ABSTRACT
HAN, SUYONG. Accelerating Gas-Liquid Reactions in Flow (Under the direction of Dr. Milad
Abolhasani).
Gas-liquid reactions are one of the critical components in the broad range of chemical
synthesis for commodity and specialty chemicals. Conventionally, gas-liquid reactions have been
studied using batch reactors (flask-based), due to the relative ease and simplicity of implementing
such processes. However, batch strategies pose major challenges for rapid studies and parameter
space mapping of gas-liquid processes due to poor mass and heat transfer rates, high chemical
consumption, and lack of in-situ characterization. In particular, gas-liquid processes in batch
reactors suffer from poorly defined interfacial areas and mass transfer limitations. Furthermore,
the use of toxic and hazardous gases in a wide range of pressures and temperatures poses additional
safety concerns for exploration of gas-liquid reactions in batch reactors with relatively large active
gas volume.
To overcome these limitations, microscale fluidic strategies have been promoted as an
efficient alternative approach to conventional flask-based strategies for development of gas-liquid
processes. Compared to batch strategies, microfluidic reactors offer unique characteristics (e.g.,
enhanced mass and heat transfer, precise tuning of process parameters, well-defined interfacial
area, enhanced safety) to accelerate fundamental and applied studies of gas-liquid processes. A
tubular membrane-based flow reactor in a tube-in-tube configuration can significantly increase the
available interfacial area for mass transfer-limited, multi-phase processes (gas-liquid and gasliquid-liquid), compared to batch and segmented flow reactors. Teflon AF 2400 membrane with
its chemical compatibility against a wide range of organic solvents in combination with its high
permeability for reactive gases such as carbon dioxide (CO2), carbon monoxide (CO), oxygen (O2)

and hydrogen (H2), is considered an ideal membrane candidate for accelerating a wide range of
gas-liquid processes in tube-in-tube flow reactors.
In this dissertation, we study process intensification of gas-liquid processes using a green
and modular flow chemistry platform. This flow chemistry strategy is then utilized for (i)
accelerated studies of CO2-triggered switchable hydrophilicity solvents (SHSs), (ii) continuous
and scalable extraction and recovery of SHSs for a sustainable process development, and (iii)
intensified parahydrogen-induced hyperpolarization. The developed modular microfluidic
platform, using a single-droplet flow reactor, enables rapid and accurate in situ characterization of
the CO2-triggered hydrophilicity switching of SHSs with an order of magnitude faster kinetics and
three orders of magnitude less chemical consumption per experiment than a batch reactor. The
process intensification of the tube-in-tube flow reactor is then leveraged for accelerated screening
and optimization of both continuous (e.g., reaction time, concentration, pressure, and flow
velocity) and discrete (e.g., SHS structure) gas-liquid process parameters. In the next part of this
dissertation, we demonstrate the direct transfer of the optimized gas-liquid process conditions
identified using the single-droplet flow reactor to a continuous flow configuration, achieving an
order of magnitude higher throughput than a batch reactor for both extraction and recovery of
SHSs. The throughput of the continuous flow reactor is further increased through a scale-out
approach, demonstrating a viable approach toward large scale gas-liquid processes. The final part
of this dissertation expands the scope of the gas-liquid processes of the developed flow chemistry
strategy from SHSs (CO2) to parahydrogen-induced hyperpolarization (H2). The tube-in-tube flow
reactor enables the theoretically highest resolution for parahydrogen-induced hyperpolarization by
accelerating hydrogen delivery greatly.

The fundamental knowledge gained in this thesis provides a framework for designing the
next generation of SHSs for green chemistry applications. The flow chemistry knowledge
presented in this dissertation demonstrates the unique advantages of microfluidic technologies for
accelerated process development and intensification of a wide range of gas-liquid reactions by
removing the gas-liquid mass transfer limitation.
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CHAPTER 1
Background and Motivation
Accelerating Gas-Liquid Chemical Reactions in Flow
S. Han, M.A. Kashfipour, M. Ramezani, and M. Abolhasani, Chem. Commun., 2020, 56, 10593.

1.1. Abstract
Over the past decade, continuous flow reactors have emerged as a powerful tool for
accelerated fundamental and applied studies of gas–liquid reactions, offering facile gas delivery
and process intensification. In particular, unique features of highly gas-permeable tubular
membranes in flow reactors (i.e., tube-in-tube flow reactor configuration) have been exploited as
(i) an efficient analytic tool for gas–liquid solubility and diffusivity measurements and (ii) reliable
gas delivery/generation strategy, providing versatile adaptability for a wide range of gas–liquid
processes. The tube-in-tube flow reactors have been successfully adopted for rapid exploration of
a wide range of gas–liquid reactions (e.g., amination, carboxylation, carbonylation, hydrogenation,
ethylenation, oxygenation) using gaseous species both as the reactant and the product, safely
handling toxic and flammable gases or unstable intermediate compounds. In this chapter, we
present an overview of recent developments in the utilization of such intensified flow reactors
within modular flow chemistry platforms for different gas–liquid processes involving carbon
dioxide, oxygen, and other gases. We provide a detailed step-by-step guideline for robust assembly
and safe operation of tube-in-tube flow reactors. We also discuss the current challenges and
potential future directions for further development and utilization of tubular membrane-based flow
reactors for gas–liquid processes.
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1.2. Introduction
Over the past decade, Gas–liquid reactions are one of the key components of chemical
processes for the synthesis of a wide range of specialty/fine chemicals. Traditionally, gas–liquid
reactions have been conducted in batch (flask-based) reactors, either by sparging the gas phase
into the liquid phase (i.e., bubbling) to increase the interfacial area or through excessive mixing
within the liquid phase to enhance the interaction of the two phases.1 While gas bubbling in batch
reactors offers its own merits for conducting gas–liquid reactions (ease of access and assembly),
it provides an inherent gas–liquid mass transfer limitation due to low specific interfacial areas.2 In
addition to increased safety concerns, such mass transfer limitations result in prolonged
experimental times and mass transfer-limited reaction kinetics, thereby hindering further
developments of important gas–liquid reactions. During the past decade, flow chemistry has
emerged as an effective approach for fundamental and applied studies of gas–liquid processes.1-3
In 2010, a novel flow chemistry strategy for conducting gas–liquid reactions utilizing tubular
membrane-based reactors was demonstrated by the Ley group to address the inherent limitations
of conventional batch reactors such as poor mass and heat transfer rates, batch to batch synthesis
variations, and safety issues of pressurized systems when working with toxic and flammable
gases.4 Adoption and utilization of highly gas-permeable membranes in flow chemistry platforms
have opened a new frontier for accelerated and safe investigations of gas–liquid chemical
reactions, especially for specialty chemicals and intermediates.5
While different configurations of membrane-based flow reactors have been developed, the
tube-in-tube flow reactor configuration utilizing a tubular amorphous fluoropolymer Teflon AF
2400 membrane placed within a gas-impermeable tube (e.g., stainless steel or fluorinated ethylene
propylene) particularly offers (i) significantly enhanced gas–liquid mass transfer rates, (ii)
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enhanced safety of handling toxic and hazardous gases by reducing active and dead reactor
volumes, (iii) potential of in situ (e.g., imaging, UV-Vis-NIR absorption spectroscopy) and/or
online (e.g., FT-IR, HPLC, NMR, MS) process characterization strategies with full process
automation, and (iv) facile and reproducible assembly with low cost. Continuous tube-in-tube flow
reactors can be operated in normal and reverse configurations as demonstrated in Figure 1-1. In
the normal configuration, the liquid flows inside the inner tubing and gas through the outer annulus
(Figure 1-1, middle panel, left schematic) while the reverse configuration has the opposite format
(Figure 1-1, middle panel, right schematic). Such tube-in-tube flow reactors incorporate two
separate gas and liquid streams through a gas-permeable tubular membrane, allowing efficient
gas–liquid interaction without direct injection of gas into the liquid phase.6 The aforementioned
advantages of tube-in-tube flow reactors for accelerated and controllable gas delivery have
successfully been demonstrated by flow chemists in a wide range of gas–liquid reactions including
amination,7-10

carboxylation,11-13

carbonylation,14-16

ethylenation,21 oxygenation,22-26 hydroformylation,27,

diazo
28

compound

generation,17-20

hydrogenation,29-32 nitro-Mannich

Reaction,33 and trifluoromethylation.34 Furthermore, recent efforts have demonstrated the
utilization of tube-in-tube flow reactors for accelerated material- and cost-efficient screening and
characterization of gas–liquid chemical reactions with a single-droplet flow strategy.12, 27

3

Figure 1-1. Accelerating gas-liquid reactions with tubular membrane flow reactors. Recent
applications and unique characteristics of such flow reactors are listed in orange and green colors,
respectively. Left panel shows a configuration of tube-in-tube reactor where gas phase (blue) flows
in outer annulus while liquid phase (red) flows in inner annulus. Right panel shows a reverse
configuration which gas and liquid phases have been changed from regular configuration.

While a recent review has been dedicated to discussing specific applications of the tubein-tube flow reactor with carbon monoxide (CO) and hydrogen (H2),35 there has been significant
progress beyond these two gases, utilizing the tube-in-tube flow chemistry strategy for accelerated
in-flow studies of gas–liquid reactions using a wide variety of gaseous species, including oxygen
(O2), carbon dioxide (CO2), ethylene (C2H4), ammonia (NH3), ozone (O3), fluoroform (CF3H), and
diazomethane (CH2N2). Furthermore, tube-in-tube flow reactors have recently been utilized as a
time- and material-efficient approach for rapid solubility and diffusivity measurements of different
gaseous species in liquid solvents.36, 37 Therefore, herein, the recent progress on the development
and utilization of the tube-in-tube flow reactors is highlighted, presenting the advantages and
4

limitations of such flow chemistry strategies in efficiently conducting gas–liquid reactions.
Furthermore, detailed steps for the robust fabrication of tube-in-tube flow reactors, as well as an
outlook on for future development and applications of the tube-in-tube flow reactors are proposed,
providing a framework for developing future gas–liquid processes.

1.3. Membrane-Based Microreactors
Novel designs of microreactors with the main goal of enhancing the interfacial area
between the gas and liquid phases and hence increasing the overall mass transfer rate to reach
higher reaction rates have been subject to recent research in the development of gas–liquid
processes. Several strategies such as segmented flow, falling film flow, and open metal mesh
structure have been tested,1 yet, incorporation of porous membranes in microreactors is finding
more widespread application due to their facile fabrication and enhanced gas–liquid mass transfer
rates. The main advantages of tube-in-tube flow reactors are discussed in this section along with a
detailed step-by-step assembly.

1.3.1. Gas-Liquid Interfacial Area
Most of the gas–liquid reactions are limited by the mass transfer of the gas into the liquid
phase reaction mixture. Typically, for large scale batch reactors, highly pressurized reaction
vessels with extreme agitation or continuous feeding and bubbling of the gas phase are used to
increase the mass transfer by enhancing the gas–liquid interfacial area. However, tube-in-tube flow
reactors can passively provide continuous feeding of gas at low pressures providing high mass
transfer coefficients (0.1–1.0 s-1),6 which is significantly higher than current batch reactors. The
high mass transfer rate obtained in continuous tube-in-tube flow reactors is due to the relatively
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high interfacial area (300–1000 m2 m-3) provided by the unique microreactor configuration and
high permeability of the membrane to reactive gases.35

1.3.2. Enhanced Safety
Tube-in-tube flow reactors enable continuous feeding of gas into the reaction mixture,
resulting in lower working pressures as compared to their batch counterparts that require filling
the reaction vessel with a highly pressurized gas phase. The low operational pressure in addition
to the smaller active reactor volume of microscale tube-in-tube flow reactors make them inherently
safer alternatives for the incorporation of toxic and/or flammable gases in reactions.38 Furthermore,
tube-in-tube flow reactors enable the possibility of simultaneous ex situ generation of highly
reactive gaseous species within the flow reactor as demonstrated by Brancour et al.16 Due to
presence of two independent reaction environments within these reactors (i.e., the inner and outer
annulus), separated by a gas-permeable membrane, it is possible to perform a secondary reaction
in the outer annulus to synthesize the required reactive gaseous species for the main reaction,
happening in the inner annulus, while the ex situ generated gas molecules diffuse from the outer
annulus into the inner annulus to trigger the gas–liquid chemical reaction.

1.3.3. Large Scale Synthesis
Although the small required volume for the tube-in-tube flow reactors is advantageous for
reaction screening and optimization, large scale organic synthesis can be challenging. Scaling up
the tube-in-tube flow reactors by increasing the tubing diameter will significantly reduce the gas
diffusion rates into the liquid phase, which will negate the mass transfer advantages of such
microreactors. Yang and Jensen studied different scale-up strategies using tube-in-tube flow
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reactors through varying residence time, tube diameter and length, and numbering up (i.e., scaleout).6 It was reported that decreasing the residence time in the tube-in-tube flow reactor (i.e.,
increasing the volumetric flowrate) led to a significant decrease in gas saturation in the liquid phase
and increasing the radial dimension (i.e., Teflon AF 2400 tube diameter) resulted in a proportional
increase in mass transfer resistance which decreased the overall mass transfer rates. In addition,
increasing the reactor length causes a more significant pressure drop on the liquid side compared
to the gas side, which can rupture the thin, porous membrane due to radial pressure gradient across
the Teflon AF 2400 membrane. One of the potential strategies for large scale organic synthesis
using tube-in-tube flow reactors without the aforementioned challenges is through scaling out,
which requires a precise design of fluid distribution modules to ensure uniform axial pressure drop
and radial pressure gradient across each tube-in-tube flow reactor is maintained throughout the
entire processing time.6 Another plausible approach to large scale organic synthesis using gaspermeable membranes can be through the development of planar reactors.32

1.3.4. Tube-in-Tube Flow Reactor
Among several available reactor configurations utilizing the tubular Teflon AF 2400
membrane (e.g., tube-in-flask,18 tube-in-tube), the tube-in-tube microreactor is the most commonly
used strategy, based on a two-layer tubular flow reactor, shown in Figure 1-2. The most important
component of this versatile flow reactor is the gas-permeable inner tubing. In this configuration,
the inner tubing is made of a material only permeable to the gas phase, thereby allowing the gas
molecules to readily permeate through and dissolve in the liquid phase, where the reaction takes
place. Due to chemical resistance, mechanical strength, and its microporous and amorphous
structure, the inner tubing (Teflon AF 2400 membrane) is impermeable to nonfluorinated liquids,
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while relatively small gas molecules (e.g., O2, H2, CO, CO2) can readily permeate through it. The
most common material candidate for the gas-permeable inner tubing is a Teflon Amorphous
Fluoropolymer, known as Teflon AF 2400, which is a copolymer of tetrafluoroethylene and
perfluorodimethyldioxolane.39 Teflon AF 2400 has the highest polymer Fractional Free Volume
(FFV) among perfluoropolymers (0.32) resulting in a higher permeability for permanent gases
compared to conventional glassy polymers.40 Furthermore, Teflon AF 2400 is significantly more
permeable (~103 times) to a large variety of gases compared to PTFE-type Teflon.
The tube-in-tube flow reactor can be purchased41, 42 or readily assembled using off-theshelf, commercially-available components. Figure 1-2 illustrates a step-by-step assembly process
of a tube-in-tube flow reactor utilizing standard dimension components: (1) the microreactor
assembly starts with the 1/8” Swagelok Tee fittings connected to the 1/8” tubing of the
microreactor outer shell; (2) then, the 1/8”–1/16” reducers are added to the outside ports of the Tee
fitting (panel III, Figure 1-2). It should be noted that for tightening the Swagelok fittings, after the
nuts are hand-tightened, a 3/4 turn using a wrench for new nuts and ferrules and a 1/4 turn for
previously used ones is needed. Tightening the fittings less or more than this amount can cause the
inner tubing rupture or can prevent the next steps of the microreactor assembly; (3) the Teflon AF
2400 tubing is then threaded through the fitting and the outer tubing (panel IV, Figure 1-2) (4)
next, the 1/16” tubing with 0.04” inner diameter is used as a sleeve over the extended the Teflon
AF 2400 tubing to allow the 1/16” nut and ferrule to seal and hold the inner tubing in place (panel
V, Figure 1-2). This will be the path for liquid flow in a normal configuration reactor; (5) the
remaining ports of the Tee fittings are connected to the 1/8” tubing (or 1/16” tubing using a
reducer) for gas feed (panel VII, Figure 1-2). Panel IX in Figure 1-2 illustrates the completely
assembled tube-in-tube flow reactor. Panel X in Figure 1-2 presents the schematic of a typical flow
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chemistry platform utilizing a tube-in-tube flow reactor operating under a normal, counter-current
flow configuration (gas and liquid flow in opposite directions), integrated with a mass flow
controller (MFC) and a back pressure regulator (BPR) for controlled gas delivery.

Figure 1-2. Schematic of a step-by-step assembly of the tube-in-tube flow reactor under a countercurrent flow configuration utilizing off-the-shelf fluidic connections and tubing.

Tube-in-tube flow reactors can be utilized for flowing the gas phase into the outer annulus
(i.e., normal configuration) or the inner cylinder (i.e., reverse configuration), while the gas and
liquid can be arranged under co-flow or counter-flow directions. The flow direction should be
considered for larger reactors and for reactions that have gas products that can permeate back into
the gas side and affect the partial pressure of the feed gas.
For the safe and successful adoption of the tube-in-tube flow reactor in high
pressure/temperature gas–liquid chemical processes, there are several characteristics and
limitations that have to be considered. One important point is the fragile nature of the tubular
9

Teflon AF 2400 membrane. Care must be taken for precise control of the radial pressure gradient
across the thin Teflon AF 2400 membrane, particularly during the startup and shut down steps, to
avoid potential tube breakage. Simultaneous pressurization/depressurization of the inner and outer
annulus of the tube-in-tube flow reactor can ensure successful operation of the flow reactor for an
extended period of time. In addition, Teflon AF 2400 resin has a glass transition temperature of
240 °C, which should be noted for high temperature reactions. As temperature increases, the tensile
strength of the resin decreases to 4.2 MPa at 220 °C, which makes the tube-in-tube flow reactor
very fragile, especially at high pressures.

1.4. Tube-in-Tube Flow Reactor as an Analytic Tool
Gas diffusivity and solubility in the liquid phase are critical parameters for the design and
optimization of chemical processes involving gaseous species.43, 44 These parameters are functions
of temperature, pressure, and composition of the liquid phase in each system.36, 37 Conventional
techniques for measuring gas diffusivity45-49 and solubility50-52 in liquids, such as pressure decay53,
54

and gas chromatography, although accurate, typically require prolonged equilibration times of

up to 5 h for each data point. Despite the recent advancements in developments of rapid gas
diffusivity and solubility measurement techniques, such strategies suffer from increased
complexity and limited addressable processing conditions. In contrast, tube-in-tube flow reactors
can be readily assembled using off-the-shelf components (Figure 1-2) and are compatible with a
wide range of gas–liquid pairs and temperatures/pressures. Compared to conventional batch
vessels, tube-in-tube flow reactors can reduce gas saturation times from 1–5 h to 10–30 s, owing
to their large gas–liquid interfacial area and the short diffusion length scale (internal channel
diameter < 1 mm).25, 29, 36, 55 Additionally, the low volume of pressurized gas (< 200 mL) in tube-
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in-tube flow reactors for gas diffusivity and solubility measurements provides an additional safety
benefit over conventional batch vessels, especially when dealing with unstable and hazardous
gases.35 Therefore, in addition to enhanced kinetics of gas–liquid reactions compared to the batch
reactors, tube-in-tube flow reactors can be utilized as a robust and accurate strategy for accelerated
gas solubility36 and diffusivity37 measurements.

1.4.1. Gas-Liquid Solubility
Gas solubility in a specific solvent defines the maximum amount of the gas that can be
dissolved into that solvent at specified conditions.36, 56 While, Teflon AF 2400 tubing for the first
time was utilized in a high-sensitivity gas sensor developed by Dasgupta et al.,57 the tube-in-tube
flow reactor configuration, for the first time, was developed and utilized by Ley et al. for
automated solubility measurement of CO58 and H229 in toluene and dichloromethane (DCM) using
online FT-IR spectroscopy and ‘‘bubble counting’’ approach, respectively. Also, tube-in-tube
membrane contactor integrated with a bubble meter was utilized by Gavriilidis et al. for rapid
experimental solubility measurement of O2 in toluene and benzyl alcohol at the temperature
ranging from 25–120 °C and O2 pressure up to 150 psig.23 The amount of gas dissolved in the
solvents at a specific temperature and pressure—measured with the bubble meter after
decompression of the liquid flow—was then used for gas solubility calculations (Henry’s law
constants) shown in Figure 1-3A. In a different study, O’Brien et al. utilized a tube-in-tube flow
reactor to develop an automated colorimetric titration method for measuring CO2 concentration in
organic solvents.55 This approach could indirectly measure the CO2 concentration with titration of
a known amount of a basic species (sodium hydroxide), due to the acidity of CO2 in solution.
Similarly, using the basicity of ammonia (NH3), its concentration in the liquid phase of a tube-in-
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tube microreactor (e.g., methanol,7, 8 dimethoxyethane,8, 10 and toluene8) was measured by in-flow
titration with a known concentration of HCL solution containing a pH indicator (Figure 1-3B).
Recently, Jensen et al. developed a fully automated gas solubility measurement strategy utilizing
a tube-in-tube flow reactor integrated with a gas mass flow meter (MFM).36 This versatile gas
solubility measurement platform, shown in Figure 1-3C, included a MFM at the gas inlet and
pressure monitoring sensors for both liquid and gas phases. The gas solubility was then measured
automatically by monitoring the gas flow rate (FG) under different liquid flow rates (FL). As shown
in Figure 1-3D, the solubility of a wide range of gas–liquid pairs can be safely measured in less
than 60 s. Next, by constantly changing FL and recording FG response, the FG/FL ratio was obtained
to calculate Henry’s constant for the specific gas–liquid pair. The measured Henry’s constant for
different gas–liquid pairs showed the versatility and high accuracy (< 2% deviation from the
literature values) of this flow-based gas solubility measurement technique.36
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Figure 1-3. (A) Measured henry’s law constants (bar) for oxygen in benzyl alcohol as a function
of temperature. Reprinted from Ref. 23 with permission of the Wiley. (B) In-line colorimetric flow
titration for three pH regimes. Reprinted from Ref. 8 with permission of the American Chemical
Society. (C) Schematic of the tube-in-tube flow chemistry platform utilized for gas solubility and
diffusivity measurement. (D) Perturbation analysis for determining the saturation time for different
gas-liquid pairs. Reprinted from Ref. 36 with permission from the American Chemical Society.
(E) Schematic representation of the transient gas transport across a Teflon AF 2400 membrane
within a tube-in-tube reactor. (F) Demonstration of gas dissolution and saturation section.
Reprinted from Ref. 37 (E and F) with permission from the American Chemical Society.
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1.4.2. Gas-Liquid Diffusivity
Jensen et al. further utilized their automated tube-in-tube flow reactor platform for
accelerated measurements of gas diffusion coefficients with less than 5% error from the
previously reported values.37 In this study, the gas diffusivity was measured in flow by
combining the experimentally-obtained data (FG, versus residence times, t) with an overall mass
transfer model. Figure 1-3E illustrates the gas diffusion process through the tube-in-tube flow
reactor and its relationship with the mass transfer coefficients and residence time. Two distinct
regions of saturation and dissolution were observed (Figure 1-3F) and the dissolution region (FL
> 0.35 mL min-1) at which the liquid phase was not saturated, provided the gas absorption rate
(Figure 1-3F’), overall mass transfer coefficient and the gas diffusivity value. The accuracy of
this approach was confirmed with multiple gas–liquid pairs, including H2–cyclohexanone, N2–
toluene, and CO2–water and the measured values were in close agreement with the previously
reported values.37

1.5. Accelerated Gas-Liquid Reactions with Tube-in-Tube Flow Reactor
1.5.1. Carbon Dioxide
Carbon dioxide (CO2) is widely utilized across a wide range of chemical processes due to
its non-toxicity, abundance, and low cost.59 As a result of the recent dramatic increase of
atmospheric CO2 concentration, development of sustainable chemical processes utilizing CO2 as
a renewable feedstock has received significant attention.60-63 CO2 is a fully oxidized molecule
which is thermodynamically stable, and kinetically nonreactive at certain reaction conditions.
However, the weak electrophilic characteristic of CO2 makes it potentially reactive to strong
nucleophiles.64 While various chemical synthesis utilizing CO2 have been reported over the last
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two decades,59, 65, 66 Herein, we highlight few recent research efforts leveraging the aforementioned
advantages of tube-in-tube flow reactors for development of novel sustainable routes utilizing CO2.
The first application of the tube-in-tube flow reactor utilizing CO2 was reported by Polyzos
et al. for carboxylation reaction using Grignard reagents.11 During this process, Grignard reagents
with aryl, alkyl, heteroaryl, and alkynyl groups were reacted with CO2 within a tube-in-tube flow
reactor and subsequently went through highly efficient purification ‘‘catch-and-release’’ steps of
treating with polymer-supported sulfonic acid and ammonium hydroxide (Figure 1-4A). All
reported examples of carboxylic products were formed with a high product yield of 75–100%
under 60 psig pressure of CO2 at room temperature. In another study, Kupracz et al. utilized CO2
as a green reagent in a two-stage tube-in-tube flow reactor for continuous synthesis of
amitriptyline.67 In this study, the two membrane-based flow reactors in series were utilized for
carboxylation and Parham cyclization, and to remove excess CO2 in order to prevent possible
destruction of n-butyllithium. With efficient degassing of CO2 at 75 psig, a high isolated product
yield of 76% at -50 °C was achieved.
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Figure 1-4. Schematics of the flow chemistry platforms utilizing a tube-in-tube flow reactor for
(A) carboxylation of Grignard reagents and (B) carbonation of styrene oxide. (C) The Arrhenius
and (D) the Eyring plots for carbonation of styrene oxide. Reprinted from Ref. 13 (C and D) with
permission from the Elsevier. (E) Schematic of the single-droplet tube-in-tube flow reactor utilized
for rapid in situ screening of the CO2-mediated SHS extraction process. (F) Comparison of batch
vs. a single-droplet tube-in-tube flow reactor for SHS extraction under the same experimental
conditions. (G) Time-dependent extraction of SHSs: 1 (Green), 2 (Black), 3 (Red), 4 (Blue).
Reprinted from Ref. 12 (F and G) with permission from the American Chemical Society.

In a different application of tube-in-tube flow reactors for investigation of gas–liquid
reactions involving CO2, the Rehman group reported carbonation of styrene oxide in presence of
homogenous catalysts, tetrabutylammonium bromide, and zinc bromide.13 The developed flow
chemistry platform utilizing a tube-in-tube flow reactor (Figure 1-4B) was then utilized for rapid
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screening of the reaction parameters such as temperature, CO2 pressure, and residence time,
demonstrating conversions up to 100%. Furthermore, kinetic studies were performed utilizing FTIR spectroscopy and gas chromatography, to calculate reaction rate, activation energy, enthalpy,
entropy, and Gibbs free energy of styrene carbonate synthesis. The results obtained utilizing the
tube-in-tube flow reactor were then used to report the Arrhenius (Figure 1-4C) and the Eyring
(Figure 1-4D) plots.
Another interesting utilization of CO2 in the tube-in-tube flow reactor was the synthesis of
calcium carbonate (CaCO3) nanoparticles reported by Fang et al.68 CaCO3 nanoparticles were
synthesized by co-precipitation of calcium hydroxide solution upon addition of CO2, followed by
filtration and drying procedure. Then, the produced CaCO3 nanoparticles with α-Fe2O3
nanoparticles were utilized as catalysts for Friedel–Crafts acylation of aromatic compounds with
aryl chloride, producing high yields of aromatic ketones, ranging from 92–98%.
In addition to studies of gas–liquid chemical reactions utilizing CO2 as the feedstock, tubein-tube flow reactors have recently been utilized for accelerated fundamental and applied studies
of CO2-triggered extraction of green solvents (e.g., switchable hydrophilicity solvents, SHS).12 In
the presence of water and CO2, SHSs (e.g., tertiary amines) go through a dramatic change in their
hydrophilicity upon protonation, resulting in partitioning from the organic phase (e.g., toluene) to
aqueous phase. Using inert gas (e.g., N2), CO2-mediated extraction of SHSs was monitored in situ
using a single-droplet tube-in-tube flow reactor (Figure 1-4E). Benefitting from the rapid mass
transfer of CO2 in the tube-in-tube flow reactor, screening time of one SHS extraction experiment
was reduced from 6 h (batch) to 6 min (flow) while utilizing significantly reduced amount of
reagents (i.e., water, toluene, SHSs) from 5 mL (batch) to 5 mL (flow), shown in Figure 1-4F. The
developed material-efficient flow chemistry platform was then utilized for accelerated studies of
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the effect of electron-donating strength of nitrogen on extraction efficiency and kinetics for 3
tertiary and 1 secondary amine (Figure 1-4G).

1.5.2. Oxygen
In recent years, molecular oxygen (O2) has been promoted as an environmentally-friendly
and sustainable oxidant substitute to metal oxides for organic synthesis.69 While metal oxidants
(e.g., chromium(VI) oxidant or permanganate) are toxic and require cost- and energy-intensive
processes, O2 is cost-effective and ecologically compatible, which have led to its widespread
applications in biochemical processes.
While O2 can be utilized alone, the earlier studies have been conducted in conjunction with
various promoting catalysts. The first study using O2 in a tube-in-tube flow reactor was in a
carbon– carbon bond forming reaction of Glaser–Hay coupling.25 Petersen et al. reported a
continuous flow synthesis of 1,3-butadiynes using oxygen as an oxidizing agent with a
homogeneous copper catalyst in a tube-in-tube flow reactor. The flow chemistry platform was used
to oxygenate acetonitrile, followed by the addition of alkyne, CuOTf(MeCN)4, and N,N,N’,N’tetramethylethylenediamine (TMEDA). Then, copper residues and TMEDA were removed by
flowing through polymer-supported thiourea and sulfonic acid, resulting in the successful coupling
of various alkynes with a reaction yield ranging from 49%–100% at 75 psig and 100 °C. In addition
to homogeneous oxygenation, O2 has also been utilized as a terminal oxidant for continuous flow
C–H functionalization of N-aryl tetrahydroisoquinolines using an iron catalyst in a tube-in-tube
flow reactor. Utilizing a tube-in-tube flow reactor, Brzozowski et al. demonstrated a significant
process intensification for aerobic nitro-Mannich reaction, reducing the reaction time for full
conversion from 5 days to 1 h (Figure 1-5A).33
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Figure 1-5. Schematics of the developed flow chemistry platforms utilizing tube-in-tube flow
reactors for (A) aerobic nitro-Mannich reaction, (B) endoperoxidation of conjugated dienes, and
(C) cell-free protein synthesis. (D) Illustration of cell-free synthesis. (E) Normalized fluorescence
intensity of synthesized sfGFP in a tube-in-tube microreactor for varying oxygen concentration.
Adapted from Ref. 79 (D and E) with permission from the Frontiers.

In a recent flow chemistry study, continuous aerobic dimerization of desmethoxycarpacine
using cobalt catalyst was demonstrated in flow by Aka et al. utilizing a tube-in-tube microreactor
integrated with an autosampler and online HPLC for reaction analysis.70 The automated flow
chemistry approach developed in this study was demonstrated to be an efficient tool for the rapid
optimization of gas–liquid reactions.
A large set of in-flow studies of oxygenation reactions in tube-in-tube flow reactors have
utilized heterogeneous catalysts. One of the extensively studied reactions using O2 with
19

heterogeneous catalysts in tube-in-tube flow reactors is alcohol oxidation.71, 72 Chaudhuri et al.
used O2 in a tube-in-tube flow reactor to oxidize allylic and benzylic alcohols in the presence of
gold (Au)-doped superparamagnetic nanostructured particle catalysts and produce aldehydes and
ketones.71 Various alcohols were treated with O2 at 100 psig in the tube-in-tube flow reactor,
followed by an Au catalyst-immobilized flow reactor at 150 °C and 250 psig. With the
optimization of reaction solvents and process parameters such as reaction temperature, pressure,
and flow rate, 100% aldehyde, and ketone conversions were obtained. The Gavriilidis group
reported three different strategies to enhance heterogeneous oxidation of benzyl alcohol using
gold–palladium (Au–Pd) supported on titania. The first approach utilizing a packed-bed tube-intube flow reactor resulted in 44% conversion of benzyl alcohol to benzaldehyde with 73%
selectivity at 120 1C.72 In the next approach, a continuous looping was introduced to the same
packed-bed tube-in-tube flow reactor.24 During benzyl alcohol circulation and continuous
saturation of the flow reactor with oxygen, a crossflow filter was utilized to separate the product
liquid from the slurry mixture. This study showed that the benzyl alcohol oxidation process could
be effectively operated in a continuous tube-in-tube flow reactor with a comparable turnover
frequency with a batch reactor.
In addition to the oxidation of alcohols, tube-in-tube flow reactors have also been employed
for oxidation studies of 5-hydroxymethylfurfural intermediate from fructose. Jeong et al. reported
a stepwise conversion of δ-fructose to 5-hydroxymethylfurfural intermediate, followed by an
oxidation reaction to produce 2,5-diformylfuran in a tube-in-tube flow reactor.73 The versatility of
the developed flow chemistry was demonstrated by replacing O2 with H2 as the gas feed, resulting
in the formation of 2,5-dimethylfuran from the same intermediate through hydrogenolysis.
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In addition to the unique advantages of tube-in-tube flow reactors for enhanced and
controlled gas delivery, its reduced characteristic length scale (i.e., tube diameter) can enhance the
rate of photochemical reactions.74-76 Park et al. capitalized on these benefits and reported
photooxygenation of monoterpenes in a tube-in-tube flow reactor integrated with an LED light
source. Successful continuous flow synthesis of citronellol, α-terpinene, β-pinene, α-pinene, and
δ-limonene were achieved with high yields of 87% to 99%, except for δ-limonene (46%).77
Comparing with batch synthesis, reaction time was significantly reduced from 1 day to 1 h for βpinene, α-pinene, and δ-limonene, and from 2 h to 4 min for citronellol and αterpinene.
Furthermore, replacing the LED light source with readily available sunlight irradiation resulted in
comparable photooxygenation yields for β-pinene. In a different photocatalysis study utilizing a
tube-in-tube flow reactor, continuous endoperoxidation of conjugated dienes with mesotetraphenylporphyrin as the photocatalyst was reported by Souza et al.78 In the developed flow
chemistry platform, acyclic, cyclic, and aromatic dienes were continuously in contact with O2,
while flowing through the flow reactor under the white LED irradiation, resulting in the formation
of endoperoxide, followed by Kornblum–DeLaMare rearrangement to produce furans, diketones,
tropone, and hydroxyenones (Figure 1-5B).
Recently, a combination of molecular O2 and the tube-in-tube flow reactor has successfully
been applied in biological processes.22, 26, 79 Benefitting from the efficient mass transfer of O2 in
the tube-in-tube reactor, process intensification has been demonstrated in several biological
processes, including enzyme-mediated oxidation22 and cell-free protein synthesis.26, 79 Ringborg
et al. reported kinetic characterization of enzyme-mediated oxidation reaction with an automated
tube-in-tube flow reactor.22 Glucose oxidase was selected to catalyze the oxidation of glucose to
glucono-δ-lactone, which were examined in both batch and tube-in-tube flow reactors. While
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reaction kinetics within the tube-in-tube flow reactor was found to be similar to the batch reactor,
the total characterization process was reduced from 4 days (batch) to 1 day (flow).
In addition to the enzyme-mediated oxidation process, cell-free protein synthesis using the
tube-in-tube flow reactor has recently been reported by the Zhang group.26 Capitalizing on the
accelerated mass transfer rates of O2 in the tube-in-tube flow reactor, various proteins ranging from
vaccines, virus-like particles, antibody analogue nanobodies, and antimicrobial peptides were
rapidly synthesized in flow. A similar flow chemistry setup was then utilized for Escherichia colibased cell-free protein synthesis (Figure 1-5C).79 Utilizing the developed flow chemistry strategy,
transcription process in cell-free environment (Figure 1-5D) and effects of transcription-translation
related parameters (e.g., transcripts, energy, reactive oxygen species, and proteomic pathway
analysis) were studied in detail. The highest protein synthesis yield was obtained at the
atmospheric condition (21% O2 concentration at 37 °C), shown in Figure 1-5E.

1.5.3. Other Gases
In addition to the commonly utilized gaseous species (e.g., CO2, O2, CO, and H2), tube-intube flow reactors have also been demonstrated to be an eﬀective tool for accelerated studies of
gas–liquid reactions involving non-conventional gases such as NH3, ethylene (C2H4), ozone (O3),
and trifluoromethane (CF3H). As mentioned previously, the inherent safety of tube-in-tube flow
reactors for handling hazardous and highly reactive gases provides an additional benefit when
conducting gas–liquid reactions. Among the many gas–liquid chemical processes that can benefit
from the above-mentioned advantages of tube-in-tube flow reactors, the carbon-nitrogen bond
formation has a particular significance due to its widespread utilization in biological and
pharmaceutical industries.80 The Ley group has successfully demonstrated safe utilization of NH3
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in tube-in-tube flow reactors for Paal Knorr reaction,7 thioureas synthesis,10 and fanetizole
synthesis8 along with in-line titration. In Paal Knorr reaction, a series of pyrroles were synthesized
from 1,4-diketones with gaseous NH3, achieving reaction yields of 100%. Since the optimal
reaction condition (0 °C) required efficient thermal contact and heat transfer, the reverse tube-inttube flow reactor configuration was utilized with gaseous NH3 flowing through the inner tube and
liquid stream flowing through the outer annulus.7 A similar strategy was used for the synthesis of
thioureas from aliphatic and aromatic thioisocynates with 99% yield10 and fanetizole with 99%
yield.8 The outstanding reaction yields for all three reactions were achieved due to the utilization
of an in-line titration module integrated with the tube-in-tube flow reactor. Especially, continuous
production of fanetizole provided 70 g of the product in 7 h, without any necessary
chromatographic purification.8 Utilizing the developed flow chemistry platform, a wide range of
process parameters (e.g., temperature, flow rate, solvent parameter, and NH3 concentration) was
rapidly screened.
While using NH3 in the tube-in-tube flow reactor enhances safety by having a relatively
smaller volume than a batch reactor, the concentrated anhydrous NH3 still provides a safety
concern. In order to further overcome this issue, Xue et al. reported a continuous amination of aryl
and heteroaryl halides using aqueous NH3 (Figure 1-6A),10 characterized by the in-line titration
technique. Utilizing a high-throughput screening of the accessible amination parameter space such
as NH3 concentration in dimethyl sulfoxide (Figure 1-6B), a fully optimized synthesis condition
was obtained with high conversions and yields of aryl and heteroaryl amines ranging from 56–
100% and 52–97%, respectively.
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Figure 1-6. (A) Schematic of the flow chemistry platform utilized for amination of heteroaryl
chlorides. (B) Plot of ammonia concentration in dimethyl sulfoxide against time and temperature.
Reprinted from Ref. 10 with permission from The Royal Society of Chemistry. (C) Schematic of
the flow chemistry platform utilized for trifluromethylation. (D) In-line FT-IR analysis by
monitoring the trend of CF3H and Et3SiCF3. Reprinted from Ref. 34 with permission from the
American Chemical Society. (E) Schematic of the flow chemistry platform utilized for valorization
of triglyceride. (F) Desired product and side product of the reaction. Reprinted from Ref. 21 with
permission from the American Chemical Society.
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Utilizing a tube-in-flask setup, O’ Brien et al. reported ozonolysis of various alkene
substrates with high yields of 57– 95%, followed by a quenching step with polymer-supported
triphenylphosphine suspended in methanol.4 By reducing the pressurized volume of hazardous
gases such as O3 and quenching ozonide intermediates, the risk of producing explosive and
unstable chemicals was minimized. In a different study, Bourne et al. demonstrated the continuous
synthesis of styrene using C2H4 in a tube-in-tube flow reactor.81 Mizoroki–Heck-type cross
coupling of aryl iodide with C2H4 in a tube-in-tube flow reactor resulted in successful accelerated
and safe synthesis of various functionalized styrenes while monitoring the reaction progress with
in-line FT-IR analysis. In a follow-up study, the same group reported continuous hydroformylation
of previously produced styrene derivatives in Heck reaction, producing branched aldehydes,
enabled by addition of a liquid–liquid separator after Heck reaction of aryl and heteroaryl iodide.82
This study demonstrated a great example of the versatility of tube-in-tube flow reactors in modular
flow chemistry platforms for continuous multi-step organic synthesis.
In addition to studies of gas–liquid reactions dealing with hazardous gases, the tube-intube flow reactor has also been utilized for the development of green and sustainable chemical
processes. Trifluoromethane (CF3H), one of the greenhouse gases with an atmospheric lifetime of
270

years,83

is

increasingly

being

generated

through

industrial

manufacturing

of

polytetrafluoroethylene. Flow chemistry strategies utilizing tube-in-tube microreactors can
provide a powerful route for efficient utilization of CF3H. Musio et al. demonstrated successful
in-flow trifluoromethylation using CF3H continuously fed into a tube-in-tube flow reactor
integrated with online FT-IR and nuclear magnetic resonance (NMR) spectroscopy units
for real-time reaction analysis.34 In the developed flow synthesis strategy, CF3H was reacted
with benzophenone in presence of potassium bis(trimethylsilyl)amide, producing 2,2,2-
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trifluoro-1,1-diphenylethanol

and

(2,2,2-trifluoro-1,1-diphenylethoxy)

trimethylsilane

(Figure 1-6C). Utilizing the in situ spectroscopic analysis units integrated with the flow
reactor, excess of the electrophile, chlorotriethylsilane (Et3SiCl), was found to be crucial for
suppressing the formation of byproduct, triethylsilyl fluoride (Et3SiF). While conducting this
reaction in flow, full conversion of CF3H (Figure 1-6D, blue line) to Et3SiF3 (Figure 1-6D,
green line) was observed. In this study, various trimethylsilyl fluorinated ethers and fluorinated
carbinols were produced with the fast interception of the trifluoromethyl carbanion
intermediate, without difluorocarbene production for efficient downstream processing.
Another successful utilization of the tube-in-tube flow reactor for the development
of sustainable chemical processes was the continuous metathesis of triglyceride from
biowaste.21 In the developed system, cocoa butter obtained from a waste product in the
food industry was reacted with C2H4 in presence of ruthenium-based catalysts to produce 1decane (Figure 1-6E) with the maximum conversion of 49% at 40 °C and 90 psig. While
production of 1-heptene and 1,4-pentadiene are possible as side products (Figure 1-6F),
these products can be easily separated by distillation.

1.6. In situ Gas Generation
While the tube-in-tube flow reactor oﬀers great advantages for eﬃciently introducing
various gases to the liquid phase, it can also be employed to generate, separate, and transform
gases as products of multiple chemical reactions.84 Benefiting from fast gas separation enabled by
the highly gas-permeable tubular membrane within a tube-in-tube flow reactor, Skowerski et al.
reported eﬃcient homogenous and heterogeneous olefin metathesis with ruthenium catalysts.85
The evolution of C2H4 in olefin metathesis had a significant impact on the degradation of
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ruthenium methylidene species, which decreased the overall reaction eﬃciency dramatically.86,
87

By applying a vacuum in the inner annulus of the tube-in-tube flow reactor, an equivalent or

higher conversion was reached with an increase in the turnover frequency of the ruthenium catalyst
compared to batch process. In a diﬀerent study, Cantillo et al. employed a tube-in-tube flow reactor
as a degassing module after the hydrogenation of dinitro-2,2-difluoro-2-(3-fluorophenoxy)-N,Ndimethylacetamide (dinitro-FPAA) in flow.19 Since produced diamino-FPAA is relatively unstable
in the presence of air and light, the tube-in-tube flow reactor oﬀered eﬃcient degassing as well as
enabling the direct addition of subsequent substrates for further cyclization of the in situ formed
product. In addition, Kockinger et al. have recently reported on-demand, continuous in situ
generation of anhydrous hydrogen cyanide (HCN) using a tube-in-tube flow reactor. With the in
situ formed HCN, hydrocyanation of styrene and tetramerization of HCN were continuously
performed in an ‘‘HCN on tap’’ manner.87

1.6.1. Azo Compound
Diazomethane (CH2N2) is one of the most versatile C1 synthons in organic chemistry. Since
CH2N2 oﬀers methyl or a methylene group with high reactivity to various nucleophiles, especially
to carboxylic acid, it can be utilized in various reactions under mild conditions such as
cyclopropanation of alkenes, epoxidation of ketones, or aziridination of imines88, 89 (Figure 1-7A).
Due to the high reactivity, CH2N2 is highly toxic for humans and extremely sensitive to heat, light,
and mechanical shock which may result in an explosion.90 For processes dealing with such
hazardous compound, flow chemistry strategies utilizing the tube-in-tube reactor have
demonstrated to be a highly eﬀective approach for safe generation of CH2N2 in situ, while
eliminating the required storage and handling steps for multi-stage processes. The Kappe group
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has reported continuous flow generation of CH2N2 in both tube-in-tube91 and tube-in-flask reactors
(Fig. 7B)17 with the addition of diazald and aqueous potassium hydroxide. The generated
diazomethane was then treated with benzoic acid for esterification, aromatic carboxylic acids for
methylation, N-phenylmaleimide for cycloaddition, alkenes for cyclopropanation with Pd
catalysts, and acid chlorides for acylation, producing methyl benzoate, aromatic esters, 1pyrazoline, cyclopropanes, and α-diazocarbonyl compounds, respectively.91

Figure 1-7. (A) Versatile Reactivity of Diazomethane. Reprinted from ref. 91 with permission
from the American Chemical Society. (B) Schematic of the tube-in-flask flow chemistry
platform for generation of anhydrous diazomethane (C) Schematic of the tube-in-tube flow
chemistry platform for generation and synthesis of trifluoromethyl diazomethane (D) Conversion
experiment with and without basic Al2O3. Reprinted from ref. 92 with permission from the
American Chemical Society.
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In addition to the above-mentioned chemical synthesis examples with CH2N2, the Kappe
group utilized a similar tube-in-tube flow reactor for continuous flow synthesis of chiral α-halo
ketones from N-protected amino acids with an isolated yield of 87% and 1.25 mmol h-1
throughput.20 In a diﬀerent study dealing with CH2N2, continuous flow synthesis of trifluoromethyl diazomethane with 2,2,2-trifluoroethylamine hydrochloride and sodium nitrate was
successfully demonstrated in a tube-in-tube flow reactor.92 Upon the formation of trifluoromethyl
diazomethane (CF3CHN2), aldehydes were reacted with the produced CF3CHN2 followed by a
subsequent condensation reaction through a polymer-supported 1-8- diazabicyclo(5.4.0)undec-7ene column (Figure 1-7C). For long run experiments, an additional basic alumina cartridge was
integrated within the flow chemistry platform, resulting in a longer and more stable condensation
process (Figure 1-7D).
Integration of in situ process monitoring capabilities, as well as process optimization
algorithms with tube-in-tube flow reactors dealing with toxic compounds (e.g., CH2N2 and
CF3CHN2), can further enhance the safety of process development for process chemists and
chemical engineers. For example, utilizing an online FT-IR spectroscopy module integrated with
a tube-in-tube flow reactor continuously fed with CH2N2, enabled rapid optimization of αchloroketones synthesis.17, 93 In another study, a fully automated flow chemistry platform with a
computer-controlled autosampler was developed by Koolman et al., providing a library of
cyclopropyl boronic ester synthesis with Pd catalysts.94
Recently, continuous flow synthesis of azobenzenes, a widely used dye in chemical
industries,95 was demonstrated in a tube-in-tube flow reactor by Qin et al.,96 through oxidative
coupling of aniline with O2 followed by flowing through cuprous bromide packed-bed reactor with
high yields of 65%–98% for various azobenzenes.
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1.7. Summary
The tubular membrane-based flow chemistry strategy discussed in this chapter provides an
outstanding versatility to gas–liquid reactions through effective delivery of various gaseous
species. The tube-in-tube flow reactors provide large gas–liquid interfacial area, ease of assembly
with off-the- shelf components, and a high-level of required safety dealing with dangerous gases.
Additionally, tube-in-tube flow reactors can be readily integrated within modular flow synthesis
platforms conducting multi-step chemical synthesis (e.g., telescoped reactions). Despite numerous
successful demonstrations of gas–liquid reactions conducted in tube-in-tube flow reactors
discussed in this chapter, there remains a wide range of chemical processes dealing with gas–liquid
reactions that can further benefit from adopting such microreactors. In this dissertation, we will
discuss our multiple works done utilizing the tube-in-tube reactor for accelerating gas-liquid
reactions.
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CHAPTER 2
Accelerated Material-Efficient Investigation of Switchable Hydrophilicity Solvents for
Energy-Efficient Solvent Recovery
S. Han, K. Raghuvanshi, and M. Abolhasani, ACS Sustainable Chem. Eng., 2020, 8, 3347-3356.

2.1. Abstract
In most chemical industries, solvent removal and recovery processes are heavily dependent
on hazardous volatile solvents with energy-intensive distillation processes because of their ease of
separation. An emerging promising alternative is implementing switchable solvents with ondemand and reversible switching of their physiochemical properties triggered by carbon dioxide
(CO2). Utilization and widespread implementation of switchable solvents can dramatically reduce
environmental risks and energy requirements for solvent removal and recovery processes. Despite
intriguing characteristics of switchable solvents, the time- and material-intensive nature of
conventional batch strategies has hindered a comprehensive understanding of this exciting class of
green solvents. Herein, we report an accelerated time- and material-eﬃcient (green) ﬂow chemistry
strategy for in situ fundamental and applied studies of CO2-mediated switchable solvents. Utilizing
a highly gas-permeable membrane microreactor increases the gas-liquid interfacial area for CO2
injection, thereby enhancing the gas-liquid mass transfer (~60 times faster equilibrium time than
a batch reactor), while minimizing the chemical consumption (~1000 times less than a batch
reactor) and waste generation (~1500 times less than a batch reactor) for each solvent-switching
experiment. Utilizing the developed green ﬂow chemistry strategy, we comprehensively study the
eﬀects of continuous and discrete process parameters on the eﬃciency and kinetics of
hydrophilicity switching of switchable solvents. The intensiﬁed CO2-triggered switchable
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hydrophilicity solvent extraction process allows accurate material-eﬃcient studies of switchable
solvents and therefore will accelerate the development and adoption of distillation-free, green, and
sustainable solvent recovery strategies in chemical industries.

Figure 2-1. Single-droplet flow reactor offers a time- and material-efficient (green) approach for
accelerated in-situ studies of CO2-mediated hydrophilicity switching of switchable solvents.

2.2. Introduction
Solvent utilization and recovery have always had a major role in chemical industries and
the field of green chemistry. Chemical and pharmaceutical industries, on a daily basis, use large
amounts of volatile solvents because of their ease of removal/recycling via distillation processes.97
Despite the advantages of volatile solvents from the separation and recycling point of views, their
flammability and toxicity contribute to many health and environmental issues. In addition,
distillation is an energy- and cost-intensive process with additional negative environmental
impacts.98 Thus, over the past two decades, a quest for green alternative strategies enabling energyefficient solvent recovery has started.99
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Recently, switchable solvents, pioneered by the Jessop group,100, 101 have emerged as a
promising alternative to overcome the abovementioned challenges of distillation-based processes,
relying heavily on volatile solvents. Unique physicochemical characteristics of nitrogenous bases
that can reversibly “switch” chemical properties such as hydrophilicity,102-104 polarity,100, 105 and
ionic strength106,
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have opened a new frontier for distillation-free solvent utilization and

recovery. In particular, switchable hydrophilicity solvents (SHSs) have been demonstrated to
enable green solvent recovery in various fields ranging from recycling of packaging materials108
to extraction of bitumen109 and algal biomass.110, 111 An SHS in its original form is a hydrophobic
solvent (immiscible with water) which can “switch” to a hydrophilic state (miscible with water) in
the presence of water and carbon dioxide (CO2). The abundance and low cost of CO2 in addition
to its ease of addition/recovery from a solvent mixture make it an excellent trigger candidate for
on-demand switching of the abovementioned chemical properties of SHSs from the sustainable
chemistry point of view. In the presence of CO2 and water, SHS reacts with the formed carbonic
acid to form bicarbonate salts and protonated SHS (Equation 2.1).
NR3 + H2O + CO2 ↔ NR3H+ + HCO3-

(2.1)

Interestingly, this reaction can be easily reversed upon removal of CO2 through bubbling
with an inert gas (e.g., nitrogen, N2) with or without gentle heating (up to ~65 °C).101 Figure 2-2A
shows reversible change of an SHS upon addition/removal of CO2. The ease of hydrophilicity
switching of SHSs mediated by CO2 make them an ideal candidate for the next-generation green
liquid-liquid extraction (LLE) strategies.
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Figure 2-2. (A) Schematic illustration of the phase behavior of SHSs in hydrophobic (left) and
hydrophilic (right) forms in the presence of CO2 and N2, respectively. (B) Advantages and
challenges of conventional batch (flask-based) SHS screening method.

Over the last decade, reversible hydrophilicity switching of a wide variety of secondary
and tertiary amines with different functional groups has been explored mainly through their wateroctanol partition coefficient and the strength of their conjugate acids by the carbamate/bicarbonate
mode of action in considering their risks and environmental impact.103,

104

Although several

secondary amines showed faster forward extraction rates compared to tertiary amines by having
an alternative pathway of carbamate formation which is faster in less sterically hindered amines.
The formation of bicarbonate in the presence of tertiary amines, governed by the electron-donating
strength of the nitrogen center in the nitrogenous base, enables reversible hydrophilicity switching
upon addition/removal of CO2.102
34

Despite substantial advancements in the performance and applications of SHSs,112, 113 two
major issues hinder their development: (i) mass transfer-limited LLE, resulting in extraction times
in the order of 1-10 h/experiment102, 114 and (ii) the massive chemical/process parameter space
associated with SHSs,102 with a limited available chemical database. Currently, both fundamental
and applied studies of SHSs are conducted using batch reactors. The screening, characterization,
and optimization of SHSs are typically performed using a glass flask with an immersed needle for
bubbling CO2 into the solution. Manual samples are then withdrawn from the flask at different
extraction times for off-line analysis. Such batch processes have many drawbacks including mass
transfer limitation (limited interfacial area and short contact time of the injected CO2 bubbles and
SHS mixtures), lack of access to the LLE efficiency in situ, large chemical consumption (5-1000
mL) per experimental condition, and formation of double emulsion requiring long wait times (612 h) for separation of the hydrophobic and hydrophilic phases (Figure 2-2B). Mass transfer
limitation of the CO2 bubbling strategy may be considered as the major factor contributing to the
slow SHS-based LLE process.
Microfluidic strategies, including both continuous1,
reactors,27,

109, 120-127

115-119

and single-droplet flow

with enhanced heat and mass transfer rates, enhanced safety,128 precise

process control, well-defined interfacial areas, and highly efficient chemical consumption rates
have recently been promoted as an effective approach for fundamental and applied studies of gasliquid processes including hydrogenation,29,

129-131

glycosylation,5,

diazomethanation,91 difluoromethylation,136 oxygenation,23,
photoredox catalysis,74,

141-143

borylation,144,

145

132

72, 137, 138

carbonylation,58,

133-135

carboxylation,139,

and hydroformylation.27,

28, 82
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Specifically,

microfluidic platforms have been utilized for fundamental investigations of physical/chemical
processes involving CO2 for applications such as CO2 capture and storage and material
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synthesis.146 When dealing with relatively long processing times (>1 min), the unique benefits of
microscale fluidic processing allow accurate in situ studies of chemical reactions by simply using
a single microliter droplet oscillating within a microchannel.147 Single-droplet flow reactors enable
time- and material-efficient and accurate gas-liquid process monitoring, meanwhile minimizing
chemical consumption and waste generation for green and sustainable process development.
In gas-liquid reactions, the interfacial area of the gas and liquid phase plays a key role in
efficient mass transfer. Conventional reactors for gas-liquid reactions have poorly defined and
relatively low specific interfacial areas. For example, a round-bottom flask with a diameter of 5
cm provides an interfacial area of 60 m2 m-3, while bubble columns offer specific interfacial areas
ranging from 50-600 m2 m-3.148 The relatively low interfacial areas of conventional gas-liquid
reactors result in a relatively low overall mass transfer coefficient (e.g., a bubble column provides
mass transfer coefficients of 0.005-0.25 s-1),149 thereby requiring excessively high processing times
for mass transfer limited gas-liquid processes. In contrast, a highly CO2-permeable membrane
(e.g., Teflon AF 2400) in a tube-in-tube configuration can provide significantly higher interfacial
areas compared to the conventional gas-liquid reactors, exceeding 5000 m2 m-3. Access to such
high interfacial areas will enhance CO2 diffusion and transfer from the gas phase to the reactive
liquid phase with a mass transfer coefficient of 0.1-1 s-1, thereby accelerating the CO2-mediated
LLE process significantly.6
Building on our recently developed single-droplet microreactor for studies of mass
transfer-limited gas-liquid reactions,27 in this work, we developed and utilized a time- and
material-efficient (green) microfluidic approach for accelerated in situ studies of CO2-mediated
hydrophilicity switching of SHSs (Figure 2-3). The single-droplet microreactor utilizes a tubular
CO2-permeable membrane reactor which significantly increases the gas-liquid interfacial area for
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efficient CO2 delivery into the reactive SHS mixture, thereby removing the mass transfer limitation
of conventional batch reactors. Furthermore, separation of the CO2 injection stream and the SHS
mixture enables precise control over the LLE time and allows for fundamental studies of both
continuous (e.g., reaction time, SHS concentration, and CO2 pressure) and discrete (SHS structure)
process parameters. Utilizing the developed green flow chemistry strategy, we systematically
study the effect of the amine chemical structure on its hydrophilicity switching (extent and
kinetics) by varying alkyl/aryl functional groups. Herein, we demonstrate accurate, intensified,
and material-efficient LLE performance characterization of various SHSs achieved within 4-10
min (~60 times faster than a batch reactor), while utilizing only 2-5 μL of the SHS mixture (~1000
times less chemical consumption than a batch reactor).

Figure 2-3. Fundamental and applied studies of CO2-triggered hydrophilicity switching of SHSs
enabled by a single-droplet flow reactor. Blue arrows: experimental input parameter space; red
arrows: process outcomes.
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2.3. Experimental Section
2.3.1. Materials
Triethylamine (TEA) 1, N,N-dimethylcyclohexylamine (DMCA) 2, di-sec-butylamine
(DBA) 3, and N,N-diisopropylethylamine (DIPEA) 4 were purchased from TCI America and used
as received (Scheme 2-4). Toluene, Sudan red dye, and indigo carmine dye were purchased from
Millipore Sigma and were used as received. Deuterated toluene and deuterated oxide were
purchased from Cambridge Isotope Inc. and were used as received. Deionized water was obtained
using a PURELAB Flex system (ELGA LabWater). Carbon dioxide (research 5.0 grade, Airgas)
and nitrogen (ultrahigh purity 5.0 grade, Airgas) gas were purchased from Airgas. Purity of amines
was determined by independent 1H,

13

C, and attached proton test - nuclear magnetic resonance

(NMR) measurements (Appendix A-2B). Chemical properties are listed in Table S1 (Appendix A1).

Figure 2-4. The studied amines in this work.

2.3.2. Experimental Setup
The developed green microscale flow chemistry platform for studies of SHSs, utilizing a
single-droplet tube-in-tube flow reactor, is presented in Figure 2-5A. The tube-in-tube flow reactor
was constructed using a gas-permeable tubular microreactor (Teflon AF 2400, inner diameter
(i.d.): 0.032” and outer diameter (o.d.): 0.040”, Biogeneral) placed inside a Teflon tubing
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[fluorinated ethylene propylene (FEP), i.d.: 0.0625” and o.d.: 0.125”, IDEX Health & Sciences],
as shown in Figure 2-5B. Two automated syringe pumps (PHD Ultra, Harvard Apparatus) were
utilized for accurate injection of predefined volumes of the SHS mixture and DI water into the
fluidic path. A syringe-free pump (M6 Series, Valco Instrument) connected to a pressurized gas
vessel was utilized for controlled forward/backward movement of the biphasic liquid slug within
the tube-in-tube flow reactor. The inlet and outlet ports of the inner tube of the microreactor was
connected to custom-machined pressure vessels (aluminum) for better control over the pressure
gradient across the flow reactor. Controlled gas delivery to the single-droplet flow chemistry
platform was achieved using two mass flow controllers (MFCs) for N2 and CO2 (EL-FLOW select
series, Bronkhorst) and a digital back pressure regulator (EL-PRESS series, Bronkhorst). Two
optical liquid phase sensors (OPB350 series, OPTEK Technology) connected to a multifunctional
input/output device (USB-6001, National Instruments) were utilized for real-time monitoring of
the liquid slug position within the microreactor, enabling accurate droplet oscillation inside the
tube-in-tube microreactor during the LLE process. Another optical phase sensor was integrated
with the flow chemistry platform for automatic triggering of the high-resolution charge-coupled
device (CCD) camera (VCXU-91C, Baumer) utilized for in situ monitoring of the SHS extraction
process. The SHS extraction process sequence was controlled and executed using a customdeveloped code (LabVIEW, National Instrument). In situ SHS characterization was conducted
using a custom-developed MATLAB image-processing code (MathWorks) and validated with
ImageJ (NIH).
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Figure 2-5. (A) Schematic of the developed single-droplet flow chemistry approach for green
studies of CO2-mediated solvent recovery strategies. The bi-phasic slug including the aqueous
(pure DI water) and organic (toluene and SHS) liquid segments with a pre-determined volume
ratio is automatically injected into the fluidic path, oscillated between two phase sensors, and
imaged for in-situ SHS extraction analysis. Solid black lines correspond to the fluidic path; grey
dashed lines indicate signal communication with a computer. (B) Schematic of the bi-phasic slug
within a tube-in-tube system during the CO2-triggered extraction process. Outer tube is an FEP
tubing and inner tube is a gas permeable Teflon AF2400 tubing. CO2 flows through the outer
annulus and diffuses into the inner tubing, while pressurized N2 pushes/pulls the liquid slug within
the Teflon AF 2400 tubing (i.e., inner annulus) for oscillation.

2.3.3. Microfluidic Extraction of SHS
The extraction of SHSs in the flow reactor is conducted following a programmed sequence
of steps: (i) purging the fluidic path including the inner and outer tubing with N2 to remove any
residual CO2 from the microreactor; (ii) injecting a predefined volume of DI water, (Vaq)i, into the
fluidic path and pushing it with pressurized N2 until it reaches the first phase sensor, placed before
the organic phase T-junction; (iii) adding a predefined volume of toluene and SHS mixture, (Vorg)i,
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to the aqueous slug and pushing it with pressurized N2 inside the fluidic path toward the tube-intube flow reactor; (iv) automatic triggering of the CCD camera (through an optical phase sensor
placed at the inlet of the tube-in-tube flow reactor) to start capturing a sequence of high-resolution
images of the biphasic slug inside the tube-in-tube flow reactor; (v) switching from N2 gas flow in
the outer annulus to CO2; (vi) withdrawing the biphasic slug as soon as it reaches the end of the
tube-in-tube flow reactor (triggered by an optical phase sensor placed at a distance L from the inlet
phase sensor); (vii) oscillating the biphasic slug between the inlet and outlet phase sensors until
the aqueous phase volume reaches a plateau; (viii) collecting the biphasic slug into a waste
collection vial placed inside the pressure vessel; and (ix) rinsing the fluidic path with three DI
water slugs. For visualization and characterization purposes, toluene was loaded with 0.05 wt. %
Sudan red dye, while the DI water was loaded with 0.1 wt. % Indigo carmine dye. In order to
remove the effect of partial miscibility of toluene and DI water on the experimentally measured
extraction efficiency of SHSs, the dyed toluene and water solutions were mixed vigorously and
stored overnight to ensure complete saturation of each solvent before use in the experiments. In
this work, in order to better understand the fundamentals of CO2-triggered hydrophilicity switching
of SHSs, we systematically studied the effects of continuous process parameters, including (i) the
initial volume ratio of the aqueous to organic phase, Ri (0.2 to 1.8), (ii) the concentration of SHS
in toluene, CS (1.5-4.5 M), (iii) CO2 pressure, P (5-30 psig), and (iv) a discrete process parameter,
SHS chemical structure. Additionally, we investigated the effect of convective mass transport (U,
5-25 mm/s) on the extent and kinetics of the CO2-mediated SHS extraction process. In this study,
the maximum CO2 pressure was limited to 30 psig to ensure the cost of CO2 pressurization, and
delivery still remains relatively low for large scale industrial applications of this promising green
and energy-efficient solvent recovery strategy.
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2.3.4. Flow and Batch Extraction of SHS
Batch studies of SHS extraction (validation experiments) were conducted using a 6 mL
vial (Thermo Scientific) with 3 mL of the aqueous and organic phase each. CO2 was bubbled into
the vial with a constant flow rate of 5 mL/min using a computer-controlled MFC. The initial and
final volume ratios of the aqueous and organic phases were measured using high-resolution images
(LUMIX GH5, Panasonic) and compared with the flow experiments conducted under the same
experimental conditions (Figure 2-5, batch). As presented in Figure 2-5, SHS extraction in the
intensified flow chemistry platform offers significantly lower chemical consumption (1000X) than
the batch reactor while achieving the same SHS extraction efficiency at equilibrium with a
processing time ~2 orders of magnitude shorter than that of the batch reactor. Furthermore,
multiple experiments (multiple liquid slugs) can be conducted, simultaneously, within the same
microreactor. It should be noted that the equilibrium extraction efficiency of SHSs is independent
of the gas-liquid mass transfer, supported by the same equilibrium extraction efficiency obtained
for both batch and flow experiments, as shown in Figure 2-6. The equilibrium extraction efficiency
is a function of the SHS concentration and structure, CO2 pressure, oil phase composition, and
aqueous phase volume. However, the kinetics of the SHS extraction process is strongly dependent
on the gas-liquid interfacial area and two-phase mass transfer (Figure 2-6). To further validate the
SHS extraction efficiency of the flow experiments, the CO2-mediated SHS extraction was
conducted in batch using deuterated oxide and deuterated toluene (with SHS), and the
corresponding extraction efficiencies were measured using NMR spectroscopy (NMR 600 MHz,
Bruker). The extraction efficiency of an exemplary SHS, DMCA, in the ternary system of DMCA
+ toluene-D8 + D2O114 was measured with independent 1H NMR spectroscopy runs. The
composition of the extracted organic and aqueous phases in the batch experiments, obtained
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through 1H NMR, was utilized to evaluate the amount of DMCA extracted after CO2 bubbling in
the LLE process150, 151 (Appendix A-2A).

Figure 2-6. Comparison of the CO2-mediated SHS extraction (DMCA) conducted in batch (6 mL
vial) vs. a single-droplet tube-in-tube flow reactor (5 µL) under the following experimental
conditions: CS = 4.5M, Ri = 1, U = 15 mm s-1, and P = 10 psig.

2.3.5. Evaluation of SHS Extraction in Flow and Batch
Microfluidic extraction of SHSs was measured automatically at each reaction time using a
custom-developed MATLAB image-processing code (Appendix A-4). Volumes of the organic and
aqueous phase in the biphasic slug were determined from the acquired color images (Figure 2-7).
SHS extraction efficiency, η, was then calculated using Equation 2.2,
𝜂𝜂 =

�𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜 � ×�𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 �
𝑖𝑖

�𝜌𝜌𝑎𝑎𝑎𝑎 � ×�𝑉𝑉𝑎𝑎𝑎𝑎 �
𝑓𝑓

𝑖𝑖

𝑓𝑓

=

�𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 �
�𝑚𝑚𝑠𝑠,𝑎𝑎𝑎𝑎 �

𝑖𝑖

(2.2)

𝑓𝑓

where ρ, V, and m represent the density, volume, and mass, respectively; subscripts org, aq, and s
represent the organic phase, aqueous phase, and SHS, respectively; and subscripts i and f represent
the initial (t = 0) and final (t = tf) values of the corresponding parameters, respectively. The density
of the aqueous and the organic phase was measured separately to consider the difference in the
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mixture density as a function of the amount of SHS present (Appendix A-2). Each set of
experiments was conducted three times and monitored in situ using a high-resolution digital
camera (VCXU-91C, 60-90 frames per second). It should be noted that the membrane-based flow
reactor (tube-in-tube microreactor) enables complete separation of the CO2 injection source from
the SHS and water mixture. Thus, the developed microscale flow chemistry strategy in addition to
the biphasic extraction of the protonated SHS enables accurate in situ studies of the first step of
the CO2-triggered hydrophilicity switching of SHSs, that is, dissolution of CO2 in the aqueous
phase. The experimentally observed sigmoidal curve of the CO2-mediated SHS extraction process
(Figure 5) suggests that the SHS recovery can be explained as a two-step process: carbonic acid
formation followed by SHS protonation.

Figure 2-7. Hydrophilicity switching performance and kinetics of SHS shown in function of time
with changes of volume in aqueous (red) and organic phase (blue). CS = 4.5M, Ri = 1, U = 15 mm
s-1, L = 25 cm, P = 10 psig.
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2.4. Results and Discussion
2.4.1. Operation Envelope
The oscillatory motion of a single biphasic slug provides (i) enhanced mixing because of
the axisymmetric recirculation patterns formed within each liquidphase147, 152 and (ii) an enhanced
interfacial area between aqueous and organic phases. The high surface tension and surface energy
of the aqueous phase on the microreactor wall (Teflon AF 2400) compared to those of the organic
phase (toluene + SHS) result in periodic on-demand wetting/dewetting and engulfment of the
aqueous phase during the oscillatory motion of the biphasic slug (Appendix A-7). This unique
surface energy-driven engulfment and separation of the aqueous and organic phases enable
dynamic monitoring of the CO2-mediated hydrophilicity switching of SHSs without the time delay
required for phase separation of the aqueous and organic phases in batch reactors.
In the first set of SHS extraction experiments, we studied the flow regime of a biphasic
slug oscillating in the microreactor under different flow velocities (U) and concentrations (CS) of
an exemplary SHS, DMCA. As shown in Figure 2-8, for the single-droplet flow behavior, we
observed three different flow regimes. Under moderate flow conditions (i.e., U < 80 mm s-1), a
desired fluid movement with a smooth wetting/dewetting transition of the aqueous phase can be
obtained (regime I in Figure 2-8). By increasing U, in regime II, the organic phase liquid film
surrounding the aqueous phase during the transition period becomes unstable. In regime III, at
relatively high flow velocities, the biphasic slug breaks into multiple droplets.
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Figure 2-8. The observed flow regimes of a bi-phasic slug within the tube-in-tube flow reactor.
Flow regime I corresponds to the stable oscillatory movement with a regular engulfment of the
aqueous phase (red) in the organic phase (blue). Flow regime II presents semi-stable flow. Flow
regime III corresponds to an unstable flow, resulting in multiple broken droplets along the flow
reactor. All experiments were conducted with Ri = 1, L = 25 cm, Cs = 6 M, and P = 10 psig.

Outside regime I, inertial force becomes dominant over surface energy of the biphasic slug.
In regime II, inertial force is high enough to break the thin liquid film surrounding the aqueous
droplet but not large enough to break the liquid slug into multiple smaller slugs. However, in
regime III, inertial force exceeds the liquid slug breakage limit, which leads to breakage of the
parent biphasic slug into multiple smaller ones. As presented in Figure 2-8, a wide accessible range
of the desired flow regime I can be obtained. Thus, the CO2-mediated LLE of SHSs under high
flow velocities (20 mm s-1 < U < 80 mm s-1) can be characterized using the developed singledroplet flow reactor. It should be noted that the flow regime presented in Figure 2-8 is provided as
a representative guideline for comprehensive single-droplet studies of CO2-triggered SHS
extraction in the developed microscale flow chemistry platform. Although Figure 2-8 only
represents the toluene/DMCA mixture, this flow regime and obtained operation envelope can be
readily applied to other SHSs with a chemical structure similar to that of DMCA (e.g., DBA,
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DIPEA, and TEA). In the case of an SHS with a significant viscosity and surface energy difference
to DMCA, the flow regime map and the operation envelope must be re-established.

2.4.2. Effect of the Aqueous Phase to Organic Phase Volume Ratio
After determining the desired operational envelope of the single-droplet flow reactor for
accurate in situ studies of CO2-mediated hydrophilicity switching of SHSs, we examined the effect
of the initial volume ratio of the aqueous to the organic phase while maintaining all other process
variables constant. As presented in Figure 2-9, there is a minimum volume of the aqueous phase
required to reach the maximum achievable single-pass SHS extraction efficiency for a given amine
(e.g., 87% for DMCA). As the aqueous phase volume becomes smaller than the organic phase
volume, the single-pass efficiency of DMCA extraction decreases from 87% to 72%. The lower
SHS extraction efficiency obtained for a lower initial water volume can be attributed to the lower
concentration of the formed carbonic acid to react with the same amount of DMCA, resulting in
lower concentration of protonated SHSs formed and transferred to the water phase for a smaller
water volume.
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Figure 2-9. Equilibrium Extraction efficiency of DMCA triggered by CO2 for varying initial
volumetric ratio, Ri. All experiments were conducted with CS = 4.5 M, U = 15 mm s-1, L = 25 cm,
and P = 10 psig.

2.4.3. Effect of Initial SHS Concentration
In an LLE process, the concentration of the chemical species being extracted plays an
important role in controlling the kinetics of the extraction process. Thus, utilizing the developed
single-droplet flow reactor, we studied the effect of SHS concentration on the kinetics and extent
of solvent recovery (Figure 2-10). As expected, because the SHS extraction is based on
thermodynamic equilibrium, SHS extraction efficiency was determined to be ~87% regardless of
the amine concentration for the same aqueous phase volume and a constant CO2 pressure.
However, a faster SHS extraction was observed at lower DMCA concentrations (Figure 2-10A).
The time to reach 95% of the equilibrium extraction efficiency was defined as the characteristic
SHS extraction time (te). The extraction time for each SHS concentration was determined using a
dose-response relationship curve fitting. Figure 2-10B illustrates that the SHS extraction time is
linearly correlated with the initial SHS concentration. It should be noted that the specific interfacial
area (m2 m-3) of the aqueous phase-defined as the total surface area over the volume of the aqueous
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phase-during the dynamic SHS extraction process is a function of the initial SHS concentration.
As the SHS starts to be extracted into the aqueous phase, the surface area and volume of the
aqueous phase increase, resulting in a decreased specific interfacial area compared to the starting
specific interfacial area before the extraction. Because the extracted amount of the SHS into the
aqueous phase is a function of the starting SHS concentration, by increasing the initial SHS
concentration for a constant initial organic phase volume, the specific interfacial area of the
aqueous phase over the course of the SHS extraction process decreases more significantly. The
observed behavior can be attributed to the mass transfer-limited SHS extraction process: (i) higher
initial SHS concentration results in a larger number of moles of SHSs that need to be extracted
from the organic phase with the same volume (constant aqueous phase volume), resulting in the
same initial specific interfacial area, and (ii) the lower initial SHS concentration results in higher
engulfment time of the aqueous phase within the organic phase. Engulfment time is defined as the
time which the aqueous phase spends inside the organic phase during the complete engulfment
stage (Appendix A-6) in each half oscillation cycle of the biphasic slug. Lower concentration of
SHS (i.e., a smaller number of moles to be extracted) enhances the extraction kinetics of the CO2triggered hydrophilicity switching process through the same specific interfacial area.
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Figure 2-10. (A) Time-dependent LLE extraction of DMCA for varying initial concentration of
DMCA in toluene. The value converged to 87 ± 0.6 at equilibrium. The experiments were
conducted with CS = 1.5 M (Black), 2.5 M (Red), 3.5 M (Blue), 4.5 M (Green), L = 25 cm, Ri = 1,
U = 15 mm s-1, and P = 10 psig. (B) Linear relationship of DMCA concentration and extraction
time. (C) Time-dependent LLE extraction of DMCA for varying flow velocity of the bi-phasic slug.
The LLE extraction efficiency converged to 87 ± 0.4 at equilibrium. The experiments were
conducted with U = 5 mm s-1 (Black), 10 mm s-1 (Red), 15 mm s-1 (Blue), 20 mm s-1 (Green), 25
mm s-1 (Purple), CS = 4.5 M, Ri = 1, L = 25 cm, and P = 10 psig. (D) Linear relationship of flow
velocity and extraction time.

2.4.4. Effect of Flow Velocity
The laminar flow regime (Reynolds number ≈ 2-16) of the single-droplet flow chemistry
platform results in high momentum diffusion and low momentum convection. Therefore, mixing
and mass transfer of the biphasic slug are mostly enhanced with the oscillatory motion.147
Oscillatory movement of the liquid slug offers axisymmetric recirculation in both organic and
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aqueous phases. In addition, liquid slug oscillation increases the available interfacial area of two
immiscible phases by providing engulfment (i.e., dewetting) of the aqueous phase within the
organic phase. Thus, in the next set of experiments, we examined the effect of microscale mixing
time on the CO2-mediated DMCA extraction process. For these experiments, the flow velocity (U)
was varied from 5 to 25 mm s-1.
Figure 2-10C shows enhanced extraction kinetics of DMCA as flow velocity increases. By
increasing the oscillation flow velocity from 5 to 25 mm s-1, the number of oscillations increased
from 6 to 30 oscillations for the same total reaction time of 10 min. Increasing the oscillation
velocity enhances the overall dewetting time of the aqueous phase (complete engulfment) and
thereby increases the effective interfacial area for SHS extraction. Figure 2-10D shows a linear
decrease in extraction time as flow velocity increases. For example, increasing the oscillation flow
velocity from 5 to 25 mm s-1 improved the extraction time by 40% (process intensification). By
increasing the flow velocity in a constant microreactor length, the number of slug oscillations
increases, where the wetting/dewetting and engulfment happen in every oscillation cycle. Thus,
by increasing the flow velocity, while maintaining every other process parameter at a constant
value, the overall engulfment time and available specific interface for a constant residence time
increase, thereby accelerating the CO2-triggered SHS extraction process.

2.4.5. Effect of CO2 Pressure
In the CO2-mediated SHS extraction process, pressure of the system affects the solubility
and diffusivity of CO2 in water. In addition, the higher CO2 pressure will increase the permeation
rate of CO2 through the gas-permeable tubular membrane. Thus, we examined the effect CO2
pressure by systematically varying P from 5 to 30 psig. In order to avoid failure or breakage of the
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gas-permeable membrane during the flow experiments, we pressurized and depressurized the inner
and outer annulus of the tube-in-tube flow reactor at the same time.
Figure 2-11A presents the effect of CO2 pressure on the kinetics and extent of the CO2mediated SHS extraction process. While higher CO2 pressure provided faster extraction, the
equilibrium DMCA extraction efficiency remained constant at 87% ± 0.7. Increase in CO2 pressure
offers faster formation of carbonic acid, yet the equilibrium extraction of SHS is related to
partitioning of protonated SHS. Figure 2-11B shows non-linear relationship between CO2 pressure
and extraction time. As CO2 pressure increases toward 30 psig, te moves toward converging to a
plateau value, thereby minimizing CO2 diffusion limitation into the bi-phasic slug. At relatively
low CO2 pressures (e.g., 5 psig), due to mass transfer resistance of the membrane (i.e., lower CO2
flux across the gas-permeable membrane), both carbonic acid formation and protonation of DMCA
slow down. As CO2 pressure increases, a faster SHS extraction kinetic can be obtained with nonlinear decrease in the characteristic SHS extraction time, approaching the SHS extraction time with
minimum CO2 permeation limitation. Additionally, the SHS extraction kinetics can be further
enhanced by reducing the internal tubing diameter through enhancing the specific interfacial area.
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Figure 2-11. (A) Time-dependent extraction of DMCA with varying CO2 pressure. The LLE
efficiency converged to 87 ± 0.7 at equilibrium. The experiments were conducted at P = 5 psig
(Black), 10 psig (Red), 15 psig (Blue), 20 psig (Green), 25 psig (Purple), 30 psig (Yellow), CS =
4.5 M, Ri = 1, L = 25 cm, and U = 15 mm s-1. (B) Linear relationship of SHS concentration and
extraction time.

2.4.6. Process Intensification
Process intensification is crucial in many aspects for process sustainability, energy
efficiency of chemical processes, and waste minimization.128,

153, 154

Based on the process

parameter characterization results (i.e., effects of Ri, P, and U), the extent of the CO2-mediated
SHS extraction process for a given SHS structure and concentration can be enhanced by increasing
Ri, while its kinetics can be significantly intensified by increasing P and U (Figure 2-12A). For
example, by increasing Ri from 0.2 to 1, DMCA extraction efficiency increased from 72% to 87%,
representing the maximum single-pass extraction efficiency possible for DMCA, governed by the
thermodynamic equilibrium. The characteristic extraction time (kinetics) of DMCA was then
enhanced by 15% when the flow velocity was increased from 15 to 25 mm s-1 (improved
convective transport). Next, increasing CO2 pressure from 10 to 30 psig accelerated the DMCA
extraction process by 32%. Utilizing the optimized process parameters, a single-pass CO2mediated LLE of DMCA was significantly accelerated and completed within only 4 min (~90
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times faster than a batch process), while achieving the maximum equilibrium extraction efficiency
of 87%. We believe that interfacial mass transfer resistance at the gas-liquid and liquid-liquid
interfaces is the limiting parameter affecting the SHS extraction kinetics. All other mass transfer
resistances, including CO2 dissolution and mixing times, can be further enhanced using the
abovementioned tuning of the accessible process parameters; however, the interfacial mass
transfer resistances cannot be completely removed.

Figure 2-12. (A) Process intensification varying process parameters, Ri, U, and P. All experiments
were conducted with 4.5M of DMCA/toluene mixture. (B) Equilibrium Extraction efficiency of
SHSs triggered by CO2: DMCA 1 (Black), TEA 2 (Green), DIPEA 3 (Blue), DBA 4 (Red). The
experiments were conducted with CS = 4.5M, U = 15 mm s-1, L = 25 cm, Ri = 1, and P = 10 psig.

2.4.6. Effect of the SHS Chemical Structure
Following the comprehensive studies of the effects of various process parameters on the
CO2 triggered SHS extraction process, in the last set of experiments, we investigated the effect of
electron-donating strength of nitrogen (steric hindrance) on the single-pass extraction efficiency
of amines utilizing the developed green flow chemistry platform. Hydrophilicity switching of one
secondary amine, DBA, and three tertiary amines, DMCA, TEA, and DIPEA (pKa = 11.0,155
10.48,156 10.68,157 and 11.0158, respectively), was studied under the same experimental conditions
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(P, Ri, U, CS, and residence time) to systematically assess the effect of alkyl group spatial
arrangement on the equilibrium extraction efficiency of amines. Figure 2-12B presents the time
evolution of the CO2-mediated hydrophilicity switching of the four different amines tested. The
reactivity of nitrogen in an amine is directly controlled by the accessibility of its lone electron pair
which is governed by the electron-donating strength and spatial arrangement of the adjacent alkyl
groups.159-161 Among the tertiary amines tested (Table 2-1), TEA 1 with the strongest electrondonating nitrogen center resulted in the highest single-pass LLE efficiency (93%) and lowest
distribution ratio (post-extraction), D (0.76), compared to DBA 3 (η = 79%, D = 1.4) and DIPEA
4 (η = 70%, D = 1.8), where steric hindrance of the alkyl groups hinder access to the nitrogen
electron-hole pair. The distribution ratios of the protonated amines (Table 2-1) were calculated
(post-extraction) using Equation 2.3, where ws is the mass fraction of the amine in each phase after
extraction.
𝐷𝐷 =

𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
𝑚𝑚𝑠𝑠,𝑎𝑎𝑎𝑎
𝑚𝑚𝑎𝑎𝑎𝑎

=

𝑤𝑤𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜
𝑤𝑤𝑠𝑠,𝑎𝑎𝑎𝑎

(2.3)

According to equation 3, lower D is favorable for SHS extraction, implying that more
amount of SHS is extracted from the organic phase to the aqueous phase. The faster kinetics of
TEA extraction compared to the other tested tertiary amines (te, Table 2-1) can also be attributed
to the steric hindrance effect of bulkier alkyl groups adjacent to the nitrogen center. The higher
extraction efficiency of DBA 3 (secondary amine, η = 79%) compared to DIPEA 4 (tertiary amine,
η = 70%) can be explained by the presence of hydrogen, resulting in an intramolecular hydrogen
bond,162 thereby increasing the reactivity of the nitrogen center (iminium).160, 163
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Table 2-1. Extraction Characteristics of SHSs
Compound

η (%)

te (s)

D

pKa

TEA 1

93

400

0.76

10.68

DMCA 2

87

330

0.8

10.48

DBA 3

79

410

1.4

11.0

DIPEA 4

70

550

1.8

11.0

2.5. Conclusions
The green microscale flow chemistry platform utilized in this work enabled accurate in situ
studies of the continuous and discrete process parameters affecting the kinetics and equilibrium
extraction efficiency of SHSs with minimum chemical consumption and waste generation. The inflow-obtained equilibrium efficiency of SHSs was validated against batch experiments and
demonstrated similar values. Thus, the obtained equilibrium extraction efficiency of SHSs utilizing
the green microscale flow chemistry platform can be directly transferred to large scale extraction
processes. Utilizing the developed material-efficient microfluidic platform, a detailed framework
for achieving the maximum single-pass extraction efficiency and accelerating the SHS extraction
kinetics was provided. Furthermore, the distribution ratio of four different amines (three tertiary
and 1 one secondary) was evaluated using only 5 μL of each sample. The enhanced interfacial area
combined with the significantly reduced chemical consumption of the flow chemistry strategy
compared to its batch counterpart provided a green and sustainable approach for fundamental and
applied studies of SHSs. Furthermore, the intensified flow reactor significantly reduced the
screening time of CO2-triggered SHS extraction process from 6-12 h of mass transfer-limited batch
reactors to 4-10 min, thereby enabling accelerated high-throughput screening of a wide range of
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continuous and discrete SHS extraction process parameters in a time- and material-efficient
manner. The intensified flow chemistry approach can further be extended to a continuous flow
reactor, for accelerated energy-efficient solvent recovery utilizing optimized SHSs.
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CHAPTER 3
Intensified Continuous Extraction of Switchable Hydrophilicity Solvents Triggered by
Carbon Dioxide
S. Han, M. Ramezani, P. TomHon, K. Antami, R. W. Epps, T. Theis, and M. Abolhasani, Green
Chem., 2021, 23, 2900.

3.1. Abstract
Green solvent utilization and recovery enabled by switchable hydrophilicity solvents
(SHSs), using carbon dioxide as the switching trigger, oﬀer intriguing advantages in sustainable
chemistry. To further elevate SHSs, an intensiﬁed continuous ﬂow strategy is presented, providing
an accurate in situ reaction monitoring and a scalable green solvent extraction route.
3.2. Introduction
Solvents have a critical role in the chemical industry, particularly from green and
sustainable chemistry perspectives. According to the 12 principles of green chemistry,164 avoiding
or minimizing solvent utilization is desirable, yet large solvent consumption in both chemical
discovery and large scale commodity and specialty chemical industries is currently inevitable.
Moreover, most chemical processes are based on hazardous volatile solvents (e.g., ethers,
halogenated solvents),165 owing to their ease of separation via energy-intensive distillation. Due to
the absence of viable and green alternative solvent removal and recovery strategies, energyintensive distillation processes are increasingly being used worldwide with volatile, toxic, and
flammable solvents.
To address current energy and environmental challenges of solvent utilization in chemical
industries, switchable solvents have been promoted as a promising, energy-eﬃcient solvent
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removal and recovery approach, avoiding distillation and utilization of volatile solvents.100, 102-104,
109, 127

In particular, switchable hydrophilicity solvents (SHSs) (e.g., tertiary amines) oﬀer a facile

reversible tuning of their hydrophilicity triggered by carbon dioxide (CO2) in the presence of water
under a mild reaction condition (e.g., room temperature and atmospheric pressure). In the presence
of water and CO2, a hydrophobic SHS (original form) undergoes a change in hydrophilicity due to
SHS protonation and becomes hydrophilic as shown in equation 3.1.
NR3 + H2O + CO2 ↔ NR3H+ + HCO3-

(3.1)

The hydrophilicity of SHSs can be readily reversed back to their original hydrophobic form
by removing CO2 through purging the solution with an inert gas (e.g., nitrogen, N2) under
moderated heat (e.g., ~50 °C).104 The unique reversibility and benign characteristics of the CO2triggered SHS extraction make them an ideal class of solvents for a wide range of applications in
the field of green chemistry, e.g., extraction of algal biomass,110,

111

recycling of packaging

materials,108 and aldol condensation reactions.112 Additionally, atmospheric level of CO2 has
steadily increased over the past century,166, 167 demanding new and wide-reaching CO2 capture and
utilization strategies.60-62,

168, 169

Switchable solvents are promising candidates for large scale

utilization of captured CO2 from stationary sources for green and sustainable chemistry. In
particular, the facile CO2-triggering nature of SHS extraction oﬀers great advantages for the
utilization of CO2.
Despite the intriguing characteristics of this exciting class of green solvents, the relatively
low solvent recovery throughput of conventional batch reactors has hindered the widespread
adoption of SHSs across chemical industries, mainly due to the large transport characteristic length
scale and gas–liquid mass transfer limitations of such reactors. Gas bubbling in a liquid phase
within a batch reactor has a poorly defined gas– liquid interfacial area (e.g., bubble columns oﬀer
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50–600 m2 m−3) accompanied by a relatively low overall mass transfer coeﬃcient (e.g., bubble
columns oﬀer 0.005–0.25 s−1),148 resulting in a relatively low SHS extraction throughput (e.g.,
0.010 mL min−1 SHS extraction throughput calculated based on a 10 mL batch reactor). As a result,
gas–liquid mass transfer limitation of conventional batch reactors is considered as a key limiting
factor that (i) prohibits rapid exploration of massive parameter space associated with CO2triggered SHS extraction and (ii) limits the SHS extraction throughput for large scale adoption in
chemical industries.
Over the past decade, microscale flow chemistry strategies have emerged as an eﬀective
approach for accelerated fundamental23,

36, 37, 146, 147, 170

and applied studies of multi-phase

processes.1, 119, 171-173 In particular, continuous liquid–liquid extraction has received significant
attention due to the unique advantages of microfluidic reactors such as ease of liquid flow control
and handling, the high surface to volume ratio, enhanced mass transfer rates, and prevention of
unwanted dispersion.174-176 Microfluidic liquid–liquid extraction strategies have successfully been
integrated in a wide range of chemical and biological processes, including extractions of metal
ions,177 solvents,178 and cells.179 Furthermore, for a multi-phase process involving both gas and
liquid phases, utilizing a highly gas- permeable Teflon AF 2400 tubular membrane in a tube-intube flow reactor configuration provides well-defined interfacial areas, intensified mass transfer
rates, and enhanced process safety.5, 35, 84, 171 The high gas–liquid interfacial area (~5000 m2 m−3)
and mass transfer coeﬃcient (0.1–1 s−1)6 oﬀered by the tube-in-tube flow reactors enhance the rate
of gas delivery in gas–liquid reactions, thereby allowing accelerated process development and
optimization with integrated in situ characterization (e.g., imaging)12 as well as process
intensification via reaction kinetic boosting.171 In addition, flow chemistry strategies have
demonstrated significant advancement in facile green chemistry process scale up/out180 and
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automation for fast kinetic screening181 and explorations of chemical space as well as real-time
reaction control.182 Recently, our group has reported a time- and material-eﬃcient microfluidic
flow chemistry approach for accelerated in situ studies of CO2-mediated SHS extraction utilizing
a single-droplet tube-in-tube flow reactor (Figure 3-1, left).12 Utilizing the developed singledroplet microfluidic strategy, we demonstrated that the vast parameter space associated with
hydrophilicity switching of SHSs could be rapidly explored, consuming only 2–5 µL of SHS
mixture/ experiment (three orders of magnitude less chemical consumption and waste generation
than a batch reactor) in 4–10 min per experiment (∼ two orders of magnitude faster than a batch
reactor under similar reaction condition), providing a sustainable route for SHS development.

Figure 3-1. Schematic illustration of a flow chemistry workflow for accelerated (green) screening
of SHS extraction using a single-droplet flow reactor (left) and direct transfer of the optimized
SHS extraction conditions to a continuous flow reactor (right).
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In this work, capitalizing on the reconfigurable nature of tubular microfluidic reactors, we
developed an intensified flow chemistry strategy for scalable continuous CO2-triggered SHS
extraction. The developed flow chemistry strategy utilizing the tubular membrane-based flow
reactor not only achieves the following aspects of the 12 principles of green chemistry (Figure 31): (i) Design for energy eﬃciency; (ii) Use of renewable feedstock (CO2); (iii) Real-time
analysis for pollution prevention; and (iv) Inherently safer chemistry for accident prevention, but
also demonstrates the adaptability of SHS extraction in large scale chemical processes.
We demonstrate that by utilizing a microfluidic reactor with similar mass transport
characteristics to a single-droplet flow reactor, the optimized SHS extraction conditions
(accelerated green process development) can be directly transferred to the continuous flow reactor
without losing the equilibrium eﬃciency (Figure 3-1, right). Following the SHS extraction validation under the same conditions between the single-droplet and continuous flow reactors, we
explore further SHS extraction enhancements (faster kinetics) in the continuous flow reactor by
varying key experimental parameters, including CO2 pressure and the flow velocity. The optimal
SHS extraction condition is then utilized for intensified continuous recovery of four diﬀerent SHSs
in a modular flow chemistry platform equipped with an in-line liquid–liquid phase separator183, 184
for energy-eﬃcient solvent and product recovery. Furthermore, we demonstrate a facile scale-out
approach for continuous extraction of SHSs with a uniform flow distribution across three
continuous flow reactors, resulting in a 0.36 mL min−1 SHS extraction throughput (36 times more
than a batch reactor).
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3.3. Experimental Section
3.3.1. Materials
N,N-Dimethylcyclohexylamine (DMCA) 1, N,N-dimethyl-hexylamine (DMHA) 2,
triethylamine (TEA) 3, and di-sec-butylamine (DBA) 4 were purchased from TCI America (Figure
3-2) (Appendix B-6A). Toluene was purchased from Millipore Sigma. All SHSs and toluene were
used as received. Deionized (DI) water was produced using an in house PURELAB Flex system
(ELGA LabWater). Sudan red dye and indigo carmine dye were obtained from Millipore Sigma.
Deuterated toluene and deuterated oxide were purchased from Cambridge Isotope and used as
received. CO2 (research 5.0 grade) and N2 (ultrahigh purity 5.0 grade) were obtained from Airgas.
Chemical properties are described in Table S1 (Appendix B-1).

Figure 3-2. SHSs studied in this work.

3.3.2. Experimental Setup
The developed flow chemistry platform for intensified continuous extraction of SHSs is
presented in Figure 3-3. The mixtures of DI water with 0.1 wt. % Indigo carmine dye (Syringe 1
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in Figure 3-3), and toluene and SHS with 0.05 wt. % Sudan red dye (Syringe 2 in Figure 3-3) were
loaded in two 8 mL stainless steel syringes and delivered to the continuous flow reactor using two
computer- controlled syringe pumps (Fusion 6000, Chemyx). A segmented flow of the organic
and aqueous phase formed at a Y-junction (IDEX Health & Science) was introduced to a tube-intube flow reactor (length (L): 2 m) constructed with a gas-permeable Teflon AF 2400 tubular
membrane (Biogeneral, inner diameter (i.d.): 0.032”, outer diameter (o.d.): 0.04”) placed inside a
gas- impermeable Teflon tubing (fluorinated ethylene propylene (FEP), i.d.: 0.0625”, o.d.: 0.125”),
shown in Figure 3-3BI. The initial organic to aqueous phase volume ratio (Ri) was selected to be
1, to oﬀer enough aqueous phase volume for achieving complete extraction. The continuous CO2triggered extraction of SHSs in the tub-in-tube flow reactor was conducted in a countercurrent
configuration. The two-phase liquid stream was continuously fed into the inner annulus of the flow
reactor (i.e., inside of Teflon AF 2400 tubular membrane), while CO2 was continuously fed into
the outer annulus of the flow reactor (i.e., between the Teflon AF 2400 tubular membrane and the
outer FEP tubing) in the countercurrent manner to maximize CO2 flux and delivery to the liquid
phase through the gas-permeable membrane. The rate and pressure of gas delivery to the
continuous flow reactor were controlled via a CO2 mass flow controller (EL-FLOW series,
Bronkhorst) and a back pressure regulator (PC series, Alicat Scientific), respectively. The CO2
flowrate was set at 5 mln min−1 to provide shorter residence time for the gas stream in the flow
reactor than the multi-phase liquid stream, ensuring suﬃcient gas delivery to the liquid–liquid
system. The pressure of liquid flow is controlled with another back pressure regulator (ZF series,
Equilibar). Following the complete extraction of the SHS in the tube-in-tube flow reactor, the
segmented flow went through a second tube-in-tube module for in-line liquid–liquid phase
separation and passive recovery of the organic and aqueous phase. The phase separation module

64

was constructed using a porous Aeos™ ePTFE tubular membrane as the inner tubing (Zeus
Industrial Products, i.d.: 0.07” OD: 0.076”, pore size: 5 µm– 100 µm) and a liquid-impermeable
Teflon tubing (FEP, i.d.: 0.0625”, o.d.: 0.125”) as the outer tubing (Figure 3-3BII). A microreactor
holder was designed and 3D-printed (PA 650, Protolabs) to allow in situ characterization of the
CO2-triggered SHS extraction using image processing in a single field of view (FOV) with equal
distance between each of the six microchannels placed inside the FOV highlighted in Figure 33BIII. The CO2-mediated SHS extraction in the continuous flow reactor was monitored in situ
using a high-resolution color camera (Baumer, VCXU-91C), shown in Figure 3-3BIII, and
analyzed with a custom-developed MATLAB-based image processing code. The experimental
sequence of continuous SHS extraction was controlled using a custom- developed script in
LabVIEW. Complete in-line liquid–liquid phase separation was achieved using a real-time process
controller integrated with two optical phase sensors (OPB350 series, OPTEK Technology)
attached to each single-phase outlet stream of the extract and raﬃnate phase (Figure 3-3AIV) and
a digital pressure regulator (type 3210, Marsh Bellofram) attached to the outlet reservoir of the
organic phase, varying N2 pressure from 0 psig–10 psig (Appendix B-5). The analog voltage
readouts from the optical phase sensors, shown in Figure 3-3BIV, provide a real-time monitoring
of the liquid phase present at each outlet stream of the liquid–liquid separator, demonstrating
complete in-line phase separation over one hour.
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Figure 3-3. (A) Schematic of the developed continuous flow chemistry approach for highthroughput CO2-mediated SHS recovery. Solid black lines correspond to the fluidic path; Gray
dashed line indicated signal communication with a computer. Continuous segmented flow of
organic (toluene and SHS) and aqueous (pure DI water) phases is introduced to the (B-I) tube-intube flow reactor for accelerated SHS extraction and in situ SHS extraction analysis. (B-II) The
membrane-based tube-in-tube phase separation module for continuous in-line separation of extract
(aqueous) and raffinate (organic) solutions. (B-III) Bright-field images of the CO2-triggered SHS
extraction in the tube-in-tube flow reactor are shown at different positions along the microreactor.
(B-IV) Analog voltage readout of two phase sensors attached to the outlet streams of the extract
and raffinate during continuous SHS extraction for 60 min. Red line corresponds to phase sensor
1 (organic phase) and blue line corresponds to phase sensor 2 (aqueous phase).
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3.4. Results and Discussion
3.4.1. Validation of In Situ Characterization with NMR
In the first set of experiments, we evaluated the performance and accuracy of our in situ
image-based monitoring of the CO2-triggered SHS extraction against ex situ NMR spectroscopy
measurements for an exemplary SHS (DMCA) at equilibrium. The in situ (image-based) and ex
situ (NMR) measurement techniques measured an equilibrium extraction eﬃciency, η, of 87.0%
± 0.5% and 87.3 ± 1.9% for DMCA at a CO2 pressure (P) of 70 psig (Appendix B-6B). It should
be noted that the inexpensive image-based SHS extraction characterization technique oﬀered
higher precision than the time- and cost-intensive NMR characterization without additional
internal standard. Furthermore, compared to the ex situ NMR characterization technique, the
image-based SHS extraction monitoring approach enables in situ characterization capability,
internal standard free measurement, and smaller chemical consumption. Although NMR
characterization of the CO2-triggered SHS extraction is feasible using batch techniques (e.g.,
bubbling), large chemical consumption including both SHS and CO2, waste generation, and long
experimental time are always inevitable due to the aforementioned mass transfer limitations.171
Most importantly, due to vigorous bubbling and volatility of the solvents, accurate NMR
characterization of the CO2-triggered hydrophilicity switching of SHSs becomes very challenging
using a batch reactor. However, the developed flow chemistry strategy in this work (shown in
Figure 3-3) enables, for the first time, facile and accurate collection of the organic and aqueous
phase at any desired reaction time without further extraction and volume loss due to bubbling.
While batch screening requires a significant amount of sample (∼10 mL) to reduce the inaccuracy
from bubbling and double emulsion, with the proposed flow chemistry approach, the chemical
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consumption and waste generation for ex situ characterization can be reduced by at least one order
of magnitude.
Next, we utilized the developed flow chemistry platform equipped with the in-line phase
separation module to study the transient behavior of the CO2-triggered SHS extraction via both ex
situ NMR spectroscopy and in situ, image-based characterization techniques at three diﬀerent
reaction times (1 min, 1.25 min, and 1.6 min) and a CO2 pressure of 70 psig. At these reaction
times, DMCA extraction eﬃciencies of 47.9%, 63.8%, and 74.7% were obtained using the in situ
SHS characterization technique. The collected samples at the outlet of the liquid– liquid phase
separator module (Figure 3-3) at diﬀerent reaction times were also characterized using ex situ
NMR technique and DMCA extraction eﬃciencies of 53.6%, 68.8%, and 77.9% were obtained for
residence times of 1 min, 1.25 min, and 1.6 min, respectively (Appendix B-6C). The slightly higher
DMCA extraction eﬃciency obtained by NMR for diﬀerent residence times can be attributed to
the fact that although the segmented liquid–liquid flow was not exposed to additional CO2 after
leaving the tube-in-tube flow reactor, it is possible that further SHS protonation can occur in the
droplets between the outlet of the tube-in-tube flow reactor and the liquid back pressure regulator
before in-line phase separation and sample collection.

3.4.2. Single-Droplet Screening to Continuous Extraction
Following the validation of the image-based characterization technique against NMR, we
used the reconfigurable tube-in-tube flow reactor to compare the extent and kinetics of the CO2triggered SHS extraction between the exploratory (i.e., single-droplet flow reactor) and the
continuous operation modes of this flow chemistry platform. In order to evaluate the SHS
extraction performance in the reconfigurable flow reactor, an experimental condition with the same
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SHS concentration (Cs), CO2 pressure, and total flowrate (Q) was examined in both single-droplet
and continuous flow reactors. As shown in Figure 3-4A, the single-droplet flow reactor obtained
20% faster kinetics (extraction time, te = 6 min) for DMCA than the continuous flow reactor (te =
8 min) under similar experimental conditions. While the enhanced gas–liquid mass transfer is still
oﬀered by a highly gas-permeable membrane reactor in both flow configurations, the chaotic
mixing due to oscillatory motion in the single-droplet operation mode further enhances the SHS
extraction compared to the continuous segmented flow operation mode. In addition, the singledroplet flow reactor oﬀers a larger CO2 dissolution area compared to the continuous flow reactor
through the gas plug caps of the droplet, explaining the faster SHS extraction kinetics in the singledroplet mode compared to the continuous flow reactor. Despite relatively slower SHS extraction
kinetics than the single-droplet flow reactor (~20%), the continuous flow reactor still enables an
order of magnitude faster SHS extraction than batch reactors. Furthermore, we did not observe a
significant enhancement in the SHS extraction kinetics when varying the total liquid flowrate within the accessible total flow rate para- meter space of the continuous flow reactor configuration
- from 100 µL min−1 to 350 µL min−1.
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Figure 3-4. (A) Extraction of DMCA in the single-droplet flow reactor (black) and the continuous
flow reactor (red). (B) Time-dependent extraction of DMCA for varying CO2 pressures. The
DMCA extraction efficiency converged to 87% at equilibrium. The experiments were conducted
at P = 10 psig (black), 30 psig (red), 50 psig (blue), and 70 psig (green), Cs = 4.5 M, R = 1, L = 2
m, Q = 250 µL/min. (C) Time-dependent extraction of DMCA for varying initial concentrations.
The DMCA efficiency converged to 87% at equilibrium. The experiments were conducted with
Cs = 1.5 M (black), 2.5 M (red), 3.5 M (blue), and 4.5 M (green), P = 70 psig, R = 1, L = 2 m, Q =
250 µL/min. (D) Required extraction time to achieve complete SHS extraction governed by
equilibrium for varying Cs and P.

3.4.3. Effects of Process Parameters on Continuous SHS Extraction
Next, we investigated the eﬀect of CO2 pressure on the kinetics of the DMCA extraction
in the continuous flow reactor. The higher CO2 pressure oﬀers higher permeation rates of CO2
through the gas-permeable tubular membrane as well as increasing the solubility and diﬀusivity of
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CO2 in DI water. Figure 3-4B shows a 250% enhancement of SHS extraction kinetics by increasing
the CO2 pressure from 10 psig to 70 psig, as well as the non-linear relationship between DMCA
extraction kinetic and CO2 pressure (Appendix B-4). As CO2 pressure increases, the CO2 flux
through the Teflon AF 2400 membrane increases thereby enhancing the rate of carbonic acid
formation and protonation of SHS.
In the next set of experiments, we studied the eﬀect of SHS concentration on the kinetics
of the CO2-mediated SHS hydrophilicity switching. As expected, at lower SHS concentrations a
faster extraction kinetic was observed which is governed by thermodynamic equilibrium (∼87%).
In addition, we observed a linear relationship between the DMCA extraction time and its
concentration (Appendix B-4). Figure 3-4C presents the DMCA extraction times obtained in the
continuous flow reactor for diﬀerent CO2 pressures and DMCA concentrations ranging from 10
psig–70 psig and 1.5 M–4.5 M, respectively. As can be seen in Figure 3-4D, by increasing the CO2
pressure from 10 psig to 70 psig for a 4.5 M DMCA solution, we obtained a 55% enhancement of
equilibrium extraction time. Furthermore, at 70 psig CO2 pressure, by lowering DMCA
concentration to 1.5 M, the SHS extraction time was decreased, providing a 30% process
intensification.
While the absolute SHS extraction kinetics is slightly varied between the single-droplet
and the continuous flow reactor operation modes, a similar equilibrium SHS extraction eﬃciency
and process intensification trends for varying both CO2 pressure and SHS concentration were
observed. Thus, we can conclude that the previously explored SHS extraction parameter space
with the single-droplet flow reactor can be transferred to the continuous flow reactor (intensified,
continuous SHS extraction), utilizing the same tube-in-tube flow reactor geometry.

71

Following the studies of SHS extraction parameter space, we investigated the eﬀect of
amine chemical structure - depending on electron-donating strength of nitrogen, varying steric
hindrance, and functional group - on the kinetics and extent of the CO2-mediated hydrophilicity
switching of SHSs. Four SHSs with pKa values ranging from 10.18 to 11 were tested under similar
experimental conditions (Table 3-1). Due to steric hinderance on nitrogen, TEA 3 with three ethyl
groups, showed the highest extraction eﬃciency of 93%, and DMHA 4 with long aliphatic hexane
group resulted in the lowest extraction eﬃciency of 75%. Among four tested amines in the
continuous flow reactor, DMCA 1 showed the fastest kinetic due to less bulky methyl groups
compared to ethyl and isopropyl groups of TEA 3 and DBA 4. With a relatively high extraction
eﬃciency of 87% and fastest extraction kinetics across the four tested amines, DMCA 1 provided
the highest continuous solvent extraction throughput.

Table 3-1. Extraction Characteristics of SHSs: Cs = 3.5 M, P = 70 psig.
Compound

η (%)

te (s)

Throughput (mL/min)

pKa

DMCA 1

87

152

0.091

10.48

DMHA 2

75

295

0.048

10.18

TEA 3

93

233

0.058

10.68

DBA 4

79

186

0.075

11.0

3.4.4. Scale-Out Approach
While SHS extraction throughput can be further increased by building a longer flow reactor
and increasing the total volumetric flow rate, the fragile nature of tubular Teflon AF 2400
membrane might cause possible flow reactor breakup.171 In order to overcome this potential issue
and to demonstrate the scalability of the continuous flow chemistry strategy, without losing the
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already demonstrated single-channel SHS extraction intensifications, we adapted a scale-out (i.e.,
numbering up) approach180, 185 to further increase the SHS extraction throughput. Using parallel
continuous flow reactors with a similar geometry (microchannel diameter and length) enables a
facile route to linearly increase the SHS extraction throughput, while maintaining the mass
transport advantages obtained from the tube-in-tube flow reactor.186 To this end, we employed
three parallel tube-in-tube flow reactors with geometrical characteristics similar to the singlechannel flow reactor utilized in the previous experiments (L = 2 m; Teflon AF 2400, i.d.: 0.032”,
o.d.: 0.04”; FEP, i.d.: 0.0625”, o.d. = 0.125”), connected to the same organic phase, aqueous phase,
and CO2 sources (shown in Figure 3-5). Through balancing single- phase flow pressure drops in a
fluid distribution manifold; we achieved a uniform and stable two-phase flow in the three parallel
tube-in-tube flow reactors (Figure 3-5B). The designed fluid distribution module resulted in a
uniform initial volume ratio of the organic and aqueous phase (Ri) before entering the three tubein-tube flow reactors, shown in Figure 3-5B, with a mal- distribution index below 10% which
represents a good distribution of segmented flow across parallel flow reactors.187 Tripling the flow
reactors allowed to linearly increase the SHS extraction throughput from 0.12 mL min−1 (singlechannel reactor) to 0.36 mL min−1 (three parallel flow reactors) which is 36 times higher than a
batch reactor (0.01 mL min−1 throughput) under the same experimental conditions (Figure 3-5C).
Furthermore, the extracted organic and aqueous phases from each flow reactor showed 87%
eﬃciency for DMCA (Figure 3-5D). While a proof-of-concept scaling out of the tube-in-tube flow
reactor is successfully demonstrated in this study using three parallel reactors, it should be noted
that a more detailed engineering analysis is required for uniform distribution of the liquid and gas
phase streams across multiple flow reactors to avoid potential damage and rupturing of Teflon AF
2400 membrane at higher operational pressures, due to its fragile nature.35, 171
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Fig. 3-5. (A) Schematic of the developed scale-out continuous flow chemistry approach for highthroughput CO2-mediated SHS recovery. Both aqueous (blue) and organic (red) phases are
continuously introduced to the fluid distribution manifold and directed to individual tube-in-tube
flow reactors. (B) Uniform droplet formation of the liquid-liquid segmented flow in each flow
reactor prior to entering the individual tube-in-tube flow reactors. (C) Comparison of the CO2mediated SHS extraction throughput of batch vs. single/multi-channel flow reactors. (D) Brightfield images of collection of extracted aqueous and organic phase from each individual tube-intube flow reactors over 20 min.
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3.5. Conclusions
The intensified microscale flow chemistry approach developed in this work successfully
demonstrated a scalable and energy-eﬃcient continuous strategy for high throughput extraction of
SHSs using CO2 as the switching trigger. Both in situ (image-based) and ex situ (NMR)
characterizations of the in-flow recovered SHSs were conducted and obtained similar equilibrium
extraction eﬃciency. Through integration of an in-line liquid-liquid separator with the continuous
flow reactor, transient samples at diﬀerent reaction times for ex situ characterization were collected
without any volume loss from bubbling or double-emulsion. The enhanced gas-liquid transport
rates through a single-channel tube-in-tube flow reactor achieved a 12 times higher SHS extraction
throughput than a batch reactor. We also demonstrated further enhancement of SHS extraction
throughput via the scale-out approach with 3 parallel flow reactors, while using the same source
for CO2 and aqueous and organic phases. The developed process intensification strategy via the
scale-out approach presents a viable strategy for green and sustainable utilization of SHSs in the
chemical industry, following the 12 principles of green chemistry. Moreover, the versatile nature
of the scalable and green flow chemistry approach presented in this work can be readily adapted
for development and fundamental studies of other switchable solvents beyond SHSs (e.g.,
switchable polarity solvent and switchable water).
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CHAPTER 4
Intensified Continuous Extraction and Recovery of Switchable Hydrophilicity Solvents
S. Han,* M. Y. S. Ibrahim,* and M. Abolhasani, submitted.
*Authors contributed equally.

4.1. Abstract
Switchable hydrophilicity solvents (SHSs) are considered an ideal class of green solvents
due to their energy-efficient and facile hydrophilicity reversibility triggered by carbon dioxide. In
this work, we present a green flow chemistry strategy for accelerated extraction and recovery of
SHSs using two intensified tubular membrane-based flow reactors integrated in series.

4.2. Introduction
Solvents are ubiquitous and largely consumed in chemical synthesis, accounting for up to
80-90% of the total reaction mass, resulting in a large amount of waste.188 Furthermore, the
application of volatile solvents can be hazardous to the environment and necessitates the need for
volatile organic compound (VOC) treatment. High boiling point solvents, on the other hand,
require energy-intensive distillation (high energy consumption). To reduce solvent usage and
waste generation towards sustainable chemical processes, solvent utilization has rapidly emerged
as a critical component of green synthesis. Re-designing chemical synthesis using non-volatile
solvents with energy-efficient separation techniques (e.g., liquid-liquid extraction) lends itself as
an attractive alternative route in this endeavor.189
Among the green alternative solvents, switchable solvents have received significant
attention due to the unique reversible tuning of their physicochemical properties (e.g.,
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hydrophilicity, polarity, ionic strength) using carbon dioxide (CO2) as the trigger.101 In particular,
switchable hydrophilicity solvents (SHSs) offer a wide range of readily accessible hydrophilicities;
in their original form, SHSs are highly hydrophobic and insoluble in water, which can be readily
switched to a hydrophilic solvent upon introduction of CO2 to protonate SHS and form
bicarbonates (equation 4.1).
NR3 + H2O + CO2 ↔ NR3H+ + HCO3-

(4.1)

In addition, SHSs can be simply deprotonated with nitrogen (N2) or moderate heat (~60°C), to
regain their original hydrophobic form (Figure 4-1).102 This unique “switching” characteristic of
SHSs makes them a promising candidate for green chemical synthesis.101 With facile reversibility
under mild conditions, SHSs can be utilized with an energy-efficient extraction and recovery via
liquid-liquid extraction. Additionally, the low volatility of SHSs provides a safe operating
environment and minimizes the generation of VOCs. Benefiting from these unique characteristics,
SHSs have been widely studied in the fields of green and sustainable chemistry, including aldol
condensation reaction, transesterification of soybean oil, recycling of packaging materials, CO2
capture, and extraction of biomass and bitumen.101, 102, 190

Figure 4-1. Schematic illustration of the reversible hydrophilicity of SHSs under hydrophobic
(left) and hydrophilic (right) forms in the presence of CO2 and N2/heat, respectively.
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Despite the advantages of SHSs in green chemical synthesis and processing, their
utilization in chemical industries has been inhibited by the poor performance of batch reactors
when dealing with mass transfer-limited gas-liquid reactions. For example, a commonly used batch
reactor, bubble column, offers a relatively low gas-liquid interfacial area (50-600 m2/m3) and mass
transfer coefficient (0.005-0.25 s-1), resulting in poor gas delivery/removal and slow reaction
kinetics.2 Furthermore, the relatively large volume of batch reactors (5-10 mL/reaction) results in
large waste generation and long reaction times due to the formation of emulsions for multi-phase
reactions. These shortcomings of batch reactors make the fundamental and applied studies of the
extraction and recovery of SHSs time-, labor-, and resource-intensive, thereby limiting their data
availability.
To overcome these limitations, our group has previously demonstrated the advantages of a
membrane-based flow reactor using CO2-permeable Teflon AF 2400 tubing for accelerating mass
transfer rates in gas-liquid processes.12, 27, 169, 191, 192 The tube-in-tube flow reactor dramatically
increases the gas-liquid interfacial area to ~5000 m2/m3 and the mass transfer coefficient to 0.1-1
s-1.171 Additionally, it allows for precise control of the reaction parameters and enhanced safety.
The continuous SHS extraction in the tube-in-tube flow reactor exhibited an order of magnitude
higher throughput than a batch reactor with linearly proportional scalability via the scale-out
approach.191 The utilization of a tube-in-tube flow reactor for accelerated development of SHSs is
driven by the twelve principles of green chemistry, particularly, (i) design for energy efficiency,
(ii) use of renewable feedstock (CO2), (iii) real-time analysis for pollution prevention, and (iv)
inherently safer chemistry for accident prevention.164
Following the principles mentioned above, in this work, we present a green flow chemistry
scheme for intensified, sequential extraction and recovery of SHSs using two tube-in-tube flow
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reactors in series (Figure 4-2A). Process intensification of SHS recovery is achieved by leveraging
efficient heat transfer of the microscale flow chemistry strategy and accelerated CO2 removal
through the tubular membrane. Teflon AF 2400 membrane used in the tube-in-tube flow reactor is
known for the high permeability of CO2 (2800 barrer, 2300 times higher than
polytetrafluoroethylene (PTFE) tubing) and N2 (490 barrer, 350 times higher than PTFE tubing).171
With these high permeabilities, N2 is introduced to the outer annulus of the tube-in-tube flow
reactor to efficiently remove CO2 from the aqueous solution of the protonated SHS. The high
permeability of CO2 and N2 through the Teflon AF 2400 membrane, compared to PTFE,193
accelerates the removal of CO2 from the aqueous SHS solution in flow. In addition, the enhanced
heat transfer rate in flow further facilitates the breakage of the SHS-carbonate bond for the
recovery of SHS. Furthermore, the developed flow strategy reduces the chemical consumption of
SHS per experiment by at least 1 order of magnitude compared to batch reactors, allowing
accelerated screening and optimization of the continuous SHS recovery process.
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Figure 4-2. (A) Schematic of the developed continuous flow chemistry approach for highthroughput CO2-mediated SHS extraction and recovery using two in-series tube-in-tube flow
reactors. Solid black lines correspond to the fluidic path; Gray dashed line indicated signal
communication with a computer. Continuous segmented flow of the organic (toluene and SHS)
and the aqueous (pure DI water) phase is injected to the first tube-in-tube flow reactor (left spiral
reactor, SHS extraction), (B) where CO2 in the outer annulus is permeating through Teflon AF
2400 membrane to the segmented flow in the inner annulus for extraction of SHS. The extracted
SHS-rich aqueous phase is then continuously introduced to the inner annulus of the second tubein-tube flow reactor (right spiral reactor, SHS recovery), (C) where N2 is flowing in the outer
annulus, diffusing into inner annulus, and removing CO2 from the inner annulus. The aluminum
reactor plate is heated to the desired temperature with a PID temperature controller and cartridge
heaters.

4.3. Results and Discussion
Next, we systematically investigated the effect of the continuous reaction parameters on
the in-flow SHS recovery process (right spiral reactor in Figure 4-2A): temperature (T), residence
time (t), pressure (P), and concentration of SHS (CSHS). The SHS recovery performance was
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evaluated with the recovery efficiency, ηRecovery, defined as the ratio of SHS concentration in the
aqueous phase after and before the recovery in flow. To prepare fresh aqueous SHS samples for
the SHS recovery screening experiments in flow, a segmented flow of SHS and DI water was
continuously fed to the inner tube of the tube-in-tube flow reactor and allowed to contact CO2
flowing through the outer annulus (counter-current configuration) at room temperature for 10 min
at 10 psig (Figure 4-2). Upon formation of SHS-bicarbonate species, the two-phase flow (SHS and
DI water) became one phase, rendering the originally hydrophobic SHS hydrophilic. The collected
aqueous samples containing different concentrations of the protonated SHS were then injected into
the second tube-in-tube flow reactor with a continuous syringe-free pump (M6 series, Valco),
where N2 and heat were provided for intensified SHS deprotonation. Samples were collected from
the effluent of each flow reactor and analysed with gas chromatography (GC) to calculate the SHS
recovery efficiency in flow (Appendix C-3).

4.3.1. Effect of Process Parameters on SHS Recovery
In the first set of experiments, we studied the effects of temperature on the efficiency of SHS
recovery. 2-(dibuthyl amino)ethanol (DBAE, 1, Figure 4-3) was selected as an exemplary SHS109
for screening the in-flow SHS recovery parameters. Increasing the reactor temperature from room
temperature to 80°C resulted in a dramatic increase in the SHS recovery efficiency from 8.1% to
87%, respectively, shown in Figure 4-4A. This trend can be explained by the entropically-driven
deprotonation of the bicarbonate that results in an increase in the degrees of freedom and the
liberation of a gaseous CO2 molecule, which contrasts with the enthalpy-favoured protonation
process that occurs spontaneously at room temperature. This result agrees with the rationale
postulated by Heldebrant et al. for the protonation of diazabicyclo [5.4.0]-undec-7-ene (DBU).190
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Although the highest SHS recovery was achieved at 80°C and no side products were identified at
this temperature, it should be noted that decreasing the reaction temperature by 20°C, decreased
the SHS recovery efficiency only by 8%. The optimal operation temperature selection for the
continuous SHS recovery will be subject to the economic trade-off between the high energy
consumption at higher temperatures and the diminishing gains in removal efficiencies at lower
temperatures. This decision should be incorporated with the green aspects of the SHS recovery
process.

Figure 4-3. SHSs studied in this work.
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Figure 4-4. (A) Continuous recovery of DBAE vs. reaction temperature. Reaction conditions:
CDBAE = 1 M, P = 30 psig, t = 20 min. (B) Continuous recovery of DBAE vs. residence time.
Reaction conditions: CDBAE = 1 M, P = 30 psig, T = 60°C. (C) Continuous recovery of DBAE vs.
N2 pressure. Reaction conditions: CDBAE = 1 M, t = 10 min, T = 60°C. (D) Continuous recovery of
DBAE vs. initial concentration. Reaction conditions: t = 20 min, P = 30 psig, T = 40°C.

DBAE recovery under variable N2 pressure showed no significant improvement in the
recovery efficiency above 10 psig (Figure 4-4C). The SHS recovery proceeds via the thermal
decomposition of the amine bicarbonate followed by the desorption of the CO2 to the gas phase.
Increasing N2 pressure may help to desorb the physically desorbed CO2, However, the additional
CO2 removal is limited by the breakage rate of the SHS-bicarbonate bond. Furthermore, this result
implies the Teflon AF 2400 tubing is efficiently removing the desorbed CO2 to the outer annulus,
preventing the in-situ re-protonation of the deprotonated SHS. Since SHS recovery only requires
10 psig of N2 pressure, it is greatly beneficial for sustainable process development, where energy
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for pressurization can be significantly reduced. Next, we investigated the effect of the initial
protonated SHS concentration on the continuous SHS recovery. Interestingly, we observed higher
recovery efficiency at higher initial concentrations of SHS. This result can be explained by the
increased ionicity at a higher SHS concentration which drives the removal of the hydrophilic, free
amine from the aqueous phase. The higher number of amine-bicarbonate ions at high SHS
concentrations enhances the deprotonation reaction rate.
Following the studies of SHS recovery parameter space, we investigated the effect of the
amine chemical structure on the single-pass SHS removal efficiency, ηRecovery, in flow. Besides
DBAE 1, three other amines were tested, namely 2-(diisopropylamino)ethanol (DIPAE 2), N,Ndimethylhexylamine (DMHA 3), and N,N-dimethylcyclohexylamine (DMCA 4). Continuous SHS
deprotonation was tested at 30 psig N2 pressure, 60oC, and 20 min residence time (Table 4-1). In
addition to the SHS recovery efficiency, the extraction efficiency, ηExtract, governed by
thermodynamic equilibrium as well as the overall efficiency (ηOverall=extraction efficiency ×
recovery efficiency) are presented in Table 4-1 for each amine for comparison. DBEA 1 achieved
the highest single-pass efficiency for both the extraction and recovery in flow followed by DMHA
3. DIPAE 3 and DMCA 4 had higher extraction efficiencies but significantly lower recovery
efficiency which reduced their overall efficiency to less than 10%, indicating that amine structures
3 and 4 are the most energy-intensive SHSs among the tested amines in this study. The
contradiction in the recovery efficiency cannot be solely explained by the amine pKa or the alkanol
vs. alkyl substituent on the amine nitrogen. Instead, an interplay of the stability of the bicarbonate
vs. the solvated amine and carbonate ions along with the hydrophobicity of the free amine govern
the recovery process.194 It has previously been shown, via computational methods, that the
difference in the free energy of solvation between the solvated HCO3- and CO2 + OH- ions
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decreases with increasing the branching on the α carbon which could explain the higher stability
of the solvated bicarbonate relative to CO2 in the case of the α-branched amines 2 and 4 and thus,
their more energy-intensive recovery from the aqueous phase compared to amines 1 and 3.195, 196

Table 4-1. Extraction and recovery characteristics of SHSs obtained in flow. pKa values are from
ref. 102 and extraction efficiencies of 3 and 4 are from our previous work, ref. 191.

Compound

pKa

ηExtract (%)

ηRecovery (%)

ηOverall (%)

DBAE 1

9.67

78

77.0

60.1

DIPAE 2

10.14

90

9.7

8.7

DMHA 3

10.18

75

72.3

54.2

DMCA 4

10.48
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10.6

9.2

4.3.2. Flow and Batch Recovery of SHS
Following the studies of the amine structure on the SHS recovery efficiency (Table 4-1),
we compared the SHS recovery in the developed flow chemistry platform with a conventional
batch reactor (Appendix C-5). The continuous SHS recovery in the tube-in-tube flow reactor
resulted in up to 5 times enhancement in the recovery throughput (process intensification), shown
in Figure 4-5A.
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Figure 4-5. (A) DBAE recovery in a batch reactor via bubbling/heating. The experiment was
conducted with CDBAE = 1 M, P = 10 psig and 5 ml min-1 of nitrogen bubbling. (B) Continuous
extraction and recovery of DBAE using the developed continuous flow chemistry approach. The
extraction efficiency of DBAE from toluene to water (Black, 62% ± 2.0%) and the recovery
efficiency of DBAE (Red, 86% ± 0.44%) was monitored for 6 h. Overall efficiency is shown as
blue (53% ± 1.6%). DBAE extraction conditions: t = 10 min, P = 10 psig, CDABE = 1 M; DBAE
recovery conditions: t = 40 min, P = 10 psig, T = 60°C.

4.3.3. Continuous Extraction and Recovery of SHS
Building on the results of the in-flow SHS recovery experiments, we developed and
demonstrated an energy-efficient continuous protonation (extraction from toluene) and
deprotonation (recovery from DI water) of DBAE for 6 h time on stream (Figure 4-5B) using a
recovery temperature of 60°C and low operation pressures for both extraction and recovery steps
(i.e., PCO2 = 10 psig and PN2 = 10 psig). Under these conditions, a stable performance was observed
at 62% extraction efficiency and 86% recovery efficiency, resulting in the overall single-pass
continuous DBAE recovery efficiency of 53%. (Figure 4-5B) These efficiencies can be directly
translated to an extraction throughput of 0.19 ml h-1 and overall recovery throughput of 0.12 ml h1

. It should be noted that higher overall single-pass efficiencies can be obtained through further

86

increasing of the CO2 pressure and the temperature of the SHS recovery flow reactor. Design for
energy efficiency and economic trade-off must always be considered to accommodate the twelve
principles of green chemistry. Instead of increasing the energy consumption, a multi-stage SHS or
scale-out approach (i.e., numbering up reactors) could be suitable for sustainable process
development.

4.4. Conclusions
In conclusion, we developed a microscale flow chemistry strategy for efficient and
continuous extraction and recovery of SHSs under mild conditions. The developed flow reactor
with enhanced heat and mass transfer rates enables up to 5 times higher throughput than batch
reactors under similar conditions. Rapid parameter space mapping of the SHS recovery in the flow
reactor, revealed the reaction temperature had the highest impact on the SHS recovery efficiency,
while N2 pressure beyond 10 psig had no impact. Furthermore, we demonstrated an integrated
continuous SHS protonation and deprotonation over an extended period of time, presenting a
viable approach for the utilization of green and sustainable SHSs in chemical industries.
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CHAPTER 5
A Versatile Compact Parahydrogen Membrane Reactor
P. M. TomHon,* S. Han,* S. Lehmkuhl, S. Appelt, E. Y. Chekmenev, M. Abolhasani, and T.
Theis, submitted.
*Authors contributed equally.

5.1. Abstract
We introduce a Spin Transfer Automated Reactor (STAR) that produces continuous
parahydrogen induced polarization (PHIP), which is stable for hours to days. We use the PHIP
variant called signal amplification by reversible exchange (SABRE), which is particularly well
suited to produce continuous hyperpolarization. The STAR is operated in conjunction with
benchtop (1.1 T), and high field (9.4 T) NMR magnets, highlighting the versatility of this system
to operate with any NMR or MRI system. The STAR uses semipermeable membranes to efficiently
deliver parahydrogen into solutions at nano to milli Tesla fields, which enables 1H, 13C and 15N
hyperpolarization on a large range of substrates including drugs and metabolites. The unique
features of the STAR are leveraged for important applications, including continuous
hyperpolarization of metabolites, desirable for examining steady-state metabolism in vivo as well
as for continuous RASER signals desirable for the investigation of new physics.

5.2. Introduction
Nuclear magnetic resonance (NMR) and Magnetic Resonance Imaging (MRI) are
invaluable tools to provide a wealth of chemical, structural, and spatial information. Traditional
NMR and MRI are limited by low thermal spin polarization, limiting sensitivity, and requiring
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large superconducting magnets for spectroscopy and imaging. Hyperpolarization methods
overcome these sensitivity limitations by redistributing nuclear spin populations from their thermal
equilibrium.197, 198 Generally, hyperpolarization methods utilize an external, highly polarized spin
source such as electrons199 or vaporized alkali metals200 and their polarization is transferred to
nuclear spins. Parahydrogen-induced hyperpolarization (PHIP)201, 202 uses parahydrogen (p-H2) as
a source of spin order and generates hyperpolarization in target substrates either through chemical
addition201 or exchange reactions203. Hydrogenation reactions allow for direct incorporation of pH2 into the target substrate but are more limited in their scope as they require chemical
modification.204 A relatively new non-hydrogenative variant of PHIP, Signal Amplification By
Reversible Exchange (SABRE) is a p-H2 based method that uses reversible reactions of an
organometallic catalyst to transfer spin order from p-H2 to target substrates203,

205

. SABRE

hyperpolarization works for a growing range of substrates,206 and can be generated quickly,
cheaply, continuously, and repeatedly. Figure 5-1 illustrates how SABRE uses the reversible
exchange reactions of parahydrogen (p-H2) and substrate on a polarization transfer complex (PTC).
Figure 5-1 also indicates how optimization of p-H2 delivery in this biphasic, gas-liquid, system is
crucial for maximizing hyperpolarization as it requires efficient continuous refreshment of p-H2.
Standard gas delivery methods include bubbling and shaking to mix gas and liquid phases,207, 208
but these suffer from poor, uncontrolled, and irreproducible mass transfer of hydrogen. Moreover,
continuous and steady delivery of hyperpolarized (HP) substrate in solution for hours to days is
desirable for many applications, such as the study of steady-state metabolism and precision
measurements with long acquisition times as demonstrated here. In contrast to single-shot batch
hyperpolarization experiments, continuous hyperpolarization can act as a reemerging source of
polarization in analogy to the T1 regeneration of longitudinal magnetization in a standard NMR
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experiment. This feature enables standard multiscan and multidimensional NMR experiments,
e.g., HSQC, NOESY, etc. with hyperpolarization. To address limitations of existing
approaches,209-212 we advance the use of hollow membranes in our Spin Transfer Automated
Reactor (STAR), which features negligible solvent evaporation and enables continuous and
automatic operation for 4 days.

Figure 5-1. Schematic of SABRE in a cross-section of the Spin Transfer Automated Reactor
(STAR). Para and Ortho hydrogen exchange across the membrane occurs between the outer gas
annulus and inner liquid annulus. Of the SABRE complex, only equatorial ligands are, where
X=IMes (1,3 ‐ bis(2,4,6 ‐ trimethylphenyl) imidazole‐2‐ylidene) and Y=pyridine in the axial plane.
The J-couplings represent the necessary scalar couplings for spin transfer from the para-hydrides
to the target substrate.
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To circumvent the mass transfer limitation of conventional gas delivery methods using
batch reactors, we utilize a highly gas-permeable tubular membrane in a tube-in-tube
configuration, previously used to enhance gas-liquid reactions.6, 35, 171 Conventional batch methods
such as bubble columns offer relatively low gas-liquid interfacial area (50-600 m2 m-3).2, 148 Due
to the poorly defined specific interfacial area, reactions often suffer mass-transfer limitations by
low overall mass transfer coefficients of the reactor (0.005-0.25 s-1).149 Utilizing Teflon AF 2400
tubing in the tube-in-tube flow reactor configuration, significantly higher specific interfacial area
of ~5000 m2 m-3 is achieved, which increases the mass transfer rate of hydrogen into the SABRE
system to 0.1-1 s-1.6 Figure 5-2 illustrates the Spin Transfer Automated Reactor (STAR) for p-H2
hyperpolarization, which maximizes p-H2 delivery through a tube-in-tube flow reactor.
Additionally, the compact design of the membrane reactor allows for an applied polarization
transfer field (Bp) in any magnetic field (from nT to mT) and can be utilized in conjunction with
high- (multi-Tesla) and low-field NMR/MRI magnets (sub-Tesla). In turn we obtain a platform
with the developed chemistry to hyperpolarize virtually any nucleus206, 213, 214 that can be coupled
to any NMR or MRI detection system. In this paper, we demonstrate this general versatility with
a few combinations of hyperpolarized nuclei (1H,

15

N,

13

C) with detection in benchtop (1.1 T

permanent magnet) and traditional (9.4 T super conducting) NMR. We show that the STAR is
capable of nearing SABRE hyperpolarization levels achievable only in single shot bubbling
experiments.
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Figure 5-2. Mode of operation of STAR, where a solution is injected into the fluid path and
subsequently pumped in a closed loop, cycling through the pump, tube-in-tube reactors, benchtop
NMR and system reservoir. In one standard configuration, the p-H2 pressure is 100 psig and the
N2 pressure is 90 psig.

Two currently emerging applications from the field of parahydrogen-induced polarization
are in vivo imaging of hyperpolarized metabolites202,

215-217

and exploration of new physics

governing RASER (radio frequency amplification by stimulated emission of radiation). Here, we
demonstrate and discuss the STAR utility for these two applications: a) simplifying
hyperpolarization to continuously produce HP contrast agents, metronidazole and pyruvate, which
are potential metabolic imaging probes for hypoxia213,

218

and cancer cell metabolism,219

respectively.; and b) continuous RASER effects, which are expected to have significant
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applications in precision measurements and quantum information science.220, 221 Both metabolite
production and RASER effects are detected at two different magnetic fields (1 T and 9.4 T).

5.3. Results and Discussion
The developed STAR technology equipped with a compact tube-in-tube flow reactor and
computer-controlled fluid handling systems are shown in Figure 5-2. The sample solution is
pumped through the inner annulus of the tube-in-tube reactor, while gas is delivered through the
outer annulus of the reactor. The tube-in-tube flow reactor offers one of the highest commercially
available hydrogen gas permeabilities,171,

222

ensuring intensified hydrogen delivery and

subsequent removal in the STAR system. Here, hydrogen gas delivery for hyperpolarization is
conducted in the first tube-in-tube flow reactor, shown at the bottom of the fluid path in Figure 52, while partial removal of hydrogen gas occurs in the second tube-in-tube flow reactor shown at
the top of the fluidic path. Extensive studies are required to correctly model and predict the gas
flux in this paired flow reactor configuration, however we show in the Appendix D that the
degassing stage does increase the attained hyperpolarization measurably. Existing work
documents the efficiency of delivery6 and removal223 of hydrogen gas with Teflon AF 2400
membranes.
The flow reactor used in the construction of this device is wrapped into a compact coil,
enabling easy coupling with a solenoid and/or magnetic shield around the reactor for easy control
of the polarization transfer field, Bpol. For proton SABRE hyperpolarization we use a home-built
solenoid to control milli-Tesla magnetic fields throughout the reactor. This field corresponds to
the matching condition of aligning the J-coupling and frequency difference of the p-H2 derived
hydrides and target protons (ca. 32 ppm).224, 225 While standard SABRE proton hyperpolarization
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utilizes mT magnetic fields, this method can be adapted to hyperpolarization of spin-½
heteronuclei (e.g., 15N, 13C) by application of µT fields for the polarization transfer process. The
difference in field (µT vs mT) arises from the large frequency difference given by the disparate
gyromagnetic ratios of the hydrides and target heteronuclei (vs. the frequency difference between
hydrides and target protons given in ppm). The heteronuclear frequency difference is minimized
at µT fields, created by magnetic shielding and fine-tuned with a small solenoid to meet the Jcoupling and frequency difference matching condition described above.214, 224 This method is
termed SABRE-SHEATH (Shield Enables Alignment Transfer to Heteronuclei).224
As seen in Figure 5-2, the solution enters a closed fluidic loop with a secondary reservoir
to ensure that the entire fluidic path is filled with fluid during system operation. The solution is
polarized in the fluidic path as it flows through the primary hydrogen flow reactor, where p-H2 can
saturate the solution and diffuse through the liquid phase to arrive at the catalytic centers. Within
the hydrogen flow reactor, the p-H2 is consumed and converted to orthohydrogen, which is then
free to diffuse and exchange with fresh p-H2. The HP substrate can be collected in volumetric
fractions or detected continuously. After detection, the solution is recycled through a secondary
flow reactor, operated with inert gas (e.g., N2, Ar) to decrease the concentration of H2 in the
solution. In the secondary flow reactor, the inert gas flows at a reduced pressure relative to the
liquid phase (∆P = 10-20 psi), decreasing the concentration of H2 in the solution. This
concentration decrease enables a fast saturation of fresh p-H2 when the solution recycles into the
primary hydrogen reactor. In SI section 6.2 we present a comparison of the STAR system with and
without the degassing reactor, showing improved performance by ~5% with the degassing reactor.
For polarization transfer with SABRE we use the standard iridium-IMes polarization
transfer catalyst [IrCl(COD)(IMes)]; COD = 1,5-cyclooctadiene; IMes =1,3-bis(2,4,6-
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trimethylphenyl)-imidazol-2-ylidene]206, 226 in methanol-d4 and several target substrates. First, as
shown in Figure 5-3, we analyse results with pyridine (1) and pyrazine (2). For these compounds,
polarization was carried out at Bpol = 6.5 ± 0.1 mT (S.I. Section 2.1 for details). We obtain a signal
enhancement of 3130 for pyridine (1) and 3600-fold on pyrazine (2) over a thermal measurement
at 1.1 T (Magritek 43 MHz Spinsolve), corresponding to polarizations of 1.18% and 1.35%
respectively. Figure 5-3 contains overlays of the 1.1 T thermalized spectra (red) and
hyperpolarized spectra (blue) for both pyridine (1) (Figure 5-3(a)) and pyrazine (2) (Figure 5-3(b)).
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Figure 5-3. Continuous STAR-SABRE polarization observed for both (a) pyridine and (b)
pyrazine; sample composition for both spectra shown is 60 mM substrate + 3 mM IMes catalyst.
Data is acquired in flow at 2 mL/min with p-H2 pressure of 90 psi at 100 sccm. Bpol=6.5 mT.

Notably, the measurements above do not directly reflect polarization levels obtained in the
flow reactor itself but incorporate the relaxation during the transfer period of the hyperpolarized
solution from the flow reactor to the sensitive volume of the benchtop 1.1 T NMR magnet. The
transfer period is 8.7 s at a flow rate of 2.0 mL/min. Hence the observed polarization (Pobs) is
determined by 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑃𝑃 × (1⁄𝑒𝑒)𝑇𝑇𝑡𝑡⁄𝑇𝑇1 , where P is the initial polarization level, Tt is the transfer
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period, and T1 is the longitudinal relaxation time constant. We measured T1 = 5.9 s at 1.1 T of the
protons of (2) (Appendix D-3). Accordingly, we estimate that polarization P1H = 5.9% was
achieved in the reactor. A further critical question is whether the polarization was able to reach an
equilibrated steady state by the time the solution leaves the reactor. For (2) with a buildup time
constant Tb = 3.7 ± 0.9 s, polarization is fully accumulated with a given reactor retention time of
13.2 s at 2.0 mL/min. For pyridine (1), We observe a similar transfer relaxation effect as for (2),
however, the buildup of hyperpolarization on (1) is slower with Tb = 18 ± 3 s, therefore
accumulating only 43% of maximum polarization.

5.3.1. STAR SABRE-SHEATH Hyperpolarization of [15N3] Metronidazole
Hyperpolarization of biologically relevant compounds, such as the common and FDAapproved antibiotic metronidazole, is of interest for both in vivo pre-clinical and clinical studies to
elucidate disease-associated metabolic changes and disruptions. For example, metronidazole has
potential as a probe for hypoxia sensing, mirroring the current implementation of

18

F-

fluoromisonidazole (FMISO) in positron emission tomography (PET) imaging.227 Metronidazole
is also of interest due to its high relative polarization and long relaxation times, 15N T1 = 9.7 min.228
Demonstrating the utility of the STAR in conjunction with other instruments, we measure
with a high-field (9.4 T) magnet. For this purpose, we designed a top-access flow probe using a
high-pressure NMR. A diagram of the adapted detection apparatus is shown in Appendix D. We
use this setup to showcase both continuous detection of hyperpolarization in a superconducting
NMR magnet, and continuous

15

N SABRE-SHEATH on a biologically relevant molecule. The

spectra in Figure 5-4 correspond to the acquisition of continuously HP [15N3] metronidazole at 9.4
T. We optimized the flow rate and demonstrated a maximum polarization at 2.0 mL/min. Using

97

the STAR system, we achieve ~1.4 times higher polarization than with bubbling when the
parahydrogen mixing time is matched in the bubbling and reactor experiments (Appendix D-15).
However, we point out that the steady-state polarization observed in the reactor on metronidazole
after several tens of minutes of operation time is ~80% lower than the initial maximum polarization
observed after 5 to 10 minutes of operation (Appendix D-16). This finding clearly indicates that
further optimization may increase steady-state polarization, therefore and we are continuing to
engineer solutions to ortho/para-hydrogen exchange, to enable maximum re-dissolution of fresh
parahydrogen into solution during steady-state operation.
Continuous 1HABRE has been detected at high field previously,209,

210

the current

demonstration with the STAR system is the first continuous SABRE-SHEATH implementation.
Continuous pumping of HP solution through the NMR tube eliminates recycle delays enabling fast
averaging to build additional SNR quickly in any NMR experiment and gives access to any
standard multidimensional experiment. For example, operation of the STAR system at 2.0 mL/min
with a sensitive volume retention time of 3.0 s enables 600 scans for every 30 min period (√600 ≈

24 fold SNR gain over single-shot hyperpolarized experiments). In addition, continuous

production of a HP substrates like metronidazole promises in vivo explorations by tapping HP
solution off the continuously cycling reactor system, for example to measure steady-state
metabolism. As we discuss next, continuous heteronuclear polarization with STAR SABRE
SHEATH can also be expanded to 13C hyperpolarization on well-known contrast agents such as
13

C-labeled pyruvate.
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Figure 5-4.

15

N hyperpolarization using SABRE-SHEATH in the STAR system. HP [15N3]

metronidazole spectrum with the STAR system at 2.0 mL/min, 100 psi p-H2 at 250 sccm. Light
red overlay is the spectrum achieved with a standard bubbling mode. Sample composition for both
spectra is 60 mM Mnz + 3 mM IMes catalyst. Table inset: Calculated polarization levels for each
corresponding 15N nuclei in metronidazole, based on [15N] pyridine reference spectra (SI section
6).

5.3.2. STAR SABRE-SHEATH Hyperpolarization of [15N3] Pyruvate
Recent work in the field of SABRE hyperpolarization has significantly broadened the
substrate scope beyond traditional nitrogen heterocycles to include carboxylates and structurally
related substrates including acetate229 and pyruvate.230, 231 These substrates are enabled through
introduction of a sulfoxide co-ligand such as methyl sulfoxide or methyl phenyl sulfoxide to allow
for dynamic exchange of both the hydride and substrate on the iridium center.230-232 Importantly,
this new chemistry enables SABRE hyperpolarization of pyruvate, a common biomolecule in cell
energy metabolism.215, 217 For example, imaging of pyruvate metabolism in vivo enables rapid
detection of cancer cell metabolism via the Warburg effect promising early cancer diagnosis and
monitoring of ongoing cancer therapies.215, 217
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Continuous SABRE-SHEATH driven polarization of pyruvate provides a new opportunity
in contrast to other p-H2233,

234

or dynamic nuclear polarization (DNP) based235 methods, as

SABRE can easily produce a continuous stream of hyperpolarized media. In addition, utilization
of the singlet spin order on parahydrogen allows for generation of a singlet spin state on the two
13

C nuclei of

hyperpolarized

13
13

C2-pyruvate. We demonstrate large volume continuous production of

C2-pyruvate, using SABRE-SHEATH in the STAR system. Currently, the

observed maximum polarization in our benchtop NMR with the STAR system is 0.20 %. This is
less than the maximum polarization on 13C2-pyruvate of 0.71 % when we use a bubbling method
of p-H2 mixing (Table, Figure 5-5). This is a result of insufficient retention time in the current flow
reactor. The 0.20 % 13C polarization levels were achieved with a 13.1 s retention time in the reactor
at 2 ml min-1. However, the buildup rate constant is Tb (1-13C) ≈ 34 ± 5 s for pyruvate
hyperpolarized at 0.8 μT (Appendix D-7). We note that pyruvate has a strong magnetic field
dependence in the μT regime. Therefore, we were not able to implement the same scaled-up flow
reactor as for metronidazole because of the difference in homogeneity requirements of the
polarization transfer fields for metronidazole vs. pyruvate, where the Bpol dependence of
metronidazole broader relative to that of pyruvate. The details of this comparison are described in
SI section 3.2. As the singlet state hyperpolarized in pyruvate has a relatively long relaxation time
Ts = 85.4 ± 8.5 s231 relative to the transfer time Tt = 8.7 s, relaxation does not significantly impact
the observed 13C polarization. Accounting for the insufficient buildup time in this first-generation
reactor, the expected polarization with a hypothetical, larger reactor with sufficient field
homogeneity and a retention time of 65 s is 0.7%, corresponding to the maximum polarization
achieved with our bubbling method of parahydrogen mixing.
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Figure 5-5. 13C hyperpolarization using SABRE-SHEATH in the STAR system, detected at 1.1 T
in a Magritek benchtop Spinsolve. Hyperpolarized [13C2]-pyruvate spectrum with the STAR
system at 2 mL/min. Light blue overlay is the spectrum achieved with a standard bubbling mode.
Sample composition for both spectra is 24 mM [13C2]-pyruvate + 30 mM DMSO + 3 mM IMes
catalyst. Table inset: Calculated polarization levels for each corresponding 13C nuclei in pyruvate,
based on benzene the reference spectra.

5.3.2. The SABRE-STAR RASER
The p-H2 pumped RASER (Radiowave Amplification by Stimulated Emission of
Radiation), was first reported in 2017 and displays unexplored physics in the field of magnetic
resonance. Unlike

129

Xe or 3He SEOP-based Masers236, the p-H2 pumped RASER can explore

spin-spin interactions (J-couplings) inside molecules and chemical shift differences with
unprecedented precision.221, 237 In some respects, the RASER is a magnetic resonance analogue to
a LASER, which operates at typical frequencies of 1014 – 1015 Hz. Like the LASER, the RASER
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also requires a pumped population inversion that can give way to coherent emission of radiation.
However, unlike the LASER, the p-H2 pumped RASER, drives stimulated emission at frequencies
of kHz to MHz.220, 221 Continuous pumping of population inversion within nuclear spin states,
while coupled to an LC NMR circuit enables continuous detection of NMR signal without decay,
enabling measurement of NMR signals with arbitrarily narrow lines, thereby accessing a range of
applications, including high-precision magnetometry down to the µHz level.220 Subsequent
publications have explored the p-H2 pumped RASER effects in more detail. A problem that
becomes apparent in this work is that bubbling of p-H2 through the solutions creates susceptibility
artifacts, which are prone to destroy the RASER effect or limit its lifetime. 220, 237, 238Susceptibility
artifacts from bubbling are minimized at low magnetic fields (e.g., in the mT regime), but cause
much greater challenges as parahydrogen RASER’s are implemented on typical NMR systems
with field strengths of several Tesla. In this work, we use the STAR system to demonstrate
SABRE-pumped RASER effects at higher magnetic fields (1.1 T and 9.4T), resulting in
continuous detection of RASER signals on the timescale of minutes to hours without the otherwise
hampering susceptibility artifacts induced by bubbling.
A schematic of the basic RASER operation is shown in Figure 5-6(a). Here, population
inversion is pumped by SABRE in the STAR and introduced to an NMR LC resonant circuit. If
the population inversion is above the so-called RASER threshold, the RASER effect is enabled by
back-action of the LC-circuit on the nuclear spins. The polarization threshold of a RASER system
is given by,
𝑑𝑑𝑡𝑡ℎ =

−4

𝜇𝜇0 𝜂𝜂ℏ𝛾𝛾2 𝑇𝑇2 ∗ 𝑄𝑄𝑛𝑛𝑠𝑠

(5-1)

Where dth is the population inversion at the RASER threshold, μ0 is the vacuum permeability, η is
the filling factor of the coil, γ is the gyromagnetic ratio of the target spins, T2* is the effective

102

transverse relaxation time, Q is the quality factor of the LC resonator, and ns is the number of spins
in the sample.221

Figure 5-6. RASER physics and corresponding results acquired with the STAR system. (a) Mode
of operation of a RASER, where a continuously pumped polarized population inversion is coupled
to photons in an NMR LC circuit. (b) Buildup of RASER effects observed where a RASER
threshold is observed at ~0.5% polarization as the pressure is ramped from 0 to 90 psig.

For the RASER as described previously,220, 221 it is critical that the relaxation rates of the
nuclear spins are long relative to the fast decay rate of the photons in the resonator. Early iterations
of these RASER demonstrations relied on high-quality-factor enhanced (EHQE) or cryo-enhanced
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inductive NMR detectors (Q>300) to generate strong interactions between the highly polarized
solution and the coil, but more recent work demonstrated that RASER signals can even be detected
in benchtop NMR spectrometers with quality factors below 100 with a sufficient population
inversion. Here we expand on these single shot experiments that were achieved with hydrogenative
PHIP and demonstrate continuous detection of p-H2 RASER effects pumped with our new
SABRE-STAR system within a 1.1 T benchtop NMR.
In Figure 5-6(b), we show RASER effects during the buildup of polarization on pyrazine
protons. Polarization builds up slowly as the pressure is gradually ramped from 0 to 90 psi in the
reactor. During this pressurization hyperpolarization increases because of activation of the precatalyst removing the cyclooctadiene (COD) substituent and because of increased availability of
p-H2. The threshold of polarization to induce RASER effects is crossed after a polarization buildup
and activation period of 340 s. The signal in Figure 5-6b is initialized with a 90-degree proton
pulse to open the receiver channel on the spectrometer. While the 90-degree pulse uses up most of
the magnetization in the sensitive volume, this volume is displaced in 3.0 s at a pumping rate of
2.0 ml min-1. Notably, as the polarization increases above the RASER threshold, the buildup time
for observation of the emitted RASER pulses after the 90-degree pulse shortens significantly as
the system reaches a higher polarization level.
In the presented RASER experiments with the STAR system, we use a minimal 2-degree
initialization pulse as limited by the NMR spectrometer237 to open the receiver channel. As
depicted in Figure 5-7(a), we detect a continuous RASER signal for 157.2 s in the Spinsolve system,
limited in our detection time only by the single experiment data acquisition memory of the
spectrometer. For these extended acquisition periods the number of points acquired in the time
domain is maximized to the memory limit by increasing the dwell time close to the Nyquist
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sampling limit. However, even in this almost under sampled case we observe continuous RASER
signal for the entire acquisition period.
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Figure 5-7. Continuous RASER signal acquired with the STAR system at both 1.1 T and 9.4 T.
In both cases the sample composition is 60 mM pyrazine + 3 mM IMes in CD3OD. (a-c) 1.1 T
pyrazine RASER (a) Continuous detection of a RASER from pyrazine protons with a total
acquisition time of 157.3 s and a dwell time of 1200 μs. (b) Zoom of a single region of the pyrazine
RASER time domain. (c) Calibration of the magnetic field drift using a quadratic fit and (d)
corresponding drift-corrected Fourier transform of the full 157.2 s observed RASER, yielding the
theoretically lowest possible FWHM of 7.7 mHz. (e-f) 9.4 T pyrazine RASER (e) Continuous
detection of a RASER action with a total acquisition time of 1000 s, with an inset zoom of 100 s
of the RASER time domain. (f) Corresponding FFT of the pyrazine RASER showing a frequency
comb with a spacing of 0.42 Hz with chaotic substructure.
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As a first simple demonstration of an application, the continuous acquisition allows for an
accurate measurement of the magnetic field drift of the permanent magnet array. In Figure 5-7(c),
a simple quadratic polynomial is fit to the drifting NMR frequency. The fitting procedure is carried
out on a sliced time domain, described in further detail in SI section 9.1. After correction of the
quadratic drift, we obtain a single NMR peak for pyrazine, as all protons in the chemical system
are equivalent. The Fourier transform (FFT) NMR peak has a full width half maximum (FWHM)
linewidth of 7.7 mHz equal to the theoretical minimum, based on the total acquisition time of the
RASER (157.2 s). The theoretical minimum is calculated by taking the Fourier transform of a
general rectangular function with L=157.2 s. The details of this calculation and comparison
including the mathematical analysis of the full rectangular window are provided in SI section 9.3.
Furthermore, we demonstrate the detection of continuous RASER signal from a pyrazine
SABRE solution continuously detected at 9.4 T for 1000 s (Figure 5-7(e)). The acquisition of the
RASER at 9.4 T does not use an initialization pulse as in the 1.1 T case above, however relaxation
oscillations in the RASER buildup are still observed at the beginning of the acquisition period.
They are initiated by the internal electronics of the Bruker probe that opens the LC resonator
completing the RASER circuit when acquisition is started. The magnitude FFT of the RASER FID
is shown in Figure 5-7(f). In this RASER spectrum, we observe many lines despite only the single
proton species in the pyrazine molecule. The appearance of the multiple equidistant features
(frequency comb) is due to the pulsatile pumping rate of hyperpolarized solution into the NMR
tube. The substructure within each line of the frequency comb is a result of chaotic mixing as the
solution is injected into the NMR tube. Both effects (frequency comb and substructure) are caused
by distant dipolar fields generated by the hyperpolarized spin system that in turn shifts the
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resonance frequencies. We note that related frequency comb effects are also visible in the in the
1.1 T RASER at a lower magnitude, with a separation frequency of 1.42 Hz.
Based on the present demonstrations, the STAR system is well positioned to be expanded
in future studies for both high- and low-field RASER experiments, including heteronuclear
RASER phenomena by coupling the continuous SABRE-SHEATH approach described above to
high Q resonant circuits.

5.4. Conclusions
The STAR system represents an addition to parahydrogen instrumentation, which enables
continuous hyperpolarization that can be coupled to many magnetic resonance applications. In the
present work, we highlight the utility of the STAR for various SABRE-based parahydrogen
experiments. First, continuous proton SABRE is demonstrated on pyridine and pyrazine, detected
at 1.1 T and 9.4 T. This is followed by the demonstration of continuous heteronuclear SABRESHEATH on 15N3 metronidazole detected at 9.4 T and 13C2 pyruvate detected at 1.1 T. Finally, the
detection of decay-free NMR signal is demonstrated by exploiting the SABRE-pumped RASER
with pyrazine at 1.1 T and 9.4 T. At 1.1 T the theoretically highest resolution with an acquisition
time of 157.2 s acquisition time is obtained, whereas at 9.4 T, with a different flow cell, RASER
effects that cause frequency combs and chaotic behaviors are observed. These examples emphasize
the highly modular nature of the system, allowing for simple adaptation of the continuous SABRE
hyperpolarization to any nucleus and any detection system. It is also important to bear in mind the
compact nature of the STAR with a footprint of less than 30×50 cm2, which makes it portable and
quickly adaptable in new environments. Ongoing further optimization of the gas delivery is also
possible with full characterization and modelling of the gas transfer characteristics. Compared to
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previous continuous implementations of SABRE with bubbling setups, the STAR has highly
reduced solvent evaporation allowing for operation for many hours making this hyperpolarization
approach compatible with any standard multidimensional NMR. The current mode of operation
may lend itself to advanced hyperpolarization studies with fast averaging and multidimensional
experiments for exploration of protein interactions with hyperpolarized ligands or solvent. The
work can also be geared towards in vivo imaging with parahydrogen hyperpolarization, taking
advantage of the continuous production of hyperpolarized substrates for continuous metabolic
imaging under steady state metabolic conditions. Moving forward, the presented work can also be
adapted to rapid hydrogenative PHIP experiments. Finally, the current work also lays a foundation
for future explorations of RASER physics, multi-mode effects at multi-Tesla fields, or the
exploration of heteronuclear RASER systems at any target magnetic field. Given the
straightforward adaptation to any magnet or magnetic field, we envision several STAR-RASER
application, including high precision measurement of Earth’s magnetic field rotation with a
RASER-based gyroscope.221
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CHAPTER 6
Conclusions and Outlook
Accelerating Gas Liquid Chemical Reactions in Flow
S. Han, M.A. Kashfipour, M. Ramezani, and M. Abolhasani, Chem. Commun., 2020, 56, 10593.

While various gases have been reported to have an eﬃcient transport through the Teflon
AF 2400 membrane, CO2, H2, helium, and water vapor have particularly high permeability of 2800
barrer (b), 2200 b, 2700 b, and 4100 b, respectively, among other gases.222 Further utilization of
these gases in tube-in-tube flow reactors for developing novel and eﬃcient chemical processes is
expected. One emerging field for possible adoption of tube-in-tube flow reactors is direct carbon
capture from air. Recently the Prakash group reported a novel hydroxide-based CO2 capture,
producing methanol in the presence of ruthenium catalysts.239, 240 Since the one-pot CO2 capture
and methanol conversion can take up to 3 days at 70 bar with the addition of H2, this time- and
energy-intensive process, could potentially benefit from the superior mass transport characteristics
of tube-in-tube flow reactors.
Additionally, capitalizing on the superior optical properties of Teflon (e.g., relatively high
ultraviolet transmittance), tube- in-tube configuration with an outer Teflon tube can be utilized to
rapidly explore a wide range of photochemical reactions (Figure 6-1A). Previous successful
demonstrations of homogeneous and heterogeneous gas–liquid photocatalytic reactions in batch,
utilizing different photocatalysts such as titanium dioxide,241 ruthenium, and iridium242 are great
candidates to be readily adapted for accelerated in-flow studies utilizing tube-in-tube flow
reactors.
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Figure 6-1. Schematic illustrations of the versatility of tube-in-tube flow reactors for (A)
conducting photochemical reactions, (B) handling hazardous chemical reactions, (C) synthesizing
nanoparticles, and (D) accelerated library screening and process development.

One important point that should be noted when utilizing tube-in-tube microreactors for
process development is the ratio of mass transfer rate vs. the reaction rate. Recently, Felpin and
co-workers reported aerobic dimerization of desmethoxycarpacine under the same experimental
conditions within a tube-in-tube flow reactor and a single-channel gas–liquid segmented flow.70
In this study, gas–liquid mass transfer in dimerization reaction was concluded not to be the ratelimiting step of the dimerization reaction, and the gas–liquid segmented flow for- mat with a train
of highly uniform gas and liquid segments resulted in higher yields and shorter reaction times.
Compared to millifluidic, gas–liquid segmented flow strategy, the tube-in- tube flow reactor
offers superior gas transport rates to the liquid phase, due to the enhanced gas–liquid interfacial
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area. In addition, separate gas and liquid streams in the tube-in-tube flow reactor removes the
need for a costly separation unit downstream of the reactor. Despite the unique advantages of
tube-in-tube flow reactors, the fragile nature of the Teflon AF 2400 membrane poses some
limitations on the accessible process conditions (e.g., maximum temperature of 120 °C at 500
psig). It should be noted that segmented flow or packed- bed microreactors constructed from
stainless steel tubing will be more suitable for extreme reaction conditions (temperatures higher
than 120 °C at pressures higher than 500 psig) than the tube-in-tube flow reactor. Therefore,
careful analysis of the rate limiting step of a gas–liquid reaction must be conducted before
adoption in flow.
Another potential future direction for utilization of tube-in- tube flow reactors can be
focused on the safe and accelerated studies of hazardous chemical reactions which are typically
considered as impractical in conventional batch reactors due to major safety concerns or harsh
reaction conditions.136 Over the last five years, benefitting from the inherent safety of the tubein-tube flow reactors, a number of highly toxic, flammable, explosive, and unstable compounds
have been successfully synthesized in flow (Figure 6-1B), further highlighting the importance of
adoption of such universal microreactors for next generation process chemists.35, 243 For example,
the Kappe group has reported the successful synthesis of CH2N2, starting from benign precursors,
subsequently converting unstable intermediates to non-hazardous final products in a continuous
flow manner.17 Hands-free operation and optimization of such hazardous chemical reactions
enabled by process automation can further mitigate the safety concerns associated with such
hazardous chemical reactions.
In addition, gas-mediated nanoparticle synthesis using an oxidizing or a reducing gas can
potentially benefit from the enhanced gas delivery capabilities of tube-in-tube flow reactors
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(Figure 6-1C). The Khan group has reported the continuous flow synthesis of plasmonic silica–
gold nanoparticles by using CO as a reducing agent in a membrane-based microfluidic reactor
fabricated using polydimethylsiloxane.244 Benefitting from the tube-in-tube flow reactor,
recently, the Gavriilidis group has reported the controlled, continuous flow synthesis of iron oxide
nanoparticles245 and thiolate–gold nanoclusters15 using CO.
Recently, there have been rapid advancements in the development and utilization of fully
automated flow chemistry platforms integrated with in situ process monitoring modules for ondemand synthesis or accelerated studies of a wide range of chemical processes.246-249 Computercontrolled flow chemistry platforms (Figure 6-1D) offer a robust and reconfigurable approach.
For example, a robotic liquid handler integrated with multi-port switching valves can enable
access to a large chemical library for automated reaction discovery, while decoupling reaction
steps246 and process parameters such as reaction time and mixing.250 The plug-and-play tube-intube flow reactors can be readily integrated in-series with various flow reactor modules (e.g.,
photo flow reactor, packed-bed microreactor) in a flow chemistry platform for multi-step
chemical synthesis. Recently, continuous flow light-mediated carbonylative amidation of
organohalides with tandem photoredox catalysis has been reported by the Polyzos group,
demonstrating the modularity of the tube-in-tube flow reactors within a multi-step flow chemistry
platform.251
Jensen et al.181 have recently demonstrated utilization of an automated flow chemistry
platform with a tube-in-tube micro- reactor for rapid reaction kinetic determination of fast gasliquid reactions with high accuracy, while dramatically decreasing required characterization time
compared to conventional techniques (e.g., stirred cell reactor and wetted-wall column).252 Such
automated modular flow chemistry platforms equipped with tube-in-tube flow reactors can be
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further integrated with rapidly emerging artificial intelligence-guided experiment selection
strategies for accelerated molecular discovery and process development.253-255 These examples
demonstrate that tube-in-tube flow reactors can be readily integrated with modular, compact, and
reconfigurable flow chemistry platforms,192 further expanding the breadth of accessible
chemistries within flow-based reaction discovery and development strategies.
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Appendix A
A-1. Chemical Properties
Chemical properties of the species utilized in this study are listed in Table A-1.
Table A-1. Properties of the chemical species utilized in this work.
Chemical
Toluene

Molecular
Weight [g/mol]
92.1

Density [g/ml]
at 25℃
0.867

Boiling
Point [℃]
110.6

Water

18.02

0.998

100.0

Triethylamine (TEA) 1

101.19

0.729

89.28

Dimethylcyclohexylamine (DMCA) 2

127.23

0.849

160

Di-sec-butylamine (DBA) 3

129.24

0.753

135

Diisopropylethylamine (DIPEA) 4

129.25

0.742

127

A-2. NMR Characterization of SHS
A-2.1. Batch Validation of CO2-Mediated SHS Extraction
To validate the accuracy of the developed green flow chemistry platform for accelerated
material-efficient studies of wtichable hydrophilicity solvents (SHSs), a batch SHS extraction
experiment under identical process conditions to flow experiments was conducted. For the
validation studies, N,N-dimethylcyclohexylamine (DMCA) was used as the exemplary SHS. 1.5
mL of a freshly distilled DMCA from a nitrogen-glove box was added to a 6.0 mL septum vial
(Thermo Scientific). Then, 1.4 gm toluene-d8 was added to the vial, followed by 3.0 mL addition
of deuterium oxide (D2O). In the next step, carbon dioxide (CO2) bubbled into the vial with a
constant flowrate of 5.0 mL/min using a computer-controlled mass flow controller for 8 h. After
the SHS extraction was completed, 0.3 mL aliquots of the aqueous and organic phase were
collected under nitrogen atmosphere for off-line analysis using 1H and

13

C Nuclear magnetic
127

resonance (NMR) spectroscopy (shown below). Analysis of the aqueous and organic phases,
following the CO2-mediated LLE of DMCA resulted in 86 % of the protonated DMCA in the
aqueous phase and 14 % of DMCA in the organic phase, which is in agreement with the
equilibrium extraction efficiency of DMCA obtained in the single-droplet green flow chemistry
platform.

Figure A-1. Before Bubbling CO2: DMCA in Toluene-d8 and D2O mixtute, 1H-NMR.
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Figure A-2. After Bubbling CO2 for 8.0 h: DMCA in Toluene-d8 (Recovered Organic), 1H-NMR.
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Figure A-3. After Bubbling CO2 for 8.0 h: DMCA in Toluene-d8 (Recovered Organic), 13C-NMR.
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Figure A-4. After Bubbling CO2 for 8.0 h: DMCA in Toluene-d8 (Recovered Organic), 13C-APTNMR.
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Figure A-5. After Bubbling CO2 for 8.0 h: DMCA in Toluene-d8 (Recovered Organic) 13C-2DNMR.
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Figure A-6. After Bubbling CO2 for 8.0 h: DMCA in D2O (Recovered SHS), 1H-NMR.
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Figure A-7. After Bubbling CO2 for 8.0 h: DMCA in D2O (Recovered SHS), 13C-NMR.
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Figure A-8. After Bubbling CO2 for 8.0 h: DMCA in D2O (Recovered SHS), 13C-APT-NMR.
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A-2.2. Amine Characterizations

Figure A-9. 1H-NMR (700 MHz, Chloroform-d) spectra of DMCA; δ = 2.14 (s, 6H), 2.02 – 1.92
(m, 1H), 1.75 – 1.58 (m, 4H), 1.47 (s, 1H), 1.13 – 0.92 (m, 5H).
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Figure A-10. 13C-APT-NMR spectra of DMCA.
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Figure A-11. 1H-NMR (700 MHz, Chloroform-d) spectra of DBA; δ = 2.52 (tt, J = 12.0, 6.0 Hz,
2H), 1.39 – 1.28 (m, 2H), 1.24 – 1.16 (m, 2H), 0.94 – 0.89 (m, 6H), 0.81 – 0.72 (m, 6H).
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Figure S12. 13C-APT-NMR spectra of DBA.
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Figure A-13. 1H-NMR (700 MHz, Chloroform-d) spectra of DIPEA δ = 2.95 (dt, J = 13.3, 6.7 Hz,
2H), 2.40 (q, J = 6.4, 5.6 Hz, 2H), 1.10 – 0.81 (m, 12H).
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Figure A-14. 13C-APT-NMR spectra of DIPEA.

141

Figure A-15. 13C-NMR spectra of DIPEA.
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Figure A-16. 1H-NMR (700 MHz, Chloroform-d) spectra of TEA; δ = 2.33 (d, J = 12.9 Hz, 6H),
0.85 (s, 9H).
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Figure S17. 13C-APT-NMR spectra of TEA.
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Figure S18. 13C-NMR spectra of TEA.
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A-3. Density Measurements
Density of SHS in water and toluene were determined for different SHS concentrations.
Density calibration experiments were carried out with two different methods. For the toluene and
SHS mixture, a pre-determined amount of toluene was measured in a vial and weighed. Then
various amounts of SHS was added to the vial and weighed. After two liquids were mixed, volume
of the resulting mixture was measured. Based on the volume of the resulting mixture and mass of
SHS, molar concentration was calculated and fitted as shown in Figure A-19. The DI water and
SHS mixture density calibration was conducted in flow using a procedure similar to the extraction
experiment. A pre-determined volume of DI water and SHS mixture (1 μL -3 μL each) was injected
into the tube-in-tube flow reactor and final volume of the mixture was measured using a highresolution digital camera. Mass of SHS was obtained using its reported density. Density calibration
graph for aqueous mixture is shown in Figure A-19.

Figure A-19. Density calibration for different DMCA concentrations in (A) toluene and (B) water.
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The amount of SHS in both aqueous and organic phase before and after extraction in flow
was determined with following equations. Density of the organic phase is defined as
𝜌𝜌org =

𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑡𝑡)+𝑚𝑚𝑠𝑠 (𝑡𝑡)

(A-1)

𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜 ∗𝐴𝐴

where 𝜌𝜌, V, m, L, t, and A are density, volume, mass, length, time, and cross-sectional area;

subscripts org, aq, and s represent the organic phase, aqueous phase, and SHS, respectively. From
Figure S19A, the density of SHS in toluene is defined as
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑎𝑎 ∗ 𝐶𝐶𝑠𝑠 (𝑡𝑡) + 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑎𝑎 ∗

𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡)

𝑀𝑀𝑊𝑊𝑠𝑠 ∗𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡)

+ 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(A-2)

where Cs, MW, and a are concentration, molecular weight, and slope of the density calibration
graph shown in Figure A-19A. Then, combining equations A-1 and A-2 and rearraigning the
resulting euqation in terms of the mass of SHS leads to the following equation:
𝑚𝑚s,org (𝑡𝑡) =

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑡𝑡)−𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 (t)
𝑎𝑎
−1
𝑀𝑀𝑊𝑊𝑠𝑠

(A-3)

Similarly, mass of SHS in the aqueous phase can be calculated using the following equations:
𝜌𝜌aq =

𝑚𝑚𝑎𝑎𝑎𝑎
𝑉𝑉𝑎𝑎𝑎𝑎

=

𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 +𝑚𝑚𝑠𝑠 (𝑡𝑡)

𝜌𝜌𝑎𝑎𝑎𝑎 = 𝑏𝑏 ∗ 𝐶𝐶𝑠𝑠 (𝑡𝑡) + 𝜌𝜌𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑏𝑏 ∗
𝑚𝑚s,aq (𝑡𝑡) =

(A-4)

𝐿𝐿𝑎𝑎𝑎𝑎 ∗𝐴𝐴

𝑚𝑚𝑠𝑠,𝑎𝑎𝑞𝑞 (𝑡𝑡)

𝑀𝑀𝑊𝑊𝑠𝑠 ∗𝑉𝑉𝑎𝑎𝑎𝑎 (𝑡𝑡)

𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 −𝜌𝜌𝑎𝑎𝑎𝑎 ∗𝑉𝑉𝑎𝑎𝑎𝑎 (t)
𝑏𝑏
−1
𝑀𝑀𝑊𝑊𝑠𝑠

(A-5)

(S6)

where b is the slope of the density calibration graph shown in Figure A-19B.
While the aqueous phase (DI water) and all tested SHSs showed neglible volume loss (no
measurable change in volume) in the sing-droplet flow reactor over 10 min of the oscillatory
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movement with different flow velocities, the toluene slug showed 3%-6% volume loss during the
oscillation in 10 min (Figure A-20).

Figure A-20. Mass loss of a toluene slug oscillating in the microreactor for 10 min at flow
velocities, U = 5 mm s-1 (Black), 10 mm s-1 (Red), 15 mm s-1 (Blue), 20 mm s-1 (Green), and 25
mm s-1 (Purple).
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A-4. MATLAB Image Analysis
A custom-developed image processing code (MATLAB) was utilized for accurate volume
measurement/tracking of each phase during the CO2-mediated SHS extraction process in flow. For
each bi-phasic slug, such as the one shown in Figure A-21A, an RGB intensity gradient (I’) along
the centerline of the microreactor at different positions (X) was calculated (Figure A-21B). With
background subtraction and image filtering, minimum and maximum points of each RGB channel
were identified and converted into the slug length and volume using a pixel to mm ratio.

Figure A-21. (A) An exemplary color image of the bi-phasic slug within the microreactor. The
dashed line shows the centerline of the microchannel. (B) RGB intensity gradient along the
microchannel centerline with a bi-phasic slug present. Organic phase (red): toluene and 4.5M
DMCA labeled with Sudan Red dye; Aqueous phase (blue): DI water labeled with Indigo Carmine
Dye.
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A-5. Table of Abbreviations and Symbols
Table A-2. List of Abbreviations
Abbreviation

Definition

SHS

Switchable Hydrophilicity Solvents

LLE

Liquid-Liquid Extraction

TEA

Triethylamine

DMCA

N,N-dimethylcyclohexylamine

DBA

Di-sec-butylamine

DIPEA

N,N-diisopropylethylamine

FEP

Fluorinated Ethylene Propylene

CO2

Carbon Dioxide

N2

Nitrogen
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Table A-3. List of Symbols
Symbol

Definition

𝝆𝝆

Density

V

Volume

m

Mass

aq

Aqueous Phase

org

Organic Phase

s

SHS

i

Initial

f

Final

t

Time

U

Velocity

CS

Concentration of SHS

L

Reactor Length

P

Pressure

Ri

Aqueous to Organic Phase Volume Ratio

D

Distribution Ratio

w

Mass fraction
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A-6. De-wetting and Full engulfment of a Bi-phasic Slug

Figure A-22. De-wetting and complete engulfment of the aqueous phase in the organic phase.
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Appendix B
B-1. Chemical Properties
Properties of the chemicals used in this work are listed in Table B-1.
Table B-1. Molecular weight, density, and boiling point of the chemicals used in this work.
Molecular

Density [g/ml]

Boiling Point

Weight [g/mol]

at 25℃

[℃]

Toluene

92.1

0.867

110.6

Water

18.02

0.998

100.0

Dimethylcyclohexylamine (DMCA) 1

127.23

0.849

160

Dimethylhexylamine (DMHA) 2

129.24

0.744

146-150

Triethylamine (TEA) 3

101.19

0.729

89.28

Di-sec-butylamine (DBA) 4

129.24

0.753

135

Chemical
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B-2. Density Measurements
In order to calculate density of an SHS in toluene and DI water, SHS samples with different
concentrations were prepared. Volume and mass of each SHS sample mixed with toluene was
measured. Next, a known volume of DI water and SHS was injected into the tube-in-tube flow
reactor and introduced to carbon dioxide (CO2) until complete mixing of the SHS and DI water
was achieved (i.e., the two-phase solution became single phase). The length of the mixed SHS and
DI water segment was then used to calculate the final volume of the SHS and DI water mixture.
Measured densities of DMCA in toluene and DI water are shown in Figure B-1.

Figure B-1. Density calibration curves for various DMCA concentrations in (A) toluene and (B)
DI water.
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B-3. Evaluation of SHS Extraction in Flow
Using the measured density values of SHSs in toluene and DI water, the amount of SHS
present in the organic and aqueous phase during the in-flow extraction was calculated with the
following steps: The measured density of the organic phase (Figure B-1A) is expressed as,
𝜌𝜌𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑎𝑎 ∗ 𝐶𝐶𝑠𝑠 (𝑡𝑡) + 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑎𝑎 ∗

𝑚𝑚𝑠𝑠,𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡)

𝑀𝑀𝑊𝑊𝑠𝑠 ∗𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 (𝑡𝑡)

+ 𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(B-1)

where 𝜌𝜌, 𝑎𝑎, 𝐶𝐶, 𝑡𝑡, 𝑚𝑚, 𝑀𝑀𝑀𝑀, and 𝑉𝑉 represent the density, fitting constant, concentration, time, mass,
molecular weight, and volume; subscripts org, aq, and s represent organic phase, aqueous phase,

and SHS, respectively. Also, the density of the organic phase, by definition, can be defined as
following:
𝜌𝜌org =

𝑚𝑚𝑜𝑜𝑜𝑜𝑜𝑜
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜

=

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑡𝑡)+𝑚𝑚𝑠𝑠 (𝑡𝑡)
𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜 ∗𝐴𝐴

(B-2)

where L and A are the length and cross-sectional area of the organic phase segment in the
continuous flow reactor. Combining equations B-1 and B-2, and rearranging the equation, the mass
of the SHS in the organic phase segment in flow can be expressed as:
𝑚𝑚s,org (𝑡𝑡) =

𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (𝑡𝑡)−𝜌𝜌𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜 (t)
𝑎𝑎
−1
𝑀𝑀𝑊𝑊𝑠𝑠

(B-3)

Following the calculation shown above, the mass of the SHS in the aqueous phase can be
calculated as:
𝑚𝑚s,aq (𝑡𝑡) =

𝑚𝑚𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 −𝜌𝜌𝑎𝑎𝑎𝑎 ∗𝑉𝑉𝑎𝑎𝑎𝑎 (t)
𝑏𝑏
−1
𝑀𝑀𝑊𝑊𝑠𝑠

(B-4)

where b is a fitting constant from the density calibration graph (Figure B-1B) for the aqueous
phase. The SHS extraction efficiency, η, can then be calculated as:
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(B-5)

B-4. Concentration and Pressure Dependence of DMCA Extraction
At a constant CO2 pressure, we observed a linear relationship between the characteristic
DMCA extraction time, te, and DMCA concentration (Figure B-2A), while varying CO2 pressure
at a constant DMCA concentration resulted in a non-linear relationship between the DMCA
extraction time and CO2 pressure (Figure B-2B). The rapid decay of the DMCA extraction time
when increasing the CO2 pressure can be attributed to the reduced mass transfer resistance and
higher CO2 flux into the aqueous phase.

Figure B-2. (A) The characteristic DMCA extraction time vs. concentrations of DMCA at P = 70
psig, R = 1, L = 2 m, Q = 250 µL min-1. (B) The characteristic DMCA extraction time vs. CO2
pressure at Cs = 4.5M, R = 1, L = 2 m, Q = 250 µL min-1.
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B-5. In-line Phase Separation Module
The segmented flow of the raffinate (hydrophobic SHS and toluene, red) and the extract
(hydrophilic SHS and DI water, blue), after leaving the flow reactor where the CO2-triggered SHS
extraction occurred, was fed into the AeosTM ePTFE membrane-based tube-in-tube module for inline phase separation (Figure B-3). Complete liquid-liquid phase separation was accomplished by
a real-time PID process controller (LabVIEW) adjusting the hydrodynamic resistance across the
raffinate stream. Two optical phase sensors (PS1 and PS2) were attached to each outlet stream of
the raffinate and extract while a digital pressure regulator (DPR) was connected to the outlet of the
raffinate stream. The voltage readout of the phase sensors could capture complete or incomplete
liquid-liquid phase separation in real-time. The liquid-liquid phase separation is governed by
balancing the hydrodynamic resistance between the membrane and (i) raffinate and (ii) extract
outlets. As soon as the phase sensors detect an incomplete phase separation in one of the outlet
streams through a change in the voltage baseline (custom-built LabVIEW script), a PID controller
adjusts the raffinate outlet pressure through the DPR (connected to a pressurized nitrogen source)
until there is complete separation of the two phases (i.e., constant voltage readout from both PS1
and PS2), shown in Figure B-3.
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Figure B-3. In-line phase separation module for continuous CO2-triggered SHS extraction.
Schematic of separation module is shown in top left with optical phase sensor value for clear
separation value.
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B-6. NMR Characterization of SHS
B-6A. NMR Spectra of SHSs

Figure B-4. 1H NMR spectra of N,N-dimethylcyclohexylamine (DMCA).
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Figure B-5. 1H NMR spectra of N,N-dimethylhexylamine (DMHA).
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Figure B-6. 1H NMR spectra of triethylamine (TEA).
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Figure B-7. 1H NMR spectra of di-sec-butylamine (DBA).
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B-6B. Extraction of DMCA
Extraction of DMCA was performed with deuterated toluene and water for NMR analysis.
For internal standard, dibromoethane was used for the organic phase and 1,4-dioxane was used for
the aqueous phase. In order to check the precision of NMR characterization, we prepared three
identical aqueous samples after complete extraction of DMCA, which resulted in an equilibrium
extraction efficiency of 87.3% ± 1.9% (Figure B-9, B-10, and B-11). Bruker Avance III 700 MHz
NMR spectrometer was used.

Figure B-8. 1H NMR spectra of initial organic phase: toluene-d8, DMCA, and dibromoethane
(internal standard).
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Figure B-9. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated DMCA,
and 1,4-dioxane (internal standard).
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Figure B-10. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated
DMCA, and 1,4-dioxane (internal standard).
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Figure B-11. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated
DMCA, and 1,4-dioxane (internal standard).
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B-6C. Transient Extraction of DMCA
To quantify the transient extraction behavior of DMCA, three samples were collected with
residence times of 1 min, 1.25 min, and 1.66 min, resulting in 53.6%, 68.8%, and 77.9% extraction
efficiencies, respectably (Figure B-13, B-14, B-15). Extraction of DMCA was performed with
deuterated toluene and water for NMR analysis. For internal standard, dibromoethane was used
for the organic phase and 1,4-dioxane was used for the aqueous phase. Bruker NEO 400 MHz
NMR spectrometer was used.

Figure B-12. 1H NMR spectra of initial organic phase: toluene-d8, DMCA, and dibromoethane
(internal standard).

167

Figure B-13. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated
DMCA, and 1,4-dioxane (internal standard).
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Figure B-14. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated
DMCA, and 1,4-dioxane (internal standard).
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Figure B-15. 1H NMR spectra of aqueous phase after complete extraction: D2O, protonated
DMCA, and 1,4-dioxane (internal standard).
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B-7. Scale Out Flow Chemistry Platform

Figure B-16. Experimental setup of the scale out flow chemistry platform.
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Appendix C
C-1. Chemical Properties
Chemicals were used as received without further purification. Toluene (99%) was
purchased from Sigma Aldrich and 1,3,5-trimethoxybenzene (99%) was purchased from Acros
Organics. Carbon dioxide (CO2, research 5.0 grade) and nitrogen (N2, ultrahigh purity 5.0 grade)
were purchased from Airgas. Deionized water was produced in house using PURELAB Flex
system (Elga LabWater). Amines used as switchable hydrophilicity solvents were purged with
argon and stored under inert atmosphere: 2-(dibutylamino)ethanol (DBAE, 99%, TCI America),
2-(diisopropylamino)ethanol (DIPAE, 99%, Sigma-Aldrich), N,N-dimethylhexylamine (DMHA,
99%, Alfa Aesar Chemical), and N,N-dimethylcyclohexylamine (DMCA, 98%, TCI America).
Properties of the chemicals used in this work are listed in Table S1.

Table S1. Molecular weight, density, and boiling point of the chemicals used in this work.
Chemical

Molecular Weight [g/mol]

Density [g/ml] at 25℃

Boiling Point [℃]

Toluene

92.1

0.867

110.6

Water

18.02

0.998

100.0

DBAE 1

173.3

0.86

229-230

DIPAE 2

145.24

0.826

187-192

DMHA 3

129.24

0.744

146-150

DMCA 4

127.23

0.849

158-159
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C-2. Experimental Setup
The intensified extraction and recovery of SHSs in the developed modular flow chemistry
platform was conducted with the following steps: (i) Toluene and SHS mixture solution were
prepared with pre-determined concentrations. The organic phase (toluene+SHS) and DI water
were then loaded separately on syringe pumps (Harvard Apparatus, PHD Ultra) using two in 10ml glass syringes (SGE). Sudan red dye (Sigma Aldrich) and blue food dye were added to each
organic and aqueous phase for demonstration purposes only (Figure C-1). (ii) A segmented flow
of organic (i.e., toluene/SHS mixture) and aqueous phases was formed with a Y-junction (Idex
Health & Science) and introduced to the inner annulus of the tube-in-tube flow reactor, constructed
with a gas-permeable tubular membrane (Teflon AF 2400, outer diameter (o.d.): 0.04” and inner
diameter (i.d.): 0.032”, Biogeneral) placed inside a fluorinated ethylene propylene (FEP) tubing
(o.d.: 0.125” and i.d.:0.0625”, Idex Health & Science). Detailed assembly steps of the tube-in-tube
flow reactor using off-the-shelf and commercially available components are described in Han et
al..171 (iii) The facile delivery of carbon dioxide (CO2) from the outer annulus to the segmented
flow (toluene/SHS and DI water) flowing through the inner annulus of the tube-in-tube flow
reactor, resulted in accelerated protonation and extraction of SHS from the organic phase to the
aqueous phase. The liquid (inner annulus) and gas (outer annulus) pressures were controlled using
a digital gas back pressure regulator (BPR, Alicat Scientific, PC series) and a liquid BPR
(Equilibar, ZF-series), respectively. (iv) The effluent of the SHS extraction flow reactor was
collected in a septa vial (Fisher Scientific). The aqueous phase (blue) from the collection vial was
then continuously fed to the second tube-in-tube flow reactor via a syringe-free pump (Valco, M6).
In the SHS recovery reactor, nitrogen (N2) was flowing through the outer annulus. The pressures
for both the liquid and gas phases were controlled in a similar manner to the extraction reactor.
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The BPR and the outlet of the gas stream of the recovery flow reactor were connected to a custommade stainless steel pressurized reservoir, preventing any condensation of water flowing through
the gas BPR. The recovery flow reactor was placed into a custom-machined aluminum plate and
heated with four cartridge heaters (WATLOW) and a PID temperature controller (Omega). (v) At
the same time, the organic phase (red) in the intermediate collection vial was withdrawn by a
syringe pump with the same flowrate as the aqueous phase, to maintain the same organic to
aqueous volume ratio in the collection vial to ensure the equilibrium composition of the effluent.
(vi) The recovered (deprotonated) SHS and remaining aqueous phase were collected into a vial
and sampled for analysis using gas chromatography.
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Figure C-1. Photo of the developed modular flow chemistry platform with two in-series tube-intube flow reactors for intensified continuous extraction and recovery of SHSs. The tube-in-tube
flow reactor on the left (white PLA) is utilized for extraction of SHSs, introducing CO2 to
toluene/SHS (red) and water (blue) two-phase flow in the inner annulus. The tube-in-tube flow
reactor on the right (machined aluminum plate) is utilized for accelerated recovery of SHS,
providing N2 to the aqueous phase containing the protonated SHS (blue) flowing through the inner
annulus. As the recovery of the SHS proceeds in the second tube-in-tube flow reactor, the flow
becomes two phases with deprotonated SHS (clear) and remaining aqueous phase (blue).
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C-3. Gas Chromatography (GC) Analysis
For each GC analysis, 10 µL of the calibration or post-deprotonation samples were diluted
with 1 mL of 0.01 M solution of 1,3,5 trimethoxybenzene in 1,4 dioxane in a GC vial. Complete
dissolution of the protonated SHS sample in dioxane occurred without salt precipitation. 1 µL of
GC mixture was injected into a Shimadzu GCMS-2010 with a Zebron ZB-5MSi column (30m ×
0.25mm × 0.25µm).
GC method: 3 min at 35°C then ramp at 20°C /min to 260°C. The injection port temperature was
maintained at 240°C. Calibrations were performed on the peak area ratio of Aamine/A1,3,5
trimethoxybenzene

for the four amines as shown in Figure C-2. No side products were formed during

the in-flow deprotonation process (analyzed by GC-MS). Triplicate samples of the same target
concentration were prepared and analyzed. The combined error was calculated to be 0.83%
(0.0075M). This error was applied to other GC measurements with equation C-1 shown below,
% 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = ±

0.0075𝑀𝑀

𝐶𝐶𝑆𝑆𝑆𝑆𝑆𝑆,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

(C-1)

where CSHS,recovery is the concentration of the deprotonated SHS in the aqueous phase after the
recovery.
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Figure C-2. GC calibration graphs for calculating aqueous SHS solution after recovery with (A)
DBAE, (B) DIPAE, (C) DMHA, and (D) DMCA.
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C-4. Mass Loss in Flow
The Teflon AF-2400 membrane used in the tube-in-tube flow reactor, in addition to high
permeability for CO2 and N2, can also permeate water vapor to the outer annulus of the recovery
flow reactor. In order to calculate the mass loss due to water evporation in the recovery flow
reactor, the mass of 1 mL sample before recovery was compared to the mass of the collected
sample by injecting 1 mL into the flow reactor after reaching steady state. The higher the
temperature and/or the residence time in the recovery flow reactor, the higher the mass loss of
water. The maximum mass loss at 60 °C, due to water evpaoration, was 9% at a 60 min residence
time (Figure C-3A and C-3B). By increasing the operation pressure, the mass loss of water
decreased from 7% at the atmospheric pressure to 5% at 30 psig (Figure C3-C). Although
increasing the pressure is not favorable from the energy consumption perspective, it can be utilized
in the SHS recovery process when water mass loss is not desirable.
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Figure C-3. Mass loss due to water evaporation in the heated tube-in-tube flow reactor. (A) Mass
loss by varying temperature in the SHS recovery process. Experimental conditions: CDBAE = 1 M,
P = 30 psig, t = 20 min. (B) Mass loss by varying residence time in the SHS recovery process.
Experimental conditions: CDBAE = 1 M, P = 30 psig, T = 60 °C. (C) Mass loss by varying pressure
in the SHS recovery process. Experimental conditions: CDBAE = 1 M, t = 10 min, T = 60 °C.
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C-5. DBAE Recovery in Batch
To compare the performance of the developed flow chemistry platform for intensified
recovery of the deprotonated SHSs, a batch recovery experiment was conducted under a similar
reaction. 1 M of the protonated DBAE in water was prepared using the in-flow protonation reactor.
Then, 10 ml of the prepared solution was placed into a 16 mL septa vial (Thermo Scientific) and
the vial was connected to two FEP tubings; one was connected to a digital N2 mass flow controller
(Alicat Scientific, Model MC series) and the other tubing was connected to a digital N2 back
pressure regulator (Bronkhorst, EL-PRESS series). A pressurized vessel was connected in between
the vial and the back pressure regulator to prevent any liquid from flowing into the back pressure
regulator. The temperature of the reactor vial was controlled by immersing the vial in an oil bath
placed on a hot stir plate. The oil bath was stirred and heated to 60°C. The vial was immersed into
the heated oil bath after the temperature reached a steady-state, and bubbling started
simultaneously. For accurate GC analysis of the batch SHS recovery experiment, for every sample
point, 0.5 ml of the aqueous phase was taken from the bottom of the vial. After waiting 30 min for
the separation of the two phases (deprotonated amines and aqueous solution), the solution was
sampled for GC analysis as described above.

180

Appendix D
D-1. STAR System Components
The developed flow chemistry platform for SABRE hyperpolarization is depicted in Figure
S1. Initial solution (e.g., pyridine and pyrazine, SABRE catalyst in methanol) is prepared and
loaded into the syringe under oxygen and moisture free condition. The yellow vial in the top left
represents the reservoir to maintain fill of the fluid path during system operation. Computer
controlled continuous pump (Azura P4.1S, Knauer) was used to deliver the solution to a vial and
the compact tube-in-tube reactor. The tube-in-tube reactor is constructed with a transparent Teflon
fluorinated ethylene propylene (FEP) tubing (Outer annulus, o.d.: 0.125”, i.d.: 0.0625”, Microsolv
Technology Corp.) and a gas-permeable AF-2400 tubular membrane (Inner annulus, o.d.: 0.04”,
i.d.: 0.032”, Biogeneral Inc.). Detailed components and steps for constructing the tube-in-tube
reactor can be found in Han et al.171 The gas delivery conditions (e.g., pressure and rate) to the
tube-in-tube reactor was controlled by two mass flow controllers (MFC, EL-Flow series,
Bronkhorst) and back pressure regulator (BPR, EL-Press series, Bronkhorst) for both hydrogen
and nitrogen delivery. MFCs and BPRs were monitored and controlled by custom-made LabVIEW
code.
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Figure D-1. STAR system configuration and actual picture. (left) Graphical diagram of the STAR
system and whole fluid path. (right) The actual STAR in system housing, containing all
components of the system. Connections for gas, liquid, electrical, and data inputs are made from
the back of the box.
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D-2. Standard Sample Composition and Reagents
IMes (1,3 ‐ bis(2,4,6 ‐ trimethylphenyl) imidazole‐2‐ylidene) iridium catalyst was prepared at NC
State University according to literature procedures. [15N3]metronidazole was produced at Wayne
State University according to literature procedures. Unless otherwise specified, the sample
composition used was 3 mM IMes catalyst + 60 mM substrate. All experiments used 98% p-H2
produced at 35 K using a p-H2 generator produced by Advanced Research Systems.

D-3. STAR System Magnetic Field Control
Magnetic field control of the SABRE hyperpolarization process in the STAR system is
achieved through either a hand-wrapped solenoid for 1H hyperpolarization or magnetic shielding
for heteronuclear (e.g. 13C, 15N) experiments.
For 1H SABRE experiments, a 25 cm hand-wrapped solenoid for magnetic field control of
the STAR system is wrapped with 17 layers of 20 AWG stranded hook-up wire. The magnetic
field for this solenoid was calculated in Mathematica and is shown in Figure S2. The calculated
field is examined on the symmetry axis, where the axial component is given by,
(D-1)
where for a multilayer solenoid the field is calculated as the sum of the axial fields with successive
radii determined by the wire diameter and restricted by the coil inner and outer radii. The axial
magnetic field component 𝐵𝐵𝑧𝑧 in equation D-1 is given by the following variables: µ0 the vacuum

permeability, N the number of turns, I the current through the wire, l the length of the solenoid, z
the axial distance from the center of the solenoid, and R the radius of the solenoid.
For a coiled reactor length of 10.2 cm, the variation of the magnetic field over the entire
reactor length centered in the solenoid is -0.1 mT, where polarization transfer efficiency for
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common compounds (e.g. pyridine, pyrazine) with SABRE varies on a magnetic field order of 1
mT. This reactor is represented as the green rectangle overlay in Figure D-2.
For a scaled-up version of the reactor with coiled length 19.8 cm, the same coil was used,
but the variation of the magnetic field over the reactor was much larger, with the edges of the
reactor experiencing a -1 mT variation in field. This scaled-up reactor is represented as the orange
rectangle in Figure S2. For this scaled-up reactor, achieving homogeneity is more difficult as the
magnetic field falls off more rapidly on the edges. Centering the reactor in the solenoid results in
magnetic field differences near the edges of the reactor, which will decrease polarization transfer
efficiencies as the spin system moves away from the ideal level anti-crossing. For example, the
polarization transfer efficiency of pyridine decreases about 20% with a ~1 mT variation in
magnetic field. The current length constraints of our solenoid are given by hardware and materials
considerations in construction of the entire STAR system. As apparent, redesign of the entire
system in further generations could yield a more efficient magnetic field control for
hyperpolarization.

184

Figure D-2. Magnetic field variations over two different sizes of the STAR. Here, the green
rectangle represents the first generation 10.2 cm coiled reactor, and the orange rectangle represents
the scaled-up second generation 19.8 cm coiled reactor. Both rectangles are centered in the
“solenoid” (x-axis), but arbitrarily positioned in the y-axis for graphical representation.
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D-3. Heteronuclear (13C,15N) SABRE-SHEATH Field Control

Figure D-3. SABRE-SHEATH configuration for the STAR system. (left) Shield with removed
caps on one end to show the concentric shield layers, solenoid for field control, and coiled reactor.
(right) Full assembled SABRE-SHEATH configuration. The guiding solenoid is on the left side
of the picture wrapped around the fluid path exiting the shielding. The extra thick blue cable with
banana connectors hooks up to a degaussing solenoid wrapped around the innermost shield layer.

SABRE-SHEATH, or heteronuclear hyperpolarization with SABRE, is achieved in the
STAR system with a single layer solenoid positioned inside a custom-sized 3-layer magnetic shield
with 5” OD x 10” L and removable covers on both ends (Magnetic Shield Corp.). Each cover has
a centered 1.25” through-hole to allow for the fluid line access through the shielding. The single
layer solenoid used is restricted in length by the inner length of the shielding, with a total solenoid
length of 21.5 cm. In addition, a wire is wrapped around the tubing that exits the shielding to
provide a guiding field and avoid zero-crossings as the hyperpolarized solution exits the reactor
and is pumped toward the sensitive volume. A picture of the actual field control setup is shown in
Figure D-3.
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For

13

C2-pyruvate hyperpolarization experiments, the 10.2 coil length reactor was used,

while for 15N3 metronidazole experiments the 19.8 cm reactor was used. This discrepancy is due
to the limitation in the homogeneity of the magnetic field control from the solenoid and magnetic
field. As shown in Figure D-4, the polarization transfer field (PTF) of 15N3 metronidazole has a
very broad field dependence, in contrast to the narrow field dependence of pyruvate that varies
quickly with steps of about 0.1 μT magnitude. As a result, 13C-pyruvate hyperpolarization is, more
sensitive to magnetic field inhomogeneity than

15

N3-metronidazole hyperpolarization.

Accordingly, the hardware limitation could be corrected in future generations by redesigning the
dimensions of the magnetic shielding used as well as the dimensions of the overall STAR system
to house larger field control components.

Figure D-4. Field dependence of 15N3-metronidazole hyperpolarization. All three 15N spins have
relatively broad level anti-crossings, reaching >80% hyperpolarization utilizing a PTF of -0.1 µT
≥ Bpol ≥ -1.8 µT
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D-4. T1 Relaxation and SABRE Buildup Dynamics
As detailed in the main text, the T1 relaxation and hyperpolarization buildup dynamics have
a significant effect on the observed polarization due to the retention time in the reactor and the
transfer time from the reactor to the sensitive volume. The data acquired for pyrazine, pyridine,
and pyruvate and the calculated fits are shown in the following sections. Relaxation and buildup
data for metronidazole can be found in previous literature.

D-5. T1 Relaxation and SABRE Buildup Dynamics
For pyrazine, the SABRE hyperpolarization buildup is measured using a pneumatic
shuttling system and detected at 9.4 T (Bruker) [5]. T1 relaxation (Figure D-5[a]) data is acquired
at 1.1 T (Spinsolve) using a standard inversion recovery experiment. Buildup of hyperpolarization
(Figure D-5[b]) with bubbling is fitted to the inset equation, with Tb denoting the buildup rate
constant of hyperpolarization and B denoting the offset before polarization buildup is observed.
The decay of pyrazine signal after initial buildup with longer bubbling times is still under
investigation but could be due to temperature distortions at longer bubbling times or unintended
chemical decomposition between experiments.
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Figure D-5. [a] T1 inversion recovery experiment on pyrazine at 1.1 T. [b] SABRE
hyperpolarization buildup on pyrazine using varied bubbling times.
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D-6. Pyridine T1 and SABRE Buildup
For pyridine, the SABRE hyperpolarization buildup is measured using a pneumatic
shuttling system and detected at 9.4 T (Bruker). T1 relaxation (Figure D-6[a]) data is acquired at
1.1 T (Spinsolve) using a standard inversion recovery experiment. Buildup of hyperpolarization
(Figure D-6[b]) with bubbling is fitted to the inset equation, with Tb denoting the buildup rate
constant of hyperpolarization and B denoting the offset before polarization buildup is observed.
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Figure D-6. [a] T1 inversion recovery experiment on pyridine at 1.1 T. [b] SABRE
hyperpolarization buildup on pyridine using varied bubbling times.
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D-7. Pyruvate SABRE Buildup
For pyruvate, the SABRE hyperpolarization buildup is measured using a pneumatic
shuttling system. T1 relaxation data for hyperpolarized

13

C2 pyruvate can be found in previous

literature [14].

Figure D-7. 13C2 pyruvate hyperpolarization buildup with SABRE using varied bubbling times,
measured at 9.4 T using pneumatic shuttling.

192

D-8. High Field (9.4 T) Adapted STAR System Apparatus
The STAR system can be simply adapted to a high-field magnet or any magnet that only
allows access to one side of the magnet bore. This is achieved through modification of the transfer
line from the reactor and the return line, using a capillary passed through a T-junction into a 1/8”
PTFE line to pump in the solution quickly through the inner tube, and then return the solution
through the outer 1/8” line through the degassing reactor and into the STAR reservoir. A depiction
of the adapted fluid path for this apparatus is shown in Figure D-8.

Figure D-8. High-field adapted monitoring apparatus, allowing for operation of the STAR system
and continuous hyperpolarization without a flow probe. Blue arrows and lines represent the 0.012”
ID capillary tubing carrying the solution into the high-pressure NMR tube, with the tube-in-tube
design represented as an overlay with 0.030” ID FEP tubing around the capillary. The light grey
junction between the arrows and NMR tube represents the sample spinner. The drawing shown
here is a graphical representation and is not to scale.
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D-9. Polarization Calculations
All polarization calculations for 1H polarization use the same sample thermalized as a
reference. The reference measurement is completed in the STAR system configuration prior to the
pressurization of the system to ensure alignment of all system parameters.
15

N and

13

C polarization is calculated with a thermal reference spectrum of a pure

compound. In this work, we used 15N-pyridine (12.5 M) thermalized at 9.4 T and benzene (12.8 M)
thermalized at 1.1 T. These spectra are shown in Figure D-9 below, (a) and (b), respectively.
Polarization is calculated by the following equation,
(D-2)
Where the initial tanh term computes the thermal polarization of the respective nucleus at a
given temperature and magnetic field, SHP is the signal from the hyperpolarized and reference
spectra, and AHP is the cross-sectional area of the hyperpolarized and reference (SREF and AREF)
samples. For pyruvate, we use a ratio of

of 1, while for metronidazole we use the

existing literature ratio of ~1.85 with setups mirroring our detection.
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Figure D-9. Thermal reference spectra for calibration of (a) 15N and (b) 13C polarization detected at 9.4 T
and 1.1 T, respectively. Neat [15N] pyridine and neat benzene are used to maximize the signal of the standard
compound.
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D-10. STAR System Parameter Optimization
In the following section we present parameter optimization of the STAR system for
different cases, illustrating observed maxima for different conditions in the STAR system.
Specifically, the conditions presented are the p-H2 flow rate dependence, solution flow rate
dependence, and efficiency of the degassing reactor.

D-11. Parahydrogen Flow Rate Dependence
The dependence of the STAR system polarization on p-H2 flow rate is shown in figure D10. As can be seen, there appears to be no major dependence across the studied flow rates. The
lack of dependence of the polarization on the p-H2 flow rate can be attributed to the relatively fast
displacement of the p-H2 in the outer annulus of the tube-in-tube reactor. For the 85 cm reactor the
volume of the outer annulus is only 1.241 mL, which at a flow rate of 20 sccm is displaced about
every 4 s. The error bars in this data are calculated by sampling every 25 s as the sample is
continuously pumped through the detection volume. The decline in error at higher flow rates can
be attributed to a lower oscillatory nature of the hyperpolarization in the reactor as the p-H2 is more
continuously refreshed, leading to greater stability in the steady-state operation at those respective
flow rates.
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Figure D-10. Parahydrogen flow rate dependence and corresponding signal intensity acquired for
pyrazine in the 85 cm tube-in-tube flow reactor with the STAR system. All other parameters are
held constant during data acquisition; solution flow rate 2.0 mL/min, p-H2 pressure 100 psi, N2
pressure 90 psi, N2 flow rate 50 sccm.
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D-12. Degassing Reactor Efficiency
In figure D-11 we present a comparison of the efficiency of the degassing stage of the
STAR system acquired in a pyrazine sample. The broad nature of the pyrazine peak in the figure
is due to the application of a 0.1% Gz gradient during acquisition to suppress RASER effects. To
analyze the efficiency of the degassing stage a bypass shortcut around the degassing stage was
added with two additional shutoff valves. We observe a 5% improvement of the STAR system
polarization with the additional degassing component; the error bars are calculated by sampling
the data every 25 s as the sample is continuously pumped through the detection volume. Further
optimization of this component to amplify this effect will be the subject of future work.

Figure D-11. Comparison of the STAR system hyperpolarized 1H pyrazine signal with and
without the degassing reactor in the fluid path. The degassing reactor is operated with N2 pressure
90 psi and N2 flow rate 50 sccm. All other parameters are held constant during data acquisition;
solution flow rate 2.0 mL/min, p-H2 pressure 100 psi.
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D-12. Solution Flow Rate Dependence
In figure D-12 we present solution flow rate optimization for hyperpolarized [15N3]
metronidazole. An optimum solution flow rate of 2.0 mL/min is observed. There is a significant
drop off in observed signal intensity between the solution flow at 2.0 mL/min and 1.0 mL/min,
due to relaxation losses during the solution transfer from the reactor through the bore of the high
field magnet into the sensitive volume (0.3 μT to 9.4 T). At high flow rates, the spins in the solution
may not be able to adiabatically follow the increasing magnetic field, to retain the original
hyperpolarization on their path to the detection region. In addition, at higher flow rates, the
retention time in the reactor is insufficient for full hyperpolarization build-up in the reactor.

Figure D-12. Solution flow rate dependence of [15N3] metronidazole in the STAR system,

15

N

detected at 9.4 T. All other parameters are held constant during data acquisition; solution flow rate
2.0 mL/min, p-H2 pressure 100 psi, N2 degas pressure 90 psi, N2 degas flow rate 100 sccm.
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D-13. Solution Flow Rate Dependence
The maximum polarization of the STAR system vs. polarization obtained in bubbling
setups with various bubbling times (30 s, 60 s) is shown in Figure D-13 below. The polarization
values of each mode from Figure D-10 are given in Table D-1. These values illustrate that higher
or comparable polarization can be obtained with the STAR, relative to the polarization achieved
with a bubbling. The stark difference observed between the N2 and N3 spins vs. the N1 spin is due
to the additional relaxation of the N1 spin caused by direct binding to the iridium metal center in
the SABRE system during sample transfer into the magnet.

Figure D-13. Comparison of hyperpolarized metronidazole with standard bubbling modality and
the STAR system, 15N detected at 9.4 T. The chemical shift axis is abbreviated between peaks to
enable a more complete comparison of the three different modes.
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Table D-1. STAR and Bubbling Polarization Comparison
15N Nucleus

60 s Bubbling

30 s Bubbling

STAR Max

STAR Max / 30 s Bubbling

15

N1

1.91%

1.63%

1.14%

0.70

15

N2

1.34%

1.10%

1.72%

1.56

15

N3

1.25%

1.02%

1.51%

1.48

We correct for the difference in the buildup time (30 s) and the STAR retention time (36 s) by
performing a rough fitting of the two buildup points, shown in Figure S14. This fitting is performed
with a standard exponential buildup function, with Tb the polarization buildup time constant and A
the amplitude scaling factor (Figure D-14). The equations obtained in these fits give buildup time
constants of 17s for the N1 spin, 19s for the N2 spin, and 20s for the N3 spin, approximately equal
to previous literature values. Using these values, we give a comparison in Table D-2 of these
corrected buildup figures and the STAR system maxima for each spin at comparable time points
of 36 s of bubbling vs. 36 s of retention time in the STAR.

Figure D-14. Fits of the 30 s and 60 s bubbling times for metronidazole to obtain the corrected
data for 36 s bubbling time shown in Table 2 below.
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Table S2. STAR Max Polarization vs. Corrected Bubbling Comparison
15N Nucleus

STAR Max

Fit – 36 s Bubbling

STAR Max: 36 s Bubbling

15

N1

1.14%

1.73%

0.66

15

N2

1.72%

1.18%

1.46

15

N3

1.51%

1.10%

1.38

D-14. [15N3] Metronidazole STAR System Steady State
The STAR data shown above highlights the maximum polarization observed during system
operation. This maximum is observed on initial startup of the system due to a rapid influx of fresh
p-H2 into a solution without any previously dissolved hydrogen gas. This rapid influx of p-H2
ensures a maximum ratio of p/o-H2 in solution, as any orthohydrogen (o-H2) in solution is derived
from the initial polarization buildup period and exchange events in the SABRE system. However,
after the solution is cycled several times through the entire fluid path a steady state polarization is
reached in the STAR system where despite implementation of our nitrogen degassing reactor not
all o-H2 is removed from solution. Figure D-15 shows a comparison of the maximum STAR
metronidazole spectrum and steady state spectrum, displayed relative to a bubbling reference (30 s
buildup).
Future work will continue to investigate methods to improve the efficiency of the steady
state polarization values, pushing the steady state toward the initial maximum through engineering
new solutions to o-H2 removal and replacement with fresh p-H2.
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Figure D-15. Comparison of hyperpolarized metronidazole maximum and steady state in the
STAR system, relative to a standard bubbling mode, 15N detected at 9.4 T. The chemical shift axis
is abbreviated between peaks to enable a more complete comparison of the three different modes.
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D-14. RASER Data Processing
In this section, we describe the processing of single mode RASER data that has an
associated magnetic field drift. In the RASER spectra that are acquired at 1.1 T, significant drift
of the NMR peak is observed due to magnetic field drift of the permanent magnet array caused by
slight temperature drifts. We show how this slow drift can be extracted from the raw data, fit to a
polynomial, and then subtracted to obtain a drift-compensated Fast Fourier transform (FFT) of the
RASER. This single-mode compensation differs from previously described dual-mode
compensation methods published in earlier parahydrogen-pumped RASER works. The current
method relies on small slices of the overall RASER spectra to generate a compensation equation,
instead of correcting for the relative differences between two RASER lines. All operations for this
data processing are performed using Mathematica. To demonstrate this data processing, the
following operations are detailed, and results shown for the 157.2 s RASER acquisition at 1.1 T
shown in Figure D-7 of the main text. The profound significance of our finding is that after a
simple drift quadratic correction we obtain a linewidth as narrow as the best theoretical maximum
as described below.
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D-15. Drift Fitting – FT Slicer
We use a simple code to slice up a RASER spectrum in the time domain, allowing for each
slice to be transformed separately. Figure S16 shows an overlay of 128 FT’d slices. To smooth the
FFT of each slice and allow for identification of the peak frequency, we apply additional zerofilling to each of the 128 slices of the 131072-point time domain such that each slice has 32768
pts.

Figure S16. Individual FFT of 128 slices of the 157.2 s time domain from Figure 6 of the main
text. Each slice has a time width of 1.229 s and a point width of 1024 pts. Each FFT slice is
additionally padded with zeros on the right side of the time domain, giving a total number of 32768
points in the time domain of each slice.

From each FFT slice peak frequency is extracted, identifying the frequency of the NMR
peak with respect to the time as acquisition continues. This peak selection is then plotted with
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respect to the median of the time of each slice (e.g., where the transform is from 0-1.4 s, the median
time for the plotting frequency drift is 0.7 s). These drifting maxima are fit to both linear and
quadratic functions. The linear and quadratic function fits are shown in Figure D-17 as the overlay
over the peak frequency points, with the residuals shown as inset. The resulting linear and
quadratic fit equations are given as equation D-3 and equation D-4, respectively. Minimization of
the residuals yields a quadratic fit for the magnetic field drift. Here, the intercept 156 Hz is first
position of the RASER line. (The linear and quadratic terms have units of s-2 and s-3, respectively.)
156 – 0.0693x

(D-3)

156 – 0.0780x + 0.0000551x2

(D-4)
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Figure D-17. Quadratic and linear fits and the respective fit residuals for identified peaks relative
to the median time of each slice shown in figure D-10.
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D-16. RASER Correction in FFT
To correct the time domain data with the fits obtained using the method above, we multiply
the complex data by a table containing the drift correction. For example, the real data is given by
equation D-5, where m and n are the drift coefficients.
(D-5)
By multiplying equation D-5 by only the drift component, we obtain the corrected data isolated to
only the NMR frequency (Equation D-6).
(D-6)
In this equation, the additional

coefficients are derived from the transformation between

frequency and phase, corresponding to the correction terms of equation D-6. This connection arises
as the relation between frequency and phase is given by,

Therefore,

𝜈𝜈(𝑡𝑡) =

1 𝑑𝑑𝑑𝑑
2𝜋𝜋 𝑑𝑑𝑑𝑑

(D-7)

(D-8)
Then, if the frequency term is given by an expansion such that,
(D-9)
then, phase is equal to the corresponding terms,

(D-10)
Reexamining equation D-6, as the
contain the correct coefficient of

term already incorporates a factor of 2 , m and n must then
such that,
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𝑚𝑚 =
𝑛𝑛 =

2𝜋𝜋
𝑞𝑞
2 1

2𝜋𝜋
𝑞𝑞
3 2

(D-11)
(D-12)

Where q1 and q2 are the coefficients given by the fitting in D-15. Now the correction can be applied
with the correct coefficients, yielding the linear and quadratic corrected FFTs (Figure D-18).

Figure D-18. FFT of the linear (left) and quadratic (right) corrected data for a 157.2 s acquisition
of a pyrazine RASER. These spectra are zero-filled by a factor of 8x to the original data, yielding
a total of 1048576 points. This high zero-filling is necessary due to the narrow linewidth of the
single RASER peak.
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Figure D-19. FFT of the linear (left) and quadratic (right) corrected data for a 157.2 s acquisition
of a pyrazine RASER with a Hann window function applied in the time domain.

Clearly, fitting with a quadratic to minimize the residuals yields a full collapse of the
RASER drift into a single line, corresponding to the exact RASER spectrum of pyrazine for this
data. Sinc artifacts are seen in the FFT as the peak corresponds to a full transform of the entire
rectangular time domain without apodization. These artifacts can be corrected through application
of a Hann windowing function in the time domain before FFT, yielding the corresponding
frequency domain spectra with respective linear and quadratic corrections show in Figure D-19.
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D-17. FWHM Calculation
The theoretical maximum full width half maximum (FWHM) of an NMR acquisition is
given by the Fourier transform of the time domain shape and length. For a rectangular time domain
(no apodization), the signal shape can be represented mathematically by a rectangular function,
(D-13)
Where L is the length of the time domain. The corresponding Fourier transform of this function is
given by,
𝜔𝜔0 (𝑥𝑥 ) =

sin(𝜋𝜋𝜋𝜋𝜋𝜋)
𝜋𝜋𝜋𝜋

(D-14)

Substituting in the acquisition length for L = 157.2 s, the theoretical minimum FWHM is 7.7 mHz
(Figure D-20a). The FWHM of the corresponding data is calculated by finding the half maximum
of the center peak, and then finding the intersection of a horizontal line with that amplitude and
the line plot of the spectrum in Mathematica using the Graphics’Mesh’FindIntersections@
function. For the data without apodization, the FWHM is measured as 7.7 mHz, matching the
minimum theoretical value for this given acquisition length. A comparison of the simulated FT for
a general rect function with L and the actual FFT data is shown in Figure D-20.
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Figure D-20. FWHM measurements of a simulated sinc transformed from an ideal rect function
with length of 157.2 s (left) and the actual corrected FFT of the RASER data (right).

Applying Hann windowing, the time domain window is given by,
(D-15)
With a corresponding Fourier transform,
(D-16)
Again, substituting in the real acquisition length for L = 157.2 s, the theoretical minimum FWHM
is 12.7 mHz, matching an actual calculated FWHM of 12.8 mHz of the apodized data found using
the same method as above. These results are shown in Figure D-21.
While apodization allows for minimization of sinc artifacts in the frequency domain, it
increases the resolution, leading to the overall greater linewidth of 12.8 mHz (Hann) vs. 7.7 mHz
(Rect). In either case (rect or Hann) the important take home message is that a simple quadratic
correction leads to a linewidth corresponding to the theoretical minimum without any other
artifacts illustrating the great potential of the RASER as a tool for precision measurement and
beyond.
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Figure D-21. FWHM measurements of a perfect simulated Fourier transformed Hann window
with length 157.2 s (left) and the actual corrected Hann windowed RASER FFT data (right).
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D-17. RASER Sidebands
Sidebands on the RASER at 1.1 T are observed due to the pulsatile pumping rate of
hyperpolarized solution into the flow probe. The sidebands have a frequency separation of 1.42 Hz
(Figure D-22). The magnitude of the sidebands is significantly lower than the center pyrazine peak,
which has a signal intensity of ~5500 a.u.

Figure D-22. Flow dependent sidebands on a pyrazine RASER detected at 1.1 T. The spectrum
shown above is an expanded view window of the processed Hann windowed experimental
spectrum shown in Fig. D-21 above.
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