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Preface

Industrial growth has significantly increased CO- emissions, creating an urgent need for
efficient capture and utilization technologies. Conventional batch reactors are limited by
slow processing, high energy use, poor heat and mass transfer rates, and lack of real-time
monitoring. While continuous flow reactors offer some improvements, challenges such as
flow visualization and controlling the hydrodynamics still remains. To overcome these
limitations, this thesis proposes a novel glass-made Coiled Flow Inverter (CFI) reactor. Its
transparent design allows real-time observation of product formation while its flow inversion
at each 90° bend enhancing CO: capture and conversion efficiency due to its unique
geometry. The work focuses on developing a continuous-flow CO: capture system using
CFIs, along with exploring low-cost and eco-friendly absorbents such as lignin from
agricultural waste and nitrogen-rich waste streams. Overall, the study aims to advance
process intensification in CO> capture and promote sustainable materials, and also enable

efficient organic transformations using flow chemistry.

Chapter 1- Introduction. This chapter presents an overview of the design and application
of the Coiled Flow Inverter (CFI), along with its advantages over conventional batch and
flow reactors. It includes a comprehensive survey of CO: capture in gas—liquid as well as
liquid-liquid systems. Special emphasis is given to CO- capture using both amine-based and
non-amine-based solutions, particularly sustainable materials such as biomass. Additionally,
this chapter reviews recent advancements in organic reactions for the synthesis of fluorescent
materials in liquid—liquid systems and also describes the methods used for spectroscopic

interpretation and microscopic data analysis are systematically outlined.
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Chapter 2- Materials and Methodology. This chapter outlines the materials and chemicals
used for CO: absorption and the synthesis of fluorescent Xanthene dye in a Coiled Flow
Inverter. It also provides a detailed description of the instruments and analytical techniques
employed in the study. This chapter covers the synthesis procedures for CO: capture using
both alkanolamines-based and amine-free systems. Also, chapter include bond formation
along with C—H involving Gallic acid and N, N-dimethylformamide (DMF). In addition, it
presents the experimental methodology for CO: capture and includes detailed mathematical

calculations related to heat transfer processes.

Chapter 3- Hydrodynamics driven CO2 Absorption in Coiled Flow Inverters using
Amine Based Solvents. Driven by the United Nations' Sustainable Development Goals
(SDGs), this study addresses the urgent need for efficient and sustainable carbon capture
methods to reduce anthropogenic CO, emissions. Conventional batch processes using
concentrated alkanolamines solutions are functional but hindered by high energy
consumption and poor efficiency. To overcome these limitations, millimeter-sized coiled
flow inverters (CFIs) have been used as point-source CO> capture tools capable of
continuous operation. The study found that the solvent and CO> gas flow rates are key
parameters that govern the slug flow regime and slug lengths within the CFI, with a high
interfacial area and sufficient residence time identified as the primary drivers of enhanced
CO absorption. Notably, an approximate 98% CO: absorption efficiency was achieved
using a 3% aqueous Diethanolamine (DEA) solution in the CFI system. Furthermore, the
potential of Nano cellulose, an environmentally sustainable nanomaterial, is demonstrated
for CO» capture at low flow rates, highlighting its promise as a green alternative for carbon-

capture applications.
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Chapter 4- Alkanolamine-free 96% CO:z Capture using Coiled Flow Invertor: A
Sustainable Scope. Conventional CO: capture systems use synthetic amines, which are
energy-intensive, corrosive, and environmentally harmful. This creates a need for greener
and more efficient alternatives. This study presents a flow-based approach for CO:
absorption using waste-derived materials in a Coiled Flow Inverter (CFI) reactor. Human
urine, rich in nitrogen compounds, is used as a natural amine substitute and combined with
lignin obtained from rice straw, an abundant agricultural waste. The interaction between
urine components and lignin improves CO- absorption, while the enhanced mixing and flow
inversion in the CFI reactor increase mass transfer efficiency. Under optimized conditions,
the lignin—urine system achieved up to 96% CO: removal, outperforming conventional
systems. This approach demonstrates a low-cost, eco-friendly, and scalable solution for

carbon capture, aligned with circular economy principles.

Chapter 5- Intensifying the Synthesis of Xanthene Dyes from Gallic Acid using Coiled
Flow Inverter. Transparent coiled flow inverters (CFIs) offer clear advantages over opaque
coil reactors but have rarely been used for condensation reactions. This study addresses that
gap by demonstrating the continuous-flow condensation of Gallic acid in a 4 mm internal
diameter CFI reactor. The length of the flow reactor is varied by connecting multiple CFIs
in series, and real-time imaging of the reactor during flow synthesis provides valuable
insights into reaction dynamics and the stages of desired product formation. The use of
stacked CFIs ensures adequate residence time for carrying out reactions at high flow rates,
while the condensation of Gallic acid in dimethylformamide (DMF) yields a green-emissive
xanthene analogue, the production of which is optimized by regulating reactant flow rate and

reaction temperature. The presence of a vapour—liquid phase boundary further enhances
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interfacial area, contributing to improved product yield, and the optimized conditions for
fluorescent product formation using the stacked CFI were identified as 190°C at a flow rate
of 5 mL/h, with a residence time of approximately 14 hours and a heat flux of 4.46 W/m?
required to maximize yield. Collectively, these findings demonstrate that CFI-based flow
reactors are highly adaptable, easily tailored to specific reaction requirements, and
economically viable, underscoring their broad potential for continuous flow organic

synthesis.

Chapter 6- Summary and Future Scope. This chapter systematically conclude the design,
hydrodynamics, and multifunctional applications of coiled flow inverter (CFI) reactors for
sustainable CO: capture and continuous-flow organic synthesis. By enhancing mixing, mass
transfer, and enabling real-time visualization, CFIs overcome key limitations of
conventional reactors. The integration of waste-derived absorbents such as lignin and urine
offer a low-cost, sustainable alternative to conventional amine systems, achieving high CO:
removal efficiency. Additionally, the successful intensification of organic reactions
highlights the broader applicability of CFIs in flow chemistry. Overall, this work establishes
a scalable, eco-friendly approach that combines process intensification with waste
valorization, contributing to sustainable carbon management and circular economy goals. A
future direction of this work will be integration of carbon capture with CO: utilization
through the catalytic conversion of CO:-loaded absorbents into fuels and value-added

chemicals.
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Chapter 1: Introduction and Literature Survey

1.1 Introduction

Process intensification (PI) is a chemical engineering approach that aims to make a
process smaller, safer, more energy efficient, and more sustainable while maintaining or
improving product quality and production rates [1]. In simple terms, process
intensification means achieving the same or better performance using less equipment,
less energy, and less space [2]. One of the primary examples of process intensification
is reducing the dimension of the reactor, such as millimeter-sized flow reactors and
micrometer-sized flow reactors. As the reactor dimensions decrease, the surface area to
volume ratio increases significantly, resulting in enhanced heat and mass transfer rates.
This improvement allows better control of reaction conditions, reduced energy
consumption, and higher process efficiency [3]. PI plays a crucial role in multiphase
flow systems particularly in two-phase systems such as gas-liquid or liquid-liquid flow
[4]. Reduction of diameter in two phase flow systems promotes the formation of flow
patterns such as slug flow and dispersed flow which provides a large interfacial area and
shorter diffusion paths. The most prominent being the slug flow in which two transport
mechanisms, convection within individual slugs of each phase and interfacial diffusion
between adjacent slugs of different phases occurs resulting in the enhancement of
transport process. Consequently, mass transfer and reaction rates are substantially

improved compared to other large-scale flow reactors and batch reactors.



The following are some examples in which process intensification techniques have been
applied in varied areas:

e (O absorption in a millimeter-scale flow reactor using an amine-based solvent
in which formation of slug flow and Dean vortices continuously renew the gas-
liquid interface. This phenomenon leads to enhancement of reaction
performance, mass transfer and heat transfer as compared to a conventional
absorption column.

¢ Inanitration or oxidation reaction, two immiscible liquid reagents while flowing
simultaneously forms slug flow in a capillary. This removes the hotspots,
improving selectivity, and avoiding runaway exotherms.

e The synthesis of fluorescence dyes in reduced dimensions (millimeter sized
reactors) has more yield with higher process efficiency due to the large surface
area to volume ratio of reactor geometry and higher mixing efficiency due to
vortex flow.

Therefore, reduced-dimensional reactors and two-phase flow technologies have become
powerful tools for process intensification, enabling compact equipment design, improved
transport phenomena, enhanced product quality, and sustainable chemical processing.
However, further process intensification in this system can be achieved by making
appropriate geometrical modifications to the flow channels. In millimeter-sized reactors,
the channel geometry strongly influences the fluid flow behavior and mixing
characteristics. Various geometrical configurations such as bends, helical coils, and coil
flow invertors (CFIs) have been studied by many researchers to enhance reactor

performance beyond what can be achieved through miniaturization alone. Among these



designs, helical coils reactor (HCR) generate centrifugal forces due to channel curvature,
leading to the formation of secondary flows known as 'Dean vortices [5]. Dean vortices
are secondary counter-rotating flow structures generated in curved tubes due to
centrifugal forces. These vortices improve radial mixing and enhance heat and mass
transfer rates compared to straight channels. Further geometrical modifications involving
periodic bends and changes in coil orientation can intensify these secondary flows. The
periodic bends and changes in coil orientation continuously reform Dean vortices which
enhances secondary flow and results in enhanced mixing. Among these various
geometrical modifications, the coil flow inverter (CFI) is the most promising one for
process intensification in millimeter-scale systems. A CFI consists of a helical coil with
periodic 90° inversions in the coil plane [6]. These inversions repeatedly follow the
direction of centrifugal forces acting on the fluid, causing the Dean vortices to break and
reform continuously throughout the reactor length. As a result, fluid elements experience
enhanced cross-sectional mixing, reduced axial dispersion and improved residence time
distribution [7]. Glass-made millimeter-sized CFI offers several additional advantages.
Glass is chemically inert, transparent, corrosion-resistant and capable of withstanding a
wide range of operating conditions. The transparency of glass enables direct visualization
of flow patterns, bubble dynamics, slug formation and phase interactions, making it

particularly useful for fundamental hydrodynamics studies.

In gas-liquid systems, the periodic flow inversion in CFI promotes bubble breakup,
increases gas-liquid interfacial area, and enhances mass transfer coefficients [8,9].
Consequently, glass-made CFI has emerged as a highly capable process intensification

device for applications such as CO: capture, nanoparticle synthesis, mass and heat transfer



study and even synthesis of specialty chemicals. In current work, process intensification
is achieved by performing the Gallic acid-DMF fluorescent dye synthesis in a millimeter
scale CFI reactor. The enhanced mixing, better heat transfers and better hydrodynamics
result in higher yield, lower reaction time and better process efficiency as compared to
conventional batch synthesis. The current work also focusses on CO; capture using CFI.
Conventionally, CO: capture has been carried out using large-scale absorption columns
such as packed columns and bubble columns, where aqueous amine solution is commonly
employed as a chemical absorbent. Monoethanolamine (MEA), Diethanolamine (DEA),
methyldiethanolamine (MDEA) and their blends have been extensively used because of
their high affinity towards CO: [10,11]. Although these conventional technologies are
well established, they suffer from several limitations, including large equipment size, high
energy consumption for solvent regeneration, limited gas-liquid interfacial area and mass
transfer constraints. To overcome these limitations, process intensification strategies have
been employed to enhance CO: absorption efficiency while reducing equipment size and
optimizing the operating parameters. One such approach involves the use of a blended
amine system, where two or more amines are combined to exploit their complementary
advantages. In the present study, in addition to conventional CO: capture approaches,
several process intensification strategies have been explored to enhance the absorption
performance. The first approach involves the use of aqueous amine solutions of varying
concentrations as well as blended amine systems for CO: absorptions in CFI. In addition,
solvent modifications play a crucial role in intensifying the CO: capture process. The
amine-functionalized alkali lignin (derived from rice straw) is one of these, and due to its

low cost and wide availability, it offers significant potential as a sustainable solvent



component for carbon capture applications. The second approach applied in the current
work is use of lignin-based solvents and combinations of various bio solvents like human
urine for CO; capture in CFI as well as Nano celluloses derived from bio waste has been
used as CO» capture absorbent. Furthermore, the utilization of biomass-derived materials
aligns with green chemistry and the circular economy by converting a low-value industrial

byproduct or agricultural waste into a value-added carbon-capture medium.

1.2 Literature Survey

The literature survey divided in three section as follows:

1.2.1 Reactor Geometrical Modifications as a tool of Process Intensification: Coil Flow
Invertor

Any geometry-based PI strategy in tubular reactors starts from the observation that the
curvature itself induces secondary motion. William Reginald Dean [5] was the first to
investigate the flow in helically coiled circular tubes, and found that a pair of symmetric
vortices is formed on the cross-sectional plane due to the centrifugal force, a phenomenon
now characterized by the dimensionless Dean number [6,12,13]. In a helical pipe the flow is
fully developed after about the first 2-3 turns for almost all laminar Reynolds numbers, and
the fluid is then trapped in two counter-rotating vortices, so that the further turns only slowly
improve mixing and the extra coil length is no longer of much use for mass or heat

transfer[ 14].

This limitation motivated the device central to your reactor platform. Saxena and Nigam [15]
studied the effect of introducing equally spaced 90° bends along a helically coiled tube,

which produced a drastic narrowing of the residence time distribution and pushed the system



toward plug-flow behavior. They examined design parameters including the number of
bends, bend angle, and bend spacing, and proposed an optimal configuration. The underlying
mechanism is geometric: because the direction of centrifugal force is always perpendicular
to the coil axis, a 90° bend in the coil axis rotates the plane of vortex formation a phenomenon
termed flow inversion. This periodic reorientation forces a new vortex pair to develop at
each bend, preventing the stagnation that limits plain helical coils and producing a significant
increase in mixing, heat, and mass transfer. This inversion strategy is shown to be really
effective in early characterization work. Saxena and co-workers [6,16] used a total of 57
bends to obtain the narrowest residence time distribution reported for any laminar-flow

apparatus to date.

The design of CFI has evolved towards greater footprint efficiency. Two concepts of
compact coiled flow inverters (CCFIs) have been introduced: one is a symmetrical design
featuring numerous 90° bends, while the other is an asymmetrical design that maximizes the
mixing volume. Both concepts occupy the same footprint as a standard CFI. The three
geometries are then compared through experimental and numerical methods, employing the
dimensionless dispersion number and a mixing efficiency metric that considers the pressure-
drop penalty associated with induced radial mixing [17]. This research positions CFI design
as a constrained optimization problem, focusing on maximizing mixing intensification per
unit floor area rather than per unit reactor length. One of the earliest studies on CFI is deal
with RTD characteristics in gas-liquid systems. Vashisth and Nigam [6] found that the
dispersion number in a CFI is far lower than that of a conventional helical coil. The reduction

of axial dispersion for two-phase flow is found to be 2.6 times higher in CFIs with multiple



bends, indicating better mixing and reactor performance. These results showed the promise

of CFlIs as intensified reactors for multiphase processes.

Other studies focused on the thermal performance of CFIs. Kumar et al. [18,19] reported that
at low Reynolds numbers, the heat-transfer coefficients of the CFI heat exchangers are about
25% higher than those of the conventional helical coils due to the intensified radial mixing
generated by flow inversion. A new set of hydrodynamic and heat-transfer correlations is
developed, showing that CFIs can be used as compact heat-transfer devices. Further
developments have been reported by Mandal et al.,[20,21] who compared the CFI heat
exchangers with conventional shell-and-tube and plate heat exchangers. The CFI
configuration showed better thermal performance and a smaller footprint, thereby
confirming the applicability of the process intensification technology. The role of CFI in
enhancing mixing and transport phenomena has also been investigated by using
computational fluid dynamics (CFD) studies. Numerical analyses showed that periodic
inversion of Dean vortices can enhance the chaotic advection and radial transport, leading to
more effective mixing than a standard helically coiled tube. These studies verified that the
repeated reorientation of secondary flow structures is the main mechanism for transport

enhancement in CFIs [22,23].

Recently, CFIs have been used in reaction engineering applications. Studies of liquid-liquid
reactive systems suggest that CFIs lead to better contact and mixing of reactants, resulting
in improved reaction performance under laminar-flow conditions [7,21,24,25]. The
improved mixing generated in CFIs makes them attractive alternatives to conventional
tubular reactors for chemical synthesis and multiphase reactions. Also, enhancement of mass

transfer in segmented gas-liquid flow has been observed. Numerical studies have shown that



the volumetric mass-transfer coefficients are greatly enhanced in coiled and CFI channels
due to the simultaneous presence of Dean vortices and Taylor circulation inside the liquid
slugs [6,14,16,26]. A 50% improvement in mass transfer over straight channels is observed,
demonstrating the promise of CFI reactors for gas-liquid operations such as absorption,
extraction, and carbon capture [26]. Further intensification of reactor performance has been
sought by proposing several modified CFI geometries [27,28]. Compact Coiled Flow
Inverters (CCFIs) are developed for improved mixing efficiency in the same footprint as
traditional CFIs. The narrower RTD profiles and the better mixing performances detected by
experimental and numerical studies suggest the enhanced capability of process
intensification [15,25]. In general, the literature clearly shows that CFIs have significant
advantages over straight and helical tubular reactors, improving heat transfer, mass transfer,
mixing, residence time distribution, and reaction performance [6,7,13,15,29,30]. These
features make CFIs highly attractive as process-intensification tools for applications such as
heat exchange, liquid—liquid reactions, gas—liquid absorption, extraction, nanoparticle
synthesis, biochemical processing, and carbon capture. The CFI is regarded as one of the
most promising reactor configurations for modern intensified chemical processes due to the
combination of improved hydrodynamics, compactness of the reactor, and enhanced

transport phenomena [17,31,32].

1.2.2 Process Intensification in Gas-Liquid reaction for carbon capture

Gas-liquid absorption for carbon dioxide (CO:) capture is one of the most mature
technologies for greenhouse gas emission mitigation [ 10,31,33]. Conventionally, packed and
tray columns with aqueous amine solutions such as monoethanolamine (MEA),

diethanolamine (DEA), methyldiethanolamine (MDEA) have been widely used for post-



combustion carbon capture. However, these systems are characterized by large size of the

equipment, high energy consumption and mass transfer limitations [11,34-36].

In the context of carbon capture, the main goal of process intensification is to maximize the
interfacial area for gas-liquid mass transfer and to minimize the resistance to diffusion. To
address this, different intensified technologies have been studied, such as rotating packed
beds, spinning disc reactors, membrane contactors, microreactors and milli reactors [37-39].
The high shear rates, thin liquid films and enhanced mixing conditions generated by these
devices lead to considerably higher volumetric mass-transfer coefficients than those of
conventional absorbers [17,31,32,40,41]. In the various PI strategies, microreactors and
millimeter-scale flow reactors have recently gained much attention owing to their high
surface-area-to-volume ratio and accurate control of hydrodynamics. The small channel
dimensions lead to shortened diffusion lengths and promote the formation of slug-flow,
which increases the gas-liquid interfacial area and enhances the CO» absorption efficiency
[36]. A detailed analysis and comparison of gas-liquid reaction in millichannels, helical

coils and coiled flow inverters has been tabulated in Table 1.1.



Table 1.1: Development of gas-liquid reaction in mill channels, helical coils and coiled flow
inverters

Author

System
Used/Reactor

Development

Key findings

Kurt et al.[17]

Co(II)-catalysed
air oxidation of
sodium sulfite

(G-L) (CFI)

First dedicated G-L mass
transfer study in a
microstructured CFI
(MCFTI, Fluorinated
Ethylene Propylene tube,
ID = 1 mm); benchmarked
against straight capillary,
helical coil and bend

reactor.

MCFI achieved the highest G-L
conversion; 90° bends inverted
Dean vortices between planes,
eliminating

stagnant  cross-

sectional zones. Slug-flow
pressure drop correlated with coil
curvature and gas fraction. CFI
outperformed all single-geometry

benchmarks.

Symmetric and

asymmetric Two novel compact CFI Symmetric CCFI exhibited the
compact CFI variants (symmetric SCCFI, | highest mixing coefficient of all
(Symmetrical asymmetric ACCFI) variants due to greater number of
Compact Coiled | assessed against standard bends per footprint area. RTD
Jha et.al. [19] ‘ . .
Flow Inverter/ CFI through step-input narrowing confirmed superior
Asymmetrical RTD experiments and CFD | plug-flow approach. CFD
Compact Coiled | under diffusion-free laminar | revealed stronger secondary flow
Flow Inverter) flow. inversion at bends in SCCFI.
mixing RTD
Novel CFD model using a | kra in helical coil is 1.5X higher

G-L slug flow | ‘ _ ‘

. virtual centrifugal body | than in a straight channel;
Computational

Gaddem
al.[26]

et

Fluid Dynamics
in helical coil and

CFI

force in a straight-slug frame
to simulate helical coil and
CFI without meshing the full
3D geometry.

enhancement
modified Dean number of 1.2. The
CFI further narrowed RTD

peaked at a

beyond the helical coil alone.
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Two-phase flow

(L-L extraction +

Two-phase (organic aqueous)
slug flow in CFI for (i)
extraction into continuous

phase and (i1) laccase-

Yields in CFI exceeded due to

enhanced  inter-phase  mass

Kockmann et | biocatalysis) catalysed 2,2'-Azino-Bis (3- | transfer from Dean vortex mixing.
al.[28] batch-to- Ethylbenzothiazoline-6- Enhanced product partitioning
continuous Sulfonic Acid) oxidation; into continuous organic phase
transfer straight capillary used for observed versus batch.
initial screening before CFI
scale-up.
Visualization and CFD to At bends, Dean flow broke the
G-L Taylor flow, o
resolve local mass transfer | symmetry of liquid-slug
local mass ‘ ' _ ' .
around Taylor bubbles in a | recirculation vortices, enhancing
transfer at . o . .
Yang et al. ) meandering millimetric convective mass transfer. Smaller
meandering . '
[31] square channel, Dean flow | bend radius and higher flow rate
(repeated bends) o ‘
asymmetry at bends significantly increased vortex
square channel . '
bend compared with straight strength; mass transfer at bends
ends
segments. exceeded straight-segment values.
Continuous 4-phase (Hz, Addition of aqueous KOH second
4-phase G—L-L— | organic liquid, aqueous KOH, | liquid phase significantly
S selective solid 5% Pt/C) helical coil increased  selectivity  toward
Khan hydrogenation of | reactor designed and cinnamyl alcohol. Helical coil
et.al.[32] cinnamaldehyde | optimized, role of gas provided adequate G-L-L-S
(Hz/ Pt/C solubility, kinetics, axial contacting; flow hydrodynamics
catalyst) dispersion and mass transfer | critical for maintaining selectivity
systematically analyzed. at scale.
_ CFI used as a static mixer Chaotic advection from Dean
Continuous flow | _
o ‘ inside a photoreactor vortices and 90° bends combated
Tiwari et. photochemistry ‘ ' o
chamber; fluorescence light attenuation.  Multiaxial
al.[42] (ZnO-APTMS- . o o _
imaging introduced to map | lighting more effective than
Au photocatalyst,

irradiance distribution on

uniaxial for uniform irradiance;
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fluorescein curved, non-planar CFI CFI delivered competitive photon
degradation) surfaces. efficiencies for continuous-flow
photocatalysis.
Continuous biocatalysis
transferred successfully from CFI
G-L CFlused as a to stirred-tank using ki a as scale-
Biocatalytic

oxidation of

miniaturized bioreactor,

up key parameter. Specific phase

Griihn et enzyme concentration and interface 449 bubbles x 20.1 mm?
ABTS by laccase '

al.[43] O: content, kra and specific | each; kia two orders of
Oz mass transfer | . .

(CFD) interfacial area calculated magnitude lower than bubble
from bubble count and size. | columns due to limited Oz supply
(3 vol%), confirming oxygen-
limited conditions.
CFI  photoreactor  with | 99% photodegradation of
Graphitic Carbon Nitride- | paracetamol (10 ppm) in 36 min.
Photocatalytic Supported Co-Ni Tungstate | CFI degradation rate is 2.7X
degradation of catalyst used for continuous | faster than equivalent batch

Tomar et.al. . . .

(44] paracetamol pharmaceutical reactor. Chaotic advection from
(advanced micropollutant degradation; | Dean vortices and bends
oxidation, G-L) | recycle ratio, catalyst dose, | enhanced photon—catalyst—

and CFI configuration (4x4) | reactant contact uniformly across

systematically optimized. reactor volume.

Straight millichannels with | Spiral-wire millichannel KLa
CO: absorption and without internal spiral- | substantially higher than smooth
in glycerol— wire inserts compared for Spiral-Wired T-Type

Ning et al. water, spiral-wire | Gas—Liquid CO2 mass Microchannel Reactor; however,

[45] element transfer. Kra measured via | pressure drop nearly doubled —

millichannel (T-

MCR-SW)

chemical absorption,
pressure drop also

quantified.

requiring a balance between mass
transfer efficiency and energy

cost. Provides design guidance

12




for viscous-fluid millichannel G—

L systems.

Mierka et.al.
[46]

G-L slug flow
DNS with 90°
bend influence
(Dean—Taylor
flow)

Full direct numerical
simulation of dispersion and
mixing in G-L D Taylor
slug flow through a helical
capillary (ID = 1.6 mm)
with a 90° bend; particle-
tracking dispersion analysis

performed.

Coil diameter influence on
dispersion at the 90° bend is
smaller than the influence of flow
velocity (centrifugal force). High
statistical variance of particle
positions at bends challenges
direct  quantification. = Mean
mixing coefficient increased with
gas velocity but is nearly

independent of liquid velocity.

Apart from conventional amines, blended amines, ionic liquids, deep eutectic solvents and

biomass derived absorbents have been studied to enhance the CO, loading capacity and to

reduce the energy required for the regeneration [47-51]. The coupling of new generation

solvents with intensified reactor configurations is considered a promising path towards

sustainable and economic carbon capture processes. In addition, the hydrodynamics of gas-

liquid has a very important role in absorption performance. Flow patterns such as slug flow,

annular flow and bubbly flow directly affect interfacial area, liquid-film thickness and mass-

transfer coefficients [52]. Some salient studies on CO» absorption using amine solvents is

presented in Table 1.2.
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Table 1.2: Salient studies on CO» absorption using amine solvents

Dimensions of ST LG
Author Reactor Used Solvent used Efficienc
rector
y
Pan et microporous D=5- Aq. N-
al [11] tube-in-tube 80 L=17 mm | methyldiethanolamin 97%
° micro reactor um, e, piperazine
Durgadev | Glass, T-Shape D=2
i straight milli mm L=10 cm Aq. NaOH
et.al.[36] channel ’
Bangerth | Polyphenylsulfon | D=76 L=1.37 o
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The main post treatment methods are based on the chemisorption of the amine-based

solvents like ammonia, monoethanolamides (MEA), diethanolamine (DEA) and N-

methyldiethanolamine (MDEA). The traditional equipment of CO» absorption widely used

in industry has the disadvantages of large volume and low efficiency. To enhance the

absorption efficiency milli and micro reactors have been used [57-59]. However,

microchannel-based process intensification has been widely studied to enhance the

effectiveness of multiphase reactors [38,60—62]. Niu et al. experimentally studied the

performance of microchannel contactors for the absorption of CO» with an aqueous solution
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of piperazine (PZ) and N-methyldiethanolamine (MDEA) [63]. Several operational
parameters have been studied: the activator, the temperature of the gas and liquid flow, the
inlet CO> molar fraction, the superficial velocities of gas and liquid, and the operating
pressure. Mikaelian et al. demonstrated the collapse of a series of gas bubbles in a non-
volatile liquid. The authors observed the contraction of the slug and the physico-chemical
features of the solution and the operational environment would influence its incomplete
dissolution [40,41,64-66]. Amine-based solvents are unsustainable and easily oxidized in
synthetic protocols of intensive energy economics such as High-Pressure High Temperature
(HPHT) reactions that emit significant CO>. Amine solvents are corrosive, volatile and toxic
and regeneration via hydrogenation is energy intensive [50,67—71]. These problems are
being addressed by using sustainable nanomaterials as co-solvents to improve the
sustainability of CO» capture technology.

1.2.3 Process Intensification of CO: Capture through Bio-Derived Lignin-Based
Absorbents for a Circular Carbon Economy

Process intensification (PI) has traditionally improved process performance by reactor
design, transport phenomena and equipment miniaturization. Next-generation carbon
capture systems are promising for bio-derived absorbents. In aqueous media, urea can
stabilize bicarbonate through hydrogen-bonding, which can replace traditional amine-based
solvents in CO» capture. However, the energy-intensive Haber—Bosch process for the
synthesis of synthetic urea leads to indirect CO> emissions [72—75]. In contrast, the bio urea
(10-20 g/L) present in human urine bypasses the energy intensive synthesis and is therefore
inherently more carbon-efficient. Urine also has a high level of inorganic salts (10-20 g/L)

which contribute to the bicarbonate stabilization capacity by ionic interactions [76—80].
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However, the benefits are offset by the large volumes of water used to flush urine away,
putting stress on sewer systems. Thus, the application of urine in CO> capture has a double
advantage of carbon neutral storage and reduction of water consumption of waste
management. However, in gas—liquid CO> absorption systems, the liquid viscosity is
important; higher viscosity slows down the diffusion of CO: in the liquid and increases the
overall capture efficiency [8§1-84]. Polymer-based viscosifiers are preferred over molecular
additives such as ethylene glycol and glycerol due to their higher thickening efficiency at
low concentrations, better thermal and chemical stability, and negligible volatility [85-87] .
Alkali lignin is a natural polymer derived from lignocellulosic biomass and has a great
potential, but is not fully exploited [88]. The aromatic backbone of lignin, the high density
of hydroxyl groups and the strong hydrogen-bonding network, together with the solubility
of lignin in aqueous media, can synergistically improve the CO2 absorption in aqueous media
[89,90]. Furthermore, alkali lignin can be conveniently amine-functionalized by bio urea and
ammonia species in urine through a one-pot solvothermal process to improve the CO>
solubility and mass transfer properties [91-94]. The combination of urine-lignin based
absorbents is a promising approach to couple two abundant waste streams for a sustainable,
circular and cost-effective route for CO> capture. The utilization of alkali lignin obtained
from rice straw is especially important in countries producing rice. Due to the low bulk
density that results in transportation and storage difficulties and the lack of feasible
technologies for value-added utilization, rice straw is often subjected to extensive open-field
burning which contributes significantly to severe air pollution and environmental
degradation [95-98]. Nanocellulose, comprising cellulose nanocrystals (CNCs) from acid

hydrolysis of cellulosic biomass and cellulose nanofibers (CNFs) by mechanical
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defibrillation, has been recognized as a promising sustainable material for CO: capture. The
properties of CNCs and CNFs are complementary, such as high aspect ratios (CNCs: 10-50,
CNFs: 50-500), excellent mechanical strength comparable to Kevlar (Kevlar is high
strength, lightweight synthetic fiber used as benchmark for exceptional mechanical
strength), and abundant surface hydroxyl groups that can be chemically functionalized with
amine, carboxyl, sulfonate, or other CO: -reactive groups [99]. The high specific surface
area (150-300 m?*g for well-dispersed CNCs) provides a large number of accessible active
sites, which leads to the enhanced CO:. adsorption and absorption performance [99-104].
The transformation of such agricultural waste into functional CO; -capture materials can not
only reduce environmental pollution but also generate economic value, supporting the net-
zero emission strategies [105—108]. Table 1.3 depicts some recent on CO capture in amine

functionalized liquids.
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Table 1.3: Recent developments on CO; capture in amine functionalized liquids

Author

Absorbent

Key Findings

Rochelle, G.
et al.[109]

Piperazine (40 wt%)

e A new

solvent  system  with
regeneration at 150 °C as an alternative
to conventional 30 wt%
Monoethanolamine (MEA) and 50%
lower energy demand.

The absorbent offers higher oxidative
stability, lower volatility, and reduced
corrosion of stainless steel compared to
MEA.

Apaiyakul,
G.et
al.[110]

2-amino-2-methyl-1-propanol
(AMP) and N-methyl-4-
piperidinol (MPDL)

AMP-MPDL blended solvents (30—40
wt%) offers significantly enhanced
CO2 capture performance.

Compared with 30 wt% MEA, AMP-
MPDL achieved 26—48% higher CO»
absorption capacity, 3-4 times greater
cyclic capacity, and 60-68% lower
regeneration energy demand.

Hamzehie,
M. E. et
al[111]

Potassium glycinate and 2-amino-
2-methyl-1-propanol (AMP)

The blends offer higher CO> loading,
faster absorption kinetics, and
excellent oxidative stability, making
them promising solvents for flue-gas
carbon capture.

An ANN model accurately predicted
CO:2 solubility, outperforming the
extended Deshmukh—Mather
thermodynamic model.

Xu, X. et
al.[112]

Amino acid Salts (AAS) solution
in acrylamide-based hydrogel
particles

Encapsulated amino acid salts into
hydrogel particles offer increased CO>
uptake by ~40% and enhanced
absorption kinetics compared to
aqueous AAS solutions.

Hydrogel sorbents enable low-
temperature regeneration (60 °C—
steam/vacuum).

Gurkan, B.
E. et al[113]

Amine functionalized ionic
liquids-
trihexyl(tetradecyl)phosphonium
methioninate [P66614][Met] and
prolinate [P66614][Pro]

Amine-functionalized ionic liquids
offer near 1:1 CO, absorption
stoichiometry, delivering up to twofold
higher capture efficiency than
conventional ionic liquids and aqueous
amines.
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DFT studies confirm reaction
energetics, demonstrating their
potential as high-capacity CO>
absorbents.

Branched polyethylenimine

Functionalized BPEI-silica adsorbents
achieved ultra-low CO: regeneration
temperatures (as low as 25 °C) while
maintaining stable performance over

Al (BPEI) functionalized with 20 adsorption—desorption cycles.
Abdulghani, | acrylonitrile (AN), 2-ethylhexyl
A.l et acrylate (EHA), and butyl acrylate Machine-learning-guided Bayesian
al.[114] (BA) is impregnated onto fumed optimization identified optimal
silica adsorbent compositions, balancing
high CO: uptake with low regeneration
energy requirements for industrial
carbon capture.
A biphasic 60% DEEA/20% AEEA
solvent achieves 60% higher CO»
capacity and 44% lower regeneration
. 2-(diethylamino)-ethanol (DEEA) energy than conventional MEA.
Liu, F. et . . .
al[115] and 2-((2-aminoethyl)amino) Rhase separqtlon concentrates CQz-
ethanol (AEEA) blend rich species in one phase, enabling
selective regeneration and significantly
reducing stripping energy
requirements.
This biphasic solvent offers rapid CO»
absorption, high loading (6.54 mol L
1, and tunable phase separation
Wang, R. et | Diethylenetriamine (DETA) + 1- through simple solvent composition
al.[116] propanol control.
The solvent reduces regeneration
energy to 2.12 GJ t'! CO; (46.9%
lower than MEA).
Epoxybutane-functionalized PEI/silica
adsorbents offer a high CO» working
. 1o
Choi, W. et | Functionalized-polyethyleneimine capacity (.)f2'2 mmol g with i99%
al. [117] (PEI)/silica regeneration efficiency at 120 C.
It lowers the heat of adsorption and
suppressed urea formation and
oxidative amine degradation.
Impregnated PEI12-40/silica sorbent offers
Spinu, D. et | pentacthylenchexamine (PEHA) vacuum-assisted CO: capture and
al. [118] and branched polyethylenimines regeneration at 100 °C and superior

(PEIs) onto silica gel

thermal stability.
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e High polymer loading (40 wt%) and
higher-molecular-weight PEI (MW
1200) minimized polymer leaching
and improved durability.

e AMP-PZ-MEA blend (1.5:1.5:3)
enhances CO2 removal by 14%,

Nakrak. S. ef 2-amin0-2jmeth}'fl-l-propanol absqrption cgpacity by 15.1%, and
al [11 9’] ’ (AMP) - piperazine (PZ) - cyclic capacity by 66.7% compared
' monoethanolamine (MEA) blend with 5 M MEA.
¢ Blend also reduces regeneration
energy demand by 50%.

1.2.4 Fluorescent chemical synthesis via flow chemistry as a process intensification
strategy

Fluorescent chemicals are used in bio imaging, chemical sensing, environmental
monitoring, forensic analysis, photovoltaics, light-emitting devices, and biomedical
diagnostics. Fluorescent compounds have been continuously synthesized using batch
reactors [120—123]. The effectiveness of chemical synthesis depends on the kinetics of the
reaction, temperature, catalyst concentration, and solvent choice. Batch processing is very
convenient, but it often suffers problems of heat and mass transfer, non-uniform mixing,
wide residence-time distribution, and scale-up [124—127]. These limitations can result in
lower product yields, selectivity, and by-product formation in fast or highly exothermic
reactions. The process intensification in this case can be attained through the design of the
reactor geometry and the optimization of operative conditions [4,128-132]. These
approaches improve mixing, heat and mass transfer and reaction kinetics leading to higher
conversion of reactants, better product selectivity and higher product yield with lower
reaction time and energy consumption [129,131]. In the context of intensification on
operating conditions, flow rates, temperature, pressure are the key parameters. In continuous

flow synthesis, oil bath heating is a common method of temperature control, as it is simple,
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cost-effective and provides uniform heating over a wide temperature range. The thermal
management of the reactor has been investigated by Liu et al. using COMSOL CFD
simulations to study the effects of local heating and cooling at the reactor inlet and outlet
[61,123,133—135]. Naughton et al. successfully synthesized high quality CdSe/ZnS and
fluorescent nanocrystals using a continuous flow technique in a stainless steel microreactor
heated by a Dynalene HT oil bath [136]. Pal et. al. demonstrated the synthesis of
photoluminescent organic nanostructure by self-assembly of fluorophores by precursor as
DMF and pyrogallol via Archimedean reactor made of stainless steel [137]. Narendra G.
Patil et.al. demonstrated continuous-flow synthesis of 1,3-diphenyl-2-propynyl piperidine
from piperidine, benzaldehyde and phenylacetylene using a multitubular millireactor/heat
exchanger (MTMR) assembly. This process give a high product yield with a productivity of
1 kg/day. In the MTMR system, the reactants have been supplied through the mill tubular
reactor channels while the coolant flowed in the shell side, allowing efficient heat transfer
and temperature control [138]. Moreover, the continuous operation in a single-mode
microwave cavity demonstrated that the microwave absorption has been significantly
enhanced by coating a thin Cu film (350 + 40 nm) on the inner walls of the reactor tubes,
and the overall heating efficiency is improved [138]. Studies show that process
intensification by temperature control improves reaction kinetics, product quality and

synthesis efficiency [129,131,132].
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1.3 Lacuna in past literature

Based on the literature review above the following lacunae have been identified:
e Very few studies have been reported for glass-made coil flow inverter (CFI)
reactors, which allow in situ visualization of gas-liquid hydrodynamics, slug flow

behavior and product formation at various locations within the reactor.

e Limited studies have been done on CO; capture by amine-functionalized lignin
absorbents, and amine-functionalized Nano cellulose in glass-made CFI reactors.

e The effect of enhanced mixing in CFI reactors on the process intensification of
single-phase reactions has not been systematically studied, especially in the case of
the synthesis of fluorescent chemicals and fluorophores.

e The potential performance of human urine as a low-cost and sustainable absorbent
for CO2 has not been fully investigated. In addition, its incorporation into CCUS

systems as a circular economy approach is a new frontier.

1.4 Objective of the present study

The objective of the present study, considering the widespread use of gas-liquid flow in milli

channels and the research gaps identified in previous studies are as follows:

e To study the effect of reactor geometry (helical coil reactor and coil flow inverter),
aqueous amine concentration, amine blending and Nano cellulose (NC) addition on

the efficiency of CO; absorption in a gas—liquid flow systems.
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To study the potential of amine-functionalized lignin as a CO; absorbent in a coil
flow inverter (CFI) reactor and to improve the process by optimizing the operating
parameters to obtain the highest CO> absorption efficiency.

To evaluate the feasibility of using human urine as a sustainable CO: absorbent and
its integration into Carbon Capture, Utilization, and Storage (CCUS) for the
production of value-added chemicals, thus promoting waste valorization and a
circular economy.

To investigate the effect of geometrical modifications by increasing the length of the
reactor via stacking of coil flow inverter (CFI) reactors, and its effect on the product
yield of xanthene fluorescent dye. And also, the operating conditions are designed
for the maximum yield of the product.

To develop a glass-made coil flow inverter (CFI) reactor for in situ visualization of
gas-liquid slug flow, and to enable direct measurement of slug characteristics

affecting the reaction and mass transfer rates.
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1.5 Organization of the thesis

The work is divided into seven chapters. As shown in Table 1.4. The findings of the study

have been elaborated in chapter three to five.

Table 1.4: Arrangement of the different chapters in the dissertation

Chapter Number

Study proposed

Chapter 1

This chapter deals with the general introduction of the topic with its
application and the focus of the present study with a detailed literature survey
with lacuna.

Chapter 2

The experimental facilities has been presented and the experimental
procedure has been described in this chapter.

Chapter 3

Improvement of CO: absorption in a millimetre-sized coiled flow inverter.
The effect of reactor geometry and the flow rates of gas-liquid on the slug
flow and the efficiency of CO absorption has been presented.

Chapter 4

Solvent Intensification for CO. Capture Using Alkanolamines-Free Bio-
derived absorbents have been investigated in this chapter. Furthermore,
effect of bio-derived lignin, amine-functionalized lignin, and human urine-
based absorbents have been studied. In order to develop a sustainable
approach for carbon capture, the effect of absorbent composition and
operating conditions on gas-liquid mass transfer and CO> absorption has
been systematically evaluated.

Chapter 5

Continuous flow synthesis of a xanthene dye from Gallic acid in a glass
based coiled flow inverter have been studied in this chapter. Further the
continuous-flow synthesis of fluorescent xanthene analogue in a glass-made
Coiled Flow Inverter has been optimized by the geometry of the reactor. The
effect of operating parameters to intensify the reaction kinetics and maximize
the fluorescence yield have also been investigated in this chapter.

Chapter 6

Conclusion and future work.
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Chapter 2 Experimentation

2.1 Introduction

Extensive experimental studies have been conducted for in-depth understanding of the
hydrodynamics, mass transfer properties, and reaction kinetics of gas-liquid and single-
phase flows in millimeter-sized continuous flow reactors. In-depth studies have been
performed on low-density lignin synthesis, Nano cellulose loading's impact on CO-
absorption, human urine as a sustainable CO:-absorbing liquid, and continuous synthesis
of a fluorescent dye using the CFI platform. The reactor system chosen includes a helical
coil reactor and a coiled flow inverter, which have inner diameters of 4 mm and 6 mm,
respectively, and a total tube length of 2.5 m. These designs are chosen to systematically
study the effect of geometry and internal diameter on flow behavior and reaction
performance under otherwise equivalent operating conditions. This chapter provides a
full description of the experimental setup, reactor settings, instrumentation, and

operating experimental protocols.

2.2 Test Fluids Used

2.2.1 Aqueous Solution of Amines

The test fluids used in work for the CO: absorption using amine solutions in helical coil
reactor and Coil flow invertor comprised of aqueous amine solutions, including
Diethanolamine (DEA) and methyldiethanolamine (MDEA), prepared with deionized
(DI) water at concentrations ranging from 3 to 7 vol.%. In addition, blended amine
solutions containing both MDEA (1 vol.%) and DEA (3 to 7 vol.%) in water have been

also investigated. In order to visualize the flow behavior (slug flow dynamics) within the
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millichannel, a high-resolution imaging system via digital camera is used. The amount
of CO: absorbed by the absorbent solution has been evaluated using acid-base titration
method, with phenolphthalein serving as the endpoint indicator. Titration data is used to
determine absorbed CO: using normal stoichiometric formulas. Using a technique

developed in our lab, nano cellulose (NC) has been prepared [139].

2.2.2 Alkanolamine- free CO2 capture solvent

The absorbents used for CO> capture is low density lignin solution, whereas lignin is
combined with hydrazine, ammonia, urea, and human urine at a molar ratio of 1:15 to
create lignin-based absorbents for sustainable route. Urea (liquid-grade), hydrazine
hydrate, and ammonia solution have been obtained from Molychem, Rankem, and Fine
Chemical Co. Ltd., respectively. Ethanol (analytical grade) is also obtained from Fine
Chemical Co. Before being used in CO2 absorption studies, the resultant mixtures
underwent an 8-hour hydrothermal treatment at 160 °C. Additionally, low density lignin
is combined with hydrazine, ammonia, and urea at a molar ratio of 1:15 to create lignin-
based absorbents, and human urine are combined with lignin at the same volumetric
proportion. Human urine has been directly used fresh urine has been collected directly
into a container preloaded with lignin. The resulting urine—lignin solution is used within
12 h of collection for solvothermal experiments. The alkali lignin is extracted from rice

straw using the soda-pulping process with 3% NaOH.
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Figure 2.1: Schematic of synthesis of Alkanolamine free CO> capture solution

In Figure 2.1, Hzn denotes hydrazine hydrate, Amn denotes ammonia, Ur denotes urea,
Un denotes human urine. The recovered lignin is separated by dispersing it in a binary
solvent mixture of ethanol and water (9:1 v/v) in a 1:5 (w/v) ratio and stirring
continuously at room temperature for 12 hours to ensure uniform distribution. The
resultant suspension is centrifuged at 2000 rpm for 10 minutes before discarding the
precipitated fraction and collecting the supernatant. To eliminate any remaining
solvents, the collected solution is dried overnight on a hot plate at 90 °C. The dried
substance is referred to as low-density lignin (LDL) powder, and it is used as an
absorbent material in future CO> capture tests. The scheme for synthesis of

alkanolamines free CO; capture solvent has been depicted in figure 2.1.

2.2.3 Gallic acid and N, N-dimethylformamide (DMF) Solution

The test fluid has been used in the synthesis of fluorescent dyes, specifically xanthene
dyes, are Gallic acid and N, N-dimethylformamide (DMF). Typically, 2.4 g of Gallic
acid is dissolved in 60 mL of dry DMF while continuously stirring to produce a

translucent yellowish solution. The resulting Gallic acid solution, with a concentration
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of 0.04 g/mL, is employed as the precursor solution for the manufacture of xanthene-
based fluorescent colors. The homogenous solution ensured that Gallic acid is
completely dissolved and served as an appropriate reaction medium for color production.
Methyldiethanolamine (MDEA, purity > 98%) and Diethanolamine (DEA, purity > 98%)
are purchased from Tokyo Chemical Industry Co. Ltd. (TCI), Japan, and Merck Life
Science Private Limited, Mumbai, India, respectively, and have been used exactly as

received without additional purification.

All compounds used in the study are analytical grade. Deionized water (resistivity = 18.2
MQ-cm at 25 °C) is prepared using a Millipore Direct-Q5 UV Water Purification System

and used throughout all experiments.

2.3 Reactor Systems

2.3.1 Helical Coil reactor

The helical coil reactor (HCR) is made of borosilicate glass as depicted in Figure 2.2, of
internal diameter 4 mm and outer diameter as 6 mm and the length of tubing of helical
reactor is 2.5 m. Total helical turn and pitch in the reactor is 19 and 5 mm respectively.

The reactor has T-shaped inlet for gas and liquid flow in either side.

Figure 2.2: Helical Coil Reactor
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2.3.2 Coiled Flow Invertor

The coiled flow inverter (CFI) is fabricated from borosilicate glass with a tube inner
diameter (ID) of 4 mm and an outer diameter (OD) of 6 mm, and a total reactor tube
length of 2.5 m and 2.63 m. Two CFI configurations are employed in this study, as

shown in Figure 2.3

o N N
¥ "}lli“ F*lll “

Figure 2.3: Images of Coil Flow Invertor (CFI) [A] Horizontal axis of inlet/outlet
[B] Vertical axis of inlet/outlet

The CFI shown in Figure 2.3 [A] has a coil pitch of 5 mm and 4 turns per arm,
whereas the CFI shown in Figure 2.3 [B] has 5 turns per arm. The arrangement shown
in Figure 2.2 [B] also includes a vertical inlet and an exit arm, which allowed for
indirect heating of the solvent inside the reactor using a silicone oil bath,

guaranteeing that no silicone oil has been contaminated during operation.

2.3.3 Stacking of CFI

To enhance the residence time, two coiled flow inverters are connected in series, as
shown in Figure 2.4. This stacked CFI design is used for the continuous synthesis of

fluorescent xanthene dye from Gallic acid and DMF precursors.
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Figure 2.4: Real Image of stack of CFI

2.4 Experimentation

2.4.1 CO2 Absorption in Amines

The experimental setup employed for flow-directed CO: capture is schematically
shown in figure 2.5. The set-up includes four major components: (i) liquid phase
delivery system, (ii) gas delivery and flow control system, (iii) millichannel reactor

(CFI), and (iv) gas-liquid separation and analysis unit at the outlet.
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Figure 2.5: Experimental Setup [1] Syringe Pump [2] Gas inlet pipe [3] Syringe [4]
Mass flow meter [5] CFI [6] Separator flask [7] Inverted Burette for employed for
flow-directed CO- capture in Amines

Before every experiment, fresh aqueous solutions of the amine solvent (DEA,
MDEA, or other absorbents) at the appropriate concentration are made and
transferred to a 60 mL plastic syringe as a liquid phase. An automatic dual-syringe
pump (Gemini 88, KD Scientific, USA) delivers the liquid to the reactor at a carefully
regulated volumetric flow rates of 12, 20, 30, 42 and 56 mL/min, ensuring a steady,
pulse-free liquid flow for the length of each experiment. Steady-state conditions are
maintained in the reactor by using a dual-syringe arrangement, which permitted
continuous flow even during syringe refilling. A high-purity CO; cylinder (purity:
99.9%, purchased from the local market) provided the CO> gas. A calibrated mass
flow controller (Alicat Scientific, USA; range: 0—-100 SCCM) has been used to

control and monitor the gas flow rates of 30, 40, 50 and 60 mL/min after the cylinder
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outlet pressure is initially lowered and stabilized using a two-stage pressure regulator.
This configuration guaranteed accurate and consistent control of the gas-to-liquid
flow rate ratio (G/L ratio) under all experimental conditions. The T-junction
connector (T-inlet) connected the CO: gas and liquid solvent at the reactor inlet,
resulting in a segmented gas-liquid slug flow pattern at the millichannel entry. The
two-phase slug flow passed through a helical coil reactor (HCR) and coiled flow
inverter (CFI) with same geometrical dimensions for analyzing effectiveness of
reactor in CO: absorbance in liquid absorbing medium. At the reactor outlet, the
unabsorbed gas and liquid have been collected and liquid is tested for CO: loading

with standard titration.

2.4.2 Experimental Setup for CO: absorption in Alkanolamine- free Lignin
based solvent

A schematic layout of the entire experimental apparatus is shown in figure 2.6. The
overall effective tube length, measured from the syringe pump output to the product
collection flask, is kept at around 5.5 meters. This total length includes both the CFI
reactor section (2.5 m) and the inlet/outlet connecting tubing, ensuring adequate
contact time between the CO: gas phase and the liquid absorbent under all operating
conditions investigated. The amine-functionalized lignin solution, prepared at the
correct concentration (1:15) at mol: mol basis and solvothermally treated is
constantly supplied into the CFI reactor via one inlet of a T-shaped junction
connector using an automatic syringe pump (Gemini 88, KD Scientific, USA). The
liquid flow rate has been systematically altered across four set-points; 12, 20, 30, and
42 mL/min to explore the effect of liquid residence time and gas-to-liquid flow rate

ratio on CO: absorption efficiency. The pressure drop in the reactor during gas-liquid
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flow is measured using a pressure transducer (Model STD720-E1AC4AS-1-C-AHD-
11C-B-11A0-F1-0000, Honeywell, Washington, USA). The density and viscosity of

Ur-L and Un-L absorbent is measured by pycnometer and rheometer (modal no-

Anton Paar MCR 302e) respectively.

Figure 2.6: Image of experimental setup [1] Syringe Pump, [2] Syringe, [3] liquid
inlet pipe, [4] Gas Flow meter, [S] CFI Reactor, [6] gas inlet pipe, [7] collection flask,
[8] inverted burette, [9] pressure gauge, [10] CO: cylinder.

Simultaneously, CO: gas (purity: 99.9%) is introduced through the opposite inlet of
the T-junction at a constant volumetric flow rates of 30, 60 mL/min, precisely
regulated using a calibrated mass flow controller (Alicat Scientific, USA; range: 0-
100 SCCM), ensuring a stable and reproducible gas-phase input across all
experiments. The T-junction is the gas-liquid contactor inlet, resulting in a segmented
slug flow pattern with alternating CO: gas plugs and liquid slugs at the CFI reactor

channel entry. The amount of unabsorbed CO: exiting the reactor at the outlet is
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quantified using a water-displacement inverted burette method. The volume of gas

collected over a time interval is utilized to compute the unreacted CO: flow rate.

2.4.3 Experimental Setup for synthesis of Xanthene dye from Gallic acid and
DMF

The experimental setup for the synthesis investigations is depicted in Figure 2.7. This
configuration consisted of submerged stack of coiled flow inverters (CFIs) in a
silicone oil bath that is heated with a hot plate to sustain the required reaction
temperature. The experimentation has been performed at different temperatures of

150 °C, 160 °C, 170 °C, 180 °C, 190 °C, and 200 °C.

CFI Stack

Pot for heating

Silicon oil

Syringe Pump “Condensing pot

. | |

Figure 2.7: Experimental Setup of synthesis of Xanthene Dye from Gallic acid and
DMF

Using a syringe pump (Gemini 88, KD Scientific, USA), the solution of Gallic acid
and DMF is put into a 60 mL plastic syringe and transported to the CFI reactor at

liquid flow rates of 3,4, 5, 6, 7, and 8 mL/hour. One CFI has a volume of 35 mL, and
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the solution travels 290 cm and 45 ml in total from the syringe to the collector via
CFI. A single CFI and a stack of CFIs under the same input configuration and reaction
temperatures have been compared in order to examine the impact of residence time.
In order to condense the volatile vapors, the reaction product is collected in a flask
submerged in cold water. To visualize the formation of fluorescent reaction product
during the reaction process, a UV torch is used to illuminate the reactor and image of

reaction mixture inside the reactor are captured.

2.5 Experimental Procedures

2.5.1 Estimation of percentage of CO2 absorption

A chemical method [140] and an analytical method are used to estimate the amount
of CO; absorbed by the liquid absorbent. These methods enable the quantification of
CO: uptake and facilitate evaluation of absorption performance of different absorbent

solutions under various operating conditions

In a chemical method, an acid-base titration method has been used to measure the
amount of CO; absorbed in the liquid absorbent. Following the absorption
experiment, a known volume of the CO»-loaded absorbent solution is removed and
titrated with a standardized hydrochloric acid (1M HCI) solution using
phenolphthalein as the indicator. The disappearance of the pink color, which signified
the neutralization of alkaline species created as a result of CO2 absorption, marked
the endpoint. Using stoichiometric relationships, the volume of HCIl consumed
during titration is used to compute the amount of absorbed CO». The appropriate

volume of CO; at standard temperature and pressure (STP) is then calculated from
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the absorbed CO; concentration [140—142]. Direct acid—base titration is used to

calculate the amount of CO; absorbed in the Nano cellulose solution.

A standardized 1 M NaOH solution is used for titration after a known
volume of the CO:-loaded solution is combined with a few drops of
phenolphthalein indicator. The titration has been carried out until the acidic
species produced by dissolved CO; are completely neutralized, as indicated
by the emergence of a faint, persistent pink tint. The amount of absorbed CO2
is determined using stoichiometric relationships and the volume of NaOH

consumed at the endpoint [143—145].

In an analytical Method as depicted in figure 2.8, the inverted burette method
is used to measure the volume of unabsorbed gas exiting the absorption
system. Using this method, a water-filled burette is positioned inside a water
reservoir in inverted position. After leaving the collection flask, the gas
stream is directed into the inverted burette, where it displaced an equal
volume of water. The total volume of unabsorbed gas has been recorded as

the displaced water volume.
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Figure 2.8: Schematic of Inverted burette method [a] CO; loaded liquid and
unabsorbed gas coming from reactor [b] Unabsorbed CO> and air coming from
collection flask [¢] Volume displaced by gases coming from collection flask [d]
volume of CO; loaded liquid

The collected gas consisted of air and unabsorbed CO> inside the inverted burette.
The original air volume in the collection flask, which is moved during the experiment
along with the unabsorbed CO», is the reason for the air's existence. As a result, the
measured volume (displaced volume of water) from the inverted burette is the total
volume of air and CO». By deducting the volume of CO»-loaded absorbent solution
collected in the flask from the total gas volume determined by the inverted burette,
the volume of unabsorbed COx is calculated. Lastly, the difference between the CO»
volume at the input and the unabsorbed CO; volume at the outflow is used to compute

the amount of absorbed CO».
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The absorbed CO: volume and the percentage of CO: absorption has been
calculated using the methodology described below and schematically

represented in Figure 2.8.

a= Vliuid product and unabsorbed gas
b= Vunabsorbed gas and air
c= VCollected unabsorbed gas (COZ + AiT‘)
d = Veoutecetd liquid
Vair =c—d
Vunabsorbed co, = €— Vair
Vsupptied co, = Flow rate of CO, X time taken for sample collection

All experiments used a consistent sample collection time to compare CO-

absorption ability across varied operational conditions.

v
%Absorption = 1 — —22%00ed€02 5 1000 ovivieeeeeeeeeens 2.1)
VSpplied CO>

To ensure the reliability and repeatability of the experimental data, each
experiment is repeated five times under the same conditions. The CO: absorption
data from the inverted burette method is confirmed by an independent acid-base

titration methodology. Both methods produced similar results, with a variance
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of less than +5%. This level of agreement validates the accuracy of experimental

measurements and the methodology for estimating CO- absorption.

2.5.2 Estimation of heat transfer in synthesis of Xanthene Dye

The rate of heat transfers during the synthesis of xanthene dye from Gallic acid and
DMEF is calculated by performing an energy balance across the CFI reactor. The heat
transfer rate is estimated as the product of the reacting solution's mass flow rate,
specific heat capacity, and the temperature differences between the reactor's exit and
inlet streams. The heating environment is provided by a silicone oil bath into which
the CFI reactor is submerged. The silicone oil bath provided a homogeneous and
controlled temperature environment, allowing for efficient heat transmission to the
flowing reaction mixture throughout the synthesis process. The heat transfer rate is

calculated with the following expression:

Where Q is the heat transfer rate (W), m' is the mass flow rate of the reaction mixture
(kg/sec), Cp, 1s the specific heat capacity of the fluid (J/Kg K), T, and Tj;, are the

outlet and inlet temperatures of the solution, respectively.

The heat flux is calculated as the ratio of the heat transferred to the reaction mixture
to the heat transfer surface area of the reactor. The heat transfer rate (Q) is determined
using the energy balance across the reactor, and the related heat flux is produced by
dividing Q by the CFI reactor's effective surface area available for heat transmission.

The heat flux has been computed with the following relationship:

Heat received (W)

Heat Flux (@) W/m?») = ———————— ... (2.3)

- Surface Area of reactor (m2)
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2.6 Error Analysis

All experiments have been conducted at least four to five times under identical
operating conditions to ensure the repeatability and reliability of the experimental
data. Four data points are chosen at random and used to estimate the standard
deviation in order to quantify the experimental uncertainty. The following relation is

used to compute the standard deviation:

g = \/ G 2.4)

n-—1

In Eq. (2.4), “x;” is the original value derived from experiments for each data set, “n”
is the number of data sets (number of times experiments are conducted), and x is the
average or mean value. The standard deviation has been computed for each
experimental result. As a result, all of the figures that show the results in the

following chapters now include error bars.

2.7 Synthesis of Low-density Lignin (LDL)

The lignin produced from rice straw is used as the starting material for the synthesis
of low-density lignin. Initially, 20 g of lignin is combined with 40 mL of ethanol and
10 mL of deionized (DI) water. The resulting suspension is continually agitated for

at least 12 hours to ensure perfect dispersion and homogeneity.
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Figure 2.9: Schematic of synthesis of Low-density lignin

The mixture is then centrifuged at 1500 rpm for 10 minutes. After centrifugation, the
denser fraction settled to the bottom, while the top, lighter liquid phase is carefully
separated. The recovered supernatant is dried in an oven at 50 °C overnight to remove
the solvent. The dried product obtained after evaporation is collected and labeled as

low-density lignin (LDL), which is then used in further experimental research.

2.8 Summary

The experimental methods used in this investigation are described in this chapter. It
provides a concise overview of the preparation and synthesis of the test fluids used
for CO2 capture and synthesis of fluorescence die. The methodology for fabricating
reactors, synthesizing LDL, estimating CO: absorption efficiency, and evaluating
heat transfer parameters are presented in details. The Coiled Flow Inverter (CFI) and
Helical Coil Reactor (HCR) used in this work are designed in our lab and fabricated

at the Indian Institute of Technology (IIT), Kanpur Glass Blowing Section.
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Chapter 3: Hydrodynamics-driven COz Absorption in
Coiled Flow Inverters using Alkanolamines’

3.1 Brief Introduction

Recent advances in process intensification have highlighted gas—liquid flow systems
as promising platforms for CO: capture because of their enhanced mass transfer and
high process efficiency. Their compact, modular, and scalable design, coupled with
low operational complexity, makes them attractive for continuous CO: capture using
aqueous amine-based absorbents. Concentrated alkanolamine solutions are being
used as CO; capture mediums for conventional batch processes amid several
disadvantages, such as energy intensiveness and poor efficiency. In this chapter, the
efficacy of millimeter-sized coiled flow inverters (CFI) have been explored as a
point-source CO: capture tool for highly efficient, continuous operations using
alkanolamines solutions. In this study, an aqueous 3 vol.% diethanolamine (DEA)
and blended of amine solution consisting of 1 vol.% methyldiethanolamine (MDEA)
+ 3 vol.% DEA are used as absorbent for CO> capture. The solvent and CO> gas flow
rates are found to dictate the slug flow regime and, more specifically, slug lengths
which affects the CO; absorption rates. A higher solvent flow rate promotes
formation of shorter gas slugs which increase the gas-liquid interfacial area and
improve internal recirculation so that liquid renewal at interface and increasing
absorption of gas. Further the high interfacial area and residence time remain the
driving factors for enhanced CO> capture using CFI. About 98% CO; absorption
efficiency has been achieved for 3 vol.% aqueous diethanolamine solution in CFIL.

YThe work discussed in this chapter have been published in Chemical Engineering and Processing - Process
Intensification Volume 205, November 2024, 110022
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In this chapter, efficacy of nano cellulose, a sustainable nanomaterial for CO» capture at low

flow rates is explored.

3.2. Results and Discussions

3.2.1 Deciphering the role of geometrical medication of reactors

Two prototype reactors (i) helical and (i1) single CFI are used in the study have already been
illustrated in Figure 2.2 and 2.3 [A] in chapter 2. The reason for using these two reactors is
to deconvolve the role of four 90-degree bends in augmenting CO> absorption efficiency.
Aqueous diethanolamine (3 vol.%) solution has been taken for CO> capture medium depicted
in Figure 3.1, demonstrates that the reactor type influences the percentage of carbon dioxide
absorption in the DEA solution. At a constant flow rate of CO> gas, the efficiency of CO>
absorption gradually increases. The CO: gas flow rates of 30 and 60 mL/min are selected
based on preliminary experiments and the stable operation range of the CFI setup. These
flow rates are used to study the influence of gas flow rate under stable gas-liquid flow
conditions. The present study aims at an experimental investigation of Qg rather than at a
mathematical optimization of Qg over the whole range of possibilities. As expected, the CO»
absorption efficiency in CFI is significantly higher than that in a helical reactor. However,
the CO2 absorption efficiency at higher gas flow rates does not alter significantly for a
specific reactor. Surprisingly, at low gas flow rates and high solvent flow rates, CFIs have
been more effective as compared to helical reactors. It is interesting to note that 97% CO»
absorption efficiency has been quantified for coiled flow inverter at 30 mL/min CO> gas
flowrate, whereas that in helical reactor 61% absorption efficiency has been noticed at the
same flow rate. The observation of high CO» absorption efficiency may be attributed to

unique geometrical features (presence of four 90° bends) of CFI that redirect the flow and
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mixing in the liquid phase, thus increasing the driving force for mass transfer at the gas-
liquid interface. Further, Slug flow regime has higher transport characteristics as compared

to other gas-liquid and liquid-liquid flow patterns such as bubbly/dispersed flow and annular

flow [146-148].

Slug flow has also been considered a tool of process intensification owing to its
unique characteristics of the dual transport mechanism of diffusion and convection
[149,150]. Moreover, it has been observed that CFI augments the slug flow range in

our case, thus enhancing the percentage absorption of CO».

1o —#— Q;=30 mL/min Helical
Q=60 mL/min Helical
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Figure 3.1: CO: absorption efficiency in aqueous Diethanolamine (3%) solution for
two different reactors. The flow rates for CO> gas and aqueous Diethanolamine
solution have been represented as Qg and Qv respectively. For helical reactor; Qg =
30 mL/min (red square), Qg = 60 mL/min (grey square). Whereas, for CFI; Qg = 30
mL/min (red circle), Qg = 60 mL/min (grey circle).
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3.2.2 Reduction of COz2 gas bubble size

Glass-made reactors are advantageous for studying gas-liquid reactions over their
non-transparent counterparts because the progress of reactions can easily be
monitored with spatiotemporal resolution by optical imaging methods. The
chemisorption reaction of alkanolamines with CO; is expected to yield carbamate,
and thus, with the progress of the reaction, the size and concentration of CO2 bubbles

in a millimeter should get reduced gradually.

0=C=0 = [77TTTTTTTTTTTTTTTTTTmooooey (HOCH,CH,),N-C(=0)-0

Carbon di oxide DEA Carbamate

Zwitterion

[ (HOCH,CH,),N" H-C(=0)-0' | i

I
I
I
I
I
]

Nucleophilic : (Unstable Intermediate) Proton

Attack 1 Transfer
I 1
i +HN(CH,CH,OH), | o .
E ] (HO(;HZ(,H%?ZNHZ
HN(CH,CH,OH), { __ ] ! R
Diethanolamine (DEA)
DEA (/) + CO2(g) — Carbamate (/) + unabsorbed CO2 (g)

DEA (/) + MDEA () +CO2(g) — Carbamate (/) + unabsorbed CO: (g)

The above reaction mechanism/schematic explains as follows: -

The chemical absorption of CO> into Diethanolamine (DEA), which is a secondary amine
(R2NH where R = -CH>CH>OH, follows the widely accepted Zwitterion Mechanism [53].

1. Formation of Zwitterion (Rate-determining step): The lone pair of electrons on the
electrophilic nitrogen atom of the DEA molecule attacks the carbon atom of CO>,
leading to the formation of a transient, unstable zwitterion intermediate:

HN(CH,CH,0H); + CO; ¢ (HOCH,CH,),N"H-COO"

2. Deprotonation (Carbamate Stabilization): Since the zwitterion is highly unstable, a
second molecule of DEA acts as a base to extract the proton H" from the nitrogen
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center. This results in the final stabilization into a soluble amine carbamate and a
protonated amine ion:

(HOCH2CH,); N* H-COO™ + HN(CH,CH,0H), ¢===== (HOCH,CH,), N-COO"
+(HOCH2CH,),NH"

A significant reduction in the size of CO; gas has been noticed as shown in Figure
3.2. It can be seen that the length of the CO; slug near the inlet is 2.16 mm, whereas
it gets unprecedently reduced to 0.593 mm. This progressive shrinkage of slug occurs
due to CO> continuously diffuse across the gas-liquid interface into the absorbent,
where it is rapidly consumed. The gas volume decreases as slug progressively

becomes shorter. The reduction in slug length also increase the interfacial area
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(m*m?) and enhance internal recirculation within the liquid absorbent, thereby

improving mass transfer and accelerating CO, absorption.

PRODUCT

3.741 mm

Figure 3.2: Snapshot of size reduction CO gas bubble in millimetre-sized CFI.
Pink colour is due to presence of phenolphthalein indicator in solvent.

3.2.3 Effect of N-Methyldiethanolamine (MDEA) blended Diethanolamine
(DEA) in CO2 absorption

Among the alkanolamines, N-methyldiethanolamine is often used in CO2 capture
along with diethanolamine for gas-sweetening purposes. Hence, we have considered
the blending of 1 vol.% MDEA in an aqueous DEA (3 vol.%) solution for augmenting
CO> absorption efficiency at high gas flow rates. The CO; absorption efficiency
increases with the increase in liquid flow rates for a constant gas flow rate, and a
reverse trend is observed upon variation of gas flow rates at a constant solvent flow
rate (Figure 3.3 A). It is evident that the use of 1 vol.% MDEA has contributed to

about a 20 % increase in CO; absorption at a gas flow rate of 60 mL/min. A maximum
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98 % absorption of carbon dioxide at 30 mL/min gas flow rate and 56 mL/min solvent
flow rate have been observed which is depicted in Figure 3.3 [A]. However, at the
same solvent flow rate, absorption efficiency drops to 51% at a 60 mL/ min gas flow
rate. From these results, it can be concluded that when tends to 0.5, the absorption
efficiency of CO> reaches its maximum value. The higher gas flow rate has
contributed to a decrease in residence time, thereby reducing mass transfer
significantly [9,151,152]. Moreover, it contributes to the significant increase in slug
length, causing a reduction in interfacial. CO capture efficiency with conventional
microchannel and millimeter-sized CFI used in this study has been compared and
presented in Figure 3.3 [B]. Therefore, it highlights the seminal role of flow rates in

COxs capture using CFI as a process intensification tool.
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Figure 3.3: [A] CO; absorption efficiency in aqueous solution of 1% MDEA and
3% DEA using CFI. For CO2 gas flow rates —30 mL/min (black square), 40 mL/min
(red square), 50 mL/min (green square), and 60 mL/min (blue square). The flow rates
CO2 gas and blended amine solution have been represented as Qg and QL
respectively. [B] Comparative analysis of CO; capture efficiency with conventional
microchannel and millimeter-sized CFI used in this study.

3.2.4 Nano cellulose-aided CO: capture at low flow rate

The use of sustainable nanomaterials for CO; capture has been stressed in recent
times. Among the sustainable nanomaterials, nano cellulose derived from
lignocellulosic biomass remains the preferred choice owing to its surface functional
(hydroxyl) groups and intrinsic viscosity. In this work, we have used 0.01 % (w/v)
nano cellulose in an aqueous DEA (3%) solution. A generic trend has been observed
here also that CO» absorption efficiency is kept on increasing with a decrease in ratio
of flow rates, specifically from 2.5 to 1 which is depicted in Figure 3.4 [A]. About
93% CO> absorption efficiency has been achieved for nano cellulose systems at
(Q6/0O1) = 0.5. With an increase in gas flow rates, the CO> absorption efficiency

follows the same decreasing trend. It is therefore quite evident that DEA plays a
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decisive role in CO; capture over Nano cellulose for this solvent system. Therefore,
to unearth the contribution of Nano cellulose in CO» absorption studies, a series of
control experiments have been performed depicted in Figure 3.4 [B]. We have
identified that there is a need for aqueous alkaline mediums for Nano cellulose
studies. The pH neutral aqueous solution of nano cellulose turns acidic upon reacting
with CO; slugs, as indicated by the gradual fading followed by the disappearance of
the pink color of phenolphthalein. Hence, we have made the nano cellulose solution
a bit alkaline for imaging and quantification purposes by adding a flex of NaOH. The
CO; absorption efficiency for this solvent system remains very low, 10-15 %.
Interestingly, upon addition of 3 % DEA to this alkaline Nano cellulose solution, the
CO, absorption efficiency gets expectedly increased and reaches a maximum of 72
% at a 0.5 flow rate ratio (Qc/Qr). This is 25 % less than what we observed with only
3 % DEA for the same flow rate ratio. The reason for such a drop can be attributed
to the protonation of the amine functional group of DEA, preferably at the Nano
cellulose interface. Interestingly, at a lower solvent flow rate, specifically Qc/Q;1 =
2.5, CO; absorption efficiency is comparatively higher, about 15 %. Interaction of
CO; with nano cellulose decorated with surface hydroxyl groups is perhaps relatively
a bit slower process in comparison to that with homogeneous DEA. Hence, it can be
stated that the efficacy of Nano cellulose is prominent at low solvent flow rates owing

to increased residence time.
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Figure 3.4: [A] CO; absorption efficiency in aqueous solution of 0.01% Nano
cellulose (NC) and 3% DEA using CFI in alkaline medium (20 mM NaOH). For
CO gas flow rates —30 mL/min (black square), 40 mL/min (red square), 50 mL/min
(green square), and 60 mL/min (blue square). The flow rates for CO, gas and blended
amine solution have been represented as Qg and Qr respectively. [B] Comparison of
CO, absorption efficiency in three different solvents at constant gas flow rate, 30
mL/min. 0.01% NC in aqueous 3% DEA (red circle), 0.01% NC in aqueous solution
(blue circle), aqueous 3% DEA (dark brown circle).
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3.4 Conclusion

A millimeter-sized coiled flow inverter has been used for the very first time as a
process intensification tool for augmenting CO: capture. Its effectiveness has been
compared with that of a conventional helical channel of the same length and diameter.
Very low concentrations of Diethanolamine (3%) and its blend with 1 % methyl
Diethanolamine are selected as a CO2 capturing medium. The flow rates of solvent
and gas have been varied to modulate the slug length in CFI. The CO; absorption
efficiency increases with the increase in liquid flow rates for a constant gas flow rate,
and a reverse trend is observed upon variation of gas flow rates at a constant solvent
flow rate. About 98% CO2 absorption efficiency has been recorded by using an
aqueous 3% Diethanolamine solution at a 30 mL/min gas flow rate and a 56 mL/min
solvent flow rate in CFI. A blend of 1 vol.% MDEA in a 3 vol.% Diethanolamine
solution significantly enhances CO; capture at low solvent flow rates. A sustainable
scope of CO capture has been illustrated using nano cellulose. This study
demonstrates a sustainable solution for CO: capture with nanocellulose, and
highlights the potential of the use of nanocellulose as a renewable material for the

development of sustainable CO> capture systems and CCUS technologies
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Chapter 4: Alkanolamine-free 96% CQO: Capture using
Coiled Flow Inverters: A Sustainable Scope!

4.1 Brief Introduction

Increased COz levels in Earth's atmosphere have rendered carbon capture a foremost
priority for achieving net-zero targets. Carbon capture coupled with closing the
nitrogen loop offers a complementary and underexplored avenue. Herein, we report
a continuous CO> capture process employing a Coiled Flow Inverter (CFI) reactor
with aminated alkali lignin solution as absorbents. CFI is a model process
intensification tool used here for its improved gas—liquid interfacial renewal and
mass-transfer rates. Ammonia, hydrazine, and urea are selected as amine precursors
for amination of alkali lignin (amine-to-lignin molar ratio = 15:1) using solvothermal
method. Spectroscopic characterization confirms successful amination and CO
binding. Systematic optimization of gas and liquid flow rates have established
optimal conditions of 20 mL/ min (CO;) and 40 mL/ min (absorbents), achieving
95% CO: capture efficiency for the urea—lignin absorbent, which decreased to 85%
at 30 mL/min CO; flow. Remarkably, a urine-lignin absorbent synthesized using
human urine achieves 96% COx> capture efficiency even at the CO> flow rate of 30
mL/min. Slug-length quantification corroborates capture efficiency trends. Both
absorbents retained >83% residual CO; absorption in second absorption cycle. This
work integrates flow-chemistry-driven process intensification with dual waste
valorization (lignin and urine) for advancing Sustainable Development Goal (SDGs)

6, 13, and 15.

YThe works discussed in this chapter is under revision in Energy and Fuels, ACS (2026).
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4.2 Results and Discussions

4.2.1 Characterization of amine-functionalized lignin

Spectroscopic signatures of lignin which is rich in phenolic and phenylpropanoid
moieties can be effectively exploited to monitor changes in— (i) the chromophoric
absorption arising from the phenylpropanoid conjugated system, and (ii) the
characteristic stretching frequencies corresponding to aromatic skeletal vibrations
and C-O bonds of phenolic and etherified units. UV—vis spectra of Amn-L
(Ammonia-Lignin) and Ur-L (Urea-Lignin) at free and CO; absorbed states are
shown in Figure 4.1 [A]. It is broad with characteristic shoulder peaks (250—500 nm)
suggesting the blackish color of solution, peak at 278 nm attributable to the T—n*
transitions of the aromatic rings of guaiacyl and syringyl units [153,154]. Upon
absorption of CO» the peak at 278 nm becomes more intense and sharper, indicating
enhanced electronic interactions on chromophoric units of lignin. An illustration of
the relationship between shear rate and the viscosity of functionalized lignin

solutions, Ur-L and Un-L (Urine-Lignin), can be found in Figure 4.1 [B].

The viscosity of Un-L is significantly higher than that of Ur-L when shear rates are
low representing an internal network that is more highly structured within the system
that is derived from urine. Because of this, it is possible that there is a stronger
intermolecular interaction which increased hydrogen bonding and ionic interactions
that occur between the functional groups of lignin that are present in Un-L. When it

comes to continuous-flow CO; absorption in the coiled flow inverter (CFI) reactor,
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this behavior is advantageous because it does not impose excessive pumping

penalties.
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Figure 4.1: [A] UV-Vis spectra of functionalized lignin, Ur-L and Amn-L (Inset),
Before CO; capture (dotted line) and after the CO» capture (solid line). Colour of as-
synthesized aqueous solutions of Ur-L and Amn-L. [B] Viscosity of Ur-L (blue
square) and Un-L (green circle) as a function of shear rate. Human Urine from age
group of less than 20 years has been used.

The Fourier transform infrared (FTIR) spectrum of low-density lignin reveals a broad
band around 3400 cm'. This band corresponds to O-H stretching vibrations, which
are characteristic of phenolic and aliphatic hydroxyl groups is shown in Figure 4.2.
The aliphatic C-H stretching is responsible for the bands that are located close to
2900 cm™'. Strong absorptions are associated with C-O stretching vibrations of ether
and alcohol functionalities associated with lignin structure and they are observed in
the region between 1300 and 1000 cm!. It has been observed that there are no
significant spectral changes in the region 1700-1500 cm™ after functionalization with

urea (Ur-L). The 1700-1600 cm™ spectrum, on the other hand, has shown a

discernible shift, which indicates the incorporation of a C-N bond into the structure
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of the lignin particle. In the region 1700-1600 cm™!, the peak that is characteristic of
the carbonyl (C=0) stretch has emerged as a result of the absorption of carbon
dioxide. There is a clear indication that functionalized lignin and carbon dioxide
interact with one another. Furthermore, in the region of 1200-1000 cm™, there are
observed to be slight variations in the vibrational frequencies of C-O/C-O-C
components. When taken as a whole, these findings provide evidence that the
structural network that is produced by the amine functionalization of lignin is

exceptionally well-suited for the capture of carbon dioxide.

The FESEM images of the urea-lignin (Ur-L) absorbent before and after CO» loading
are presented in Figure 4.3[A] and Figure 4.3[B], respectively. Before CO> loading,
the Ur-L absorbent exhibits a relatively smooth surface with well-defined cubic urea
crystals uniformly dispersed over the lignin matrix. The particles are discrete with
limited agglomeration, indicating good accessibility of active sites for CO»
absorption. After CO> loading, the surface morphology changes significantly,
becoming rougher, denser, and highly agglomerated. The disappearance of discrete
crystals and formation of compact aggregates suggest strong interactions between
CO; and the functional groups of urea and lignin, confirming successful CO» loading.
Similarly, the FESEM images of the urine-lignin (Un—-L (20)) before and after CO»
loading are shown in Figure 4.3[C] and Figure 4.3[D], respectively. Before CO»
loading, the absorbent exhibits irregularly shaped crystalline particles with an open
and porous morphology, indicating a high accessible surface area. After CO» loading,
the surface becomes considerably denser and more compact with extensive particle

agglomeration and reduced pore spaces. These morphological changes indicate the
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formation of CO»-induced reaction products and strong interactions between CO; and
the functional groups of the absorbent. Overall, the FESEM results provide clear
morphological evidence of successful CO> capture by both Ur—L and Un-L (20)
absorbents. The CHNS elemental analysis of the urea—lignin (Ur—L) absorbent before
and after CO; loading is presented in Figure 4.4. Prior to CO; loading, the C/H and
C/N ratios are 5.32 and 5.05, respectively. Following CO» capture, these ratios
increased to 6.10 (C/H) and 5.92 (C/N). The increase in both C/H and C/N ratios is
primarily attributed to an increase in the carbon content of the absorbent after CO»
loading, whereas the hydrogen and nitrogen contents remained nearly unchanged.
Specifically, the carbon content increased from approximately 20.30 % to 22.01 %,
while only marginal variations were observed in the H, N, and S contents. This trend
provides strong evidence for the successful uptake of CO2 by the Ur-L absorbent,
resulting in carbon enrichment without causing any significant alteration in the
overall elemental composition. The relatively stable nitrogen content further suggests
that the urea-derived nitrogen-containing functional groups remain chemically stable
during the absorption process, indicating that CO» capture predominantly occurs
through interaction with the existing functional groups rather than through

degradation or loss of the absorbent constituents.
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Figure 4.2: FTIR spectra of - low density lignin (grey line), Ur-L (blue line) and Ur-
L at CO; captured state (green line)

Figure 4.3: FESEM images of [A] Ur-L Sample before CO» Loading [B] Ur-L sample

after CO; loading [C] Un-L (20) Sample before CO> Loading [D] Un-L (20) sample
after CO; loading
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Figure 4.4: Comparison of CHNS elemental composition of Ur-L (Urea-Lignin)
absorbent before and after CO; loading

4.2.2 Efficacy of functionalized lignin on CO2 Capture

Gas—liquid reaction between CO; and aqueous solution of functionalized lignin is
carried out in a CFI reactor. The flow rate of the liquid CO> absorbent is varied from
12 to 42 mL/ min, while the CO> flow rate is maintained at fixed values of 20, and
30 mL/min. The effect of varying liquid flow rates on the CO: absorption
performance is systematically investigated. Figure 4.5 demonstrates the role of
functionalized lignin on efficiency of carbon dioxide absorption. At a constant flow
rate of COz gas, the efficiency of CO; absorption gradually increases with increasing
flow rate of liquid absorbent and tends to plateau, suggesting reaction equilibrium.
Ur-L exhibits superior CO> absorption efficiency compared to Hydrazine-Lignin
(Hzn-L), while the performance of Ammonia-Lignin (Amn-L) remains comparable
to that of Ur-L. Lower gas flow (Qc = 20 mL/min) consistently gives higher
absorption due to longer residence time, while increasing Qv reduces gas—liquid

contact limitations and leads to convergence at higher Qr. Expectedly, the CO»
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absorption efficiency has decreased significantly with increasing gas flow rates and
decreasing liquid flow rates. Notably, the maximum CO» absorption efficiency of Ur-
L reaches 95% at a gas flow rate of 20 mL/min, whereas it decreases to 85% at 30
mL/min. Liquid absorbent, Ur-L emerges as the most efficient and stable absorbent

among Amn-L and Hzn-L for continuous-flow CO; capture.
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Figure 4.5: Comparison of COz Absorption in different aqueous absorbents,
functionalized lignin using ammonia, hydrazine and urea — Ammonia-Lignin (Amn-
L) (black square), Hydrazine-Lignin (Hzn-L) (red square) and Ur-L (blue square).
and ammonia (black colour) at gas flow rates [A] 20 mL/min [B] 30 mL/min

4.2.3 Effect of biogas and temperature in CO2 absorption

The effect of biogas (60% CHa, 39% CO2, and 1% N2) on CO; absorption using the urea—
lignin (Ur—L) absorbent is presented in Figure 4.6 [A] and compared with pure CO> at a
constant gas flow rate of 30 mL min™'. For pure CO», the absorption efficiency increased

from 75% to 86% as the liquid flow rate increased from 12 to 42 mL/min. In comparison,
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biogas exhibited lower absorption efficiencies, increasing from 13% to 64% under the same

operating conditions. This reduction is attributed to the lower CO; partial pressure in biogas,

which decreases the gas-liquid mass transfer driving force. Figure 4.6 [B] shows the effect

of temperature on CO; absorption by Ur-L and Un-L (20). At 30°C, Un-L (20) achieved a

maximum absorption efficiency of 95%, while Ur—L reached 84% at a liquid flow rate of 42

mL/min. However, increasing the temperature to 70°C reduced the absorption efficiencies

to 45% for Un-L (20) and 31% for Ur-L. The decline at higher temperatures is attributed to

the reduced solubility of CO,, the exothermic nature of the absorption process, and weaker

interactions between CO> and the active functional groups. Overall, Un-L (20) consistently

exhibited superior CO> capture performance compared to Ur-L under all operating

conditions.
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Figure 4.6: Comparison of percentage absorption in different conditions [A] Pure CO2 vs
Bio gas at gas flow rate 30 mL/min for Urea-lignin (Ur-L) absorbent [B] Effect of
temperature at 70°C and 30°C for gas flow rate 30 mL/min with Urea-Lignin (Ur-L) (blue
colour) and Urine-Lignin (Un-L) (green colour) absorbent

63



4.2.4 Effect of absorbent flow rate on hydrodynamics parameter

The variation of pressure drops (AP) and Reynolds number (Re) with liquid flow rate for the
Ur-L and Un-L (20) absorbents at a constant gas flow rate of 30 mL/min is presented in
Figure 4.7. As shown in Figure 4.7 [A], the pressure drop increases with increasing liquid
flow rate for both absorbents due to the higher fluid velocity and greater frictional resistance
within the CFI reactor. Un-L (20) exhibits a consistently higher pressure drop than Ur-L,
with the difference becoming more pronounced at higher flow rates, indicating its
comparatively higher flow resistance, likely resulting from its greater viscosity. Figure 4.7
[B] shows that the Reynolds number increases almost linearly with liquid flow rate for both
absorbents, reflecting the increase in fluid momentum. However, Ur-L exhibits higher
Reynolds numbers than Un-L (20) under identical operating conditions because of its lower
viscosity. Despite the increase in Reynolds number, all values remain below 1000,
confirming that the flow remains in the laminar regime throughout the study. Overall,
increasing the liquid flow rate enhances fluid motion and mixing but also increases the
hydraulic resistance inside the reactor. The results demonstrate that although Un-L (20)
requires a higher pumping pressure, it maintains stable laminar flow conditions suitable for

efficient CO; absorption.
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Figure 4.7: [A] Comparison of pressure difference inside CFI reactor during CO>
absorbance in Urea-Lignin (Ur-L) (blue colour) and Urine-Lignin (20) (Un-L) (green
colour) at gas flow rate of 30 mL/min [B] Comparison of Reynolds number for 30
mL/min gas flow rate and variation in absorbent flow rates of Un-L (20) (green colour)
and Ur-L (blue colour)

4.2.5 Resolving the Contributions of Components of Urea-functionalized Lignin
(Ur-L)

Here, we address the contributions of different components of urea-functionalized
lignin (Ur-L) toward CO. absorption. To elucidate this, two additional liquid
absorbents are prepared: (i) an aqueous urea solution without lignin, Ur (0.5 g urea
dissolved in 130 mL water), and (ii) an aqueous mixture of urea and lignin (Ur+L)
(2.0 g lignin and 0.5 g urea dissolved in 130 mL water). The CO2 absorption
efficiencies of these absorbents are compared with that of hydrothermally
synthesized urea-functionalized lignin (Ur-L) prepared using the same composition
(2.0 g lignin and 0.5 g urea dissolved in 130 mL water). The effect of liquid flow rate
(Qr) on CO; absorption for aqueous solution of Ur, Ur+L and Ur-L is presented in

Figure 4.8 [A]. For urea solution only, CO; absorption increases moderately from
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CO, Absorption (%)

66% to 79% as liquid flow rate (Qr) rises from 12 to 42 mL/min at a constant gas
flow rate of 20 mL/ min, indicating improved gas—liquid contact at higher flow rates.
In contrast, Urea+Lignin solution exhibits much lower CO> absorption (22-52%),
despite increasing with Q. It therefore underscores the necessity of solvothermal
processing for functionalization of urea in lignin. The CO» absorption efficiency of
Ur-L is found to be strongly influenced by the gas flow rate depicted in Figure 4.8
[B]. The absorption efficiency reaches a maximum value of 95 % at a gas flow rate
of 20 mL/min. However, the CO; absorption decreases to 85% after reaching its
maximum value with the increase of the gas flow rate. At a gas flow rate of 20 mL/
min, the absorption efficiency reaches a maximum value of 95%, whereas at higher

gas flow rates, the CO; absorption decreases to 85%.
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Figure 4.8: [A] Quantifying the role of each component of Ur-L for CO2 absorption
at gas flow rate 20 mL/min— aqueous Ur solution (solid blue line), Ur+L solution
(dotted green line) Ur-L solution (solid green line). [B] Comparison of CO>
absorption for Ur-L at gas flow rate of 20 mL/min (hollow square), 30 mL/min (blue
square) and 40 mL/min (purple square).

66



4.2.6 Efficacy of Bio urea present in Human Urine for CO2z Capture

CO; absorption for the Un-L absorbents at a fixed gas flow rate of 30 mL/min is

shown in Figure 4.9 [A]. CO2 absorption increases gradually with increasing liquid

flow rate, QL for all Un-L adsorbents, indicating improved gas-liquid contact at

higher flow rates. Un-L (20 yr) adsorbent exhibits the highest absorption efficiency

across the range, reaching 96% at 42 mL/min liquid flow rate, followed by Un-L (30

yr) and Un-L (50 yr). Comparatively lower absorption for Un-L (50 yr) could be

attributed to variation of bio urea content in human urine. At higher liquid flow rates,

the Un-L adsorbent (20) is more effective than the Ur-L adsorbent as shown in Figure

4.9 [B]. It could reach above 95% CO; absorption. The improved performance as

explained above is due to the presence of salts and higher viscosity of Un-L (20) as

compared to Ur-L.
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Figure 4.9: [A] Absorption of COz in lignin with urine at gas flow rate of 30 mL/min.
[B] Comparison of CO; absorption of Ur-L (blue square) with Un-L absorbents
(green circle) at 30 mL/min gas flow rate. Human Urine from age group of less than

20 years has been used.
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4.2.7 Quantification of CO:z absorption by CO2 bubble size reduction method

Imaging-based methods offer direct quantification of the progress of gas—liquid
reactions and are therefore often employed for such reactions carried out in
transparent CFI reactors [155,156]. The applicability of such methods for CO»
absorption using aqueous functionalized lignin solution becomes highly feasible
owing to excellent contrast between the gas and liquid phases. Figure 4.10 presents
the bubble size reduction for different lignin-based absorbent systems, where bubble
lengths have been determined using ImagelJ software. Amn-L and Hzn-L absorbents
show relatively low reductions of bubble length (42% and 34%). In contrast, Un (20)
-L absorbent achieves the highest bubble size reduction (86.4%) whereas Ur-L
achieves a reduction of about 77.3%. This bubble length reduction trend is in good
agreement with our results on CO; capture efficiency as presented in Figure 4.10 &

4.4.
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Figure 4.10: Images of CFI reactor during gas-liquid reaction for absorbents- [A]
Amn-L, [B] Ur-L, [C] Un (20)-L. The length of gas-bubble at arm-1 of CFI reactor
is considered near inlet, whereas the length of same at arm-3 is considered near inlet
exit points for determination of reduction of bubble size [D] Reduction of CO; gas
bubble length for four aqueous functionalized lignin adsorbents.

4.2.8 Residual Performance of functionalized lignin absorbents

The absorbent solutions have been reused in a second absorption cycle to evaluate its
full potential in CO; absorption. Figure 4.11 compares CO; absorption performance
of fresh and reused lignin-based absorbents. As expected, fresh absorbents show
higher absorption than reused ones, indicating limited availability of amine sites.
Amn-L and Hzn-L exhibit significant performance drops of about 20-28% upon

reuse, whereas Ur-L and Un-L retain relatively high absorption efficiencies of about
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80%. Notably, Un-L exhibits the performance in second cycle by maintaining 83%
CO; absorption. These results demonstrate that Ur-L and Un-L absorbents possess
superior performance, making them more suitable for sustainable CO; capture
applications. Since both Ur-L and Un-L absorbent exhibit high CO> absorption
efficiency and their reusability is evaluated by conducting repeated cycles under
same identical condition without regeneration of absorbent and this is shown in
Figure 4.12. The experiments are carried out for up to 10 consecutive cycles. A
gradual decrease in CO; absorption is observed per cycle. For Ur-L absorbent, the
CO; absorption decreases from 87% to 29% and similarly Un-L absorbent shows
reduction from 96% to 25%. The gradual decline in CO> absorption efficiency is
attributed progressive loss of active absorption sites during repeated cycle. Both
absorbents show a substantial drop in CO: capture efficiency across ten consecutive
cycles, attributed to either partial deactivation of active amine sites, incomplete
thermal regeneration or accumulation of non-volatile species, but they still retain a
baseline functional capacity. This implies that the system is promising for cyclic
recycling operations, but further optimizations of the regeneration protocols are

required to reduce the performance decay over extended use.
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Figure 4.11: CO; capture efficiency of aqueous functionalized lignin absorbents in
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Figure 4.12: CO; capture efficiency of [A] Urine-Lignin (20) [B] (Ur-L) and Urea-
Lignin (Ur-L) absorbents in 10™ cycle.

4.3 Conclusion

In summary, aminated lignin absorbents have been synthesized using ammonia,

hydrazine, and urea as amine precursors and evaluated for continuous CO> capture
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in a coiled flow inverter (CFI) reactor. CFI enables efficient gas—liquid mixing,
thereby enhancing mass transfer and absorption performance. The CO> capture
efficiencies of the absorbents are systematically investigated by varying the CO» flow
rate (2040 mL/min) and absorbent flow rate (1242 mL/min). Among the three
systems studied, the urea-functionalized lignin exhibits the highest performance,
achieving up to 95% CO> absorption under optimized continuous-flow conditions.
Furthermore, a urine-derived lignin absorbent, synthesized using human urine as a
sustainable source of urea, demonstrates an even higher maximum CO; capture
efficiency of 96% at a CO; flow rate of 30 mL/min, compared with 85% for the
conventionally prepared urea—lignin absorbent under identical conditions. Image-
based hydrodynamic analysis reveals that both lignin—urea and lignin—urine
absorbents promote greater bubble size reduction and more favorable flow
characteristics. Slug-length analysis further establishes a direct correlation between
reduced slug length and improved CO> absorption efficiency. Importantly, both
urine-lignin and urea—lignin absorbents retained high CO» capture performance
during a second absorption cycle. The integration of waste-derived lignin and human

urine offers a carbon-neutral absorbent-driven strategy for efficient CO» capture.
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Chapter 5: Intensifying the Synthesis of Xanthene Dyes from
Gallic Acid using Coiled Flow Inverter!

5.1 Brief Introduction

Transparent Coiled flow inverters (CFI) which are superior to opaque coil reactors
are hardly explored in performing condensation reactions of organic molecules.
Herein in this chapter the continuous flow condensation reaction of Gallic acid using
CFI with a 4 mm internal diameter have been reported. The length of the flow reactor
is varied by connecting CFIs in series. Real-time images of reactor captured during
flow synthesis resolve the intricacies of reaction dynamics and stages of desired
product formation. Stack CFI provides a desired residence time for carrying out
reaction at high flow rate. Condensation of Gallic acid in dimethyl formamide yields
a green emissive xanthene analogue. The production of organic emitter is optimized
by regulating reactant flow rate, and temperature of the reaction. The presence of
vapour-liquid phase boundary enhances the interfacial area that further contributes to
increasing the product yield. The optimized condition for fluorescent product using
stack CFIis 190 °C (£ 5) temperature at 5 mL /h (£ 0.5) flow rate. A residence time
of about 14 hours (+ 1) and a heat flux of 4.46 W/m? (£ 0.5) are desired for
maximizing product yield using stack CFI. These suggest that CFI-based flow reactor

can easily be tailor-made and economical as well.

YThe work discussed in this chapter have been published in Chem Plus Chem 90, no. 11 (2025):
e202500313
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5.2 Results and Discussion

5.2.1 Effect of residence time on product formation

The purpose of opting transparent CFI over helical coil reactor is because of
monitoring the progress of reaction and enhanced mixing and heat transfer by the
change in the flow direction by 90°[157]. Moreover, CFI is transparent, economical,
and compact. The length of CFI has been kept at 2.63 m for a single CFI, whereas it
is increased to 5.26 m by connecting CFIs in series (stack CFI). In general, reactions
carried out under continuous flow synthesis are optimized by primarily regulating
two independent parameters- (i) residence time by either regulating the flow rate or
reactor’s length, and (ii) temperature of the reaction. In this work first residence time
have been regulated to decipher its impact on condensation of Gallic acid in DMF. It
can be noted here that vapour pressure of DMF in the temperature range of 180-190
°C is above 2 bar. The dependence of pressure on condensation reaction can be
highlighted by using CFI. Flow experiments performed on Gallic acid condensation
in DMF have been tabulated in Table 5.1. The temperature of oil-bath at 170°C have
been fixed, just above the boiling point of DMF (153°C). Steady-state absorption and
fluorescence of product have been monitored by varying flow rates and lengths of

CFI depicted as in Figure 5.1.
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Table 5.1: Condensation experiments using CFI stack at 0.04 % (w/v) Gallic acid
in DMF

Flow | Residence Fluorescence Intensity

SL . Temperature )
No Rate Time C) Aems: 525 nm at

* | (mL/h) (Hrs) Aexc: 425 nm

1 4 16.51 160 | 170 | 180 | 190 | 200 | 247 | 282 | 454 | 405 | 650
2. 5 13.21 160 | 170 | 180 | 190 | 200 | 397 | 609 | 288 | 1024 | 744
3. 6 11.01 160 | 170 | 180 | 190 | 200 | 343 | 412 | 310 | 658 | 127
4. 7 8.25 160 | 170 | 180 | 190 | 200 | 164 | 216 | 189 | 495 | 23

Absorption spectra of products coming out from the flow reactor is relatively broad
with a strong absorption near 400 nm and a shoulder peak at 550 nm. The product
obtained from stack CFI exhibits relatively strong absorption than that obtained using
CFI only as illustrated in Figure 5.1 [A]-[C]. The absorption of products has been
kept very low to avoid inner-filter effect. As expected, upon excitation at 425 nm
(Aexc = 425 nm) product obtained from stack CFI displays a higher emissivity than
that collected from CFI only depicted in Figure 5.1 [D]-[F]. By analyzing
fluorescence peak maxima at 525 nm of products, it can be mentioned here that the
stack CFI is perhaps providing sufficient residence time for condensation reaction

even at varied flow rate 3 mL/hr—6 mL/hr.
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Figure 5.1: Absorption spectra of the product obtained at 170 °C at different flow
rates— [A] 3 mL/h, [B] 4 mL/h, [C] 6 mL/h. Emission spectra of product at the same
temperature at the respective flow rates— [D] 3 mL/h, [E] 4 mL/h, [F] 6 mL/h. CFI
Stack (red line) and CFI (green line)

Considering the broad nature of absorption spectra, further examination on the
ground state heterogeneity of products formed by flow synthesis have been
performed. The dependence of emission property on excitation wavelength is often

probed for identifying the product’s heterogeneity. Contour plots of product’s
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emission spectra have thus been constructed at varied excitation wavelengths and
have been depicted in Figure 5.2.

The fluorescence intensity distribution of products has been compared by using a
single CFI depicted in Figure 5.2 [A]-[C] and stack CFI depicted in Figure 5.2 [D]-
[F]. The intensity distribution is relatively broad for CFI suggesting an incomplete
condensation reaction. However, a dominant peak is centered at 525 nm for the
excitation at 425 nm and a shoulder peak at 475 nm for the excitation at 375 nm.
Interestingly, the fluorescence intensity distribution is relatively sharp for products
obtained from stack CFI with a peak 525 nm depicted in Figure 5.2 [D]-[F]. Notably,
a significant increase in emission properties of products further emphasizes the utility

of stack CFI at a high flow rate, 6mL/hr illustrated in Figure 5.1 [F].
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Figure 5.2: Contour plots of the emission spectra with the corresponding excitation
wavelengths of product obtained at 170 °C by varying length of CFI and flow rate.
CFI at different flow rates — [A] 3 mL/h, [B] 4 mL/h, [C] 6 mL/h. Stack CFI at
different flow rates —[D] 3 mL/h, [E] 4 mL/h, [F] 6 mL/h.

The efficacy of stack CFI has been demonstrated by capturing real-time images of
reactor during synthesis in ambient light and under UV-light irradiation which is
illustrated in Figure 5.3. In ambient light, the colour of reactant solution in reactor
gradually changes from faint yellow to dark brown colour as shown in Figure 5.3
[A]. It is also evident that liquid-vapour flow regime has been developed and
vaporization of solvent, DMF (boiling point, 153°C). Thereafter, the reactor zone at

which product displays its emissive properties has been resolved upon irradiation of
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UV light as shown in Figure 5.3 [B]. The product flowing through the seventh coil

section of stack CFI exhibits green fluorescence at high flow rate, 6mL/hr.

Figure 5.3: Real time images of reactor during synthesis- [A] in ambient light
(representative), [B] under UV-light irradiation. Inset: Zoom-in section of stack CFI

Residence time has played a decisive role in dictating the fluorescence intensity
distribution of products, thus yield of the desired organic emitter. It can be stated here
the residence times for CFI at flow rate of 3 mL/hr and stack CFI at flow rate of 6
mL/hr remain nearly identical in values. That means, at the same flow rate of 6 ml/hr,
the residence time of reactant solution for CFI is 5.5 hr (13.26 x10”° m/s flow
velocity), but it gets doubled to 11 hr for stack CFI. Moroever, CFI has a high surface
area to volume (area density) ratio which offers more convective heat transfer from

its surface. Residence time has thus been the major factor for the formation of by-
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products. The role of temperature on product yield has been discussed in the next

section.

5.2.2 Effect of Temperature on Product Formation

Temperature has been a key factor in driving chemical reactions because it allows
molecules to achieve activation energy for the reaction. With increase in temperature
the colour of the product solution gradually changes from light brown to dark brown
for a constant flow rate as shown in Figure 5.4 [A]-[B]. The product yield is
monitored by the emissivity of product at 525 nm upon excitation at 425 nm. Higher
fluorescence intensity at 525 nm thus signifies a higher yield of product. At a low
flow rate (3 mL/h), the maximum product yield is achieved at 180 °C whereas the

product yield becomes minimum at 190 °C as illustrated in Figure 5.4 [C].

Interestingly, the product yields are comparable at 180 °C and 190 °C for the flow
rate of 4 mL/h as shown in Figure 5.4 [D]. Whereas, at a high flow rate (6 mL/h),
maximum product yield is obtained at 190 °C, and the product yields at 160 °C and
180 °C are in the same range as shown in Figure 5.4 [E]. The dependence of operating
conditions, such as reactant flow rate and temperature have been illustrated by
constructing a contour plot of fluorescence intensity as shown in Figure 5.5. The
optimized condition for Gallic acid condensation in DMF for yielding organic emitter
at 525 nm using stack CFI is— 190 °C (£5) temperate and 5 mL /h (£ 0.5) flow rate.
It has been observed that with increased residence time the phenolic compounds
(reactant/products) undergo oxidation and degradation at high temperatures.
Whereas, at a short residence time (high flow rate) the unnecessary oxidation of

phenolic compounds is minimized and that positively impacts the enhancement of
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product yield. At lower temperatures the product formation is limited by activation
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Figure 5.4: Impact of temperature on formation of fluorescent product for stack CFI.
Colour of product solution obtained by varying temperature at flow rate— [A] 3mL/hr,
[B] 5 mL/hr. Fluorescence spectra of product in solution at three different
temperatures for flow rate- [C] flow 3mL/hr [D] 4mL/hr [E] 6mL/hr. 160°C (blue
line), 180°C (red line), 190°C (green line), The excitation wavelength, Aexc has been
kept at 425 nm.
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Figure 5.5: Dependence of operating conditions: flow rate and temperature on
product formation for stack CFI. Contour plot of fluorescence intensity on reactant
flow rate and temperature of the reaction.

5.2.3 Impact of Heat Flux on Gallic Acid Condensation

Analyzing the temperature dependence on product formation is a conventional
approach but is limited to reactions carried out in a closed volume, such as continuous
stirred tank reactor (CSTR). However, heat flux is rather better suited to understand
the temperature effect on continuous flow synthesis. An optimum heat is required to
maximize the product yield because heat higher than optimal can degrade the product
and reactant both. Gallic acid precursor is completely solvated in dry DMF and
homogeneous solution is formed. The fluid flows into the heating zone (180 °C-190
°C) which is well above the boiling point of the solvent 190 °C and partial in-situ

vaporization causes a dynamic vapor-liquid flow regime. This phase boundary
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generates strong interfacial micro-convection to promote the condensation reaction
forward. These mass and heat transfer limitations afflict conventional straight tubular
or standard helical coil reactors with stagnant boundary layers, broad residence time
distributions and localized thermal lags which cause severe byproduct formation and
phenolic oxidation. The CFI configuration circumvents these limitations. In
particular, the CFI induces periodic 90° changes of the spatial direction causing
cross-sectional Dean vortices and chaotic advection. The continuous disruption of
the boundary layer guaranties a well-defined plug flow profile and homogeneous heat
flux density 4.46 w/m2 that dynamically optimizes the tracking of the fluorescent
xanthene analog while suppressing secondary degradation pathways
Here the optimum condition for heat transfer for the reaction of Gallic acid and DMF
in the CFI stack have been deduced. The following presumptions have been made to
quantify the heat flux associated with Gallic acid condensation—
e The velocity of reactant in the range of 10> m/s in CFI has been very low,
and it is considered as free convection inside and outside of CFI.
e The specific heat is uniform during the experiment.
e Condensation reactions are exothermic in nature because of formation of
new bonds. Heat of the reaction is not considered owing to low

concentration of substrate.

Considering the heating power (1000 W) of oil bath, the time required to raise the
temperature of reactant solution (say, 5 mL) from 30 °C to 200 °C inside the CFI is
about 1 min which is negligible in comparison to residence time. Thus, there is no

thermal gradient adversely impacting the product formation, temperature of solution
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at the inlet is taken as 30 °C and at the exit, it is 190 °C. Heat received by the reactant

solution and heat flux are calculated by using equation 1 & 2 [158] and tabulated in

Table 5.2.

Q= m'Cp (Toue = Tin) W e))
Q = Flow rate (kg/s) X Cp (J/kg K) X (Tyye — Tin) K

Heat Flux (W /m?) = Heat received (W) ,
eat Flux (W /m*®) = Surface Area of reactor (m?) (2)

Here Tou: is temperature of solution at exit of CFI stack, which is equivalent to the
temperature of the surrounding i.e., the silicon oil temperature and T, is temperature
of solution at inlet in CFI stack, m" is mass flow rate of reactant and C,, specific heat

is taken as 2060 J/kg K [159].

Table 5.2: Quantification of heat flux for the reaction at varied flow rates.

SI. Flow Temperature Amount of
No. cate Flow rate* | Velocity** used (°C) Heat Heat flux
(ml/hr) (kg/s) (m/s) Received (W/m?)
W)

I. 3 8.20x 107 | 6.63 x 107 180 0.25 2.51

2. 4 109 x 107 | 8.85x 107 200 0.38 3.79

3. 5 13.7 x 107 | 11.06 x 107 190 0.45 4.46

4. 6 16.4 x 107 | 13.27 x 10°® 190 0.54 5.35

5. 7 19.1 x 107 | 15.48x 107 190 0.66 6.56

6. 8 21.9 x 107 | 17.69x 10 190 0.76 7.49

*Flow rate (kg/s) =
**Velocity (m/s) =

Flow rate(mL/hr)Xpsotution .

3600%x1000

Flow rate (mL/hr)x10~¢

area of cross—section of reactor (m2)x3600
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Figure 5.6 highlights the variation of fluorescence intensity against heat flux. Heat
absorbed is 0.4223 W for temperature 190 °C and flow rate, 5 mL/h. The optimized
heat flux is thus 4.46 W/m? for the Gallic acid condensation to yield fluorescent
product. Higher heat flux is expected to degrade both, reactant and product. The
condensation of Gallic acid in DMF for yielding fluorescent product therefore

demands a residence time of about 14 hours (+ 1) and a heat flux of 4.46 W/m? (+

0.5) for using stack CFI
Nexc= 425 Nnm
45 Aems= 525 nm 1000
A - 800
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Figure 5.6: Dependence of product yield (vis-a-vis fluorescence intensity) on
temperature. Product yield (%) and fluorescence intensity have been measured
independently.
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5.2.4 Product characterization

The organic emitter obtained from continuous flow synthesis has been characterized
steady-state and time-resolved spectroscopic methods. The emission peak is centered
at 525 nm irrespective of reactant flow rate suggesting strong emissivity of product
and minimal by-product formation as shown in Figure 5.7 [A]. It can be mentioned
here that Xanthene dyes, notably fluorescein and rhodamine derivatives, are widely
investigated molecular fluorophores. Fluorescein absorbs strongly at 490 nm and
emits bright green light near 515 nm, whereas rhodamine analogues (such as
Rhodamine B and Rhodamine 6G exhibit absorption between 530 and 550 nm and
emission spanning 560 to 580 nm. The temporal properties of product have been
characterized by picosecond time-resolved measurements. The emission lifetime of
the product is measured at 405 nm excitation with a fixed emission wavelength at
540 nm for the product. The decay trace is biexponential in nature with average
fluorescence lifetime, 2.37 ns confirmatory of molecular rigidity as shown in Figure
5.7 [B]. To gauge the presence of functional groups, present in the product used FTIR
spectroscopy as illustrated in Figure 5.7 [B] have been used. Also considering the
direct role of starting material, the FTIR spectra of product and Gallic acids are
overlaid as shown in Figure 5.7 [C]. A clearly visible difference can be noticed
between the FTIR spectra of Gallic acid and the synthesized product. From 3700 to
3100 cm!, the stretching vibrations of O—H, and COO-H contribute to the very
broad band respectively. The peaks at 2970 c¢cm 'and 2850 cm ! are due to the
stretching vibrations of aromatic (=C-H) and aliphatic C-H bonds [160]. The strong
FTIR band at 1720 cm ™! belongs to C=0 (carboxylic acid group) and relatively broad

band, 1680-1510 cm™! is indicative of C=O (carbonyl) and C=C vibrations
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respectively. FTIR peaks at 1390 cm ' and 1120 cm ! are assigned to the stretching

frequencies of C-N and C-O-C bonds respectively.
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Figure 5.7: [A] Emission spectra of product obtained at 170 °C using stack CFI at

different flow rates. 3 mL/hr (green line), 4 mL/hr (dark yellow line), 5 mL/hr (red

line), 6 mL/hr (blue line). [B] Time-resolved fluorescence decay of same product.
[C] ATR FT-IR of same product (dark yellow) and Gallic acid (grey).
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Based on the above observations, the first step is proposed to involve the formation
of an adduct through the condensation of two Gallic acid molecules, as depicted in
Figure 5.8. Thereafter, formylation of adduct by solvent, DMF and followed by the
xanthene formation. Dimethyl-formamide is serving as a formylating agent here,
which is quite similar to the Vilsmeier-Haack reaction for formylation of electron-
rich aromatic rings. Aromatic substitution of dimethylammonia has resulted
decarboxylation at electron-deficient benzene ring of Xanthene, yielding of the
fluorescent product, 1-(dimethylamino)-4,5,6-trihydroxy-3-oxo-3H-xanthene-8-
carboxylic acid. '"H NMR and 13CNMR spectra of product presented in Figure 5.9

& 5.10 further support the formation of above xanthene analogue.

OOH OOH OOH OOH
n -H,0
HO OH HO OH HO o OH
OH OH OH OH

(f} OOH

” —_—>

67 OH
OH

Proposed Reaction Mechanism for

Yellow Emissive Product

OOH OOH OOH  NMe,
? ? NHMe, ? !

Figure 5.8: Plausible reaction mechanism for yielding Xanthene analogue by
condensation of Gallic acid in DMF.
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Figure 5.9: H'-NMR (JEOL, 400MHz) spectra of the product in D20; & 8.24 (s, —
COOH), 7.72 (s, 1H, H-C9), 6.89 (s, 1H, H-C2, C7), 6.52 (s, “OH, C4), 6.33 (s, —
OH, C5, C6), 2.03 (s, 6H, N-CHs), 0 4.66 (solvent residual peak—because of
exchangeable protons of -OH and -COOH groups, their peaks are highly diminished
in the spectra). The singlet peaks at 6 2.5-2.9 are attributed to impurities, primarily

due to residual DMF solvent.
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Figure 5.10: C'3-NMR spectra (JEOL, 400MHz) spectra of the product in D>O; C'3-
NMR spectra (JEOL, 400MHz): 6 179.58 (C3, C1), 6 171.77 (C11), 6 144.35 (C6,
C4, C10a), 6 137.05 (C5, C4a), 5123.81 (C8), 6 120.20 (C8a), 6 110. 57 (C7, C2), &

108.61 (C9), and & 31.08 (C13, C12).
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5.3 Conclusion

Continuous flow synthesis of fluorescent xanthene analogue from Gallic acid
condensation in DMF using coiled-flow-inverter (CFI) has been demonstrated. A CFI
of length 2.6 meters with an internal diameter of 4 millimeters has been used. The
production yield is monitored by its fluorescence emission at 525 nm. The flow
synthesis of organic emitter is optimized by regulating reactant flow rate, reactor’s
length, and temperature of the reaction. Real-time images of reactor captured during
flow synthesis resolve the stages of desired product formation and justify the need of
stack CFI connected in series. Formation of liquid-vapour phase boundary enhances
the interfacial area that perhaps contributes to drive the product formation even at
low vapor pressure. The reaction condition have been optimized for Xanthene
analogue emitting at 525 nm using stack CFI, which is 190 °C (£ 5) temperature and
5 mL /h (£0.5) flow rate. The condensation of Gallic acid in DMF requires a
residence time of about 14 hours (+ 1) and a heat flux of 4.46 W/m? (+ 0.5) for stack

CFL
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Chapter 6: Conclusions and Future Work

6.1 Conclusions

The present work represents various applications of process intensification for CO»
capture and reaction kinetics study. The work particularly focusses on enhancement
of gas-liquid CO> absorption and chemical synthesis with millimeter-sized reactors,
particularly with the Coiled Flow Inverter (CFI) and Helical Coil Reactor (HCR).
The present work investigates CO: absorption in aqueous alkanolamine solutions
using a Coiled Flow Inverter (CFI) and a Helically Coiled Reactor (HCR), with a
focus on hydrodynamic intensification of gas—liquid mass transfer. A comparative
study employing millimeter-scale CFI and HCR of identical dimensions
demonstrated that the CFI consistently achieved higher CO: absorption efficiency
than the HCR, highlighting its superior mixing and mass transfer characteristics. The
periodic inversion of Dean vortices in the CFI improves radial mixing, renews the
gas—liquid interface and extends the slug-flow regime, thereby increasing interfacial
area and mass-transfer rates. The reactor geometry is employed as a process
intensification tool to achieve CO: absorption efficiency of up to 98% through the
optimization of gas and liquid flow rates with blended amine systems. The absorption
of CO; through bio derived lignin and amine functionalized lignin via CFI which is
second part of the work which aims in development of cost effective bio-solvents for
CO; capture. Sustainable CO» absorbents based on amine-functionalized bio-derived
lignin and human urine plus lignin solutions have been developed. The integration of
these renewable absorbents with the intensified hydrodynamics of the CFI enabled

highly efficient continuous CO: capture, achieving absorption efficiencies of 95—
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96%, while significantly reducing the reliance on conventional alkanolamine-based
solvents. The developed absorbents also exhibited good recyclability, indicating that
solvent intensification coupled with reactor intensification offers a sustainable,
circular-economy-based approach for carbon capture. The work also focusses on the
organic synthesis via milli meter scale CFI (continuous-flow synthesis of a
fluorescent xanthene analogue from gallic acid and DMF). The transparent glass-
made CFI enabled direct visualization of the reaction progress and at the same time
improved heat transfer and mixing. Further CFI stacks have been used in the study
which significantly increased the residence time, and the conversion due to increase
in the total reactor length. The optimum reaction conditions for maximizing the
product formation in continuous-flow operation are established by the optimization

of flow rate, temperature, residence time and heat flux.

In summary, this thesis demonstrates that process intensification can be achieved
through the combined application of hydrodynamic intensification, solvent
intensification, reactor geometry modification, and operating-condition optimization.
Together, these complementary strategies significantly enhance mass transfer,
reaction kinetics, CO: absorption efficiency, and overall process performance. The
results demonstrate the versatility of the glass-made Coiled Flow Inverter as a

successful reactor for chemical synthesis and enhanced carbon capture applications.

6.2 Future Work

This work provides fundamental insight into hydrodynamics and reaction kinetics in
millimeter-sized reactors, with particular focus on the glass Coiled Flow Inverter

(CFI), for applications such as gas-liquid CO; capture and continuous-flow chemical
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synthesis. The present study demonstrated that the process intensification by reactor
geometry, solvent modifications and optimization of operating conditions can
substantially enhance the CO» absorption efficiency and product yield. Although this
thesis presents extensive experimental investigations, further research may be done
to address the remaining challenges and expand the scope of the work. The following

future works are therefore recommended

e Development of chemically modified bio-derived Nano cellulose (NC) with
higher density of active functional groups for improved CO> absorption
capacity and gas-liquid mass transfer.

e Scale-up of the glass-made Coiled Flow Inverter (CFI) to pilot scale operation
for continuous industrial CO2 scrubbing.

e Integration of carbon capture with CO: utilization through the catalytic
conversion of CO:-loaded absorbents into fuels and value-added chemicals.

e CFD modeling of gas-liquid flow in CFI reactors.

e Design and development of photo-flow reactors for efficient regeneration
(desorption) of COz-loaded absorbents using solar or visible-light-driven

processes, thereby reducing regeneration energy demands.
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Appendix A

A.1 Calculation of amount of heat received by oil bath and Heat flux

Q=mCy(Toy —Tip) Watt ————————————————— — —— — — (A1)
K
Mass flow rate (m’) = Volume flow rate (mL/hr) X Dsorution h—f - —(A2)
Heat Flux (¢") = Heat Transfer w A3
eat X g = Surface area of reactor m? (43)
A.2 Calculation of Velocity of reactant in reactor
Mass Flow rate inl;l—g m
Velocity (U) = - L — === (A4)
Area of cross section of reactor  sec
A.3 Calculation of Residence Time
Ef fevtive Length of reactor(m)
ec——————— (A5)

- Velocity of reactant in reactor(m/sec)
A.4 Calculation of percentage of CO: absorption by Acid —Base Titration
(Chemical Method)

In the present study for Acid-base titration 1M HCL and 1M NaOH is used as neutralizer
and for end point phenolphthalein is used as indicator. Volume of 1M HCL consumed (when

pink colour disappears in CO; loaded liquid when Amine used as CO; absorbing medium) =

Volume of CO; leave from CO> loaded liquid

This Volume of CO; is actual absorbing volume of liquid in amines. The supplied CO>

volume is calculated as:

Volume of CO; suppled in reactor (mL) = Reaction time (min) X CO; gas flow rate (mL/min)
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The Ratio of Absorbed volume of CO; to the Volume of supplied CO2 in reactor is

percentage of absorption of CO2 in amines.

The same calculation is also verified with analytical method and percentage of absorption of

CO2 gas in absorbing medium is in limiting error range of +5%

A.4 Calculation of Reynolds Number (Re) of Gas-Liquid mixture

The following equations have been used to determine the Reynold number for the

respective rates [161]

Re = pmixUmixd ________________________ (A6)
HUmix
Where: Pmix = Bpg + (1 = B)py------ (A7)
Umix = .BMG + (1 - :B)HL T (A8)
Q¢ . . .
B = m; Q; = Gas flow rate (mL/min) and Q; = Liquid flow rate (mL/min)
G L
Q¢+ 0Qy
Umix - ACS
2 nd?
s =g
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