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1 Introduction

The use of enabling technologies [1-10] is becoming an
increasingly popular tactic in modern synthetic chemistry
[11-17]. Machines can assist in almost every aspect of the syn-
thesis process from reagent addition to workup and purifica-
tion, and even beyond to identification and biological screening
[1-10, 18-20]. This popularity is due to the now well docu-
mented benefits of improved heat and mass transfer, reaction
control, safety, scalability and potential for automation which
are characteristic of continuous chemical processes [1-10].

A 2005 survey of 86 different reactions commonly employed
in the fine chemical and pharmaceutical industries revealed
that 50 % of reactions could benefit from being turned into a
continuous flow process, either through improved yields and
scalability or for safety considerations [21]. However, 63 % of
those reactions contained solid components which were con-
sidered incompatible with the microfluidic reactors of the time.
Particulates represent one of the most troublesome materials to
handle by flow chemists, due to their tendency to cause block-
ages in tubular flow reactors [22]. This is a significant limita-
tion of flow chemistry which is deserving of more attention.

General techniques for handling particulates in flow reactors
fall into two broad categories [22]. The first and most obvious
involves the manipulation of the chemical conditions to pre-

Back Pressure Regulation of Slurry-Forming
Reactions in Continuous Flow

The handling of solid components in flow chemical processes is still a significant
challenge. Current devices for regulating back pressure in laboratory-scale flow
chemistry experiments are vulnerable to blockage by solid particulates. A simple
device is presented herein for generating back pressure in continuous flow proc-
esses that produce chemical slurries. The prototype was constructed from com-
mercially available components and accommodated the use of superheated reac-
tion conditions generated in an agitating cell reactor used to produce a suspended
precipitate product.

Keywords: Back pressure regulation, Plug-flow reactor, Pressure systems, Slurry-forming
reactions

Received: July 16, 2014; revised: August 26, 2014; accepted: November 20, 2014
DOI: 10.1002/ceat.201400445

onto a porous support material [33]. The second general
approach is to design reactors which are resistant to accumula-
tion of precipitated material. This can be achieved through the
use of “non-stick” materials [34], larger-bore passages [35], or
the application of external forces such as ultrasound [36-39] or
mechanical agitation [40].

An approach from our own laboratory for handling slurry-
forming reactions in continuous flow makes use of an agitating
cell reactor (ACR) [41], as in the continuous preparation of
iodomorpholine hydroiodide [42]. The reactor consists of a
series of ten 10-mL reaction chambers set into a hastelloy reac-
tor block. Freely moving agitators are included in each of the
cells and are driven by lateral shaking of the reactor block to
provide dynamic mixing. The ACR proved remarkably effective
at handling flows of the thick chemical slurry and, conse-
quently, further applications of this technology were investi-
gated. Using the reactor at atmospheric pressure limited its
application to simple salt-forming reactions. The ability to
operate under high pressure, and thus access superheated con-
ditions, is one of the key benefits of continuous processing but
currently available flow reactor back pressure regulator systems
do not tolerate solid particulates and are a common blockage
point in any reactor. Therefore, it would be highly desirable to
have a laboratory-scale back pressure regulator which could
tolerate low level particulates or even chemical slurries.

vent precipitation. This can be through selection of appropriate

solvents, the use of multiphasic systems [23-29], adjustment of
reagent concentrations and other transformational sequences

2 Design

[30-32], or by immobilisation of troublesome components

Correspondence: Dr. Benjamin J. Deadman (ben.deadman@cantab.
net), Innovative Technology Centre, Department of Chemistry, Univer-
sity of Cambridge, Lensfield Road, Cambridge CB2 1EW, United King-

dom.

Chem. Eng. Technol. 2015, 38, No. 2, 259-264

Two potential concepts for a blockage-resistant back pressure
regulator were identified. The first makes use of a peristaltic
pump to form a rolling restriction point which would generate
backpressure in the system while continually expelling solid
material. Early testing revealed that this peristaltic back pres-
sure regulator suffered from durability issues with the peristal-
tic tubing rapidly deteriorating under the harsh operating con-
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ditions. Realization of this concept would require peristaltic
tubing that is both chemically resistant and tolerant of pres-
sures in excess of 0.69 MPa. This high pressure was considered
beyond the safe operating window of current commercially
available chemically resistant peristaltic pump tubing.

As a result, a second approach was considered, consisting of
a collection vessel which could be pressurised by gas. To permit
the free flowing of chemical slurries, the flow paths had to be
sufficiently wide-bore and without restrictions to prevent
blockages occurring under common flow chemistry conditions
(Fig. 1). Pressurised collection vessels have been used success-
fully in continuous flow reactors utilising gases or high temper-
ature and pressure microwave conditions [43-48].

The pressurised collection vessel (Fig.1) was constructed
using commercially available stainless-steel Swagelok® compo-
nents in a tube-in-tube design. Previously, such a setup was
employed as prototype equipment for gas reactors and spray
drying systems [49-51]. The tube-in-tube design allows a sin-
gle, unrestricted polytetrafluoroethylene (PTFE) polymer tube
(Fig. 1b) to deliver the process stream directly into the collec-
tion chamber (1L capacity, PTFE-lined stainless-steel). Around
this tube, a pressurised gas feed maintains the vessel and con-
nected upstream flow reactors at a set pressure which can be
controlled via an adjustable diaphragm sensing back pressure
regulator on the gas outflow. The device can safely accommo-
date temperatures up to 140 °C and up to 1 MPa of pressure in
the upstream flow reactor. The pressurised gas inlet incorpo-
rates a quick connect system to facilitate rapid disconnection of
the gas feed and simple relocation of the system which also acts
as a convenient safety feature. At the bottom of the pressure
chamber, a large-bore, quarter-turn valve allows the contents of
the chamber to be expelled whilst maintaining back pressure
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inside the flow reactor system. This prevents sudden vaporisa-
tion of the reaction solvent when under superheated condi-
tions.

The main body of the device was constructed from 316 and
304 grade stainless steel for strength while all valves and regula-
tors were fitted with perfluoroelastomer (FFKM or polychloro-
trifluoroethene (PCTFE)) seals for compatibility under a wide
range of chemical conditions. The stainless-steel collection
chamber is PTFE-lined but the fluid path contains smaller
components with exposed stainless steel and the acid resistance
of the device is therefore limited. Inlet and outlet connections
to the device consist of perfluorinated polymer (PTFE) tubing
in common /g and '/, in outer diameter (o.d.) sizes. The
exception to this is the pressurised gas inlet which was con-
structed from 6-mm polyvinyl chloride (PVC) tubing to be
compatible with an existing 0.5 MPa piped supply of nitrogen

gas.

3  Optimization and Initial Testing

To test the prototype pressure chamber, a simple Claisen con-
densation reaction was chosen which previously was found to
produce thick slurries when conducted in flow mode. The con-
version of aryl ketones (1) to a-enol-y-keto esters (2) occurs
quickly under superheated conditions and many substrates
produce insoluble products as the reaction progresses. These
materials are useful for the preparation of a wide variety of
heterocycles [52].

The first prototype was designed around a '/g in o.d. (/16 in
inner diameter (i.d.)) process inlet tube but while slurries
flowed through the tube there was a tendency for hydro-

i
Process
Inlet

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. Assembled pressure
regulation device (left) and a
transect view showing the un-
restricted process inlet tube
(right).
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dynamic blockage [22] to occur at the point of connection to
the pressure chamber. It appeared that the crimped Swagelok
connection at this point created a minor restriction in the
tube diameter and was therefore causing hydrodynamic
blockage to occur inside the tube. To obviate this, the device
was redesigned around a ', in 0.d. (/16 in id.) process inlet
tube. Testing confirmed that blockages did not occur at the
connection point using this improved configuration. Fig.2
and Tab.1 illustrate how the optimized device was assembled
from its components.

4  Application

With the newly developed pressure chamber, a series of aryl
ketones (1) were processed in the agitating cell reactor under
conditions where the products precipitated, which aids their
isolation by filtration (Fig.3). A solution of the aryl ketone
(la—e) and diethyl oxalate (two equivalents) in methanol was
pumped into the ACR via the inlet connection while a second
stream containing sodium methoxide (two equivalents) in
methanol was pumped into the ACR through a connection to
the first reaction chamber. Reaction occurred quickly and often
resulted in the formation of a thick slurry. The use of ceramic
cylinder agitators inside the reactor cells enabled solid material
to remain suspended and travel through the reactor for a resi-
dence time of approximately 25 min. A third stream of aqueous
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Entry Ar Conversion® [%)] (Yield [%])°
1° p-Methylphenyl (2a) 95 (58)
2° Phenyl (2b) 84 (52)
3 Napthalene-2-yl (2c) 60 (58)
4 p-Methoxyphenyl (2d) 85 (73)
5 p-Bromophenyl (2e) 95 (90)

Figure 3. Preparation of slurries of a-enol-y-keto esters (2a-e) in
a continuous agitating cell reactor (ACR) fitted with a blockage-
resistant pressure regulation system. *Analysis of the slurry mix-
ture by "H NMR spectroscopy. "Isolated by vacuum filtration of
the output solution. “Methanol was removed by rotary evapora-
tion to increase product recovery by filtration.

hydrochloric acid was pumped into the
ACR directly into the 9th reaction chamber
to quench the reaction and precipitate the
product a-enol-y-keto ester (2a-e). The
outlet of the ACR was linked to the back
pressure regulation system by a 60cm
length of '/, in o.d. PTFE tube to allow
smooth passage of the chemical slurry into
the pressurised collection vessel.

It was envisaged that the chamber could
be periodically emptied by partially open-
ing the outlet valve and allowing the cham-
ber contents to be expelled into a collection
vessel at atmospheric pressure. Pleasingly,
it was found that this was indeed possible
and the chemical slurry was expelled
through a 20 cm length of PTFE tubing and
delivered into a glass flask without diffi-
culty. Furthermore, the outlet valve could
be left partially open to continuously re-
lease the chemical slurry. The 0.5 MPa ni-

Figure 2. Exploded diagram showing the device components. Refer to Tab. 1 for compo-

nent descriptions and part numbers.
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trogen gas supply maintained the back
pressure in the flow system and no drop in
pressure was observed when operating
under these continuous conditions.

The crystalline a-enol-y-keto ester prod-
ucts (2c-e) were isolated in good yield by a
simple vacuum filtration of the slurry ob-
tained from the reactor (Fig.3). In the case
of a-enol-y-keto esters 2a and 2b, the
products were partially soluble in the 1:2
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Table 1. Description and part numbers for components used to assemble the back pressure regulation device. °Part numbers are pro-
vided for specific Swagelok components and refer to the Swagelok catalogue. Where no part number is provided, the component is

widely available from multiple commercial sources.

Label Part No.” Description

A 304L-HDF8-1000T PTFE-lined, 1000 cc stainless-steel sample cylinder, '/, in NPT ports

B $S-400-1-8 '/, in Swagelok to '/, in NPTy adapter

C §S-401-PC '/, in Swagelok connector

D SS-4P4T-KZ 1/4 in turn plug valve, 1/4 in Swagelok connections, FFKM seals

E SS-400-R-2 !/4in to /g in Swagelok reducer

F !gin 0.d., /;¢ in i.d. PTEE outlet tube to collection vessel

G MS-5K-CY-4° Stainless-steel carry handles

H SS-810-1-8 '/, in Swagelok to '/, in NPTy adapter

I SS-811-PC '/, in Swagelok connector

] SS-810-4 '/, in Swagelok cross union

K SS-400-R-8 '/, in to '/, in Swagelok bored through reducer

L !/,in 0.d., */;6 in i.d. PTFE tubing connected to ACR

M SS-400-R-8 '/,into '/, in Swagelok reducer

N SS-400-1-4 '/4 in Swagelok to '/, in NPT adapter

(@) KBP1G0D4B5A200B0 Diaphragm sensing back pressure regulator, X-750 alloy diaphragm, PCTFE seat, '/, in NPTy ports,
0-1.7 MPa pressure rating with gauge

P $S-200-1-4 '/5 in Swagelok to '/, in NPTy adapter

Q /g in 0.d., '/, in i.d. PTFE tubing for gas exhaust

R SS-QC4-D-400KZ '/, in Swagelok quick connect stem, FFKM seals

S SS-QC4-B-400KZ '/, in Swagelok quick connect body, FFKM seals

T SS-6M0-R-4 6mm to '/, in Swagelok reducer

U 6 mm o.d. PVC tubing to deliver pressurised gas

(v/v) methanol/water solvent and removal of the methanol by
rotary evaporation was required in order to recover the solid
product in moderate yields of 58 % and 52 %.

The physical characteristics of the chemical slurries were
dependent on the substrate and displayed a range of den-
sities, crystallinity, particle sizes, and viscosities. Pleasingly, it
was observed that no blockages formed in the back pressure
regulation system, even when processing thick chemical slur-
ries such as those formed by the p-methoxy and p-bromo keto
esters (2d-e); see Fig. 3, Entry 4 and 5.

In our experience, variation in solubility is a common prob-
lem when exploring reaction scope using flow reactors. The
inability of standard back pressure regulators to cope with even
small quantities of precipitated material has meant that sub-
strates or concentrations have to be selected carefully to mini-
mise the potential for blockages. It is assumed that this block-
age-resistant back pressure regulator will be a useful addition
to any flow chemist’s tool box. The 1-L device presented here

www.cet-journal.com
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was specifically scaled for use with a high flow (>5mL min™")
100-mL agitating cell reactor processing chemical slurries. If
developing a similar device for use with meso-fluidic reactors,
e.g, <lmL min"! flow rate, then a smaller device should be
equally effective at resisting blockage by light precipitates. For
example, a 150-mL sample cylinder with '/, in NPT ports
could form the pressure chamber of a smaller back pressure
regulator connected to a '/g in o.d. process line from a meso-
fluidic reactor. Indeed, the early prototype device with '/
in o.d. process inlet tubing was already found to be a useful
blockage-resistant back pressure regulator for precipitating
reactions performed in a Vapourtec R2/R4 flow reactor [53].

Future modifications to this back pressure regulator could
involve the inclusion of a raised outflow tube to enable in-line
decanting or even filtration of flow streams producing solid by-
products. Such a system could allow the telescoping of process-
es involving solid materials. The development of these types of
devices is currently underway in our laboratories.

Chem. Eng. Technol. 2015, 38, No. 2, 259-264
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