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ABSTRACT: The e�ective handling of solids in a continuous flow process is one of the biggest perceived challenges remaining for
modern flow chemistry. This Review aims to consider some of the continuous processes for chemistries involving solids which have
been successfully implemented. Learnings from the design of these systems, and identification of the common blockers, will guide a
generalized, strategic approach to drive the e ciency of future batch-to-flow development for challenging, heterogeneous systems.
Assorted techniques for managing solids in continuous-flow synthesis will be presented herein through a series of case studies, and
broken down into several key categories; solubility considerations, setup components and modularity, applications of ultrasonication,
reactor type and continuous Grignard reactions.
KEYWORDS: Continuous flow processing, heterogeneous, slurry, solids, fouling, clogging, blockage, continuous stirred tank reactors

1. INTRODUCTION
The substitution of batch processing for continuous flow is a
compelling opportunity to drive sustainable manufacture, and
has been recognized as a “key green engineering research area”
by the American Chemistry Society (ACS) Green Chemistry
Institute (GCI) Pharma Roundtable.1−3 Additionally, there are
many practical drivers for adopting a flow process for the
process chemist; safety considerations for hazardous, cryogenic
and highly energetic chemistries, access to elevated temper-
atures and pressures, potential for increased throughput, and
enablement of emerging synthetic platforms including photo-
and electrochemistry.4−15 While the pharmaceutical industry
still heavily relies on batch equipment for large-scale drug
manufacture, the adoption of continuous flow technologies is
being addressed, and applied increasingly in a hybrid capacity
coupled with batch to access the final active pharmaceutical
ingredient (API).16,17 In a recent review on integrated
platforms for flow, the Nagy group highlight the scope for
the development of continuous systems which cover all aspects
of a process, from synthesis and crystallization, to formulation,
linked to deliver the final product in a completely continuous
fashion.16 A “compact, reconfigurable system”, described as
being approximately the size of a fridge, has been reported as a
proof-of-concept highlighting the opportunities posed by
continuous processing for the future of drug manufacture.18

In 2019, six on-market small-molecule drugs were reported to
comprise examples of continuous technology in the
manufacturing route. Three of these compounds are produced
by Vertex, including lumacaftor, ivacaftor and tezacaftor, and
the remaining three drugs are darunavir, abemaciclib and
glasdegib, made by Johnson & Johnson, Eli Lilly & Company
and Pfizer, respectively.16,19 GSK are another pharmaceutical
company active in the continuous manufacturing space, with
facilities equipped for continuous production in Singa-
pore.20−23 A recent study in Organic Process Research and
Development (OPR&D) found that the number of articles in

the journal with a focus on continuous manufacture has grown
from 2010 to 2019, and is spread between 20 and 30%
industrial, 40−50% academic and 30−40% both.24
Despite this increased focus, the management of solids in a

continuous process remains a significant challenge for modern
flow chemistry. A study performed by Lonza in the early 2000s
evaluating their current chemical processes was highlighted in a
review by Hartman on managing solids in microreactors.25,26

The study established that of eighty-six reactions studied, 70%
are run as semibatch processes. The reactions were further
assessed on the basis of homogeneity prior to transfer into
large-scale or pilot manufacture, with greater than 60%
involving solids. A subsequent investigation was conducted
to identify potential opportunities for operating any of the
eighty-six reactions as a continuous process, coupled with a
cost-benefit analysis.27 While it was recognized that taking
advantage of continuous methodologies would be advanta-
geous for 50% of the reactions assessed, 63% of these were
considered poorly suited for microreactor technologies due to
the presence of solids. Insoluble, solid material in a chemical
reaction poses an additional challenge for continuous flow due
to the buildup of solid particulates dispersed in the reaction’s
liquid phase, resulting in eventual blockage, also referred to as
clogging or plugging. There are three ways in which solids may
become dispersed within the liquid phase of a heterogeneous
system in flow; hydrodynamic bridging, settling and fouling
(Figure 1).26,28
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2. BLOCKAGES IN A CONTINUOUS FLOW PROCESS
The phenomenon of blocking in microfluidic systems can
severely hamper the performance, and furthermore the
application of these devices.29 The Noel̈ group have reviewed
several reported methods for blockage detection in flow
reactors, in particular for the precipitation of solids in the
channels of microreactors.30 Problems with blocking however
are not limited to microreactor technologies, and Deadman et
al. highlight that “Particulates represent one of the most
troublesome materials to handle by flow chemists, due to their
tendency to cause blockages in tubular flow reactors.”26,31 Bana
et al. emphasize the importance of having stable uninterrupted
operation for a continuous flow process, in particular for plant-
scale manufacturers, noting that clogging can be a serious
hindrance.32

Bridging occurs when solid particulates amass between the
channel walls in clusters which are separated by the liquid
phase, and results in rapid blockage.33 Since the diameter of
tubing used in a flow reactor and connecting lines will impact
the likelihood of bridging, consideration of the relationship
between particle size and diameter of tubing should help to
mitigate bridging for transformations involving solids. The
settling, or sedimentation behavior of solids, occurring near the
base of the solution within a channel is impacted by the
interaction of the solids with the channel walls and liquid
phase. In the case of laminar flow, the size and velocity of the
solid particles, in addition to the viscosity of the reaction
solvent, will a�ect the settling velocity as partially described by
Stokes’ Law for drag force (Fd), which assumes spherical
particles of uniform density.34 Particles with a low settling
velocity, which are less dense, or of similar density, to the
reaction’s liquid phase, will be tolerated in tubular flow better
than particles with a high settling velocity. The risk of
deposition of solids by settling is lowered for cases where the
solids pass through the tubing at a faster velocity than the
liquid phase. E�ective mixing should facilitate the formation of
a solid suspension, helping to reduce the likelihood of
blockages occurring due to settling.
In the case of fouling or constriction, solids tend to buildup

on all surfaces across the tube, worsening over time.33 In a
recent review on nonfouling flow reactors for nanomaterial
synthesis, Besnard et al. refer to the commonly used definition
for fouling by reactor engineers as “the accumulation of
unwanted material on solid surfaces”.35 The authors classify
fouling as local or traverse, referring to the degree of fouling on

the reactor surface; local a�ecting only a small portion of the
reactor, and traverse a�ecting a substantial cross-section of the
tubing. Constrictive fouling is the extension of solid buildup
from the reactor wall, a�ecting the total volume of the reactor
to a larger extent through minimization of the tubing diameter
available for flow.35 Fouling within the reactor can result in
longer process cycle-times due to repeated interruptions for
cleaning. Identifying the source of fouling, with possible causes
including precipitation of the product, impurity formation,
insoluble starting materials, is crucial to identifying a mitigation
strategy. Constrictive fouling may also a�ect the reactor
properties, including for example available reactor volume, and
hence residence time and heat transfer, in addition to the
accuracy of flow rates. In these instances, operating in batch
mode may be more appropriate. E�ective mixing may help to
minimize the extend of fouling. The process of fouling in
microstructured devices for a variety of applications including
biological, crystallization and chemical reactions, has been
reviewed by Schoenitz et al.36 Fouling in microchannels
severely hampers the e ciency and performance of continuous
flow microreactors, hindering uptake for solid-forming
chemistries.36

Hartman et al. describe the impact of blocking in a
microreactor for palladium-catalyzed aminations.33 The
authors detail their approach to understanding the root causes
of the buildup of solids and resultant blockages. Their e�orts
enabled the identification of both bridging and constriction in
the continuous setup, guiding a targeted way of tackling the
di�erent origins of system blockage. The authors selected this
model system due to the well-known and established
generation of stoichiometric quantities of inorganic salt. This
salt byproduct precipitates from the reaction mixture due to
poor solubility in the solvents routinely used in these
transformations, including nonpolar solvents like toluene and
THF. In their case, they found that ultrasound, or acoustic
irradiation, prevented bridging, while fluid velocity consid-
erations combined with growth rate predictions helped to
tackle constriction.
While in the context of handling solids in continuous

processing continuous crystallization is especially relevant, this
topic has been extensively covered in a number of other
reviews, including a recent publication which details its
application in the manufacture of drug substance within the
pharmaceutical industry, and is hence outside the scope of this
particular Review.16,37−40 Readers are directed to a 2021
OPR&D article by Johnson and Burcham at Eli Lilly and
Company et al. for a guide, coined by the authors as “how-to
information”, to prevent fouling and clogging when developing
and operating a continuous evaporation, crystallization or
semicontinuous filtration process.41

The presence of an additional solid phase should not always
be considered an insurmountable barrier for performing flow
chemistry. Indeed, whether the solids are expected or
unexpected has a part to play in the development of a
continuous process, and for reactions in which solid formation
is anticipated, the development of a flow process is somewhat
guided. There are numerous examples reported throughout the
literature of reactions performed in a continuous manner
which involve solids, incorporating strategies either to remove
or manage the presence of solids. Fundamentally, the nature
and extent of solid formation in a particular reaction, from the
presence of small solid particulates to a slurry, will impact the
likelihood of establishing a successful flow protocol. Consid-

Figure 1. Three modes of solid dispersion in a tubular flow reactor
which can lead to eventual blockage; bridging, settling and
fouling.26,28
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ering batch-to-flow development, some batch methods may
have been developed with an intended product precipitation to
facilitate the rejection of unwanted impurities, or shift the
equilibrium toward product to drive the reaction forward, and
enable a simplified workup and purification strategy by direct
filtration of the product. In these cases, translation into
continuous flow may require further optimization or process
redesign to allow for a single homogeneous phase, possibly
a�ecting the workup procedure.42 Additionally, there are
strategies which can be attempted to manage unexpected solid
formation and reactor fouling during process development,
including cleaning cycles, and the incorporation of duty and
standby reactors. The latter dual operation mode involves
alternating between two reactors to maintain continuous
operation, thereby facilitating cleaning of one reactor while the
other is used. Longer continuous runs can be used to test for
the occurrence of clogging, which may appear upon scale-up of
a flow process due to the unexpected/prolonged buildup of
solids, and is something to monitor for at the process
understanding stage of development. The following sections
will further expand on these approaches and examples thereof.

3. GENERAL APPROACHES FOR HANDLING SOLIDS
IN CONTINUOUS FLOW SYNTHESIS
a. Solubility of the Reaction Components. Baumann et

al. refer to f lowability as “the assessment of solubility of all
starting materials, intermediates, and products under the
processing conditions and consideration of the stability of
feedstocks over the reaction timeframe.”43 Solubility of the
components should be a primary consideration when reactions
are progressed from batch into flow, with continuous platforms
better suited to homogeneous systems. Hartman describes two
overarching strategies for managing heterogeneous, liquid−
solid systems in flow. These are active and passive measures.26

Establishing the time point of solid formation in batch mode is
critical; (a) solids may form over the course of a reaction due
to precipitation of the final product, a byproduct or
intermediate, (b) solids may be present due to poor solubility
of one or more starting materials in the reaction solvent, and
(c) solids may form when some or all of the reagents are
mixed. Understanding at what point during the reaction the
solids are formed, in addition to establishing the identity of the
solids, can help to dictate the best pathway forward. This may
be through altering the system to establish homogeneity −
“active”, or taking appropriate measures to manage the solids
e�ectively in flow − “passive”. It is worth noting that di�erent
challenges will be met during the development of a
(potentially) heterogeneous flow process depending on
whether established chemistry, where all solids present are
known, for example the formation of Grignard reagents, or
new, less established chemistries are being applied.
Changing the reaction solvent, re-evaluating the reaction

concentration or increasing the reaction temperature are all
relevant approaches to manage solubility in cases where
manipulation of the system is an option.43 It is worth noting
that a reduction in the reaction concentration will likely come
at the cost of an increased residence time for the reaction, and
the increased solvent usage as a result of running the reaction
under more dilute conditions will impact the sustainability of
the overall process. The introduction of gases in flow can
occasionally cause solid formation due to either localized
temperature drop or rapid formation of insoluble intermedi-
ate/product. Changing how the gas is introduced to have a

better control or having the gas−liquid mixing segment
temperature controlled can help avoid the formation of
solids.44 For a solid-forming reaction in flow, consideration
of the solvent system and selection of an appropriate solvent,
or cosolvent, which facilitates the dissolution of all reaction
components is a good starting point. The same applies for
reagents which are poorly soluble in the reaction solvent since
completely homogeneous feed solutions are desirable. It may
not always be feasible to use an alternate solvent, for example
due to reduced reactivity, or due to the reaction of materials
with certain solvents, resulting in the formation of impurities.
There are strategies which can be harnessed to facilitate
pumping slurries (see later section on 3b (iii) Consideration of
Pumps), however, this can be especially challenging at lab scale
and employing low flow rates. Ultimately, removing the
presence of any solids from a reaction will reduce the
likelihood of clogging occurring during a flow process.
These are considered invasive approaches, and in certain

circumstances it may not be possible to alter the reaction
conditions in order to achieve a homogeneous system. This
may be due to restrictions on a process or a potential impact
on downstream chemistry. Changes are more likely to be
implemented if they do not result in significant yield losses or
longer residence times.26 The Noel̈ lab highlight two strategies
for using a heterogeneous catalyst in continuous flow whereby
the catalyst can either be managed as a solid suspension or
immobilized within the reactor itself.45 A packed-bed system,
whereby the catalyst is immobilized on a column and the
reaction stream is passed through, may be considered at the
start of development of a continuous heterogeneous catalytic
process to replace the use of loose catalyst in a batch reactor.
The application of solid-supported reagents in a continuous
process is not limited only to catalysts, and while packed-bed
reactors are not covered extensively within this Review, select
examples are highlighted.46 For a review of hydrogenations in
continuous flow and trickle bed reactors, the reader is directed
to a recent industry perspective on the use of fixed bed reactors
for continuous hydrogenation reactions applying trickle flow.47

Packed-bed systems have also found extensive application in
continuous biocatalytic transformations.48−52 They are not
however limited to flow hydrogenations and biocatalysis, with
for example a recent application including the use of solid acid
catalysts in the N-Boc deprotection of aromatic and aliphatic
amine substrates.53 Additional example applications include
the use of a monolithic triphenylphosphine reagent in flow and
solid NaBH4.

54,55

If a process cannot be simplified through modification of the
reaction conditions, or this is not desirable, alternative
methods which might help to manage the solids in flow and
are noninvasive can be explored. Strategies include, but are not
limited to, ultrasonication of the reactor and/or mixer(s) to
break up any solid particulates present, use of wider-bore
components, including tubing with an increased inner diameter
(ID) to facilitate passage of solid suspensions through the
setup without clogging, consideration of the most appropriate
reactor for handling slurries, including continuous stirred tank
reactors (CSTRs) as alternatives to tubular coil reactors, use of
bespoke back pressure systems as a substitute for classical back
pressure regulators (BPRs), and temperature control.26,31

Readers are directed to a later section in this Review for
examples of alternative types of continuous flow reactors
suitable for running chemistry involving solids (refer to (d)
Types of Flow Reactors Suitable for Reactions Involving
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Solids). For a detailed overview of flow reactors and associated
components, in addition to relevant parameters and terminol-
ogy for flow chemical synthesis, readers are directed to a recent
Minireview by Hone and Kappe.56

It is the author’s opinion that both manipulation of the
system through re-evaluation of the reaction conditions like
solvent, concentration and temperature to establish homoge-
neity, or the implementation of a custom setup design for
managing solids, may require significant optimization e�ort.
This is potentially a greater limitation in process development
whereby the chemist(s) may be working to tight timelines with
increased restrictions on resources. Strategies focusing on the
handling and management of solids in a continuous flow
reaction are discussed in detail herein, and presented through a
select number of examples from the literature.
3a (i). Reaction Concentration. Researchers at AstraZeneca

encountered issues due to clogging during the continuous
preparation of compound AZD6906.57 Clogging was observed
in the check valves, resulting in poor and inconsistent
performance of the high performance liquid chromatography
(HPLC) pumps used for reagent delivery. Lithiumdiisopropyl-
amine (LDA) was prepared in situ (Figure 2) and employed
for the deprotonation of methyl phosphinate 1, generating the
phosphinate anion which reacted with an N-Boc-glycine
methyl ester 2 at 25 °C to a�ord the desired product 3
following a quench (Figure 2). The authors discerned that the
clogging incidents, occurred during longer continuous runs and
were detectable by an increase in the system pressure. The
temperature of the tubular reactor was raised to 35 °C to
minimize clogging, which was thought to be viscosity-related.
In an attempt to further reduce the impact of clogging, they
rinsed the reactor with 2-MeTHF when the pressure reached
close to the system limit, which was set to 20 bar in this case. A
minimum concentration of 1 M LDA was required for the
reaction, but clogging in the check valves proved problematic
at concentrations near 1.4 M of base. Therefore, 1.25 M LDA
in 2-MeTHF was determined to be the most suitable reagent

concentration to achieve both rapid reaction times and also
minimize the risk of clogging events.
Alonso and co-workers from GlaxoSmithKline (GSK) report

on the use of lithium diisopropylamide in flow and describe
clogging issues also related to reagent concentration, noting
the irreversible precipitation of LDA when concentrations
greater than 0.95 M in THF are used.58 Dunn et al. at GSK
also refer to challenges with solid formation for continuous
organometallic chemistry, and associated clogging and over
pressurization events. The authors report issues relating to
solid formation during longer runtimes of their lab-scale
continuous lithiation/iodination process using PhLi.59 Machi-
da et al. comment on the di culties associated with reactor
fouling in continuous processes which involve inorganic
lithium salts, and report a cleaning approach in the absence
of water for reactors used in continuous lithiations chemistry.60

Zhang et al. describe using reagent concentration as a
strategy to mitigate reactor clogging in their flow synthesis of
diaryl ketones.61 Optimisation studies were conducted on a
coupling reaction between the Grignard reagent phenyl-
magnesium bromide and substrate benzoyl chloride in THF
to synthesize benzophenone. The reagent feeds were pumped
to a T-piece mixer (ID = 1/32 in.), the resultant stream passed
through a tubular reactor (ID = 1/16 in. and total volume =
120 mL) and a 1 M HCl quench was employed at the reactor
outlet. Blockages were observed in the reactor coil at higher
reagent concentrations; 1.2 and 0.8 mol/L phenylmagnesium
bromide and benzoyl chloride, respectively. A yield of 72% for
the biaryl product was obtained in the absence of any clogging
event when the concentration of both feeds was halved; 0.6
and 0.4 mol/L for the respective reagents. A significant
reduction in yield was obtained when the concentration of
both feeds was halved again. Alternative solvents were
explored, including 2-MeTHF, ether, dioxane and 1,2-
dimethoxyethane, using the optimized reagent concentrations
of 0.6 and 0.4 mol/L. System clogging was observed in all cases
except for the reaction in 2-MeTHF which a�orded the desired
product in 85% yield.

Figure 2. Continuous in situ generation of LDA and telescoped acylation reaction.57
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3a (ii). Pre-Mixing of Feed Solutions. The Ley group report
a synthetic strategy to access butane-2,3-diacetal (BDA)
protected compounds applying a continuous approach.62

BDA protected D-mannitol product 4 was prepared from
starting material D-mannitol 5 by reaction with 2,3-
butanedione 6 in the presence of trimethyl orthoformate and
camphorsulfonic acid (CSA) in methanol. Under batch
conditions, D-mannitol 5 was observed to be initially insoluble,
but proceeded to dissolve over the course of the reaction. The
authors established that a completely homogeneous feed
solution could be prepared by premixing D-mannitol 5 with
trimethyl orthoformate and CSA in MeOH, and this premixed
solution of reagents met the 2,3-butanedione 6 feed solution
(Figure 3).62,63

3a (iii). Choosing the Reaction Solvent. Adapting the
reaction solvent for a flow process to ensure a completely
homogeneous solution and prevent clogging is a common
strategy, and a general solubility screen may be performed to
optimize the solvent system for a process.64 Li et al. describe
the positive benefits of operating their continuous aminolysis
reactions under homogeneous conditions, reporting improved
process control, and yields which were comparable or greater
than in batch.65 The authors established a solvent system
which ensured homogeneity of all reaction components and
noted that having a homogeneous reaction mixture for
adapting a process into continuous flow using a plug flow
reactor (PFR) at high temperature and pressure is ideal.
However, it might not always be possible to choose the solvent
solely to improve solubility of the reaction components. A
particular reaction solvent may be required for other reasons,
for example relating to reactivity, yield, selectivity, in addition
to considerations for downstream workup and purification
protocols like solvent swaps. Several topics relating to solvent
system selection for a continuous process are presented herein,
including the use of ionic liquids, considerations for organo-
lithium reagents, application of liquid−liquid segmented flow,
lessons from using THF and auxiliary solvents.
The Newman lab reports a creative strategy for managing

solid-forming substitution reactions in continuous flow
involving the generation of ionic liquids.66 The authors
acknowledge that substitution reactions, including acylations
and alkylations, necessitate stoichiometric quantities of a base
(B) to mop up any acid byproducts formed over the course of
the reaction. However, insolubility of B-HX salts formed in the
reaction can hamper the application of substitution reactions in
flow. Alternative bases which still perform this critical
scavenging function, but form an ionic liquid upon reaction
with an acid instead of a solid precipitate, are shown to

facilitate substitution reactions in flow without blockages
occurring. This is proposed as an alternative solution to
changing the reaction solvent or restricting the reaction
concentrations to those which provide completely homoge-
neous conditions. The authors describe this approach as akin
to a BASIL BASF process, whereby the base, N-methylimida-
zole was used in a condensation reaction between alcohols and
chlorophosphines.66,67 The conjugate acid which forms
(imidazolium chloride, pKa = 7.1) is a protic ionic liquid
with a melting point of 70 °C and causes the formation of a
separate liquid phase over the course of the reaction,
minimizing the potential for issues in the process related to
solids.66,68

Wietelmann et al. describe the potential for commercially
available nBuLi solutions at concentrations of 1.6 and 2.5 M in
hydrocarbon solvents to cause reactor blockages in continuous
lithiations. The authors report that solvents like hexane have
the potential to act in an antisolvent capacity for polar, lithiated
compounds generated in such transformations. The resultant
solids can cause clogging in particular in the channels of
microreactors. They comment that THF can be used as a
“donor solvent” to prevent the precipitation of salt byproducts
including Li alkoxides.69 Hexane is also commonly used in
organometallic reactions as an “antifreeze” agent, reducing the
freezing point of the reaction solution.70

Multiphasic chemical processes are ubiquitous, including
catalytic reactions, crystallizations, hydrogenations (gas−
liquid), biphasic aqueous−organic solvent systems, and
solid−liquid reactions. The latter includes both solid-forming
reactions, and reactions in which the some of the reaction
components are insoluble. The Suzuki−Miyaura cross-
coupling reaction for example is often conducted in aqueous
organic solvent, employing insoluble inorganic bases, whereby
mass-transfer is an important consideration in particular
relating to the reaction kinetics. Aqueous−organic biphasic
reactions have been implemented in continuous processes.71,72

Liquid−liquid segmented flow is a viable approach for
managing slurry-forming reactions in which a dual solvent
system is used to achieve slug behavior.26,73 To exhibit the
desired slug flow pattern within a tubular reactor, the solvents
employed must be immiscible. This strategy may be
implemented to avert solid particulates from coming into
contact with the reactor walls. A liquid−liquid segmented flow
approach was trialled by Horie et al. for the continuous
photodimerization reaction of maleic anhydride.73 When the
process was performed in aqueous−organic solvent, both the
starting material anhydride and dimerization anhydride
product proved susceptible to hydrolysis, generating the
respective carboxylic acids. This example highlights the
prospect of an incompatibility arising between particular
reaction components and the desired solvent system. Addi-
tionally, introduction of a second solvent has the potential to
hamper the e ciency of a chemical reaction.33

Merck reported a single clogging event which occurred
during a solvent run in flow as part of a plant-scale synthesis
toward verubecestat (MK-8931).74 The authors describe the
approach taken to understand the underlying root cause of this
clogging event which had not been observed previously during
the development process. When the solvent run was performed
using THF at −20 °C with the flow rate set to 800 kg/h, a 16-
fold reduction in the flow rate was noticed after 30 min. When
the temperature was increased to 0 °C, the flow rate remained
unchanged at 800 kg/h. After confirming that there were no

Figure 3. Reaction conditions for the continuous BDA-protection of
D-mannitol 5.62
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solid particulates present in the THF, and that it was unlikely
water was entering the system, the authors deconstructed the
flow setup in order to expose the parts most susceptible to
blockage, including any filters and the static mixer. When no
evidence of clogging could be identified, a number of pressure
gauges were incorporated into the setup in order to monitor
for a reduction in system pressure throughout another solvent
run. A reduction in pressure was again observed, and the gauge
positions directed the researches back to the filters and static
mixer. These components were removed from the setup, albeit
this time while cold, and solid material was observed on both
the filter and static mixer. The solid was described as being o�-
white and fibrous, with the filter being clogged and the mixer
coated in the solid material. It was postulated that the
precipitation of solids in this case was likely occurring as a
result of microscale hydrodynamic cavitation. This is thought
to take place when solvent evaporates at a localized point in
the system where there is a reduction in pressure. At this point
in the investigation, a solvent run was performed using another
lot of THF and no clogging was observed. Poly(THF) was
identified as the contaminant responsible for the blockage, and
while present in low quantities, it was determined that each lot
of THF should be tested for poly(THF) prior to use in the
process.
3a (iv). Use of Auxiliary Solvents. An approach used to

prevent the accumulation of solid particulates downstream of
the reactor is the introduction of an appropriate solvent which
can act as an “auxiliary solvent” and ensure the complete
dissolution of all reaction components prior to passing through
fittings such as the back pressure regulator (BPR) (Figure 4).75

The auxiliary solvent is introduced at the outlet of the reactor
to meet the stream of reaction solution immediately upon
exiting the reactor. This is a particularly useful strategy for
processes which involve the in situ generation of insoluble
organic or inorganic salt (by-)products in the reaction solvent

which may be solubilized through the introduction of a suitable
cosolvent at the end of reaction. Introduction of an auxiliary
solvent helps to prevent blockages at the reactor exit, and is
most suited to systems whereby the reaction components
remain soluble at elevated temperatures and only precipitate
upon cooling, following exit from a heated reactor. This is a
quick and simple modification which can be made to a
continuous setup, requiring only understanding of the product
solubilities in alternative solvents, incorporation of a mixer at
the reactor outlet, and access to an additional pump for
introduction of the auxiliary solvent. However, in cases where
the product or byproducts precipitate at high temperatures,
blockages may still occur within the reactor coil itself.
This particular approach was used by Kelly et al. for adapting

batch reactions performed using microwave heating, in which
the final product was insoluble, into flow without further
reoptimization of the reaction solvent, time or temperature.75

One such example of this is the flow synthesis of 3-
acetylcoumarin 7. The reaction of salicylaldehyde 8 and
ethylacetoacetate 9 in the presence of catalytic piperidine was
performed in either ethyl acetate or ethanol, and the reactions
run at 130 °C for 8 min in a microwave reactor. The batch
yields varied between 72 and 78% depending on the scale of
the reaction. When the reaction mixture was allowed to cool,
precipitation of the coumarin product 7 was observed. With
this knowledge, the authors opted to employ an auxiliary
solvent when translating the reaction into continuous flow to
ensure dissolution of the product prior to the reaction stream
passing through the BPR. Acetone was selected due to the
excellent solubility of the coumarin product in this organic
solvent. Acetone was pumped to a T-piece mixer set after the
reactor coil to mix with the reaction stream, and a
homogeneous product stream passed through the BPR set at
100 psi. 3-Acetylcoumarin 7 was synthesized in flow in 74%
yield taking advantage of this approach (Figure 5). A control
reaction was performed in acetone as the reaction solvent
a�ording only 10% yield of the product 7.
The use of an acidic quench to mitigate reactor clogging was

demonstrated by Snead and Jamison for a Friedel−Crafts
acylation reaction (Figure 6).76 The reaction of isobutylben-
zene 10 and propionyl chloride 11 was optimized in
continuous flow using Lewis acid AlCl3 for activation of the
acid chloride. The use of Brønsted acids as alternative
activators to replace AlCl3 was considered due to their
solubility under the reaction conditions. These included acetic
acid, sulfuric acid and hydrochloric acid. However, yields for
the reaction did not appear promising, and instead the authors
opted to design a flow setup capable of handling AlCl3. The
AlCl3 was premixed with neat propionyl chloride, a�ording a

Figure 4. Generic flow setup showing the addition of an auxiliary
solvent after the reactor outlet.75

Figure 5. Continuous synthesis of 3-acetylcoumarin using acetone as an auxiliary solvent.75

Organic Process Research & Development pubs.acs.org/OPRD Review

https://doi.org/10.1021/acs.oprd.3c00407
Org. Process Res. Dev. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.oprd.3c00407?fig=fig5&ref=pdf
pubs.acs.org/OPRD?ref=pdf
https://doi.org/10.1021/acs.oprd.3c00407?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
Administrator
高亮



homogeneous reagent feed. A solution of 1 M HCl was
introduced as a quench at the end of the reaction to solubilize
the aluminum byproducts and mitigate reactor clogging. A
liquid−liquid membrane separator, comprising a Zeflour
membrane (1.0 μM pore size) between two stainless steel
plates, was incorporated into the flow setup and Zaiput
pressure regulators set to 200 psi connected to both aqueous
and organic outlet lines.77 The aqueous stream was removed
by continuous separation to render the aryl ketone product 12
neat.
3a (v). Application of Temperature Control. Running

reactions at elevated temperatures is another option to aid
solubilization of any solids present. If the solids are as a result
of poorly soluble starting materials, the reagent feeds can be
heated, and if the solids form at the point of mixing of reagents,
the mixer can also be heated. This can be achieved simply by
submerging the mixer in a hot water bath. A flow reactor can
be equipped with a heated reactor mixer assembly whereby the
mixers are encased in a heated chamber along with the reactor
coil itself (Figure 7).78 In this case, the reagents are mixed at

the temperature set for the coil reactor. Alternatively, if solids
form as the reaction progresses, and the chemistry permits, the
reactor temperature should be increased along its length, or a
temperature gradient applied where multiple reactors are used
in series, to aid dissolution of the particulates, and prevent
blockages occurring. It should be noted that a reduction in the
reaction time will typically be observed with increasing
temperature, and therefore, it may be possible (or necessary)
to implement a reduction in the residence time.
A continuous Curtius rearrangement toward the synthesis of

compound AZD7648 was reported by scientists at AstraZe-

neca.79 Precipitation of the cyclized product from the reaction
solution was observed upon exiting the reactor which
ultimately caused clogging in the system. The issue of clogging
was circumvented by maintaining the temperature of the outlet
stream above 70 °C, preventing solid formation and ensuring
collection of a completely homogeneous solution at the end of
reaction on multi kilo scale.
A continuous Mannich-type addition toward verubecestat

(MK-8931) was reported by Merck Research Laboratories,80,81

where temperature was shown to be an important parameter
for preventing blockages in the system for the organometallic
transformation. Reaction conversions by HPLC of 87, 87, 85
and 80% were obtained for the reaction when the temperature
of the heat exchange reactor coils and micromixers were set to
−10, 1, 22, and 38 °C respectively. The researchers observed
that both the starting material, and resultant lithium anion,
formed by deprotonation of the substrate using nHexLi,
precipitated from the reaction solution at temperatures below
−30 °C, introducing variation in the flow performance due to
clogging. This example highlights the importance of robustness
testing to identify the operating limits for a flow process with
regards temperate to maintain solubility of the reaction
components.
A Grignard alkylation reaction of a ketone substrate by

allylmagnesium chloride (allylMgCl) was performed in a
heterogeneous filter reactor.82 Issues were encountered due to
blockages, as a result of precipitation and buildup of solid
magnesium alkoxide intermediate, which occurred within the
filter unit contained in the reactor vessel. The researchers
describe the solid as a ‘sticky and highly viscous mass when it
precipitates’. Increasing the temperature from 15 to 30 °C
resolved the problem of clogging in the filter cartridge. For
more details relating to the chemistry and filter reactor design
refer to the later section on (e) Grignard Reactions in
Continuous Flow.
Researchers at Eli Lilly and Company implemented heated

transfer lines as a mitigation strategy for fouling in their flow
equipment during a continuous process toward the manu-
facture of Merestinib (Figure 8)43,83 This strategy was used in
the amidation reaction of mixed anhydride 13 with an aryl
amine 14 in THF at 60 °C to a�ord the product 15. The
reagents were mixed in a continuous stirred tank reactor
(CSTR) prior to passing through a plug flow reactor (PFR)
which was set in a water bath at 60 °C and the reaction
proceeded with a residence time of ∼60 min. The reaction
mixture became supersaturated when the temperature dropped
below 35 °C upon exiting the reactor coil. It was not possible

Figure 6. Continuous Friedel−Crafts acylation using aqueous acid as a quench.76

Figure 7. Heated coil flow reactor and mixer assembly.78
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in this case to reduce the solution concentration in order to
ensure that the reaction components were completely soluble
in THF at room temperature. The concentration was set at a
certain level so as to maintain a fast kinetic profile for the
reaction, albeit with an increased likelihood of equipment
fouling due to handling a supersaturated solution. This was
prevented simply by using heated jacketed lines to transfer the
product stream from the reactor coil into a surge tank, with a
sample point incorporated between these points to enable the
acquisition of online samples for HPLC.
b. Modularity in the Continuous Flow Setup. The

inherent flexibility gained by having modularity in a continuous
flow setup is especially advantageous for reactions involving
solids which have a greater tendency to be hampered by
clogging incidents, applicable for example to organolithiation
reactions. If fouling occurs, the accessibility gained from a
modular setup, and the ability to replace specific components
which are more susceptible to clogging, is beneficial.43

Modular flow systems can aid mitigation of fouling issues in
a continuous process. In particular, the use of a secondary
arrangement of flow equipment, otherwise known as a “Duty
Standby” setup, can help alleviate downtime or disruptions to
the process due to fouling. This might involve the use of two
separate reactors arranged in parallel so that one can be taken
out for service or cleaning while the other is in operation.
Baumann et al. highlight the importance of having a modular
continuous flow setup.43 A modular system o�ers increased

flexibility due to facile replacement of individual parts,
including mixers and tubular reactor coils. This is a particularly
relevant strategy for process development within the
pharmaceutical industry considering the operating scale.
3b (i). Choice of Mixer. The e ciency of macromixing in

milliflow reactors and micromixing in microflow reactors was
evaluated by Gobert and Thomassen using residence time
distribution (RTD) and Villermaux−Dushman methods,
respectively.84 The Villermaux−Dushman protocol is widely
used for assessing mixing performance. It is a comparative
study whereby two competitive reactions are run in parallel,
and the quantity of product formed, which is detectable by an
analytical technique such as Ultraviolet−visible (UV−vis)
spectroscopy, dictates the mixing e ciency of the reactors.84,85

Tubular coil reactors of varying internal diameter (ID), chip
reactors and static, T- and Y-piece mixers were evaluated in the
study. Flow rate and tubing ID proved critical parameters for
achieving e cient mixing in tubular reactors, with lower flow
rates giving longer micromixing times. Gobert et al. comment
that solids handling is a factor that will impact the decision to
use a chip versus a small tubular coil reactor.84 The geometry
of mixing di�ers for T-piece and arrowhead mixers (Figure
10), while static mixers can be incorporated into the reactor in-
line itself to aid micromixing. Static mixers are specially
engineered with fixed, motionless internal design features.86

This class of mixer can be a potential solution for slurry-
forming reactions which require high mixing e ciency. They

Figure 8. Continuous amidation showing heated transfer lines used to prevent equipment fouling.43,83

Figure 9. Continuous flow process for the deprotonation of a methylsulfonamide substrate by nHexLi to generate the lithium anion.80
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work well for a biphasic reaction stream delivered at high flow
rates through a reactor, but are impractical for slower
reactions.87,88 It can prove especially important for solid-
containing transformations to critically evaluate the perform-
ance of the di�erent mixers available so as to strike a balance
between minimizing clogging and optimizing mixing e ciency,
and the performance of static mixers in ‘precipitating
environments for pharmaceutical production’ has been
evaluated by Kreimer et al.89 The mixing time for a range of
commercially available micromixers, in addition to 1/8 in. and
1/16 in. T-unions, was investigated by Reckamp et al.90 As
might be expected, microchannels o�ered better mixing than
T-piece mixers, but the authors highlight that desired flow rate
will dictate the most appropriate mixer for a process, with
particular mixers providing e cient mixing at lower flow rates,
and others more suitable across a wider range of flow rates.90

Mixing characteristics and performance, in addition to flow
mechanisms, in micro T and arrow mixers have recently been
described by the Salvetti group.91

Merck Research Laboratories evaluated the e ciency of
mixing for a deprotonation step in flow of methyl sulfonamide
substrate 16 by n-hexyllithium (nHexLi) base toward the
synthesis of verubecestat, MK-8931 (Figure 9).80,92 The
resultant lithium anion of 16 reacts with chiral substrate 17
to a�ord the final product 18. The reaction appeared to be
heavily a�ected by the mixing of substrate 16 and base feed
streams. Several static mixers were tested in the continuous
deprotonation step; a T-piece mixer (ID = 1/20 in.) and three
T-piece mixers set up in series, described as “combine-split-
recombine tees”, an Upchurch Scientific static T-piece mixer
and a Koflo Stratos tubular mixer.80 Readers are directed to the
Supporting Information of this publication for technical details
of the specific mixers used. Additionally, several commercially
available micromixers, including static mixing tees, are
described by Schwolow and co-workers.93 Another setup,
tested to better resemble plant-scale mixing, was a tee attached
to a Koflo Stratos tubular static mixer which was set
downstream. On kilogram scale, fouling was observed in the
static T-piece mixer due to the susceptibility of the 10 μm frits
to become blocked by solid particulates. Despite the potential
for excellent mixing, the utility of the static T-piece mixer was
hampered by its susceptibility to blockages. While the static
tube mixer provided less e�ective mixing, frequent blockages in
the mixer were avoided and the reduction in mixing e ciency
could be circumvented by doubling the flow rate through the
mixer to a�ord comparable conversions by HPLC. The
reaction conversion was further improved by using a 1/50
in. instead of a 1/20 in. inlet tee in conjunction with the static
tube mixer. However, this mixer setup employed in the
deprotonation step was still susceptible to clogging events after
operating the flow process for 35−45 min. The authors
emphasize the importance of performing larger-scale flow
experiments in the laboratory with longer run times to evaluate
the robustness of the process, to identify any potential risk
factors for continuous manufacture. The researchers consid-
ered the possible factors contributing to the repeated blockages
in the current setup, noting that fouling persisted in the system
even with dry reagent solutions, and the rate of fouling
increased when the temperature was raised from 0 to 20 °C. It
was suspected that decomposition of the lithium anion species
was responsible for the repeated clogging events. The process
was run smoothly for over 1 h at steady state when the
micromixers and heat exchange reactor coils were further

cooled to −20 °C, reducing the potential for decomposition at
the point of mixing (Figure 9).
Individual continuous stirred tank reactor (CSTR) stages

may be used to deliver mechanical agitation and are single
units which can be linked in series. These di�er to static mixers
which are considered motionless, as they provide active mixing
with each stage comprising a cross stirrer to give a total stage
volume of 2 mL (Figure 10).87,94 The cascade CSTR is suitable
for handling bi- and triphasic systems; gas−liquid, liquid−
liquid, liquid−solid and gas−liquid−solid.87

Dolman et al. report a Magnetically Driven Agitation in a
Tube (MDAT) mixer for use in laboratory-scale continuous
flow processes.96 The objective was to design a mixer which
would be resistant to blockages, while still providing good
mixing, and without the necessity for using higher flow rates to
aid the mixing e ciency. Increasing the flow rate of the reagent
streams to facilitate improved mixing is not always feasible
since it directly impacts the residence time, and a reduced
residence time could be detrimental to the reaction conversion.
While microreactor channels provide highly e�ective mixing,
they are susceptible to clogging by solids, and filtration of all
feed solutions is recommended to avoid blockages occurring in
chip reactors due to the presence of small, inconspicuous solid
particulate material. It is highlighted that while a reduction in
overall reaction concentration may prevent clogging at the
point of mixing, it would impact the rate of reaction and
increase the quantity of solvent waste generated during large-
scale operation.96 Additionally, scaling the MDAT mixer would
likely be challenging, and therefore its use limited to small-
scale applications rather than for commercial or pilot plant.
The MDAT mixer consists of a HPLC column containing two
magnetic stir-bars, attached to a T-piece mixer, and set over a
magnetic stirrer-plate. The authors used the fourth Bourne
competition reaction to evaluate the mixing time, and the
experimental procedure for this method of mixing character-
ization described within the article.96,97 They observed faster
mixing with the MDAT mixer, which was also found to be less
e�ected by flow rate, compared to T- and multilaminar mixers,
and emphasize that the mixer is resistant to clogging.97 The
MDAT mixer was applied in the optimization of several
continuous organometallic reactions under cryogenic con-
ditions, and without blockages occurring in the flow setup,
including the in-line formation of LDA by reaction of 2 equiv
nBuLi with diisopropylamine (1.25 M in THF).
Static mixers are less e�ective at managing solid-forming

reactions which necessitate lower flow rates since this class of
mixer typically cannot provide fast mixing at low flow rates.88 A
dynamic mixer was designed and built in-house, inspired by the
MDAT mixer previously reported by researchers at
Merck.43,88,96 Several stir bars were encased in polytetrafluoro-
ethylene (PTFE) tubing (OD = 1/4 in.). Some PTFE balls
were included in the tubing to act as spacers, set between each

Figure 10. Types of mixers including T-piece and arrowhead mixers,
in addition to a CSTR stages with cross stirrer (left to right).95
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stir bar. The segment of tubing used in the dynamic mixer
contained a setup of S1−B1−S2−B2−S3-B3-S4 (where S =
stirrer bar and B = PTFE ball) which was 6 cm in length, and a
T-piece was incorporated at the start of the PTFE tubing to
facilitate addition of the two desired reagents (Figure 11). The

improved mixing provided by the “high-speed spinning-
motioned stir bars”, in contrast to a T-piece mixer, enabled
the authors to perform a continuous lithiation reaction of
allene 19 by nHexLi (0.65−0.80 equiv) at 0 °C in THF to give
the product 20 (Figure 11). The lithiating reagent was added
by a microjet into the mixer directly. The continuous flow
reaction was operated under steady-state conditions for several
hours without any blockages occurring due to precipitation of
the overlithiation product 21, formed as a result of double
addition by lithium into allene 19. The authors comment that
the PTFE housing used to contain the stir bars o�ered poor
thermal conductivity and noted that the bath temperature
would be better set to −20 °C to ensure that the mixer
temperature is not raised above 0 °C during the reaction.
A segmented flow tubular reactor (SFTR) has been applied

to the continuous synthesis of calcium carbonate by means of
precipitation (Figure 12).98 The development of an SFTR and

the “scale-out” concept for the production of powders by
continuous precipitation is discussed by Jongen et al.99 The
authors describe a SFTR suitable for lab-scale operation which
comprises a micromixer and segmenter. A micromixer is used
to provide e cient mixing of the two reactants, and the
segmenter introduces an immiscible fluid. This causes the
reaction mixture to become separated into portions, described
by the authors as microbatch volumes, which are divided by
the immiscible fluid. The segments pass through a tubular
reactor and are retained in a decantation unit at the end of the
system to collect the precipitated powder. They discuss the use
of di�erent micromixers, for example a caterpillar mixer, and
newer micromixers including impinging jet mixers and
separation layer mixers, which help to mitigate fouling at the
mixing point in the system.99

McQuade et al. outline a microfluidic reactor design which
enables the synthesis of solid particulate material without
clogging occurring in the reactor.100 The technology uses
monodisperse droplet flow to sequester the solids formed from
the tubing walls. The device comprises a syringe pump for the
carrier phase and two syringe pumps for the dispersed phases.
A blunt-edge needle is used to manage the injection of
reagents. The droplets of disperse phase generated are
described by the authors as individual reactors which can
contain the solids, preventing them from interacting with the
reactor channels.
3b (ii). Use of Wider-Bore Components. The enhanced

mixing provided by active stirring within a CSTR stage
promotes the suspension of solid particulates in solution,
enabling improved handling of slurry-forming reactions.95

However, when multiple stages are setup in series, settling of
the solid particles may occur in the connecting tubes and lead
to clogging. Short-lengths of wider-bore tubing should be used
to reduce the likelihood of settling occurring. For reactions run
at elevated temperatures in order to maintain solubility of all
the reaction components, the tubing between each unit can be
lagged to provide insulation, and prevent precipitation of solids
as the solution begins to cool between the stages. The Ley
group reports using wider-bore tubing in their setup to avoid
blockages when flowing slurries.31,101 Battilocchio report the
importance of having a wider ID for the perfluoroalkoxy alkane
(PFA) reactor coil used in their flow setup to avoid
blockages.101 Select examples of varying diameter tubing is
shown for comparison (Figure 13). A back pressure regulator

prototype designed in the Ley group, in the form of a nitrogen
gas-filled pressure chamber, with an inlet line of ID = 1/16 in.,
was found to incur blockages during testing with a slurry-
forming reaction. The Swagelok connector used at the entry
point of the pressure chamber was restricting the slurry flow,
resulting in blockages in the tubing. To prevent this from
occurring, the inlet line was swapped for one with an increased
ID of 3/16 in.31 A bespoke continuous stirred tank reactor
(CSTR) cascade, comprising 5 individual stages, was
developed for application in photochemical flow reactions
which are heterogeneous.102 Two reactor designs were built;
CSTR 1 and CSTR 2, and the connecting tubing between each
stage for CSTR 1 and 2 had an ID of 2.5 mm and 0.7 mm,
respectively. The researchers observed that CSTR 2 was more
susceptible to blockages due to the narrow-diameter tubing
used between stages, also noting that problems with back-
mixing between the individual stages were lessened. When
fluid mixes in the opposite direction to the flow of the fluid,
described as back-mixing, unwanted mixing of reacted and
unreacted materials in solution takes place, and this has the

Figure 11. Continuous lithiation of allene using a custom built
dynamic mixer.88

Figure 12. Segmented flow tubular reactor (SFTR) showing mixer-
segmenter and resultant reaction stream consisting of pockets of
segmented suspension and immiscible fluid.98

Figure 13. Select examples of varying diameter tubing including
stainless steel tubing, PTFE (ID = 1.5 mm), PTFE (ID = 0.5 mm)
and polytetheretherketone (PEEK) (ID = 1 mm) from left to right.
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