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A miniature CSTR cascade for continuous flow of
reactions containing solids†

Yiming Mo and Klavs F. Jensen*

Continuous handling of solids creates challenges for realizing continuous production of pharmaceuticals

and fine chemicals. We present a new miniature continuous stirred-tank reactor (CSTR) cascade to handle

solid-forming reactions in flow. Single-phase residence time distribution (RTD) measurements of the CSTR

cascade reveal nearly ideal CSTR mixing behavior of the individual units. Consistency of experimental and

predicted conversions of a Diels–Alder reaction further confirms the CSTR performance. Two solid-forming

reactions, (i) glyoxal reacting with cyclohexylamine to form N,N′-dicyclohexylethylenediimine, (ii) sulfo-

nylation of 2-octanol with methanesulfonyl chloride, demonstrate the ability of the reactor cascade to

transport solid particles continuously for hours without significant signs of clogging.

Introduction

Continuous-flow production is the basis of the petrochemical

and bulk chemicals industry, where environmental and safety

regulations, competition, and long development time drive

high-performing, cost-effective, safe, and atom-efficient con-

tinuous chemical processes.1 However, the diversity and com-

plexity of fine chemical molecules combined with relatively

small annual production leave continuous-flow processes rela-

tively less developed in the pharmaceutical industry.2

Currently, the production of fine chemicals, such as active

pharmaceutical ingredients (APIs), typically relies on batch or

semi-batch processes. The flexibility and versatility of the

batch vessel reduce the investment and time cost of new

equipment development for accommodation to different re-

action kinetics.3 A survey conducted at Lonza3 analyzed 86

different reactions in the pharmaceutical industry and con-

cluded that 50% of the reactions would benefit from transfer-

ring to continuous production. Compared to batch or semi-

batch production, continuous production has the advantages

of steady state operation, high heat and mass transfer rates,

reproducibility, and improved safety and process reliability.4

In the past decade, a large number of single and multistep

reactions have been demonstrated as continuous

processes.1,5–12

Handling of solid compounds in flow systems without

clogging remains a challenge. Numerous important reactions

in the pharmaceutical industry involve stoichiometric

amounts of solids, which can be present as reagents, inter-

mediates, by-products or products. Large-scale continuous

transport of solid particles, such as flow of suspensions in

pipelines, is a well-studied area.13–15 In centimeter- or meter-

scale tubes, the particle–fluid interactions generated by tur-

bulent flow balance the effect of gravity to prevent settling of

particles in the pipe. Below a critical deposit velocity of the

fluid, a stationary bed of particles will form on the bottom of

the pipe. Due to the complexity of the slurry system, re-

searchers have extensively studied numerous empirical equa-

tions for predicting the critical deposit velocity.16

With the laminar flow characteristic of micro- and milli-re-

actors, particle–wall and particle–particle interactions become

important in controlling the behavior of particles in flow.

The constriction of particles on the wall caused by particle–

wall interaction and agglomeration and the bridging of parti-

cles caused by particle–particle interaction make the small-

scale transport of slurry more difficult than that on larger

scales.17,18

Researchers have proposed innovative methods to avoid

solid clogging in flow reactors. For example, Poe et al. used

“droplet reactors,” travelling in the carrier phase, to confine

solid particles in liquid droplets, thus keeping them away

from the tube wall and preventing clogging of the tube reac-

tor.19 Exerting non-contact external forces on particles, such

as acoustic,20–23 magnetic,24–26 and electrophoretic forces,27,28

has been used to keep solid particles suspended in the

flowing fluid. Application of ultrasonic irradiation to a tube

reactor breaks apart agglomerates, which reduces particle

sizes and minimizes the chances of forming channel-

spanning agglomerates plugging the flow tube.20 Sonication

effectively extends the operation time of the tube reactor
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compared to the scenario without sonication, but scaling of

ultrasound has challenges.

Agitated millireactors have been developed for handling

solids. Ley et al. used the Coflore ACR agitated cell reactor to

demonstrate the continuous formation of the hydroiodide

salt of N-iodomorpholine through the reaction of morpholine

with iodine29 and built a back pressure regulator to accom-

modate superheated conditions for slurry-forming reac-

tions.30 Recently, Baxendale et al. realized kg-quantity contin-

uous production of triacetic acid lactone solid, a building

block as part of a synthesis program preparing

bromodomain-containing protein modulators.31 Solid-

producing reactions have also been run successfully with the

multijet oscillating disc (MJOD) millireactor that oscillates a

multijet disk assembly forward and backward in the longitu-

dinal direction inside a tubular reactor.32,33 Cascades of con-

tinuous stirred-tank reactors (CSTRs) are used in the pharma-

ceutical industry for continuous crystallization in so-called

continuous mixed suspension, mixed product removal

(MSMPR) crystallizers,34–37 but the liquid hold-up in these

systems is often too large (liters) for small-scale organic

synthesis.

In the present work, we describe a cascade of miniature

continuous stirred-tank reactors (CSTRs) for reactions involv-

ing solids. We characterize the single-phase mixing proper-

ties of the miniature CSTR cascade relative to ideal CSTR per-

formance. In addition, two examples that generate solids as

products and by-products during the reaction serve to assess

the ability of the reactor to handle solids continuously.

Experimental section
Materials

Reagents and chemicals used in this work, including methylene

blue, isoprene, maleic acid anhydride, dimethylformamide

(DMF), glyoxal, cyclohexylamine, ethanol, 2-octanol, methane-

sulfonyl chloride, triethylamine, 4-dimethylaminopyridine

(DMAP), and dichloromethane (DCM), were all purchased from

Sigma-Aldrich and used without further purification. Materials

used for fabricating the CSTR cascade were bought from

McMaster-Carr Supply Company.

Reactor design

A single CSTR unit consists of three main components, in-

cluding a polytetrafluoroethylene (PTFE) reactor block, a

heat-resistant glass cover and a stainless steel cover (Fig. 1a).

The PTFE reactor is a 30 mm × 30 mm square block with a

thickness of 19 mm. The cylinder-shaped inner chamber has

a diameter of 18 mm and a depth of 10 mm. An O-ring gap

surrounds the chamber for the 1/16′′ FEP O-ring with a sili-

cone core. The glass cover is heat-resistant borosilicate glass

(Pyrex) with dimensions of 30 mm × 30 mm × 4.8 mm. The

stainless steel cover is super-corrosion-resistant 316 stainless

steel with dimensions of 30 mm × 30 mm × 3.2 mm. All ex-

truded 2D shapes were fabricated using water jet machining

(OMAX MicroMAX JetMachining Center). In addition to 2D

shapes, the reactor chamber and the O-ring gap were ma-

chined using CNC milling (ProtoTRAK SMX). Multiple CSTR

units are mounted on an aluminum holder (Fig. 1b). The alu-

minum holder (150 mm × 70 mm × 3.2 mm) can hold up to

8 CSTRs. All connection ports have 1/4-28 threads, which can

be directly connected using common IDEX fittings (IDEX

Health & Science LLC.) without additional adapters. Two

CSTRs are connected using a tube with 1/4-28 thread outside.

Residence time distribution (RTD) characterization

The RTD profiles of the CSTR cascade were obtained using

the pulse injection method (Fig. 2). The carrier phase was de-

ionized (DI) water, and the tracer was methylene blue. In-line

UV-Vis spectroscopy (light source: Ocean Optics, Inc., DH-

2000-BAL; spectrometer: Ocean Optics, Inc., HR2000+) was

used to determine the concentration profiles of the tracer at

the inlet and outlet. A six-way valve (IDEX Health & Science

LLC., MXP7900-000) combined with LabVIEW control en-

abled automatic pulse injection and data collection.

Procedure for predicting reaction conversions in the CSTR

cascade

The scheme of the setup is shown in Fig. S1 (see the ESI†).

Reagents for the Diels–Alder reaction (Scheme 1), isoprene

and maleic acid anhydride, were prepared in the DMF sol-

vent. The concentration of isoprene solution was 1.0 M and

the concentration of maleic acid anhydride solution was 1.5

M. Two HPLC pumps (AZURA P 4.1S) were used to deliver re-

agent solutions into the reactor. Mineral wool was used to in-

sulate the reactor in order to minimize the temperature

Fig. 1 Sketch of the miniature CSTR cascade design. (a) The single-

stage CSTR shown in CAD drawing, and the three main components of

the actual product. (b) Multiple CSTRs in series on an aluminium

holder. The white scale bars in the pictures above are 10 mm.
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gradient through the reactor wall. A thermocouple was placed

between two reactor units to measure the reaction tempera-

ture. The product sample was diluted using ethyl acetate (1 :

20) and cooled down to 0 °C in an ice bath in order to

quench the reaction. Conversions were measured by gas chro-

matography (Agilent 6890).

General procedure for solid-forming reactions in the CSTR

cascade

The scheme of the setup for continuous handling of solid-

forming reactions in the CSTR cascade is shown in Fig. S2

(see the ESI†). The reagents for the reactions were dissolved

into two separate solutions, which were pumped into the

CSTR cascade by HPLC pumps. There was an in-line pressure

sensor (Ashcroft G2) connected at the inlet of the reactor to

measure the pressure profile in the reactor system. The CSTR

cascade was placed on the magnetic stirrer to spin the mag-

netic stir bars in the CSTR chambers. Operating the CSTR

cascade in the vertical mode helped to minimize clogging at

the outlet of the reactor.

Characterization of solid particles

An optical microscope (ZEISS Axiovert 200) was used to char-

acterize the solid particles formed in the CSTR cascade. The

particle size distributions were measured by means of a

Malvern particle sizer (Malvern Mastersizer 2000). The same

solvent was used to ensure that the particle size and mor-

phology did not change when injecting the samples into the

particle sizer.

Results and discussion
Miniature CSTR cascade design

In the constructed miniature CSTR cascade system, each of

the polytetrafluoroethylene (PTFE) reactor chambers has an

inner diameter of 18 mm and holds a cross-shaped magnetic

stirrer bar (Φ 9.5 mm × H 4.7 mm). For simplicity, a single

magnetic stirrer plate provides the driving force for all stir

bars. A more complex rotation system is also available to en-

able individual speed control for each stir bar (Fig. S4†).

Based on the magnetic coupling force available from the stir-

rer plate, spinning the stir bar at a maximum speed of 600

rotations per minute (RPM) increases the local flow speed to

keep particles suspended against gravity, particle–wall inter-

action, and particle–particle interaction. At the same time,

agitation enhances mixing and heat transfer in each CSTR

chamber. PTFE has good chemical compatibility suitable for

common organic reactions, and the non-stick nature of PTFE

contributes to reducing the particle–wall interactions to avoid

build-up of particles on the reactor walls. The chamber is

covered by heat-resistant borosilicate glass (Pyrex), allowing

particle flow in the chamber to be viewed. In order to mini-

mize the chances of clogging the 3.2 mm-diameter flow chan-

nel between two adjacent CSTR chambers, the units are

placed in close contact to avoid interconnections becoming

the threshold of the cascade. The system is simple to assem-

ble for reactor cleaning and rearrangement.

Fig. 2 Scheme of the residence time distribution measurement using in-line UV-Vis to record concentration profiles at the inlet and outlet.

Scheme 1 The Diels–Alder reaction of isoprene and maleic acid

anhydride.
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The residence time distribution (RTD) profile of the

single-stage CSTR exhibits an exponential decay,38 which is

usually undesired when side reactions exist in the system. A

narrow RTD profile is favored for increasing yield and selec-

tivity. Connecting CSTRs in series (Fig. 1b) narrows the RTD

and approaches plug flow reactor (PFR) behavior for a large

number of CSTRs.38 Thus, the RTD profile can be tuned from

CSTR to PFR characteristics by choosing the number of

CSTRs.

Assessment of mixing properties

Dead volume and bypass are two key factors that introduce

non-ideality in CSTRs making it difficult to predict the per-

formance for a given reaction. RTD measurements for differ-

ent numbers of CSTRs in series yielded the expected trend of

RTD profiles with increasing the reactor number (Fig. 3). The

RTD profiles of a single CSTR and 3, 5, and 7 CSTRs in series

were determined for constant mean residence time (reactor

volume divided by the flow rate).

Since the tracer pulse injected was not a perfect pulse, the outlet

concentration profile was a convolution of the inlet concen-

tration profile and RTD. The discrete fourier transform

method would be preferred for deconvolution of the signals

due to its simplicity, but noise in the data and the large num-

ber of data points introduced numerical errors. Therefore, we

extracted the RTD from the inlet and outlet concentration

profiles by model regression with the exponentially modified

Gaussian (EMG) distribution model (eqn (1)). This model

combines exponential decay and Gaussian distribution,

which is generally suitable for RTD profiles that contain only

one peak.39

(1)

The outlet concentration profiles given by the convolution

of the inlet concentration and regressed EMG model show ex-

cellent agreement with the experimentally measured outlet

concentration profiles (Fig. S3†) showing that the EMG

model is efficient in extracting the RTD profiles of the CSTR

cascade. The tail of the outlet concentration profile becomes

shorter when the number of CSTRs increases as expected

since the cascade will approach plug flow reactor (PFR) be-

havior as the number of units becomes large.38

The mixing performance of the CSTRs was assessed by

comparing the regressed EMG model to the RTD of the ideal

CSTRs in series model (eqn (2)).38

(2)

For the same number of CSTRs in series, the ideal and

measured RTD profiles show high consistency (Fig. 3), which

suggests that the agitation provided by the magnetic stir bar

in each chamber is sufficient to achieve rapid mixing and re-

produce the CSTR characteristics. In addition, the dead vol-

ume in the reactor is nearly negligible. The RTD profile be-

comes sharper with increasing number of CSTRs as expected.

The nearly ideal CSTR cascade performance is essential for

predicting the performance of an existing reaction system

and rationally designing new processes.

Predicting reaction conversions in the CSTR cascade

Considering the nearly ideal CSTR mixing characteristics in

each chamber of the miniature CSTR cascade, we decided to

characterize the system by predicting reaction conversions

based on reaction kinetics and RTD information. The Diels–

Alder reaction between maleic acid anhydride and isoprene

(Scheme 1) served as a model based on reported kinetic

data.40–42

The reaction temperature was set to 50 °C to have a mod-

erate rate of reaction and significant differences in conver-

sions for different residence times. We ran 1-, 3-, 5-, and

7-unit CSTR cascades at a constant flow rate of 400 μl min−1.

Reaction conversions were computed based on reputed ki-

netic data (k = A × expĲ−Ea/RT), A = (4.02 ± 2.5) × 106 L mol−1

s−1, Ea = 58.5 ± 2.0 kJ mol−1)41 along with an ideal CSTR cas-

cade model. The experimental values fall at the lower side of

the envelope of predicted conversions based on the reported

uncertainty in rate constants (Fig. 4). The close agreement be-

tween predicted and measured conversions is consistent with

the RTD results in Fig. 3. We attribute the lower than pre-

dicted conversions to the reaction temperature measured at

the reactor outer wall, which would be slightly higher than

the temperature of reactants inside the reactor given the ex-

ternal heating. Constructing the CSTR in stainless steel

would reduce temperature gradients. We chose PTFE for its

chemical compatibility and higher barrier for nucleation of

solids on the walls.

Fig. 3 RTD profiles of n = 1, 3, 5, and 7 CSTRs in series. Solid lines are

regressed experimental RTD profiles based on the EMG model and

dashed lines represent the profiles based on the ideal CSTRs in series

model.
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Continuous handling of reactions forming solids

We selected two reactions to assess the ability of the CSTR

cascade to handle the formation of solids: (i) reaction of gly-

oxal with cyclohexylamine to form N,N′-dicyclohexylethyl-

enediimine that is insoluble in the reaction solvent, ethanol

(Scheme 2),19 and (ii) sulfonylation of 2-octanol (Scheme 3),43

for which the side product, triethylamine hydrochloride, has

limited solubility in the solvent, dichloromethane (DCM).43

The first reaction (Scheme 2) tested the ability of the CSTR

cascade to handle the formation of a solid product at rela-

tively high solid loadings, 4.4% (wt), corresponding to stoi-

chiometric amounts of the reagents and a glyoxal concentra-

tion of 0.4 M. The reaction reached nearly 100% conversion

in 15 min with a 6-unit CSTR cascade. Adding more CSTRs

after the 6-unit cascade would not lead to the growth of parti-

cles since the reaction was complete and, instead, help

rebalance the particle size distribution. A total flow rate of 1

ml min−1, rapid stirring (∼600 RPMs), and short connections

between adjacent chambers allowed transport of solid parti-

cles inside the CSTR cascade without clogging (Fig. 5). How-

ever, gravity caused particles to accumulate in the outlet tube.

To avoid this problem and enable facile flow of particles

through the entire system, the CSTR cascade was positioned

vertically to align the gravity force and the outlet flow direc-

tion. As the reaction proceeded, the particle concentration in

each chamber increased along the flow direction (Fig. 5).

Pressure measurement at the reactor inlet was a sensitive

indicator of potential clogging problems. If particles built up

in the reactor and clogged the flow path, the relative pressure

would rise dramatically without going back. The system auto-

matically would stop the pump to avoid damage to the pump

or reactor when the pressure exceeded 10 bar. The pressure

profile (Fig. 6a) demonstrates that the system could run con-

tinuously for 24 h without significant signs of clogging. Be-

sides small pressure fluctuations in the reactor, a pressure

spike occurred around 1000 min reflecting minor particle ac-

cumulation at the outlet and the solid clusters being pushed

through by the elevated pressure. Once the particle clusters

had left the system, the pressure returned to the base line.

The solid product was an organic crystal, which had a slice-

shaped morphology (Fig. 6b) and an average size of 226.7 μm

with a standard deviation of 108.7 μm (Fig. 6c). Even though

particles with sizes over 500 μm existed in the outlet stream,

the larger interconnections (3.2 mm) and the limited amount

of very large particles meant that they could flow through the

interconnections without problems.

In the previous case, the solid particles were the main

product of the reaction. In the next example, sulfonylation of

2-octanol (Scheme 3), the side product, triethylamine hydro-

chloride, has limited solubility in the solvent,

dichloromethane (DCM).43 Moreover, the crystals are needle-

shaped (Fig. 7a) and thus agglomerate easily. When feasible,

needle-shaped crystals are avoided in the pharmaceutical in-

dustry due to their poor flow properties. A 3-unit CSTR cas-

cade sufficed to obtain full conversion at a flow rate of 1.00

Fig. 4 Comparison of measured and predicted reaction conversions

for different numbers of CSTRs. Cross-hatched area: predicted conver-

sions. Predicted conversions are based on an ideal CSTR cascade

model.

Scheme 2 Imine formation reaction of glyoxal and cyclohexylamine.

Scheme 3 Sulfonylation of 2-octanol with methanesulfonyl chloride.

Fig. 5 Photograph of the CSTR cascade during the operation showing

the solid fraction increasing along the flow direction (the white arrow

marked g shows the direction of gravity).
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ml min−1 of 0.6 M 2-octanol and 0.72 M methanesulfonyl

chloride. Even with a solid loading of 4.1% (wt), the CSTR

cascade ran continuously for 8 h without clogging, as

reflected by the pressure profile (Fig. 7b).

Conclusion and perspectives

The case studies demonstrate the ability of the CSTR cascade

to process reactions containing solids continuously. The reac-

tor assembly, consisting of PTFE reactor chambers, glass and

stainless steel covers, has excellent chemical resistance for

most chemical reactions and is easy to clean after usage. The

chambers' mount makes it easy to vary the number of units

in the CSTR cascade. The homogeneous concentration and

temperature profiles realized by strong agitation in each

chamber result in nearly ideal CSTRs in series RTD profiles

and accurate predictability of reaction conversions. Moreover,

the high rate of stirring keeps the particles suspended in

each reactor chamber, preventing them from sticking to the

reactor wall or agglomerating. The short distance between ad-

jacent reactor chambers minimizes the possibility of clogging

at connections. Running the CSTR cascade in a vertical mode

so that gravity aids particle transport out of the reactor elimi-

nates clogging of the outlet tube. These rational design as-

pects contribute to the capability of long-time continuous

handling of solids in the reactor. For different types of solid-

forming reactions, such as rapid solid formation with fast

growth kinetics, a careful investigation of suitable reaction

conditions (e.g. reagent concentrations, reaction temperature,

flow rates, etc.) needs to be performed in order for these reac-

tions to proceed in the CSTR cascade.

The capability to handle solids also enables its application

to continuous crystallization, where tuning different opera-

tional parameters (e.g. rotation speed of stir bar and flow

rates) can control the morphology of crystals in the CSTR cas-

cade. The scope of the miniature CSTR cascade could be ex-

panded by giving each unit a set of functions, such as inde-

pendent temperature control and multi-injection points.

Such modular units would enable telescoped multistep reac-

tions in a single miniature CSTR cascade. Furthermore, the

Fig. 6 (a) Pressure profile during the continuous operation of the

imine formation reaction. (b) Microscopy image of the imine crystal. (c)

The particle size distribution of the product.

Fig. 7 (a) The microscopy image of the triethylamine hydrochloride

salt. (b) Relative pressure profile during the continuous operation of

the sulfonylation reaction.
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strong agitation in each chamber would also be beneficial for

creating large contact areas and the resulting mass transfer

for liquid–liquid reactions.
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