X pamine
poil,mixture - L (55)
o,mixture

where Ayyping is the cross-sectional area of the tubing, poilmixtures Poil,s, aNd Pamine are the density
values of the one-phase oil mixture, the oil solvent, and the amine respectively, and Lqi droplet,
Loiis, and Lamine are the measured lengths of the droplet of the amine-oil mixture at a particular
amine concentration, of the oil, and of the amine, respectively. Each experiment was repeated

three times.

Similarly, to obtain the coefficient b in Equation S2, a series of mixing experiment was
conducted for the amine/water mixtures. Since amine in its neutral form and water are
immiscible, the mixture was oscillated under CO, atmosphere. Under these conditions the
amine transformed to its hydrophilic form. In each trial, the lengths of the amine droplet of
known density, pamine and the SHS-free aqueous droplet of known density, pyater Were measured
individually. After mixing under CO, atmosphere, measurements were conducted to determine
the length of the droplet of the agueous solution of protonated amine at varying amine

concentrations. The density of this solution was calculated as

_ maq,mixture _ My, ater + M mine
paq,mixture - % - L X A (56)
aqg,mixture ag,mixture tubing
_ Lwater X Pwater X Atubing + Lamine X Pamine X Atubing
paq,mixture - L X A (57)

aqmixture tubing



_ Lwater X pwater + Lamine X pamine
p agmixture — (SS)
ag,mixture

where p,q mixtures Pwater, aNd Pamine are the densities of the aqueous solution of protonated amine
at a particular amine concentration, of the water, and of the amine respectively, and Lq droplet,
Lwater, and Lymine are the measured lengths of the solution, of the water, and of the amine
respectively. Each trial was repeated three times, and the amine and water were mixed at

different ratios to obtain a relationship as shown in Eq. S2.

The molar concentrations of the amine in the aqueous and oil droplets at time t were

determined as

N mine,oi (t)
[ () = =0

Vor O 59
_ namine,aq(t)
[Aag)®) = RACH (510),

where Namineoil(t) and Namineaq(t) are the numbers of moles of amine in the oil and aqueous
phase, respectively, at time t, and V;(t) and V,4(t) are the measured volumes of the oil and the

aqueous droplets, respectively, at time t. The number of moles was determined as

mamine,oil(t)

”flamine,oil(t)= MW (S511)
amine
mamine,aq(t)
namine,aq(t)= MW . (512),
amine

where Mymine,oillt) and Mamineaq(t) are the masses of amine in the oil and aqueous droplets,
respectively, and MW, nine is the molecular weight of the amine (see Table S1, Section S1).

Combining Egs. (S9) and (S11), and Egs. (S10) and (S12), we obtained

mamine,oil(t)

(MWamine) Voil(t)

Ay (6 = (513)



mamine,aq(t)

[Aag)®) = (514)
q
(M Wamine) Vaq(t)
Substitution of Egs. (513) and (S14) into Egs. (S1) and (S2) yielded
o (t) —a mamine,ail(t) +p (515)
oil - 0il,0
(MWamine) Voil(t)
mamine,aq (t)
paq(t) = b + paq,O (516)
(M Wamine) Vaq (t)
The densities of the aqueous and oil phases at time t were determined as
) = total mass in oil phase ™ol solvent + Myine,0il(t) (517)
Poult) = total volume of oil phase V()
total mass in aqueous phase Myater T mamine,aq(t)
paq(t) = = (518)1

total volume of aqueous phase Vaq(t)

where My solvent 1S the total mass of hexadecane and toluene (g) and my.ter is the mass of water
in the aqueous phase (g). Both masses were assumed to be constant in the course of the

experiments.

Combining Eqgs. (S15) and (S17) yielded

pout)=a Mamine,oit(£) +p. = Mot sotvent T Mamine,0it(t) s19)
A iL,0 —
* (MWamine) Voil(t) * Voil(t)
Rearrangement for the mass of amine in the oil phase at time t led to
_ M1 sotvent ~ Poil,0 Voil(t)
mamine,oil(t) - a (520)
(1)
MW

amine



Since the values of My solventy MWamine, @ and poiio Were constant for a particular amine
used, using Eq. S20 allowed us to obtain M,mine,oil (t), the mass of amine in the oil phase at time

t, by measuring V,;(t), that is, the volume of the oil phase, at time t.

Similarly, for the aqueous phase, combining Eqs (516) and (S18) yielded

Myater + mamine,aq(t)

mamine,aq(t) n P _
aaf Vag(®

(M Wamine) Vaq(t)

(521)

Pag(®) =b

Rearrangement of Eq. 21 for the mass of amine in the aqueous phase at time t resulted in

_ Myater = Paqo Vaq(t)
mamine,aq(t) - b (522)

G D
M Wamine

Since the values of Myater, MWamine, @ @nd paq0 are constant, by using Eq. S22, we obtained

Mamine,aq (t), the mass of the protonated amine in the aqueous phase at time t, by measuring the

Vaq(t) at time t.
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Fig. S3 Density calibration plots of a) amine (DMCA) dissolved in the oil and b) protonated

DMCA in the aqueous solution.



S5. Interfacial Area between the oil and the aqueous phases

Figs. S4a and b show the interface between the oil and the aqueous droplets (dark-blue and
orange colors, respectively) in the FEP tubing. The interface had a hemi-spherical shape, shown
with the red dashed line. At the intermediate position (Fig. S4c), the total interface existed
between the hemi-spherical caps and the elongated aqueous droplet and the thin film of oil
(shown with the red dashed lines and the white dashed line, respectively). When the diameter
of the tubing is constant, the interface between the hemi-spherical caps remains invariant,
regardless of the initial ratio of V,q0/Voi0, however, as the ratio of V,q0/Vsio increases, the
interfacial area corresponding to the cylindrical film increases. Figure S4d is an estimated
variation of the total interfacial area at time t; at the intermediate position for varying
Vago/ Voio for a constant Vgio. As the ratio V,qo/Voio increases, the total interfacial area

undergoes a linear increase.
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Fig. S4 (a, b) The hemi-spherical interface between the oil (dark-blue) and aqueous (orange)
droplets (shown with a red dashed line) at two extreme droplet positions, (c) The interface
between the oil (dark-blue) and aqueous (orange) droplets at an intermediate position of the

two-phase segment. The interface is formed between the hemi-spherical caps of the oil and



aqueous phases (red dashed line) and the cylindrical oil film engulfing the aqueous droplet
(shown with a white dashed line), (d) The estimated relationship between the total interfacial
area between the aqueous and oil droplets at time t,=0 and the initial ratio of the volumes of

the aqueous and oil phases at V,; o=const.

During the extraction process, the volume of the aqueous droplet gradually increased. The
increase in the volumetric ratio of aqueous phase to oil phase resulted in an increase of the
total available interfacial area available for mass transfer. This dynamic variation resulted in a

non-linear relationship between the extraction time and the ratio V,q0/Voi o (Fig. 4c, main text).

S6. The effect of the applied CO, pressure on the pH of aqueous solution

Figure S5a shows the experimental setup used to measure the value of pH of deionized water
(Milli-Q®) at varying pressure of CO, gas in bulk system. A 25-mL Bichner flask containing
deionized water was connected to the CO, gas supply. The use of magnetic stirring ensured a
uniform distribution of dissolved CO, and formed carbonic acid throughout the flask. CO, gas
was bubbled into the deionized water for at least, 15 min. Then, a pH electrode (VWR)
connected to a pH meter (EcoMet P25, Istek) was placed through a hole made in a rubber stop
to ensure a pressurized system. Readings of the pH of the aqueous solution were obtained for

the CO, pressure in the range of 20-200 kPa.

The value of pH of the aqueous solution saturated with CO, gas remained at 4.28 + 0.01
after 15 min experiment. The result indicated that for the range of operating pressure studied,
a significant reduction in extraction time t.,, (>400% reduction when PCO, was increased from
69 to 241 kPa) resulted from the higher concentration of CO, dissolved into the water, and not

from the change in pH of the solution.
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Fig. S5 (a) Experimental setup used for the measurements of pH of an aqueous solution
saturated with CO, under different CO, pressures, (b) Variation in pH of the aqueous solution

under varying Pco,. The CO, gas was bubbled into the deionized water for at least, 15 min.

S6. Calculation of dimensionless numbers

The dimensionless Reynolds number characterizing the ratio of the inertial and viscous forces
and the dimensionless Weber number, characterizing the ratio of inertia to surface tension

forces were calculated as shown in Egs. S23 and S24, respectively.

Reynolds number (Re):

pUD
Weber number (We):
U’D
we =" (524)

o



where P, 1, 0, U and D are the density of the fluid, the viscosity of the fluid, the surface
tension of the fluid, the average velocity of fluid, and the inner diameter of the tube

respectively.

In order to identify the flow regime inside the mixing droplets, the highest Re number had
to be determined. As water has a higher density and a lower viscosity than the oil mixture, the
value of Re of the aqueous phase is higher than the value of Re of the oil phase. Therefore, the

value of Re number associated with the aqueous phase was calculated. Using U =27 mm/s,
3
D=159mm p=1000kg/m° and 4 =1mPa.s, we calculated the value of Re number at

room temperature to be Re~A42 £or smooth circular tubes, the critical value of Re, below which
the flow is laminar, is approximately 2300%1°, and thus the assumption of laminar flow used in
our work was valid. Nevertheless, the back-and-forth motion of the two-phase water-oil

segment significantly improved the mixing through recirculation.

As the oil droplet mostly consists of hexadecane (70 vol%), we calculated We number for
hexadecane, corresponding to the upper limit of the oscillation velocity, above which the oil
droplet breaks into smaller droplets. For hexadecane, using U =27 mm/s D =159 mm

p=770 kg/m3' and 0 = 28.12mN/m the value of We was 0.032,



S7. Calculation of extraction time and distribution ratio
Extraction time was calculated from the exponential fitting of the curve of Namine,ag/Naminet With
respect to time. The time required to complete extraction was defined as the time when 95% of

the extraction has taken place. The fit equation for the curve of Nimineag/Naminet VS. t is

t

T
y=A(1-¢e). The time required to complete extraction, t.,;, was defined when y = 0.95A.

t . =TIn0.05

Therefore, it can also be expressed as “ext . The value of T was obtained from the

fitting of the curve using the user-defined function on OriginPro.

Distribution ratio was calculated as the total molar concentration of DMCA in the aqueous

phase to its total molar concentration in the oil.

D= total molar concentration of DMCA in aqueous phas S5
"~ total molar concentration of DMCA in oil phase (525)

namine,aq namine,aq % 1
Vaq namine,tot Vaq
D= (526)
namine,oil namine,oil 1
Voil namine,tot Voil
namine,aq
namine,tot Voil
D= % (S27)
namine,oil aq
n

amine,tot
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