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Continuous-flow crystallisation in 3D-printed compact devices
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A flexible and cost-effective methodology to develop compact flow devices with heat exchange ability is presented here.
Additive manufacturing techniques allows the rapid design and manufacturing of modular jacketed flow devices, where heat
exchange can be modelled and controlled to generate efficient devices for applications in continuous-flow cooling

crystallisation. As a proof of concept, the crystallisation of paracetamol has been demonstrated. The manufactured devices
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Introduction

Crystallisation is a key unit operation in pharmaceutical industry
and other high added value industrial processes.! The synthesis
of reproducible and highly controlled crystals is critical for
polymorphism and processability.2 Polymorphic forms can
display markedly different physicochemical properties such as
density, chemical stability, solubility, hardness, melting point,
rate of dissolution, hygroscopicity and interaction with
biological systems.3 Polymorphism in drug development is an
important area of study as it contributes to the variability in
active pharmaceutical ingredients (APls), posing a challenge to
scientists. Statistically, 50% of APIs have multiple forms, while
85% exhibit (pseudo)polymorphism,3 which opens challenges to
the engineering of ‘tailor made’ properties of an API. General
selection criteria during an APl development process aim for
polymorphs with thermodynamic stability, good solubility and
dissolution rate, non-hygroscopic and block-like habits for ease
of manufacturing.3 4 Current knowledge on nucleation and
crystal growth mechanisms and process are still insufficient to
precise of formation and polymorph
disappearance or phase transformation.>

ensure control
Paracetamol (PC) is a widely used analgesic and antipyretic,
which is commonly used to relieve aches and pains. It makes up
part of cold and flu remedies and has been extensively studied
in its solid state.® PC crystallises in three different polymorphs:
Stable form | (monoclinic), metastable form Il (orthorhombic)
and unstable form Ill. Two other polymorphic forms are only
accessed at high pressure. The layered structure of form Il and
the notably well-defined slip planes facilitate compressibility
facilitating tableting and packaging, and increased solubility
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are effective to crystallise form Il paracetamol employing metacetamol as co-crystallising agent.

which improves bioavailability.” 8 There have been extensive
studies in the production of both forms of paracetamol in both
batch &9 and continuous crystallisers: COBC,1© MSMPR1-13 gnd
tubular.2® Studied routes for the selective crystallisation of form
Il paracetamol include swift cooling,’> reaction coupling,3
enforcing Ostwald's rule of stages,® heterogenous nucleation,1”
use of polymer additives,!® 19 separation in gel matrix 20 and
multicomponent templating”- 21. Wilson et al. 2! demonstrated
a new multi-component crystallisation route to selectively
produce polymorphic form Il by using auxiliary molecules,
including benzoic acid derivatives and metacetamol (MCM), to
perturb the solution environment encouraging its formation.
Although the effect and mechanism of templating agents on the
crystallisation process is not completely understood, it is
proposed that the MCM affects the solution mediated phase
transformation (form Il to form 1) that occurs during cooling.” It
is also noted that the presence of the templating agent, MCM,
has the effect of widening the metastable zone width of PC
crystallisation.

Traditionally, batch crystallisation is the most common
methodology employed. However, this presents important
limitations related to batch to batch variability and mixing
inefficiencies are important limitations. The development of
continuous processes would be highly advantageous, despite
the challenges of handling solids under flow.22 23 Continuous
crystallisation offers rapid heat transfer and mass transfer
benefits, as well as eliminating down time between batches.1%
24 Continuous crystallisation processes can improve control of
product properties and save production costs by up to 40 %. 25
There are important studies of continuous-crystallisers at the
macroscale.?® 27 The requirements for intensified mesoscale
devices able to combine scalability and flexibility are very
important for the development of industry 4.0 applications.
Mesoscale devices might suffer from poor mixing as the
dimensions are too large to ensure efficient mixing by diffusion
and the crystalliser volumes are too low to enable residence
times required for crystallisation at the high flow rates required
to generate turbulent flow. Hence, the utilisation of advanced
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strategies to induce turbulent mixing at low flow rates
represents a key requirement to develop efficient processing.
the employment of traditional manufacturing
techniques to generate necessary advanced features such as
baffles is complicated.

Additive manufacturing (AM) represents an emerging set of
technologies, which create objects, normally in a layer-by-layer
fashion, directly from a 3D model file.22¢ The application of AM
to manufacture continuous-flow devices has attracted a great
deal of interest in recent years.2% 30 Recently, we demonstrated
that AM can be employed to generate advanced meso-scale
continuous-oscillatory baffled reactors for the controlled
synthesis of nanoparticles.3? We hypothesised that AM can be
employed to generate advanced flow crystallisers. AM has two
main potential benefits in mesoscale crystallisation process: i.
enhanced mass transport with complex mixing architectures; ii.
controlled heat transfer properties by designing the geometry
of the crystalliser, wall thickness between crystallising solution
and heat transfer media and the materials of construction. For
instance, polymer materials have intrinsically low heat transfer
coefficients, a graduated or controlled wall thickness can lead
to gentle temperature profiles which can be crucial for targeting
particular crystallisation pathways. Here, we present the first
example utilising additive manufacturing to develop advanced
devices with applications in continuous-flow crystallisers. The
crystallisation of paracetamol is demonstrated as a benchmark.

However,

A. AM fabrication of a flow reactor

Two flow crystallisers were designed for this work. The first was
designed to characterise and model the heat transfer in the flow
devices (Figure 1). The second was employed for the
crystallisation of paracetamol. The devices were designed with
Creo Parametric® CAD software and converted to STL (standard
tessellation language), a common file format utilised on AM
programmes. The geometry was then sliced into defined layers
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Figure 1 Schematic representation of additively manufactured crystalliser (AMC) designed
and used for this work for the heat exchange modelling. A) Cross-section of the device,
showing the heat-exchange chamber, the crystalliser channel and the temperature
sensing ports. B) CAD model of the AMC-I crystalliser and a cross-section. C) Schematic
design of the temperature measuring devices and a picture of the actual set-up. D) Rig
set-up for heat transfer characterisation in the additively manufactured crystalliser. The
set-up comprises a recirculating chiller, HPLC pump and temperature sensors connected
to the crystallisers.
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for manufacturing on PreForm software. The crystallisers were
manufactured on a Vat polymerisation-based AM platform
(Form 2 by Formlabs), using off-the-shelf Clear resin (RS-F2-
GPCL-04). The Vat polymerisation platform was utilised for its
suitability in manufacturing 3-dimensionally complex and
intricate features at high resolution. The platform utilised
allows features to be produced as fine as 25um. The AM
technique is beneficial in flow reactor fabrication as unreacted
polymerisation mixtures are easily flushed out from the
channels with isopropanol (IPA) immediately after
manufacture. Two additively manufactured crystallisers (AMC),
were manufactured with similar features, the difference being
the diameter of the channels and the number of temperature
sensing ports (

Table 1). The smaller diameter (AMC-I) device was used for
heat transfer studies while the slightly larger (see Table 1 for
comparison) was used for the crystallisation experimentation to
avoid blockades and to increase residence time. The larger
crystalliser, (AMC-IlI), was also designed to allow several
reactors to be connected in series creating opportunities for
longer residence time or multi-stage reactions. The crystallisers
were manufactured with a large heat transfer chamber around
the flow tubes in order to achieve close to isothermal
conditions.

Using AM allowed a cost-effective method to fabricating
bespoke crystallisers. For example, AMC-I crystalliser, which
was manufactured with a layer resolution of 50 um, using 209
mL of resin and fabrication time of 17.5h works out to £30
material cost. The device specifications are presented in

Table 1.

Table 1: Reactor design parameters

Parameter Units AMC-I AMC-II
Reactor Volume mL 2.08 2.95

Inner diameter D; mm 2.1 2.5

Outer diameter D, mm 9.0 9.0

Wall thickness mm 3.45 3.25
Cooling jacket V mL 158 170
Reactor mm 155x118x32 165x118x32
dimensions

Thermocouple ZEA 14 4

ports

B. Heat transfer studies and reactor modelling

A rig comprising a Gilson 307 HPLC pump connected via
unheated 1/16” PTPE tubing and tube connectors to the
crystalliser and a Julabo F250 recirculating chiller connected in
a counter-flow direction to the device was set up to characterise
the rate of heat transfer in the crystalliser (Figure 2A). Following

This journal is © The Royal Society of Chemistry 20xx
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the trend of low cost control and automation chemical
systems,32 an off the shelf Arduino mega micro-controller was
coupled with MAX6675 thermocouple sensor modules linked to
thermocouple connectors  (Figure 2E). The K-type
thermocouples (ca. 2mm diameter) were attached to 1/16”
tube connectors with control software coded with Labview to
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Figure 2 A-B) Temperature profile in the AMC at different recirculating temperatures at

constant flow rate (0.5 ml min-). In all cases, the points correspond to experimental results

and the lines correspond to the fitting to an exponential function. Chiller temperature (Tc)
was increased in intervals of 5 °C, for B) Tc=5 °C (violet) to 23 °C (black) and C) from 25 °C
(green) to 40 °C (burgundy). C-D) Temperature profile in the additively manufactured
crystalliser at different flow rates at T.=5°C (C) and T.=40°C (D), where data points represent

experimental measurements and the solid lines the fitting of the results to an exponential

function. In C) the flow rates studied were 0.25 ml min! (yellow pentagons), 0.5 ml min-t
(burgundy hexagons), 1 ml min (burgundy stars), 1.5 ml min'! (violet right triangles) and 2

cooling crystallisation was employed in the subsequent
experiments. A reduction in the steepness of the curves was
observed when the flow rate was increased both in cooling
(Figure 2F) and heating (Figure 2G) experiments. With an
increase in flow rate, there is reduced time for convective
heat transfer to occur between the fluid and the crystalliser
wall. The overall heat transfer in this case relates to the sum
of the heat transfer by conduction and advection. Changing
the flow rate provides a method of controlling the steep drop
in temperature in the crystalliser. A slow temperature drop
will be beneficial in controlling crystal formation and growth.
The simplified models and computation methods are based
on a set of assumptions summarised in equations E1-3.
Modelling of the collected data was carried out using the
following heat transfer equation:

20
E7Tme — oxp [— ﬂ] E1
Ts=Tm,i Hep
1 1\71
v=(r+5) E2
h o=k E3
Dp,
3 08 ( 46\03
Nu = 0.023.Re ( i ) E4
PLU
Tio = A.Too = [A.Top = Ty ] exp [— H] ES
2tk 2tk
= ——T-T,) = ——.(T1—-T E6
Q ln(‘rz/rl) ( 1 2) ln(r/rl) ( 1 )

ml min- (blue left triangles). In D) the flow rates studied were 0.25 ml min'! (green squares),

0.5 ml min (blue spheres), 1 ml min' (yellow pentagons) and 2 ml min* (violet hexagons).

handle the data acquisition. The constant noise in the signal was
smoothed employing a 5 point fast Fourier transform (FFT)
algorithm, an example signal is presented Figure S2. The 14
thermocouples were placed at regular intervals (46 mm,
equivalent to 0.16 mL) spanning from the inlet to the outlet of
tubular channels (Figure 2D). The thermocouple connectors
were designed to be in constant contact with the fluid flowing
into the crystalliser at room temperature whilst monitoring the
heat transfer as an effect of the jacketed fluid. Experiments
were designed to monitor the behaviour of the crystalliser at
varying flow rates and T, in the range 5 °C to 40 °C, with the
process fluid at room temperature. The concrete conditions
explored are presented in section 2 and Table 1 in the SI. The
second set of experiments were run at varying flow rates of 0.25
to 2 ml min-! at 5°C and 40°C. The temperature of the chiller (T¢)
was found to have a more significant effect (Figure 2B-C) in both
cooling and heating experiments than the flow rates (Figure 2F-
G). Generally, the data fitted well to exponential functions,
which can be employed to model the system. Some
thermocouples (e.g. at 0.9 mL) were showing a constant
deviation to the rest of the trend, presumably due to a lack of
intimate contact with the fluid. At the highest T. explored, the
trend was shown to deviate to lower temperatures towards the
end of the channel. This is probably due to poor insulation or
heat transfer. However, this does not affect the results, since

This journal is © The Royal Society of Chemistry 20xx

Where T; is the temperature at the tube internal surface, T,
and Tm, represents the temperature at the middle inlet and
outlet of the tube. P is the perimeter, L is the tube length, m is
the mass flow rate, p is the dynamic viscosity, k is the thermal
conductivity, Re is the Reynold number, Dy is the hydraulic
diameter, A is the correction factor U is the overall heat transfer
coefficient, c; is the heat capacity of the fluid, hi and h, are the
convective heat transfer coefficient of the internal and external
fluid. Nu corresponds to the Nusselt number. Nu value of 3.66
was used for the h; calculation, an approximation for fully
developed laminar flow, while equation 4 was used for Nu,
calculation.

For modelling purposes, the equation was simplified by
assuming a linear relation between the outside temperature in
the heat transfer chamber, T, and the internal surface
temperature.

Thermal conductivity (k) measurements were carried out on 3-
5 mm blocks of the AM resin material employed. This was done
on a TCi Thermal Conductivity Analyzer utilising a Modified
transient plane source (MTPS) sensor. The thermal conductivity
(k) value obtained was 0.45+0.09 W m K1, All measurements
were conducted under steady state.

Even with the inherent experimental error introduced by the
sensors and the limitations due to insufficient heat insulation at
some points of the AMC, the modelled temperature of the
internal surface, Ts, correlates linearly to the chiller
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temperature, Tc (Figure 3A). The slope indicates a difference
between the two values due to the heat loss in the tubing
between the chiller and the AMC.
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Figure 3. Modelling of AMC. A) Correlation between the temperature on the surface of
the channels (Ts) and the temperature of the chiller (T¢). B) Simulation of cooling profiles
for a crystallisation process in the AMC with an inlet temperature T = 30 °C, 0.5 mL min-
1 and different values of T indicated in the graph. C-D) Cooling profiles at Tc= 5 °C and
0.5 mL mint for materials with different heat conductivity (C) and with wall thicknesses
ranging from 0.45 mm to 5.45 mm (0.5 mm increment) (D).

The modelling of the system allows comparison of the effect of
different parameters without the need for experimentation,
including the wall thickness, and to compare the cooling profiles
of the acrylate-based material employed to manufacture the
AMC to typical materials employed to manufacture crystallisers,
like glass or aluminium (Figure 3C). Profiles of the modelled
temperature change in the AMC at T.=5°C (cooling) for a
wall/tube thickness ranging from 0.45mm to 5.45 mm were
calculated (Figure 3D). Increasing the thickness of the wall
increases the resistance to heat transfer by conduction. Hence,
a less steep temperature drop was shown with the increase in
wall thickness and vice versa. Similar results can be seen in both
cooling and heating curves (Figure S3). As there are differences
in thermal conductivity between the cured resin and glass or
aluminium, there is a much reduced gradient of temperature
before it plateaus. The less steep gradient is perceived to
provide suitable conditions for selective crystallisation of single
Paracetamol polymorphs. Figure 3B models the cooling profiles
that can be observed in the experimental crystallisation of
paracetamol discussed in section C.

C. Crystallisation experimentation and studies

A multi-component cooling crystallisation route to obtain
paracetamol was explored in the AMC. This was achieved
through recrystallisation of an aqueous Isopropyl alcohol
solution (IPA) of purchased Paracetamol form I, with a high
concentration of Metacetamol (MCM) to assist the
crystallisation (see Figure S6 & S7 for a diffractogram).1® All
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chemicals were purchased from Sigma Aldrich. MCM served as
an additive which was to be retained in the effluent as MCM-
hydrate. PC concentration of 300mg g! of solvent, combined
with 25 wt % of MCM was dissolved in a mixture of 60:40
H,O/IPA (v/v). The solution was stirred at 70 °C for 60 mins to
equilibrate before beginning the cooling re-crystallisation
process.10

The set-up consists of a hot plate, a Tricontinent C3000 syringe
pump, a Julabo F250 recirculating chiller, the AMC-II equipped
with four K-type thermocouples connected to an Arduino Mega
for thermal control and a Buchner funnel flask connected to an
low vacuum pump for filtration of the effluent (Figure 5). To
control the temperature, preventing unwanted crystallisation
prior to the AMC-II crystalliser and to allow for ease of cleaning,
the 5 mL syringe of the Tricontinent pump was jacketed with a
heating mat controlled with a PID controller coupled with a
thermocouple. The control and monitoring of the system was
carried out on with Labview. The experiment sequence involved
pumping the heated aqueous IPA at 70 °C, with the syringe
pump jacket at 60 °C through the fabricated crystalliser and
then switching to the PC solution when conditions reached
steady state. Recrystallisation experiments were run at cooling
Tc ranging from 30 °C to 0 °C for 20 min in the first run and 60
min in the second run, (See Table S2). The experiments were run
at a flow rate of 0.5 ml/min resulting in a residence time of 5.9
min. The filtered materials were collected at 20 min intervals,
see Table S2 for more experimental details. The temperature at
the inlet was observed to be 30 °C throughout all
experimentation, allowing for nucleation and crystal growth at
defined cooling rates to occur in the crystalliser. The predicted
temperature profile in the reactor is presented in Figure 3B. It
isimportant to highlight that, as a syringe pump was used in this
experiment, there was an observed dip in the temperature
during refill mode (see Figure S6). The time required to refill the
pump was kept to a minimum with a high extraction rate (15 ml
min-1), which refilled the 5 ml syringe in 20 seconds. Further
increase in the extraction rate resulted in cavitation. This is a
limitation of the current experimental set-up, since the liquid
becomes stagnant during the short time the syringe is being
refilled.

This journal is © The Royal Society of Chemistry 20xx
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temperatures (T¢). Images are at 5X magnification.

The materials were characterised by optical microscopy and
PXRD to establish the crystalline form of the recovered material.
High resolution images were collected with Olympus BX51
optical microscope coupled with a 5X and 10X magnification
lenses with a polariser filter attached to demonstrate the
formation of crystals. No in-line process analytical techniques
(PAT)14 33 were employed due to the clogging of the UV-Vis flow
cell. The images collected with optical microscopy (Figure )
show a clear indication of crystal formation. Both isolated
crystals and clusters can be observed from the images. The
images collected from the higher temperature runs (20-30 °C)
seem to show the formation of more needle-like crystals, while
a rhombic shape can be seen in the samples obtained from
lower temperatures (5 °C to 15 °C). A transition of the crystal
shape can be seen across the tested temperature range.

This journal is © The Royal Society of Chemistry 20xx

Powder X-ray diffraction (PXRD) patterns were collected using a
Panalytical MPD X-ray diffractometer with primary
monochromatic radiation (Cu-Kal, A = 1.5406A). The X-ray
generator was run at 40 kV and 40 mA. The samples were
mounted on brass plates and exposed over the range of 5° to
700 26 for 10.5 minutes per sample (continuous scan rate of
0.103 per sec). The collected samples were compiled and
compared to reported reference patterns: CSD reference
HXACANO1 — PC monoclinic form |, HXACAN26 - PC
orthorhombic form I and MENSEE — MCM form 1.

A close match can be observed between the reference starting
material and the pure PC (1) purchased as well as the pure MCM
and reference (Figure S7 and S8). The collected samples in
contrast showed a large proportion of PC form Il, as evidenced
by the diffraction patterns of the collected samples (see Figure
7 for a representative example and the Sl for the rest of
diffractograms, section S5).

The peaks and comparison to collected samples are presented
in Table S3 and in the SI. For all the samples analysed in both set
of experiments, there are significantly larger amount of form Il
than form | identified. A reduction in the expression of PC form
Il peaks was observed in the second set of experiments at 10
min into the run at a T. of 0 °C and 5 °C. Samples collected at 30
min and
60 min
matched closely suggesting that the process may require some
time to achieve steady state. Peaks of MCM can be observed to
increase with an increase in process time at T, 10 °C and 0 °C,
regardless of the replacement of the Buchner funnel and filter
paper every 20 mins to avoid blocking. The collected data does
not allow a straightforward quantification and unfortunately
well-defined melting points were not observed through DSC.

Figure 7. Representative XRD diffractogram Tc =5 °C (black line),
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These results are quite remarkable, since there are limited
examples in the literature where polymorphs where controlled
under continuous-flow by pre-selecting an adequate nucleation
temperature.3*

Problems related to fouling and seeding, common to
continuous-flow crystallisers, were observed. High amounts of
MCM were observed in the collected samples, indicating the
occurrence of seeding, fouling or back-mixing in the crystalliser.
The same crystalliser was used for the second set of
experiments at 10 °C, 0 °C and 5 °C in that order for 60 minutes
each. The experiments carried out at 5 °C quickly blocked the
AMC in 30 min. Although the crystalliser was cleaned before
each run, the blockage may have been as a result of build-up of
fouling. This correlates with the high concentration of MCM
observed at this final run. High counts of MCM and matching
peaks can be observed in the compiled diffractograms in the SI
section 5. In previous work we observed fouling during the
synthesis of Ag nanoparticles in the AM fabricated continuous
flow reactor with similar geometry to the AMC.31 The non-
smooth finishing of the printed surfaces would generate a
higher surface area with points of reduced free energy for
secondary nucleation and therefore crystallisation on the walls
of the flow device. Furthermore, the pulsation of the pump
generates non-steady state conditions in which the liquid
becomes stagnant, thus facilitating the precipitation of solids on
the crystalliser. These limitations might be overcome with
advanced mixing reactor architectures, like meso-oscillatory
baffled reactors (mOBRs) and pulsation-free reactors which
have been applied for the synthesis of crystalline pure nano and
microstructured materials.3-37

Conclusions

The fabrication of a mesoscale crystalliser for Paracetamol
crystallisation utilising Additive Manufacturing (AM) has been
demonstrated. Stereolithography based AM aided the
fabrication of bespoke mesoscale flow devices near net shape
geometry at studied parameters. The AMC designed with
temperature sensing ports was manufactured and utilised in the
study to selectively obtain a desirable polymeric form of
Paracetamol. The heat transfer was modelled to achieve an in-
depth understanding of the cooling dynamics in the AMC
geometries.

Crystallisation of PC was selected as a benchmark study. The
formation of PC in the crystalliser was studied under varying
temperatures. The cooling crystallisation process carried out in
the crystalliser allowed the production of PC crystals under
continuous-flow. This represents the first example of
continuous PC crystallisation carried out in an AM crystalliser at
such scale. The preliminary results obtained suggest a control
over the polymorphism in the cooling crystallisation of
paracetamol. In this case, the kinetically controlled form Il was
the major crystalline form observed despite previous reports of
this polymorphic form requiring very specific crystallisation
conditions. This work will open the door to new and creative
ways to design and manufacture advanced crystallisers to work
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as stand-alone unit operations or coupled to flow chemical
reactors.
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