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Abstract

In the last two decades, microfluidic technology has witnessed prolific growth in the areas of
chemistry, material science, biology and even point of care diagnostics. Narrow residence time
distribution, enhanced transport process, consistent product yield, and inherent safety are
considered as the main drivers of microreactor technology. In order to utilize its full potential,
it's essential to address a few challenges and handling solids is considered one of the significant

barriers.

The objective of this dissertation is to understand the clogging dynamics in multiphase
microfluidics and to develop passive particle handling techniques with the special focus on

antisolvent precipitation and synthesis of micro particles.

Determination of clogging time is the principal theme of investigation of clogging dynamics in
multiphase flow. This includes effects of important multiphase flow parameters such as flow
regimes, flow rates, coalescence and vortex formation for an antisolvent precipitation system.
Passive techniques for delaying clogging such as inert phase insertion, wall wettability
alteration and multipoint injection were proposed and compared quantitatively. Most efficient
transport of particles was obtained with the addition of inert phases to the system, especially
with inert liquid phases. Solid forming chemical reactions are also demonstrated utilizing the
proposed technigques. To overcome the challenges in precipitation impinging jets reactors are

explored in detail for continuous manufacturing in such systems in a scaled-up fashion.
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Introduction
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1. Introduction

1.1 Microreactors

1.1.1 Advantages and applications of microreactors

Microreactors are made of single or network of confined miniature channels with
typical dimensions below 1 mm in which small volumes of fluids are precisely handled [1, 2].
Microreactor research in academia as well industrial environment over the past two decades
have markedly changed synthesis approach in chemical industry over a wide range of reactions
with increasingly sophisticated designs, and expanding integration levels [3, 4]. A sizable
number of reactions was performed in microreactors, witnessing the benefits of controlled
residence time, enhanced transport efficiency and mixing, precise reaction control, rapid

chemical reactions, allowing for the high product yield, and inherent safety as well [2].

Continuous production of fine and speciality chemicals and active pharmaceutical
ingredients (APIs) using microreactors has been investigated extensively for the past two
decades [5, 6]. Such reactors are reported to be more beneficial for high value low volume
chemicals involving exothermic reactions. Mass-transfer limited reactions are typically
benefitted from the small characteristic dimensions of microreactors, because in such systems
diffusive effects are significant with respect to the overall rate[4]. Small channel size (hydraulic
diameter dn) offers very high mixing, mass transfer and heat transfer area per unit volume (a =
4/dn), which further helps in efficient heat transfer. A comparison of conventional reactors and
microchannels presented in the following table shows the efficiency of the later in terms of

mass transfer coefficient and available interfacial area.
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Table 1.1. Comparison of mass transfer coefficients and interfacial area in microchannels and
conventional reactors [7-11].

Reactor Kia (s?) Interfacial
Area (m?m)

Packed Bed 0.0034 —0.005 | 80-450

Bubble Column Reactor 0.005-0.1 5-120

Agitated liquid-liquid Contactor | 0.048 —0.083 | 32 - 311

Stirred Slurry Reactors 0.02-0.8 25-2000
Two — Impinging Jet Reactor 0.28 1000-3400
Couette—Taylor—Poiseuille flow | 0.03-0.45 700-1200
(CTPF) reactor

Capillary Microreactor (1 mm) 0.88-1.29 830 - 2480
Capillary Microreactor (0.5 mm) | 0.90-1.67 1600-3200
Square Microchannel (0.21 mm) | 1.61- 8.44 6090-13400

Despite the characteristic high interfacial area in the microchannels, they operate in low
Reynolds number regimes (0.1-10), implying the lack of turbulent mixing. Hence the mixing
is mainly dependent on molecular interdiffusion which is an inherently slow process. The
requirement to enhance the mixing efficiency driven the research on microfluidic mixing
schemes [12]. The advantages in terms of mixing efficiency of static mixers over the stirred
tank for continuous flow processes have been studied and reviewed by Bayer et al.[13] and
Thakur et al.[14] in the early 2000s. Micromixers are developed following the same principle
of the static mixers which is to redistribute the fluid in the directions transverse to the main
flow, but for enhancing mixing in channels of 10 to 10 times smaller length scales. During
the last two decades, several review papers [12, 15-19] were published on microfluidic mixing,
and close to a hundred new active and passive micromixers were demonstrated for wide

varieties of applications. The passive micromixers rely solely on pumping energy and
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manipulation of the flow to intertwine the reactants efficiently such as Y-type, T-type, flow
focusing, meander-like or serpentine geometries, flow obstacles within micro channels, multi-
laminating, split and recombine, chaotic, colliding jet, recirculation flow-mixers. The active
micromixers use some form of external energy to achieve mixing. Such examples are periodic
variation of flowrate, electrokinetic time pulsed and instability, dielectrophoretic techniques,
acoustic fluid shaking, ultrasound, electrowetting-based droplet shaking, electrohydrodynamic

force, magneto hydrodynamic flow based techniques, microstirring particles etc. [12, 15].

The excellent heat and mass transfer performance achieved in microreactors allows
reactions to be carried out under more aggressive conditions in comparison to conventional
batch reactors. From the safety point of view, while performing a potentially hazardous reaction
or handling hazardous chemicals, the lesser quantity of accidental chemical release could be
easily contained in case of a reactor failure [3, 5]. In microfluidic reactors, the degree of control
over local conditions is such that it is often possible to select one product over another with

high precision which results in enhanced selectivity [4].

Due to the several aforementioned advantages, microreactors has developed great
appeal among synthetic chemists and from the convergence between the organic chemistry,
and chemical engineering communities gave birth to “Flow Chemistry” community. Roberge
et al. presented how the shift from batch to continuous microreactors can be economically
beneficial by means of CAPEX and OPEX analysis [20]. Recently, Jensen et al. [21] have
reviewed the environmental and green chemistry benefits accrued by implementation of

microreactor based intensified continuous manufacturing devices.

A significant number of important chemical transformations entail varieties of
multiphase systems inherently such as gas—liquid, gas—liquid—liquid, liquid—liquid, or

solid—liquid—gas etc. Efficient phase mixing by means of more intimate surface contact
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between the different phases is necessary for optimum functioning of the microreactor. The
usage of microreactors for multiphase processes offers a lucid superiority over conventional
methods (such as batch reactors, sparged reactors or stirred vessels) ascribed to the monumental
increase in specific interfacial area. Moreover, this also contributes to superior mass as well as
heat transfer achieved in the system. Different geometric distribution of the phases inside the
microchannels based on the channel, flow properties and flow ratio of the phases resulted in a
number of multiphase flow regimes such as bubble, droplet, slug, parallel and annular flow
regimes (See fig. 1.1) [22] [4]. Typical channel diameters (0.88— 1.90 mm 1.D.) featured in

this thesis manifest slug flow regime in particular.

Flow Regimes Schematic

Slug Flow

Droplet Flow Q O O O

Annular Flow

Parallel Flow

Fig. 1.1. Schematic of various flow regimes observed in capillaries

Aside from advancements in intensified single-phase flow chemistry, the sheer appeal
of the small sized lab on a chip diagnostic devices, and perfectly spaced uniform sized droplets/
slugs in microchannels was undoubtedly a driving factor in the development of microfluidics.
The polydispersity of the droplet size defined as the standard deviation of the size distribution
divided by the mean size of the droplet is reported to be as little as 1-3% in high throughputs

(up to 100 KHz). The droplets or fluid segments in a microfluidics system can be seen as an
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isolated reactor, with low consumption of samples and reagents, minimal dispersion and
flexible control [23]. Different hydrodynamic and external force driven droplet manipulation
techniques were developed to control the local flow field and the detachment dynamics of
individual droplets [24, 25]. The control over microchannel flows enhanced the handling of
liquids for the applications-oriented at in materials science as well as biology in addition to

chemistry [26, 27].

Certain properties of microfluidic technologies, such as precise manipulation of fluids
in a microreactor, rapid sample processing could be applied to biological research for
streamlining complex assay protocols, substantial reduction of sample volumes resulting in a
reduction of reagent costs and maximized data obtained from precious samples. In recent years
microfluidics has gradually become an attractive candidate to replace traditional experimental
approaches. Sackman et al. [28] extensively reviewed the use of microfluidic innovations in
conventional biomedical research to assess their impact beyond the engineering community in
the last decade. Though its been roughly two decades since the inception of microfluidics, and
the vast majority of microfluidics research publications still published in engineering journals
(85%), a 50 % increase was observed in the share of published microfluidics research in biology
and medicine journals [28]. Increasing collaboration between the communities of
microfluidics, life sciences, analytics, and bioprocess engineering have seen significant
implementation of microfluidics in enzymatic microreactors, manipulation of blood samples
for biology research (Haematology and Immunology), cell biology, protein crystallization,
applied biocatalysis, bioprocess intensification and integration within microflow systems,
diagnostics and assay applications in p - Total analysis system (uTAS) or Lab on Chip (LoC)

devices [28-31].
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Despite considerable advancement in synthesis techniques in conventional batch
reactors in the past two decades, enhanced control over the nucleation and growth of micro and
nanoparticles still remains an immense challenge in the field of materials science [32] . In
response to this challenge, microfluidics-based flow synthesis enables the particles to form in
a controllable, sustainable, and cost-saving manner with the assistance of selected solvents,
ligands, and surfactants which is appealing to industry [33, 34]. In addition to the general
benefits of microreactors discussed previously, multiphase flow (droplet or segmented flow)
in microreactors provides some unique aspects in particle synthesis. The dispersed liquid
compartments (slugs/droplets) are isolated by the continuous phase; they can act as symmetric
and individual reactors of size comparable to the reactor length-scale. This feature of droplet
microfluidics helps in significantly reducing the unwanted effect of axial dispersion and
providing narrow residence time distribution resulting in increased the mono-dispersity of the
micro/nano particles [35] . The basic aspects for controlled nucleation and homogeneous
particle growth under microflow conditions are mainly compartmentation of a liquid,
decoupling between reaction solution and channel wall, and enhanced radial mass and heat
transfer by flow-induced internal convection [36]. Based in different systems and flow
manipulation, particles can be synthesized in one of three locations - inside dispersed phase
droplets/slugs, in continuous-phase or at the interface between the phases [35]. Recent progress
in flow synthesis of varieties of organic, inorganic micro/ nano particles was comprehensively
reviewed by several authors with specific properties and their practical applications [32-34,

37].

In the early stages of microreactors, glass, ceramic or stainless steel were usually used
as the material of construction, but they suffered from high production cost and incapable of
fabricating complex geometries with flexibility. With time, inexpensive tube reactors based on

perfluorinated polymers like PTFE, PFA etc. became more popular with the flow chemistry
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community [38]. With the evolution of the field, the different technologies were invented to
fabricate complex microreactor geometries. Various microreactor designs were fabricated
using soft lithography as introduced by Whitesides in 1998 [39]. The lithographic methods
required complex steps and skilful hands and based on photoresists and polydimethylsiloxane
(PDMS) [40]. Moreover, the lithographic methods are usually performed in a clean-room
environment, which needs a lot of capital and maintenance costs [41]. A wide range of
techniques for fabricating submillimeter size channels aside from soft lithography has been
developed for various reasons, including decreased cost, faster turnaround time as well as
increased functionality. These developments have allowed microfluidic devices to be
fabricated using cheaper and robust materials of construction and geometries, enabling new
and advantageous physical behaviours and qualities in microfluidic devices. Gale et al. [42]
and Ko et al. [40] have reviewed the recent developments in key microreactor fabrication
techniques like hot embossing, molding approaches, polymer laminates and 3D printing.
Finally, the chemical compatibility of the material of construction (MOC) with the substrate
and reproducibility of the fabrication techniques are the two most important aspects of

microreactor fabrication.

1.1.2 Solids in microreactors

Although these features are exciting and every year the number of new examples of
flow syntheses are increasing exponentially, the micro and mini fluidic reactors are notably not
well suited to handle the processes where the product or byproduct or an intermediate is solid.
Primary reasons for considering flow of suspension in small channels are: small channel sizes,
large area per unit volume available for deposition of solids and the laminar flow of liquid that
may not impose sufficient convective force on (lighter or heavier) particles, are among the most
important reasons that limit handling of suspension in small channels. Such a situation usually

results in partial or complete clogging of channels by the particles generated during reactions
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or due to varying solubility of the reaction mixture from the inlet of the reactor to its outlet.
Regions close to back pressure regulators, and sharp turnings in microchannels are heavily
susceptible to solid build-up and clogging [43]. In the field of organic synthesis, an abundance
of pharmaceutically and industrially relevant chemical reactions entail inorganic crystalline
salt formation in stoichiometric amounts [44]. A few such examples include Pd-catalyzed
amination, Grignard reactions, Heck reactions, acylations, arylations, and alkylations using
acyl, aryl, and alkyl halides, aromatic nitrations, catalytic hydrogenation, diazotization,
benzoylation, Nef oxidation, polymerization reactions etc. [45, 46]. In addition to these,
clogging issues are also encountered in continuous precipitation and crystallization processes
which is a core technology for purification, separation, and control of APIs and other specialty
chemicals while performed in microreactors [47, 48]. Many of these processes involve more
than one phase, and in several cases the reactions are instantaneous, and they generate solids
at the interface. The need to avoid solids is perhaps the most significant weakness of
microreactor technology and a big obstacle in its widespread adoption. Roberge et al. [20]
studied 86 different reactions at Lonza, a leading chemical manufacturing company in 2005
and concluded that 50% of them would be economically advantageous if performed in a
continuous manner in microreactors instead of conventional batch process. However, it was
also found that 63% of the reactions which were considered to be advantageous in flow
incorporates solids in some form. The inability of microreactors to handle solids left only
18.7% (See Fig. 1.2) of the total considered reactions in the study to be practically performed
in flow chemistry. In the early stages of the field, this study demonstrated the need for the
importance of research to develop solid handling techniques to utilize the full potential of

microreactor technology in a quantitative manner.
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Reactions
Without
Solids, 18.7%

Not beneficial in

flow, 50 %

Reactions with
Solids, 31.3 %

Fig. 1.2. Outline of 86 different reactions surveyed in 2005 in the view of flow chemistry and
occurrence of solids [2, 45, 49].

In the decade next to that study several efforts were made to understand clogging which
is an incredibly complex, random, and dynamic phenomenon but there are still many gaps in
the understanding of clogging in small channels [45, 50-52]. The fundamental understanding
of complex particle interactions in the channels has helped in the development of clogging
mitigation techniques which are discussed in detail later in the chapter (section 1.3). Majority
reviews on microfluidic reaction technology till date state that microreactors are not favoured
for solid processing and this perception is generally accepted in the community. Despite the
number of efforts to handle solids in flow chemistry and the advancements in micro and

nanoparticle formation in flow has exhibited that perception not to be entirely accurate [4].

1.2. Clogging Dynamics

The clogging process is extremely complicated and probably random due to various
complex inter-dependent phenomena involved in it, and it is dynamic in nature. A few excellent

reports on clogging of small channels acknowledge the complexity involved in this phenomena
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[50, 51, 53]. In addition to clogging, generation of solids also adds a new phase to the reaction
mixture resulting in a change of flow regimes spatially. Due to the complexity involving
relative rates of various parallel and sequential phenomena and stochastic nature of the
clogging process no unified mechanism can predict the clogging time. Constriction, bridging
and the random detachment of deposits are the three main hydrodynamic mechanisms were
reported to cause clogging in single-phase laminar flow in microchannels [54]. Wyss et al.
(2006) have reported that the average number of particles that can pass through a pore before
it clogs plays a decisive role independent of both flow rate and particle volume fraction. It is a
well accepted norm that the mechanism of clogging involves the random occurrence of local
particle aggregation leading to large agglomerates, which are large enough to result in physical
blocking of channels [55]. Arch formation within a capillary/microchannel, where the particles
also have a noticeable adhesive effect on the channel wall [50] is also observed. For very large
Pe, shear plays a role in bringing particles close to each rather faster than Brownian motion,
which enhances the aggregation rate and hence results in clogging of microfluidic devices.
Formation of agglomerates or clusters close to the channel wall plays an important role in
initializing clogging [56]. It has been observed that once a particle adheres to the wall, it sticks
to the wall surface and allows other moving particles get attached. The rate of particle adhesion
is found to increase with higher Reynolds number of the system due to the increased frequency
of particle/ wall collisions. In contrasting observation, the cluster growth rate is found be faster
in lower Re and less dense dendritic structures were formed [57]. Sauret et al. [58, 59]
developed a stochastic modelling approach following poisson distribution for clogging time in
a membrane like device made of parallel and identical microchannels. In another modelling
study, the aggregation dynamics, wall deposition and clogging of rigid microparticles at
varying Reynolds number in a straight microchannel by means of Discrete Element Method

(DEM) and CFD-DEM coupling approach [60]. While the literature helps to know the possible
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mechanisms for clogging in a channel, it does not help in developing a quantitative analysis of
when to expect clogging in small channels and the associated time scales for different flow

regimes.

In addition to the aforementioned reports, majority of experimental studies so far have
focused on clogging in single phase flow in micro-structured porous media in membranes or
microchips [19, 51, 57, 59, 61-65], while clogging in tubular microfluidics for a multiphase
system, which is more relevant to practising chemical synthesis in a scalable manner, has not
been studied substantially. We lack even fundamental investigations on the interaction and
transport of solids forming at the liquid-liquid interface, which makes the clogging process in
multiphase flow to be considerably contrasting from single phase solid forming systems. The
complexity of the particle response to fluid streamlines, forces acting on particles and clusters,
and interactions between particles does not allow identification of a single approach to avoid

clogging in small channels [59].

1.3. Anticlogging methods

The applicability of certain microfluidic devices (viz. lab-on-a-chip kind of diagnostic
systems, flow synthesis of particles, etc.) depends on their capability to maintain flow without
clogging: hence it is necessary to evolve methods to prevent clogging. One of the significant
bottlenecks of microreactor usage in the chemical industry sector is shortening the reactor
lifetime due to clogging and resulting in further breakage of the reactor [4]. Different
innovative strategies were developed and reported in the literature in the last decade to manage
solids in small channels which can be largely classified into four types — chemical, alternative,
passive and active flow manipulation strategies. The chemical strategies change the process
chemistry to remove the solid formation issue [44, 46] while the alternative strategies use

miniature CSTRs of comparable length scale instead of microreactors. The active and passive
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strategies manipulate the flow of different phases with and without an external energy sources

[45, 54].

1.3.1. Chemical Strategies

The chemical approach was taken by a few researchers where the homogeneity of the reactive
flow system was maintained by preventing solids to form by various methods. Such as
changing the chemical synthesis route, performing reactions at lower concentrations or at
higher temperatures. Choosing a different solvent to perform reactions or periodic addition of
a suitable solvent at the desired reactor zone to dissolve formed solids are also reported to
address the clogging problem [46, 66]. Though these solutions are successfully demonstrated
to minimize or eliminate solid formation in microreactors, they are typically uneconomical and
geared towards a specific synthesis problem and cannot be considered to be a generalized

solution across different hydrodynamics and chemistries.

1.3.2. Passive Strategies

Some researchers used a monodispersed droplet flow process to isolate the solid
particles from the walls of the microchannel [67, 68]. Perry et al. had identified pH adjustment
to effectively diminish the clogging by regulating the electrostatic forces of repulsion between
particle-particle interactions [69]. Gera et al. [44] used crystal engineering to add seed crystals
of the inorganic salt byproduct to induce controlled heterogeneous growth instead of
uncontrolled nucleation. Their modelling approach helped to extend the operating time without
fouling of the reactor by means of balanced reaction rate and deposition of the salt onto seed
crystals in a compact manner instead of fractal-like agglomerates. However, such methods will
not be applicable for non-crystalline materials like polymers or multiple crystalline solids are

produced simultaneously.

1.3.3. Active Strategies
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Most of the active techniques in literature supply auxiliary acoustic energy in the form
of ultrasound to prohibit bridging and accumulation [45, 49, 70, 71]. Ultrasound approach was
studied extensively due to the fact that acoustic radiation force is typically higher than the
interactions among the fluids, particles, and the capillary wall surface. Acoustic irradiation in
the ultrasonic range can be transmitted to the system by different techniques. Freitas et al. had
reported a novel ultrasonic flow cell made of a glass capillary surrounded by a steel jacket
filled with pressurised water [72]. An ultrasonic horn attached to the jacket was used for
transmitting the waves to the system. Usage of an ultrasonic bath had also been shown to inhibit
the adhesion and sedimentation of precipitate in the reactor tube [53, 73, 74]. An integrated
piezoelectric actuator in the PTFE/ silicon microreactor has been used to directly transmit the
acoustic waveform to the reactor, resulting in less particle agglomeration and deposition at the
walls [75-77]. This method also provides precise control of the operating frequency compared
to ultrasonic baths. In addition to immersion in an ultrasound bath, Horie et al. [78]
had introduced inert N2 gas in a single liquid phase reactive system to enhance the transport of
solids. A recent work by Delacour et al. [79] have used a less invasive pulsed ultrasound
technique and observed that reducing the effective ultrasound treatment time to 12.5% of
residence time in the reactor is adequate to eliminate clogging issues. Ultrasound/piezoelectric
actuator (acoustic) based methods were not found to be suitable in practice for scaled-up
systems in industrial operations due to various reasons. The main issue in scaling up such
systems is the energy implications of using ultrasound compared to traditional methods.
Ultrasound waves create cavitation in liquid systems, and the collapse of cavitation bubbles
results in very high local temperatures and pressures [80, 81]. Using ultrasound can affect the
inherent system, changing the yield and kinetics of the process, or entirely change the process
pathways [44, 82]. Nucleation and growth rates are also affected by the use of ultrasonic

irradiation [81]. However, such approaches have limited applicability since the rapid decrease
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in the intensity of ultrasound with increasing distance from the sonotrode is the primary reason
for its unsuitability in larger systems. Apart from this, issues like noise, mechanical constraints,
contamination of products by cavitational erosion in the reactor, are areas of concern, as is
economic viability because ultrasound based systems consume an enormous amount of energy
per unit volume [49, 72, 82]. Magnetic systems had also been reported in the literature to reduce
clogging in microchannels. A few microreactor prototypes coupled with magnetic field
leverage the advantage of external regulation of solids in the system. External magnetic fields
had been used for enhancing the transport of ferromagnetic catalyst particles [83] and magnetic
nanocomposites [84] in a microreactor system. Koos et al. [85] had used dual solenoid system
analogous to magnetic stirrers for batch systems to agitate solids in suspension which prevents
fouling with the help of magnetic stirrer bars. Complications in generation and control of the
magnetic field, the necessity of magnetic particles or magnetic stirrer bars in the system,
inability to deal with reactive and highly exothermic systems, and severe energy consumption

are the bottlenecks in scaling up such a process for industrial operations.

1.3.4. Alternate Strategies

Some researchers have moved towards CSTRs from typical microreactor approach as
an alternate proof of concept route to handle solids in the flow. Agitated cell reactor with
transverse mixing motion and magnetically stirred miniature CSTR cascade reactor are two

such examples reported in the literature [43, 86].

While process specific approaches exist for reduction and preventing clogging, they
usually require additional processing equipment and a higher degree of engineering, increasing
complexity of the system. Despite significant developments in scale up/ numbering up studies

of microreactors, processes involving solids are not explored at this stage. It can be concluded
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that while strides have been made in solving the clogging issues in small channels, there is a

necessity for further investigation in this area and scope for further improvement.

1.4. Precipitation in microreactors

1.4.1. Microparticles

Microparticles are particles sized between 0.1 and 100 um. Use of micro-particles is
widely reported as a promising way for the improvement of drug bioavailability. Reduction in
the particle size enhances its rate of dissolution or reaction, through the enlarged surface area
per unit volume [87]. Mainly, size reduction of active pharmaceutical ingredients (APIs) is
practiced to increase the bioavailability[88]. Micronization of APIs with desired properties is
considered to be an emerging field in the pharmaceutical industry. Beyond these aspects,
synthesis of micro particles has made a mark in particle technology owing to some of their
unusual properties laying between the bulk material and molecules such as electronic, magnetic
and optical properties [89-93]. Microparticles are becoming gradually popular in emerging
fields like biosensors, medicines, electronics and alternative energy [94] [33, 95]. In such
fields, size, shape, and surface chemistry of the particles are meticulously utilized to optimize
their efficacy in terms of dispersity, stability, reactivity, electronic, magnetic, optical behaviour

[33].

1.4.2. Micronization

Several techniques for size reduction of different compounds are reported in the
literature. However, their applicability is found to be limited due to of poor control over mean
particle size, PSD, morphology, and scalability [96]. Traditionally, most chemicals are
micronized by different top-down milling processes, which are highly energy intensive and

often induce a degree of amorphousness, polydispersity and impurity, affecting product quality
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and stability [88, 97]. Moreover, grinding is not suitable for temperature sensitive materials
and contamination by the grinding media can never be entirely eliminated. For the case of toxic
materials, it results in the production of toxic dust which might result in health hazards. The
desired particle size and uniform shape by the grinding route become hard to achieve. Besides,
grinding is a relatively expensive and time-consuming procedure. In recent years, because of
these foregoing disadvantages of top-down approaches like grinding, a few bottom-up
approaches are widely used for the production of micro and nano particles. Different bottom
up approaches used for micronization include; evaporative precipitation [98, 99], liquid
antisolvent precipitation [100-102], spray drying [103-105], cooling crystallization [106],
supercritical precipitation [107-109] and high-pressure homogenization [110-113]. Such
methods provide improved control over particle size, morphology and crystallinity in
comparison to the top-down methods. Among these methods, the antisolvent precipitation
process is widely popular and provides a more convenient procedure and involves atmospheric
pressure and no requirement of expensive and sophisticated instrumentation [114]. Scalability
of antisolvent precipitation (ASP) is also easily achieved proving a similar mixing intensity to
the system. In this process, precipitation of solute is accomplished by adding a non-solvent for
solute called as antisolvent [115]. The antisolvent precipitates the solute molecules by replacing
the dissolved solute molecule in the solvent with itself thereby reducing the dissolving power
of the solvent for the solute. In addition to these, making a continuous ASP system results in
consistent product quality including the particle size and the morphology. Moreover, the
method is applicable to a wide range of materials such as active pharmaceutical ingredients
(APIs), polymers and proteins, various types of inorganic and organic particles such as

magnetic materials, hollow capsules, metal-organic materials [88, 89, 116-119].

ASP is extensively used for the production of small-sized API particles such as

ibuprofen, glyburide, artemisinin, [120] silibinin, [121] pB-carotene, [122] griseofulvin, [123]
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and curcumin [124]. Though, significant efforts have been taken into the direction towards the
lab scale synthesis of API microparticles in recent years, high throughput synthesis for

industrial applications are still in development [125].

1.4.3. Continuous Antisolvent precipitation and relevance to clogging

As ASP is a solvent exchange method, mixing of solvents plays a vital role to produce
smaller size particles [126]. The solvent exchange is a diffusion limited phenomenon [127],
where fast and efficient mixing can result in small size monodisperse particles [114, 128]. Slow
and inefficient mixing results in locally non-uniform nucleation and growth rates leading to
poly-dispersed particles. Typically, ASP has been carried out in a classical batch reactor. This
batch synthesis is limited to low production rate, poor reproducibility and wider particles size
distribution owing to poor mixing and dead time. In the classical batch method, processing
large volume and controlled the addition of reagent to achieve homogeneous mixing becomes
very difficult. Large size continuous stirred tank reactor or homogenizers have been used for
high throughput production of microparticles, but the mixing timescales are not smaller than
the precipitation time scales. Moreover, achieving spatial homogeneity in large reactors is
challenging [129]. When organic and aqueous phases enter into a microchannel, the large
interfacial area as well as very small diffusion path length help to enhance the interfacial mass
transfer [130-132]. Use of an organic phase having some solubility in the aqueous phase helps
rapid precipitation of the solute dissolved in the aqueous phase. As discussed in the early
sections of this chapter, apart from several organic synthesis, precipitation using an antisolvent
is one of the most important examples of solids forming in a microchannel [100, 133-135].
Although these examples provide important insights into interfacial precipitation the effect of
the flow regimes on the possibility of their agglomeration and subsequent blockage dynamics

in a capillary have not been investigated. Along with understanding and mitigation of clogging,
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the thesis is also focused on production and clogging free scaleup aspects of microparticles via

the antisolvent route.

1.5. Research Objectives

The current thesis focuses on the following major aspects:

Understand the clogging dynamics in multiphase flow in straight microchannels

Identification of suitable anticlogging methods and their quantitative comparison

Optimization of antisolvent precipitation for size controlled microparticles

Development of clogging free scaled up continuous precipitation methods

1.6. Organization of the Thesis

The thesis entitled “Understanding flow of solids in continuous flow reactors” is
organized into seven chapters.

A basic introduction to microreactors and their various applications have been given in
Chapter 1. This chapter also clearly states the occurrence of solids in different forms in
continuous flow microreactors and the necessity to handle them. Different methods which are
reported in the literature for solid handling in microchannels and their pros and cons have been
discussed subsequently. The importance of microparticles and the development of clogging
free continuous micronization methods (ASP) were also discussed.

Chapter 2 provides an insight into the microchannel clogging mechanism in liquid
liquid multiphase flow which has been hardly explored in the literature. The clogging time for
different flow rates, regimes and capillary diameters were explored in a quantitative framework
for a specific case of interfacial precipitation. The influence the associated dynamics viz.
coalescence of dispersed phase during the flow and the nature of interface on clogging time

was also studied.
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In Chapter 3 four different flow manipulation methods that can help reduce clogging
by means of efficient particle transport have been experimentally investigated, and their
relative performance has been analysed. The performance of these four particle handling
methods was evaluated in a quantitative manner to understand the efficacy of the implemented
strategies and to identify the timescales for clogging. Some of the strategies were demonstrated
for performing chemical reaction involving solids in continuous flow.

Chapter 4 illustrates batch to continuous flow precipitation protocol for antisolvent
precipitation of Ammonium Perchlorate (AP). Antisolvent selection and further optimization
in batch and continuous framework were performed by studying the effect of process
parameters.

In Chapter 5, presents a novel design of the confined liquid impinging jet reactor, for
handling solids in continuous flow. Mixing performance and jet impingement dynamics in the
proposed impinging jet reactor were investigated using CFD followed by the observations on
particle size and PSD of the AP particles obtained from the impinging jet reactor. Particle size
and PSD obtained in various experimental strategies were compared before summarizing the
major findings from the study.

In Chapter 6, a systematic study was performed for optimization of the batch
precipitation conditions of metformin hydrochloride (MHC) microparticles and the batch
process was translated to high throughput continuous process by means of inverted jet reactor.
Ultrasound was used to provide superior micromixing in precipitaion process, diminishing

induction times for nucleation and providing uniform supersaturation ratio.

Finally, Chapter 7 is a brief conclusion of this thesis, summarizing overall outcomes
and potential future scopes of the research area. A list of publications made out during the

research is also attached in the thesis.
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2. Understanding clogging dynamics in multiphase flow?!

A version of this chapter has been published

Pal, S., Kulkarni, A.A., 2016. Interfacial precipitation and clogging in straight capillaries.
Chemical Engineering Science 153, 344-353.

In the previous chapter, a comprehensive review of clogging of microreactors in solid
forming processes and studies to handle them were presented. This chapter deals with the
understanding of clogging in multiphase system with specific focus on clogging time in different
flow regimes and channel diameters. The study reported in this chapter uses an antisolvent
precipitation method to generate solids in microchannels. A thorough work was carried out to
understand the clogging phenomena arising from interfacial precipitation a multiphase flow
system. Clogging of the capillaries was studied for a range of conditions that result in different
flow regimes. The particle formation and clogging were explored using the visually tracking a
moving slug in real time. Effect of different parameters such as flow regimes, channel diameters,

flow rates were studied in detail.

2.1 Introduction

Different engineering and chemistry oriented benefits of using microreactors have driven
exciting innovations, and the number of new examples of flow syntheses is increasing
exponentially every year. Despite this, the microfluidic approach poses severe challenges for the
reactions where the product or byproduct or an intermediate is solid. In the previous chapter, the
inability of typical microreactors to handle processes involving solids in different capacities were
discussed. In addition to that, the sheer importance of handling such processes in microreactors to

fulfil the true potential of the flow chemistry was also discussed in detail. Apart from popular
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examples in organic synthesis, many important processes such reactive and antisolvent
precipitation involve more than one phase, and in several cases the reactions are instantaneous,
and they generate solids at the interface. A study conducted by Roberge et al.[1] in the last decade

illustrated the understand and handle the flow of solids in microchannels.

The clogging process is extremely complicated and stochastic as it entails various complex
inter-dependent phenomena. A few excellent reports on clogging of small channels acknowledge
the complexity involved in this phenomena [2-4]. In addition to clogging, generation of solids also
adds a new phase to the reaction mixture resulting in a change of flow regimes spatially. The three
main hydrodynamic mechanisms causing clogging single-phase laminar flow were constriction,
bridging and the random detachment of deposits [5]. In the previous chapter, further details on the
formation of agglomerates or clusters were discussed. The rate of particle adhesion to the channel
wall and growth was found to be dependent on Reynolds Number of the system. In addition to
several experimental studies to understand clogging in microchannels, a few modelling studies
involving stochastic and CFD-DEM modelling were also performed [6, 7]. While the literature
discussed in the previous chapter helps to know possible mechanisms for clogging in
microchannel, the majority are performed in micro-structured porous media and focused on single
phase flow. Moreover, these studies do not help in developing a quantitative analysis of when to
expect clogging in microchannels and the associated time scales for different flow regimes of
multiphase flow. We lack even fundamental investigations on the interaction and transport of
solids forming at the liquid-liquid interface, which makes the clogging process in multiphase flow
to be considerably contrasting from single phase solid forming systems. In order to explore these
features in a quantitative framework, the present work aims at exploring the clogging time for

different flow regimes for a specific case of interfacial precipitation.
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In the present work, solid particles were generated in the microchannels by means of
antisolvent precipitation [8-11]. Use of an organic phase having solubility in the aqueous phase
helps rapid precipitation of the solute (typically a water-soluble salt dissolved in the aqueous

phase).

This chapter provides an insight into the microchannel clogging mechanism in liquid-liquid
multiphase flow which has been hardly explored in the literature. The effect of flow rates of the
fluids and capillary diameters on clogging time during interfacial precipitation was explored. This
chapter also aimed at determining the influence of (i) various flow regimes and (ii) the associated
dynamics viz. coalescence of slugs during the flow and the nature of interface on clogging time.
In view of this, the present chapter is organized as follows: after Introduction, we have given the
details of the experiments and the experimental set-up. Subsequently, effects of various parameters
viz. flow regimes, shell formation interfacial area, coalescence and capillary number on clogging
time is presented. A model is presented that helps to estimate the extent of mass transfer of anti-
solvent into the solvent and predicts the solute equilibration time to, which can be correlated with
the experimentally measured clogging time. The predictions of equilibrium time obtained from
simulations were compared with the clogging time. Finally, we conclude by giving quantitative
information that will help to select the right set of conditions that can help avoid clogging in such

systems.

2.2. Experimental Section

The experiments aimed at observation of clogging and measurement of clogging time in

straight glass capillaries. Saturated salt (NaCl) solution of water and acetone were pumped in the
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capillary. Acetone acts as an antisolvent, and it resulted in salting out of NaCl particles along the
capillary length. The process of precipitation goes through nucleation and growth stages. Beyond
a certain particle size depending upon the flow rates, once the gravitational force/settling velocity
becomes higher than the convective flow, the particles can settle in the capillary. Straight glass
capillaries with a specific inlet arrangement (see Fig. 2.1) were used for these experiments. Among
the three inlets, two were connected to syringe pumps (HO-SPLF 1, Holmarc Opto-Mechatronics)
and the third inlet was connected to a digital manometer (HTC PM-6205, range 0.01-34 kPa) to
monitor the transient pressure buildup as the capillary undergoes clogging. The saturated salt
solution was introduced from the first inlet, and the antisolvent was introduced through the second
inlet, which forms the continuous and dispersed phase, respectively. Fig. 2.1 shows the
arrangement of the inlet section for both the phases, where the dispersed phase slugs/drops are
sheared off by the cross-flowing continuous phase. Both, acetone and saturated salt solution were
introduced in the capillary at equal flow rates (0.2 ml/min to 5 ml/min). With the above range of
flow rates, it was possible to change the residence time in the capillary by 25 times. Capillaries of
four different diameters ranging from 0.88 to 3.62 mm were used for these experiments and were
positioned in a perfectly horizontal manner. The time when the fluids start flowing in to the channel
to the time when the pressure build-up reached the tolerance criteria (30kPa), is considered as
clogging time. A digital microscope with a high speed camera (Zeiss - Stereo Discovery v2.0) was
used to get the images of precipitating interface and the nature of salt agglomeration. A high
resolution camera (Sony SLT-A37K) was used for monitoring the liquid-liquid flow regimes and
the time scales of precipitation resulting in clogging inside the capillaries. In order to monitor the
interfacial precipitation happening over a specific slug as it moves in the capillary a double rail

traversing system was used for mounting a camera (Sony) and it was moved along the length of
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the capillary to track the slug continuously till it leaves the capillary. This arrangement helped to
monitor the interfacial precipitation in real time along the capillary length. A backlight with a

suitable antiglare diffuser was used for facilitating imaging.

Saturated
salt solution Acetone

Fig.2.1. Schematic representation of the experimental setup for clogging visualization. (1) Syringe
Pumps: Pump 1 for continuous phase (Sat. NaCl Solution), Pump 2 for Syringe Pump for dispersed
phase (Acetone), (2) Manometer, (3) Glass capillary, (4) Digital microscope with high speed
camera, (5) High resolution DSLR camera, (6) Back light source and diffuser and (7) Traversing

system for lateral movement of the camera

All the images were analyzed using ImageJ (v1.47) and Virtual Dub (v1.10.4) software.
The data was used to obtain the information on flow regimes, slug lengths, size of the precipitated
crystals and the crystal shells. Experiments were performed several times, and the data was

averaged over many slugs. Specific interfacial area of the slugs were calculated by image analysis
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of the captured images. Slugs were assumed to be made of two hemispherical caps and a middle

cylindrical section.

2.3. Results and Discussions
2.3.1. Flow regimes and clogging time
2.3.1.1. Flow Regimes

Extensive experiments were carried out to understand clogging inside the small straight
capillaries in terms of clogging time (Gciog). In the aqueous solution saturated with common salt,
addition of acetone initially creates two immiscible phases. As explained in the previous chapter,
different flow regimes were observed when the two solutions enter into the capillary depending
upon the flow rates and the capillary diameter. The images of flow regimes captured at the inlet
section (at 15 cm from the inlet of the 1 m long capillary) are shown in Fig. 2.2 and the flow regime
map of the present system is shown in Fig. 2.3.

The experimental observations corresponding to the two-phase system undergoing
spatiotemporal salting out effect in different capillary sizes are discussed subsequently. It was
observed that the 0.88mm diameter capillary produced small droplets behind the slugs, which
coalesce downstream at Qw = Qac = 0.2 mL/min. For the flow rates 1.0 < Qt < 2.0 mL/min, an
unsteady parallel flow developed at the inlet contacting point and transitioned to slug flow
downstream into the capillary channel. The regime transition point was observed to oscillate to
some extent along the length of the capillary at fixed flow rates. At Qt = 2.8 mL/min, slugs of non-
uniform lengths were observed, while at higher flow rates viz. 4-10 mL/min, mostly annular flow

was observed (See Fig. 2.3). In this kind of small diameter capillary, the effect of gravity was not
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significant as film thickness at top and bottom of the continuous phase slugs was observed to be

similar.

For the 1.43mm diameter capillary, stable and uniform slug flow was observed at 0.4
mL/min without any slug deformation, beyond which the slug detachment dynamics and the mass
transfer near the inlet Y-joint together induced deformation in the slugs. This resulted in the
generation of non-uniform size slugs. At higher flow rates, enhancement in mixing and interfacial
mass transfer induced the precipitation rapidly thereby making the solution turbid. At the initial
stage of nucleation, very small particles were seen to follow the flow path inside the water slug,
which eventually grew. At Q=10 ml/min, it resulted in parallel flow with wavy interface resulting

in rapid precipitation of salt giving slurry, which eventually agglomerated and clogged the channel.

In 1.90mm diameter capillary, stable and uniform slug flow was observed at low flow rates
(~ 0.5 mL/min) but due to coalescence slug sizes changed downstream. For Qt = 1.4 to 2.8
mL/min, parallel flow with wavy interface (PFWT) was observed at the orifice for acetone, which
eventually got transitioned into the slug flow over a distance of 0.2 to 0.3 m. This slug flow
remained stable for almost equal distance and then once again for transitioned into PFWT. In such
a situation, the precipitated particles formed solid shells/nemispherical caps at the rear of the
acetone slugs. The length of these caps was smaller than those formed in smaller diameter
capillaries. Interestingly, at Qt = 2.8 mL/min, the shells detached very easily from the interface
and came off into the continuous phase. At higher flow rates beyond 4 ml/min, parallel flow was
observed and salting out was almost instantaneous with several small particles throughout the
capillary. With rapid nucleation and growth of particles and decreasing overall density of the liquid
(due to the dissolution of acetone in water), particles tend to settler rather rapidly thereby resulting

in faster clogging of the channels.
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For the largest capillary under consideration, i.e. 3.62 mm diameter capillary, at all the
flow rates under consideration, stable parallel flow was observed with a relatively smoother
interface (PFST). A layer of precipitated NaCl was found to be formed at the interface while some
of the particles were sedimented at the bottom capillary surface. Since the capillary was larger in
size, clogging was not observed for a sufficiently longer span.

To summarize, slug flow is observed in smaller capillary diameters for a total flow rate of
2.8 ml/min. The relative variation between the interfacial tension, gravity and convection led to
different regimes. These flow regimes would vary eventually along the capillary length of the
capillary as the inward mass transfer of acetone would increase the length of continuous aqueous
phase while the salting out will decrease the viscosity of the aqueous phase. These effects will
change the interface tension from the inlet to outlet thereby showing different flow regimes. These
observations vary for individual capillary diameter and the flow rate ranges. It is desirable to
compare them in terms of dimensionless numbers (viz. Bond number Bo = [gL?4p]/o , which
signifies the ratio of gravitational force to surface tension force) that will facilitate to draw some
design and operational guidelines [12]. L is the characteristic length, which is the capillary
diameter d in the present system. For a fixed density difference and interfacial tension, the value
of numerator will increase in proportion to d?, which implies that with an increase in the capillary
diameter gravitational force becomes stronger and leads to layer separation, i.e. parallel flow. For
example, Fig. 2.4 shows that for the 0.88 mm diameter capillary, gravitational force is relatively
negligible (5% of surface tension force) when compared with the 3.62 mm capillary, where it is
quite comparable with surface tension force (85%). Thus, two-phase flow in smaller diameter
capillaries will preferably result into slug flow and larger capillaries would always result in parallel

flow.
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Fig. 2.2: Flow regimes at a distance of 15cm from the inlet of the capillary.
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2.3.1.2. Solid formation in different flow regimes

At lower flow rates (0.4 - 0.6 ml/min of each phase) rectangular crystals of sizes
between 40-280 um are formed at the tail of the acetone slugs (see Fig 2.7a). It was observed
that during the course of interfacial precipitation in the slug flow regime, the salt crystals are
accumulated at the rear end of the slug and the local hydrodynamics induce them to form
hemispherical shells, which grow towards the front as the slugs approach towards the outlet.
Understanding the hydrodynamics of liquid-liquid slug flow is important in understanding the
particle precipitation and clogging phenomena. Internal circulation in the dispersed phase slugs
plays a deciding role in solid particle deposition and aggregation. Presence of multiple co-
rotating asymmetric vortices located at the front and rear of the plug is reported in the literature
[13]. The spatial disparities in Laplace pressure between the front and rear end of the
hemispherical caps and the centre of the slug play a significant role in plug deformation, the
spatial variation of film thickness, establishing the flow patterns within the plug.

Fig. 2.5a demonstrates the bulging of the acetone slugs near the hemispherical caps
reduce the film thickness of the wetting phase i.e. saturated aqueous NaCl solution. A small
decrease in the film thickness causes a local increase in the tangential shear force resulting in
circulating flow in the cap regions that confirms the observations from the literature (Fig. 2.5b)
resulting from the asymmetric Laplace vortices. Due to reverse alignment of the internal
vortices and high shear rate near the film the precipitated particles of sodium chloride travels
to the stagnation zone at the back, starts aggregating and forms a shell subsequently. As the
slug moves through the capillary a comparatively thin and small shell starts forming at the front
of the slugs due to the front cap vortices. However, in most cases, the residence time of the
slugs inside the capillary is less than the time required to form a front shell. As the slugs
advance along the capillary, the film thickness reduces resulting in higher shear in the film,

which subsequently releases the solid shells formed at the back of the slugs.

Sayan Pal 47



CSIR-National Chemical Laboratory, Pune (India) 2019

Bulging near cap

Fig. 2.5. (a) Bulging of the acetone slugs near the front and rear caps (1.43mm capillary
diameter and 0.5ml/min flow rate of water and acetone); (b) Schematic of Laplace vortices

which develop in a plug as it moves through the channel [14]. Flow is from left to right.

Fig. 2.6 shows that as the slugs move along the capillary, the shells expand to the front
side of the slugs and eventually gets detached from it. Usually, lower superficial velocity (in
higher diameter capillaries) results in thinner films, which imply poor internal circulation and
hence poor interfacial mass transfer. This results in slow salting out, and hence no visible shell
formation is evident. Moreover, the fragility of shells or their non-cohesiveness increases with

increasing capillary channel diameter.

When the length of these shells was 30 to 40% of the slug length, they detached very
easily from the interface and came off into the continuous phase. Internal circulation in the

dispersed phase pushes all the particles in the rear section of a slug. Since the low-pressure
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Fig. 2.6: (a) Different stages of formation, detachment and re-precipitation of shells at the rear
cap of the slugs for 1.43mm capillary diameter and 0.5ml/min flow rate of continuous and
dispersed phase, (b) Shell formation at the rear of the dispersed phase slugs at 500 mm from
the inlet in 1.9 mm diameter capillary at 0.5 ml/min flow rates of continuous and dispersed

phase. Flow is from left to right.

zones act as cusps [14] [15] and it is difficult for the individual particles to escape from there
and they continue to grow in size and also form a network. Eventually, as the slugs travel, they
grow sufficiently (in the form of a half capsule) and being heavier (pnaci = 2170 kg/m®) than
both the phases, they would try to settle and overcome the interface forces. Thus the relative
dominance of individual forces acting on particles follows a sequence of phenomena viz. (i)
inertial forces when they are tiny (nucleated and visible) make them follow the streamline in
the continuous phase, (ii) pressure forces when they grow and enter in the low-pressure zone
of the continuous phase, (iii) interfacial forces when further grown particles get entrained in

the interface, (iv) adhesion forces between the nucleating and growing particles making them
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form a network of particles while staying at the interface, (v) inertial force that allows these
shells to get detached from the dispersed phase and finally (vi) the gravitational force that
overcomes the interfacial and pressure forces and allows the shell to settle in the capillary. In
the slug flow regime, pressure gradient over the surface of a slug increases with increasing flow
rates [16]. The detached shells further undergo associative growth and form clusters in the
continuous aqueous phase. As more and more acetone gets dissolved in water, the acetone
phase disappears, and the overall density of the liquid phase decreases significantly. These two
effects are happening simultaneously in the capillary result in rapid settling of salt shells.
Though the precipitation inception time varied over a wide range of flow rates and flow
regimes, the aggregation of shells inevitably generates closed packed clusters, which

subsequently result in clogging of the capillary.

At higher flow rates (>4 ml/min) parallel flow was observed, and higher superficial
velocity enhances the shear at the interface between the two phases, which further induces rapid
mass transfer, faster nucleation and growth. With rapid nucleation and growth of particles and
decreasing overall density of the liquid (due to the dissolution of acetone in water), several
small particles tend to settle down rapidly throughout the capillary, thereby resulting in faster
clogging of the channels. Fig. 2.7 shows different solid formation pattern in different flow

regimes.
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Flow Direction

Fig. 2.7: Micrographs of sodium chloride crystals and shells formed in various flow regimes :

(a) Particle formation in slug flow, (b) and (c) Shell formation at rear end of slugs in slug flow,
(d) Particle formation at annular interface, (e) and (f) Sheet formation in along the interface in
parallel flow

2.3.1.3. Clogging Time

In order to find the relationship between the clogging time and the flow regimes at the
inlet section of the capillary, experiments were carried out over a wide range of flow rates and
capillary diameters until the capillary is clogged. Fig. 2.8 shows the variation in 6oy for
different capillary diameters and total flow rate (of pure acetone and saturated aqueous NaCl

solution). The data plotted over the regime map helps to identify the boundaries between the
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three main flow regimes viz. slug flow, parallel flow and annular flow. The analysis showed
that both, 6.0 as well as the rate of reduction in 6. decreased with increasing flow rate. This
implies that higher flow rates lead to faster clogging. Also, the enhancement in the flow rates

results in a nonlinear variation in the reduction in Ggog.

In general, in slug flow and parallel flow regimes, the clogging time showed power law
behaviour with flow rate. The nature of variation was similar for all the capillaries used in this
work, and the slope was independent of flow regime. Typical behaviour followed the below

correlations:

1og(Ocog) = 4.3 - (0.02d-0.83)log(Re) (2.1)

L 22

300 4 |/ //
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N \| Annular flow

Clogging Time (s)
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0.2 2
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Fig. 2.8. Change of clogging time with total flow rate for capillaries of different diameter (The
legends show the capillary diameters). At a fixed flow rate we get different flow regimes in
capillaries of different diameter as the importance of surface tension forces compared to body

forces/gravity forces increases with decreasing capillary diameter
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Here Re is the mixture Re estimated using capillary diameter (d) and total flow rate of
the two phases. At identical flow rate, the smallest diameter capillary had the shortest ciog. In
other words, at a constant flow rate, the smallest diameter capillary would have the highest
velocity and hence the highest shear rate, which would result in extremely rapid mass transfer
between the two phases. For the range of flow rates under consideration, shear rates were

calculated using Equation 2 [17]:

_8u _ 32Qr
Y =97 @

2.2)

For 0.88 mm and 3.62 mm capillaries the shear rate was seen to vary from 99.7 to 2492.4 s
and 1.43 to 35.8 s, respectively. This variation in the shear rate supports smaller 604 for
smaller capillary as well as at the higher flow rates. The effect of flow regimes on clogging

dynamics is discussed separately.

2.3.2. Effect of interfacial area

For the present example of interfacial precipitation, the specific interfacial area for mass
transfer plays a decisive role in determining the clogging time. Interfacial mass transfer of the
antisolvent to the aqueous phase leads to nucleation, growth, crystallization, cluster formation,
phase separation, settling of solid particles, possible adhesion during growth on the channel
surface and eventually clogging of the capillaries. Also due to mass transfer, the effective
interfacial area of the dispersed phase (antisolvent) per unit volume of dispersed phase
continues to increase from inlet to the outlet. Thus, along the capillary length, the concentration
gradient would decrease while the interfacial area increases. This would allow the flux across
the interface to go through a maximum, depending upon the flow regime. A variety of flow
regimes (viz. slug, parallel, annular etc.) observed during the experiments result in a significant
difference in specific interfacial area under various operating conditions. The interfacial area

is measured by post-processing of the images captured at a distance of 15 cm from the inlet

Sayan Pal 53



CSIR-National Chemical Laboratory, Pune (India) 2019

and plotted as a function of total flow rate (Fig. 2.9) At identical total flow rates, capillary with
smaller diameter resulted in higher interfacial area. Among all the observed flow regimes slug
flow is witnessed over a wide range of flow rates. It is known that internal circulation in the
slugs enhances the diffusive mass transport between the two phases and the mass transfer rates
increases with increasing flow rates [18-20]. Thus, higher interfacial area and higher circulation
rates, both help in rapid interfacial mass transfer and precipitation, respectively, which results
in faster salting out effects. However, with increased flow rate the residence time also decreases
and it gives lesser time for mass transfer. These counteracting effects on mass transfer work
simultaneously. Nevertheless, the first effect becomes quite predominant and subsequently
increases the rate of precipitation, which results in faster clogging of the capillary with

increasing flow rate.
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Fig. 2.9. Specific interfacial area in different capillaries and flow rates (in different flow
regimes)

In 0.88 mm, 1.43 mm and 1.90 mm diameter capillaries, an unstable parallel flow formed at

the inlet, which subsequently formed slugs and drops downstream in the channel for flow rates
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beyond 0.5 ml/min. The aforementioned transition/breakage point was observed to move
downstream of the capillary with increasing flow rates. Similar observations are reported in the
literature for cross-flowing shear induced droplet formation in T-junctions [21]. At higher flow
rates (i.e. 3—5 ml/min) annular flow is observed instead of slug flow or parallel flow only for
the case of the smallest diameter capillary (0.88mm). Annular flow regime provides a higher
interfacial area between the two phases ensuring increased precipitation rate and lowers the
clogging time. Moreover, in the annular regime, acetone forms the core, which keeps revolving
or oscillating and also reduced in size from inlet to the outlet (Fig. 2.10). These effects together
result in rapid settling of salt particles precipitated in the annulus and clogs the capillary

relatively faster. For 1.43 mm and 1.9 mm diameter capillaries the flow regime was mostly

slug flow.

(@) (b)

(c) (d)

Fig. 2.10. Reduction in core size with time for the case of annular flow (4 ml/min total flow
rate in 0.88 mm diameter capillary). (a) = (b) = (c) = (d) with increasing time. (a) 0.601

mm, (b) 0.554 mm, (c) 0.539 mm, (d) 0.528 mm

The clogging times for capillary with larger diameter (viz. 3.62 mm) was observed to

be significantly higher than the smaller capillaries. This is due to the regime with the stable
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parallel flow with a smooth interface, which provides a lower specific interfacial area, lower
shear at the interface and lower mass transfer than slug flow, annular flow and even parallel
flow with wavy interface (Fig. 2.11). The motion due to the wavy interface affects the boundary
layer and perturbations forming at the interface significantly increases the mass transfer
compared to a parallel flow with a smooth interface. These phenomena were highly

reproducible in larger capillaries.

R—— — — @)
—— —

(b)

Fig.2.11. (a) Stable parallel flow with smooth interface in 3.62 mm diameter capillary, (b)
Unstable parallel flow with wavy interface in 1.90 mm diameter capillary. For both the cases

the total inlet flow rate is 1.4 mL/min.

2.3.3. Effect of Coalescence of slugs

Coalescence is the process by which two or more dispersed phase bubbles/ slugs or
droplets merge while contacting resulting in formation of a single daughter phase. At the
initiation of the flow of the two phases, the detachment and movement of the slugs were
uninterrupted, and their coalescence was found to be very rare. The inception of interfacial
precipitation actually resulted in momentary interruption of the flow of slugs destabilizing the
flow. The solid formation dynamics at the downstream of a capillary showed interesting
backward effects on upstream. Transient variation in the physical properties of the continuous
phase and enhanced drag of the dispersed phase (due to accumulation of salt at the rear end)
slow down the slug with more accumulated salt in its rear, which gets coalesced upon coming

in contact with the next slug. In addition to this, pressure waves generated during such
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coalescence events happening at the downstream of the capillary disturbs the steady flow of
the upstream slugs and induce a cascade of similar events resulting in the destabilization of the
entire slug assembly. Moreover, the salt particles in consecutive water slugs accumulate into a
single large slug due to coalescence of acetone slugs, which further leads to a densely packed
structure that subsequently clogs the capillary. A schematic representation of this has been
presented in Fig. 2.12. At higher flow rates, coalescence was seen to be an effect of non-
uniform slug lengths. Higher degree of coalescence at higher flow rates causes a reduction in

clogging time.

Direction of flow
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Fig. 2.12. Schematic representing coalescence of slugs favoring clogging. (a) = (b) = (c) 2>

(d) with increasing time

2.3.4. Effect of Capillary Number

The capillary number (Ca~) represents the relative effect of viscous forces vs.
interfacial tension forces acting across an interface between two immiscible liquids. Although
water and acetone are miscible, saturated aqueous solution of sodium chloride and pure acetone

are only partially miscible (without salting out) and form slug flow in a capillary. Higher Ca
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led to faster clogging (Fig. 2.13). The change in the flow regime induced a rapid decrease in
clogging time at higher Ca. Kurup et al. have reported that for liquid-liquid slug flow for 0.0001
< Ca <0.01, medium size slugs deform due to the Laplace pressure difference alongside the
length of the slugs. Higher Ca corresponds to higher velocity in the capillary where the vortices
become smaller in front and wider at the rear of the slug due to the increase in shear forces and
deformation of the slugs [14]. This vigorous motion at the rear end of slug leads to a reduction
in the tendency of formation of the solid shells. In such a situation instead of shell formation,
associative growth followed by cluster formation of precipitated salt particles takes place in
the continuous aqueous phase leading to relatively faster clogging. In view of this, smaller Ca
would help to avoid induction of rapid clogging in the capillaries, which imply lower velocity
or use of smaller capillary length or using continuous fluid of relatively higher viscosity or
lower interfacial tension. While the later two parameters are governed by the system under
consideration, change of velocity (and even capillary diameter) or capillary length are relatively

easy to avoid clogging.
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Fig. 2.13. Effect of continuous phase capillary number (Cac) on clogging time for capillaries

of different diameter. Inset shows capillary diameters. Thin slanted lines correspond to the
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region of parallel flow, thick slanted lines correspond to annular flow and open area

corresponds to the slug flow.
2.3.5. Prediction of Equilibrium Time

The salting out phenomena due to dissolution of acetone in the saturated solution of salt
mainly happens due to mass transfer of acetone. The extent of mass transfer and the rate of
mass transfer govern the rate of precipitation and hence the clogging time. In order to predict
the clogging time in a capillary in such situations here, we have developed a model that can
help to predict the transient precipitation kinetics. The predicted time needed to achieve
complete saturation of the continuous phase with acetone was compared with the
experimentally measured clogging time. The moles of salt that precipitate for given moles of
acetone that dissolve in the initially saturated salt solution in water were precisely calibrated
and used to predict the amount of salt that is precipitated for a corresponding amount of acetone

mass that has got transferred to the aqueous phase.

The model system comprised of a control volume comprising of two dispersed phase
liquid half slugs (acetone) surrounded by the film of the continuous phase and one continuous
phase liquid slug (saturated sodium chloride solution). All simulations were performed
considering constant ratio of flow rates of aqueous sodium chloride solution and acetone over
a flow rate range of 0.2 ml/min to 5 ml/min. Capillaries of diameters (d) ranging from 0.88 mm
to 3.62 mm were used. The slug length has been assumed from a correlation in the literature

[22]. The solution domain used and boundary conditions are represented in Fig. 2.14.
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Fig. 2.14. Control volume for model and boundary conditions

The convection-diffusion equation (see equation 2.3) with appropriate diffusion
coefficient, mass transfer coefficient and superficial velocity for the estimation of the extent of
mass transfer of dispersed phase (acetone) slug into the continuous phase (saturated NaCl

solution).

dc d%c dc
i Dﬁ—u Py —Kla(c—ceq) (2.3)

The initial boundary conditions at t = 0 include the Cacetone as 13.6 kmol/m? in the
acetone slug and zero in continuous aqueous NaCl solution. No flux boundary condition was
used at both the boundaries of dispersed phase half liquid slugs. Mass transfer coefficient for
different flow rates and diameter were obtained using correlation (Equation 3) from the

literature and shown in equation 2.4 [23, 24].

1.19
K= 0.111U} ' (2.4)
(1-e)Lyc)

Equation 2.3 was solved in MATLAB® for the acetone concentration (c) in the
continuous phase, using the above stated initial and the boundary conditions. The results are

shown in Fig. 2.15. The temporal change in the average concentration of acetone in the
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continuous aqueous slug was simulated, and it was found to reach a plateau, which corresponds
to the equilibrium time for mass transfer between the two phases. Equilibrium time for all the
experiments at different flow rates using different capillary diameter were estimated and

compared with the experimentally measured clogging time.
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Fig. 2.15. Transient dimensionless acetone concentration profile along the length of the

continuous phase NacCl solution slug (d = 1.43 mm and Q1 = 0.5 mL/min).

Fig. 2.16 shows the change of the equilibrium time with the total flow rate for
cylindrical capillaries of 0.88mm to 3.62 mm diameter. The trend of equilibrium time achieved
from the model is similar to the trend of experimental clogging time as a function of total flow
rate shown in Fig. 2.8. We can observe that though the equilibrium time follows the same trend
as a function of total volumetric flow rate, the values of equilibrium times are quite smaller
than clogging time. This indicates that although the mass transfer of acetone in agqueous phase
is very fast, crystal formation, their motion and setting to block the capillary takes significantly

longer time as the slugs move along the capillary length.
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Fig. 2.16. Equilibrium time as a function of total flow rate for different capillary diameters.

2.4. Conclusion

Experiments were carried out to study the clogging time in straight capillaries of
different diameters for a model system comprising of saturated salt solution and acetone for a
range of conditions. Change in flow rates and capillary dimensions resulted in variation the
flow regimes, interfacial area, Capillary number, internal circulation and the nature of the
interface. In order to obtain real-time variation in the nature of flow, individual slugs were
tracked in real time, and the nature of interfacial precipitation was used for understanding the
clogging dynamics. In the slug flow regime, the precipitated particles formed solid shells/hemi
spherical caps at the rear of acetone slugs and detached very easily from the interface and
settled on the capillary wall surface. Subsequently, the detached shells undergo associative
growth to form clusters. It has been clearly observed that the formation of stable shells at the
rear of a slug was found to be favourable for delaying clogging in the capillaries.

For the case of parallel flow regime, if the interface is wavy, salting out was almost

instantaneous with several small particles setting down throughout the capillary, which led to
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faster clogging of the channels but for a smooth interface clogging time is comparatively higher
due to slower mass transfer rate. In slug flow and parallel flow regimes, the clogging time
showed power law behaviour with total flowrates. At a fixed flow rate, capillary with smaller
diameter resulted in the higher interfacial area and got clogged faster. The relative rates of
interfacial mass transfer, precipitation and the flow (i.e. residence time) govern the clogging
dynamics. The simulations of the average concentration of acetone in the continuous aqueous
slug showed that a steady state is reached within a few seconds of contact. This implies,
interfacial mass transfer is quite fast and not the most effective factor in clogging, while crystal
formation, growth and agglomeration, which subsequently block the capillary takes
significantly longer time as the slugs travel. These experimental and modelling findings will
be helpful in devising a methodology that will help to select the right set of conditions that can
help avoid clogging in such systems. Though the variation in precipitation kinetics in another
system will change the time scales of clogging, that change will be effective for all the
experiments performed. So, the trends found for clogging time in this work are not bounded by
this kinetic limitation. Building upon the present work, further studies were performed by
comparing the effect of various clogging prevention methods on clogging time in the next

chapter.

2.5. Notations

Ociog  Clogging time (s)

Qr  Total flow rate (ml/min)

Re Reynolds Number (-)

Bo Bond Number (-)

g Gravitational acceleration(cm/s?)

L Characteristic length (cm)
Capillary Diameter (cm)
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Ap

o

k|_a
Ca

Density difference between wetting and non-wetting phases (g/cc)

Surface Tension (Dyne/cm)
Shear rate (s)

Molar concentration (moles/cc)
Diffusivity (cm?/s)

Superficial velocity (cm/s)

Overall mass transfer coefficient (s)

Continuous phase capillary number (-)
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Chapter 3

Development and Quantitative Comparison of Strategies to Delay Clogging
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3. Development and Comparison of Strategies to Delay Clogging 2

2A version of this chapter has been published

Pal, S., Kulkarni, A.A., 2019. Quantitative Comparison of Strategies to Delay Clogging in
Straight Capillaries. Chemical Engineering Science 199, 88-99.

It is challenging to achieve non-stop flow of a liquid-solid suspension through small
channels as it eventually leads to clogging. Understanding of clogging in multiphase
precipitating system with specific focus on clogging time and clogging mechanism was
reported in the previous chapter. In the view of that, four different techniques for
enhancement of solid handling processes in microchannels were reported in this chapter.
These techniques include dosing of the inert gas phase, dosing of the inert and immiscible
liquid phase, and changing the wall wettability and multi-point injection, which, in principle,
individually follow different mechanisms to delay clogging. An antisolvent based method for
precipitation of salt was used to generate solid particles during flow. Clogging time at various
flow rates from all the methods was measured and analysed. In addition to that, this chapter
presents a quantitative comparison of the reported strategies for two different diameters.
Irrespective of the method of delaying clogging, the scaling law of clogging time as a
function of residence time was seen to remain unchanged. These observations were found to
be true for a different precipitating system as well. Among these methods, dosing of an inert,
immiscible liquid has been identified as the most effective and robust method to delay

clogging while enhancing transport of particles in segmented flow.

3.1. Introduction

Despite the range of benefits of microreactors described in the first chapter, they are
not recommended to be used for process involving solids. Owing to smaller dimensions,
micro and milireactors are susceptible to clogging by solids that can get generated in

reactions as well as precipitation/crystallization. Clogging is an incredibly complex, random,
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and dynamic phenomenon, and there are still many gaps in the understanding of clogging in
small channels [1-4]. The clogging mechanism in single and multiphase flow is explained and
studied in the previous chapter. The complexity of the particle response to fluid streamlines,
forces acting on particles and clusters, and interactions between particles does not allow
identification of a single approach to avoid clogging in small channels [5]. The applicability
of micro and mili-fluidic devices for flow chemistry applications, lab-on-a-chip kind of
diagnostic systems, flow synthesis of micro and nanoparticles is hugely influenced by their
ability to retain continuous flow without the occurrence of clogging. Hence it is essential to
develop methods to prevent clogging. Significant efforts have been made towards that regard
since the mid 2000’s by means of a wide variety of strategies. Earlier in this decade, Hartman
et al.[1] and Kuhn et al.[6] reviewed the reported methods. In addition, the strategies reported
the aforementioned reviews, the recent advancements in the literature to managing solid
particles in micro and mini channels could be technically classified into four types -
chemical, passive, active flow manipulation and alternative strategies. These four strategies
were discussed in detail in chapter 1 (section 1.3). The shortcoming and limited applicability
of the wide range methods were reiterated in the both the detail reviews. Apart from
cavitation related disadvantages, issues like noise, mechanical constraints, contamination of
products by erosion in the reactor, are areas of concern. In addition to that scalability and
economic viability are also probable bottlenecks for ultrasound and magnetism based
systems, as they consume an enormous amount of energy per unit volume [6-8]. Moreover,
the active strategies were developed mostly for single phase flow systems, and their usage in
multiphase systems would disrupt the flow regimes significantly. As a result, there is a

necessity for further investigation in this area.

In this chapter, four novel methods that can help reduce clogging in small channels in

a multiphase system have been proposed. They were focused on manipulating the segmented
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flow regime in order to transport the solid particles in an efficient manner by means of
passive methods rather than using external forces. The methods were experimentally
investigated, and their relative performance has been analysed. In a gas-liquid-liquid (G-L-L)
flow system air is used as the gas phase to sweep the solid particle agglomerates in the liquid-
liquid system. In a second method, transport of precipitated solids is enhanced by trapping
them into the low-pressure zones of the immiscible inert liquid slugs. In addition to that, the
inert liquid phase escalated the recirculation of the solids in the continuous phases making
them less susceptible to settle. The third strategy used in this work was the mitigation of the
wall interactions, indirectly dissuading the solid particles by means of intrinsic flow
properties. Changing the wettability of the channel walls (hydrophilic to hydrophobic) results
in wetting phase inversion [9, 10]. Solid-particle interactions with the channel walls become
restricted as they are formed inside the non-wetting phase under the modified conditions. The
fourth method focuses on the gradual formation of solid particles in microchannels. A
multipoint injection method [11] was implemented to restrict the interaction of the two
reagents using the sequential addition of one of the reagents instead of single point addition.
These four methods have been chosen as they do not need any external arrangements to be
made viz. magnetic/ultrasonic field or use of the vibrating platform or a piezoelectric
oscillator, etc. These four approaches are relatively easy to implement, which is why their

behavior was evaluated in a quantitative manner to identify the timescales for clogging.

The present chapter details the four aforesaid strategies; clogging mechanism and
guantitative analysis of the associated timescales have been presented. Thereafter, a
comparison of different methods is carried out to understand the efficacy of the implemented
strategies, in comparison to the reference data without implementing any methods to delay or
avoid clogging. Finally, the synthesis of Barium sulphate and Indigo dye was chosen as the

case study for solid forming chemical reactions. Barium sulfate has several medical and radio
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imaging applications due to its radio-opaque properties and water insolubility. It is used in
diagnosing gastrointestinal medical conditions and root canal fillings. It also has applications
in pigments & adhesives industry, making pyrotechnic compositions, textiles, rubber and
catalyst supports. Indigo and its derivatives are used as blue dye for cotton yarn, wool and
silk but mainly for denim cloth for jeans. It is used as food colourant agent as well. The above
mentioned inorganic and organic solid forming chemical reactions are performed in micro

channels in a clogging free manner, demonstrating the aforementioned techniques.

3.2. Experimental Section
3.2.1. Chemicals

Sodium chloride particles were obtained by mixing a saturated aqueous solution of
sodium chloride (Thomas Baker, AR grade) and acetone to undergo antisolvent precipitation.
Toluene (Thomas Baker, AR grade) was used as an inert phase. Barium sulphate particles
were obtained by mixing an aqueous solution of barium chloride dihydrate (Thomas Baker,
99% purity) with an aqueous solution of sodium sulphate (Loba Chemie, 99% purity). The
concentration of both the solutions was varied from 0.05 M to 0.5 M. To clean the capillaries
after the reaction; it was washed first with water saturated solution of sodium carbonate
(Loba Chemie, 99.5% purity) followed by acetic acid (Thomas Baker, 99.8% purity). Indigo
particles were synthesized using Baeyer-Drewson method. 2-nitrobenzaldehyde (Thomas
Baker, 99%, 0.33M in acetone) and Sodium hydroxide solution (Thomas Baker, AR Grade,
1M in water) was mixed at room temperature to undergo aldol condensation followed by
cyclization and oxidative dimerization to indigo. Dimethyl sulfoxide (Loba Chemie, 99%)
was used to wash the capillaries after performing the reaction to remove any indigo particles

sticking to the wall surface. Deionized water was used to make all the aqueous solutions.
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3.2.2. Methods

Experiments were carried out to measure the clogging time in straight capillaries. In
order to generate solids in flow, antisolvent precipitation and two reactions were selected.
Antisolvent precipitation of NaCl was used to characterize the clogging reduction methods,
which were demonstrated subsequently by performing two chemical reactions. Glass
capillaries of two different diameters of 1.43 mm and 1.90 mm were used. Both the
capillaries were 100 cm long having two Y-junction inlet geometries and were positioned in
an entirely horizontal manner. For the experiments involving the injection of inert gas and
immiscible liquid phase, the saturated salt solution was introduced continuously along with
the inert phases (air and toluene, respectively) using a Y-joint generating slug flow, while
antisolvent acetone was introduced subsequently using a similar Y-joint (see Fig. 3.1a, case
1). Flow rates of the three phases, which ranged from 0.2 ml/min to 5 ml/min, were
controlled by three separate syringe pumps (Holmarc Optomechatronics, India). All the
experiments were performed, keeping a constant ratio of flow rates of aqueous NaCl solution
and acetone. The inert phase flow rates were also kept the same as that of the aqueous NaCl
solution and acetone flow rates. The flowrate of a single phase is used for the figures in this

chapter.

A digital manometer (AZ Instruments, China) was attached to a third inlet junction to
monitor the transient pressure buildup inside the capillary due to clogging. A pressure drop of
30 kPa was considered as the clogging criteria in this chapter, as the flow stops completely

when the pressure drop reached that value.

For wettability variation experiments, PTFE and functionalized glass channels were
used for precipitation and reaction experiments, respectively. Horizontally placed straight

PTFE (Polytetrafluoroethylene from IDEX Health & Science) channels (1.90 mm diameter)
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connected to a PTFE T-joint (see Fig. 3.1a, case 2) were used. For hydrophobic
functionalization of the glass capillaries, they were treated at 60°C with
Octyltrimethoxysilane (Sigma Aldrich, 96%), an eight-carbon long silane that interacts with
the silanol groups on the glass capillary surface. This creates a layer of hydrophobic alkyl
groups on the surface, reducing its affinity to the aqueous phase. The effect of varying the
wettability of the capillary wall surface on the clogging time was studied. Saturated salt
solution and acetone flowrate were kept in the same range for the hydrophobic PTFE

capillaries as before.

For multipoint injection experiments, a straight glass capillary having multiple inlets
was fabricated using both Y and T joints (see Fig. 3.1b). The saturated aqueous solution of
NaCl was employed through one of the inlets of the Y-joints located at the start of the

capillary while acetone was pumped through four equally spaced inlets to the capillary.

The Barium Chloride solution and inert phase (Toluene or Air) were injected into the
capillary by means of a Y junction, and the Sodium sulphate solution was introduced into
capillary 3 cm downstream via a second Y junction. Similarly, for the synthesis of indigo, the
inert gas phase and the 2-nitrobenzaldehyde solution were inserted into the capillary by
means of the first Y junction and the NaOH solution was inserted via the second Y junction
(see fig. 3.1) . In both the cases, 1 mL/min flowrate was maintained for all the streams by
means of syringe pumps (Holmarc, India) and a filtration assembly was connected to the
outlet of the capillary which consisted of a Whatman Grade 1 filter paper, Blichner funnel
and a vacuum pump (Buchi, Switzerland). Filtered barium sulphate particles were washed
with water deionized water and then dried, while indigo particles were first washed with

deionised water followed by ethanol and then dried.
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(@)

P1
(b)
Fig. 3.1. (a) Schematic representation of the experimental setup for inert gas/liquid insertion

(case 1) and wall wettability change (case 2) experiments. Only syringe pumps (P1-P5) were
used for all experiments. (2) Manometer, (3) Camera Rail, (4) DSLR Camera, (5) Diffused
light source, (6) Collection bottle. (Case 1. (1) Glass Capillary, (P1) Pump for Sat. NaCl
Solution, (P2) Pump for inert gas/liquid phase, (P3) Pump for dispersed phase (Acetone),
(31, J2) 1%t and 2" Y-joint, (Case 2. (P1) Pump for continuous phase (Sat. NaCl Solution),
(P2) Pump for dispersed phase (Acetone), (J1) Inlet Y joint, (1) Teflon Capillary. P3 and J2 is
removed), (b) Schematic representation of the experimental setup for multipoint antisolvent
insertion experiments using a Glass Capillary. (P1) Syringe Pump for continuous phase (Sat.
NaCl Solution), (P2-P5) for Syringe Pump for dispersed phase (Acetone), (J1) Inlet Y joint,
(J2-J4) Antisolvent inlets

A high-resolution camera (Sony SLT-A37K) with a recording speed of 25 frames per

second and a shutter speed of 0.25 ms — 30 s was used to record the slug breakup process,
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liquid-liquid flow patterns, and solid transport. To observe the flow along the length of the
capillary, a double rail traversing system (Holmarc Optomechatronics, HC-2) was used to
move the camera (Sony SLT-A37K) parallel to the capillary length. A backlight with an
antiglare diffuser was used for the visualisation and imaging. The entire set-up was
constructed to monitor how the aforementioned methods inhibit clogging of the channel in
real time by the solid particles, arising from antisolvent precipitation. All measurements were
performed in triplicate. The schematics of the experimental setups used in this chapter are

shown in Fig. 3.1.

3.3. Results and Discussion

In a multiphase flow system, different flow fields in different flow regimes affect
clogging in capillaries. Our experiments were mostly limited to the slug flow regime, where
particles were observed to travel to the rear of the dispersed phase slugs, agglomerate, and
form a shell depending upon the residence time. As the dispersed phase slugs move along the
channel length, shells detach from the rear section of the slugs, undergo associative growth
and form clusters in the continuous phase [4]. This data on clogging time from our previous
work has been used as the basis for comparison of results among different methods (dosing of
inert gas/liquid phase, changing the wall wettability and multi-point injection) that delay

clogging of capillaries.

3.3.1. Effect of dosing of an inert phase on clogging time
3.3.1.1. Effect of dosing inert gas on clogging time (0clog_g)

Experiments were carried out to understand the effect of injecting an inert gas phase
in the liquid-liquid precipitating flow. The transient variation in the suspension flow rate
inside straight glass capillaries was monitored by measuring the pressure drop at the inlet of
the capillary. The total time until which the capillary could support the flow of the suspension

or the time when the capillary became clogged was measured as the clogging time (iog).
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Gas slugs were formed at the first Y-junction under the squeezing effect of the
aqueous phase. The generated gas-liquid (saturated salt solution in water) flow then entered
through an inlet of the second Y-junction where it encounters the acetone phase (antisolvent)
entering from the other inlet of the Y-junction. The dispersed acetone phase slugs were
observed to undergo detachment in the presence of the gas slugs or by the continuous
aqueous phase. Both the shearing effect of the aqueous continuous phase and the splitting
effect of the bubbles controlled the break-up of the dispersed acetone phase at the second Y-
junction. Finally, based on the detachment dynamics at the second Y-junction, a combination
of liquid-liquid and gas-liquid flow pattern was formed. Over a wide range of flow rates (0.2
- 5.0 ml/min for each phase), squeezing, dripping, and jetting regimes were observed having
different breakup mechanisms and breakup points. Similar observations in slug detachment
was observed by Wang et al. [12] for non-precipitating gas-liquid-liquid systems. At lower
flow rates, a three-phase slug/droplet alternate flow with one dispersed liquid phase slug
trailed by one gas bubble was formed in the downstream capillary (Fig. 3.2b). At higher flow
rates, G-L-L slug flow regime was observed where two or more acetone slugs are formed

with one gas slug.

Fig. 3.2. Comparison of solid formation in (a) liquid-liquid and (b) gas-liquid-liquid flow
system

The gradual formation of the solid cluster which eventually clogs the capillary is
shown in Fig. 3.3. The growth of the cluster took place as a large number of particles joins

the cluster in comparison to the number of particles which comes off the cluster. The initial
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particle adherence of solids on the wall was random, but in time it formed an arc over the side
walls. Due to cluster formation on the wall surface, the channel opening started to reduce

with time subsequently resulting in clogging.

800 s 900 s 1100 s
Fig. 3.3. Clog/Cluster formation and growth as a function of time with the use of G-L-L flow

(at 200 mm from the antisolvent inlet junction (J2) for 1 ml/min flow rate of each phase)

The clogging time in this system was monitored and plotted as a function of flow rate.
The 1.43 mm and 1.90 mm diameter capillaries were chosen for these studies as the slug flow
regime was observed in those two diameters over a wide range of flow rates. Fig. 3.4a and
3.4b show how the introduction of the gas phase increased the clogging time compared to the
standard liquid-liquid system (salt solution-acetone) in glass capillaries of 1.43 mm and 1.90
mm diameters respectively. It can be observed that the presence of gas phase significantly
delays clogging irrespective of flow rate. A rise of 3.7-7.3 times and 3.9-7.8 times in the Y-
intercept is shown in Fig. 3.4a and 3.4b respectively which directly represents the delay in
clogging. As the film thickness enclosing the gas slugs was negligible, the inert gas segments
swept rapidly through the capillary enhancing the transport of precipitated salt in the liquid
segments. A change in the viscosity of the system due the gas phase slugs disrupts the
stagnant zone at the rear of the acetone slugs which prevents shell formation as observed in
the previous chapter. Similar enhancement of solid transport was recorded for a sodium
sulphate based antisolvent system under identical conditions (see Fig 3.4c).

The introduction of inert air slugs into the flow of an aqueous solution of NaCl and

acetone changed the flow regime from slug/parallel/annular liquid-liquid flow to slug flow of
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three phases (gas-liquid-liquid) for a wide range of the flow rates. This resulted in a higher

specific interfacial area, and subsequently, higher overall mass transfer rates.
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Fig. 3.4. Effect of the inert gas phase dosing on clogging time in straight glass capillaries. (a)
1.43 mm diameter (for sodium chloride), (b) 1.90 mm diameter (for sodium chloride), (c)

1.90 mm diameter (for sodium sulphate)

Su et al. [13] first reported that gas slugs could be used as micro agitators for better mixing
and mass transfer characteristics in a two-phase microcapillary system. Later, Assman et al.

[14] reported that addition of the gas phase leads to an increase in mass transfer at higher
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flow velocities while no significant difference results for lower flow velocities. A higher
mass transfer rate will give rise to a greater amount of precipitate formation per unit time
which would help in faster clogging of the capillaries. However, enhancement in the mass
transfer coefficient in the presence of a gas slug was reported to decrease significantly with a
higher gas fraction (Qgas/Qtotal) as the distance between two consecutive liquid slugs was
increased [15]. These counteracting effects on clogging time worked simultaneously,

although the first effect became quite predominant and helped in delaying clogging.

It is known that downstream particle deposition with time was found to be the primary
reason behind clogging in glass capillaries. However, in the presence of gas bubbles, such
effects were severely reduced. On the other hand, as in this case, particle formation and their
deposition neighbouring the second Y-junction, where the antisolvent enters the tube, was

observed to be the primary reason for clogging.

In addition to these effects, coalescence of the neighbouring slugs was reported to
accelerate the solid packing formation inside the capillary in such a multiphase system [4].
Coalescence occurs when two slugs of the same phase get closer and come into contact due to
their motion in the flow. The inert gas segments prevented slug coalescence acting as

immiscible spacers which resulted in an increase in clogging time (see Fig. 3.5).

-

Spacer Gas Acetone NaCl Solution Spacer Gas  Acetone
Bubble Slug (Cont. Phase) Bubble Slug

Fig. 3.5. Schematic of gas bubbles working as a spacer to prevent coalescence
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3.3.1.2. Effect of dosing of inert liquid phase on clogging time (Ociog 1)

Toluene is used as an inert liquid phase with respect to air in the experiments
discussed in the previous section. Toluene slugs were formed at the first Y-junction by the
squeezing of the aqueous phase, and acetone was inserted in the second Y junction. The
acetone phase came in contact with the continuous phase first which was a saturated aqueous
solution, and the salt precipitated out due to the antisolvent effect. Acetone went into the
dispersed phase slugs partially as it had some solubility in the dispersed toluene phase. A
major fraction of the precipitated salt particles started accumulating at the stagnation zone
formed due to the asymmetric Laplace vortices at the rear of the dispersed phase slugs.
Subsequently, they started aggregating and form a shell at the rear slug end. The rest of the
precipitated particles kept recirculating in the dispersed and continuous phase due to the
strong Taylor vortices formation in the segmented flow. These two modes of solid particle
transport hindered the adhesion and sedimentation of the solid particles in the vicinity of the
capillary walls. Fig. 3.6 shows how the introduction of the immiscible liquid phase increased
the clogging time compared to a standard liquid-liquid system (salt solution-acetone) in a
1.90 mm diameter glass capillary. In fact, for flow rates less than 1 ml/min (shaded area in
the Fig. 3.6), most of the particles are effectively transported by recirculation in the
continuous phase or entrapment in the rear stagnant zone of the slugs with time. It was
observed that if the inert phase slugs do not get tangled by the flow and surface irregularities,
the dispersed phase segments transported precipitated product out of the capillary. With
increasing flow rates, clogging cannot be avoided primarily due to intense mass transfer
resulting in rapid precipitation: the clogging time was observed to decrease. This is due to the
instability of the flow regime. The flow regimes in the capillary tend to form a wavy parallel
flow which is ineffective in solid transport and leads to packing formation subsequently. It is

essential to note that all types of flow regimes are not desirable for the efficacy of solid
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transport and control of the flow regimes is very critical. The lack of stable control of the
flow in the desired slug flow regime leads to clogging due to flow instability, particle

sedimentation and packing formation, all acting in sequence or simultaneously.
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Fig. 3.6. Effect of the inert liquid phase dosing on clogging time in straight glass capillaries

A fraction of the particles tended to form a packing but were continuously obstructed
by the inertia of the liquid phase slugs. This resulted in an undulatory nature of the transient
pressure drop of the system (see Fig. 12). For flowrates of 1 ml/min or lower of each of the
phases, the aforementioned slug flow micro-capillary system allowed us to carry out the
salting out process continuously for more than 2-3 hours without clogging despite some
periodic rise in pressure drop. It is worthwhile to mention that this surge in pressure drop is
still four to six times lower than the pressure drop tolerance maintained for measurement of

clogging time. In fact, the long-term operation was not hampered by these undulations in
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pressure drop as it was always restored to the original value. Encouraged by these results, we
wondered if the aforementioned technique could also handle other inorganic salts. It was
observed that the technique could work for precipitated particles of sodium sulphite for flow

rates of 1 ml/min.

3.3.2. Effect of wettability inversion of capillary walls on clogging time (8clog w)

In a glass capillary with salt solution and acetone being fed through a Y- joint, the
precipitated salt particles formed solid shells at the rear end interface of the dispersed phase
slugs. They detached along the capillary length and subsequently were inclined to settle on
the capillary wall surface. To prevent shell formation and settling of solid shells on the wall,
their formation can be restricted in the dispersed phase, since in that scenario, they do not

come in contact with the wall surface. This can be achieved by changing the wall wettability.

In microfluidic systems, flow regimes are influenced by surface wetting properties of
the microchannel wall material [16], [17], [18]. The wetting properties of the fluid-wall
interface are highly decisive in the geometric distribution of the components of the flow.
Typically, water-in-oil (W/O) slugs/droplets are developed in hydrophobic channels, while
oil-in-water (O/W) slugs/droplets are developed in hydrophilic channels [9]. By changing the
capillary wall material from glass to PTFE, the surface changes from a hydrophilic to
hydrophobic, which results in a wetting behaviour completely opposite to that of the
hydrophilic glass capillaries. The saturated salt solution starts to form the dispersed phase and
acetone forms the continuous phase. Fig. 3.7(a-b) demonstrates this interchange of
continuous and dispersed phases. The solids were found to remain enclosed inside the
dispersed phase, and a film of the acetone phase restricted the precipitated salts from coming
in contact with the capillary walls. This restricted the accumulation of the precipitating solids

at the capillary wall making the microchannels less susceptible to clogging. Fig. 3.7c
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represents how the change in the wall wettability leads to an increase in the clogging time

while other conditions are kept the same.
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Fig. 3.7. Comparison of transport of the precipitated solids in the microcapillary for (a)

hydrophilic and (b) hydrophobic capillary of 1.43 mm diameter at 1 mL/min flow rates of
both the phases and (c) The effect of surface wettability on clogging time in a 1.90 mm

diameter capillary.

Fig. 3.8 depicts the dimensionless pressure drop profile across the capillaries, (AP/APO,
normalized to the initial, without solid only, pressure drop). In hydrophobic capillaries,
clogging was observed following the rapid escalation in the pressure drop, while for the case
of hydrophilic capillaries, a relatively gradual increase in the pressure drop was observed.
However, the dimensionless pressure drop reached the tolerance value (AP/APO =100) after 5
reactor volumes in hydrophobic capillaries compared to 1.5 reactor volumes in hydrophilic

capillaries. Based on our experimental observations, it is apparent that the change in capillary
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wall wettability is capable of handling clogging to a certain tolerance and thus can help to
considerably increase residence time compared to the hydrophilic or wetting walls. As higher

contact angles relates to higher hydrophobic nature of the wall surface, MOCs of higher

contact angle would be preferred for enhanced handling of solids.
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Fig. 3.8. Change in dimensionless pressure drop with (dimensionless) time in hydrophilic and

hydrophobic capillaries of 1.90 mm diameter (0.5 ml/min flow rate of each phase)

3.3.3. Effect of multipoint insertion of antisolvent on clogging time (8ciog m)

A multipoint injection technigque has been reported to be used for the gradual increase
of the concentration of one reactant over the reactor length for highly exothermic systems
[19]. This technique distributes the heat generation throughout the reactor resulting in
prevention of hotspots. A similar method was used here for the gradual generation of solids in
microchannels. Distributing the solids throughout the capillary length reduces the chances of
agglomeration and eventual blocking of channels. The antisolvent, which is the dispersed
phase, was employed with multipoint dosing results in a sequential increase in flow ratio with

the length of the capillary. This changed the flow regimes along the channel length as well.
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In the first section of the capillary (J1-J2, see Fig. 3.1b), droplet flow was observed
due to a low flow ratio, while from the second dosing point (J2), slug flow was observed. At
the fourth dosing point (J4), the flow ratio reached the maximum value, and solid cluster

formation started taking place (see Fig. 3.9f and 3.10). As a result, packing formation was

Fig. 3.9. Change flow regimes along the capillary length for the multipoint injection system
(Diameter 1.9 mm and total flowrate 2 ml/min). (a-b) J1-J2, (c-d) J2-J3, (e) J3-J4, (f) J4-
capillary outlet

mostly encountered only at the forth inlet junction: it is shown as a function of time in Fig.

3.10. Clogging at the onset of the capillaries can be avoided using this technique.

Fig. 3.11 represents how the multipoint injection technique can help in reduction of
clogging in small capillaries. The gradual generation of solids throughout the system results
in less susceptibility to clogging. In our previous work, we have observed that for the smaller
diameter capillaries (< 2 mm), occurrence of parallel and annular flow results in faster
clogging. Multipoint injection technique restricts the flow regimes in slug and droplet flow

even for the case of the highest flowrates (see Fig. 3.9). This results in a reduction of
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clogging, especially in the higher flowrate regime. The number of counteracting effects
working simultaneously along the length of the capillary pose several challenges in the
understanding of the dynamics of spatially varying mass transfer. The change in mass
transfer rates along the length of the capillary is complicated and needs to be well understood

to investigate the clogging of the capillary due to interfacial precipitation in such a multipoint

system.

(300 s)

(400 s) (500s)
Fig. 3.10. Images representing packing formation and growth at the 4" inlet of antisolvent as
a function of time - (a) 100s, (b) 300s, (c) 400s, (d) 500s. (For 1 ml/min total flow rate of
both phases in 1.90 mm diameter capillary)

The counteracting effects working simultaneously on the rate of clogging here include: (i)
The overall increase in specific interfacial area (increasing mass transfer), (ii) Decrease in
internal circulation rate along the capillary length due to slug length increase (decreasing

mass transfer), (iii) Increase in internal circulation rate due to velocity/ total flowrate
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increase, (increasing mass transfer), and (iv) Increase in flow ratio at the injection points.
(increase in mass transfer along the capillary length). Investigation of these would require

modelling/ CFD to a greater extent and will be explored separately.
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Fig. 3.11. Change of clogging time with multipoint injection of antisolvent for (a) 1.43 mm

and (b) 1.90 mm diameter straight glass capillary
3.3.4. Comparison of proposed methods for reduction of clogging time

The aforementioned four methods, viz. the introduction of immiscible and inert
gas/liquid phase, wall wettability change and use of multipoint injection system are
demonstrated to improve solid handling capabilities of the microfluidic system. In this
section, we present our findings on the comparison of the performance of these strategies that
work through different principles. We observed that the clogging time or the time when a
surge in pressure drop happens, increased in the following order hydrophilic — multipoint —

hydrophobic - inert gas insertion - inert immiscible liquid insertion (see Fig. 3.12).
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Fig. 3.12. Variation in pressure drop with time for different methods: (a) 1.0 ml/min, (b) 2.0

ml/min of each phase in 1.90 mm diameter capillary. The red line indicates clogging criteria.

The average length of the capillary over which clogging occurs was observed to vary in
different methods and is described as clogging length. No specific section of the capillary
was seen to induce clogging when the experiments are repeated. For the hydrophilic
capillary, packing formation started at the inlet joint prior to the capillary; for gas insertion it
moved downstream, and once a rigid packing was formed, pressure drop shot up and reached
the tolerance value. For inert liquid insertion, packing often formed a few centimetres from
the antisolvent inlet leading to pressure drop increase, but the inert liquid phase disrupted the
packing formation repeatedly achieving a continuous flow of solids despite the pressure drop
varying continuously. For a hydrophobic capillary, the average packing formation length
moved further downstream. For multipoint addition of antisolvent, the flow ratio reached a
maximum value at the fourth dosing point, and bridging and packing formation occurred
predominantly there. The dimensionless clogging lengths from various methods are

compared in Fig. 3.13.
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Fig. 3.13. Variation of dimensionless clogging length in different methods (for 1 ml/min flow

rate of each of the phases)
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Fig. 3.14. Variation of clogging time as a function of total residence time in (a) 1.90 mm dia.
capillary, and (b) 1.43 mm dia. Capillary.
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Fig. 3.15. Variation of clogging time as a function of film thickness of the continuous phase
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Upon plotting the clogging time as a function of the residence time in the capillary
(Fig. 3.14a), it was observed that for both the capillaries, the data approximately shows a
power law behaviour which can be represented as 6.0g = o %%, where a. corresponds to the
intercept on the ordinate. Only inert liquid phase insertion which facilitates clogging-free
flow at flow rates below 1 ml/min corresponds to a different exponent in the power law fit. It
is interesting that the slopes of the lines for all the methods are very similar. Thus, only an
increase in the intercept accounts for the delay in clogging. For the 1.90 mm diameter
capillary, the value of o was seen to increase from 7.8 to 43.6, with the lowest being for the
experiments without any method to delay clogging, and the highest values corresponding to
the insertion of inert gas slugs in the ‘acetone-salt water’ segmented flow. Even for a
different salt precipitated using the same antisolvent, the same power law behaviour was
observed. Capillaries of different diameter were also found to follow this near power law
behaviour (see Fig. 3.14b). The reason behind this ‘method specific’ variation in the clogging

time can be explained on the basis of the fluid dynamics in the vicinity of the capillary wall.

For the case of only acetone-salt water system, at the inlet of the capillary, the system would
show a segmented liquid-liquid flow and water will be the continuous phase. Along the
capillary length, as acetone diffuses in water, the acetone slug length would decrease, and
water slug length would increase depending on the thermodynamically governed volume
expansion due to solubility. Since the contact angle of the acetone-water mixture on a glass
capillary is smaller than water alone, it is expected that the film thickness would increase so
far the liquid-liquid segmented flow remains. Beyond this, there would only be acetone-water

mixture with suspended salt particles.

On the other hand, in the presence of an inert gas phase, while the abovementioned scenario

would remain valid to some extent but due to variation in dispersed phase systems, the liquid-
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phase film thickness was different. Film thickness for gas bubbles and liquid slugs at
different flow rates and diameters are estimated from correlations reported in the literature
which gives reasonable estimations. For gas bubbles equation 3.1 [20] is used and for liquid
slugs equation 2 [21] is used. Equation 3.2 is reported to be valid for capillary numbers
higher than a critical capillary number Ca”. This critical capillary number (Ca") is based on

viscosity (Uc) and density (pc) of the continuous phase, Capillary radius (r) and interfacial

tension (o) and represented in equation 3.3 [22].

h 134Ca3 5
T 14134 (2.79Ca2/3) '
h
~ = 035Ca®SH e (3.2)
2 3/,
Ca*=|-— 33
a (pm) (33)

Here, h is the film thickness, r is the capillary diameter, Ca is continuous phase Capillary
number, and We are the continuous phase Weber number. The film thickness for gas bubbles

and liquid slugs are compared in Fig 3.16.
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Fig. 3.16. Comparison of estimated film thickness for gas bubbles and liquid slugs

In this case, gas slugs would enforce spatial continuous variation in the film thickness of the
continuous phase. This situation would lead to continuous variation in the slip length and
hence would delay particle settling. Also, for the gas-liquid interface, viscous dissipation
would be much lower than the liquid-liquid interface, which will result in a continuous
variation in the flow patterns in the continuous phase. The variation in the estimated liquid

film thickness at the entrance of the capillary is shown in Fig. 3.17.
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Fig. 3.17. Schematic of the difference in film thickness between gas bubbles and acetone
slugs in continuous salt-water and schematic of variation in film thickness along the length of

the capillary at the entrance section.

The clogging time was seen to have an inverse dependence on film thickness
irrespective of the technique used here, which clearly indicates that lower film thickness leads
to continuous sweeping of the capillary surface, which delays the particle settling, and hence,
the clogging. Thus, the higher the inert phase flow rate, more can the clogging be

significantly delayed, or even eliminated.

Along with the sweeping of the capillary surface, the insertion of immiscible inert
liquid phase helps in transport of the precipitated particles by trapping them in the low-
pressure stagnant zones at the rear of the dispersed phase slugs. With the use of immiscible
liquid phase instead of gas induces more intense circulation vortex in the continuous phase
which should help in the transport of the precipitated solid particles. On the other hand,
inertial effects are stronger in the presence of a second liquid when compared to a gas phase.
For the case of the non-wetting capillary wall, the solid formation and deposition procedure
at the wall is different. In this case, the solids remain enclosed inside the dispersed phase, and
a film of the continuous acetone phase restricts the precipitated salts from coming in contact

with the capillary walls. Here, although acetone will be the continuous phase in the entrance
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section, as the slugs move along the capillary, it eventually becomes a homogeneous liquid
with a relatively lower contact angle than water alone. In such a case, it will have close-to-
zero velocities at the wall throughout the capillary length and would not significantly help in
delaying clogging. In conclusion, utilizing inert liquid phase slugs is the most effective way
of delaying clogging in small channels and straight capillaries. More work on evaluating the
efficacy of this approach for helical coils and other flow reactor designs and at handling
different types of solids is in progress. Since every method of delaying clogging follows a
different mechanism, development of a suitable mathematical model that helps predict the
clogging time for segmented flow for other capillary sizes and flow rates is being developed

separately.

3.3.5. Synthesis of Barium Sulphate and Indigo in continuous flow microchannels

The previous section of the chapter was focused on methods of particle handling and
antisolvent precipitation of sodium chloride was used to characterize clogging. The efficient
techniques found in that study was used here for solid forming chemical reactions. An
inorganic substitution reaction was chosen as a case study, forming Barium Sulphate particles
which are insoluble in water. In addition to that an organic synthesis of insoluble indigo dye

was performed in an aforementioned technique.

Initially, synthesis of Barium Sulphate particles were performed without using any of the
aforementioned methods keeping the flowrates at 1 ml/min. Due to higher density (4.5 g/cc),
particles were found to settle and form deposits in the form of constrictions on the capillary

wall surface which eventually leads to clogging.

A number of research papers have employed droplets as separate reactors enclosed in carrier
phases in microfluidic systems which minimizes the possibility of clogging but adopting such

systems involve a huge percentage of dead volume in carrier phases[23]. For example, Poe et
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al. [23] reported a 70% dead volume in droplet flow particle handling method.

™) C

Fig. 3.18. Transport of barium sulphate particles in hydrophobic channels

In our work wall wettability was altered, and the inert liquid phase was used for
encapsulating the particles in dispersed phase in segmented flow regime. This is analogous to
the third method described in the aforementioned section, but the inert phase was used as the
reacting system is single phase here. The capillary wall wettability was altered from
hydrophilic to hydrophobic by treating with Octyltrimethoxysilane. Functionalized glass
capillaries having hydrophobic walls were used to perform the reaction producing Barium
Sulphate particles along with toluene as an inert phase, which resulted in Barium Sulphate
particles in dispersed and reacting aqueous phase enclosed in continuous and inert toluene
phase, ensuring no or minimal wall interaction (see Fig. 3.18). Fig 3.18 also shows how the
particles are recirculated inside the dispersed phase, resulting from Taylor and Laplace
vortices formation. This resulted in clogging free flow for hours. Here, from image analysis
of the captured images of the segmented flow, the average dead volume was found to be 20

15 %, which is a significant improvement in economic terms in comparison to droplet flow.

After this the same reaction was performed in hydrophilic capillary, where toluene worked as
spacer dispersed phases. At lower flowrates, small toluene slugs were formed separating the
continuous phase at regular intervals (see Fig. 3.19 a-b). The toluene slugs helped in solid
transport by formation of shell at the rear and front, pushing the solids in continuous phase as
well as enhancing the intensity of internal circulations in continuous phase. At higher flow

rates longer toluene slugs are observed and the particles are accumulated mostly at the rear
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section of the aqueous phase slugs. Fig 3.19c and 3.19d show the rear and front section of the

aqueous phase slug.

Fig 3.19. Transport of Barium Sulphate particles with toluene as inert phase (a) 0.25 ml/min,
(b) 0.5 ml/min, (c) 2 ml/min, (d) 2 ml/min

For the case of indigo synthesis, gas was used as inert phase spacers preventing interaction
between the indigo particles in two adjacent liquid segments (see Fig. 3.20a. In addition to
that the inert gas segments swept rapidly through the capillary enhancing the transport of
rapidly formed indigo particles in the continuous phase slugs. Formation of rear shells on the
gas bubbles were clearly visible in at higher flow rates where comparatively longer slugs

were observed (see Fig 3.20b).
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Fig. 3.20. Transport of indigo particles with inert gas phase as spacers.
(@) 0.5 ml/min,(b) 1 ml/min

3.4. Conclusions

In this chapter, we have analyzed the performance of four techniques for
understanding the clogging in small straight channels for systems where solid particles are
generated. An antisolvent based precipitation system (acetone — salt water) is used for these
studies. The methods used for delaying clogging are easy to implement and do not use any
external forces. In the first method, inert gas slugs sweep the solid throughout the capillary in
helping solid transport. The second method facilitates solid transport by insertion of the
immiscible inert liquid slugs escalating the internal circulation in the continuous phase as
well as trapping solids in the stagnant zones of inert liquid phase slugs. In the third method,
entrapment of the solids in the dispersed phase slugs due to wall wettability change is used
for enhanced solid transport. In the fourth method, a multi-injection principle analogous to a
semi-batch reactor is used for solid handing by gradually generating the solids in the
microcapillary. Furthermore, clogging time measurement experiments were carried out to
have a quantitative understanding of the performance of the proposed methods, where liquid
insertion methods proved to be most effective. Interestingly, irrespective of the method of
delaying clogging and salts, the clogging time scaled almost identically with the residence
time. The intercept of the trends was seen to be a strong function of the method itself. Lastly,
these strategies were demonstrated for two chemical reactions involving solids. We hope this
work will reduce the barrier in implementing flow chemistry methodologies for solid forming

reactions to some extent. Though multiphase flow (gas-liquid or liquid-liquid) have been
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effectively used to significantly delay clogging, challenges remain for its further development
in an industrial scale, both in precise controlling of flow regimes and the complex phenomena

of simultaneous mass transfer and chemical reactions.

3.5. Notations

Ociog_g Clogging time with the inert gas phase insertion (s)

Ociog 1 Clogging time with the inert liquid phase insertion (s)

Ociog_w Clogging time in capillaries with different wettability (s)

Ociog m Clogging time in multipoint insertion capillary (s)

Oclog_ref Clogging time without any strategies (S)

Qr  Total flow rate (ml/min)

Re Reynolds Number (-)

d Capillary Diameter (mm)

P/Po  Dimensionless Pressure Drop (-)

T Residence Time (s)
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Chapter 4

Antisolvent precipitation of Ammonium Perchlorate: Batch to continuous
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4. Antisolvent precipitation of Ammonium Perchlorate:

Batch to Continuous®

3A version of this chapter has been published

Pal, S., Madane, K., Kulkarni, A.A., 2019. Antisolvent based precipitation: Batch, capillary flow
reactor and impinging jet reactor. Chemical Engineering Journal 369, 1161-1171.

In this chapter, a continuous clogging anti-solvent precipitation method was proposed for the
safe and rapid preparation ammonium perchlorate (AP) particles, in which water and n-butyl
alcohol were chosen as solvent and anti-solvent, respectively. The process parameters such as
solution and antisolvent temperature, mixing were optimized in batch and continuous capillary
reactor for smaller particle size. Optical microscopy and Scanning electron microscopy (SEM)
and were used to characterize the particles. The growth kinetics of the precipitated AP particles
were also discussed. Clogging issues in continuous operation were addressed by means of
ultrasound. In comparison to the conventional batch process, continuous precipitation using a Y-

joint and a glass capillary was found to be favourable for obtaining smaller particle size.

4.1. Introduction

Reduction in the particle size enhances its rate of dissolution or reaction, through the
enlarged surface area per unit volume [1]. Improvement of drug bioavailability and further
scientific interest in micro and nanoparticles owing to their unusual properties lying between the

bulk material and molecules is discussed in chapter 1 (section 1.4.1) [2].

Several top-down milling methods for size reduction of different compounds are used for
years which are highly energy intensive and often induce a degree of amorphousness, affecting
product quality and stability [3]. The several limitations of top-down methods were discussed in

chapter 1(section 1.4.2). Due to their poor control over mean particle size, PSD, morphology,
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and scalability of the top down methods [4], bottom-up approaches have become popular for
micronization of particles in the last two decades. Moreover, grinding is not preferred for
temperature sensitive materials and toxic materials handled in this work, due to chances of
ignition and toxic dust production. Bottom-up approaches provide advanced control over particle
size, morphology and crystallinity in comparison to the top-down methods. Among the different
bottom-up approaches such as evaporative precipitation [5, 6], liquid antisolvent precipitation [7-
9], spray drying [10, 11], cooling crystallization [12] and supercritical precipitation [13-15],
liquid antisolvent precipitation (referred as ASP henceforth) is found to be generally convenient
as it operates at atmospheric pressure and does not require expensive equipment. The antisolvent
used in this method precipitates the solute molecules by replacing the dissolved solute molecule
in the solvent with itself thereby reducing the dissolving power of the solvent for the solute. A
wide range of applicability and several advantages of choosing ASP for this work is discussed

thoroughly in the introduction chapter.

In the present chapter, Ammonium perchlorate (referred as AP henceforth) is chosen as a
case study, and we aim to determine a continuous clogging free method for production of fine
AP particles of the desired size. AP is used as a constituent in pyrotechnic compositions and also
used as a raw material for the production of perchloric acid and many metallic perchlorates.
Previously, Levinthal et al. have used cooling and evaporation of solvents as the driving forces
for precipitation of AP in an immiscible two-phase batch system, where AP particles are
collected from the non-solvent phase[16]. Recently, Zhenye et al. have used ceramic membrane
antisolvent crystallization technique for production of size and morphology controlled particles
[17]. Though developing a method of continuous precipitation with control on particle size and

PSD is our goal, experiments in the batch process were performed at the beginning for the
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identification of optimized solvent /anti-solvent pair and mixing conditions to get the desired AP
particle size (~10 um). A clogging free continuous anti-solvent precipitation method was
proposed for the safe and rapid preparation of ammonium perchlorate (AP) particles, in which,
water and n-butyl alcohol were selected as a solvent and anti-solvent respectively. Growth
kinetics of the precipitated AP particles were investigated in the semi-batch process using a
focused beam reflectance measurement (FBRM, Mettler Toledo) probe. The effect of processing
parameters on the particle size and shape of AP particles such as solution and antisolvent
temperature, mixing was investigated. The optimized conditions found in the batch experiments
have been utilized in a glass capillary reactor in a continuous manner.

The chapter is organized as follows: the next section details out the experiments and
observations, the methods we implemented, and the data processing techniques in this work.
Subsequently, optimization of the particle size of AP particles in batch experiments is presented
by studying the effect of parameters. Then optimization of continuous experiments was
performed, clogging issues were addressed, and finally, the particle size and the PSD obtained in
various experimental strategies are compared before summarizing the major findings from this

chapter.

4.2. Experimental Section
4.2.1. Materials

Organic solvents such as n-butyl alcohol (99.5% pure from Merck Chemicals Ltd, India) and
n-propyl alcohol (99.0% pure from Merck Chemicals Ltd, India) have been used as anti-solvents.
Ammonium Perchlorate (AP) was obtained in powder form (~ 300-500 micron size). Millipore
water is used for making the aqueous solution of AP. These chemicals have been used without

any further purification.
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4.2.2. Procedure & Analysis

4.2.2.1. Batch Experiments

The batch experiments were performed in a flat-bottomed jacketed glass reactor (50 ml
volume) having standard baffles. The reactor was filled with a saturated solution of pure AP at
temperatures varying from 30 °C to 80 °C. The temperature of the solution was stabilized to the
desired initial temperature using a temperature bath (Julabo, Germany). n-propyl alcohol and n-
butyl alcohol were used as the anti-solvents. Antisolvents were added to the solution at a location
close to the magnetic stirrer under constant stirring conditions (900 rpm). The temperature of the
anti-solvents was varied from 30°C to -10°C. For another set of experiments in batch mode, a
glass reactor of 50 ml volume was immersed in an ultrasonic bath for enhanced micromixing.
The temperature in the ultrasound bath was held constant by means of a temperature bath
(Julabo, Germany) and two high flow rate peristaltic pumps. Schematic illustrations of the two

batch experimental setups are presented in Fig 4.1.

H/C Fluid Inlet

H/C Fluid Outlet — B
. < K .
H/C Fluid Inlet 1 o
—= y

——— 4+ —1

H/C Fluid Outlet el .
- _ - -

i . ) — -
Magnetic Stirrer Ultrasound Bath - “ I

(@) (b)

Fig. 4.1. Schematic of experimental setups for precipitation of AP in batch reactor (a) with
magnetic stirrer (b) with ultrasound bath

Sayan Pal 108



CSIR-National Chemical Laboratory, Pune (India) 2019

4.2.2.2. Continuous Experiments

For continuous precipitation, both, AP solution and antisolvent (n-butyl alcohol) were
introduced in a horizontally positioned capillary at equal flow rates using a Y-joint. The solution
was kept in a temperature bath and pumped to the capillary inlet using a peristaltic pump (Longer
BQ50-1J, China). Antisolvent was pumped to the capillary inlet using a syringe pump (Holmarc,
India), followed by a heat exchanger coil connected to a temperature bath (Julabo, Germany)
kept at desired antisolvent temperature (See Fig. 4.2). A glass capillary of 2 mm diameter and 20
cm length was used, which provided 23.5 seconds of residence time. A filtration assembly was
connected to the capillary outlet which consisted of a Whatman Grade 1 filter paper, Buchner

funnel and a vacuum pump (Buchi, Switzerland).

AP SO°|LItI0n Peristaltic
(50°C) Pump
Y-mixer Ultrasound bath
]
Filter
Antisolvent Glass Capillary
- - ' Vacuum pump
Syringe Pump Temperature

Bath (-10°C)

Fig 4.2. Schematic of experimental setups for continuous precipitation of AP in a straight glass

capillary
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For kinetics, study experiments saturated AP solution is kept in the jacketed batch reactor,
and antisolvent is added gradually at -10°C with a syringe pump. The jacketed glass reactor is
stirred continuously using an overhead stirrer. A Focused Beam Reflectance Measurement
(FBRM, Mettler Toledo) probe was immersed in the solution, which measures in line chord
length distribution (CLD) using laser back-scattering principle. The FBRM probe, connected to a
data acquisition system was used for online monitoring the mean chord length and chord length
distribution for 30 minutes during the precipitation. A schematic of the said system for kinetics

study is shown in Fig 4.3.

Overhead
Stirrer

Antisolvent
Addition

FBRM Probe Data

Acquisition
System
»
Heating
Fluid Outlet
Heating
— Fluid Inlet
B =y g .
1

Syringe Pump

Temperature

Bath (-10°C) 1| Temperature

Bath (50°C)

Fig. 4.3. Schematic of the FBRM setup for kinetics study

4.2.2.3. Particle Size Measurement

The precipitated particles were analyzed for the particle size and shape using Optical
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Microscopes (Zeiss - Stereo Discovery v20 and Zeiss Primo Star) and Scanning Electron
Microscope (E-SEM Quanta 200-3D). Particle size distribution data was obtained by randomly
selecting 300 particles in a micrograph, and particle sizes were obtained using ImageJ 1.8
software after doing a suitable calibration. Average particle size, PSD and standard deviation in

particle sizes have been estimated using Microsoft Excel and Matlab software.

4.3. Results and Discussion

4.3.1. Selection of solvent and antisolvent

For the identification of the best solvent /anti-solvent pair for preparation of small AP
particles, different physical properties of the solvents are compared. Water is chosen as a solvent
for AP as the solubility of AP in water is found to be much higher compared to organic solvents.
Solvents having low solubility of AP can be used as antisolvent. The experiments are designed to
be performed at high temperatures due to the requirement of low processing volume owing to the
linear increase of AP solubility with temperature. So the criteria for an antisolvent should be
having a higher boiling point and low solubility in AP. n-butyl alcohol and n-propyl alcohol are
selected as anti-solvents for meeting these three criteria. Fig. 4.5b compares boiling points of the
different organic solvents while Fig. 4.5c gives the comparison of the solubility of various
organic solvents in water. Batch experiments were performed using n-butyl alcohol and n-propyl
alcohol as antisolvents, and the precipitated particles are shown in Fig. 4.4a and b respectively.
Initial batch experiments were performed by mixing the aqueous solution and antisolvent using a
magnetic stirrer. When n-propyl alcohol was used as antisolvent, the solution antisolvent mixture
formed a single phase system, but for n-butyl alcohol, the solution antisolvent mixture was a

multiphase system. For the case of n-propyl alcohol, precipitation occurs in the bulk single
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phase, and the precipitated particles were susceptible to grow. For n-butyl alcohol, solvent and
antisolvent phases are intertwined together in the form of emulsion and precipitation occurs at
the interface. When stirring was stopped after 1 min, the two phases formed two different layers,
and a relatively significant portion of fine particles remains suspended in the antisolvent phase.
Relatively coarser particles tend to settle out at the bottom of the reactor which were recycled
after separating by decantation. Due to interfacial precipitation, and the particles being in n-butyl
alcohol phase their growth was subdued. Similar observations have been reported in the literature

[16].

(a) (b)

Fig. 4.4. Effect of antisolvents on particle shape. (a) n-butyl alcohol, (b) n-propyl alcohol
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Comparing particle sizes and shapes of the particle images in Fig. 4.4a and b clearly
indicate that the antisolvent composition has a strong influence on the shape and size of
precipitated particles. The growth of particles in a dendritic structure is observed in the case of n-
propyl alcohol while for the case of n-butyl alcohol a gradual depression on the particle surface
from edge toward centre is observed. This is due to the two different growth Kkinetics in different
particle surfaces at the phase interface. Takiyama et al. [19] have reported that the particle
surfaces facing the aqueous phase and the organic phase are flat and stepped. It was also
observed that n-butyl alcohol precipitates more uniform particles in comparison to n-propyl
alcohol. In addition to this, n-propyl alcohol results in a single phase flow in continuous
experiments, while n-butyl alcohol results in multiphase segmented flow. Precipitation in the
segmented flow system (with n-butyl alcohol) is limited to the interface. This results in a
reduction of the growth of the particles leading to the formation of smaller particles, which is the

objective of this work. Hence n-butyl alcohol was chosen as the desired antisolvent.

4.3.2. Batch experiments and optimization

4.3.2.1. Effect of the solution and anti-solvent temperature on mean particle size & PSD

Particle formation by the liquid antisolvent process involves two steps - mixing of
solution and antisolvent to create supersaturation and then precipitation, which comprises of
nucleation and growth of the particles. In the present study, supersaturation is mainly driven by
two forces — the anti-solvent effect and solubility decrease due to a temperature reduction of the
mixture. Along with anti-solvent addition, the solubility of AP can be further controlled by
reducing the temperature resulting from the temperature difference between solution and anti-
solvent. This helps to attain higher supersaturation ratio and facilitates the formation of a larger

number of nuclei and smaller mean particle size [9]. The classical theory of homogeneous
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nucleation also suggests higher nucleation rate results in finer particle size [20]. To understand
the effect of temperature on the precipitation process, experiments were performed at six initial
temperatures of the solution and three different temperatures of the anti-solvent. These effects on
mean particle size are shown in Fig. 4.6 and Fig. 4.7(a-c) represent how the PSD of precipitated
AP particles changes with initial solution temperatures for anti-solvent temperatures of -10°C,

0°C and 30°C respectively.
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Fig. 4.6. Effect of initial solution temperature and antisolvent temperature on mean particle size

(in the presence of ultrasound-induced mixing)

For anti-solvent addition at a lower temperature, the mean particle sizes obtained were
found to be smaller than higher temperature anti-solvent addition case irrespective of the initial
temperature of AP solution. However, for all antisolvent addition temperature, the mean particle
size increases with initial solution temperature, and the peaks of the particle size distribution
moves towards higher particle sizes. Comparing Fig 4.7a, b and ¢ we can say these movement of

peaks are receded with reducing antisolvent temperature. Fig. 4.7 also shows the peak width at
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half height also increases with increasing solution temperature which infers to a wider
distribution of particle sizes. The movement of the peaks and entire number fraction distribution
to larger sizes can be explained by uncontrolled growth along the particle structure and
agglomeration. The measured PSDs are composed of a mixture of single particles and
agglomerates. Agglomerates probably dominate in forming the second peak of higher particle
size. This could be explained by comparatively a lesser amount of agglomeration that can be

achieved using low temperature antisolvent.
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Fig. 4.7. Effect of initial solution temperature and antisolvent temperature on PSD
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For the case of combined antisolvent-cooling precipitation, the equilibrium concentration
of the solute is a function of both the solvent/antisolvent composition and the temperature (T) in
the system. So the supersaturation and nucleation rate depend on both of the factors. Though
solvent to antisolvent ratio is kept constant at 1:1, the antisolvent effect enhances at higher

temperature scenario as the solubility of antisolvent in the solvent increases with temperature.

Addition of antisolvent at low temperature produces a higher temperature gradient in the
system resulting in faster supersaturation, higher nucleation rates and lower particle sizes which
are in accordance with experimental data. The level of super saturation can be further increased
by keeping the solvent saturated at a higher temperature that helps to generate steeper
temperature gradient and should result in lower particle sizes. However, the trends in
experimental particle sizes are exactly the opposite. Conversely, higher solution temperature
facilitates the growth of the particles as a higher amount of AP is present in the solution
compared to lower solution temperature scenarios. The growth of AP particles in aqueous
solution is primarily controlled by the diffusion while in the antisolvent phase growth is arrested
due to lack of AP in the antisolvent phase. Though the AP particles were collected from the
antisolvent phase, vigorous mixing with the solution phase using magnetic stirrer or an

ultrasound bath was seen to promote growth and agglomeration.

Fig. 4.8 shows the variation in AP solubility in water and the variation of AP yield with
solution temperature. While the solubility of AP in water increases linearly with increasing
temperature, the % yield also increases with solution temperature but at a lower rate. So an

optimized solution and antisolvent temperature of 50°C and -10°C are chosen respectively based

on desired mean particle size and yield.
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Fig. 4.8. Variation of solubility of AP in water with temperature (°C) and Effect of different

solution temperatures on yield (at -10°C antisolvent temperature and ultrasound)

4.3.2.2. Effect of mixing conditions

Uniform mixing conditions in the reactor generate uniform supersaturation in a very short
time, eliminating mixing limitation to achieve finer mean particle size with narrow PSD [20]. If
the mixing is insufficient in the reactor, it could be inferred that confined elevated
supersaturation gets generated locally at the point of anti-solvent addition, which subsequently
results in non-uniform supersaturation throughout the reactor. To refrain from such situations to
occur and in order to get good control over PSD, an intensified mixing in microscopic level of
solution and antisolvent is necessary. One such option is to induce spatially uniform
micromixing can be in the form of ultrasonic waves which are known to provide better mixing
in precipitation processes of various type of materials [21, 22]. When ultrasound propagates
through any liquid generation of cavities throughout the medium (although spatially distributed
based on intensity) and their subsequent collapse leads to the formation of microscopic regions

of extreme excitations with high temperature and pressure [23]. Along with the collapse of
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transient cavitation bubbles, oscillation of stable cavitation bubbles and acoustic streaming also
results in the improvement of micromixing [24]. Ultrasound shockwaves are reported to increase
the nucleation rate due to an increase in the local concentration of solute molecules in the shock
and greater extent of heterogeneous nucleation [25]. Here, an ultrasound bath is used instead of a
conventional magnetic stirrer to verify the effect of mixing ensuring rapid and spatially uniform
supersaturation. In the rest of this section, we will discuss the effect of ultrasound on the
precipitation process. Fig. 4.9a shows the effect of reduced particle size using ultrasound when
compared to the conventional magnetic stirrer. It is evident that the ultrasound reduced the mean
particle size irrespective of the initial solution temperature when other conditions were kept

constant.

In the absence of ultrasound, poor micro-mixing controls the mixing process; hence it
becomes hard to attain superior control over particle size [20]. While enhanced micro-mixing
attained by the usage of ultrasound produces uniform supersaturation and drastically reduces the
mean AP particle size. It has been reported in the literature that the application of ultrasound in
ASP diminishes induction times for nucleation as well as the spread of variability in induction
times for a constant supersaturation ratio [21]. Comparing the particle images in Fig. 4.9b, it
could be inferred that sonication also reduced the degree of agglomeration of precipitated AP
particles significantly, however the growth of the single particles is not reduced significantly.
This could be due to the fact that the usage of ultrasound is more effective in arresting
agglomeration than growth. With cavitation, intensive vibration and uniform distribution of local
nuclei population ultrasound is effectively reduces agglomeration. The shock waves, generated
by cavitation, curtail the time of contact among particles. As a consequence, after contact the

adequate time to bond together is not being provided to the particles resulting in prevention of
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particle agglomeration. [23, 26]. On the contrary, growth rates were observed to be of the same

order of magnitude for both with and without ultrasound [21, 27].
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Fig. 4.9. (a) Effect of mixing on mean particle size at 0°C antisolvent addition temperature, (b)
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The usage of ultrasound has resulted in a movement of the peaks to lower particle sizes as
well as narrower PSD irrespective of temperatures (see Fig. 4.10). Though the usage of
ultrasound has shifted the peaks to lower particle sizes, an increase of peak width at half height
resulting from wider PSD was observed with increasing initial solution temperature. The

occurrence of second peaks in higher particle zones has been decreased significantly due to the
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minimal aggregate formation in the presence of the ultrasonic bath. At higher solution
temperatures, the reduction in mean particle size reduction is found to be lesser. With increasing
temperature, the vapour pressure of the liquid increases, which reduces the intensity of collapse
of the cavitation bubbles [28] . This makes the usage of ultrasound less effective in the
prevention of agglomeration at higher temperatures resulting in less reduction in the particle size
with ultrasonication at higher temperatures (see Fig. 4.9a). It could be concluded that ultrasound
could be used as mixing enhancement and agglomeration prevention tool for antisolvent

precipitation of AP particles effectively.

4.3.3. Kinetics study

Kinetic studies of a process are typically performed to understand the characteristic time
of a system. This knowledge is important while designing a reactor as the mixing time should be
lower than the system characteristic time for making the process kinetically dependent rather
than mixing dependent. As the reactor size increases mixing time also increases for similar
operating conditions which eventually limit the size at which the reactor can be operated. A
reactor can be considered perfectly mixed depending on the kinetics of the process [29]. The
kinetic data helps to understand the limit of scale-up operations that can be achieved providing

the desired outcome.

A precipitation process comprises of three major stages - the development of supersaturation,
followed by nucleation, and then growth. Here, for getting small particle sizes in ASP, while
performing continuous experiments, the residence time in the reactor was needed to be chosen
suitably so that the growth dominated region can be avoided. As the particle formation
timescales are very small, a FBRM probe is used for online monitoring the mean chord length,

which is a representation of the mean particle size of the population [30]. The mean chord length
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is plotted with time in Fig. 4.11, for the optimum experimental conditions found in the batch.
After 25 seconds a transition region is observed where the growth of particles suddenly
increased, (see Fig. 4.11) for the optimum conditions found previously. A residence time lower
than 25 seconds is kept for all continuous flow experiments to suppress the growth of the
precipitated particles. Moreover, a trend is clearly apparent that the dotted line can be considered
as the transition between nucleation and growth dominated regions. This can be explained by the
lamer mechanism which conceptually segregates the nucleation and growth in two steps. A rapid
increase in the amount of available solute in the solution initially drives the supersaturation ratio
en route to the metastable zone limit. The nucleation rate shoots up to a very higher value on the
verge of the metastable zone, and a large population of nuclei are simultaneously born. This
considerably lessens the concentration of free solute monomers in the solution. As these nuclei
initiate to grow under the control of the diffusion of the solute monomers through the solution,
they drive the supersaturation downward again and thereby arresting further nucleation. This

starts the growth dominated region subsequently [31, 32] .
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4.3.4. Continuous precipitation

Continuous experiments were performed in glass capillaries using a Y-joint mixer at similar
conditions to batch experiments. The experiments were performed with and without capillary
immersion in an ultrasound bath. Solution temperatures were kept at 30 °C to 80 °C while the
antisolvent temperature was kept as -10 °C. Without the use of ultrasound bath, experiments
could not be performed at higher solution temperatures (more than 50°C) due to clogging
problem in the inlet Y-joint and glass capillary. Capillary immersion in the ultrasound bath
reduced the clogging problem, but 70°C and 80°C solution temperature still resulted in partial
blockage of the capillary. For lower solution temperatures (< 70°C) continuous operation for
more than an hour without any clogging could be achieved under sonication. Fig. 4.12a and ¢
shows mean particle size and typical particle images of the precipitated AP particles in batch and
continuous mode respectively.

It was observed that at a fixed antisolvent temperature the mean particle size
increases with solution temperature in batch mode while in continuous mode it decreases until
50°C and then increases. Hence solution temperature at 50°C is recommended for further
experiments as the optimum as it led to uniform sized particles of mean particle size of 14.29 um
and 11.46 um in the absence and presence of ultrasound respectively. Fig. 4.12b represents the
comparison of the obtained PSDs in continuous and batch modes for the solution temperature
where the lowest mean particle size is obtained in a continuous flow, i.e. 50°C. The variation in
mean particle size with solution temperature is found to be of different fashion compared to
batch experiments. For the case of continuous flow, inlet Y-joint provides better mixing than
batch experiments using magnetic stirrer. Thus the usage of ultrasound does not drastically

improve the mixing performance in a continuous flow.
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images

However, it helps in preventing agglomeration and particle deposition at the mixer and capillary
wall. With increasing temperature, the cavitation rate also decreases which results in decreased

efficiency[28] of ultrasound in agglomeration prevention, which was observed for solution
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temperature above 50°C. Typical SEM images of precipitated AP particles formed at different

temperatures are shown in Fig. 4.13.

60°C 70°C 80°C

Fig. 4.13. SEM Micrographs of continuously precipitated AP particles at increasing solution
temperature (Antisolvent Temperature -10 °C, Ultrasound Bath)

With higher solution temperature, the temperature difference between the solvent and
antisolvent increases resulting in higher supersaturation while due to the higher solubility of AP
at higher temperatures more AP is available in the system facilitating the growth of the particles.
These counteracting effects work simultaneously on mean particle size. As n-butyl alcohol and
water are partially miscible, multiphase flow is observed in the capillary under continuous
operation, and the mass transfer and precipitation occur only at the liquid-liquid interface rather
than in bulk. In multiphase flow, precipitation occurs at the liquid-liquid interface, as the organic

antisolvent phase only interacts with the aqueous solution phase at the interface. Due to the lack
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of AP in the antisolvent system, the tendency for the growth of the particles is lowered. While in
the batch process, due to precipitation in the agitated bulk system, the particles were more
susceptible to growth with increasing temperatures despite higher supersaturation achieved.

In the continuous process, the higher supersaturation with increasing temperatures dominates
tendency to particle growth till 50°C. For higher temperatures due to the huge amount of AP
available in the system facilitates growth and it starts to dominate the higher supersaturation
effects. For higher temperatures (> 50°C) this resulted in a rise in mean particle size with
increasing temperature. Lower residence time in continuous flow system compared to the batch
system also helped in reduction of growth resulting in lower mean residence time. Though the
precipitated AP particles are close to the desired particle size, the processing capacity of the
system was 17¢g per hour. Increasing flow rates for increasing capacity resulted in clogging of the
capillary reactor. In order to avoid clogging and yet have large scale precipitation, usage

impinging jet reactors for precipitation is explored in the next chapter.

4.4. Conclusion

A continuous ASP method was optimized for the safe and rapid preparation of ammonium
perchlorate (AP) particles. Water and n-butyl alcohol found to be best suitable solvent and anti-
solvent pair. Precipitation in a batch reactor with and without ultrasound induced mixing, and
continuous capillary reactor were studied in order to remove mixing limitations. For batch
systems, usage of ultrasound bath for more intensified mixing compared to magnetic stirrer has
resulted in a significant decrease in mean particle size. Temperatures of 50°C and -10°C were
found as the optimum solution temperature and antisolvent temperature, finding a balance

between particle size and yield. In continuous operation in a capillary reactor, interfacial

Sayan Pal 127



CSIR-National Chemical Laboratory, Pune (India) 2019

precipitation was observed in the slug flow regime, where precipitation occurring only at the

liquid-liquid interface provides less tendency to the growth of the particles. Continuous flow

experiments often lead to clogging at higher solution temperatures. Usage of an ultrasound bath

resulted in better mixing as well as clogging free operation for hours, however scalability will

remain an issue.
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Chapter 5

Confined Impinging Jet Reactor for Antisolvent Precipitation
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5. Confined Impinging Jet Reactor for Antisolvent Precipitation®

4A version of this chapter has been published

Pal, S., Madane, K., Kulkarni, A.A., 2019. Antisolvent based precipitation: Batch, capillary flow
reactor and impinging jet reactor. Chemical Engineering Journal 369, 1161-1171.

Pal, S., Madane, K., Mane, M., Kulkarni, A.A., 2020. Impingement Dynamics of jets in Confined
Impinging Jet Reactor. Industrial & Engineering Chemistry Research.

A confined impinging jet flow reactor (CIJR) was used for clogging free continuous antisolvent
precipitation of ammonium perchlorate (AP) microparticles. The geometry of the CIJR was
optimized to achieve excellent mixing with a significant reduction in the particle deposition on
walls. The flow in the IJR was explored through computational fluid dynamic simulations.
Multiphase VOF simulations were performed to study the formation and fragmentation of liquid
sheets formed by two impinging jets. Finally, liquid antisolvent precipitation of AP was performed
in a CIJR at optimum process conditions and using water and n-butyl alcohol as a solvent and
antisolvent system for optimum performance. The performance of CIJR was compared with the
experiments in batch mode as well as a continuous capillary reactor. At identical inlet jet velocity
of the solution and antisolvent phases that corresponded to 1792 < Re < 7193 for the saturated
aqueous solution of AP and 1135 < Re < 4553 for the antisolvent butanol phase, 8.98-16.98 pm

Ammonium perchlorate particles were attained.

5.1. Introduction

Reduction in the particle size enhances its rate of dissolution or reaction, through the
enlarged surface area per unit volume. A clogging free continuous antisolvent precipitation method
for AP as a model system was developed in the previous chapter. The capillary microreactor

system was limited to 17g/hour due to clogging issue at higher flow rates. Scaling up of the
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precipitation system without compromising with the quality of the particles was explored in this
chapter. A confined impinging jet reactor (CIJR) was used for this purpose. Impinging jet reactors
rapidly mix two jets of liquids impinging at very high velocity (1.0-6.8 m/s in our experiments)
and necessitate no external mechanical mixing. As a result of their collision and impingement,
high turbulent kinetic energy is generated and then quickly dissipated, inducing very fast mixing
compared to traditional continuous stirred tank reactors [1, 2]. Mostly three types of impinging
jets are reported in literature — free, submerged and confined [3]. Confined impinging jet reactors
(CIJR) are typically used for the case of flash precipitation. CIJR is a single-pass system where
smaller characteristic mixing timescales are achieved inside the reactor enclosure, in comparison
to the traditional mixing processes. The fundamental kinetics of a process is typically unveiled
from the influence of mixing in the system if the fluid structures are mixed on a microscopic level.

Comparison of mixing and the process time scale can be obtained from the value of the Damkdhler
TMixi .
number (Da = M*"9/. process ) FOT values of Damkohler number << 1, a process is not

influenced by the mixing performance of the system. However, for the case of fast processes, 1.e.
for higher values of Damkdhler numbers, the process becomes dependent on mixing. CSTRs are
not capable of fulfilling such high mixing requirement for a very fast process, while due to their
high mixing potential, CIJRs can operate in a kinetically controlled regime [2]. Moreover, mixing
has a critical role in ASP process, as it regulates the initiation of supersaturation, on which the
nucleation and growth rates are governed by. A small increase of supersaturation can result in
many order increase in the nucleation rate values but only a small increase in the growth rate.
Hence, nucleation is favoured over growth, and small particles are produced at high
supersaturation ratios [4-6]. In addition to this, rigorous micromixing throughout the system leads

to the same supersaturation for most of the nuclei in the system, resulting in uniform growth and
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particle size. On the contrary, inadequate mixing of the system leads to growth disparity among

nuclei, resulting in a wider PSD.

CIJRs have been reported to be used in precipitation applications due to its lower
characteristic mixing time in the order of milliseconds [7-9]. Several authors have reported that
the use of CIJR shows the ability to produce small particles via reactive precipitation [2, 10-12],
liquid anti-solvent precipitation [7, 13, 14], supercritical antisolvent precipitation [15, 16] and
precipitation polymerization [17]. Though Chiou et al. have reported that this process is not
suitable for ASP of all compounds, it can be concluded from their work that in such single-pass
process, very fast precipitating systems (i.e. flash precipitation) can only be efficiently operated
[13].

The initial geometry of CIJR developed by Prudholmme group[3] was widely used for flow
characterization and applications in the literature. In the present work, the aforementioned
geometry is modified for removal of wall effects and deposition, and the mixing performance is
investigated in both the reactor geometries using computational fluid dynamics (CFD). The
turbulence in the CIJR geometry was modelled by the Reynolds-averaged Navier-Stokes (RANS)
apporach[18]. Gavi et al. [19] have shown that the flow predicted by RANS k-¢ turbulence model
with enhanced wall treatment accords well with the large eddy simulation (LES) as well as the
experimental results obtained by Johnson and Prud’homme([3]. Studies by several authors [10, 18-
24] have shown that a two-layer k—¢ model is able to satisfactorily predict the turbulent flow fields
in an impinging jet reactor of similar dimensions. As the average Re in our operating conditions
resides in the turbulent regime, standard k-¢ model [25] with enhanced wall treatment [26]
considering the pressure gradient effects in the flow domain was employed to model the flow in

the CIJR [27]. Although single-phase simulations have been carried out widely in the literature to
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study impinging jets, in the actual experimental condition, two liquid phases impinging with each
other to form a thin liquid sheet inside the confined reactor initially filled with quiescent air. In
addition to this, in single phase simulations, the hydrodynamic parameters are under-predicted as
it accounts for the viscous dissipation. Such a system can only be predicted with the help of
multiphase models. Hence it is essential to use multiphase computational models for the study of
impinging jets. One of the primary studies using Volume of Fluids (VOF) approach for an oblique
impinging water jet system was performed by Inoue et al. [28]. Later, Chen et al. [29] and Arienti
et al. [30] have also studied the evolution of liquid sheets formed by the impingement of two single
liquid slanted jets, and its subsequent fragmentation into droplets and ligaments using VOF. In the
present work, the interaction of the two impinging jets of different liquids is simulated using the
VOF model and compared with experimentally captured videos at high speed. The developed
impinging jet reactor was used for rapid antisolvent precipitation, which induces uniform and fast
mixing in the system, resulting in faster nucleation and smaller particles. The work appears to be
the first systematic study in which the mixing performance, impingement dynamics of jets are
studied in a CIJR to perform liquid antisolvent precipitation in multiphase flow.

In view of this introduction, the chapter is organized as follows: the next section details out the
experimental and the modelling methods we implemented, and the data processing techniques in
this work. Subsequently, mixing performance and jet impingement dynamics in our impinging jet
reactor is investigated using CFD. This was followed by the observations on particle size and PSD
of the AP particles obtained from the impinging jet reactor. Then the particle size and the PSD
obtained in various experimental strategies are compared before summarizing the major findings

from this work.

5.2. Experimental and modelling
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5.2.1. Materials

Organic solvents such as n-butyl alcohol (99.5% pure from Merck Chemicals Ltd, India) and
n-propyl alcohol (99.0% pure from Merck Chemicals Ltd, India) have been used as anti-solvents.
Ammonium Perchlorate (AP) was obtained in powder form (~ 300-500 micron size). Millipore
water is used for making the aqueous solution of AP. These chemicals have been used without any

further purification.

5.2.2. Experimental Procedure & Analysis

5.2.2.1. Continuous experiments in impinging jets

1 mm diameter nozzles were used to make the collinear alignment of the impinging jets. Glass
is used as the reactor material as the reactor is required to be transparent for flow imaging as well
as compatible with organic solvents and high working pressure. The jets impinge inside a cavity
made out of merging of a half-sphere and a conical section with an outlet. The surrounding glass
enclosure of the jets system works as a mixing chamber. The geometry and the dimensions of the
impinging jet reactor used in our experiments are shown in Fig. 5.2c and the schematic of the setup
is shown in Fig. 5.1. The reservoirs for aqueous AP solution and the antisolvent were maintained
at a fixed temperature using constant temperatures baths (Julabo, Germany). Solution and
antisolvent are pumped using two peristaltic pumps (Longer, China) with insulated tubings for
minimizing heat losses. Experiments were performed at flow rates of 70-322 ml/min of the solution
and antisolvent, each. A constant solvent to antisolvent flow ratio of 1:1 is maintained similar to
previous experiments. A similar filtration assembly was connected to the outlet of the reactor.
Filtered particles were collected and analyzed subsequently. A high-speed camera (Photron

Fastcam Mini AX200) was used at 6250 fps for visually capturing the impinging of jets.
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Fig. 5.1. Schematic of the setup for antisolvent precipitation using confined impinging jet

reactor setup

5.2.2.2. Particle Size Measurement

The particle size of the precipitated particles was analyzed using Optical Microscope (Zeiss
- Stereo Discovery v20 and Zeiss Primo Star) as well as Scanning Electron Microscope (E-SEM
Quanta 200-3D). Three hundred particles in a micrograph were randomly selected, and particle
sizes were obtained using ImagelJ 1.8 software after doing a suitable calibration. Microsoft Excel

and Matlab® were used for post-processing of the data.

5.2.3. Computational and Numerical Details

The model Equations
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Continuity Equation: Z—’; +V-(p?) =0 (5.1)
Momentum Equation: % (pv) + V- (pvv) = -Vp+ V- (T) + pg (5.2)
Energy Equation: % (pE) + V- (B(PE + p)) = V- (KegfVT + Tegr?) (5.3)

where, ¥ is the velocity vector (m/s), p is the density (kg/m?), t is time (sec), T is stress tensor,
pg is gravitational body force (N), is pressure in N/m?, Ko is the effective thermal conductivity
which is given by k+ki, k¢ being the turbulent thermal conductivity based on the turbulent model
employed in this case k-¢.

k-¢ model equation:

9 ol +2 (pkuy) =2 (+”t)ak 4G+ G 54

9 (pe) +2 _ 0 (+“t)a (Gt CouGy) — Coup 55

at (pg) a (pgul) axj ‘u o_g 6x] 1€k k 3¢ b) 2€p k (')
k2

e =pCu— (5.6)

where k is the turbulent kinetic energy (m?/s?), € is the dissipation rate (m?/s*), u; is the velocity
vector (m/s), Gy, is the generation of turbulence kinetic energy due to mean velocity gradient, G,
is the generation of turbulence kinetic energy due to buoyancy, while a; and a, are the inverse
effective Prandtl numbers for k and € and p, is the turbulent viscosity. The values of Cy,C5,, Cy,
o, and o, (constants) were kept 1.44, 1.92, 0.09, 1.0, and 1.3 respectively.

For simulating mixing following species transport equation was used to simulate

B (5.7)
multispecies flow in the CLIJ % (pm;) + V- (pvm;) = =V -],
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where m; is the mass fraction of species k and ]_l) is the mass diffusion in the turbulent

o (5.8)
flow givenby ], = — (pDi,m + S#_Ctt) Vm; — Dr; T

where Sc,is the turbulent Schmidt Number, u; is the turbulent viscosity, D; ,, is the mass diffusion
coefficient of the species 1 in the mixture. Dy ; is the thermal diffusion coefficient. The density and
kinematic viscosity of the fluid and mass diffusivity of tracer in mixture were considered as
constant. Explicit VOF (Volume of Fluid) model with explicit formulation was used to simulate
multiphase flow in the CLIJ taking into consideration the surface tension and wall adhesion. For

the q'" phase the equation has following form:

da .
S 7 (aggg) =0 (59

The density and viscosity of the fluid in the multiphase simulation used in the above equation are
those of a mixture and are given by p = ¥ a0, and u = Y, agu, [27]

The governing equations (5.1-5.9) of continuity, momentum, turbulence, species transport were
numerically solved using commercial CFD code FLUENT (Ansys Inc., version 17.0) which is
based on the finite volume method. The 3D computational mesh (see fig 5.2B & 5.2D) used for a
numerical solution was generated in ICEM CFD using O-grid blocking technique. The blocks were
strategically split and associated, ensuring high quality mesh in the entire fluid domain. Refined
(Fine) mesh was used near wall/critical regions, and course mesh was employed in the other
regions. 1.2 growth ratio was used for the inflation of the mesh from fine to course. To capture the
boundary layers, it was ensured that the mesh at the wall was fine, and the growth ratio from the
wall was kept 1.1 to ensure smooth growth. Key mesh properties like orthogonal quality, aspect
ratio, Jacobean and the skewness were kept within limits and maintained according to standards

[31]. The total cells in the domain are 8 million. The inlet section was resolved by 600 grids. The
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grid independence was tested with different mesh sizes, and the mesh with the highest refinement
was employed to ensure the accuracy of the solution with minimum possible fluxes. No slip
boundary conditions were applied at the wall, and the flow was treated as incompressible. The
influence of gravity was taken into consideration in the direction of the outlet. Initially, single
phase simulations were performed which is well known in the literature for quantification of
mixing in the geometries. Multiphase VOF simulations were performed thereafter to understand

jet impingement dynamics. Details for single and multiphase simulations performed are presented

subsequently.
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Fig. 5.2. (A) Schematic of the modified CIJR geometry (all the dimensions are in mm), (B) Computational
mesh for modified CIJR geometry. (C) Schematic of the conventional CIJR geometry (all the dimensions
are in mm), (D) Computational mesh for conventional CIJR geometry (The minimum orthogonal quality is

0.85 and the maximum aspect ratio is 12)

5.2.3.1. Single Phase Flow, Species Transport and estimation of Mixing Performance

Single phase flow and species transport were solved for steady state. Water (p =1000 kg/m?
and p = 0.001 Ps) was used as a working fluid from both the inlets. The inlet boundary condition
was velocity inlet (3 m/s), and the outlet boundary condition was pressure outlet (P=0). The
pressure velocity coupling was performed by SIMPLE algorithm. The parameters: Momentum,
turbulent kinetic energy and turbulent dissipation rate were spatially discretized with second-order
upwind scheme. Pressure was spatially discretized by using PRESTO scheme. The equations were
iteratively solved till the convergence criteria of 10 were achieved for all the parameters. The
solution was initialized using the hybrid scheme.

To quantify mixing intensity in the CIJR, water along with a tracer (having similar
properties that of water) was used to solve the species transport equation along with turbulence.

Water was injected from one inlet and the tracer was injected from the other inlet. The mixing
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intensity is based on the obtained time history of the mass tracer and defined by the Danckwerts’
intensity of segregation [32, 33]. Mixing intensity (/) is defined as:

2

o 1
In=1—-\,=1— |5— where 02=VJ(C—E)2dV (5.10)
|4

Gm ax

Where, € denotes the mean value of the concentration field ¢, 0% and ¢, are variance and

maximum possible variance, V is the volume of the selected computational domain.[33, 34]

3.2. Multiphase Volume of fluid simulations (VOF)

Explicit VOF (Volume of Fluid) model [35] was used to simulate multiphase flow in the
confined impinging jet reactor (CIJR) taking into consideration the surface tension and wall
adhesion. Three Eulerian phases consisting of air (p=1.2kg/m> and p=1.78x107 Ps), water and n-
butyl alcohol (p=810kg/m* and p=0.00107 Ps) were used as working fluids for modelling
multiphase flow in CIJR. Explicit VOF formulation was employed with volume fraction cutoff of
10 and Courant number cutoff of 0.25. Surface tension was computed as a body force based on
CSF (Continuum Surface Force model) along with the wall adhesion term [36]. Momentum,
Turbulent kinetic energy and turbulent dissipation rate was spatially discretized by using the
second order upwind scheme. Pressure was discretized using the QUICK scheme[37], and the
volume fraction was discretized using the geometric reconstruction scheme which uses the
piecewise-liner approach [38]. The convergence criteria of 10 were kept for all the parameters
except for continuity that was kept at 10, to save computing time. The time step of 10 was
sufficient to maintain the Courant number between 0.01-0.1 well within acceptable limits[39, 40].
Maximum of 20 iterations per time step, proved to be optimum to achieve the set convergence

criteria. The solution was initiated with air as the working fluid to simulate the actual experimental
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condition. Inlet velocity of water and n-butyl alcohol was kept at 3m/s. Iso-Surface of 0.5 volume
fraction with respect to air was monitored in the fluid domain for every 0.5 milliseconds of flow

time, and subsequently, volume rendering technique was employed to visualize the multiphase

flow in CIJR.

5.3. Results and Discussion

5.3.1. Computational fluid dynamics study of impinging reactor based geometry

5.3.1.1. Flow and mixing in CIJR

In a typical CIJR, two liquid jets collide with each other and intensify the momentum,
heat, and mass transfer in the impinging region. Conversion of the kinetic energy of the liquid jets
into pressure energy and flow redirection, thereby achieving a significant energy dissipation in a
very short volume (15-1500 W/Kg for 70-300 mL/min flowrate)[41]. Impinging region of the CIJR
comprises of high TKE which intensifies turbulent transfer and enhances the mixing efficiency.
As mentioned earlier, jet inlets in the conventional geometry open on reactor wall [3, 19, 41-44]
(see fig. 5.2a). In this case, liquid jets are susceptible to Coanda effect to some extent [45], which
is the tendency to affix to the nearby mixing chamber surface. Such an effect results in a partial
circumvention of the impingement area comprising of highest magnitude of TKE[20] and wall
deposition. To avoid the circumvention and wall deposition caused by Coanda effect, the jet inlets
was stretched further into the reactor enclosure in our modification of the geometry. This is
intended to enhance concentrated jet impingement with higher TKE as jet’s emerging from flat
orifices have relatively lower energy than the tapered orifices that help carry more energy with the
jet. The reactor enclosure is also tweaked with a conical bottom section and significantly larger

outlet to prevent deposition of any solids on the reactor surface and clogging problem.
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Computational flow modelling is performed to visualize and study the impingement of the jets,

mixing and high kinetic energy zones in the conventional and the modified geometry of CIJRs.

Figure 5.4 (a-b) compares the turbulent kinetic energy at the cross-section plane (see Fig.
5.3 for a visual illustration of cross-section plane) along the inlet of the jets, for the conventional
and the modified geometry respectively. The maximum turbulent kinetic energy and the
distribution of kinetic energy in the conventional and modified geometry are comparable for same
boundary conditions. Mixing intensity was used for quantifiying mixing in CIJR, which was
estimated by using equations 5.10 . Performed simulations clearly indicate that both the geometries
provide a 99% mixing intensity. These comparisons of turbulent kinetic energy and mixing
intensity clearly indicate that the modified geometry performs similarly in terms of availability of

fluid energy at the impinging section and mixing performance while removing the wall effects.

Cross section plane
along inlet of the jets

Impingement Plane

Jet Inlet

Fig. 5.3. Section planes of the Confined liquid impinging jet geometry.
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Fig. 5.4. Distribution of Turbulent Kinetic Energy at the crossection plane in (a) conventional Geometry

(b)

and (b) modified Geometry.
5.3.1.2. Impingement dynamics of jets in CIJR

When two co axial liquid jets collide, they form a circular expanding sheet in the
perpendicular plane to the jet inlets [46]. The sheet thickness decreases radially as it grows from
the point of jet impingement and eventually disintegrates. At lower values of jet Reynolds number
(Re < 2000), the breakup of sheets is dominated by capillary instability and smooth or ruffled
sheets are observed. For the case of jet Reynolds number>2000, Kevin Helmholtz instability
becomes prominent due to the interaction (velocity shear) of the sheet with the surrounding air
[47]. The upstream part of the sheet becomes very unstable, and a fully developed sheet ceases to
exist. The impact waves arising from hydrodynamic instabilities generate disturbances of higher
amplitude causing the breakup of the sheet to liquid ligaments and droplets [29]. Li et al. have
experimentally monitored the transition from the laminar closed rim to open rim and then to
turbulent regime liquid sheets [47]. The angle between axes of the two jets, which is referred to as
impinging angle is 60°-120° in their experiments. The transition Reynolds numbers for different

angles are represented in table 5.1.
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Table 5.1. Variation of transition Reynolds Number with impinging angle (Li et al. [47])

Impinging Angle 60° 90° 120°

Transition Re 2369 2155 2053
(Open Rim)

Transition Re 3429 2989 2876
(Turbulent)

It is evident from table 5.1 with increasing impingement angle the transition Re decreases
for open rim as well as turbulent jets [47]. In the geometries under consideration in this chapter,
the jets collided at an impinging angle of 180°. 141 ml flow rate of each jet results in ~3 m/s
velocity and Re = 2488; our experimental conditions should result in a turbulent regime [47]. The
purpose of the present study was to study the interaction of the impinging jets of solution, and
antisolvent phase numerically and explore the usefulness of the conditions to design experiments

for high throughput antisolvent precipitation of AP as a model system.

A high-speed camera was used to experimentally capture the jet impingement in our CIJR
reactor. Fig. 5.5a and b show that the sheet formation by impingement of liquid jets that can be
seen in from the predictions in VOF simulations actually exists when seen using a high-speed
camera. The film formed due to impingement undergoes break-up and eventually forms a large
number of satellite drops. This transient phenomenon is shown in Fig 5.5¢. Volume rendering
techniques were used to track the transition in the flow field. After the impact of the two liquid
phases, the sheet forms and grows in a radial direction. Then instability wave arises on the sheet,
and the sheet disintegrates into ligaments and droplets. The ligaments were formed in a pattern of
waves similar to the impact waves observed in the ruffled sheet regime. The size of the droplets

and ligaments decrease radially outward from the jet core/axis. Furthermore, it has also been
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observed that once the drops hit the wall, they agglomerate and forms bigger droplets on the inner

walls of the CIJR.
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Fig. 5.5. Sheet formation by jet impingement (a) experimental, (b) VOF simulation; (c)

Interaction of impinging jets with time (CFD simulations)
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Further to impingement, mixing in the CIJR also depends on the subsequent droplet
interaction of the two phases. Fig. 5.6 shows both water and n-butyl alcohol phases inside the
CIJR at 80ms. The green colour represents the aqueous solvent phase, and the blue colour
represents the organic antisolvent phase. It can be observed from the figure 5.6 that both water and
n-butanol phases are intertwined together in the form of ligaments and droplets and they do remain
isolated. Though droplet breakup from liquid sheet was reported in previous VOF studies in
literature, it was based on single liquid phase. This interwinted nature of the droplets and ligaments
of two different phases were first reported in the current study. Such small-scale interaction
between the two phases results in increasing the effective interfacial area, which contributes to the

enhanced performance of the CIJR in terms of mixing and mass transfer.

Fig. 5.6. Droplets of Water and n-butyl alcohol in the CIJR (at 80ms from the moment both jets

comes out of the nozzle)
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The active regions in the fluid domain wherein the water and n-butyl alcohol phase are interacting
are shown in Fig 5.7 and 5.8. The figures also showcases the transient location of the sheet for
three different velocities of the liquid jets. Before the two-phases entered the domain, it was filled
with stagnant air (initialization of the solution with air at zero velocity). For very low velocities of
the liquid jets (1 ms™), sheet formation is heavily influenced by gravity and liquid bulbs were
found to detach from the sheet after 32 ms. With increasing velocities of the jet, the sheet formation
is observed to be symmetric in nature and less influenced by gravity. The location of the liquid
sheet is also found to be shift towards the antisolvent inlet side with time as the density of water is

more than that of n-butyl alcohol irrespective of jet velocity (see Fig. 5.8).

n-butanol Water
Inlet
Inlet
—- A —

Fig. 5.7. Movement of liquid sheet along the impingement axis to equilibrium position for 5 ms™ jet
velocity. (1) 2.5 ms, (2) 7.5ms, (3) 12.5 ms, (4) 22.5 ms
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Fig. 5.8. Evolution of liquid sheet for different jet velocities
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5.3.2. Continuous precipitation of AP in modified CIJR geometry

In the previous chapter, antisolvent precipitation of AP was optimized in batch and continuous
capillary reactor. Water and n-butyl alcohol were found to be optimized solvent-antisolvent pair.
50°C and -10°C were found to be solution and antisolvent temperature respectively for optimized
particle size and yield. These optimized conditions were followed while carrying out continuous
antisolvent precipitation in the modified geometry of CIJR proposed and characterized in the
previous section of the chapter. Flow rates are varied from 70 ml/min to 322 ml/min providing a
handling capacity of 1.45-6.67 kg/hour. The precipitated particles were found to be in the range of
8.98-16.98 um mean diameter. Fig. 5.8a shows the variation in precipitated particle size with total
Re of the impinging jets. Here very high average jet Re 1.46 x10°— 5.87 x10° indicates intensified
mixing which subsequently results in the production of small particles. Initially, a decrease in the

AP particle size is observed with increasing jet Reynolds number, which reaches a plateau.
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Fig. 5.9. (a) Effect of Reynolds number on AP particle size, (b) SEM images of AP particles (mean
particle size 10.35 um) precipitated using impinging jet reactor (141 ml/min flow rate of solution
and antisolvent, 50°C solution temperature and -10° antisolvent temperature), (c) Mean particle
Sizes, (d) PSD of AP particles in different processes at a 50°C solution temperature. (ULS —

Ultrasound bath, Cont. — Continuous capillary reactor)

This results from the gradual mixing quality enhancement with increasing jet Reynolds
number (Rey) [9, 48]. The average sheet thickness when two jets collide is observed to decrease
with increasing Re;. The sheet becomes ruffled and finally turbulent in nature [47]. With
decreasing sheet thickness, smaller drops are formed at the edge of the sheet. For higher jet
Reynolds number (Re; > 3000) particle sizes no longer depended on Re;. Similar observations of
particle sizes reaching a plateau have been reported by several authors for antisolvent [49] and
reactive precipitation [43, 50]. Moreover, most of the studies have reported a plateau in process
performance as the Reynolds number is increased in impinging jets [3, 8, 51]. Images of the
precipitated AP particles at optimum conditions in an impinging jet reactor are shown in Fig. 5.8b.

The comparison of AP particle sizes and PSD obtained in various conditions and reactors are
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presented in Fig. 5.9¢ and 5.9d respectively. Comparing the mean particle size and particle size
distribution of various processes in Fig. 5.9c¢ and 5.9d respectively, it can be concluded that
impinging jet reactor gives a performance similar to a capillary microreactor as described in the

previous chapter but at 40-400 times higher capacity making it a scaled-up option.

5.4. Conclusion

Mixing performance and jet impingement dynamics have been studied in our modified
CIJR geometry and compared with the conventional design. It was found that the modified
geometry prevents the wall effects and wall deposition while performed similarly in terms of
mixing and utilization of the fluid energy available at the impinging area. The dynamics of liquid
sheet formation, movement along the impingement axis and fragmentation is predicted using the
VOF method. On impingement, the liquid sheet is found to shift towards the lower density liquid
inlet and becomes stable after reaching an equilibrium position. Formation of interwinted droplets
and ligaments of two different phases after sheet fragmentation results in increasing the effective
interfacial area, contributing to the enhanced mixing and mass transfer performance of the CIJR.
The modified geometry of CIJR was applied to perform scaled up experiments in optimized
conditions found from the previous batch and continuous flow experiments. 8.98-16.98 um AP
particles were achieved in the Reynolds number range of 1792—7193 for the saturated aqueous AP
solution stream and 1135 — 4553 for the antisolvent n-butyl alcohol stream. With increasing jet
Reynolds number (Rej), increase in the mixing performance due to the higher kinetic energy,
formation of smaller droplets, reduction in sheet thickness results in smaller particle size. More
studies on the effect of impinging angle, inlet velocities of both the fluids, jet diameter,

configurations of jets, etc. need to be studied separately to achieve a reliable scale-up methodology.

5.5. Notations
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I, = Mixing intensity (-)

I; = Intensity of segregation (-)

02 = Variance of concentration (mol%/1?)

02,2= Maximum possible variance of concentration (mol?/1?)
¢ = Mean value of the concentration field ¢ (mol/I)

V = Volume of the selected computational domain (1)
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Chapter 6

Ultrasound-Assisted Batch and Continuous Flow Process for Antisolvent

Precipitation of Metformin Hydrochloride Microparticles
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6. Ultrasound-Assisted Batch and Continuous Flow Process for Antisolvent

Precipitation of Metformin Hydrochloride Microparticles®

SA version of this chapter has been published

Pal, S., Nikam, A., Kulkarni, A.A., 2020. Antisolvent Based Ultrasound-Assisted Batch and
Continuous Flow Precipitation of Metformin Hydrochloride Particles. Journal of Flow Chemistry

In this chapter, small sized particles of the antidiabetic drug metformin hydrochloride (MHC)
were precipitated via liquid antisolvent technique in a clogging free inverted jet reactor (IJR).
This was used as a small passive mixer in which intensified turbulent mixing of the solution and
the antisolvent occurred under controlled conditions. Initially, the optimized conditions for
antisolvent precipitation (ASP) were investigated by studying the effect of solute concentration,
antisolvent to solvent ratio and antisolvent temperature in batch systems. The ability of the ASP
process to generate small sized MHC particles using a simple and scalable setup provides a

pathway to manufacturing MHC for formulations at a higher scale.

7.1. Introduction

In recent years, synthesis of inorganic or hybrid (organic-inorganic) nano and micro
particles had made a mark in particle technology because it shows unique properties than their
bulk counterparts [1]. Organic microparticles are becoming popular in colloidal chemistry due to
their applications in the electronics, nano-medicine [2], and food industry [3]. Small sized
organic particles play an essential role in making the stable formulation of active pharmaceutical
ingredients (APIs). Hence, micronization of APIs is required to be established for obtaining
homogeneous small sized particles with desired properties. Though, significant efforts have been

taken into the direction towards the lab scale synthesis of small-sized organic particles in the
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recent year’s high throughput synthesis for industrial applications are still in development[4].
Liquid antisolvent precipitation (ASP) is becoming widely used for the production of small sized
organic particles of wide varieties. In the ASP, precipitation of solute is accomplished by
diminishing the power of the solvent for the solute dissolved in the solution. A non-solvent for
solute called as antisolvent 1is added to the solution [5]. Operating at standard conditions
without the involvement of sophisticated instrumentation and other advantages of ASP over

other top-down and bottom- up approaches has been discussed in chapter 1.

As the size and shape of organic particles are highly sensitive to synthesis conditions
which determine the properties of particles (stability of dispersion, dissolution, compressibility,
compaction and the flowability of APIs). To obtain the desired shape and size of APIs particles,
it is important to understand elementary steps (viz. nucleation and growth) of particle synthesis
with respect to the changes in process parameters. As ASP is a solvent exchange method,
mixing of solvents plays a vital role to produce smaller size particles [6]. The solvent exchange
is a diffusion limited phenomenon [7], where fast and efficient mixing can result in small size
monodisperse particles [8, 9]. Slow and inefficient mixing results in locally non-uniform
nucleation and growth rates leading to poly-dispersed particles. Typically, ASP has been carried
out in a classical batch reactors. This batch synthesis is limited to low production rate, poor
reproducibility and wider particles size distribution owing to poor mixing and dead time. In the
classical batch method, processing large volume and controlled the addition of reagent to achieve
homogeneous mixing becomes very difficult. Currently, large size continuous stirred tank reactor
or homogenizers have been used for high throughput production of organic particles, but their
mixing timescales are usually not smaller than the precipitation time scales. Moreover, achieving

spatial homogeneity in large reactors is challenging [10].
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In the last decade, micro and mini reactors and confined impinging jet reactors evolved
for the production of well controlled micro/nanoparticles which is highly reproducible and
scalable [11-13]. Micro and mini reactors often encountered clogging issue after precipitation
due to deposition of particles on the wall of the reactor while confined impinging jet reactors
were limited to flash precipitation scenarios [14]. To resolve the aforementioned issues,
alternative method is demonstrated in the present work for high throughput continuous ASP of
organic particles using inverted jet reactor (IJR) which provides comparatively higher residence
time. Furthermore, ultrasound is used to provide superior micromixing in ASP to diminish
induction times for nucleation and provide a constant supersaturation ratio [15, 16]. In the
current work, a systematic study is performed for optimization of the batch precipitation
conditions and the batch process is translated to the continuous inverted jet reactor. As a case
study, we chose metformin hydrochloride (MHC) API for this purpose. MHC is a biguanide
group drug molecule which is an antidiabetic/hypoglycemic agent that acts predominantly by
inhibiting hepatic glucose release [17, 18]. Although MHC is a water-soluble API, the objective
was to produce small size¢ MHC particles which in future could be homogeneously dispersed,
easily encapsulated or formulated which could be used for controlled drug delivery in an aqueous

environment.

6.2. Experimental Section
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6.2.1. Chemicals and Materials

Metformin Hydrochloride (MHC) powder supplied by Abhilash Chemicals &
Pharmaceuticals Pvt. Ltd and used as received for the experiments. Organic solvents such as n-
butyl alcohol (99.5% pure from Merck Chemicals Ltd, India) and n-propyl alcohol (99.0% pure
from Merck Chemicals Ltd, India) were used as anti-solvent. Milli-Q water was used for making
the aqueous solution of metformin hydrochloride (MHC). Histidine was purchased from
HiMedia Laboratories Pvt. Ltd. India These chemicals were used without any further

purification.

6.2.2 Batch ASP of MHC

Batch experiments were performed in 30 ml glass vials. Aqueous solutions of MHC at
different concentrations were prepared as mentioned in Table 1. The antisolvent mixture was
prepared by mixing n-propyl alcohol and n-butyl alcohol in 50% v/v proportion and kept at the
desired temperature using a temperature bath (Julabo, Germany). A glass vial containing 15 ml
of antisolvent was partially submerged into an ultrasound bath (Equitron, India) operating at 53
KHz, 100% power at room temperature. 1 ml of aqueous MHC solution was immediately
injected into antisolvent with continuous sonication. After a minute, a drop of the precipitate was
placed on a glass slide for determination of particle size. The 1 ml solution of precipitate was
dispersed in 4 ml of n-butyl alcohol, and a drop is casted on a glass slide to capture an image.
The precipitate was separated by vacuum filtration using Whatman paper 1 and dried at room

temperature.

Table 6.1. MHC concentration in water
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Solute Amount of MHC
Sr. No.
concentration (%) (g/10 ml)

1 100 4.120
2 95 3914
3 90 3.708
4 85 3.502
5 80 3.296

6.2.3 Continuous flow ASP of MHC in the inverted jet reactor (IJR)

The inverted jet reactor (IJR) was immersed in an ultrasound bath as shown in the
schematic representation of the experimental setup in Fig. 6.1. The bell-shaped device having
three inlets of 1 mm [.D. was used for continuous precipitation. Two jet inlets were directed
opposite to each other, and the third inlet was kept perpendicular to the two opposing inlets from
the bottom of the reactor. Two peristaltic pumps were used to flow the antisolvent (n-propyl
alcohol: n-butyl alcohol, 50% v/v) through two side inlets of IJR using insulated silicon tubing at
a flow rate of 30 ml/min. A syringe pump (Longer Pumps, China) was used to flow the
metformin hydrochloride solution from the central inlet of the reactor. These two streams of
antisolvent along with the third stream of MHC solution underwent rapid mixing (at a flow rate
of 4 ml/min) under sonication. A filtration assembly was connected to the IJR outlet which
consisted of a Whatman Grade 1 filter paper, Biichner funnel and a vacuum pump (Buchi,

Switzerland). Filtered particles were collected and analyzed subsequently.
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Fig. 6.1. Schematic of the experimental setup for continuous flow synthesis of MHC particles

6.2.4 Particle Size Measurement

Length of the precipitated particles was considered as size and was analysed for the
particle size using an optical microscope (Zeiss Primo Star). Particle size distribution was
generated by randomly selecting 300 particles in a micrograph and size of the particles was
measured using Imagel] 1.8 software. Average particle size, PSD and standard deviation in

particle sizes were estimated using Microsoft Excel and Matlab® software.
6.3. Results and Discussion

The approach for finding the ways to precipitate MHC particles started with a selection of

a favourable solvent and antisolvent pair. The key requirements to obtain fine API particles by
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ASP are 1) antisolvent should be miscible with solvent and ii) API should have low solubility in
antisolvent. In this work, water was used as the solvent because of the high solubility of MHC in
water. n-propyl alcohol and n-butyl alcohol were both used in pure form as antisolvent. Due to
high solubility of MHC in methyl and ethyl alcohol, they were not used as antisolvents. It was
observed that n-propyl alcohol took longer time (6.5 min) to start precipitation and produced
particle of higher size (48 pum) while n-butyl alcohol took comparatively smaller time for
precipitation to start (20 s) and produced smaller particles (30 pm). In addition to this, n-propyl
alcohol is miscible with water while n-butyl alcohol is partially soluble. Due to the limited
solubility of n-butyl alcohol in water, it formed a two-phase system resulting in lower yields of
the precipitate. To address this issue, we used a mixture of n-propyl alcohol: n-butyl alcohol
(50% v/v) as antisolvent which was completely miscible with water. A white coloured precipitate
was observed in a short time when an aqueous solution of MHC injected into n-propyl alcohol
and n-butyl alcohol mixture. Here, we would like to summarize that mixture of n-propyl alcohol:
n-butyl alcohol (50% v/v) act as efficient antisolvent due to its miscible nature with water and

low solubility of MHC..

6.3.1 Effect of MHC concentration

The driving force for precipitation is the supersaturation created by mixing the API solution and
the antisolvent [8]. Variation in size and shape of the particles depends upon nucleation and
growth which can be tuned by the degree of supersaturation in the system. The degree of
supersaturation relies on the concentration of solute and the amount of antisolvent. Here, we
studied the effect of the concentration of solute (MHC) on the particles size of MHC for a fixed

antisolvent ratio. MHC solutions of varied solute concentration from 100% to 80 % of the
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saturated concentration was prepared and injected into the 15 ml antisolvent under sonication.
After the solvent exchange, precipitate yielded MHC particles of elongated and cubic
morphology which are depicted in Fig. 6.2. Optical micrographs show a large number of bigger
sized rod-shaped particles were observed at 95% solute concentration compared to low
concentration systems (see Fig 6.2d). MHC particles precipitated at 85% solute concentration

was found to be of small size particles of cubes, rods and needle-shape (see Fig. 6.2b).

/ CA g"e// T‘iz%f-a_?e v@fy;,‘“%ia\} 100

o % .7 RN

80 85 20 95 100
Solute conc. (%)

Fig. 6.2. Optical micrographs of MHC particles prepared at different % solute concentration
(Solution Temperature 25°C, Ultrasound Bath); (a) 95%, (b) 90%, and (c) 85%, (d) 80%, (e)

Effect of solution saturation on the MHC particle size

It was expected that increase in the solute concentration of MHC would yield smaller
particles due to reaching a higher degree of supersaturation. In contrary to this, the particle size
of MHC was found to be larger for high MHC concentration (95%, 65 um) compared to the low
MHC concentration (80%, 44 um) (see the Fig. 6.2¢). At a higher concentration, though a larger

number of nuclei were formed after mixing of the solution and the antisolvent, it also leaded to
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the enhanced growth of the nuclei due to higher availability of monomers in the solution. By
lowering the solute concentration (85%), nucleation of particles was dominated over growth due
to less availability of monomers which resulted into a smaller size of MHC particles (36 pum).
For further reduction of concentration (80%) decreased supersaturation and nucleation rate that
resulted into a smaller number of nuclei. Despite the reduction in concentration, a sufficient
number of monomers were present in solution ramified growth and that resulted in an increase in
the size of MHC particles. This kind of sensitivity analysis is known in batch mode
crystallization where limited number of seeds when added to even a less saturated solution gives
large size of particles over longer time. The aforementioned result can be summarized as 85%
concentration of MHC is the optimum concentration to obtain small size particles where

nucleation event is predominated over growth.

6.3.2 Effect of antisolvent to solvent (AS/S) ratio

Effect of antisolvent to solvent (AS/S) ratio on particles size was studied for a range of
temperatures, and it was observed that AS/S ratio played a vital role in deciding the size of the
particle. Fig. 6.3 indicates that variation in AS/S ratio causes significant variation in the size of
particles. As the AS/S ratio increased from 5 to 15, particles of MHC became smaller in size (see
Fig. 6.3a). This was due to an increase in the degree of supersaturation which produced a large
number of smaller nuclei at increased AS/S ratio up to 15. At the AS/S ratio of 15, the maximum
amount of MHC formed the nuclei, and a small amount of monomer in the solution caused
further growth of particles which resulted in smaller sized MHC particles. The high degree of
supersaturation also resulted into narrow particle size distribution (PSD) at AS/S ratio 15 (see

Fig. 6.3b). On the other hand, a further increase in AS/S ratio from 15 to 25 reflected into an
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increase in the particle size and decrease in total number of particles. This can be explained by
the solubility of MHC in the antisolvent mixture. MHC has way higher solubility in n-propyl
alcohol (2.7 mg/ml) in comparison to n-butyl alcohol (0.3 mg/ml). As a result, with increasing
AS/S ratio the amount of n-propyl alcohol in the solution—antisolvent mixture was increased
which in turn reduced the efficacy of the antisolvent mixture. Therefore, AS/S ratio 15 was

chosen to be optimum value for producing smaller sized MHC particles.

Optical microscopy images display the morphology of MHC particles (see the Fig. 6.4)
prepared using different AS/S exhibits anisotropic structure such as needle, rods and cubes. In
most of the cases, the MHC particles grew along the length which can be attributed to the
monoclinic crystal structure of MHC, which led to needle and rod shape growth. At AS/S ratio =
5, the shape of particles was decided by the growth of the specific planes and hence the particles
grew into needle shape (see Fig. 6.4). When AS/S ratio was increased from, the transition of

particle shape can be observed from needles to the rod and eventually to cubes (see Fig. 6.4).
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Fig. 6.3. (a) Variation in average particle size with the antisolvent ratio, (b) Variation of PSD

with AS/S ratio (at 25 °C)
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Fig. 6.4. Optical micrographs of MHC particles prepared at different AS/S ratios (Solution
Temperature 25°C, Ultrasound Bath); (a) AS/S =5, (b) AS/S =10, (c) AS/S =15, (d) AS/S =20,
and (e) AS/S = 25.

6.3.3 Effect of antisolvent temperature

In liquid antisolvent precipitation, the temperature reduction arising from the difference
of temperature between antisolvent and solution works as a driving force in attaining
supersaturation along with the antisolvent effect. Here, we systematically investigated the effect
of temperature on particle size. A significant reduction in precipitation time was observed with
the decrease in AS temperature. It was noted that 24 s, 32's, 35 s, and 51 s were the precipitation

time required at -20°C, -15°C, -10°C and -5°C respectively. As a consequence of lowering
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temperature, precipitation occurred relatively faster compared to a higher temperature which
could produce small size particles. Optical microscope images depict the change in particle size
and morphology as the temperature of antisolvent decreases from -5°C to -20°C (see Fig. 6.5).
Majority of the particles obtained at -5°C are found to be rod shapes (see Fig. 6.5a). However,
particle obtained at -20°C found to be a mixture of smaller sized cubes as well as rod shape (see
Fig. 6.5d). Due to a technical limitation of thermostat we were not able to experiment below -20

°C temperature. Size and aspect ratio of MHC particles was determined using images analysis.

50 pm

..- d)

Fig. 6.5. Optical micrographs of MHC particles prepared at different temperatures (Solution

Temperature 25°C, Ultrasound Bath); (a) -5°C, (b) -10°C, (¢) -15 °C, and (d) -20°C.
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Fig. 6.7. Effect of antisolvent temperature on (a) particle size, and (b) aspect ratio

It can be observed that the reduction in the antisolvent temperature results in more

uniform and smaller size MHC particles (-20 °C, 19.8 um, see Fig. 6.7a). The aspect ratio of the
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precipitated particles was also observed to reduce with decreasing antisolvent temperature (see
Fig 6.7b). In Fig. 6.6, the particle size distribution curve shows the effect of temperature on the
degree of supersaturation that results in narrow particles size distribution (PSD). The rise in the
peak height and movement of peaks to the smaller particle size were observed with decreasing
temperature (see Fig. 6.6). The main reason behind this was the lowering of the antisolvent
temperature that resulted in higher degree supersaturation ratios leading to the formation of a
larger number of smaller size nuclei in a short span. On the other hand, precipitation of MHC is
diffusion limited phenomenon. Due to a decrease in the temperature, the viscosity of antisolvent
increased (~56 % increase from 0°C to -20 °C) [19, 20], which results in the slow diffusion of
smaller nuclei/particle [21]. Hence, further particle growth was not possible at low temperature
by coalescence and aggregation because of the slow diffusion. Antisolvent temperature played an
important role to achieve a high degree of supersaturation which limited the growth of the
particles due to the increase in viscosity. Finally, -20°C is selected as the optimum antisolvent
temperature producing smaller size MHC particles having 19.8 um average size and 2.48 aspect

ratio.

6.3.4. Continuous precipitation

Initial continuous flow experiments were performed in a co-flow capillary reactor as the
optimised antisolvent to solution ratio for the batch experiments was very high. Parallel flow was
observed for a different range of flow rates, which was not able to provide adequate mixing
performance for precipitation. Submerging the co-capillary system into an ultrasound bath
resulted in better mixing leading to precipitation but the particle size observed was quite high (~

55 wm) compared to the optimum batch conditions (see Fig. 6.7¢). This was due to the severe
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growth of the particles at the stable interface between the two phases in parallel flow. In addition
to the above observations, clogging of the capillary channel was observed which is attributed to
the solid deposition on the capillary wall. It was inferred that the co-capillary approach was not

be suitable for continuous operation.

Confined liquid impinging jet reactors were reported to provide excellent mixing
performance and could run continuously at higher capacity [22] . Chiou et al. [14] studied the
feasability and limitation of such a single-pass process and concluded it is suitable for very fast
precipitation, where precipitation should occur during impinging For the slowly diffusing
antisolvents followed by slow growth of particles one pass conversion or yield from such
systems will be very less. In our work, the precipitation initiation times in batch was found to be
in the range of 30 s to 60 s which was quite higher than the typical residence times of confined
impinging jet reactors. The antisolvent to solvent flow ratio was also higher for liquid sheet
formation which is responsible for the enhanced mixing performance in a confined impinging jet
reactor. To overcome these difficulties, an inverted jet reactor having three inlets was developed
to use the improved mixing conditions attained from the kinetic energy of impingement of the
jets but in a submerged state which provided a higher residence time for the precipitation (see

Fig. 6.1).

Experimental parameters optimised for ASP in batch at -20°C were considered for
continuous flow antisolvent precipitation in the IJR. Optical microscope image of MHC particles
displays that MHC particles are rod and cube shape (see Fig. 6.8a and b). The particles size was
determined from the optical images was 18.6 um which was smaller than particle obtained in

batch (19.8 um) and co-capillary (55 pm). Reduction in size using IJR is attributed to efficient
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mixing. Although, mixing of antisolvent and solvent played an important role to achieve faster
supersaturation which ensured small sized MHC particles, the addition of additive would inhibit
the growth of MHC particles during ASP. To arrest the growth of particle, 1.0 mass % histidine
was added while preparing MHC solution. A further reduction in the particle size was observed
with the addition of histidine (see Fig. 6.8c) through the particle morphology remained the same.
The particle sizes obtained in various experimental conditions are compared in Fig. 6.8c. An

overall yield of 85% MHC particles was achieved at optimised continuous flow conditions in

“jh

o .
Batch 25°C Batch -20°C Co-capillary -20°¢ 1JR -20°¢ WR -20"C witt
Histdine

Experimental conditions

JR.

Fig. 6.8. Optical microscope images of MHC particles prepared in flow a) without additive in the
inverted jet reactor (Average particle size, 18.6 um), (b) with additive in inverted jet reactor
(Average particle size, 15.8 pum), and (c) Particle size of MHC by ASP from different

experimental conditions
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Above result could be summarised as ASP process in continuous IJR yield small size
MHC particles due to efficient mixing and addition of additive hinder the growth of MHC
particle leading to small size particles. Although, particles prepared by changing experimental
conditions show different morphology but the PXRD patterns were found to be identical which
was ascribed to the monoclinic crystal structure of MHC (see Fig. 6.9). MHC particles prepared
using batch, capillary reactor and IJR show similar PXRD patterns and peaks from each pattern
exactly match with each other. Hence, PXRD analysis clearly reveals that no other crystal
structure or polymorphs were present in MHC particles prepared using different reactors or by
changing precipitation condition. Using an inverted IJR was essential for the cases such as MHC
as the precipitation time is relatively longer than other salts [22] and longer residence time is

needed.
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— 1.0 - Cap_Flow
IJR_Flow

0.4 bkt

Intensity (a.u.
j=]
o))
| I

e

10 20 30 40 50 60 70 80
2 Theta (Degree)

Fig.6.9. PXRD patterns of MHC particles produced in batch, capillary reactor and [JR
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6.4. Conclusions

An antisolvent precipitation based continuous flow process was demonstrated for
production of small sized MHC particles with higher production rate compared to classical batch
process. Enhanced mixing from the integration of ultrasound and IJR helped to yield small sized
particles. In the current work, we systematically investigated the effect of process parameters
viz. AS/S ratio, the concentration of solute, antisolvent temperature and mixing on ASP to obtain
the optimized conditions for smaller sized MHC particles. At -20 °C, AS/S ratio of 15 and 85%
solute concentration was found to be the best optimized condition producing small sized (19.8
um) MHC particles. Adoption of batch ASP process into continuous flow process successfully
achieved using an inverted jet reactor. Continuous flow process was adopted to produce small-
sized MHC particles in large quantity and reproducible manner. L-histidine was used as a
biocompatible additive to suppress growth and agglomeration of the MHC particles. 15 um sized
MHC particles were obtained in a continuous and clogging free manner via antisolvent

precipitation in the IJR.
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Chapter 7

Summary of Conclusions and Recommendations for Future Work
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7. Summary of Conclusions and Recommendations for Future Work

The ability to handle solids involving processes in a continuous microfluidic framework
offers a huge opportunity, especially in the field of flow chemistry and material science.
Continuous methods to perform chemical reaction involving solids, crystallization is considered
relevant on an industrial scale as well. The current thesis explores the flow of solid particles in
multiphase flow systems to develop methodologies of solid handling with a view on improving
the feasibility of micro and millifluidic clogging free particle handling platforms. Impinging jet

reactors are also explored as a potential continuous particle handling platforms.

7.1. Conclusions

Chapter 1 reviewed key efforts that were undertaken to handle solid particles in a
microfluidic framework. They could be categorized into chemical, active, passive and alternative
methodologies. Despite some recent efforts such as pulsed ultrasound and crystal engineering,
the approach has been mostly curated to solve a specific chemistry problem. The reported
methods are still not being practised on industrially available automated microreactor platforms,
because of inadequate understanding of crucial factor such as clogging dynamics influencing

their performance.

Chapter 2 covered the understanding of clogging in a multiphase system with a specific
focus on clogging time. Effect of relevant parameters such as flow regimes, channel diameters,
flow rates was explored. In the segmented flow, the particles were found to travel to the rear
stagnation zone, forming shells or hemispherical caps. Subsequently, the detached shells undergo

associative growth forming clusters and settled on the channel wall surface. This was observed to
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be mainly responsible for clogging in segmented flow regime. But formation of stable shells
throughout the capillary length was found to be favourable for enhanced particle transport
delaying clogging. The relative rates of interfacial mass transfer, precipitation and the flow
govern the clogging time, which shows a near power law behaviour with total flowrates. The
mass transfer model provides insights such that crystal formation, growth and agglomeration
takes significantly longer time in comparison to interfacial mass transfer.

Strategies to handle solid particles without using external forces was developed in
Chapter 3. The particles are controlled inside the channels by means of manipulating the flow in
a relatively simple and easy to implement way without modifying the reactor configuration.
These are useful for exploring precipitation as well as chemical reactions involving solids in
continuous flow. Inert liquid and gas insertion was identified to act the most efficient strategy to
suppress clogging in capillaries, thus making the system easy to handle for longer operating
hours. While only a proof-of-principle at this stage, the methodologies can be easily optimized
from system to system and operated by a single end-user, offering a potential solution to handle
solids in flow. Such a system could also help continuous manufacturing to a great extent, and
provide a strategy to replace batch manufacturing of solids.

In chapter 4, we develop a framework for the batch to continuous flow optimization of an
antisolvent precipitation process for safe and rapid preparation of ammonium perchlorate (AP)
particles. From the selection of antisolvents, mixing conditions and temperatures of solvent and
antisolvent were optimized keeping a balance between desired particle size, yield and clogging
issues. The segmented flow regime in the continuous approach allows precipitation to occur only

at the interface, providing less tendency to the growth of the particles.
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The continuous flow process developed in the previous chapter was scaled up to 400
times in chapter 5 by means of confined impinging jet reactor (CIJR). CFD simulations and high-
speed imaging experiments were performed to investigate mixing performance and impinging
dynamics in the turbulent regime. A modified CIJR reactor was proposed, which is superior in
terms of mixing and utilization of the fluid kinetic energy available at the impinging area.

Smaller particle sizes are obtained with higher jet Reynolds number of the CIJR.

In chapter 6, a novel inverted jet reactor concept was presented for continuous
precipitation systems where the precipitation time is in the order of minutes, unlike flash
precipitation studied in the previous chapter. This reactor concept is able to utilize the kinetic
energy of the liquid impinging jets, provide residence time in order of minutes and operate in a
continuous manner. Parametric optimization was first performed in batch, and the optimized
process was adopted in continuous flow IJR in a scaled up fashion. L-histidine was used as a

biocompatible additive to suppress growth and agglomeration of the MHC particles.

This thesis provides a number of new insights on the ways of handling particles in
continuous flow processes. Batch to continuous methodologies for antisolvent precipitation
systems is also manifested. The overall approach, the developed particle handling techniques in
microchannels and impinging jet reactors in this dissertation will provide a foundation for further

research and utilization of solid involving processes in continuous flow to a greater extent.
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7.2. Recommendations for Future Work

The following recommendations are proposed for future work. We hope that the published

results will serve as useful precedents in motivating future efforts in these directions.

1)

2)

3)

4)

5)

Clogging of microchannels is a very stochastic phenomena depends on several
interrelated processes such as hydrodynamics, mass transfer, process Kinetics, nucleation
and growth models. Though each of these has been explored theoretically and several
models are available in the literature, integration of these models are necessary to
estimate clogging time in microchannels.

Most of the work in the thesis was performed, keeping the flow ratio as unity resulting in
mostly segmented flow regimes. For the case of flow ratios away from unity, other flow
regimes apart from the segmented flow are dominant. Clogging dynamics in such cases
needs to be further investigated.

Passive methodologies for particle manipulation demands further enhancement, which is
resistant to flow regimes irregularities arising from reactive systems. Forcing targeted
flow regimes by means of passive forces such as electrohydrodynamic forces and usage
of superhydrophobicity could be explored in this regard,

As active methodologies are comparatively robust in handling solids and not susceptible
to irregular flow regime, systems with low energy footprint are required to be developed
in which the intrinsic kinetics are not being altered.

Multiphase chemistries are quite abundant such as hydrogenation which involves
immiscible liquids, gas and solid catalysts in high pressure. While the literature on
organic synthesis in gas-liquid and liquid-liquid segmented flow is widespread, there are

no reports on the feasibility of performing such complex chemistries in segmented flow.
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6)

7)

8)

In such systems, the local concentration and temperature gradients will result in varying
physical properties affecting the hydrodynamics of the flow. It is necessary to quantify
these effects and explore such systems since it segmented flow solves the effect of wall
deposition/fouling and also provides enhanced mixing.

For the development of end to end systems curated for industrial applications, efficient
post-processing of microparticles needs further improvement such as fast drying and
coating process to suppress agglomeration.

Though impinging jet can be used for scale-up for flash precipitation and inverted jet
systems are demonstrated for continuous precipitation where the residence time is in the
range of minutes, continuous scale-up methodologies for crystallization systems requiring
very high residence time such as co-crystallization is necessary.

Many compounds in the field of chemistry, material science and biology are attractive
candidates for future scale-up technologies. However, considering the demand of the
industry for particulate systems, whether its high-cost and low-quantity or low-cost and
high-quantity, further optimization must be carried out in order to meet the required
demands. Recently, process intensification and integration of unit operations for an end to
end continuous manufacturing have resulted in the state of art platforms in the size of
shipping container sized units. Further research and integration of active, passive as well
as alternative methods of particle handling can fuel the development of such platforms

for solids which can be considered as a more practical platform for industries to adopt.
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Appendix —I

Important instruments used

Optical microscopy: Capillaries are places under stereo microscope (Zeiss Discovery V20) for
flow visualization. A drop of the solution containing precipitate place on glass slide and

examined under compound microscope (Zeiss Primo Star).

Scanning Electron Microscopy: SEM images of samples were recorded using scanning

electron microscope (E-SEM Quanta 200-3D) operated at 20kV

High speed camera: High speed camera (Photron Fastcam Mini AX200) was used flow

visualization in microcapillaries and impinging jet reactors

Appendix — II

General list of abbreviations

ASP Antisolvent Precipitation

XRD X-Ray Diffraction

SEM Scanning Electron Microscopy
CIJIR Confined Impinging Jet Reactor
IJR Inverted Jet Reactor

AP Ammonium Perchlorate

MHC Metformin Hydrochloride

PSD Particle Size Distribution
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AS
VOF
Re
We
Ca
Bo
Pe
Oclog

kra

Antisolvent

Volume of Fluid

Reynolds Number

Weber Number

Capillary Number

Bond Number

Peclet Number

Clogging time

Overall mass transfer coefficient
Density

Viscosity

Concentration of species
Interfacial/Surface Tension

Residence time
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