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Abstract: When applied to a pure component suspension in an
apolar solvent, a strong inhomogeneous electric field induces
particle movement and the particles are collected at the surface of
one of the two electrodes. This new phenomenon was used to
separately isolate two organic crystalline compounds, phenazine and
caffeine, from their suspension of 1,4-dioxane. First, the crystals of
both compounds were collected at different electrodes under the
influence of the electric field. Subsequent cooling crystallization
allowed the immobilization and growth of the particles on the
electrodes, which were separately collected after the experiment
with purities higher than 91%. This method can be further developed
into a technique for crystal separation and recovery in complex
multicomponent suspensions of industrial processes.

Crystallization is an effective and efficient separation technology
that can, in a single process step, recover the desired
compounds from solutions as high purity (>99%) crystalline
solids "#*% However, such highly purified product is hard to
obtain from a multi-component solution by direct crystallization,
such as the product stream from a type-l Multicomponent
Reaction (MCR),®® or a racemic mixture of chiral
pharmaceutical compounds,” since a mixed suspension is a
likely result. Further purification of the solid phase usually
requires additional steps (see Figure 1 (a) for instance), which
will inevitably lead to the loss of valuable products. Alternatively,
a single crystallization step coupled with simultaneous particle
separation could diminish the product loss while effectively
recovering desired solute from the mixed solution.

Particle manipulation and subsequent separation can be
achieved by the application of electromagnetic fields: a magnetic
field could separate polymorphs, crystalline solids with different
solid-state structures, to prepare seeds for large-scale
crystallization, provided that a suitable paramagnetic medium
can be found.®! Alternatively, an electric field has been used in
the successful capturing or manipulation of desired
nanoparticles'” and the assembly of colloid particles for the
production of, for instance, optically tunable micropatterns,
biosensors, and biofuel cells.">'? In all of these cases, the liquid
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phases did not contain any dissolved particle materials. On the
other hand, the electric field has been used to localize protein
crystallization and control its nucleation rate from a clear solution,
in absence of any seed crystals."*"! However, up till now, the
combination of particle manipulation by an electric field with the
crystallization process for the in-situ product separation and
recovery has, to our knowledge, never been attempted. In the
present study, the experimental proof is given for an electric field
enhanced crystallization (EEC) process by which the two solutes
from a multi-component solution are separately recovered, as
schematically demonstrated in Figure 1 (b).
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Figure 1. Schematic demonstrations of solutes separation from a multi-
component solution by direct crystallization (a) and Electric Field Enhanced
Crystallization (b).

Subjected to an inhomogeneous electric field, particles in a
suspension experience dielectrophoretic (DEP) and possibly
electrophoretic (EP) forces: DEP originates from the difference
in dielectric constants of the particles and the surrounding
medium and drags the particles with larger dielectric constant
towards the location of the electric field maxima,”*"® while EP
forces, which work only on charged particles, are directed
towards the electrode with the counter charge.' To prevent
electrochemical reactions, which would reduce the product yield,
the current through a crystallizing suspension should be
minimized. Meanwhile, the inhomogeneous field needs to be
sufficiently strong and the dielectric constant of the solvent
should be sufficiently small to ensure the effective manipulation
of crystals by the DEP force. Therefore, the apolar and non-
conductive solvent 1,4-dioxane was used in this study.

We first applied an inhomogeneous electrostatic field to a 6 mL
isonicotinamide (INA) suspension in 1,4-dioxane (ca. 18 mg
solid/ml solvent), generated by a Direct Current (DC) potential
difference between two parallel rod-shape electrodes roughly 6
mm apart, which were immersed into the suspension. In the



presence of a DC potential difference above approximately 2 kV,
INA crystals started to move around the electrodes. More
crystals participated in this circular movement with increasing
potential difference. In addition, INA crystals gradually
accumulated on the anode (Fig. 2). Above around 5 kV DC
potential difference the amount of crystals collected at the anode

was so large that a crystal bridge formed between the electrodes.

Upon switching off the electric field, the collected crystals
detached from the anode and settled back to the bottom. When
a similar potential difference was applied to an INA solution in
absence of crystals, the solution-air interface was only slightly
vibrating. No movement of liquid could be observed in pure
dioxane. This indicates that the motion of INA particles is, for a
large part, related to the interaction of the crystals with the
electric field. During the course of the experiments, no current
larger than the detection limit of 0.01 mA was observed. No gas
formation could be observed on either of the electrodes
indicating that the solute does not undergo significant
electrochemical reactions.

Figure 2. An inhomogeneous static electric field induced fluid and particle
dynamics above a DC potential difference of 2 kV in a suspension of INA in
dioxane. The INA crystals were collected at the anode and above around 5 kV
DC potential difference a crystal bridge was formed between the electrodes.
Although a magnetic stirrer bar was present in the vial, it was not used to stir
the solution.

Equivalent experiments were conducted using the suspension of
other organic compounds in 1,4-dioxane. Table 1 reveals an
interesting result: particle motion was induced in all cases and
crystals accumulated on either the anode or the cathode. When
the polarity of the two electrodes was reversed by changing the
potential difference from +7.5 kV to -7.5 kV, crystals that had
accumulated on one electrode migrated to the other one, e.g.
INA crystals moved from the old anode to the new one, instead
of being attracted by both electrodes, which were symmetrically
the two locations of field maxima.

Table 1. The electrodes at which the crystals accumulated for the
experiments in which inhomogeneous electric fields of +7.5 and —7.5kV were
applied to the suspension of the organic compounds isonicotinamide (INA),
niflumic acid (NIF), caffeine (CAF), phenazine (PHE) and 4-hydroxybenzoic
acid (HBA) in the solvent 1,4-dioxane. When changing polarity the crystals
accumulated on the electrochemically same electrode, i.e. when changing
the polarity, INA crystals moved to the new anode.

Electrode Crystalline compound
Anode INA NIF CAF
Cathode PHE HBA

This selective accumulation of crystals on only one electrode
indicates the involvement of both DEP and EP forces: the non-

uniform electrostatic field exerts a positive DEP on the crystals
in the suspension which triggers their motion towards the two
electrodes. Even in apolar solvents, particle surfaces can be
slightly charged "®?% but the EP forces on the crystals becomes
significant only in the vicinity of the electrodes. Crystals
approaching the anode are further attracted until they settle on
its surface while crystals close to the cathode are repelled. The
repelled crystals continue to circulate until they eventually are
captured by the anode. Subsequently the entire crystalline mass
accumulates on the surface of the anode. Since particulate
materials differ in their electronic properties such as dielectric
constant and surface charge, the combined effect of DEP and
EP forces can lead to the accumulation of corresponding
crystals on different electrodes, which enables the development
of particle separation methods.?"?*

However, in order to be collected from the solution, the
accumulated crystals need to be immobilized on the electrode.
This immobilization of crystals was realized by slowly cooling the
suspension in the presence of the electric field. Upon cooling the
solubility decreased and the accumulated particles could further
grow on and attach to the electrode surface. Two separate
experiments (see Figure 5 as Experiment 1A and 1B) were
performed on the pure component suspensions of model
compounds PHE and CAF.

In experiment 1A a suspension of PHE (ca. 26 mg solid/ml
solvent) was prepared at 30°C. (see details in ESI) A DC
potential difference of -7.5 kV was then applied between the two
electrodes and the PHE crystals accumulated at the cathode
surface within 1 minute. In the presence of the electric field the
suspension was slowly cooled down in an oil bath to 15°C in 3
hours and then kept at this temperature overnight to allow
crystal growth to occur. After approximately 15 hours at 15°C,
the electric field was turned off showing that most of the PHE
crystals were attached to the cathode surface as is shown in
Figure 3 (left) and could be directly removed from the solution by
withdrawing the electrode. The same procedure was applied to a
caffeine (CAF) suspension in experiment 1B and the
corresponding crystals were collected from the anode (figure is
not shown here).
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Figure 3. Left: PHE crystals accumulated and then attached on the cathode
in a PHE suspension in dioxane after cooling in the presence of an electric
field (Experiment 1A); Right: Suspended CAF crystals in a solution containing
both CAF and PHE accumulated and then attached on the anode during
seeded cooling crystallization controlled by an electric field (Experiment 2A).

Additionally, the existence of another solute in the solution
phase (see Figure 5 and ESI, Experiment 2A and 2B) did not
influence the behavior of suspensions in the electric field. Similar
to experiment 1B, CAF crystals in experiment 2A were collected
from the anode, after cooling crystallization to 15°C under the



electric field, from a solution mixture with additional PHE present
below its saturation concentration (see Figure 3 (right)). The
XRPD analysis of the crystalline product showed the presence
of CAF crystals only (see ESI). These experiments verify that
the electric-field-induced particle capturing combined with
cooling crystallization can be used as an in-situ recovery
technique for a target system where only one compound is
present in the solid phase.

Up until this stage, the EEC managed to collect crystals of PHE
and CAF from their suspensions, with or without the presence of
another solute in the liquid phase. The final step is to verify that
the separation of PHE and CAF crystals during crystallization
from their mixture can also be achieved by EEC. A 6 mL dioxane
suspension containing both CAF (ca. 13 mg solid/ml solvent)
and PHE (ca. 29 mg solid/ml solvent) crystals was prepared at
30°C (Experiment 3 in Figure 5, see details in ESI). In the
presence of a -7.5 kV DC potential difference crystals
accumulated on the surfaces of both electrodes at 30°C (see
Figure 4, left). The suspension was then linearly cooled down to
15°C in 3 hours and kept at this temperature overnight, during
which time the electric field was constantly applied. Crystal
layers of different shape and color were formed on both
electrodes reflecting the appearance of PHE (cathode) and CAF
(anode) crystalline phases (Figure 4, right).
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Figure 4. Crystals accumulated on both electrodes (left) upon applying an
inhomogeneous electric field to a mixed suspension of CAF and PHE in
dioxane at 30°C; After cooling in the presence of the electric field crystal layers
of different colour, shape and thickness were collected from the two electrodes
at 15°C. Some crystals still remained in the bottom of the vial (right).

The crystals from the two electrodes were removed from the
bulk solution and separately weighed for yield estimation and
then analyzed using XRPD and H'-NMR for compositions. From
the anode, 27 mg of crystalline material was recovered which
consisted of 91.4 + 2.2 wt% of CAF. From the cathode, 177 mg
of crystalline material was recovered which consisted of 99.6 +
2.4 wt% PHE (see ESI). The yields of recovery of CAF and PHE
were 20.9% and 53.5%, respectively (see summary in Figure 6).
The same experiment was duplicated and lower yields but
similar solid phase purities to those reported above were
obtained. This result verified that the combination of the
selective particle collection, induced by an inhomogeneous
electric field, and cooling crystallization can indeed
simultaneously separate two compounds from their mixture.

In the present study, a novel separation technique, coupling
particle manipulation by an inhomogeneous electrostatic field
and cooling crystallization, here referred to as Electric Field
Enhanced Crystallization (EEC), was developed. Experimental
verification has been presented here that EEC can be employed
to separate two solutes in crystalline form from their multi-

component mixture. Although EEC is a promising technique, it
still requires further development and optimization. An improved
design of the cell will be able to improve the relative low yield of
the collected particles caused by the setting of part of the
crystals at the bottom of the vial despite the presence of the
electric field (see Figure 4, right), or the loss of part of the
crystalline material at the cathode that was scrubbed off into the
solution due to the narrow vial mouth. The optimization of the
electric field geometry and electrode design, based on
deepened understanding of the combined effect of DEP and EP
in an EEC process, are also bound to improve the yield.
Impurities present in the crystalline phases may have been the
result of adhering mother liquor between crystals during
sampling, which subsequently crystallized out upon removing
the solvent by drying the crystalline product. The interesting
results lead to research questions concerning the effect of the
electric field on crystallization kinetics, the variety of applicable
solvents and crystallizing compounds, and electrochemical
process engineering design and scale-up.
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Figure 5. Concentrations and solubility at 15°C and 30°C of PHE and CAF in
all experiments.
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Figure 6. Yield and purity of PHE (cathode) and CAF (anode) in Experiment 3.

Experimental Section

Phenazine (98%, Sigma), Caffeine (99%, Sigma), Isonicotinamide (99%,
Sigma), Niflumic acid (99%, Sigma) and 4-Hydroxybenzoic acid (99%,
Sigma) were used as received. The insulator solvent was chosen to be
anhydrous 1,4-dioxane (99.8%, Sigma). All chemicals were used without
further purification.

The yield (y) of recovery was calculated based on the equation below:



_ m
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Here m (mg) is the mass of crystals A (either CAF or PHE) collected from
either of the electrodes; ¢; (mg/ml solvent) is the overall concentration of
A in the mixed suspension; ¢’ (mg/ml solvent) is the solubility of A in the
mixture solution at the temperature the crystals were collected; V (ml) is
the volume of solvent.
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Electric Field Setup

All experiments reported were conducted in the same setup consisting of two parallel rod-shaped copper electrodes, 6 mm apart from each
other, in an 8 mL cylindrical glass vial (Figure Sl). An electrostatic field can be generated by a DC potential difference, created by a HCN
140m-12500 high voltage power supply (F.U.G. Elektronik GmbH, Germany), between the two electrodes. At a potential difference of 7.5 kV
the inhomogeneous field strength at a straight line between the electrodes, which is the peak value, would be 1.25 X 10% V m™.,

Glass vial Electrode

Electrode

View from the top of the
setup

Figure SI. Left: The inhomogeneous field setup with the two rod-shaped copper electrodes connected to the high voltage DC power supply via a special PVC cap. The
sample suspension is placed in the glass vial and the copper electrodes are emerged in the suspension and connected to the power supply to generate an
inhomogeneous electrostatic field; Right: A simple schematic of the inhomogeneous electric field lines (dash lines) viewed from the top of the setup (right).

Details of Electric-field Enhanced Crystallization Experiments

Experiment 1A: In experiment 1A a suspension of PHE was prepared (with the overall composition of 93 mg/ml solvent) at
30°C. Taken into account the solubility of PHE in dioxane at 30°C (67 mg/ml solvent), in total 26 mg/ml solvent PHE crystals
were present in the suspension at this temperature.

Experiment 1B: In experiment 1B a suspension of CAF was prepared (with the overall composition of 29 mg/ml solvent) at
30°C. Taken into account the solubility of CAF in dioxane at 30°C (21 mg/ml solvent), in total 8 mg/ml solvent CAF crystals
were present in the suspension at this temperature.

Experiment 2A: In experiment 2A a suspension of PHE and CAF was prepared (with the overall composition of PHE 33
mg/ml solvent and CAF 29 mg/ml solvent) at 30°C. In total approximately 8 mg/ml solvent CAF crystals and no PHE crystals
were present in the suspension at this temperature.

Experiment 2B: In experiment 2B a suspension of PHE and CAF was prepared (with the overall composition of PHE 93
mg/ml solvent and CAF 10 mg/ml solvent) at 30°C. In total approximately 26 mg/ml solvent PHE crystals and no CAF
crystals were present in the suspension at this temperature.

Experiment 3: A 6 mL dioxane suspension containing both CAF and PHE crystals was prepared at 30°C, which had an
overall composition of CAF of 34 mg/ml solvent and PHE of 96 mg/ml solvent. If we assume the PHE and CAF solubilities
were not influenced by their mutual presence in the solution, there were in total 13 mg/ml of CAF and 29 mg/ml of PHE
crystals present in the suspension in the beginning of the experiment.

Verification that CAF and PHE do not co-crystallize



The verification that Phenazine (PHE) and Caffeine (CAF) do not co-crystallize was done via the construction of a pseudo-
binary phase diagram using the method from ter Horst, et al.!! The solubility of PHE and CAF in 1,4-dioxane was measured
in a Crystall6 (Technobis B.V.). Dioxane suspensions of either model compound were prepared and subjected to well-
controlled heating and cooling cycles in a Crystall6 workstation. The temperature at which all crystals in a specific
suspension were fully dissolved was noted as the saturation temperature Ts of the corresponding concentration. The
solubility information of the model compounds can then be used to construct the corresponding Van 't Hoff plot (see Figure
Sl (left)) to extrapolate their solubility. The Van 't Hoff plot was constructed by a linearly fit of the data in the Inx to 1/Ts
space, where x is molar fraction of the solute:

A pseudo-binary phase diagram of PHE and CAF was constructed by measuring the Ts of various mixtures of the two solutes
in dioxane. The compositions of each sample in the diagram are determined based on the following equation:

XCAF —1_ XPHE
XCAR (Tref) Xpyg (Tref)

Here xpue and xcar are the molar fraction of respectively PHE and CAF in each sample while X*pre and X*car are the molar
solubilities at reference temperature T.. The saturation temperatures Ts of each sample were plotted against the solvent-
excluded mole fraction ycar = Xcar/(Xcar+xpre) (Figure Sl right).
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Figure SII. Left: Van't Hoff plot of PHE and CAF in 1,4-dioxane; Right: pseudo-binary phase diagram of PHE-CAF. The T, of pure CAF and PHE predicted using Van’t Hoff
parameters are shown as red and blue solid lines, respectively.

Only one eutectic point (at ycar = 0.21) can be found in the phase diagram (Figure Sl (right)). The pseudo-binary phase
diagram does not show any indications of co-crystal formation in 1,4-dioxane with the compositions tested. When a stable
co-crystal is formed, there would be a region in the phase diagram with elevated Ts compared to those predicted using Van't
Hoff parameters, shown as red and blue solid lines in Figure SlI (right).

X-ray Powder Diffraction (XRPD) for crystal composition identification

X-ray powder diffraction (XRPD) was carried out in a Bruker D2 Phaser (Bruker AXS GmbH, Karlsruhe, Germany). Data
collection was carried out using monochromatic Cu K a1 radiation (a = 0.154060 nm) in the 26 region between 8° and 50°,
step size 0.022° 26. Data evaluation was done with the Bruker program EVA.

The XRPD patterns of crystals collected from Experiment 2A (left) and 2B (right) are shown in Figure SlIlI. Patterns of crystals
from the anode (left) and the right (right) in Experiment 3 are shown in Figure SIV, compared with the references of PHE and
CAF from CCDC.
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Figure SlIl. XRPD comparison between crystals collected from the anode in experiment 2A (left) and from the cathode in experiment 2B (right) with source material
PHE and CAF. The samples from experiment 2A contained almost all CAF and those from 2B contained only PHE.
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Figure SIV. XRPD comparison between crystals collected from the anode (left) and from the cathode (right) in experiment 3 with reference PHE (CCDC: GEPNOG) and
CAF (CCDC: NIWFEEQ03). The samples from the anode mainly contained CAF while the samples from the cathode were mainly PHE.

Proton nuclear magnetic resonance (H-NMR) for crystal purity assessment

Two crystalline products were separately collected from the cathode and the anode in experiment 3. Two sub-sample from
each crystalline product, namely C1 and C2 as from the cathode and Al and A2 as from the anode, was individually used to
prepare in total four solution samples with the solvent CDCI3 (0.03% TMS, >99.96%, euriso-top) and the reference 1,2,4,5-
tetramethylbenzene (durene, Fluka Analytical, 99.83%). Each solution sample was evaluated by an Agilent 400 MHz NMR
spectrometer and the mass fraction p; of PHE and CAF in the corresponding sub-sample was calculated based on the
obtained spectra, as in Equation (1).

Z;ll li,j — (pi'ms'z;ll Nivj)/(pref'mref'Nref) @
Lyef M; Myef

where |;j (a.u.) is the integral of the jth identity peak of PHE or CAF in the NMR spectra where the integral of the reference
peak lref, at 6.9 ppm, was set at 1000 a.u.; M (g/mol) is the molecular weight, which is 180 g/mol for PHE, 194 g/mol for CAF
and 134 g/mol for the reference; m (mg) is the mass in the solution and N;; is the number of protons to the jth identity peak of
PHE or CAF. Ny = 2 for the reference peak. ni is the number of identity peak of PHE or CAF. Subscript i stands for the two
source materials PHE or CAF, ref is the reference durene and s is the sample. Values of parameters in Equation (1) of



samples from experiment 3 can be found in Table SI, along with the mass fractions of PHE and CAF in each crystalline
product.

Table SI. Summary of purity measurements of samples from experiment 3

Electrode 1.D. of ms (Mg) Mret (MQ) IpHE1t IpHE 2 Icar,1? lcar,22 lcar,3? prre® (Wt%) pear® (Wt%)
sub- (a.u.) (a.u.) (a.u.) (a.u.) (a.u.)
samples
Cathode C1l 13.1 12.5 1529.1 1559.3 17.9 17.2 18.3 98.8 1.5
Cc2 13.6 12.8 1569.0 1613.6 17.8 18.0 18.4 100.4 15
Anode Al 12.6 13.7 118.3 123.3 877.6 899.8 870.1 8.8 92.3
A2 12.7 13.7 121.2 122.2 863.1 884.5 864.2 8.8 90.4

1The chemical shift of PHE identity peak is at 8.4 ppm (1%) and 7.9 ppm (ZH) and Npre1=4 and Npwe2=4; “The chemical shift of CAF identity peak is at 3.9 ppm (1%), 3.5 ppm
(2" and 3.3 ppm (3) and Ncar,=3 for all three peaks. *The summation of ppHe and pear in some samples are slightly larger than 100%. The error is a combination of integration
errors and weighing errors. The average of pere (99.6+1.4 Wt%) was used as the purity of the crystalline product from the cathode, while the average of pcar (91.4+1.0 wt%) was
used for the crystalline product from the anode.
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Figure SV. H-NMR measurement of crystals collected from the anode (up) and the cathode (down) in experiment 3.
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